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FUEL COMPOSITIONS COMPRISING ISOPRENE DERIVATIVES
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application No. 61/187,959,

filed June 17, 2009, the disclosure of which is incorporated herein by reference in its entirety.
BACKGROUND OF THE INVENTION

[0002] The development of renewable transportation fuels is one of the key challenges of the
twenty-first century. The current market is dominated by ethanol derived from yeast
fermentation of sucrose and starch, and to a lesser extent by biodiesel (fatty acid esters) derived
from triglycerides. Ethanol has limitations as a liquid fuel with a lower energy density relative to
hydrocarbons. In addition, ethanol cannot be transported in conventional infrastructure due to its
affinity for water and corrosive nature. Processes for the conversion of renewable carbon sources
(biomass, sugars, oils) to hydrocarbon fuels offer an attractive alternative to bioethanol.

[0003] Isoprene (2-methyl-1,3-butadiene) is a key industrial chemical used primarily for the
production of synthetic rubber. Currently isoprene is derived from petrochemical sources either
directly by cracking of naphtha and other light petroleum fractions, or indirectly through
chemical synthesis (See, for examples, H. Pommer and A. Nurrenbach, Industrial Synthesis of
Terpene Compounds, Pure Appl. Chem., 1975, 43, 527-551; H. M. Weitz and E. Loser,
Isoprene, in Ullmann’s Encyclopedia of Industrial Chemistry, Seventh Edition, Electronic
Release, Wiley-VCH Verlag GMBH, Weinheim, 2005; and H.M. Lybarger, Isoprene in Kirk-
Othmer Encyclopedia of Chemical Technology, 4th ed., Wiley, New York (1995), 14, 934-952.)
The resulting crude isoprene streams are typically subjected to extensive purification processes
in order to remove numerous chemically similar impurities, many of which can interfere with
subsequent transformation of isoprene to polymers and other chemicals.

[0004] In contrast, isoprene derived from biological sources contains very few hydrocarbon
impurities and instead contains a number of oxygenated compounds such as ethanol,
acetaldehyde and acetone. Many of these compounds can be easily removed by contact with
water or passage through alumina or other adsorbents.

[0005] Industry relies on petrochemical feedstocks for isoprene production and extensive
purification trains are needed before isoprene can be converted to polymers and other chemicals.

Cost effective methods are desirable for converting biologically produced isoprene to valuable
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chemical products taking advantage of the high purity and/or the unique impurity profiles of
bioisoprene.
[0006] All patents, patent applications, documents, and articles cited herein are herein

incorporated by reference in their entirety.
BRIEF SUMMARY OF THE INVENTION

[0007] Disclosed are methods and systems for producing fuel constituents from highly pure
isoprene and fuel compositions produced from highly pure isoprene.

[0008] In one aspect, the invention provides a method for producing a fuel constituent from a
bioisoprene composition comprising chemically transforming a substantial portion of the
isoprene in the bioisoprene composition to non-isoprene compounds. In one embodiment, the
bioisoprene composition is chemically transformed by subjecting the bioisoprene composition to
heat or catalytic conditions suitable for isoprene dimerization to produce an isoprene dimer and
then catalytically hydrogenating the isoprene dimer to form a saturated C10 fuel constituent. In
another embodiment, the bioisoprene composition is chemically transformed by (i) partially
hydrogenating the bioisoprene composition to produce an isoamylene, (ii) dimerizing the
isoamylene with a mono-olefin selected from the group consisting of isoamylene, propylene and
isobutene to form a dimate and (iii) completely hydrogenating the dimate to produce a fuel
constituent. In some embodiments, at least about 95% of isoprene in the bioisoprene
composition is converted to non-isoprene compounds during the chemical transformation. In
some embodiments, the bioisoprene composition is heated to about 150 °C to about 250 °C to
produce an unsaturated cyclic isoprene dimer and the unsaturated cyclic isoprene dimer is
hydrogenated catalytically to produce a saturated cyclic isoprene dimer fuel constituent. In some
embodiments, the method comprises: (i) contacting the bioisoprene composition with a catalyst
for catalyzing cyclo-dimerization of isoprene to produce an unsaturated cyclic isoprene dimer
and the unsaturated cyclic isoprene dimer is hydrogenated catalytically to produce a saturated
cyclic isoprene dimer fuel constituent. In some embodiments, the catalyst for catalyzing cyclo-
dimerization of isoprene comprising a catalyst selected from the group consisting of a nickel
catalyst, iron catalysts and chromium catalysts. In some embodiments, the step of partially
hydrogenating the bioisoprene composition comprises contacting the bioisoprene composition
with hydrogen gas and a catalyst for catalyzing partial hydrogenation of isoprene. In some
embodiments, the catalyst for catalyzing partial hydrogenation of isoprene comprises a

palladium catalyst. In some embodiments, the step of dimerizing the isoamylene with a mono-
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olefin comprises contacting the isoamylene with the mono-olefin in the presence of a catalyst for
catalyzing dimerization of mono-olefin. In some embodiments, the catalyst for catalyzing
dimerization of mono-olefin comprises an acid catalyst. In some embodiments, the method
further comprises purifying the isoprene from the bioisoprene composition prior to chemically
transforming the bioisoprenc composition to a fucl constitucnt.

[0009] In onc aspcct, the invention provides a system for producing a fucl constituent from a
bioisoprenc composition, whercin a substantial portion of the isoprenc in the bioisoprene
composition is chemically converted to non-isoprenc compounds, the systcm comprising a
bioisoprenc composition and (a) (i) one or more chemicals capable of dimerizing isoprene in the
bioisoprenc composition or a source of heat capablc of dimcrizing isoprenc in the bioisoprene
composition; and (ii) a catalyst capablc of hydrogenating the isoprenc dimer to form a saturated
C10 fuel constituent; or (b) (i) a chcmical capable of partially hydrogenating isoprenc in the
bioisoprene composition to produce an isoamylene, (ii) a chemical capable of dimerizing the
1soamylene with mono-olefins selected from the group consisting of isoamylene, propylene and
isobutene to form a dimate and (iii) a chemical capable of completely hydrogenating the dimate
to produce a fuel constituent.

[0010] In some embodiments of the system, the bioisoprene composition comprising greater
than about 2 mg of isoprene and comprising greater than or about 99.94% isoprene by weight
compared to the total weight of all C5 hydrocarbons in the composition. In some embodiments
of the system, the one or more chemicals capable of dimerizing isoprene comprises catalyst for
catalyzing cyclo-dimerization of isoprene comprising a catalyst selected from the group
consisting of ruthenium catalysts, nickel catalysts, iron catalysts and chromium catalysts. In
some embodiments of the system, the catalyst for hydrogenating the unsaturated isoprene dimers
comprises a catalyst selected from the group consisting of palladium catalysts, nickel catalysts,
ruthenium catalysts and rhodium catalysts. In some embodiments of the system, the chemical
capable of partially hydrogenating isoprene comprises a palladium catalyst. In some
embodiments of the system, the chemical capable of dimerizing the isoamylene with mono-
olefins comprises an acid catalyst.

[0011] In one aspect, the invention provides a fuel composition comprising a fuel constituent
produced by the methods described herein. In some embodiments, the fuel composition is
substantially free of isoprene. In some embodiments, the fuel composition has §'°C value which

1s greater than -22%o or within the range of -32%o to -24%e.



WO 2010/148256 PCT/US2010/039088

[0012] In some aspects, the invention provides a system for producing a fuel constituent from
1soprene comprising: (a) a commercially beneficial amount of highly pure isoprene; and (b) a
fuel constituent produced from at least a portion of the highly pure isoprene; wherein at least a
portion of the commercially beneficial amount of highly pure isoprene undergoes a chemical
transformation.

[0013] In somc embodiments of the system, the commcrcially bencficial amount of highly
pure isoprenc comprises greater than about 2 mg of isoprenc and comprising greatcr than or
about 99.94% isoprenc by weight compared to the total weight of all C5 hydrocarbons in the
composition. In some embodiments, the commercially benceficial amount of highly pure
1soprenc compriscs greater than about 2 mg of isoprenc and comprising onc or more compounds
sclected from the group consisting of cthanol, acctone, C5 prenyl alcohols, and isoprenoid
compounds with 10 or more carbon atoms. In some embodiments, the commercially beneficial
amount of highly pure isoprene comprises greater than about 2 mg of isoprene and comprising
one or more second compounds selected from the group consisting of ethanol, acetone,
methanol, acetaldehyde, methacrolein, methyl vinyl ketone, 2-methyl-2-vinyloxirane, cis- and
trans-3-methyl-1,3-pentadiene, a C5 prenyl alcohol, 2-heptanone, 6-methyl-5-hepten-2-one,
2,4,5-trimethylpyridine, 2,3,5-trimethylpyrazine, citronellal, methanethiol, methyl acetate, 1-
propanol, diacetyl, 2-butanone, 2-methyl-3-buten-2-ol, ethyl acetate, 2-methyl-1-propanol, 3-
methyl-1-butanal, 3-methyl-2-butanone, 1-butanol, 2-pentanone, 3-methyl-1-butanol, ethyl
isobutyrate, 3-methyl-2-butenal, butyl acetate, 3-methylbutyl acetate, 3-methyl-3-buten-1-yl
acetate, 3-methyl-2-buten-1-yl acetate, 3-hexen-1-o0l, 3-hexen-1-yl acetate, limonene, geraniol
(trans-3,7-dimethyl-2,6-octadien-1-ol), citronellol (3,7-dimethyl-6-octen-1-ol), (E)-3,7-dimethyl-
1,3,6-octatriene, (Z)-3,7-dimethyl-1,3,6-octatriene, and 2,3-cycloheptenolpyridine; wherein the
amount of the second compound relative to the amount of the isoprene is greater than or about
0.01 % (w/w). In some embodiments, the commercially beneficial amount of highly pure
1soprene comprises greater than about 2 mg of isoprene and comprising less than or about 0.5
pg/L per compound for any compound in the composition that inhibits the polymerization of
isoprene. In some preferred embodiments, the commercially beneficial amount of highly pure
isoprene is produced by a biological process.

[0014] In some embodiments of the system, the fuel constituent comprises one or more
compounds selected from the group consisting of cyclic isoprene dimers and trimers, linear

1soprene oligomers, aromatic and alicyclic isoprene derivatives, and oxygenated isoprene
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derivatives. In some embodiments, the oxygenated isoprene derivatives are compounds selected
from the group consisting of alcohols, ketones, esters and ethers derived from isoprene.

[0015] In some embodiments, the fuel constituent comprises cyclic isoprene dimers and the
chemical transformation comprises a dimerization reaction of isoprene. In some embodiments,
the dimerization rcaction is carricd out by heating the commecrcially beneficial amount of highly
pure isoprene. In some cmbodiments, the dimerization reaction of isoprene produccs a product
comprising unsaturated isoprene dimers and the chemical transformation further compriscs a
hydrogcnation rcaction of the unsaturated isoprenc dimers. In some embodiments, the systcm
furthcr compriscs a catalyst for catalyzing the hydrogenation reaction of the unsaturated isoprenc
dimers. In some cmbodiments, the catalyst for catalyzing the hydrogenation reaction of the
unsaturated isoprenc dimers comprising a catalyst sclected from the group consisting of
palladium catalysts, nickcl catalysts, ruthenium catalysts and rhodium catalysts.

[0016] In some embodiments, the dimerization reaction is carried out by contacting the
commercially beneficial amount of highly pure isoprene with a catalyst for catalyzing cyclo-
dimerization of isoprene. In some embodiments, the catalyst for catalyzing cyclo-dimerization
of isoprene comprising a catalyst selected from the group consisting of ruthenium catalysts,
nickel catalysts, iron catalysts and chromium catalysts. In some embodiments, the catalyst for
catalyzing cyclo-dimerization of isoprene is a nickel catalyst and the fuel constituent comprising
one or more eight-membered ring dimers of isoprene.

[0017] In some embodiments, the fuel constituent comprises linear and/or cyclic trimers of
isoprene and the chemical transformation comprises catalytic trimerization of isoprene.

[0018] In one aspect, the invention provides a method for producing a fuel constituent from
isoprene comprising: (a) obtaining a commercially beneficial amount of highly pure isoprene;
and (b) chemically transforming at least a portion of the commercially beneficial amount of
highly pure isoprene to a {uel constituent. In some embodiments, the commercially beneficial
amount of highly pure isoprene comprises bioisoprene.

[0019] Insome embodiments, the commercially beneficial amount of highly pure isoprene is
obtained by the steps comprising: (1) culturing cells comprising a heterologous nucleic acid
encoding an isoprene synthase polypeptide under suitable culture conditions for the production
of isoprene, wherein the cells (1) produce greater than about 400 nmole/gwcm/hr of isoprene, (2)
convert more than about 0.002 molar percent of the carbon that the cells consume from a cell
culture medium into isoprene, or (3) have an average volumetric productivity of isoprene greater

than about 0.1 mg/Ly,w/hr of isoprene, and (i1) producing isoprene. In some embodiments, the
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cells further comprise a heterologous nucleic acid encoding an isoprene synthase polypeptide or
an MV A pathway polypeptide.

[0020] In some embodiments of the methods described herein, chemically transforming at
least a portion of the commercially beneficial amount of highly pure isoprene to a fuel
constituent comprises: (i) heating the commercially beneficial amount of highly purc isoprene to
about 150 °C to about 250 °C; (ii) converting at Icast a portion of the commercially bencficial
amount of highly purc isoprenc to unsaturated cyclic isoprene dimers; (iii) hydrogenating the
unsaturated cyclic isoprene dimers to producc saturated cyclic isoprene dimers; and (iv)
producing the fucl constituent. In some embodiments, at Icast about 20% to about 100% of
isoprene in the commercially beneficial amount of highly pure isoprene is converted to
unsaturated cyclic isoprenc dimers.

[0021] In somc cmbodiments of thc mcthod, chemically transforming at lcast a portion of the
commercially beneficial amount of highly pure isoprene to a fuel constituent comprises: (1)
contacting the commercially beneficial amount of highly pure isoprene with a catalyst for
catalyzing cyclo-dimerization of isoprene, (ii) converting at least a portion of the commercially
beneficial amount of highly pure isoprene to cyclic isoprene dimers; and (ii1) producing the fuel
constituent.

[0022] In some embodiments of the method, chemically transforming at least a portion of the
commercially beneficial amount of highly pure isoprene to a fuel constituent comprises: (i)
contacting the commercially beneficial amount of highly pure isoprene with a catalyst for
catalyzing cyclo-dimerization of isoprene, (ii) converting at least a portion of the commercially
beneficial amount of highly pure isoprene to unsaturated cyclic isoprene dimers; (iii)
hydrogenating the unsaturated cyclic isoprene dimers to produce saturated cyclic isoprene
dimers; and (iv) producing the fuel constituent. In some embodiments of the method, the
catalyst for catalyzing cyclo-dimerization of isoprene comprising a catalyst selected from the
group consisting of a nickel catalyst, iron catalysts and chromium catalysts.

[0023] In some embodiments of the method, chemically transforming at least a portion of the
commercially beneficial amount of highly pure isoprene to a fuel constituent comprises: (1)
contacting the highly pure isoprene composition with a catalyst system; (ii) converting at least a
portion of the starting isoprene composition to unsaturated isoprene dimers and/or trimers; and
(111) hydrogenating the unsaturated dimers and/or trimers to produce saturated C10 and/or C15

hydrocarbons.
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[0024] In some embodiments, the method for producing a fuel constituent from isoprene
comprises: (a) obtaining a commercially beneficial amount of any of the highly pure isoprene
starting composition described herein; (b) converting at least a portion of the starting isoprene
composition to oxygenated isoprene derivatives; and optionally (c) hydrogenating any
unsaturated oxygenated isoprene derivatives to produce saturated oxygcenates. In some
embodiments, the oxygenated isoprenc derivatives arc compounds selectcd from the group
consisting of alcohols, kctoncs, csters and cthers derived from isoprene.
[0025] In some cmbodiments, any of the mcthods described hercin further comprises purifying
the commcrcially bencficial amount of highly purc isoprenc prior to chemically transforming at
least a portion of the commercially bencficial amount of highly pure isoprenc to a fucl
constitucnt.
[0026] In one aspcct, provided is a continuous proccss for producing a fuel constituent from
isoprene comprising: (a) continuously producing a commercially beneficial amount of highly
pure isoprene; and (b) continuously transforming chemically at least a portion of the
commercially beneficial amount of highly pure isoprene to a fuel constituent. In some
embodiments, the commercially beneficial amount of highly pure isoprene comprising a gas
phase comprising isoprene. In some embodiments, the method further comprises passing the gas
phase comprising isoprene to a reactor for chemically transforming at least a portion of the
commercially beneficial amount of highly pure isoprene to a fuel constituent. In a preferred
embodiment, the commercially beneficial amount of highly pure isoprene comprises
bioisoprene.
[0027] Also provided is a fuel composition comprising a fuel constituent produced by any of
the methods described herein. In some embodiments, the fuel constituent comprises less than or
about 0.5 pg/L a product from a C5 hydrocarbon other than isoprene after undergoing the steps
according to the methods described herein. In some embodiments, the fuel constituent
comprises one or more product from one or more compound selected from the group consisting
of ethanol, acetone, methanol, acetaldehyde, methacrolein, methyl vinyl ketone, 2-methyl-2-
vinyloxirane, cis- and frans-3-methyl-1,3-pentadiene, a C5 prenyl alcohol, 2-heptanone, 6-
methyl-5-hepten-2-one, 2,4,5-trimethylpyridine, 2,3,5-trimethylpyrazine, citronellal,
methanethiol, methyl acetate, 1-propanol, diacetyl, 2-butanone, 2-methyl-3-buten-2-ol, ethyl
acetate, 2-methyl-1-propanol, 3-methyl-1-butanal, 3-methyl-2-butanone, 1-butanol, 2-pentanone,
3-methyl-1-butanol, ethyl isobutyrate, 3-methyl-2-butenal, butyl acetate, 3-methylbutyl acetate,
3-methyl-3-buten-1-yl acetate, 3-methyl-2-buten-1-yl acetate, 3-hexen-1-ol, 3-hexen-1-yl

7
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acetate, limonene, geraniol (trans-3,7-dimethyl-2,6-octadien-1-ol), citronellol (3,7-dimethyl-6-
octen-1-ol), (E)-3,7-dimethyl-1,3,6-octatriene, (Z)-3,7-dimethyl-1,3,6-octatriene and 2,3-
cycloheptenolpyridine after undergoing the steps according to the methods described herein.
[0028] In some embodiments, the fuel composition comprises a fuel composition having 8"°C
value which is greater than -22%o. In some embodiments, the fuel composition has 8'"°C value
which is within the range of -22%o to -10%o or -34%o to -24%.. In some embodiments, the fuel
composition has fys value which is greater than 0.9. Also provided is a blend of any of the fuel
compositions described herein with a petroleum based fuel in the amount of from about 1% to
about 95% by weight or volume, based on the total weight or volume of the total fuel

composition,
BRIEF DESCRIPTION OF THE DRAWINGS

[0029] Figure 1 is the nucleotide sequence of a kudzu isoprene synthase gene codon-optimized
for expression in E. coli (SEQ ID NO:1). The atg start codon is in italics, the stop codon is in
bold and the added Ps site is underlined.

[0030] Figure 2 is a map of pTrcKudzu.

[0031] Figures 3A-C are the nucleotide sequence of pTrcKudzu (SEQ ID NO:2). The RBS is
underlined, the kudzu isoprene synthase start codon is in bold capitol letters and the stop codon
is in bold, capital letters. The vector backbone is pTrcHis2B.

[0032] Figure 4 is a map of pETNHisKudzu.

[0033] Figures SA-C are the nucleotide sequence of pETNHisKudzu (SEQ ID NO:3).

[0034] Figure 6 is a map of pCL-lac-Kudzu.

[0035] Figures 7A-C are the nucleotide sequence of pCL-lac-Kudzu (SEQ ID NO:4).

[0036] Figure 8A is a graph showing the production of isoprene in E. coli BL21 cells with no
vector.

[0037] Figure 8B is a graph showing the production of isoprene in E. coli BL21 cells with
pCL-lac-Kudzu

[0038] Figure 8C is a graph showing the production of isoprene in E. coli BL21 cells with
pTrcKudzu.

[0039] Figure 8D is a graph showing the production of isoprene in E. coli BL21 cells with
pETN-HisKudzu.

[0040] Figure 9A is a graph showing OD over time of fermentation of E. coli

BL21/pTrcKudzu in a 14 liter fed batch fermentation.
8
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[0041] Figure 9B is a graph showing isoprene production over time of fermentation of E. coli
BL21/pTrcKudzu in a 14 liter fed batch fermentation.

[0042] Figure 10A is a graph showing the production of isoprene in Panteoa citrea. Control
cells without recombinant kudzu isoprene synthase. Grey diamonds represent isoprene synthesis,
black squarcs represent ODggp.

[0043] Figure 10B is a graph showing the production of isoprenc in Panteoa citrea cxpressing
pCL-lac Kudzu. Grey diamonds represent isoprene synthesis, black squarcs represent ODggo.
[0044] Figurc 10C is a graph showing thc production of isoprenc in Panteoa citrea expressing
pTrcKudzu. Grey diamonds represent isoprenc synthesis, black squarcs represent ODggo.

[0045] Figure 11 is a graph showing the production of isoprenc in Bacillus subtilis cxpressing
rccombinant isoprenc synthase. BG3594comK is a B. subtilis strain without plasmid (native
isoprene production). CF443 is B. subtilis strain BG3594comK with pBSKudzu (recombinant
isoprene production). IS on the y-axis indicates isoprene.

[0046] Figures 12A-C are the nucleotide sequence of pBS Kudzu #2 (SEQ ID NO:5).

[0047] Figure 13 is the nucleotide sequence of kudzu isoprene synthase codon-optimized for
expression in Yarrowia (SEQ 1D NO:6).

[0048] Figure 14 is a map of pTrex3g comprising a kudzu isoprene synthase gene codon-
optimized for expression in Yarrowia.

[0049] Figures 15A-C are the nucleotide sequence of vector pSPZ1(MAP29Spb) (SEQ ID
NO:7).

[0050] Figure 16 is the nucleotide sequence of the synthetic kudzu (Pueraria montana)
1soprene gene codon-optimized for expression in Yarrowia (SEQ ID NO:8).

[0051] Figure 17 is the nucleotide sequence of the synthetic hybrid poplar (Populus alba x
Populus tremula) isoprene synthase gene (SEQ ID NO:9). The ATG start codon is in bold and
the stop codon is underlined.

[0052] Figure 18A (Figures 18A1 and 18A2) shows a schematic outlining construction of
vectors pYLA 1, pYL1 and pYL2 (SEQ ID NO:75, 73, 72, 71, 70, 69).

[0053] Figure 18B shows a schematic outlining construction of the vector pYLA(POP1) (SEQ
ID NO:68, 69).

[0054] Figure 18C shows a schematic outlining construction of the vector pYLA(KZ1)

[0055] Figure 18D shows a schematic outlining construction of the vector pYLI(KZ1) (SEQ
ID NO:66, 67)

[0056] Figure 18E shows a schematic outlining construction of the vector pYLI(MAP29)

9
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[0057] Figure 18F shows a schematic outlining construction of the vector pY LA(MAP29)
[0058] Figure 19A shows the MVA and DXP metabolic pathways for isoprene (based on F.
Bouvier et al., Progress in Lipid Res. 44: 357-429, 2005). The following description includes
alternative names for each polypeptide in the pathways and a reference that discloses an assay
for measuring the activity of the indicated polypeptide (cach of these references are cach hercby
incorporated by refcrence in their entirctics, particularly with respect to assays for polypeptide
activity for polypcptides in thc MVA and DXP pathways). Mevalonate Pathway: AACT;
Acetyl-CoA acctyltransferasc, MvaE, EC 2.3.1.9. Assay: J. Bacteriol., 184: 2116-2122, 2002;
HMGS; Hydroxymcthylglutaryl-CoA synthasc, MvaS, EC 2.3.3.10. Assay: J. Bactcriol., 184:
4065-4070, 2002; HMGR; 3-Hydroxy-3-mcthylglutaryl-CoA reductasc, MvaE, EC 1.1.1.34.
Assay: J. Bacteriol., 184: 2116-2122, 2002; MVK; Mevalonatc kinasc, ERG12, EC 2.7.1.36.
Assay: Curr Gencet 19:9-14, 1991. PMK; Phosphomevalonatc kinasc, ERGS, EC 2.7.4.2, Assay:
Mol Cell Biol., 11:620-631, 1991; DPMDC; Diphosphomevalonate decarboxylase, MVDI, EC
4.1.1.33. Assay: Biochemistry, 33:13355-13362, 1994; IDI; Isopentenyl-diphosphate delta-
isomerase, IDI1, EC 5.3.3.2. Assay: J. Biol. Chem. 264:19169-19175, 1989. DXP Pathway:
DXS; 1-Deoxyxylulose-5-phosphate synthase, dxs, EC 2.2.1.7. Assay: PNAS, 94:12857-62,
1997; DXR; 1-Deoxy-D-xylulose 5-phosphate reductoisomerase, dxr, EC 2.2.1.7. Assay: Eur. J.
Biochem. 269:4446-4457, 2002; MCT; 4-Diphosphocytidyl-2C-methyl-D-erythritol synthase,
IspD, EC 2.7.7.60. Assay: PNAS, 97: 6451-6456, 2000; CMK; 4-Diphosphocytidyl-2-C-
methyl-D-erythritol kinase, IspE, EC 2.7.1.148. Assay: PNAS, 97:1062-1067, 2000; MCS; 2C-
Methyl-D-erythritol 2,4-cyclodiphosphate synthase, IspF, EC 4.6.1.12. Assay: PNAS, 96:11758-
11763, 1999; HDS; 1-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, ispG, EC
1.17.4.3. Assay: J. Org. Chem., 70:9168 -9174, 2005; HDR; 1-Hydroxy-2-methyl-2-(E)-butenyl
4-diphosphate reductase, IspH, EC 1.17.1.2. Assay: JACS, 126:12847-12855, 2004.

[0059] Figure 19B illustrates the classical and modified MVA pathways. 1, acetyl-CoA
acetyltransferase (AACT); 2, HMG-CoA synthase (HMGS); 3, HMG-CoA reductase (HMGR);
4, mevalonate kinase (MVK); 5, phosphomevalonate kinase (PMK); 6, diphosphomevalonate
decarboxylase (MVD or DPMDC); 7, isopentenyl diphosphate isomerase (IDI); 8,
phosphomevalonate decarboxylase (PMDC); 9, isopentenyl phosphate kinase (IPK). The
classical MVA pathway proceeds from reaction 1 through reaction 7 via reactions 5 and 6, while
a modified MVA pathway goes through reactions 8 and 9. P and PP in the structural formula are
phosphate and pyrophosphate, respectively. This figure was taken from Koga and Morii,
Microbiology and Mol. Biology Reviews, 71:97-120, 2007, which is incorporated by reference in
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its entirety, particular with respect to nucleic acids and polypeptides of the modified MVA
pathway. The modified MV A pathway is prescnt, for example, in some archaeal organisms, such
as Methanosarcina mazei.

[0060] Figure 20 (Figures 20A and 20B) shows graphs representing results of the GC-MS
analysis of isoprene production by rccombinant Y. lipolytica strains without (Icft) or with (right)
a kudzu isoprenc synthase gene. The arrows indicatc the clution time of the authentic isoprene
standard.

[0061] Figurc 21 is a map of pTrcKudzu yIDI DXS Kan.

[0062] Figures 22A-D are the nuclcotide scquence of pTrcKudzu yIDI DXS Kan (SEQ ID
NO:10).

[0063] Figure 23A is a graph showing production of isoprenc from glucose in
BL21/pTrcKudzukan. Time 0 is the time of induction with IPTG (400 pmol). The x-axis is time
after induction; the y-axis is ODggo and the y2-axis is total productivity of isoprene (ug/L
headspace or specific productivity (ug/L headspace/OD). Diamonds represent ODego, circles
represent total isoprene productivity (ug/L) and squares represent specific productivity of
isoprene (pg/L/OD).

[0064] Figure 23B is a graph showing production of isoprene from glucose in
BL21/pTrcKudzu yIDI kan. Time 0 is the time of induction with IPTG (400 pmol). The x-axis is
time after induction; the y-axis is ODggo and the y2-axis is total productivity of isoprene (pg/L
headspace or specific productivity (ug/L headspace/OD). Diamonds represent ODggo, circles
represent total isoprene productivity (ug/L) and squares represent specific productivity of
isoprene (ug/L/OD).

[0065] Figure 23C is a graph showing production of isoprene from glucose in
BL21/pTrcKudzu DXS kan. Time O is the time of induction with IPTG (400 pmol). The x-axis is
time after induction; the y-axis is ODggg and the y2-axis is total productivity of isoprene (pug/L
headspace or specific productivity (ug/L headspace/OD). Diamonds represent ODggo, circles
represent total isoprene productivity (ug/L) and squares represent specific productivity ol
isoprene (ug/L/OD).

[0066] Figure 23D is a graph showing production of isoprene (rom glucose in
BL21/pTrcKudzu yIDI DXS kan. Time 0 is the time of induction with IPTG (400 pmol). The x-
axis is time after induction; the y-axis is ODgg and the y2-axis is total productivity of isoprene

(pg/L headspace or specific productivity (ug/L headspace/OD). Diamonds represent ODggo,
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circles represent total isoprene productivity (ug/L) and squares represent specific productivity of
isoprene (ug/L/OD).

[0067] Figure 23E is a graph showing production of isoprene from glucose in BL21/pCL
PtrcKudzu. Time 0 is the time of induction with IPTG (400 umol). The x-axis is time after
induction; the y-axis is ODggo and the y2-axis is total productivity of isoprcne (pug/L headspace
or specific productivity (ug/L headspace/OD). Diamonds represent ODego, circles represent total
isoprene productivity (pg/L) and squarcs represent specific productivity of isoprenc (ug/L/OD).
[0068] Figurc 23F is a graph showing production of isoprenc from glucose in BL21/pCL
PtrcKudzu yIDI. Time 0 is the timc of induction with IPTG (400 umol). The x-axis is time after
induction; the y-axis is ODggo and the y2-axis is total productivity of isoprene (pg/L hcadspacce
or spccific productivity (ug/L headspace/OD). Diamonds represent ODego, circles represent total
isoprene productivity (ug/L) and squares represent specific productivity of isoprene (pg/L/OD).
[0069] Figure 23G is a graph showing production of isoprene from glucose in BL21/pCL
PtrcKudzu DXS. Time 0 is the time of induction with IPTG (400 pmol). The x-axis is time after
induction; the y-axis is ODggo and the y2-axis is total productivity of isoprene (pug/L headspace
or specific productivity (ug/L headspace/OD). Diamonds represent ODggp, circles represent total
1soprene productivity (pg/L) and squares represent specific productivity of isoprene (ug/L/OD).
[0070] Figure 23H is a graph showing production of isoprene from glucose in
BL21/pTrcKudzulDIDXSkan. The arrow indicates the time of induction with IPTG (400 umol).
The x-axis is time after induction; the y-axis is ODgyp and the y2-axis is total productivity of
isoprene (ug/L headspace or specific productivity (ug/L headspace/OD). Black diamonds
represent ODggo, black triangles represent isoprene productivity (ug/L) and white squares
represent specific productivity of isoprene (ug/L/OD).

[0071] Figure 24 is a map of pTrcKKDyIkIS kan.

[0072] Figures 25A-D are a nucleotide sequence of pTrcKKDyIkIS kan (SEQ ID NO:11).
[0073] Figure 26 is a map of pCL PtrcUpperPathway.

[0074] Figures 27A-27D is a nucleotide sequence of pCL PtrcUpperPathway (SEQ ID
NO:12).

[0075] Figure 28 shows a map of the cassette containing the lower MV A pathway and yeast
idi for integration into the B. subtilis chromosome at the nprE locus. nprE upstream/downstream
indicates 1 kb each of sequence from the nprE locus for integration. aprE promoter (alkaline
serine protease promoter) indicates the promoter (-35, -10, +1 transcription start site, RBS) of

the aprE gene. MVKI1 indicates the yeast mevalonate kinase gene. RBS-PMK indicates the yeast
12
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phosphomevalonate kinase gene with a Bacillus RBS upstream of the start site. RBS-MPD
indicates the yeast diphosphomevalonate decarboxylase gene with a Bacillus RBS upstream of
the start site. RBS-IDI indicates the yeast idi gene with a Bacillus RBS upstream of the start site.
Terminator indicates the terminator alkaline serine protease transcription terminator from B.
amyliquefaciens. SpecR indicates the spectinomycin resistance marker. “nprE upstrcam repcat
for amp.” indicates a dircct repcat of the upstream region used for amplification.

[0076] Figures 29A-D arc a nuclcotidc scquence of cassctte containing thc lower MVA
pathway and ycast idi for intcgration into the B. subtilis chromosome at the nprE locus (SEQ ID
NO:13).

[0077] Figurc 30 is a map of p9796-poplar.

[0078] Figurcs 31A-B are a nuclcotide scquence of p9796-poplar (SEQ 1D NO:14).

[0079] Figurc 32 is a map of pTrcPoplar.

[0080] Figures 33A-C are a nucleotide sequence of pTrcPoplar (SEQ ID NO:15).

[0081] Figure 34 is a map of pTrcKudzu yIDI Kan.

[0082] Figures 35A-C are a nucleotide sequence of pTrcKudzu yIDI Kan (SEQ ID NO:16).
[0083] Figure 36 is a map of pTrcKudzuDXS Kan.

[0084] Figures 37A-C are a nucleotide sequence of pTrcKudzuDXS Kan (SEQ ID NO:17).
[0085] Figure 38 is a map of pCL PtrcKudzu.

[0086] Figures 39A-C are a nucleotide sequence of pCL PtrcKudzu (SEQ ID NO:18).

[0087] Figure 40 is a map of pCL PtrcKudzu A3.

[0088] Figures 41 A-C are a nucleotide sequence of pCL PtrcKudzu A3 (SEQ ID NO:19).
[0089] Figure 42 is a map of pCL PtrcKudzu yIDI.

[0090] Figures 43A-C are a nucleotide sequence of pCL PtrcKudzu yIDI (SEQ ID NO:20).
[0091] Figure 44 is a map of pCL PtrcKudzu DXS.

[0092] Figures 45A-D are a nucleotide sequence of pCL PtrcKudzu DXS (SEQ ID NO:21).
[0093] Figures 46A-E show graphs representing isoprene production {rom biomass feedstocks.
Panel A shows isoprene production {rom corn stover, Panel B shows isoprene production from
bagasse, Panel C shows isoprene production {rom softwood pulp, Panel D shows isoprene
production {rom glucose, and Panel E shows isoprene production from cells with no additional
feedstock. Grey squares represent ODggo measurements of the cultures at the indicated times
post-inoculation and black triangles represent isoprene production at the indicated times post-

inoculation.
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[0094] Figure 47A shows a graph representing isoprene production by BL21 (ADE3)
pTrcKudzu yIDI DXS (kan) in a culture with no glucose added. Squares represent ODggo, and
triangles represent isoprene produced (pug/ml).

[0095] Figure 47B shows a graph representing isoprene production from 1% glucose feedstock
invert sugar by BL21 (ADE3) pTrcKudzu yIDI DXS (kan). Squares represcnt ODggo, and
triangles represent isoprenc produced (pug/ml).

[0096] Figurc 47C shows a graph rcpresenting isoprenc production from 1% invert sugar
feedstock by BL21 (ADE3) pTrcKudzu yIDI DXS (kan). Squarcs represent ODggo, and triangles
represent isoprenc produced (pg/ml).

[0097] Figurc 47D shows a graph rcpresenting isoprence production from 1% AFEX com
stover fecedstock by BL21 (ADE3) pTrcKudzu yIDI DXS (kan). Squarcs reprcscnt ODggo, and
triangles represcent isoprenc produced (pg/ml).

[0098] Figures 48A-C show graphs demonstrating the effect of yeast extract of isoprene
production. Panel A shows the time course of optical density within fermentors fed with varying
amounts of yeast extract. Panel B shows the time course of isoprene titer within fermentors fed
with varying amounts of yeast extract. The titer is defined as the amount of isoprene produced
per liter of fermentation broth. Panel C shows the effect of yeast extract on isoprene production
in E. coli grown in fed-batch culture.

[0099] Figures 49A-C show graphs demonstrating isoprene production from a 500 L
bioreactor with L. coli cells containing the pTrcKudzu + yIDI + DXS plasmid. Panel A shows
the time course of optical density within the 500-L bioreactor fed with glucose and yeast extract.
Panel B shows the time course of isoprene titer within the 500-L bioreactor fed with glucose and
yeast extract. The titer is defined as the amount of isoprene produced per liter of fermentation
broth. Panel C shows the time course of total isoprene produced from the 500-L bioreactor fed
with glucose and yeast extract.

[0100] Figure 50 is a map of pJMupperpathway?2.

[0101] Figures S1A-C are the nucleotide sequence of pJMupperpathway2 (SEQ ID NO:22).
[0102] Figure 52 is a map of pBS Kudzu #2.

[0103] Figure 53A is a graph showing growth during fermentation time of Bacillus expressing
recombinant kudzu isoprene synthase in 14 liter fed batch fermentation. Black diamonds
represent a control strain (BG3594comK) without recombinant isoprene synthase (native
isoprene production) and grey triangles represent CF443, Bacillus strain BG3594comK with

pBSKudzu (recombinant isoprene production).
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[0104] Figure 53B is a graph showing isoprene production during fermentation time of
Bacillus expressing recombinant kudzu isoprene synthase in 14 liter fed batch fermentation.
Black diamonds represent a control strain (BG3594comK) without recombinant isoprene
synthase (native isoprene production) and grey triangles represent CF443, Bacillus strain
BG3594comK with pBSKudzu (recombinant isoprenc production).

[0105] Figure 54 is a time coursc of optical density within the 15-L biorcactor fed with
glucosc.

[0106] Figurc 55 is a time coursc of isoprene titer within the 15-L biorcactor fed with glucose.
The titer is defined as the amount of isoprene produccd per litcr of fermentation broth.

[0107] Figurc 56 is a timc coursc of total isoprenc produced from the 15-L biorcactor fed with
glucose.

[0108] Figurc 57 is a time course of optical density within the 15-L biorcactor fed with
glycerol.

[0109] Figure 58 is a time course of isoprene titer within the 15-L bioreactor fed with glycerol.
The titer is defined as the amount of isoprene produced per liter of fermentation broth.

[0110] Figure 59 is a time course of total isoprene produced from the 15-L bioreactor fed with
glycerol.

[0111] Figures 60A-60C are the time courses of optical density, mevalonic acid titer, and
specific productivity within the 150-L bioreactor fed with glucose.

[0112] Figures 61A-61C are the time courses of optical density, mevalonic acid titer, and
specific productivity within the 15-L bioreactor fed with glucose.

[0113] Figures 62A-62C are the time courses of optical density, mevalonic acid titer, and
specific productivity within the 15-L bioreactor fed with glucose.

[0114] Figure 63A-63C are the time courses of optical density, isoprene titer, and specific
productivity within the 15-L bioreactor fed with glucose.

[0115] Figures 64A-64C are the time courses of optical density, isoprene titer, and specific
productivity within the 15-L bioreactor fed with glucose.

[0116] Figures 65A-65C are the time courses of optical density, isoprene titer, and specific
productivity within the 15-L bioreactor fed with glucose.

[0117] Figures 66A-66C are the time courses of optical density, isoprene titer, and specific
productivity within the 15-L bioreactor fed with glucose.

[0118] Figure 67A-67C are the time courses ol optical density, isoprene titer, and specific

productivity within the 15-L bioreactor fed with glucose.
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[0119] Figure 68 is a graph of the calculated adiabatic flame temperatures for Series A as a
function of fuel concentration for various oxygen levels. The figure legend lists the curves in the
order in which they appear in the graph. For example, the first entry in the figure legend
(isoprene in air at 40 °C) corresponds to the highest curve in the graph.

[0120] Figurc 69 is a graph of the calculated adiabatic flame tempcratures for Scrics B as a
function of fucl concentration for various oxygen levels with 4% water. The figure legend lists
the curves in the order in which they appear in the graph.

[0121] Figurc 70 is a graph of the calculated adiabatic flame temperatures for Scries C as a
function of fucl concentration for various oxygen levels with 5% COs. The figure legend lists the
curves in the order in which they appear in the graph.

[0122] Figurc 71 is a graph of the calculated adiabatic flame tcmpcraturcs for Scries D as a
function of fucl concentration for various oxygen levels with 10% CO:. The figure legend lists
the curves in the order in which they appear in the graph.

[0123] Figure 72 is a graph of the calculated adiabatic flame temperatures for Series E as a
function of fuel concentration for various oxygen levels with 15% CO:. The figure legend lists
the curves in the order in which they appear in the graph.

[0124] Figure 73 is a graph of the calculated adiabatic flame temperatures for Series F as a
function of fuel concentration for various oxygen levels with 20% CO-. The figure legend lists
the curves in the order in which they appear in the graph.

[0125] Figure 74 is a graph of the calculated adiabatic flame temperatures for Series G as a
function of fuel concentration for various oxygen levels with 30% CO-. The figure legend lists
the curves in the order in which they appear in the graph.

[0126] Figure 75A is a table of the conversion of the CAFT Model results from weight percent
to volume percent for series A.

[0127] Figure 75B is a graph of the {lammability results from the CAFT model for Series A in
Figure 68 plotted as volume percent.

[0128] Figure 76A is a table of the conversion of the CAFT Model results from weight percent
to volume percent for series B.

[0129] Figure 76B is a graph of the [lammability results rom the CAFT model for Series B in
Figure 69 plotted as volume percent.

[0130] Figure 77 is a figure depicting the flammability test vessel.

[0131] Figure 78A is a graph of the {lammability Curve for Test Series 1: 0% Steam, 0 psig,
and 40°C.
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[0132] Figure 78B is a table summarizing the explosion and non-explosion data points for Test
Series 1.

[0133] Figure 78C is a graph of the flammability curve for Test Series 1 compared with the
CAFT Model.

[0134] Figure 79A is a graph of thc flammability curve for Test Scrics 2: 4% Stcam, 0 psig,
and 40°C.

[0135] Figure 79B is a table summarizing thc cxplosion and non-explosion data points for Tcst
Series 2.

[0136] Figurc 79C is a graph of the flammability curve for Tcst Serics 2 compared with the
CAFT Model.

[0137] Figures 8OA-B are a tablc of the dctailed experimental conditions and results for Test
Secries 1.

[0138] Figure 81 is a table of the detailed experimental conditions and results for Test Series
2.

[0139] Figure 82 is a graph of the calculated adiabatic flame temperature plotted as a function
of fuel concentration for various nitrogen/oxygen ratios at 3 atmospheres of pressure.

[0140] Figure 83 is a graph of the calculated adiabatic flame temperature plotted as a function
of fuel concentration for various nitrogen/oxygen ratios at 1 atmosphere of pressure.

[0141] Figure 84 is a graph of the flammability envelope constructed using data from Figure
82 and following the methodology described in Example 13. The experimental data points
(circles) are from tests described herein that were conducted at 1 atmosphere initial system
pressure.

[0142] Figure 85 is a graph of the flammability envelope constructed using data from Figure
83 and following the methodology described in Example 13. The experimental data points
(circles) are from tests described herein that were conducted at | atmosphere initial system
pressure.

[0143] Figure 86A is a GC/MS chromatogram of fermentation off-gas.

[0144] Figure 86B is an expansion of Fig 86A to show minor volatiles present in fermentation
off-gas.

[0145] Figure 87A is a GC/MS chromatogram of trace volatiles present in off-gas following
cryo-trapping at -78°C.

[0146] Figure 87B is a GC/MS chromatogram of trace volatiles present in off-gas following
cryo-trapping at -196°C.
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[0147] Figure 87C is an expansion of Figure 87B.

[0148] Figure 87D is an expansion of Figure 87C.

[0149] Figures 88A-B are GC/MS chromatogram comparing C5 hydrocarbons from
petroleum-derived isoprene (Figure 88A) and biologically produced isoprene (Figure 88B). The
standard contains threec C5 hydrocarbon impuritics cluting around the main isoprene peak
(Figure 88A). In contrast, biologically produced isoprcne contains amounts of cthanol and
acctonc (run time of 3.41 minutcs) (Figurc 88A).

[0150] Figure 89 is a graph of the analysis of fermentation off-gas of an E. coli BL21 (DE3)
pTrclS strain cxpressing a Kudzu isoprenc synthase and fed glucosc with 3 g/L yeast cxtract.
[0151] Figurc 90 shows thc structurcs of scveral impuritics that arc structurally similar to
1soprenc and may also act as polymerization catalyst poisons.

[0152] Figure 91 is a map of pTrcHis2AUppcrPathway (also called pTrcUpperMVA).

[0153] Figures 92A-92C are the nucleotide sequence of pTrcHis2AUpperPathway (also called
pTrcUpperMVA) (SEQ ID NO:23).

[0154] Figure 93 is a time course of optical density within the 15-L bioreactor fed with
glucose.

[0155] Figure 94 is a time course of isoprene titer within the 15-L bioreactor fed with glucose.
The titer is defined as the amount of isoprene produced per liter of fermentation broth.

[0156] Figure 95 is a time course of total isoprene produced from the 15-L bioreactor fed with
glucose.

[0157] Figure 96 is a time course of optical density within the 15-L bioreactor fed with invert
sugar.

[0158] Figure 97 is a time course of isoprene titer within the 15-L bioreactor fed with invert
sugar. The titer is defined as the amount of isoprene produced per liter of fermentation broth.
[0159] Figure 98 is a time course of total isoprene produced {rom the 15-L bioreactor fed with
invert sugar.

[0160] Figure 99 is a time course of optical density within the 15-L bioreactor fed with
glucose.

[0161] Figure 100 is a time course of isoprene titer within the 15-L bioreactor fed with
glucose. The titer is defined as the amount of isoprene produced per liter of fermentation broth.
[0162] Figure 101 is a time course of isoprene specific activity from the 15-L bioreactor fed
with glucose.

[0163] Figure 102 is a map of pCLPtrcUpperPathwayHGS2.
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[0164] Figures 103A-103C are the nucleotide sequence of pCLPtrcUpperPathwayHGS2 (SEQ
ID NO:24).

[0165] Figure 104 is a time course of optical density within the 15-L bioreactor fed with
glucosc.

[0166] Figurc 105 is a time course of isoprene titer within the 15-L bioreactor fed with
glucose. The titer is defined as the amount of isoprene produccd per liter of fermentation broth.
[0167] Figure 106 is a time course of total isoprenc produced from the 15-L bioreactor fed
with glucose.

[0168] Figurc 107 is a map of plasmid MCM330 (FRT-cm-FRT-gil.2-KKDy at attTn7).
[0169] Figurcs 108A-108C arc the nucleotide scquence of plasmid MCM330 (SEQ ID
NO:25).

[0170] Figurc 109 is a map of pET24D-Kudzu.

[0171] Figures 110A-B are the nucleotide sequence of pET24D-Kudzu (SEQ ID NO:26).
[0172] Figure 111A is a time course of optical density within the 15-L bioreactor fed with
glucose.

[0173] Figure 111B is a time course of isoprene titer within the 15-L bioreactor fed with
glucose. The titer is defined as the amount of isoprene produced per liter of fermentation broth.
[0174] Figure 111C is a time course of specific productivity of isoprene in the 15-L bioreactor
fed with glucose.

[0175] Figure 112A is a map of the M. mazei archaeal Lower Pathway operon.

[0176] Figures 112B-C are the nucleotide sequence of the M. mazei archaeal lower Pathway
operon (SEQ ID NO:27).

[0177] Figure 113A is a map of MCM382 — pTrcKudzuMVK(mazei).

[0178] Figures 113B-C are the nucleotide sequence of MCM382 — pTrcKudzuMVK(mazei)
(SEQ ID NO:28).

[0179] Figure 114A is a map of MCM376 - MVK from M. mazei archaeal Lower in
pET200D.

[0180] Figures 114B-C are the nucleotide sequence of MCM376 - MVK from M. mazei
archaeal Lower in pET200D (SEQ ID NO:29).

[0181] Figures 115A-115D demonstrate that over-expression of MVK and isoprene synthase
results in increased isoprene production. Accumulated isoprene and CO, from MCM401 and
MCM343 during growth on glucose in 100 mL bioreactors with 100 and 200 uM IPTG

induction of isoprene production was measured over a 22 hour time course. Figure 115A isa
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graph of the accumulated isoprene (%) from MCM343. Figure 115B is a graph of the
accumulated isoprene (%) from MCM401. Figure 115C is a graph of the accumulated CO; (%)
from MCM343. Figure 115D is a graph of the accumulated CO, (%) from MCM401.

[0182] Figure 116 is a time course of optical density within the 15-L bioreactor fed with
glucosc.

[0183] Figure 117 is a time course of isoprene titer within the 15-L biorcactor fed with
glucosc. The titer is defined as thec amount of isoprene produccd per liter of fermentation broth.
[0184] Figurc 118 is a time coursc of total isoprenc produced from the 15-L biorcactor fed
with glucose.

[0185] Figurc 119 is a graph of the total carbon dioxidc cvolution ratc (TCER), or mctabolic
activity profile, within the 15-L biorcactor fed with glucosc.

[0186] Figurc 120 is a graph of the ccll viability during isoprene production within the 15-L
bioreactor fed with glucose. TVC/OD is the total viable counts (colony forming units) in 1 mL
of broth per optical density unit (ODssp).

[0187] Figure 121 is a time course of optical density within the 15-L bioreactor fed with
glucose.

[0188] Figure 122 is a time course of isoprene titer within the 15-L bioreactor fed with
glucose. The titer is defined as the amount of isoprene produced per liter of fermentation broth.
[0189] Figure 123 is a time course of total isoprene produced from the 15-L bioreactor fed
with glucose.

[0190] Figure 124 is a time course of volumetric productivity within the 15-L bioreactor fed
with glucose. The volumetric productivity is defined as the amount of isoprene produced per
liter of broth per hour.

[0191] Figure 125 is a time course of instantaneous yield within the 15-L bioreactor fed with
glucose. The instantaneous yield is defined as the amount of isoprene (gram) produced per
amount of glucose (gram) fed to the bioreactor (w/w) during the time interval between the data
points.

[0192] Figure 126 is a graph of the total carbon dioxide evolution rate (TCER), or metabolic
activity profile, within the 15-L bioreactor fed with glucose.

[0193] Figure 127 is cell viability during isoprene production within the 15-L bioreactor fed
with glucose. TVC/OD is the total viable counts (colony forming units) in 1 mL of broth per
optical density unit (ODssp).
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[0194] Figure 128 is a time course of optical density within the 15-L bioreactor fed with
glucose.

[0195] Figure 129 is a time course of isoprene titer within the 15-L bioreactor fed with
glucose. The titer is defined as the amount of isoprene produced per liter of fermentation broth.
[0196] Figure 130 is a timc coursc of total isoprene produced from the 15-L biorcactor fed
with glucose.

[0197] Figure 131 is a graph of total carbon dioxide cvolution rate (TCER), or mctabolic
activity profile, within the 15-L biorcactor fed with glucosc.

[0198] Figurc 132 is a graph showing that a transient decrcasc in the airflow to the bioreactor
causcd a spikc in the conccentration of isoprenc in the off-gas that did not causc a dramatic
decreasc in metabolic activity (TCER). TCER, or metabolic activity, is the total carbon dioxide
cvolution ratc.

[0199] Figure 133 is a graph of the cell viability during isoprene production within the 15-L
bioreactor fed with glucose. TVC/OD is the total viable counts (colony forming units) in I mL
of broth per optical density unit (ODssp).

[0200] Figure 134 is a time course of optical density within the 15-L bioreactor fed with
glucose. Dotted vertical lines denote the time interval when isoprene was introduced into the
bioreactor at a rate of 1 g/L/hr.

[0201] Figure 135 is total carbon dioxide evolution rate (TCER), or metabolic activity profile,
within the 15-L bioreactor fed with glucose. Dotted vertical lines denote the time interval when
isoprene was introduced into the bioreactor at a rate of 1 g/L/hr.

[0202] Figure 136 is cell viability during isoprene production within the 15-L bioreactor fed
with glucose. TVC/OD is the total viable counts (colony forming units) in 1 mL of broth per
optical density unit (ODssp). Dotted vertical lines denote the time interval when isoprene was
introduced into the bioreactor at a rate of 1 g/L/hr.

[0203] Figures 137A-B are the sequence of Populus alba pET24a: isoprene synthase gene
highlighted in bold letters (SEQ ID NO:30).

[0204] Figures 137C-D are the sequence of Populus nigra pET24a: isoprene synthase gene
highlighted in bold letters (SEQ ID NO:31).

[0205] Figures 137E-F are the sequence of Populus tremuloides pET24a (SEQ ID NO:32).
[0206] Figure 137G is the amino acid sequence of Populus tremuloides isoprene synthase

gene (SEQ ID NO:33).

21



WO 2010/148256 PCT/US2010/039088

[0207] Figures 137H-I are the sequence of Populus trichocarpa pET24a: isoprene synthase
gene highlighted in bold letters (SEQ ID NO:34).
[0208] Figures 137J-K are the sequence of Populus tremula x Populus alba pET24a: isoprene
synthase gene highlighted in bold letters (SEQ ID NO:35).
[0209] Figurc 137L is a map of MCM93 which contains the kudzu IspS coding scquence in a
pCR2.1 backbone.
[0210] Figures 137M-N arc the scquencc of MCM93 (SEQ ID NO:36).
[0211] Figurc 1370 is a map of pET24D-Kudzu.
[0212] Figures 137P-Q arc the scquence of pET24D-Kudzu (SEQ ID NO:37).
[0213] Figure 138 is isoprene synthasc exprcssion data for various poplar spccics as mcasured
in thc wholc cell head space assay. Y-axis is ug/L/OD of isoprenc produced by 0.2 mL of a
culturc induced with IPTG.
[0214] Figure 139 is relative activity of Poplar isoprene synthase enzymes as measured by
DMAPP assay. Poplar enzymes have significantly higher activity than the isoprene synthase
from Kudzu. Poplar [alba x tremula] only had traces (< 1%) of activity and is not shown in the
plot.
[0215] Figure 140 is a map of pDONR221:19430 - hybrid HGS.
[0216] Figure 141 is the nucleotide sequence of pDONR221:19430 - hybrid HGS, the
sequence of Kudzu isoprene synthase codon-optimized for yeast (SEQ ID NO:38).
[0217] Figure 142A is a map of pDW14.
[0218] Figures 142B-C are the complete nucleotide sequence of pDW14 (SEQ ID NO:39).
[0219] Figure 143 shows induced INVSc-1 strains harboring pDW14 or pYES-DESTS52.
Figure 143A. A 4-12% bis tris gel (Novex, Invitrogen) of lysates generated from INVSc-1
strains induced with galactose and stained with SimplyBlue SafeStain (Invitrogen). Figure 143B.
Western blot analysis of the same strains using the WesternBreeze kit (Invitrogen). Lanes are as
follows: 1, INVSc-1 + pYES-DESTS52; 2, INVSc-1 + pDW14 (isolate 1); 3, INVSc-1 + pDW 14
(isolate 2). MW (in kDa) is indicated (using the SeeBlue Plus2 molecular weight standard).
[0220] Figure 144 (Figures 144A and 144B) shows induced INVSc-1 strains harboring
pDW14 or pYES-DESTS52. Figure 144A. ODgg of galactose-induced strains prior to lysis. The
y-axis 1s ODggo. Figure 144B. DMAPP assay of isoprene synthase headspace in control and
1soprene synthase-harboring strains. Specific activity was calculated as pg HG/L/OD. Samples
are as follows: Control, INVSc-1 + pYES-DESTS2; HGS-1, INVSc-1 + pDW 14 (isolate 1);
HGS-2, INVSc-1 + pDW 14 (isolate 2).
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[0221] Figure 145A is a map of codon optimized isoprene synthase fluo-opt2v2.

[0222] Figure 145B is the nucleotide sequence of codon optimized isoprene synthase fluo-
opt2v2 (SEQ ID NO:40).

[0223] Figure 146A is a map of pPBBRIMCSS.

[0224] Figurcs 146B-C are the nucleotidc scquence of pPBBRIMCSS (SEQ ID NO:41).
[0225] Figurc 147A is a map of pPBBRSHGSOpt2 2.

[0226] Figures 147B-C arc the nuclcotidc scquence of pPBBRSHGSOpt2 2 (SEQ ID NO:42).
[0227] Figurc 148 is a graph of CER versus fermentation time for strain MCM401, uninduced,
induccd with IPTG (4 x 50 pumol) or IPTG (2 x 100 pumol).

[0228] Figurc 149 shows concentration of glucosc in sugar canc solutions, pH adjusted or not,
as a function of the numbcr of autoclaving cycles (onc cycle = 30 min).

[0229]  Figurc 150 shows growth curves (0D, as a function of time) of Pseudomonas putida

F1 and Pseudomonas fluorescens ATCC13525 on glucose, sugar cane, and inverted sugar cane.

[0230] Figure 151 shows growth curves (ODg, as a function of time) of E. coli BL21(DE3),

MG1655, ATCC11303 and B REL 606 on glucose, sugar cane, and inverted sugar cane.

[0231] Figure 152 is a map of plasmid pET24 P. alba HGS.

[0232] Figure 153A-B are the nucleotide sequence of plasmid pET24 P. alba HGS (SEQ ID
NO:43).

[0233] Figure 154 is a schematic diagram showing restriction sites used for endonuclease
digestion to construct plasmid EWL230 and compatible cohesive ends between BspHI and Ncol
sites.

[0234] Figure 155 is a map of plasmid EWL230.

[0235] Figures 156A-B are the nucleotide sequence of plasmid EWL230 (SEQ ID NO:44).
[0236] Figure 157 is a schematic diagram showing restriction sites used for endonuclease
digestion to construct plasmid EWL244 and compatible cohesive ends between Nsil and Pstl
sites.

[0237] Figure 158 is a map of plasmid EWL244.

[0238] Figures 159A-B are the nucleotide sequence of plasmid EWL244 (SEQ ID NO:45).
[0239] Figure 160A is a map of the M. mazei archacal Lower Pathway operon.

[0240] Figures 160B-C are the nucleotide sequence of the M. mazei archaeal Lower Pathway
operon (SEQ ID NO:46).

[0241] Figure 161A is a map of MCM376-MVK from M. mazei archaeal Lower in pET200D.
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[0242] Figures 161B-C are the nucleotide sequence of MCM376-MVK from M. mazei
archaeal Lower in pET200D (SEQ ID NO:47).
[0243] Figure 162 is a map of plasmid pBBRCMPGI1.5-pgl.
[0244] Figures 163A-B are the nucleotide sequence of plasmid pPBBRCMPGI1.5-pgl (SEQ ID
NO:48).
[0245] Figures 164A-F arc graphs of isoprene production by E. coli strain expressing M. mazei
mevalonatc kinase, P. alba isoprenc synthase, and pg/ (RHM111608-2), and grown in fed-batch
culturc at the 15-L scalc. Figurc 164A shows the time coursc of optical density within the 15-L
bioreactor fed with glucosc. Figurc 164B shows the time course of isoprenc titer within the 15-L
biorcactor fed with glucosc. The titer is defined as the amount of isoprene producced per liter of
fermentation broth. Mcthod for calculating isoprenc: cumulative isoprenc produced in 59 hrs,
g/Fermentor volume at 59 hrs, L [=] g/L broth. Figurc 164C also shows the time course of
isoprene titer within the 15-L bioreactor fed with glucose. Method for calculating isoprene:
J(Instantaneous isoprene production rate, g/L/hr)dt from t = 0 to 59 hours [=] g/L broth. Figure
164D shows the time course of total isoprene produced from the 15-L bioreactor fed with
glucose. Figure 164E shows volumetric productivity within the 15-L bioreactor fed with
glucose. Figure 164F shows carbon dioxide evolution rate (CER), or metabolic activity profile,
within the 15-L bioreactor fed with glucose.
[0246] Figures 165A-B are graphs showing analysis of off-gas from fermentation in 15L
bioreactors. Sample A is strain RM111608-2 sampled at 64.8 hours. Sample B is strain
EWL256 was E. coli BL21 (DE3), pCL upper, cmR-gil.2-yKKDyl, pTrcAlba-mMVK sampled
at 34.5 hours. Hydrogen is detected above the baseline (0.95 x 107 torr) for both samples.
[0247] Figure 166A shows an exemplary Bioisoprene™ recovery unit.
[0248] Figure 166B shows an exemplary Bioisoprene™ desorption/condensation setup.
[0249] Figure 167 shows a GC/FID chromatogram of a Bioisoprene™ product. The material
was determined to be 99.7% pure.
[0250] Figure 168A-C show the GC/FID chromatograms of a Bioisoprene™ sample before
(A) and after treatment with alumina (B) or silica (C). The isoprene peak is not shown in these
chromatograms.
[0251] Figure 169 shows a diagram of a process and associated apparatus for purifying
isoprene from a fermentation off-gas.
[0252] Figure 170 shows GC/FID chromatogram of partially hydrogenated Biolsoprene™
monomer. Compound 1 (RT = 12.30 min) = 3-methyl-1-butene, compound 2 (RT = 12.70 min)
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= 2-methylbutane, compound 3 (RT = 13.23 min) = 2-methyl- [-butene, compound 4 (RT =
13.53 min) = isoprene, compound 5 (RT = 14.01 min) = 2-methyl-2-butene).

[0253] Figure 171 shows the GC/MS Total Ion Chromatogram for products derved from the
Amberlyst-15 acid resin-catalyzed dimerization of 2-methyl-2-butene.

[0254] Figurc 172 shows thc GC/MS Total Ion Chramatogram for products dcrived from
Amberlyst 15 acid resin-catalyzed oligomcrization of Biolsoprenc™ monomer.

[0255] Figurc 173 shows a proccss flow diagram for the conversion of a C5 strcam into a
C10/C15 product stream using a dimerization reactor. The C5 strcam compriscs Biolsoprenc™

monomer and/or C5 derivatives of Biolsoprenc™ monomer.
DETAILED DESCRIPTION OF THE INVENTION

[0256] The invention provides, inter alia, compositions and methods for producing a fuel
constituent from isoprene. Provided herein are fuel constituents or additives, for example, cyclic
isoprene dimers and trimers, linear isoprene oligomers, aromatic and alicyclic isoprene
derivatives, and oxygenated isoprene derivatives. The fuel constituent can be produced by
chemical transformations of a starting matcrial comprising a commercially beneficial amount of
highly purc isoprene. In onc aspcct, the commcrceially bencficial amount of highly pure isoprenc
compriscs bioisoprene. In another aspcct, a commercially beneficial amount of highly pure
isoprenc can be bioisoprene. In another aspect, a commcrcially beneficial amount of highly purc
isoprene can be highly pure isoprene compositions produccd by culturing cclls expressing a
hctcrologous isoprene synthasc cnzyme. In other aspccts, highly purc isoprenc undergocs
oligomerization to form unsaturated isoprene oligomers such as cyclic dimers or trimers and
linear oligomers. The unsaturated oligomers may be hydrogenated to produce saturated
hydrocarbon fuel constituent. In some embodiment, reaction of highly pure isoprene with
alcohols in the presence of an acid catalyst produces fuel oxygenates. In another aspect, the
highly pure isoprene is partially hydrogenated to produce isoamylenes. In some embodiments,
an isoamylene product derived from the highly pure isoprene undergoes dimerization to form
isodecenes. In some embodiments, isoamylene products derived from the highly pure isoprene
react with alcohols in the presence of an acid catalyst to produce fuel oxygenates.

[0257] Bioisoprene derived from renewable carbon can be converted to a variety of
hydrocarbon fuels by chemical catalysis. Provided herein are methods for recovering isoprene
from fermentation and subsequent conversion to hydrocarbon fuels by chemical catalysis to

compounds of higher molecular weight. These methods include, but are not limited to,
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recovering and purifying isoprene from fermentation off-gas and subscquent gas or liquid phase
catalysis to provide compounds with fuel valuc. Both continuous and batch mode processes are
contemplated within the scope of the invention.

[0258] As further dctailed hercin, a bioisoprenc composition is distinguished from a petro-
isoprene composition in that a bioisoprene composition is substantially free of any
contaminating unsaturatcd C5 hydrocarbons that arc usually present in petro-isoprene
compositions, such as, but not limited to, 1,3-cyclopentadicne, trans-1,3-pentadicene, cis-1,3-
pentadicne, 1,4-pentadienc, 1-pentyne, 2-pentyne, 3-mcthyl-1-butyne, pent-4-cne-1-yne, trans-
pent-3-cne-1-yne, and cis-pent-3-cne-1-yne. If any contaminating unsaturated C5 hydrocarbons
arc prescnt in the bioisoprenc starting matcrial described hercin, they are present in lower levels
than that in petro-isoprenc compositions. Accordingly, any fucl products dcrived from
bioisoprene compositions described herein is cssentially frec of, or contains at lower levels than
that in fuel products derived from petro-isoprene, any contaminating unsaturated C5
hydrocarbons or products derived from such contaminating unsaturated C5 hydrocarbons. In
addition, the sulfur levels in a bioisoprene composition arc lower than the sulfur levels in petro-
isoprene compositions. Fuels products derived from bioisoprene compositions contain lower
levels of sulfur than that in fuel products derived from petro-isoprene.

[0259] Bioisoprene is distinguished from petro-isoprene in that bioisoprene is produced with
other bio-byproducts (compounds derived from the biological sources and/or associated the
biological processes that are obtained together with bioisoprene) that are not present or present
in much lower levels in petro-isoprene compositions, such as alcohols, aldehydes, ketone and the
like. The bio-byproducts may include, but are not limited to, ethanol, acetone, methanol,
acetaldehyde, methacrolein, methyl vinyl ketone, 2-methyl-2-vinyloxirane, cis- and trans-3-
methyl-1,3-pentadiene, a C5 prenyl alcohol (such as 3-methyl-3-buten-1-ol or 3-methyl-2-buten-
1-ol), 2-heptanone, 6-methyl-5-hepten-2-one, 2,4,5-trimethylpyridine, 2,3,5-trimethylpyrazine,
citronellal, methanethiol, methyl acetate, 1-propanol, diacetyl, 2-butanone, 2-methyl-3-buten-2-
ol, ethyl acetate, 2-methyl-1-propanol, 3-methyl-1-butanal, 3-methyl-2-butanone, 1-butanol, 2-
pentanone, 3-methyl-1-butanol, ethyl isobutyrate, 3-methyl-2-butenal, butyl acetate, 3-
methylbutyl acetate, 3-methyl-3-buten-1-yl acetate, 3-methyl-2-buten-1-yl acetate, 3-hexen-1-ol,
3-hexen-1-yl acetate, limonene, geraniol (trans-3,7-dimethyl-2,6-octadien-1-ol), citronellol (3,7-
dimethyl-6-octen-1-ol), (E)-3,7-dimethyl-1,3,6-octatriene, (Z)-3,7-dimethyl-1,3,6-octatriene,
2,3-cycloheptenolpyridine, or a linear isoprene polymer (such as a linear isoprene dimer or a

linear isoprene trimer derived {rom the polymerization of multiple isoprene units). Fuel products
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derived from bioisoprene contain one or more of the bio-byproducts or compounds derived from
any of the bio-byproducts. In addition, fuel products derived from bioisoprene may contain
compounds formed from these bio-byproducts during subsequent chemical conversion.
Examples of such compounds include those derived from Diels-Alder cycloaddition of
dicnophiles to i1soprene or fucl derivatives thercof, the oxidation of isoprene or fucl derivatives.
[0260] Further, bioisoprenc is distinguished from pctro-isoprenc by carbon finger-printing. In
onc aspcct, bioisoprene has a higher radioactive carbon-14 ( C) content or highcr M/ C ratio
than petro-isoprenc. Bioisoprenc is produced from renewable carbon sources, thus the '*C
content or the '*C/**C ratio in bioisoprenc is the samc as that in the present atmospherce. Pctro-
isoprence, on the other hand, is derived from fossil fucls deposited thousands to millions of ycars
ago, thus the '*C content or the '*C/**C ratio is diminished duc to radioactive decay. As
discusscd in greater detail herein, the fuel products derived from bioisoprene has higher '*C
content or "*C/"*C ratio than fuel products derived from petro-isoprene. In one embodiment, a
fuel product derived from bioisoprene described herein has a '*C content or '*C/**C ratio similar
to that in the atmosphere. In another aspect, bioisoprene can be analytically distinguished from
petro-isoprene by the stable carbon isotope ration (*C/**C), which can be reported as “delta
values” represented by the symbol d"*C. For examples, for isoprene derived from extractive
distillation of Cs streams from petroleum refineries, 8'°C is about -22%o to about -24%o. This
range is typical for light, unsaturated hydrocarbons derived from petroleum, and products
derived from petroleum-based isoprene typically contain isoprenic units with the same 8"°C.
Bioisoprene produced by fermentation of corn-derived glucose (8"°C -10.73%o) with minimal
amounts of other carbon-containing nutrients (e.g., yeast extract) produces isoprene which can
be polymerized into polyisoprene with 8'°C -14.66%o to -14.85%o. Products produced from such
bioisoprene are expected to have 8"°C values that are less negative than those derived from
petroleum-bascd isoprenc.

[0261] Compounds made by these methods include cyclic isoprenc dimers and trimers, lincar
oligomers, aromatic and alicyclic derivatives. Diisoamylencs arc made by methods comprising
partial hydrogenation of bioisoprcne compositons. Thesc chemical derivatives of isoprene arc
useful as liquid transportation fuels (IsoFuels™) and as fuel additives.

[0262] Also provided herein are methods for the production of oxygenated derivatives of
isoprene including alcohols, ketones, esters and ethers. Methods for the synthesis of oxygenated
derivatives of isoprene can also be performed in liquid or gas phase, using homogeneous and

heterogeneous catalysts. Compounds of this chemical class are also useful as liquid
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transportation fuels, and can be used in fuel blends as fuel oxygenates for emissions reduction
and as fuel modifiers, for example as cetane boosters for diesel.

[0263] While isoprene can be obtained by fractionating petroleum, the purification of this
material is expensive and time-consuming. Petroleum cracking of the C5 stream of
hydrocarbons produces only about 15% isoprene. Isoprenc is also naturally produced by a
varicty of microbial, plant, and animal spccies. In particular, two pathways have been identified
for the biosynthesis of isoprenc: the mevalonatc (MV A) pathway and thc non-mcvalonatc (DXP)
pathway. Genetically engincered ccll cultures in biorcactors have produccd isoprenc more
cfficicntly, in larger quantities, in higher puritics and/or with unique impurity profilcs, c.g. as
described in U.S. provisional patent application Nos. 61/013,386 and 61/013,574, filed on
December 13, 2007, WO 2009/076676, U.S. provisional patent application Nos. 61/134,094,
61/134,947, 61/134,011 and 61/134,103, filed on July 2, 2008, WO 2010/003007, U.S.
provisional patent application No. 61/097,163, filed on September 15, 2008, WO 2010/031079,
U.S. provisional patent application No. 61/097,186, filed on September 15, 2008, WO
2010/031062, U.S. provisional patent application No. 61/097,189, filed on September 15, 2008,
WO 2010/031077, U.S. provisional patent application No. 61/097,200, filed on September 15,
2008, WO 2010/031068, U.S. provisional patent application No. 61/097,204, filed on September
15,2008, WO 2010/031076, U.S. provisional patent application No.61/141,652, filed on
December 30, 2008, PCT/US09/069862, U.S. patent application No. 12/335,071, filed
December 15, 2008 (US 2009/0203102 A1) and U.S. patent application No. 12/429,143, filed
April 23, 2009 (US 2010/0003716 A1), which are incorporated by reference in their entireties.

Definitions

[0264] Unless defined otherwise herein, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention pertains. Although any methods and materials similar or equivalent to those described
herein find use in the practice of the present invention, the preferred methods and materials are
described herein. Accordingly, the terms defined immediately below are more fully described by
reference to the Specification as a whole. All documents cited are, in relevant part, incorporated
herein by reference. However, the citation of any document is not to be construed as an
admission that it is prior art with respect to the present invention.

7PN
a

[0265] As used herein, the singular terms an,” and “the” include the plural reference

unless the context clearly indicates otherwise.
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[0266] It is intended that cvery maximum numerical limitation given throughout this
specification includes every lower numerical limitation, as if such lower numerical limitations
were expressly written herein. Every minimum numerical limitation given throughout this
specification will includc every higher numerical limitation, as if such higher numerical
limitations werc cxpressly written hercin. Every numerical range given throughout this
spccification will includc every narrower numerical range that falls within such broader
numcrical rangg, as if such narrower numerical ranges were all expressly written herein.

[0267] Thc term “isoprenc” refers to 2-methyl-1,3-butadicne (CAS# 78-79-5 ), which is the
direct and final volatile C5 hydrocarbon product from the climination of pyrophosphatc from
3,3-dimcthylallyl pyrophosphate (DMAPP), and docs not involve the linking or polymcrization
of [an] IPP molccule(s) to [a] DMAPP molccule(s). The term “isoprene” is not gencrally
intendcd to be limited to its method of production unless indicated otherwisc herein.

[0268] As used herein, “biologically produced isoprene” or “bioisoprene” is isoprene
produced by any biological means, such as produced by genetically engineered cell cultures,
natural microbials, plants or animals.

[0269] A “bioisoprene composition” refers to a composition that can be produced by any
biological means, such as systems (e.g., cells) that are engineered to produce isoprene. It
contains isoprene and other compounds that are co-produced (including impurities) and/or
isolated together with isoprene. A bioisoprene composition usually contains fewer hydrocarbon
impurities than isoprene produced from petrochemical sources and often requires minimal
treatment in order to be of polymerization grade. As detailed herein, bioisoprene composition
also has a different impurity profile from a petrochemically produced isoprene composition.
[0270] As used herein, “at least a portion of the isoprene starting composition” can refer to at
least about 1%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%., 98%, 99%, 99.5%, 99.6%,
99.7%, 99.8%, 99.9%, or 100% of the isoprene starting composition undergoing chemical
transformation.

[0271] As used herein, IsoFuels™ refers to fuels including liquid transportation fuels that are
derived from isoprene. BiolsoFuels™ refers to fuels including liquid transportation fuels that are
derived from bioisoprene.

[0272] The term “oligomerization” as used herein refers to a chemical process for combining

two or more monomer units. “Oligomerization” of isoprene produces a derivative of isoprene
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derived from two or more molecules of isoprene, such as linear dimers of isoprene, cyclic dimers
of isoprene, linear trimers of isoprene, cyclic trimers of isoprene and the like.

[0273] “Completc hydrogenation”, “Completely hydrogenate” or “Fully hydrogenate” is
defined as the addition of hydrogen (H), typically in the prcsence of a hydrogenation catalyst, to
all unsaturated functional groups, such as carbon-carbon doublc bonds, within a precursor
compound to give fully saturated product compounds. For example, complctc hydrogenation of
1soprenc forms isopentanc whercby 2 moles of H» is comsumcd per mole of isoprene.

[0274] “Partial hydrogenation” or “Partially hydrogenate” is defincd as the addition of
hydrogen (H»), typically in the presence of a hydrogenation catalyst, to at Icast onc, but not all
unsaturated functional groups, such as carbon-carbon doublc bonds, within a prccursor
compound. The product(s) of partial hydrogcnation can be further completely hydrogenated to
give fully saturated product compounds. Partial hydrogenation of a dicne forms onc or more
mono-olefins. For examplc, partial hydrogenation of isoprene can givc 3 isomeric isopentenes
(2-methylbut-1-ene, 2-methylbut-2-ene and 3-methylbut-1-ene) whereby 1 mole of H is
comsumed per mole of isoprene.

[0275] “Selective hydrogenation” or “Selectively hydrogenate” is defined as the addition of
hydrogen (Ha), typically in the presence of a hydrogenation catalyst, to at least one, but not all
unsaturated functional groups, such as carbon-carbon double bonds, within a precursor
compound whereby certain unsaturated functional groups are preferentially hydrogenated over
other unsaturated groups under the chosen conditions. For example, selective hydrogenation of
isoprene may form preferentially 2-methyl-2-butene, 2-methyl-1-butene, 3-methyl-1-butene or a
mixture thereof.

[0276] As used herein, the term “polypeptides” includes polypeptides, proteins, peptides,
fragments of polypeptides, and fusion polypeptides.

[0277] As used herein, an “isolated polypeptide” is not part of a library of polypeptides, such
as a library of 2, 5, 10, 20, 50 or more different polypeptides and is separated (rom at least one
component with which it occurs in nature. An isolated polypeptide can be obtained, for example,
by expression of a recombinant nucleic acid encoding the polypeptide.

[0278] By “heterologous polypeptide” is meant a polypeptide whose amino acid sequence is
not identical to that of another polypeptide naturally expressed in the same host cell. In
particular, a heterologous polypeptide is not identical to a wild-type polypeptide that is found in

the same host cell in nature.
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[0279] “Codon degeneracy” refers to divergence in the genetic code permitting variation of the
nucleotide sequence without affecting the amino acid sequence of an encoded polypeptide. The
skilled artisan is well aware of the “codon-bias” exhibited by a specific host cell in usage of
nucleotide codons to specify a given amino acid. Therefore, when synthesizing a nucleic acid for
improvcd cxpression in a host cell, it is desirable in some cmbodiments to design the nuclcic
acid such that its frequency of codon usage approaches the frequency of preferred codon usage
of the host cell.

[0280] As uscd herein, a “nuclcic acid” refers to two or more dcoxyribonucleotides and/or
ribonuclcotides covalently joined together in cither single or double-stranded form.

[0281] By “rccombinant nucleic acid” is mecant a nucleic acid of intcrest that is free of onc or
morc nucleic acids (e.g., genes) which, in the genome occurring in naturc of the organism from
which the nuclcic acid of interest is derived, flank the nucleic acid of intcrest. The term therefore
includes, for example, a recombinant DNA which is incorporated into a vector, into an
autonomously replicating plasmid or virus, or into the genomic DNA of a prokaryote or
eukaryote, or which exists as a separate molecule (e.g., a cDNA, a genomic DNA fragment, or a
cDNA fragment produced by PCR or restriction endonuclease digestion) independent of other
sequences.

[0282] By “heterologous nucleic acid” is meant a nucleic acid whose nucleic acid sequence is
not identical to that of another nucleic acid naturally found in the same host cell. In particular, a
heterologous nucleic acid is not identical to a wild-type nucleic acid that is found in the same
host cell in nature.

[0283] As used herein, a “vector” means a construct that is capable of delivering, and
desirably expressing one or more nucleic acids of interest in a host cell. Examples of vectors
include, but are not limited to, plasmids, viral vectors, DNA or RNA expression vectors,
cosmids, and phage vectors.

[0284] As used herein, an “expression control sequence” means a nucleic acid sequence that
directs transcription of a nucleic acid of interest. An expression control sequence can be a
promoter, such as a constitutive or an inducible promoter, or an enhancer. An “inducible
promoter” is a promoter that is active under environmental or developmental regulation. The
expression control sequence is operably linked to the nucleic acid segment to be transcribed.
[0285] The term “selective marker” or “selectable marker” refers to a nucleic acid capable of
expression in a host cell that allows for ease of selection of those host cells containing an

introduced nucleic acid or vector. Examples of selectable markers include, but are not limited to,
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antibiotic resistance nucleic acids (e.g., kanamycin, ampicillin, carbenicillin, gentamicin,
hygromycin, phleomycin, bleomycin, neomycin, or chloramphenicol) and/or nucleic acids that
confer a metabolic advantage, such as a nutritional advantage on the host cell. Exemplary

nutritional selective markers include those markers known in the art as amdS, argB, and pyr4.
Compositions and Systems

[0286] Isoprene derived from petrochemical sources usually is an impure C5 hydrocarbon
fraction which requires extensive purification before the material is suitable for polymerization
or other chemical transformations. Several impurities are particularly problematic given their
structural similarity to isoprene and the fact that they can act as polymerization catalyst poisons.
Such compounds include, but are not limited to, 1,3-cyclopentadiene, cis- and trans-1,3-
pentadiene, 1,4-pentadiene, 1-pentyne, 2-pentyne, 3-methyl-1-butyne, pent-4-ene-1-yne, trans-
pent-3-ene-1-yne, and cis-pent-3-ene-1-yne. As detailed below, biologically produced isoprene
can be substantially free of any contaminating unsaturated C5 hydrocarbons without undergoing
extensive purification. Some biologically produced isoprene compositions contain ethanol,
acctone, and CS5 prenyl alcohols. These components are more readily removed from the isoprene
strcam than thc isomeric C5 hydrocarbon fractions that arc present in isoprene compositions
dcrived from petrochemical sources. Further, these impuritics can be managed in the bioproccss,
for cxamplc by genctic modification of the producing strain, carbon fecdstock, alternative
fcrmentation conditions, rccovery process modifications and additional or altcrnative
purification mcthods.

[0287] In one aspect, the invention features compositions and systems for producing a fuel
constituent from isoprene comprising: (a) a commercially beneficial amount of highly pure
isoprene starting composition; and (b) a fuel constituent produced from at least a portion of the
highly pure isoprene starting material; where at least a portion of the commercially beneficial
amount of highly pure isoprene starting c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>