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HIGH EFFICIENCY ISOPRENE SYNTHASES PRODUCED BY
PROTEIN ENGINEERING

FIELD OF THE INVENTION
[86G1]  The invention relates, 1o part, to high efficiency enzymes needed for the

cconomic viability of enzyme driven processes for the production of renewable isoprene.

BACKGROUND OF INVENTION
{90821  Isoprene s a versatile feedstock utilized in production of synthetic rubber
{poly-isoprenc), clastomers, lubricants, and specialty chemicals, The chemical value of
isoprene, CHo=C{CHCH=CH,, is provided by two double bonds and a branched methyl
group, which enable it to react to form a wide range of valuable products, including poly-
wsoprene. Furtherrore, wsoprene has a boiling point of 34°C, a property that offers a
number of production and purification advantages. Isoprene is currently produced by the
petrochemical industry as a by-product of the therral cracking of crude oil. The yield of
isoprene from this process is small and reguires the collection of S-carbon molecule (C5)
streams from several refineries and the separation of individual products {rom these
streams, including isoprene. Approximately 800,000 metric tons of isoprene is produced
by this route every year. Efficient polymerization of this product into poly-isoprene is
handicapped by impurities that are difficult to separate from the €5 stream of thermally

cracked o1l

[0063]  The global market for poly-isoprene (rubber} s greater than $25 billion per
vear. Global demand for rubber (natural and synthetic) by the transportation industry is
growing by more than 5% (~300,000 metric tons) per year. Demand 1s highest in China,
which has overtaken the United States in car manufacturing. The global supply of
natural rubber is constrained by the productivity of rubber trees, competing uses for
urigated acreage, and the spread of a fungal pathogen which devasiated plantations in
rubber’s native South America. The supply of synthetic isoprene to make synthetic poly-
isoprene (also known as Isoprene Ruabber) 1s coustrained by refinery capacity and the

price of oil. As a result, prices for natural rubber and synthetic isoprene have risen
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steadily, doubling over the past 5 years to a present level of approximately $3 per

lalogram, and arc anticipated to nerease at the same rate over the next decade,

{0004] v addition to the poly-isoprene conteut of rubber, many plants, primharily trees,
produce and emit large quantities of monomeric isoprene, over 500,000 metric tons per
year. Isoprene is the simplest member of a large (~40,000 members) farmly of plant
isoprenocids including natural rubber. A number of reasons have been suggested for why
plants produce soprene, including its use as: a flowerning signal (Terry, et al, (1995) /.
Fxp. Bot. 46: 1629-1631}, a way of releasing phosphate madvertently converted to
dimethyl ally! diphosphate (safety valve) (Rosenstiel, et al., (2004} Plant Biol 6: 12-21}
and a role in defense agamst being caten by wnsects, mediated through the attraction of
natural enemies (Laothawornkitkul, ot al., (2008 Plant Cell & Environment. 31 1410~
1415). However, the most hikely benefits to plants of producing and enntting isoprene
are protection from oxidative damage by quenching reactive oxygen species (ROS) and
thermo-protection against transient changes 1o temperature 1n the leaf canopy by

strengthening hydrophobic interactions within membranes.

[8035]  Plants produce isoprene from dimethylallyt pyrophosphate, also known as
dimethylallyl diphosphate (DMADP), using the enzyme isoprene syathase, To date,
confirmed isoprene synthases have been cloned and expressed from several species of
Populus and from kudzu: (Miller, ot al., (2001) Planta 213; 483-487,; Sasaki, et al.,
(2005} FEBS Letters 379: 2514-251K; Sharkey, et al., (2005} Plant Physiology 137: 700-
712; Behnke, et al., (2007) The Planr Journal 51 485-499; Laothawornkitkul, et al,,
(2008} Planr Cell & Environment. 31: 1410-1415). Expression of these isoprene
synthase genes in microbial species that produce DMADP to make isoprenoids other
than isoprene, but that lack an endogenous isoprene synthase, could provide a novel

approach to isoprenc production.

[8006]  Combining the addition of isoprenc synthase and genes 1o increase the
production of DMADP and the reraoval or reduction of endogenous microbial genes that
are not vital but divert carbon away from the production of isoprene, results in the
production of microorganisms genetically engineered to produce high levels of isoprene,

{(Whited et al., (2010} Industrial Biotechnology 6 152-163}.
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[B6G7] A key factor determining economic feasibility of producing isoprene by
enzyme driven routes, formentative or otherwise biochemicsl, is the ability of the
isoprene synthase used to etficiently produce a large quantity of isoprene. More
specifically, the enzyme synthesizing isoprene preferably produces isoprene at a high
rate, .g., in a fermentative setting greater than 2.5g of isoprene per litre per hour of
microbial culture, and, even more preferably, will be able to produce many times its own
weight in isoprene. These goals can be realized by enginecering an isoprene synthase

with appropriate Ky, and ke,

18008] Currently, all native isoprene synthases that have been studied have a high K,
so require high concentrations of thew substrate DMADP in order to reach maximal rates
of isoprene production. For the plants that naturally express isoprene synthases, it may
be evolutionarily advantageous for their isoprene synthases to have high K8 to cusure
that carbon is first directed to essential functions for the plant and only secondarily to
isoprene production through the activity of 1soprene synthases, Not wishing to be bound
by theory, it could be hypothesized that a very low K. isoprene synthase may be
disadvantageous to plants and therefore less likely to oceur in nature. In addition to thewr
high K, known isoprene synthases have a very low turnover constant, K., or overall
catalytic rate. Furthermore, plant isoprene synthases did not evolve to function in an
extracelludar or non-plant cellular environment such as that found nside microbes grown
in a fermenter. Consequently, their performance in such settings will be sub-optimal.
Therefore, what is needed to meet the increasing worldwide demand for isoprene and
products derived from isoprene is an isoprene synthase with optimized K, and K
valucs, which efficiently synthesizes 1soprence in a ferruentative mileau. Further,
methods for engineering one or a combination of Ky, and ke, values of an isoprene
synthase would represent a significant advancement over conventional methods of the

art.

190097 This invention provides isoprene synthases having properties necessary for
efficient fermentation of feedstocks to produce soprene, and protein engineering
approaches for producing enzymes with an enhanced ability, relative to wild type
isoprenc synthases, to catalyse the formation of isoprene. Broadly speaking, methods

mechude modifying existing soprene producing enzymes or converting related enzymes

(O8]

¢
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that do not naturally produce isoprene into enzymes capable of catalyzing isoprene
formation. In various embodiments, such enzymes arc sufficiently efficient m the

catalysis of isoprene formation to be useful in an industrial setting.

SUMMARY OF THE INVENTION

[8618]  The present invention provides isoprene synthases able to catalyee the
synthesis of isoprene with an activity greater than that found in natually occurring
isoprene synthases. Among the factors contributing to the present invention are novel
insights into the structure and activity of known isoprene synthases, and other closely
related hemiterpenoid and terpenowd synthases. In various embodiments, the superior
isoprene synthases of the invention are produced by one or more of the following routes:
{a} identification and, preferably, 1solation, of a novel native isoprenc synthase, (b)
conversion of a methyl butenol synthase into an 1soprene synthase by the addition,
removal or substitution of one or more amino acids, {c} replacement of one or more
anstructured arm of a characterized 1soprene synthase with the arm of a snapdragon
monoterpene synthase, ¢.g., one that makes the acyclic monoterpenes ocimene and
myrcene, (d) conversion of au acyclic mounoterpene synthase that removes diphosphate
from an allylic isoprenoid precursor into an tsoprene synthase by substitution of one or
arnino acids n thetr active sites, ¢.g., with phenylalanine, tyrosine or tryptophan, (¢}
opening up the active site of a characterized isoprene synthase by replacing one
phenylalanine in the active site with tyrosine or tryptophan and replacing another
phenylalanine in the active site with an amino acid smaller than phenylalamne, (§
conversion of an enzyme that uses dimethylallyl diphosphate (DMADP) and a cation
mtermediate fnto an wsoprene synthase by reducing the size of its binding pocket by
eplacing amino acids that line the active site with phenylalanines, (g} conversion of
pentalenene synthase into an soprene producing enzyme through replacement of amino
acids in its active site, () conversion of phellandene synthase into an isoprene producing
enzyme through replacement of amino acids n its active site, and (g) other mutations of
conserved amino acids in the active site through addition, deletion or substitution of

amino acids,
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[6611]  In various embodiments, one or more of the approaches listed above are
combined to producce a single novel isoprenc synthase to further increase its cfficiency
and/or activity relative to a wild type isoprene synthase in the synthesis of isoprene. In
excrmplary embodiments, the active site of the novel isoprene synthases may be modified
by opening up their active sites through replacement of the phenylalanines smaller amino
acids such as leucine. In various embodiments, replacement of the unstructured arm of
an isoprene synthase {(as modeled in (Sharkey et al., (2005) Planr Physiology 137 700-
712} and shown in (K&ksal et al., (2010} Jowurnal of Molecular Biology 402: 363-373)
with the arm of snapdragon monoterpene synthase that lacks a canonical double arginine
is combined with a novel isoprene synthase or an isoprene synthase whose active site has

been opened up through replacement of the phenylalanines

{8012]  In various embodiments of the invention, the thermostability of the novel
isoprene synthase will be increased relative to the corresponding wild type. The native
isoprene synthases have evolved to function in terrestrial plants at teraperatures that vary
from the culture conditions ideal for microbes in an industrial bioreactor or fermenter.
The present invention provides novel isoprene synthases having optimal activily at the

optimal temperature for microbes producing isoprene in a bioreactor or fermenter.

{8813]  In other embodiments of the invention, it is provided variant isoprene
synthases that arc more resistant than the corresponding wild type enzymes to oxidative

stress,

[8014]  In various embodiments of the invention, the novel isoprene synthases will be
moditied relative to the corresponding wild type enzyme to facilitate greater activity in
their new setting in either microbial hosts or combinations of 1solated enzymes. These
modifications include changing codon usage from that preferred by terrestrial plants to
that preferred by the chosen microbial host. These modifications optionally further
include removal of cell localization sequences that direct isoprene to compartments
within a terrestrial plaunt cell, for example, the chloroplast that raicrobes do not have,
These modifications optionally further include changes to increase the stability and

solubility of the enzymes producing isoprene.

[8615]  In another aspect of the invention, it 1s provided an isolated nucleic acid
sequence having a sequence encoding an isoprene synthase variant of a parent cucalyptus

5
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isoprene synthase, said sequence operably linked to a promoter, wherein the isoprene
synthase variant s capable of catalyzing a reaction that synthesizes isoprene from
DMADP (dimethylallyl disphosphate) and said isoprene synthase variant is truncated at
the N-terminus as compared to the parent cucalyptus isoprene synthase., In some
erabodiruents, the parent eucalyptus soprene synthase 8 £, globulus of SEQ 1D NO: 6.
The isoprene synthase variant may have a sequence that has at least five, at least ten, at
teast fifteen, at least twenty, at least twenty five or at least thirty amino acids truncate

from the N-terminus as compared to the parent eucalyptus isoprene synthase.

[0016]  Alternatively, the isoprene synthase variant has a sequence that has five to
thirty five, ten to thirty five, fifleen to thirty five, twenty to thirty five, twenty five to
thirty five, or thirty to thirty five amino acids truncated from the N-terminus as compared
to the parent eucalyptus isoprene synthase. In some emabodiments, the isoprene synthase
vartant has a sequence that has thirty five amino acids truncated from the N-terminus as
compared to the parent eucalyptus isoprene synthase. In still other embodiments, the
isoprene synthase variant has a sequence that has less than thirty five amino acids

truncated trom the N-terminus as compared to the parent cucalyptus isoprene synthase,

190171 o still another aspect of the inveuntion, it s provided an isolated nucleic acid
sequence having a sequence encoding a variant of a parent solanum phellandrene
synthase, said sequence operably Huked to a promoter, wherein the variant is capable of
catalyzing a reaction that synthesizes isoprene from DMADP (dimethylaliyl
disphosphate) and said variant 1s truncated at the N-terminus as compared to the parent
solavum phellandrene synthase. In some ernbodimuents, the pareut solanum phellandrene
synthase is 8. fycopersicum of SEQ 1D NO: 23, The isoprene synthase variant may have
a sequence that has at least five, at least ton, at least fifteen, at least twenty, at least
twenty five, at least thirty, or at least thirty five amino acids truncated from the N-

terminus as compared to the parent solanum phellandrene synthas.

{0018]  Alternatively, the variant has a sequence that has five to thirty six, ten to thirty
six, fifteen to thirty six, twenty to thirty six, twenty five to thirty six, or thirty to thirty six
aruino acids truncated frov the N-terminus as compared to the parent solanum
pheliandrene synthas. In some embodiments, the variant has a sequence that has thirty

six amino acids truncated from the N-terminus as compared to the parent solanum

6
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pheliandrene synthas. In still other embodiments, the variant has a seguence that has less
than thirty six amino acids truncated from the N-terminus as compared to the parcnt

solanum phellandrene synthas.

[0019]  The promoter s, in some embodiments, a prokaryotic promoter, e.g. plre
promoter. Those of skill in the art would be able to select other suitable prokaryotic
promoter for use in the present mvention. In preferred embodiments, the promoter is not

a sirong promoter.

{80261 Iv another aspect of the foveution, 1 1s provided an expression vector
ocomprising the nucleic acid sequence described above. In still another aspect of the
invention, it 1s provided an isolated host cell comprising the heterologous nucleic acid
sequence or expression vector described above, The host cell may in some embodiments
be a bactenial cell, e.g. Escherichia coli. In some embodiments, to avoid rate-limiting
steps 1 the isoprene production process, the host cell may further comprise one or more
recombinant nucleic acid sequence of a MEF pathway gene, such as one or more selected

from dxs, ispd, ispF, and idi,

[6621]  In other embodiments of the invention, it is provided an isolated isoprene
synthase variant of a parent cucalyptus isoprenc synthase, wherein said variant comprises
a truncation 10 the N-termainal portion of isoprene synthase as compared to the parent
eucalyptus isoprene synthase and wherein said variant is capable of catalyzing a reaction
that synthesizes isoprene from DMADP (dimethylallvl disphosphate}.  Also provided is
a variant of a parent solanum phellandrene synthase, wherein said variant comprises a
truncation in the N-ternunal portion of 1soprene synthase as compared to the parent
eucalyptus isoprene synthase and wherein said variant is capable of catalyzing a reaction
that synthesizes isoprene from DMADP (dimethylallyl disphosphate). Also provided are
methods of producing isoprene comprising: {(a} providing a host cell comprising an
expression vector including the nucleic acid sequence described above; and (b) culturing
the host cell under conditions suitable for producing isoprene, e.g. optionally further
comprising {¢) recovering the isoprene, e.g. still optionally further comprising (d)

nolymerizing the 1soprene.
» =]
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BRIEF BESCRIPTION OF DRAWINGS
[0022] The accompanying drawings are not intended to be drawn to scale. In the
drawings, each identical or nearly identical component that is illustrated in various
figares is represented by a hike numeral, For purposes of clarity, not every component is

labeled tn every drawing. In the drawings:

(00237 FIGURE 1. Kinetic behavior of isoprene synthase proteins from poplar
(Schnitzler ot al,, (2005) Planta 222: 777-786). Top panels show normal and Hanes-
Woolf plots of native {circle) and un-tagged recombinant {(triangle} isoprene synthase.
Bottom plots show N-terminal {open triangle) and C-terminal {open square) isoprene
synthase, These results suggest isoprene synthase may exhibit substrate inhibition and

cooperative kingtics,

[8024] FIGURE 2: Mechanism of hemiterpene synthesis from dimethylallyl
diphosphate (DMADP).

{8825] FIGURE X Reaction mechanisms leading to hemiterpenes and
monoterpenes. Cyclic monoterpences require a rotation around the 2-3 bond, which is
factlitated by reattaching the diphosphate to carbon 3 of the linalyl cation. This step is

not required for making 1soprene or acyclic monoterpenes,

[8026] FIGURE 4 Isoprene 1s made trom dimethylallyl diphosphate by
elimination of the diphosphate to yield a carbocation intermediate. Abstraction of any
one of six protons of the two methyl groups leads to the formation of 1soprene. Simular
chemistry beginning with geranyl diphosphate leads to acyclic mounoterpenes. Proton
abstraction of any of the methyl hydrogens leads to beta myrcene while cither E {trans)

ot £ (cis) beta ocimene is roade depending upon which proton of carbon 4 is abstracted.

99277 FIGURES: Structure of bornyl diphosphate synthase (PDB INIZ).
The black line starting at the upper right is the RRX;W unstructured arm. Gray ribbons
are the B-subunit helices with no direct vole 1 catalysis. The orange tibbon is helix A of
the o subunit. The short sand colored stretch 1s the C-terminus. The unstructured black
N-terminal amino acids, the orange A-helix amino acids, and the C-terminal amino acids
nust fold together in the region that joins the two subunits. This may be the cause of

frequent nustolding found mn 1soprene synthases expressed in bacteria. Blue = reaction

e 9]
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product, green = Mg, orange spheres = diphosphate, red = BDXXD sequence.

Visualized with MacPyMOL.

{8028] FIGURE6: N and C termini of borny! diphosphate syuthase and
modeled ocimene synthase of snapdragon. Black = N terminus of BPPS, Gray =
modeled N terminus of ocimene synthase. Purple = identically located leucine residucs
that will serve as the cut over location for a chimeric enzyme. Green is BPPS structure
while blue 18 ocimene synthase modeled structure. The sand-colored line s the C-
terminus of BPPS that does not occur in ocimene synthase and will be cleaved in the
chimeric enzyme. Modeled with SWISS-MODEL {Arnold et al., (2006} Bicinformatics
22: 195-201; Guex and Peitsch, (1997 Electrophoresis 18: 2714-2723; Schwede et al,,

(2003} Nucleic Acids Research 3%: 3381-3385).

[0029] FIGURET: View of the binding pocket taken from 314X (PDB crystal
structure, drawn i MacPyMol). The purple color is surface provided by tyrosines, green
are carbons of the DMADP analog DMASP. Exemplary mutations to the active site
mclude, either alone or in combination, converting the lower two tyrosines to
phenyialanine and converting one or more amino acids on the facing wall to

phenylalaniue.

{8036] FIGURES®: The in vive isoprene production by £, coli BL21 strains
expressing either £. globulus or P. alba isoprene synthases, with or without heterclogous
expression of ds, ispD, isp¥F, and idi, was measured 1o a FIS as described i Exarmple

~ A
3.3.

[0031] FIGURE % Specific activity was obtained at various DMADP
concentrations for £, globulus isoprene synthase and indicated by the light grey
diamonds. Data were fitted to Equation | using the constants shown in Table 1 and the

fitted equation is shown by the dark grey line as described in Example 3.5,

16632] FIGURE 16 A comparison of the relative expression and solubility of
E. globulus, M. alierniforia, and R. pseudoacacia isoprene synthases is shown. Total,
soluble, and insoluble protein fractions are shown afier induction of the indicated
plasmids described in Example 4.4 and the £. globudus 1soprene synthase expressed at

high levels in soluble form.
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[8033] FIGURE 1L Specific activity was obtained according to Example 5.2 at
various DMADP concentrations for 5. lvcopersicum phellandrene synthase and indicated

by the plotted line.

DETAILED DESCRIPTION OF THE INVENTION
Defintions

{8034]  Thas invention is not limited o its application to the details of construction and
the arrangement of components set forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments and of being practiced or of
being carried out in various ways. The phraseology and terminology used herein is for

the purpose of description and should not be regarded as limiting,

18035] “Sustainable energy,” as used hevein, refers broadly to energy other than fossil
fuels. Exemplary sources of sustainable energy include, but are not Hmited to, solar
encrgy, water power, wind power, geothermal cuergy, wave encrgy, and energy

produced from other sources, such as wastes and renewables.

[8636] As used herein, the term “hydrocarbon compounds™ includes hydrocarbons and
hydrocarbon derivatives, e.g., alcohol, halide, thiol, ether, aldehyde, ketone, carboxylhic

acid, ester, amine, and armde, ete.

18037] As used herein, the term “carbonaceous chernical,” refers to any carbon-
containing chemical that can be produced by a biocatalyst. In various embodiments, the
carbonaceous chemical is a hydrocarbon, while in other embodiments, the chemical
includes one or more heterpatoms, e.g., O, 5, N, P and the like. The hetercatoms can be
joined to one or more carbon atoms or, when there 1s more than one heteroatom, they are
optionally joined to each other, e.g., SO:H. The carbonaceous chemical can include

residues that are alkyl, heteroalkyl, aryl or heteroaryl residues.

18038]  In various embodiments, the method and system of the invention is of use to
produce a carbonaceous chemical in an “essentially pure state.” As used herein, the term
“essentially pure state,” refers to a purity of at least 80%, at lcast 85%, at least 90%, at
teast 95%, at least 96%, at least 97%, at least 98%, at lcast 99% at least 99.5%, at least

99.9% or at least 89.95%,.

10
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[6639]  The term “alkyl,” by itself or as part of substituent, means, unless otherwise
stated, a straight or branched chain, or ¢yclic hydrocarbon radical, or combination
thereof, which may be fully saturated, mono- or polyunsaturated and can include mono-,
di- and multivalent radicals, having the number of carbon atoms designated (e, C-Cyy
means oue to ten carbons). In some embodiments, the term “alkyl” meaus a straight or
branched chain, or combinations thereof, which may be fully saturated, mono- or
polyunsaturated and can 1oclude di- and multivalent radicals. Exaruples of saturated
hydrocarbon radicals include, but are not limited to, groups such as methyl, ethyl, n-
propyl, sopropyl, n-butyl, -butyl, isobutyl, sec-butyl, cyclohexyl, (cyclohexyhmethyl,
cyclopropyimethyl, homologs and isomers of, for example, n-pentyl, n-hexyl, n-heptyl,
n-octyl, and the ke, An unsaturated alkyl group is one having one or more double
bonds or triple bonds. Examples of unsaturated alkyl groups include, but are not limited
to, vinyl, Z-propenyl, crotyl, 2-isopentenyl, 2-(butadienyl}, 2,4-pentadienyl, 3-(1,4-
pentadienyl}, ethynyl, 1~ and 3-propynyl, 3-butynyl, and the higher homologs and
isomers. The term “alkyl,” unless otherwise noted, is also meant to include those
dervatives of alkyl defined 1o more detail below, such as “heteroalkyl” with the
difference that the heteroalkyl group, in order to qualify as an alkyl group, is linked to
the rematnder of the molecule through a carbon atom. Alkyl groups that arc limited to

hydrocarbon groups are termed “homoalioyl”,

[8046]  The term “alkeny!” by itself or as part of another substituent is used in its
conventional sense, and refers to a radical derived from an alkene, as exemplified, but
not limited, by substituted or unsubstituted vinyl and substituted or unsubstituted
propenyl. Typically, an alkenyl group will have from 1 to 24 carbon atoms, with those

groups having from | to 10 carbon atoms being useful examplars.

{00417 The term “alkylenc” by itself or as part of another substituent means a divalent
radical derived from an alkane, as exemplified, but not hmited, by —-CH,CH,CH,CH;-,
and further includes those groups described below as “heteroalkylene.” Typicaily, an
alkyl {or alkylene} group will have from 1 to 24 carbon atoms, with those groups having
10 or fewer carbon atoms being useful exemplars in the present invention. A “lower
alkyl” or “lower alkylene” is a shorter chain alkyl or alkylene group, generally having

eight or fewer carbon atoms.

11



WO 2013/016591 PCT/US2012/048422

[6642] The terms “alkoxy,” “alkylamino” and “alkyithio” {or thioalkoxy}) are used in
their conventional sense, and refer to those alkyl groups attached to the remainder of the

molecule via an oxygen atom, an amino group, or a suifur atom, respectively.

1004317  The term “heteroalkyl,” by itself or in combination with another ferm, means,
uniess otherwise stated, a stable straight or branched chain, or cvelic hydrocarbon
radical, or combinations thereof, consisting of the stated number of carbon atoms and at
least one heterocatom selected from the group consisting of O, N, S1, 5, B and P and
wherein the nitrogen and sulfur atoms may optionally be oxidized and the nitrogen
heteroatom may optionally be quaternized. In some embodiments, the term
“heteroalkyl,” by itself or 11 corubivation with another term, meaus a stable straight or
branched chain, or combinations thereof, consisting of the stated number of carbon atoms
and at least one heteroatom. The heteroatom(s) may be placed at any interior position of
the heteroalkyl group or at the position at which the alkyl group is attached to the
rematnder of the molecule. Examples mclude, but are not limiuted to, -CH,-CH,-O-CH;,
~{CH-CHp-NH-CHa, ~CHo-CHo-N{CH;3-CHs, ~-CHp-S-CH~-CH;, ~CHo-CHo, -S(CH)-CH;, -
CH,-CH,-S(0),-CH;, -CH=CH-0O-CH;, -Sy{CHi ), ~CH-CH=N-0OCH;, and -CH=CH-
N{CH;}-CH;. Up to two hetercatoms may be consecutive, such as, for example, -CH-
NH-OCH; and -CH,-O-Si{(CHs);. Similarly, the term “hetercalkylene” by itself or as
part of another substituent means a divalent radical derived frova heteroalkyl, as
exemplified, but not limited by, ~-CH»-CH,-8-CH»-CHjy- and ~CH-S-CH,-CH,-NH-CHj-
. For heteroalkylene groups, hetercatoms can also occupy either or both of the chain
termini {e.g., alkyleneoxy, alkylenedioxy, alkylencamino, alkylenediamino, and the like).
Still further, for alicylene and heteroalkylene linking groups, no oricutation of the linking
group is implied by the direction in which the formula of the Huoking group 1s written.

For example, the formula —CO,R’- represents both —C{O)YOR and ~OC(OR’,

[0044]  The terms “eycloalkyl” and “heterocycloalkyl”, by thernselves or in
combination with other terms, represent, unless otherwise stated, cyclic versions of
“alkyl” and “heteroalkyl”, respectively. Additionally, for heterocycloalkyl, a heteroatorm
can occupy the position at which the heterocycle is attached to the remainder of the
molecule. A “cycloalkyl” or “heterocycloalkyl” substituent may be attached to the

remainder of the molecule divectly or through a linker, wherein the linker is preferably
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alkylene. Examples of cycloalkyl inchade, but are not limited to, cyclopentyl,
cyclohexyl, 1-cyelohexenyl, 3-cyclohexenyl, cycloheptyl, and the like. Examples of
heterocycloalkyl include, but are not limited to, 1-(1,2,5,6-tetrahydropyridyl), 1-
piperidinyl, 2-pipenidinyl, 3-piperidinyl, 4-morpholinyl, 3-morpholinyl, tetrahydrofuran-
2-y1, tetrahydrofuran-3-vl, tetrabydrothien-2-yl, tetrahydrothien-3-vi, I-piperazinyl, 2-

piperazinyl, and the like.

[0045]  The terms “halo” or “halogen,” by themselves or as part of another substituent,
mean, unless otherwise stated, a fluorine, chlorine, bromine, or iodine atom,
Additionally, terms such as “haloalkyl,” are meant to include monohaloalkyl and
polvhaloalkyl, For example, the term “halo{C,-Cylalkyl” 1s mean to include, but not be
limited to, trifluoromethyl, 2,2, 2-trittuorocthyl, 4-chiorsbutyl, 3-bromopropyl, and the

like.

18046]  The torm “aryl” weans, unless otherwise stated, a polyunsaturated, aroratic,
substituent that can be a single ring or multiple rings (preferably from 1 to 3 rings),
which are fused together or linked covalently. The terrn “heteroaryl” refers to aryl
groups {(or rings) that contain from one to four heteroatoms selected from N, O, S, St and
B, wherein the nitrogen and sulfur atoms are optionally oxidized, and the nitrogeun
atom(s} are optionally quaternized. A heteroaryl group can be attached to the remainder
of the molecule through a heteroatom. Non-limiting examples of aryl and heteroaryl
groups include phenyl, 1-naphthyl, 2-naphthyi, 4-biphenyl, I-pyrrolyl, 2-pyrrolyl, 3~
pyrrolyl, 3-pyrazolyl, 2-imidazolyl, 4-immidazolyl, pyrazinyl, 2-oxazolyl, 4-oxazolyl, 2-
phenyl-d-oxazolyl, S-oxazolyl, 3-isoxazolyl, 4soxazolyl, S-1soxazolyl, 2-thwazolyl, 4-
thiazolyl, 5-thiazolyl, 2-furyl, 3-furyl, 2-thienyl, 3-thienyl, 2-pyridyl, 3-pyridyl, 4-
pyridyl, Z-pyrinidyl, 4-pyrimidyl, 5-benzothiazolyl, purinyl, 2-benzinmudazolyl, 5-
indolyl, I-1soquinolyl, 3-isoquinolyl, 2-quinoxalinyl, S-quinoxalinyl, 3-gquinolyl, and 6-
quinolyl. Substitucnts for cach of the above noted aryl and heteroaryl ring systems are

selected from the group of acceptable substituents deseribed below.

10047]  For brovity, the term “aryl” when used in combination with other terms {e.g.,
aryloxy, arvithioxy, arylalkyl) optionally includes both aryl and heteroaryl vings as
defined above. Thus, the term “arylalkyl” is meant to include those radicals in which an

aryl group is attached to an alkyl group (e.g., benzyl, phenethyl, pyridyimethyl and the

13
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like) including those alkyl groups in which a carbon atom {e.g., a methylene group) has
been replaced by, for example, an oxygen atom (¢.g., phenoxymethyl, 2-

pyridyloxymethyl, 3-(1-naphthyloxy)propyl, and the like}.

[0048] Fach of the above terms {e.g., “alkyl,” “heteroalkyl,” “aryl” and “heteroaryl”)
are meant to include both substituted and unsubstituted forms of the indicated radical,

Exemplary substituents for each type of radical are provided below.

[0049]  Substituents for the alkyl and heteroalkyl radicals (including those groups often
veferred to as alkylene, alkenyl, heteroalkvlene, heteroalkenyl, alkynyl, cycloalkyl,
heterocycloalkyl, cycloalkenyl, and heterocyeloalkenyl) are generically referred to as
“alkyl group substituents,” and they can be one or more of a variety of groups selected
from, but not limited to: substitited or unsubstituted alkyl, substitited or unsubstituted
heteroalkyl, substituied or unsubstituted aryl, substituied or unsubstituted heteroaryl,
substituted or unsubstituted cycloalkyl, substituted or vusubstituted heterocycloalkyl, -
OR’, =0, =NR’, =N-OR’, -NR’R”, -SR’, -halogen, -SiR'R"R"”", -OC{OR", -C(OMR’, -
CORR’, -CONRR”, -OC{OINRR”, -NR”C(O)R’, -NR-C{(O)NR"R™", -NR"C{O)R’, -
NR-CNRR”R”=NR, -NR-CNRR”ENR”, -S(OIR, -8(ORR", -S{(0)RNR'R”,
-NRSO,R’, -CN and -NG, i a number ranging from zero to 2m'+1), where va’ is the
total number of carbon atoms in such radical. R7, R”, R™" and R™ cach preferably
independently refer to hydrogen, substituted or unsubstituted heteroalkyl, substituted or
unsubstituted aryl, e.g., aryl substituted with 1-3 halogens, substituted or unsubstituted
alkyl, alkoxy or thioalkoxy groups, or arylalkyvl groups, When a compound of the
present inventions 1ncludes more than one R group, for example, cach of the R groups is
independently selected as are cach R’, R”, R*” and R”™ groups when more than one of
these groups 1s present. When R and R” are attached to the same nilrogen atom, they
can be combined with the nitrogen atom to form a 5-, 6-, or 7-membered ring. For
example, -INR'R” 15 meant to include, but not be hmued to, I-pyrrolidiny] and 4-
morpholinyl. From the above discussion of substituents, one of skill in the art will
understand that the terra “alkyl” is meant to include groups including carbon atorns
bound to groups other than hydrogen groups, such as haloalkyl {e.g., -CF; and ~CH,CF3)

and acyl (e.g., -C{OCHs, -C(O)CF,, ~-C(OYCH,OCH;, and the like}.
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[6658]  Sumilar to the substituents described for the alkyl radical, substituents for the
aryl and heteroaryl groups are generically referred to as “aryl group substituents.” The
substituents are selected from, for example: substituted or unsubstituted abioyl,
substituted or unsubstituted heteroalkyl, substituted or unsubstituted aryl, substituted or
unsubstituted heteroaryl, substituted or unsubstituted cycloalkyl, substituted or
unsubstituted heterocycloalkyl, -OR’, =0, =NR’, =N-OR’, -NR'R", -5R’, -halogen, -
SiR'R7R™, -OC(OWR’, -C(HR”, ~-CLR7, ~CONRR”, ~OC(OYNR’R”, ~NR”C{OR’,
SNRI-C{OINRR™, -NRPC{O)R’, -NR-CNR’R7R7I=NR™, -NR-C(NR'R”)=NR”, -
S{OIR’, -S(ORR’, -S{ORLNR'R”, -NRSO:R’, -CN and —-NO,, -R’, -N3, ~-CH{Ph),,
fluoro{Ci-Calalkoxy, and fluoro{C~Cyjalioyl, in a number ranging from zero to the total
number of open valences on the aromatic ring systeny;, and where R7, R, R and R
are preferably independently selected from hydrogen, substituted or unsubstituted alkyl,
substituted or unsubstituted heteroalkyl, substituted or unsubstituted aryl and substituted
or unsubstituted heteroaryl, When a compound of the present mvention includes more
than one R group, for example, cach of the R groups is independently selected as are

each R’, R, R77 and R””7 groups when mwore than one of these groups s present.

190511 Two of the substituents on adjacent atoms of the aryl or heteroaryl ring may
optionally be replaced with a substituent of the fornmla ~T-C{O)}{CRR")y-U-, wherein T
and U are mdependently —-NR-, -O-, -CRR’~ or a single bond, and g is an integer of from
0 to 3. Alternatively, two of the substituents on adjacent atoms of the aryl or heteroaryl
ring may optionally be replaced with a substituent of the formula —A~(CHy)-B-, wherein
A and B are independently —~CRR -, -0~ -NR-, -8~ -5{0}-, -S{O)2~, -S(OnNR’-or a
single bond, and r 1s an integer of from 1 to 4. One of the single bonds of the new ring so
formed may optionally be replaced with a double bond. Alternatively, two of the
substituents on adjacent atoms of the arvl or heteroaryl ring may optionally be replaced
with a substituent of the {ormula {(CRR)e+-XA{CR"R 7 }g-, where s and d are
independently integers of from 0 to 3, and X 18 ~0O-, -NR’-, -8-, -§{0}-, -8(O)-, or ~
S{O)NR - The substituents R, R’, R” and R” are preferably independently selecte

from hydrogen or substituted or unsubstituted (C-Cylalkyl.

[8052]  As used herein, the term “acy!” describes a substituent containing a carbonyl

residue, C(OR. Exemplary species for R include H, halogen, substituted or

—
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unsubstituted alloyl, substituted or unsubstituted aryl, substituted or unsubstituted

heteroarvl, and substituted or unsubstituted heterocycloalkyl,

180531 As used herein, the term “fused ring system” meaus at least two rings, wherein
cach ring has at least 2 atoms in common with another ring. “Fused ring systems” may
include aromatic as well as nov-aroratic rings. Examples of “fused ring systems” are

naphthalenes, indoles, quinolines, chromenes and the like.

[8054]  As used herein, the term “heteroatom” includes oxygen (O}, nitrogen (N},

sulfur (8), silicon (81} and boron (B).

{B055]  The symbol “R” is a general abbreviation that represents a substituent group.
Exemplary substituent groups include substituted or unsubstituted alkyl, substituted or
unsubstituted heteroalkyl, substituted or unsubstituted aryl, substituted or unsubstitate

heteroarvyl, and substituted or unsubstituted heterocycloalkyl groups.

[8036] By “amino acid” and “amino acid identity” as used herein is meant one of the
20 natarally occurring amino acids or any non-natural analogues that may be present ata
specific, defined position. By "protein” herein is meant at least two covalently attached
aroino acids, which includes proteins, polypeptides, oligopeptides and peptides. The
protein may be made up of naturally occurring amino acids and peptide bonds, or
synthetic peptidomimetic structures, 1.e. “analogs”, such as peptoids (see, Sirnon ot al.,
PNAS USA 89(20):9367 {1992} particularly when LC peptides are to be administered
to a patient. Thus "amino acid”, or "peptide residue”, as used herein means both
naturally occurring and synthetic amino acids. For examiple, homophenylalanine,
citruliine and norcleucine are considered amino acids for the purposes of the tnvention.
180571 "Amino acid” also includes imino acid residues such as proline and
hydroxyproline. The side chain may be in either the (R) or the (S) configuration. In the
preferred embodument, the amino acids are 1o the (5} or L-configuration. If noun-
naturally occurring side chains are used, nos-amino acid substituents may be used, for

cxample to prevent or retard fn vivo degradation,

{0058]  As used herein, the teros "starting gene” and "parent gene” refer to a nucleic
acid which is a gene of interest that encodes a protein of interest that is to be tmproved

and/or changed using the present invention, Likewise, the torms "starting protein” and
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"parent protein” refer to a protein of interest that is to be improved and/or changed using

the present invention.

{8088]  In various embodiments, the nucleic acid is a recombinant nucleic acid. For
instance, in some embodiments, an isoprene synthase niucleic acid is operably linked to
another nucleic acid encoding all or a portion of another polypeptide such that the
recombinant nucleic acid encodes a fusion polypeptide that includes an isoprene synthase
and all or part of another polypeptide (¢.g., a peptide that facilitates puritication or
detection of the fusion polypeptide, such as a His-tag). In some embodiments, part or all
of a recombinant nucleic acid is chemically synthesized. In some aspects, the mucleic
acid 18 a heterologous nucleic acid. By "heterologous nucleic acid” is meant a nucleic
acid whose nucleic acid sequence is not identical to that of another mucleic acid naturally

found 11 the same host cell,

{80608]  In particular embodiments the nucleic acid includes a segment of or the entire
nucleic acid sequence of any naturally-occurring isoprene synthase nucleic acid. In some
embodirments, the nuclete acid ncludes at least or about 30, 100, 150, 200, 300, 400,
560, 600, 700, 800, or more contiguous nucleotides from a naturally-occurring isoprene
synthase nucleic acid. In some aspects, the nucleic acid has one or more mutations
compared to the sequence of a wild-type (i.e., a sequence occurring in nature) isoprene
synthase nucleic acid. In some embodiments, the nucleic acid has one or more mutations
{c.g., a silent mutation} that tncrease the transcription or translation of isoprene synthase
nucleic acid, In some embodiments, the nucleic acid 1s a degenerate variant of any

nucleic acid encoding an isoprene synthase polypeptide.

{8061]  An isoprene synthase nucleic acid can be incorporated into a vector, such as an
expression vector, using standard technigues (Sambrook et al,, Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor, 2001, which is hereby incorporated by
reference in its entirety, particularly with respect to the screening of appropriate DNA
sequences and the construction of vectors), Methods used to Higate the DNA construct
comprising a nucleic acid of interest such as isoprene synthase, a promoter, a terminator,
and other sequences and to msert them nto a suitable vector are well known in the art,
Additionally, vectors can be constructed using known recombination techniques (e.g.,

Invitrogen Life Techunologies, Gateway Technology).

e
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[8662]  As used herein, "homologous genes” refers to a pair of genes from different,
but usually related species, which correspond to each other and which are identical or
very similar to each other. The term encompasses genes that are separated by speciation
(i.e., the development of new species) {(e.g., orthologous genes), as well as genes that

have been separated by genetic duplication (¢.g., paralogous genes),

[6663]  As used herein, "ortholog™ and "orthologous genes” refer to genes in different
species that have evolved from a common ancestral gene (i.c., a homologous gene) by
speciation. Typically, orthologs retain the same function during the course of evolution.
Identification of orthologs finds use in the reliable prediction of gene function in newly

sequenced genomes.

[6664]  As used herein, "paralog” and "paralogous genes” refer to genes that are related
by duplication within a genome. While orthologs retain the same function through the
course of evolution, paralogs evolve new functious, even though some functions are

often related to the original one.

[8063]  As used herein, "homology" refers to sequence simuilarity or identity, with
identity being preferred. This homology is determined using standard technigues known
in the art (Sce e.g., Smith and Waterman, Adv Appl Math, 2:482, 1981; Necdleman and
Wunsch, J Mol Biol, 48:443, 1970; Pearson and Lipman, Proc Natl Acad Sci USA,
85:2444, 1988; programs such as GAP, BESTFIT, FASTA, and TFASTA in the
Wisconsin Genetics Software Package, Genetics Computer Group, Madison, Wis,; and

Devereux et al., Nucl Acid Res, 12:387-395, 1984),

[8066]  As used herein, an "analogous sequence” of an isoprene synthase is one
wherein the function of the gene is essentially the same as the gene based ou the kudzu
isoprene synthase. Additionally, analogous genes include at least 45%, 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%, 99% or 100% sequence wdentity with
the sequence of the kudzu 1soprene synthase. In additional embodiments more than one
of the above propertics applies to the sequence. Aunalogous sequences are determined by
known methods of sequence alignment. A commonly used alignment method is BLAST,
although as indicated above and below, there are other methods that also {ind use in

aligning sequences,
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[8667] "Percent sequence identity,” "percent amino acid sequence identity,” "percent
gene sequence identity,” and/or "percent nucleic acid/polynucleotide sequence identity,”
with respect to two amino acids, polynuclectide and/or gene seguences (as appropriate),
refer to the percentage of residucs that are wdentical in the two sequences when the
sequences are optimally aligned. Thus, 8% amino acid seguence identity means that
80% of the amino acids in two optimally aligned polypeptide sequences are identical.
[0068]  The phrase "substantially identical” in the context of two nucleic acids or
polypeptides thus refers to a polynucleotide or polypeptide that comprising at least 70%

equence identity, preferably at least 75%, preferably at least 809, preferably at least

w

85%, preferably at least 80%, preferably at least 95%, preferably at least 97%, preferably
at least 98% and preferably at least 99% sequence identity as compared to a reference
seguence using the programs or algorithms {e.g., BLAST, ALIGN, CLUSTAL) using
standard parameters. (ne indication that two polypeptides are substantially identical is
that the {irst polypeptide 1s immunologically cross-reactive with the sccond polypeptide.
Typically, polypeptides that differ by conservative amino acid substitutions are
immunologically cross-reactive, Thus, a polypeptide is substantially identical to a
second polypeptide, for example, where the two peptides differ only by a conservative
substitution. Another indication that two nucleic acid sequences are substantially
identical is that the two molecules hybridize to each other under stringent conditions

{(c.g., within a range of medium to high stringency}.

[0069]  Various 1soprene synthase polypeptides and nucleie acids can be used in the
compositions and methods of the tnvention. As used herein, "polypeptides” includes
polypeptides, proteins, peptides, fragments of polypeptides, and fusion polypeptides that
mclude part or all of a fivst polypeptide {e.g., an isoprene syuthase) and part or all of a
second polypeptide (¢.g., a peptide that facilitates purification or detection of the fusion
polypeptide, such as a His-tag). In various embodiments, a polypeptide has at least or
about 50, 100, 150, 175, 200, 250, 300, 350, 400, or more amino acids. In some
ermbodiments, the polypeptide {ragment contains at least or about 25, 56, 75, 160, 150,
200, 300, or more contiguous amino acids from a full-length polypeptide and has at least
or about 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 100% or greater

than 100% of an activity of a corresponding full-length polypeptide. In particular
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embodiments, the polypeptide includes a segment of or the entire amino acid sequence of
any naturally-occurring isoprene synthase. In some embodiments, the polypeptide has
one or more mutations compared to the sequence of a wild-type (i.., a sequence

OCCUTTIng 1h nature) isoprene synthase

+

&

{80761  In some cmbodiments, the polypeptide 1s a heterologous polypeptide. By
"heterologous polypeptide” is meant a polypeptide whose amino acid sequence is not

wdentical to that of another polypeptide naturally expressed in the same host cell.

{90711 By “variant polypeptide” as used herewn is meant a polypeptide sequence that
differs from that of a parent polypeptide sequence by addition, deletion or substitution of
at least one amino acid modification. Variant polypeptide may refer to the polypeptide
itself, a composition comprising the polypeptide, or the nucleic acid sequence that
encodes it Preferably, the variant polypeptide has at feast one amino acid modification
compared to the parent polypeptide, e.g. from about one to about ten amino acid
modifications, and preferably from about one to about five amino acid modifications
compared to the parent. The variant polypeptide sequence herein will preferably possess
at least about 80% identity with a parent polypeptide sequence, and most preferably at
least about 90% identity, more preferably at least about 95% identity. Accordingly, by
“isoprene synthase variant” as used herein is meant an isoprene synthase sequence that
differs from that of a parent 1soprene synthase sequence by virtue of at least one amino
acid modification.

§F 19

{86721  As used herein, the terms "active site,” "binding site" or "binding pocket” refer
to a region of a polypeptide or a molecular complex comprising the polypeptide that, as a
result of the primary amino acid sequence of the polypeptide and/or its three~-dimensional
shape, tavorably associates with another chemical entity or compound including ligands
or inhibttors. Thus, an active site may include or consist of features such as interfaces
ctween domains. Chemical entities or compounds that may associate with an active site
mclude, but are not linited to, compounds, ligands, cofactors, substrates, mnhibitors,

agonists, antagonists, etc.

{80731  "Structural reaction residues” and “site-construction residues” refer o a three-
dimeunsional collection of amino acids involved in an enzymatic reaction, For example,
these would include those forming the active site, those coordinating metal ions and
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those forming the substrate bind region. In particular, those forming the flexible loops
and N-terminus and the adjacent residucs that stabilize the flexible segments when
substrate is bound. In an exemplary embodiment, the invention provides an enzyme with
isoprence synthase activity that is a variant polypeptide modified by addition, deletion or

substitution of ai least one aming acid that is a struciural reaction residue.

[6674]  As used herein, "equivalent or homologous residues” refers 10 amino acid
residues that are shared by certain proteins. Equivalent residucs may be identified by
determining homology at the level of tertiary structure for a terpene synthase {e.g.,
isoprene synthase) whose tertiary structure has been determined by x-ray
crystaliography. Equivalent residues are defined as those for which the atomuc
coordinates of two (2} or more of the main chain atoms of a particular amino acid residue
of the terpene synthase having putative equivalent residues and the substrate of jnterest
{e.g.. Non N, CAon CA, ConCand O on O} are within 8.2 nm and preferably .15 nm
after alignment. Alignment is achieved afier the best model has been oriented and
positioned to give the maximum overlap of atomic coordinates of non-hydrogen protein
atoms of the terpene synthases and substrates analyzed, The preferred model 1s the
crystaliographic model giving the lowest R factor for experimental diffraction data at the
highest resolution available, determined using methods known to those skilled in the art
of crystallography and protein characterization/avalysis. For example, equivalent
esidues which are functionally analogous to a specific residue of isoprene synthase are
defined as those amuno acids at a structurally howologous synthase which may adopt a
conformation such that they either alter, modify, or contribute to protein structure,
substrate binding or catalysis in a manner defined or attributed to a specific residue of

isoprene synthase.

“Biocatalyst”, as used herein refers to a microbe that is converts a carbon source into a

product, in this case isoprene, that 1s expelled from the microbe that produced it
THE EMBODIMENTS

198751  Embodiments of the present invention provide a key component of new energy
and chemical industry solutions that are not dependent on fossil fuels and are
consequently sustainable both environruentally and economically. The preseut juvention
provides compositions for producing isoprene. Specifically, the composition includes
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novel enzymes capable of producing isoprene, some of which are isoprene synthases,
that have favorable characteristics in isolation or when expressed in a biocatalyst. In
either case they are useful for the efficient and economical production of isoprene from a

variety of carbonaceous feedstocks,
fsoprene Synthase Engyme Kinefics

[8676]  Isoprene syuthase genes have been cloned and characterized from two plant
genera: Populus (poplars and aspen} (Miller, ot al., (2001} Plania 213: 483-487; Sharkey,
et al., (2005 Plant Physiology 137: 700-712; Sasaki, ¢t al., (2005} FEBS Letters 837%:
2514-2518 and Behnke, et al,, (2007} The Plant Journa 53%: 485-499) and Puerario
montana (kudzu) (Sharkey, et al., (2005} Planr Phvsiology 137: T00-712),

(86771  The enzyme catalyzes the divalent cation-dependent, irveversible, and
stoichiometric conversion of dimethylaliyl diphosphate (DMADP) to isoprene and
pyrophosphate. The wild type protein, {irst purified from aspen leaves, was determined
to be functional as a heterodimer (Silver and Fali, {1995y J. Biclogical Chemistry 274
13010-13016). The associated monomers were found o be similar, but not identical (62
and 58 kDa). However, monomers and/or homodimers have activity since single gene
products can make isoprene. The native enzyrac is sensitive to denaturation due to
dilution as well as oxidation, and therefore the samples were kept concentrated and in a
high concentration of DTT. This suggests that a free thiol may be required for catalytic
activity. The enzyme required a divalent cation for activity, either Mg® or Mu™ ",
Kinetic analysis of the native enzyme demonstrates maximal activity at pH 8.0. The
apparent kg, and K, for the enzyme were estimated to be 1.7 s and 8 mM respeciively,
but the enzyme also exhibited significant substrate inhibition (Hg. 1}. The highest
activity of the native protein was estimated to be 900 nmol isoprene min™' mg-1 at 10

mM DMADP.

Equation . Enzymatic rate equation for enzyme with substrate ighibition.
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[6678] Characterization of the recombinant hybrid poplar protein expressed in £. coli
yielded addutional insights into this enzyme, Activity was highest from protein obtained
when a leader signal peptide was deleted from the gene (Miller, et al,, (2001} Planra 213:
483-487). Recombinant proteins with N- and C-terminal polyhistidine tags were
compared to the unmodified recombinant protein as well as native proteiu isolated {rom
hybrid poplars (Schnitzler et al., (2005} Plania 222: 777-786). Unlike the protein from
aspen, the hybud poplar protein and s recombinant versions were all mounorueric,
although the purification conditions were different from the previous work with the
aspen cnzyme. This suggoests that the heterodimer observed in the aspen leaves may be
comprised of alternatively modified versions of the same gene product. The addition of
the polyhistidine tags to the protein significantly affected the activity of the recombinant
isoprene synthase protein. All of the proteins exhibited a broad pH optimum of 8.0
except for the protein with N-terminal tag, which cxhibited a pH optimum of 9.0, All of
the enzymes had teroperature optima of 40 °C except for the protein with the C-terminal
tag, which was more thermostable (optimal activity at 45-50 °C). All of the proteins also
displayed interesting kinetic behavior (Figure 1), Wheun plotted in a standard Michaelis-
Menten format, it appears that these enzymes also suffer from substrate inhibition above
10 mM DMADP. However, by examining Hanes-Woolt plots, 1t appears that the
enzymes also exhibit a sigmoidal substrate dependency, indicative of positive
cooperativity (Eq. 2, Figure 1), and this is most pronounced in the absence of the
polvhistidine tag. Positive co-operativity is unusual but not unheard of in monomeric
enzymes. Apparent K, values obtained from the data were in the range of 2-3 mM for

all of the poplar enzymes.
Equation 2. Enzymatic rate equation for posifive co-operativity.

I &4
Elklf(.’[b ,

L

Rate =
K, + 8
{86791 Recently, a modified Michaelis-Menten equation allowing for both
cooperativity and substrate inhibition has been shown to fit methyl butenol and 1soprene
production of methyl butenol synthase another hemiterpene sythnase (Eq. 3) (Gray ot al,
(201 1) http//www . jhe.org/content/earty/201 1/04/19/jbe. M111.237438 short).  In this
equation H is the Hill coefficient describing cooperativity, K, is the binding affintty of
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the substrate to the enzyme-substrate complex and x s the number of substrate molecules
that could bind to and mactivate the enzyme substrate complex. It 1s hikely that this

equation will most closely model the activity of isoprene synthases.

Equation 3. a modified Michaclis-Menten equation allowing for both

cooperativity and substrate mhibition

{B080]  The recombinant enzyme from Populus alba was not expressed with a
polyhistidine tag, and was found to be very similar to that of the hybrid poplar {Sasaki, et
al., (2005) FEBS Letters 57%: 2514-2518). This protemn was also monomeric, had a pH
optima of 8.0, a temperature optima of 40 °C, and an apparent Ky, of 8.7 mM. No ke

was determined.

{B081]  The recombinant enzyme from kudazu was expressed without the leader
sequence and with an N-terminal polyhistidine tag (Sharkey, et al., (2005} Planr
FPhysiology 137: 700-712). The kinetic behavior of the enzyrae was measured, and a
clear sigmoidal dependence on the substrate concentration was observed (Eq. 2}, again
indicative of cooperative behavior. This results in an apparent Ky, of 7.7 aM, Hill
coefficient (n} of 4.1, and a k.. 0 5.088 mol molt ¢, The enzyme was not
characterized further, nor was the aspen isoprene synthase protein, which was also

cloned in this work.
fsoprene Synthase Mechanism of Action

[6682] The mechanism of action of isoprene synthase can be hypothesized based on
the reaction mechanisms of other terpene synthases (Figure 2). The most commonly
used reaction model is the well-accepted mechanism for imonene synthase
{Rajaonarivony ¢t al., (1992) drch. Biochem. Biophys. 296: 49-57). A ten-carbon
precursor {geranyl diphosphate, GIIP) binds to the limonene synthase enzyme., Three
magnesium atoms are coordinated around the diphosphate and a signature sequence of
DBDXXD interacts with sowe of these magnesiums, A long arm of the protein that has a

highly conserved double arginine (RR) moves to close off the active site. This RR hasa
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conserved glutamate (£} a fow base pairs upstream and this constitutes the beginning (N~
terminus ) of the functional enzyme. The E-RRXW beginning of the enzyme binds and
closes the active site. The RR is required for the first steps of the reaction. The
diphosphate 1s released from the end of GDP malking a linalyl cation {(Figure 3}. The
diphosphate 1s reattached at carbon 3. This reatiachment ensuares that the bond between
carbons 2 and 3 is a single bond, and this allows rotation around that bond required to
convert the hinalyl cation to a nervl cation. The neryl cation 1s the umediate precursor
of cyclic monoterpenes {¢.g. limonene). Proton abstraction leads to quenching of the
cation and typically bond formation between carbons | and 6 making a six-membered
ring,
[0083] The complicated detachment and reattachment of the diphosphate is almost
universal among mounoterpence synthases but two notable exceptions exist. First, 1t was
reported that snapdragon flowers have a different class of monoterpene synthases that do
not have the canonical RRX W, These enzymes are able to make acyclic monoterpenes
{ocimene and myrcene} but not cyclic monoterpenes (Dudareva et al., (2003} The Plant
Cefl 15:1227-1241). | was speculated that the lack of the double R prevents this enzyme
from making the hinalyl to neryl conversion and so cannot form cyclic monoterpenes.
However, acyclic monoterpenes can be formed from the hinalyl cation. Second, it was
reporied that trichomes of tomato have an enzyme (a phellandrene synthase) that uses
eryl diphosphate (NDP), the cis isomer of GDP (Schilmiller et al,, (2009) PNAS 186:
10865-10870). This molecule forms the neryl cation as soon as the diphosphate is
removed and so does not require the rotation around the 2-3 bond required when GDP is
the starting material, This simplifies the reaction mechanism. This enzyme can use GDP
at a low rate. Like many terpene synthases, phellandrene synthase makes various
products, When NDP is the substrate ouly cychic products are made but when GDP 1s the
substrate some acyclic monoterpenes are made. This indicates that the acyclic
monoterpenes are made from the linalyl cation and when NDP is supplied the neryl

cation 1s not converted to the hnalyl cation.

[6084] Additional insight into terpene synthases come from a recent report on kaurene
synthase. The bifunctional copalyl diphosphate synthase/kaurene synthase of

Physcomatreila parens has a similar mechanism in which a cation is quenched by proton

2
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abstraction. Most kaurene synthases make only kavrene but the . patens enzyme will
sometimes quench the cation with water resulting in kavrane (Kawaide et al, (201 1)
FEBS Journal 278: 123-133). A similar reaction in a hemiterpene synthase would
produce methyl butenol. Unpublished sequences of methy! butenol synthase show a
stmilar armino acid substitution as the P. patens kauraune syothase and way explawn why

this enzyme makes methyl butenol instead of isoprene.

[0085]  Finally, there are now additional insights into what makes an enzyme an
isoprene synthase. Modeling (Sharkey et al., (2005) Plans Phvsiclogy 137: 700-712) and
the crystal structure (Kd&ksal et al., (2010} J Mol Biol. 402: 363-373) show that two
phenylalanines reduce the velative size of the active site iu isopreue synthase explaining
why these enzymes may not function as monoterpenc synthases. However, if this were
the only explanation for what makes an isoprene synthase then all wounoterpene
synthases should act as isoprene synthases. At the very least all acyelic monoterpene
synthases should show soprene synthase activity. This 18 because the acyclic
monoterpene synthase reaction involves proton abstraction from either the methyl carbon
to make myrcenc of from carboun 4 to make the ocimenes (which ocimene 1s made
depends upon which proton is abstracted) (Figure 4). While it has not been extensively
tested, there are no reports of significant isoprene synthase activity in an ocimene or
myreene syathase. Extensive analyses of 1soprene synthase active sites have showun that
not only are there two phenylalanines making the site smaller, several other
phenylalanines line the active site. This makes the active site rich 1o pt electrons (from
the double bonds in phenylalanine). A strong but often overlooked molecular interaction
is cation-pi interactions (Dougherty, (1996) Science 271 163-169; Gallivan and
Dougherty, (1999} PNAS 96: 9459-9464). The cation made upon elimination of the
diphosphate from DMADP could be stabilized by cation-pi interactions with some of the
phenylalanines of the active site. This could give time for the proton abstraction and
proton abstraction of any of the six methyl protons would result in the formation of
isoprene. Cation quenching by proton abstraction may occur by a number of different
mechanisms and may account for the large variety of terpenes that are made by terpene

synthases,
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[6686] Current published tsoprene synthases (from the Poplar family and kudzu) have
a low catalytic activity (k) and high K, The present invention provides an isoprene
synthase in which at least one of these parameters are improved. In an exemplary
erabodirnent, one or both of these parameters 1 improved by at least about 1, by at least
about two ot by at least about three orders of magnitude. In various embodiments, the
tmproved ke, provides higher yields, e.g., at maxinum substrate availability. In various
embodiments, the lower K, provides advantages in the synthesis of isoprene, ¢.g., the
alleviation of probable feedback on substrate production. In an exemplary embodiment,
the improved K, enhances the case of steering carbon mto 1soprene production. In
various ermbodiments the invention provides enzymes with isoprene synthase activity
with modified stability and/or solubility (e.g., in the fermentation medium or intracellular
mileau}, thereby providing an increased level of isoprene synthase that can be expressed
in a cell or in vitro system. In an exemplary embodiment the alterations to stability
and/or solubihity increase isoprene synthase activity 1o a cell or in vitro systems by at
least about an order of magnitude, at least about two orders of magnitude or at least
about three orders of magnitude. It 1s hkely that a total 1acrease in soprene syuthase
activity in a cell or in visro system of approximately three orders of magnitude will be
necessary to make bio-catalyst driven production of isoprenc cconornically viable.
Accordingly, the present invention provides enzymes with an isoprene synthase activity
that 1s at least about one order of maguitude greater, at least about two orders of
magnitude greater and at least about three orders of magnitude greater in a cell or in vitro
environment than the corresponding activity in the parent polypeptide or provide a
platform for divected evolution or structure-based prediction of additional changes that

will achieve such favourable kinetics..

[0087]  The following sections set out how these large gains i isoprene synthase
activily are attained.

Identifying novel isoprene synthases with improved native characteristics

[0088]  In an exemplary embodiment, the invention provides a novel polypeptide with
isoprene synthase activity.

[8689]  All efforts to date to improve isoprene synthase have relied on just two

platforms, the group of highly similar Populus sequences (SEQ 1D NOs: 1-4) and the
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kudzu sequence {(SEQ 1D N(O: 5). These have been chosen on the basis of availability,
not suttability. With many new sequences now available to us three more platforms are
added, the Eucalyptus (Eucalyprus globulusy (SEQ 1D NO: 6), the Tea Tree (Melaleuca
alternifoliay (SEQ 1D NO: 7) and the Black Locust (Robinia psendoacaciay (SEQ ID
NO: 8) isoprene synthases which are still somewhat related to the current genes, havea
very different evolutionary history and some unique properties. [soprene synthase is
simnilar enough to the angiosperm terpene synthases that structares can be reasonably
predicted but different enough to provide significant novelty from which to select high
value constructs,

Gymnosperm Hemiterpene Based Approach: Converiing methyl butenol synthases into
isoprene synthases

[0096]  In an cxemplary embodiment, the invention provides a variant polypeptide
with 1soprene synthase activity based on a parent methyl butenol synthase polypeptide or
other hemiterpenc synthase from gymmnosperm species converted by addition, deletion or

substitution of one or more amino acid into a polypeptide with isoprene synthase activity,

[6691]  Currently a highly active methyl butenol synthase has been cloned and
expressed from Pinus sabiniana (SEQ ID NO: 9) and an inactive 1soprene synthase has
been cloned from Picea pungens (SEQ 1D NO: 10). Because of new msight into the
control of cation quenching by water (Kawaide et al,, (2011) FERS Journal 278:123-
133) the active roethyl butenol syuthase, which currently makes 3% of its product as
isoprene, is converted to produce all isoprene with a single amino acid change (S440F or
S440Y) (SEQ ID NOs: 11 aud 12).

Acyclic-Monoterpene-Synthase-Based Approach One: Replacement of an
nnstructured arm of characterized isoprene synthases with the structured arm of
myrcene synthase

[0092]  In various embodiments, the invention provides a variant polypeptide with
isoprene synthase activity. In these embodiments, the unstructured arm of isoprene
synthase is replaced with the structured arm of myrcene synthase in a variant

polypeptide.

18083]  The Tps-g group of mounoterpene synthases (Dudareva et al., (2003} The Plant
i p 3 L

Cell 158: 1227-1241) are the seventh terpenoid synthase subfamuly identified. The
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subfamilies identified earlier are designated 7ps-a through Tps-/{Bohimann et al,, (1998}
PNAS 88: 4126-4133). The Tps-g subfamuly makes acyelic monoterpenes, presumably
becaunse they have a very different inttial domain, in that they lack the RRxW motif,
which 1s a characteristic feature of the other families of monoterpene synthases: the Tep-
b farnily of anglospertn monoterpene synthases aund the Tsp-o family of conifer
monoterpene synthases. This initial domain closes off the active site and likely moves
during catalysis. It is often unresolved in crystal structures but is resolved 1w PDB IN1Z
{Figure 5). Lack of the RR in Tps-g enzymes likely prevents the linalyl to neryl cation
conversion required for cyelic rmonoterpenes but this conversion 1s not required for
acyclic synthases or hemiterpene synthases. This arm s likely to be a significant
component of the difficulty in expressing isoprene synthascs because of is flexibility and
fack of secondary structure. Chimeric proteins based on the native isoprene synthases
are generated with the long initial arm replaced by amino acids found in 7ps-g genes.
These genes have a very different initial sequence with amino acids that may help form
secondary structure. Homology modeling is used to wdentify the exact location for
switching from the isoprene synthase gene sequence to the Tps-g sequence.

Specifically, fusion should occur at a conserved leucine at the base of the long arm of all
isoprence synthases. The arm substitution 18 designed to help solubility and has potential
to improve the activity in other ways including but not limited to: not allowing the linalyl

to neryl rotation that might slow down the cnzyme.

18094] By switching from one enzyme to another at exactly this leucine there is the
best chance of making an enzyme that retains the desired activity. The following
indicate the position of this leucine in the isoprene synthase wentified to date. Itis
predicted that all future native isoprene synthases will aiso contain this conserved
leucine, The position of this conserved leucine 1s L148 1n the Populus sequence (SEQ
IDNGs: 1,2, 3 and 4), L153 in the kudzo (SEQ NO: 5), LI137 in the Fucalvprus
sequence (SEQ 1D NO: 6), L137 in the Melaleuca sequence (SEQ 1D NO: 8) and L91 of
the Robinia sequence (SEQ 1D NO: 9). All anuno acids N-termunal of this leucine are
eplaced with amino acids D46 through L1060 of the Snapdragon gene AY 195608 (SEQ
ID NO: 13) (Figure 6} to produce the hybrids (SEQ ID NOs: 14, 15, 16, 17, and 18). In
addition, any changes are made that might be needed to accommodate the new arm

sequence are made.
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Acyclic Monoterpene Synthase Based Approach Two: Conversion of acyclic
monoterpene synthases info isoprene synthases by replacing amine acids in their
active sites

[80858]  In an cxemplary embodiment, the invention provides a variant polypeptide
with 1soprene synthase activity. Enzymes according to this embodiment, are produced
by converting a parent acyclic monoterpene synthase polypeptide into an isoprene

syuathase by adding, deleting or substituting one or more armno acid residues,

[8696]  Given the hypothesis that cation-pi interactions may play a significant role,
enzymes that start with diphosphate removal from an allylic 1soprenoids precursor can be
converted 1uto a variant polypeptide with isoprene synthase activity, Suitable famuilies of
enzyimes belong to the following named groups further identified by their Enzyme
Commusston (EC) Numbers. Enzymes that remaove diphosphate from geranyl
diphosphate including: myrcene synthases (EC 4.2.3.15), S-linalool synthases (EC
4.2.3.25) and R-linalool synthases (EC 4.2.3.26), Enzymes that remove diphosphate
from farnesyl diphosphate including: o-farnesene synthase (EC 4.2.3.46) and B-farnesene
synthase (EC 4.2.3.47), (35, 6E) nerolidol synthase (EC 4.2.3.48) and (3R, 6E) nerolidol
synthase (EC 4.2.3.49). Enzymes that remove diphosphate from neryl diphosphate

inchuding: B-phellandrene synthase (EC 4.2.3.52)

s

190971 v order to convert the parent polypeptide to the variant polypeptide one or
more amino acids are substituted that line the active site, at the bottom of the pocket that
would accommodate DMADP, with phenylalanine, tyrosine, or tryptophan to increase
the surface area of the active site that is accounted for by pi electrons. Homology
modeling may further refine the predictions of which amino acids should be converted
into which other amino acids. One specific example ts provided to dHlustrate the broader
point: conversion of Snapdragon myreene synthase (SEQ ID NO: 13) into an isoprene
syathase by conversion of V331 and/or V444 to pheoylalanive (F shown), tyrosine (Y} or

tryptophan (W) (not shown) (SEQ D NOs: 20, 21 and 22).
Conversion of phellandrene synthase inte an isoprene producing enzyme

{8098] v various embodiments, the invention provides an enzyme with isoprene
synthase activity by providing a variant polypeptide derived fron: parent phellandrene
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synthase polypeptide. The phellandrene synthase is converted, by variation {addition,
deletion or substitution) of one or more amino acid residues 1n the protein. In various
embodiments, the amino acid is in the active site. Many monoterpenes are produced by
monoterpene synthases from the prenyl diphosphate precursor geranyl diphosphate
(GPP) in which two tsoprene units are joined in the srans (£) configuration. The type VI
glandular trichomes, small hair-like structures, on the surface of ME2 variety of
cultivated tomato (Solanum [vcopersicum) produce an unusual monoterpene synthase
that uses neryl diphosphate (NPP} the cis-isomer of GPP as a substrate. This
monoterpene synthase 18 a B-phellandrene synthase (EC 4.2.3.52) called PHS1
{Schilmuller et al,, (2009) PNAS 186: 10865-10870). PHSI has a high ke, producing
more than 4 molecules of phellandrene per second using NPP as a substrate.
Phellandrene synthase is different from typical cyclic monoterpene synthases in that it
does not have the RR at the beginning of the active site. The reason for this is that it
does not have to do the linalyl to neryl cation chemical conversion that most cychic
monoterpene synthases have to do. Based on homology to the structure of isoprene
synthases, it is converted nto an soprene producing enzyme by etther or both of the

mutations V324F and M672F (SEQ 1D NO: 23y

Pi-Electron Based Approaches

[6699]  In an exemplary embodiment, the invention provides a variant polypeptide in
which the pi-clectron structure of the active site of the relevant parent polypeptide s
varied to lower Ky, increase ke, ot both, or to convert an enzyme without {or with

minimal) isoprene synthase activity into an enzyme with isoprene synthase activity.

[8106] It 1s postulated that if p1 electrons are imporiant to stabilizing the cation
mtermediate, this could slow the reaction wechanism by making the reaction
intermediate too stable. This might be evolutionarily advantageous by keeping the K,y
high (with an active site slightly smaller than optimal). This would ensure that isoprene
synthase did not interfere with other metabolism needed by plants. However, in an

industrial sctting a low K, form of the cnzyme has significant advantages. One or the
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other of the two site-constructing phenylalanines, shown in bold and underlined in
Populus tremuloides 1soprene synthase (IspS) F338 and F485 (SEQ ID NO: 24}, Populus
alba IspS F338 and F485 (SEQ ID N 25}, Populus nigra IspS F338 and F485 (SEQ 1D
NO: 26}, Popuius trichocarpa IspS F301 and F448 (SEQ 1D NO: 27), Pueraria Montana
FspS F343 and F493 (SEQ 1D NOG: 2R), Fucalyptus globudus IspS F326 and F473 (SEQ
1D NQO: 293, Melaleuca aliernifolia ¥F326 and F473 (SEQ 1D NO: 30) and Robinia
presdoaccacia 1spS F281 and F428 (SEQ ID NO: 31), with a tyrosine or tryptophan and
the other phenylalanine are replaced with a smaller amino acid, for example leucine, to
provide sufficient pi-clectron character to the active site without unduly restricting the
binding of DMADP. The active site is examined to find other potential locations fora
phenylalanine or other pi-electron contributing amino acids 1o ways that do not constrict
the active stte. Variation in the location of phenylalanines has been found in unpublished
sequences of isoprene synthases from sprace F337 and F541 (Picea pungens) (SEQ 1D
NO: 10) and hops F354 and FS30 (Humudus lupudusy (SEG 1D NO: 32) and indicating
that it should be possible to vary the location of the pi-electron contributing amino acids

without destroying enzyme activity.
Conversion of dimethylallyl tryptophan synithase into an isoprene producing enzyme

{91811 In an exemplary embodiment, the present invention provides a variant
polypeptide of a parent dimethylallyl tryptophan synthase with isoprene synthase
activity. Exemplary enzymes according to this embodiment have one or more amino

acid removed, added or substituted relative to the anuno acid sequence of the parent,

[0102] A variety of enzymes that use dimethylally diphosphate (DMADP) and a
cation intermediate are all good targets for conversion into 1soprene synthases. One
examplce is a gene unrclated to known isoprene synthases, dimethylallyl tryptophan
synthase. This protein uses DMADP and has a high {(poor) Ky (8 uM) and higher koy
{0.37 per second}. The structure of this enzyme is known (314X, PDB) (Figure 7) and it
1s known to use a carbocation intermediate of DMADP similar to that in the 1soprene
synthase reaction {(Luk and Tanner, (2009} .J Am Chem Soc 131: 13932-13933). Based
on knowledge of wsoprene synthase evolution i 1s predicted that adding phenylalanine
residues to locations likely to reduce the size of the binding pocket or converting some

tyrosing residues that line the pocket with phenylalanine residues have potential for
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converting this enzyme into a novel isoprene synthase. The binding pocket residues on
dimethylallyl tryptophan synthase are L81, T82, R83, Y191, Y345 and Y398 (SEQ ID
NG: 33). One, two, three, four, five or all six of these residues are converted to

phenylalanine.

[0163]  The fanulies of cnzymes that use dimethylally diphosphate (DMADP) and a
cation intermediate and can be converted into isoprene synthases to form a variant
polypeptide mchude the following wdentified by name and enzyme commussion (EC)
number include but are not limited to: dimethylallyltranstransferases (HC 2.5.1.1),
geranyltranstransferases (EC 2.5.1.10), rans-octaprenyltranstransferases (EC 2.5.1.11),
adenylate dimethylallyiranstransterases (EC 2.5.1.27), dimethylallylcistransferases (EC
2.5.1.28), farnesyltranstransforase (BEC 2.5.1.29), tribydroxypterocarpan
dimethylallyltransferases (EC 2.5.1.33), dimethylalivtryptophan synthase (EC 2.5.1.34),
chyrsanthenyl diphosphate synthase (EC 2.5.1.67) and lavandulyl diphosphate synthase

(EC 2.51.11)
Conversion of pentalenene synthase inte an isoprene producing entyme

[6134]  In an exemplary embodiment, the invention provides a variant polypeptide of a
parcnt pentalenene synthase that produces isoprene. The variant 18 prepared by the
addition, deletion or substitution of one or more arvino acid relative to the parent

polypeptide.

[0183] Pontalenene 1s a complex fricychic sesquiterpene (a terpenoid containing 15
carbon atoms}, that is produced from farnesyl diphosphate by the action of pentalenene
synthase (EC. 4.3.2.7}. Pentalenene, is the hydrocarbon precursor of the
pentalenolactone tamily of antibiotics. The crystal structure of pentalene synthase has
been resolved (Lesburg et al., (1997) Science 277:1820-1824), revealing the fact that it is
unusually a single domain terpenoid synthase. For this reasoun it may behave rouch better
in bacteria and in other ways be more stable. Pentalenene synthase of Strepromyces sp.
UC5319 (SEQ ID NG: 34) 18 converted into an 1soprene synthase by converting V179
and/or N21% into a F, Wor Y (SEQ 1D NOs: 35, 36 and 37).

EXAMPLES
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xample 1: Isoprene synthase expression and parification

[0106]  Utlizing theoretical amino acid protein sequences in this disclosure, bacterial
expression constructs, N-terminal or C-termuinal flag tagged, capable of regulated
expression of recombinant proteins described in this disclosure are generated. The
backbone vector used is the pET vector systermn (Novagen) or similar, The gene
sequences are codon optinized for bacterial expression and synthetically generated to
match the amino acid sequences n this disclosure with a Flag tag. The synthetically
created gene sequences is then sub-cloned using unique, engineered restriction sites into
a commercially-available expression construct {e.g. Novagen) for expression of the
protein. Upon trausformation into DH30, six clones tor each construct are tested for

presence of the insert by restriction digest analysis.

[0107]  The expression constructs generated are used to transform £ cofi BL2 I{DE3)
to generate clones for expression screening. Following the selection of the best
expressing clones, induction experiments (3hrs and overnight, 37°C and 18°C) are
performed ou the selected clones. SDS-PAGE or unmunoblot is run to compare protein
cxpression {(total and soluble) and the optimal parameters for soluble expression are
chosen for production at the 11 scale. The selected cloues are grown in LB mediurn and
the cultures are induced at an OD between 0.8 and 1.0, After induction, cell paste is
harvested by centrifugation and stored at -20°C unuil purification. SDS-PAGE or

Western blot is performed on an analytical sample to confirm the protein expression.

[0138] Recombinant protein is purified from cell paste using Flag affinity
chromatography, Briefly, cells will be lysed using a microtludics homogenizer and
clarified by centrifugation. Clarified lysate is loaded onto a chromatography colunmn
containing M2 anti-Flag resin, The resin 18 washed to remove contaminating proteins
and bound protein is competitively eluted with flag peptide according to standard
methods. Fractions containing the protein of interest are pooled, dialyzed into PBS + 5%
glycerol, concentrated, aliquotted, and stored frozen at -80°C pending studies. All steps

of the purification arc monitored by SDS-PAGE-Coomassie.

[018%]  For the un-tagged recornbinant proteins, an alternative separation protocol is

used based on 1ou exchange chromatography (Stver and Fall (19953 J Biol. Chem. 276

13010-13016). The pl of the recombinant protein 1s 5.5, and this will be is exploited to
34



WO 2013/016591 PCT/US2012/048422

separate the proteins on a Sepharose (J column, Active fractions from the ion exchange
column are also concentrated and purified by gel {iltration and handled the same as the

tagged proteins.

Example 2: Isoprene synthase gssays.

101161  Oue of the products of the isoprence synthase reaction 1s pyrophosphate, and a
continuous enzyme-~-coupled assay has been developed for assaying phosphate {Webb
(1992) PNAS 89 4884-4887), and this has been cxtended to monitor pyrophosphate for
enzymatic kinetic parameter estimnation (Miller et al. (2007} J. Bacterivlogy 189: 8196-
8205). There are a number of commercially available kits for measuring enzyme kinetics
by monitoring pyrophosphate production. These include but are vot limited to a
PPilight {Lonza}, PiPer Pyrophosphate Assay kit (Invitrogen), as well as EnzCheck
{Molecular Probes). These assays are modificd for the continuous measurement of

isoprene synthase mutant kineties.

i8111]  In order to determine kinetic parameters for the mutant and wild type enzymes,
enzymatic reaction rates are veeded at varying substrate concentrations. Since this
enzyme may display substrate inhibition and/or substrate cooperativeness {(Eq. 1, Eqg. 2
and together Eq. 3), 1t will be mmportant to collect appropriate data in order to distinguish
between, and quantity the impacts of, these effects. Initial rates of the enzymes are
determined with varying imitial DMADP concentrations, In order to ensure that only
initial rates are estimated, the rates are calculated only during the consumption of the
first 10% of the initial DMADP substrate. At least 4 values above and below the K, of
the cuzyme are used 30 that an accurate estimation of the kinetic pararueters cau be
made. The experimental data 1s fit to the appropriate enzymatic rate equations {Eq. 1,
FHq. 2 and together Hq. 3) usiong a least squares method. If the data matches predictions
that both substrate inhibition and positive cooperativeness are present, then Equation 3
will be used.

{8112]  The performance of the mutant isoprene synthase proteins is assessed using
kinetic analysis described above. In addition, the activity of the isoprene synthase

proteins in a more oxidative covirontent (with a decreased concentration of DTT) 18

[¥8)
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explored. Once beneficial mutations are identified from the analysis of the mutants, the
mutations can be combined to determine if the beneficial impacts are additive. In
addition, the mutants are examined with and without a tag, as this has previously been
shown to affect the performance of the recombinant isoprene synthase enzymes. It is
anticipated that this approach may be able to significantly iraprove the ke, Ki, substrate
inhibition, and coopertivity issues with the isoprene synthase enzyme. In addition, it

may be possible to impact the susceptibility of the enzyme to oxidative stress,

191131  Further, the activity of the isoprene synthase proteins at a range of different
temperatures is explored. Isoprene synthases produce bursts of isoprene in response 1o
trausient heat stress. Repeating the assay described above at a range of temperatures

cnables examination of this phenomenon on isolated proteins in vifro.
Confirming the production of isoprene and analysis of other products

[0114] Hemuterpene and other terpenoid synthases may produce more than one
product. In addition to the pyrophosphate assay, samples of the product of these enzymes
arc adsorbed onto a Sohid Phase Micro Extraction (SPME) fiber and then the fiber 1s

heated in a GC MS.

Example 3

Example 3.1: Plasmids and Strains
prreHis2B-Plisp§

[01158]  The P. afba 1soprene synthase (except the N terminal plastid targeting
sequence, amino acids 1 to 36} was codon optimized for £. coli expression and
synthesized by GenScript. A 1.6 kb Bsal to Xhol {ragment was cloned into the Neol and

Xhot sites of pTrcHisZB to yield pTreHis2B-PlspS (SEQ 1D NO:38)
plrcHis2B-E2ispS

[0116]  The £ globulus isoprene synthase {except the N terminal plastid targeting
sequence, amino acids 1 to 35} was codou optimized for . coli expression and
synthesized by GenScript. A 1.6 kb Ncol to Xhol fragment was cloned into the Necof and

Xhol sites of pTreHisZB to yield pTreHis2B-EZIspS (SEQ 1D N(:39),
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plexpress4dQi-EdispS-His

[8117] The £ globulus isoprene synthase {except the N terminal plastid targeting
sequence, anino acids 1 to 35) with a C terminal linker and 6 histidine wotif was codon
optimized for £. coli expression, synthesized, and cloned into plexpressd@] by DNAZ.0

(SEQ ID NO:440, plExpross401-EdispS-His),
pCL-SDFi

[6118] Four £. coli MEP pathway genes {dxs, ispD, ispF, and idi} were placed under
control of the pTre promoter and cloned into the Smal site of pCL 1920 (SEQ 1D NG,
pCL-3DFi).

Example 3.2: Isoprene gquantification

[0119]  In vivo isoprenc production was measured by injecting flask headspace
samples wnto a Tianroet GU9700 GC equipped with a phototonization detector. The
column was a PLOT-Q (Tianmet}, the column temperature was 140 C, the injector
temperature was 150 C, and the detector temperature was 150 C. The yjection volume

was | ml gas, Isoprene standards were used to quantify the signal,

[0120] Samples to measure in vitro production were assayed on a fast isoprene sensor
(Hills Scientific) per the mamufacturer instructions. Isoprene standards were used to

quantify the signal.
Example 3.3: In vivo isoprene production

[9121]  To make pre-sced cultures, single colonies from each strain to be tested were
used to inoculate 4 mi LB medium plus appropriate antibiotics and grown overnight at
37 € with shaking. To make seed cultures, for each strain, 1 mbU of pre-seed was
moculated into 75 mal. mineral mediom (37.9 mM (NHa S04, 8.3 mM MgSQ,, 36.8 mM
KHPO,, 85.1 mM Na POy, 1.4 mM Cally, 0.007 mM thiamine, 0.476 mM citric acid
monohydrate, §.107 mM MnSO,, 0.018 miM FeS(y, 0.007 maM Zu80,, 0.002 mM
CuS{y, 0.003 mM CoCly, 0.003 ;M NaMo(O) plus 10 g/l ghucose, 5 g/L. yeast extract,
and appropriate antibiotics and cultured at 37 C with shaking for 10 hours. For each
strain, the seed culture was diluted to OD600 of 0.1 in 30 mL mineral mediam phus 5 g/l
glucose, 1 g/l yeast extract, appropriate antibiotics, and 0.4 mM PTG and incubated at

30 C with shaking. Isoprene was measured at each tivae point then the headspace of cach
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flask was flushed with a mix of 50% oxygen and 50% air. At 24 and 34 hours, additional

glucose was added to each tlask to a final concentration of 2 ¢/L.
Results

101221 The £\ globulus isoprene synthase, when expressed in £. coli cells, produces
more isoprene than the P. a/ba isoprene synthase (Figure 8}, £, cofi BL21 strains
expressing either . globulus or P. alba 1soprene synthases, plus or minus heterologous
expression of dxs, ispD, ispF, and idi, were grown in minimal medium under acrobic
conditions and isoprene production measured. Cumulative culture productivity of
isoprene is shown for £ coli BLZ1 expressing heterologous MEP genes and £, globulus
isoprene synthase (inverted triangles), heterologous MEP genes and P. alba 1soprene
synthase {circles), £. globulus isoprene synthase (triangles), and 7. alba isoprene

synthase (squares),
Example 3.4: F, globulus isoprene synthase protein purification

i9123] Overnight seed culture of FMS celis contaming the plexpress401-E4lspS-His
plasmid were diluted 1:100 into 500 mL LB cultures and grown to OD600G ~0.9 at 37 C.
IPTG was added 1o a final concentration of 1 mM and induction occurred for ~4 hours at

room temperature. Cultures were centrifuged and cell pellets frozen.

[8124]  Frozen pellets were resuspended n lysis buffer (50 mM NaH,PQy, 300 mM
NaCl, 10 mM imidazole, pH 8.0 with Roche Mim EDTA-free tablets per the
manufacturer’s instructions) and cells disrupted by sonication. Cell lysates were treated
with RNAse A aud DNAse I ((Jiagen) and cleared by centrifugation. Cleared lysaies
were incubated with nickel NTA resin for 1 hour at 4 C then loaded 1nto a disposable
chromatography coluran. The colunm was washed with $ times the bed volume with
wash buffer (50 ;M NaHPO4, 380 ;oM Na(l, 10 mM inudazole, pH 8.0} then eluted
with elution buffer (50 mM NaH,PO,, 300 mM NaCl, 250 mM imidazole, pH 8.0).
Glycerol was added to 15% and the sawples flash frozen in hiquid nitrogen and stored at
-80 C,

Example 3.5: In vitro protein kinetics

{0125]  Purified isoprene syunthase was assayed for kinetic properties using in vitro
conversion of DMADP to isoprene. For each of six different concentrations of DMADP
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(0,0.25,0.5, 1, 2, and 4 mM), 75 ul. of appropriately diluted DMADF solution was
mixed with 73 ul reaction buffer (100 mM HEPES, 40 mM KC1, 20 mM MgCl,, 10%
glycerol, pH 7.8}, 1 ul. 1 mM DTT, and 2.5 ul. of the purified isoprene synthase at 0.3
ug/ml. The reaction was allowed to occur in a sealed tube at 37 C for 12 minutes, atter
which T ml of headspace was injected o a FIS for measurement of the isoprene
produced. Controls with no added protein were used as appropriate to subtract non-
apecific isoprene production. Specific activily measurements were fitled to Eqguation 1 to

determine Ky, ko and K.
Equation 1: Enzymatic rate equation for enzyme with substrate inhibition,

E!:i‘ccatg

Rate = 3

Resulls

[8126] The Ky for £ globulus isoprene synthase is lower (more preferable for
production of isoprene) than is reported for other 1soprene synthases. Specific activity
was obtained at various DMADP concentrations for £. globudus isoprene synthase
{(Figure 9, light grey diamounds). The data were fitted to Equation 1 using the constants

shown 1n Table 1 aund the fitted equation s shown (Figure 9, dark grey line).

Table 1: Kinetic parameters of purified £. globulus isoprene synthase.

Kinetic parameter Value
Kur 0,03 mM
e 0.03s"
Kig 9.33 mM

{01271 The published &,y values for various non-Eucalyprus isoprene synthases range
from 0.3 mM to 9 mM (Rasulov, et al., (2009) Plant Physiology 14%: 1609-1618 and
references therein and Sasaki, et al., (2005) FEBS Letters 8§79 2514-2518). The Xy
value of .03 mM for £. globulus favorably compares to that of other published isoprene
synthases, such as those from £. a/ba and other Poplar species, and thus represenis a

superior isoprene synthase for the commercial production of isoprene.
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Example 4

Example 4.1: Plasmids and Strains

plre-E4-6His

{9128]  The entire coding sequence of the £ globuius isoprene synthase {except the N
terminal plastid targeting sequence, amino acids 1 to 35} in plexpress4(1-E4ispS-His
was transterred to the Neol/Xhol site of pTreHis2B using PCR to mtroduce an Neol site
at the N terminus.

E. globulas active site matant ispS

[0129]  Sequences wdentical to pJexpressd(1-E4ispS-His except the indicated amino
acid mutations were synthesized and cloned into plexpress4d4 by DNAZ.G,
pire-3i-6His

10130]  The M. alternifolia isoprence synthase (SEQ 1D NO 7, except the N terminal
plastid targeting sequence, amino acids 1 to 32) with a C ternunal linker and 6 histidine
motif (ENLYFOQSGSGSGSGHHHHHHE]) was codon optimized for £, cofi expression and
synthesized by DNAZ2.0. A BsmBUXhol fragment containing the isoprene synthase was
then ligated into an Neol/Xhol digest of pTrcHis2B to yield pTre-M1-6His.
pire-RI-6His

18131] The R. pseudoaccacia isoprene synthase (SEQ 1D NO 8} with a € terminal
hoker and 6 istidine motif (ENLYFQSGSGSGSGHHHHHH) was codon optimized for
E. coli expression and synthesized by DNA2.0. An Neol/Xhol fragment containing the
isoprene synthase was then higated into an Neol/Xhol digest of pTreHis2B to vield pTre-
R1-6His.

Myrcene synthase

101321  The 4. majus myrcence synthase (SEQ 1D NO 13, except the N terminal plastid
targeting sequence, anino actds 1 to 45) with a C terminal linker and 6 histidine motif
(ENLYFQSGSGSGSGHHHHHH) was codon optimized for £, coli expression,
aynthesized, and cloned into plexpress404 by DNAZ.0. Vanants were made with the

indicated amino acid substitutions.
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Dimethylallyl tryptophan synthase

[0133]  The 4. fumigarus dimethylallyl tryptophan synthase (SEQ ID NG 33 witha C
terminal linker and 6 histidine motif (ENLYFQSGSGSGSGHHHHHH) was codon
optimized for £. coli expression, synthesized, and cloned into plexpressd(4 by DNAZ.0.
Variants were made with the indicated amino acid substitutions, with “sll” representing
ERIF, T82F, R83F, YIO1F, Y345F, and Y398F.

Phellandrene synthase

[0134] The § hrcopersicum phellandrene synthase (SEQ 1D NO 23, except the N
terminal plastid targeting sequence, armno acids 1 {o 36) with a C termuinal binker and 6
histidine motf (ENLYFQSGSGSGSGHHHHHH )} was codon optimized for £. cofi
expression, synthesized, and cloned into pJexpressd4 by DNA2.0. Variants were made
with the indicated amino acid substitutions.

MBQO synthase

[0135]  The P. sabiniana methyl butanol synthase (SEQ 1D NGO 9, except the N
terminal plastid targeting sequence, amino acids 1 to 43} with a C terminal linker and 6
histidine motit (ENLYFOQSGSGSGSGHHHHHH)} was codon optimnized for £. cofi
expression, synthesized, and cloned into plexpressd4 by DNA2.0. Variants were made
with the indicated amino acid substitutions.

Pentalenene synthase

10138]  The Swepromyces sp. UCS319 pentalenene synthase (SEQ ID NO 34y with a C
terminal linker and 6 histidine mottf (ENLYFQSGSGSGSGHHHHHHE ) was codon
optitnized for £, coli expression, synthesized, and cloned into plexpressd01 by DNAZ.0.
Variants were made with the indicated amino acid substitutions.

pAi

{8837]  Five B. subtilis MEP pathway genes (dxs, dyr, ispD, ispF, and id7) were placed
under the control of strong &. coli promoters and clouned into the Hindll/Sacl sites of

pCL1%20.
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Example 4.2: Isoprene quantification

[0138] In vivo isoprene production was measured by injecting flask headspace
saraples into a Tianmel GC3700 GC equipped with a photoionization detector. The
column was a PLOT-(} (Tianmei), the column temperature was 140 C, the injector
temperature was 150 C, and the detector temperature was 150 C. The mjection volume

was 1 mL gas. Isoprene standards were used to quantify the signal.
Example 4.3: In vive isoprene production

[0139]  To make pre-sced cultures, single colonies from each strain to be tested were
used to moculate 4 mL LB medium phlus appropriate antibiotics and grown overnight at
37 C with shaking. To make seed cultures, for cach strain, 300 ul. of pre-seed was
moculated into 30 L MOPS mineral medium (37.9 miM (NH4):S04, 4.2 M MgSO,,
2.9 mM KH,PO,, 7.1 mM Na,PQOy, 0.7 mM CaCly, 160 mM 3-(N-morpholino)
propanesuifoic acid, 0.2 mg/L thiamine, 0.476 M ciiric acid monohydrate, 0.107 mM
MnSQO4, 8.018 mM FeSO4, 0.007 mM ZnS0y, 0.002 mM CuSO,, 4.003 mM Colll,,
0.003 mM NaMoO} plus 10 g/L glucose, 5 g/L yeast extract, and appropriate antibiotics
and cultured at 37 C with shaking for 6.5 hours. For each strain, 0.5 mlL seed culture was
diluted mto 9.5 mL tresh MOPS nuneral medium plus 5 /L glucose, 1 g/L yeast exiract,
appropriate antibiotics, and 1 mM IPTG and incubated at 37 C w an air tight flask with
shaking. Isoprene in the headspace was measured after 16 hours.

Resalss

[0148] The £ globulus isoprene synthase, when expressed in . coli cells, produces
far more isoprene than the M. alterniforia or R. pseudoacacia isoprene synthase, or any
of the non-isoprenc synthases with variants predicted to increase 1soprene production. £,
coli FMS strains expressing the indicated terpenoid synthase and heterologous expression
of ds, dyr, ispD, ispF, and idi, were grown n minimal medium under acrobic conditions
and 1soprene production measured (Table 2),

Table 2: £. globulus isoprene syuthase 13 superior to other enzymes.

Average Culture Productivity of  Standard Error of the

Gene Name isoprene {mg/l} Mean
E. globuius wild type IspS
plexpress-E4-his 1.94 0.109
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Average Culture Productivity of  Standard Error of the

Gene Name isoprene {mg/l} Mean
pTre-Ed-his 1.54 0.060
E. globulus active site mutant IspS
Euc F326L_F473W 0.02 0.002
Euc_F326L F473Y 0.14 0.004
Euc_F326W_F473L 0.08 0.003
Fuc F3I26Y_F473L 0.03 0.0086
Non E. globulus wild type [sps
pTro-M1-6His 0.03 0.006
pTre-R1-6His 0.03 0.013
Myrcene synthase
McS WT 0.01 0.003
MeS_V334F 0.01 0.001
McS_V444F 0.01 0.002
McS V3I3IF V444arF 0.01 0.000
Dimethylallyl tryptophan synthase
feaPT2_WT 0.01 0.002
feaPT2_L81F 0.00 0.003
fgaPT2_T82F 0.01 0.005
fgaPT2_R&3F 0.01 0.001
feaPT2_Y181F 0.01 0.002
fgaPT2_Y345F 0.01 0.005
feaPT2_Y398F 0.01 0.001
fgaPT2_all 0.02 0.010
Phellandrene synthase
Phs_WT 0.02 0.007
PhS_V524F 0.02 0.007
PhS_M&72F 0.01 0.001
PhS_V524F_Me72F 0.01 0.003
MBGC synthase
MBC_ WT 0.01 0.003
MBO_S440F 0.01 0.001
MBO_5440Y 0.02 0.005
Pentalenene synthase
PS_WT 0.01 0.003
Ps_1177F 0.02 0.003
PS_N219F 0.01 0.005
PS_M73F _F77V_F78T_1177F 0.02 0.011
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Example 4.4: In vivo expression and sojubility

[8141] Cells were grown and induced as above in MOPS mineral medium then 15
D600 units of cells were pelleted by centrifugation. Cell extracts were prepared by cell
lysis in a French press, and total protein samples saved. The remainder was subjected to
centrifugation at 14,000 g for 10 minutes to separate sohuble and fnsoluble proteins.
Protein samples were electrophoresed on SBS-PAGE gels with Life Technologies
Benchmark His-tagged protein standard and transferred to PVDF membranes. Proteins
were visualized with anti-his antibodies and BCIP/NBT per the manufacturer’s

instructions.
Resulys

[8142] The expression and/or solubility of the £. globulus isoprene syunthase is far
superior to that of M. alferniforia or R. pseudoacacia isoprene synthases. Total, soluble,
and insoluble protein fractions are shown afier induction of the mdicated plasmuds, and
the £, globulus isoprene synthase was shown to express at high level in soluble form,

unlike the M. alrerniforia or R. pseudoacacia isoprene synthases (Figure 10).
Example §
Example 8.1: Protein Purification

[6134]  Commercially obtained E. coli strain FMS-Alper (also called strain 3} were
transformed with the pJexpress404 vector (DNA 2.0) containing sequence for a histidine-
tagged phellandrene synthase (PhS) or a modified version (Mod A} of the His-tagged
PhS. Both sequences were behind a T3 promoter. A resulting E. coli transtormant
containing each PhS sequence was grown in a 250 wl flask of LB overnight atroom
temperature {OD = 1). Cultures were induced by adding enough IPTG to bring the
culture concentration to 400 M. Cultures were allowed to grow an additional eight
hours until they reached an OD = 4. Cultures were then concentrated by centrifugation
and cells were broken using a combination of freezing, sonication, and lysozyme.
Histidine-tagged protein was purified on Ni-agarose {(Qiagen) according to
manutacture’s directions, Protein clution from the columns was determined by image
analysis of Coomassig~stained protein gels and protein concentration used in the assays

were deternmined by a Lowry assay.
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Example 5.2: Enzyme Assays

{0134} Dimethylallyl diphosphate (DMADP) from cither Echelon Biosciences or
Isoprenoids LLC was assayed to determine the exact concentration of DMADP(a
necessary step because DMADP is labile). Assays were carried out in a total volume of
200 ul. of assay buffer (100 mM Hepes pH 7.8, 40 M KCl, 20 M MgC12 10%
glycerol}. DMADP stock or an equivalent amount of 2 mM NH4HCO3 (the buffer used
to dilute the DMADP) was used to establish different concentrations of DADP in the
assay. There was 20 ug protein in cach sample. Three additional vials were assayed that
had all of these components except the protein to determine the non-enzymatic
conversion of DMADP in the system (1 10 3 %). The nonenzymatic signal was
subtracted from the signal for the sample with protein. The vial was 2 mb. Vials were
wmeanbated for 1 hrat 37°C. At the end of 1 hr, 1 roll of head-space air was withdrawn by
syringe while simultaneously adding T ml. water to avoid creating a vacuum. The head-
space air was injected into a chemiluminescent isoprene detection systern (Fast Isoprene
Sensor, Hills Scientific) that had a flowing gas stream. Isoprene standards were drawn
from a tank of compressed nitrogen with 3.25 + 0.16 PPM isoprene (Airgas). The
isoprene signal from each injection lasted about 15 seconds. All of the FiSsignal for 30
scconds centered on the injection peak were summed and 15 seconds of baseline signal
before and after the peak were summed and subtracted from the fujection sigoal. In all
cascs n=3 ¢xcept in two cases where a large outlier datapoint was dropped (this did not
change the value of the kineticparameters). Activities were calculated in terms of moles
of isoprene per mole of enzyme per second (specific activity ). The Vmax estimated from
Michaelis-Menton kinetics 1s the effective keat when data are plotted this way. See

Figure 1.

[8143] While the present invention has been described with reference to the specific
embodiments thereof, it should be understood by those skilled in the art that various
changes may be made and equivalents may be substituted without departing from the
frue spirtt and scope of the invention. In addition, many modifications may be made to
adapt a particular situation, material, composition of matter, process, process step or

stops, to the objective, spirit and scope of the present invention. All such modifications

£
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are intended to be within the scope of the claims appended hereto. All publications and

patents cited herein are incorporated by reference mn their entirety for all purposes,

SEQUENCES

Legend: The ttalicized amino acids represent leader sequences that are optionally
completely or partially deleted or substituted. The bold amino acids indicate exemplary
sites for modification, singly or in combination. Said modification encompasses
substitution, deletion and insertion. Substitutions are indicated using the notation
{oniginal residue in one-letter-code}{ position number]{substitution restdue in one-letter-
code]. For example, the notation S440F indicates that a serine residue at position 440 s
being replaced with a phenylalanine residue. Position numbers are counted from the N-

terminus of the sequences as represented in the instant specification.

SEQIDNO 1

Populus tremuloides 1soprene syuthase
Adapted from Genbank: AY341431.1

MATELLCLHR PISLTHRKLFR vV STENVSESRET
ETETEREANY EPNSWDYDYL K KLE AEVREEINNE
KABFLTLLEL IDNVORLGLG YRFESDI R%ﬁ L Pk FVESGGE DGVTERTLLEG
TALSFRLLRD HGFEVSQEAEF SCEFKDONGNEF LENLKEDIKA ILELYEASEFL

46



WO 2013/016591

V“TAle.u

SEQ ID NO 2
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ONIKKEEIEN
MRTKGISEEL

SHCTYHNGDA

Populus alba Isoprene synthase
Adapted from Genbank: AB198180.1
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SEQIDNO 3

KKEDANQVLL
LIESEYWAVG
TDAVERWDVN
KAWADLCNAF
ONIKKEEIEN
MRTEGLISEEL
SHCTYHENGDA

Populus nigra lsoprene synthase
Adapted from Genbank: HQ684728.1

]\/’]\ L E

-
5
ALEGE

YGTLDELEL
KOENT]
PJ”N“YP
JETANS“
VETAL

SEQIDNOC4

LLCL
ETETRRSA
KABRFLTI }ML
TALSFRLLROQ
NILDE
BAVWSIEAYR

AXVFATISHLK
KKELADQ”L
LIESEYWAVG
TDAVERWDVN
KAWADLCNAF
7 ONTEKEEIDN |
MRTKGISEEL
SHCTYHNGDA

Populus trichocarpa Isoprene synthase

BLSE IGKE
WLATLWVNNT

VAFEPRPQYSDC
ATNUhPEYWF
LOBAKWLYNK
LOKYHDIISR

ATESVMNLID
HTSPDELTERK

NPLPEVIQAT
LSSDIDESIE

YRFESDIRGA
SGFKDONGNE
BLSERKIGKE
PLATLDYNMI
VAFEPQYSD

ATNDL .PDXMK
LOBEAKWLYNK
LOKYHDTISR
ATHSVMNLID
HTSPDELTRK

YRFESDI R%
SGEFRKDONGNEY
ELSEEKIGKD
ELATLDYNMI
VAFEPQYSDC
ATDDLPDYMK
OEAKWLYNK
LORYHDITISR
ATESVMNLID
HTSPDELTRK
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LAEGVSHALE
Q%VVQRWPR?
RNSVAKMES
Ihwﬁ*T{wT*
STPTFDDYF
PQHEF&LCND
ETHKKMNKEX
RVLSVITEPY

PLTLKLI
VYKDKARKLE
LDRFVESGGE
LENLKEDIKA
LAEQVNHALL
OSVYQRDLRE
RNSVAKMESE
LCFLALYNTI
STPTEFDDYEG

bHTgRLCND
ETWKEMNKEK
RVLEVITERT

RCSV

IPBFVSSGC>
LENLKEDIKA
LAEQVNHA

OSVYQRDLRE
RVOVALMF
LCFLAﬁYﬂT*
STPTFDEYFG
PSHIEFRLCHND
EHWKIWNKFH
EVLSVITEPT

LEPLHERRTORL
TSRWWRRVGL
VTIIDDIYDV
NEIAYDNLED
NAWKSSSGPL
LASASARTIA

LC;SLEAKPﬂ

LPFER

-
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A INE
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TLALYREASFL
LPLHRRTQORL
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Adapted from Genbank: EU693027.1

ALETPLARRT
LRETSRWWRR
ESFVTIIDDI

T 1—1

CHD]

n

ASA

TKWKSSS

C‘ n

SAE

KEKLGGSLFA
EPILPFER

SEQIDNO 5

ALSEFRL
Esf~f;fal.?J(‘*1F3T
ORLEAVLSTE

VGLATKLHFA
YDVYGTLDEL
LEEKGENILE
GPLOLVEFAYE
IARGETANSY
KPEVETAINL

Pueraria Montana Isoprenc synthase
Adapted from Genbank: AY316691.1

SDL
BASYT

JGFFFF

RLHRLEARWE
TEMGLASKLD
DVYDVYGTLD
SILKEKGHNN

SSGVALL

TSAAE
SDSTLLPKAF
PINQLMYV

SEQIDNO 6

LAPS
LERGE

KLSSFPTPTES
RRSANYQFPNL

LELLELIDDV
RLLROQHEGFEV
NLL&EARTTS
LDKYEPKE

FVRDRLME
ELOLFTDAV
LSYLTKSWRE
YESVCQQOED
TTNSTIISYMH
METAVNMARV

‘ﬂV ,\]
v oL

VARYA™
il

ANYEPNSWDY
LELIDNVQRL
LROHGFEVSQ
LDEAKVFATS
AYRKKEDADQ
RDRLIESE
ELFTNAVERW
YLTKAWADLC
AVVONIKKEE
SCYMRTKGIS

ARQSBHCTYHN

YW

TREPOSKNFI
WNFEFLOSLE
QRLGLTYKFE
SQDVFERFKD
ITHLENNLKE
I HOLLLELAKIL
FWALGMAPDP
RWDVNAINTL
LCKAFLQEAK
ISDHALERSLT
ENDGTSEEQA
SHCTYQYGDG
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DYLLSSDTDE
GLGYRFESDI
EAFSGFKDON
HLKELSEEKY
VILELAILDY
AVGEVAFEPQY
DVNAIDDLPD
hAv;QLAﬁnu
IENL
BETATESVMY
GDAHTSPDEL

oy
falpe

‘ITIMAI.J\¢
KEGGESGELK
GINTEVARQOV
DENMVQTLHQ

OQFGRCRKAVT
PDYMKLCFLA
WSNNKIIPAF

DFHGLVRSSC
REELRKLIDA
LGRPDYATEN

Eucalyptus globufus “rats-1 mRNA for monoterpence synthase” actually

synthase

Adapted from Genbank: AB266390.1

AT Ty

MALR
NYLO
DDIQ
GYEV
RSFA

BCFT
A

L
S
E

o

U

2.

UTE Y

LFTPH
IVAGE
LGLGD
ODVEK
KHLEN

GYTNPQILEL
CFEWAVGIA

AVRRWDLNAV

LPVLSSRRZ
GROSRREVED
HFEEDISNAL
IFLDESGSEV
LNSDVDKDLG
ALTDENVEQS

HEFSLSICRK
EDLPVYMKLC

AN

Fag=)
7.:. L

\/7/,?["’%/] 'IQ
QRKEKVQILEE
RRCVEKGAVE
KTLGGDVOGEV
DOVKHELELP
YLORDLGEML
AVIKAFALIL
YLALYNSVNE

48

ISDPOEGRRS
EVRGALNDEK
MSLOKSLHGT
LSLYEASHLA
LHREMPLLEA
GWWNNTGLAK
VEDDVYDVEG
MAYETLEEKG

SIEVYKDKAK
RRALDRF
GNFLENLKED
GRDLAEQVNH
NMIQSVYQRD
SDCRNSVAKM
YMKLCFLAL)

YNKSTPTEDD
TSRPSHIFRL
LIDETWKEMN
TREKRVLSVIT

RIQQ
\/ D

KELODLSRWW
KMEGLVTIID
LYNTVNDTSY
SKYLENASVS
VIFRLCNDLA
EWKKMNRERY
RIKLLLIDPE

an isoprene

ANYQPSVHTY
AETFTIFATV
ALGFRLLROH
FEEEHTLHKA
RRSIEAYSER
RLSFARDRLIT
TLEELE:
ENVIPY

KA

LAK
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WYDLCKAFLO
IRKEELESLE
BEKGISELEA
CVYQDGDAT

SEQ ID NO 7

EAKWSNSRIT
HYHDLLRLPS
ECVKEETDTA
SPDDLSWNRV

PGVERYLNNG
LIFRLTRDIA
WEEMNEYMVD
HSLIIKPISP

PCT/US2012/048422

SSSCJQV ML
SAELERGE
TENQSEVR

SZ
RET

THAYPFLASPES
TTHSIRCEMO
MTYNLARMAH

Melaleuca aiternifolia “putative monoterpene synthase mRNA”, actually an isoprene

synthase

Adapted from GenBank: AY279379.1

uC E' B T"M 'CiA
AVREWHEDAVY
WYDLCKAFLO
LRKEELESLE
EKGFOE:)EZR
CVYQDGDAT

SEQ ID NO 8

XFE DIE‘ KAL
IFMDESGSEM
LNHDIDODLG
AVMKENSZOL
REFPALSNCRK
ENLPCYMKLC
EAKWSYNKIT
HYHDLLRLPS
KOVIEQIDTA
APDDOSWNRV

RRCLSQYAVT
KTLGGDVOGM
DH‘JI\. LELP
TLORDLGDML
GVIKAESLIL
FLALYNSVND
PGVERYLNNG
LIFRLTNDLA
W T\QMN KYMVD
HSLIIKPVSL

Robinia pseudoaccacia soprene synthase

Unpublished sequence

RRSANYGPNL
LRLLELVDNV
LROHGFEVSQ
LDEAREFSMT
NYEVKEPHDR
RDRLVEVYFW
ELFTNAVERW
YLAKSWSDLC
SIRODITNGA
TSCMODNGIS

LD

ARVSHCTYQY

SEQIDNO 9

<'H1 '}»ﬂl i

W \J

DJ“JkaFKH
HLKNLNEGVY
LLVELAKLDF
ASGMAPDPOL
DVNAVDTLED
K’XL" ‘-4 <
LDSLINYEGE
EEQARDELRN
GDGLGREDNT

YDLMVETLQE
NEKALERT
GRFEAEIKGD
TPKLAEQINH
NMVOSTQKKE
SECRKAVTEM
YMKLCFFALY
\TN“I PS W\TK
SCATIER
L I Dkﬁ N QM JI\
AENRIKLLLT

Pinus sabiniana Methyl butonal synthase
Unpublished sequence with 8440 shown in bold and highlighted

MALLSVAPLA
RRTANHHSNL
GELITPSNDL

PRWC
WDDNEFIQSL
LMRLSIVDST

S

CVHRSLV

TSTRVRVVER
TEYCGATEYHE
BERLGIDRHFK

jEne

49

VSDAQGGRES
DVRGALNDGN
GESLOKSLHGT
LSLYEA SIlLﬁ
LHREM]
GWWNNVC ¥
Y LDD"V'_)\/ B
MAYETLEETG
WVESSGOVML
TSSAELGRGE
HSTFNRSFMY
AFPC

}\ J_\LHL \/.J
VSLDEREKSG

VOGLLSLYEA
ALELPYHRRE
VGESSRWWKE
EGLVTIIDDV
NTUNDTAYNL
YIENASVESE
CNDLATSAAR
RERVEDOTEE

DPLSN

ANYQPSVWTY
AEPMATFALV
ALSFRVLRGH
FEEEDILHKA
fREl FEAYSER

ENVTPYLTEV
THAYFLESES
TETNSILCYMR
MTYNLARMAH

RLINRVDIED
FRL
GSEGENL
FEARWFIE
TSKLDFV
LDEL
“LUKFWQL“P

GGALLTECYF

ERGETTNS T
KAFTETATNM

LHATALT
et
t"T\

ITTESGEGVD
EMINSTISLED

YSYWNEXKGIG
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WGERDSVVA
GF=RQJ“RMJ
SYVLEYGW

VoV

HT NI

NSTALGLRTL
RASQIAFPGE
LPRLEARNY

FHDLQOQELK LLSRWWKDSG

RLOFAKT
GVYMVLYETV
FLPTFERY

YLD NG

ATVLDDIYDT
AT

NEMAGEARKS

SKVSFGYGI

N ONT L

ASSTLRLKGD THTYQAERSR

DELLKET

KNLV

SEQIDNO 10

NWE YLEPDSNVEL
TTVIE PVPL

RLEHGYPVSET
7

Cj

KVMEEARVES
IDVEGEDPIY
FSOMTFPRHR

GTMDELELF
QGRDTLNYGR
GTLOPTLTLG
GEKSSCISCY
TSKKHAFDIL

Picea pungens isoprene synthase (Spruce}

Unpublished sequence

MATTE

f"’l 7~.r!7,[\ rQ

oot 4

VEVIIL

VY SYINERG
NGOFACSATL
LKIPVCSFSR EI
KILELAKLEE
IDPOHS

T
SCI

SYMKEAKW
QEiDFPQRLN
EEDAVTYINA

DRDGES

SEQIDNO 1]

Pinus sabiniana Methyl butonal synthase converted into an isoprene

Route 1: making the change S440F,

MALLSVAPLA
RRIANHHSNL

GELITPSNDL
WERDSVVADL
GEIRSVLNLF
SYVIEYGWHI
FHSLOQOELK
RLGFAKTFHL
GVYMVLYETV
FLPTFEEYLD
ASSILRLKGD
DKLLKELNWE
KNLVMTTVIE

al \\I o

V/\D,Uf STWOVDKPLY

v
VORRIANHHS
EDGELITAPN
IGCGRDEVVN
TEGEIKKVLN
AYVLEYGW
NIFHSLOQKE
%FRMUTA&IE
MEKGVYMMLYE
SGFLEPTFEEY
DLAGSILRLK
MVNRLLEELN
EIRNLVMTTV

TN

L{ Wi
WDDNEIQELS
LMRLSIVDST

TRCT N

/.LLQ_;_J

NSTALGLRTL
RASQIAFPG
K'PﬂLLAﬂhV

L (SR{M\H“\' '~C—;

I\. ’fo\,;‘LK
NGEKVSFGYGT
THTYQAERSR
YLRPDSNVP]
PVFEL

GSSFRAKALLR
NLWDDNFEIQS
DLILORLSIVD
DINTTALGLRE
LFRASLIAFP
HMNLPRLEAR
LKHLSRWWED
HLATVLDDIY
TVYEMAREAE
LDNGKVEFGY
GDIHSYQAERL
WELLEKPHSNV
IEPVPL

TSTKVREVVRR
TPYGAISYHE
LGIDRHFK
RLHEHGYPVSSD

KVMEEAEVES
IDVEGEDPIY
FSOMTEFPRHER
E 1DELELE
CGRDTLNYGR
GTLOPILTLG
GEKSSCISCY

T5KKHAFDIL

."“"
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VLOHFREQKG

TIYLKEATLK
LTPNMKTQKL
HVEYYTLASC
TAAVKRWHPS
IALEAYIDAE
IPFPHHETLOE
MEENPESTEE
RAFYHLYKYR

KT DT EAMORT
KIPTLEMCRL

LETPYGATAY
SIERLGIDRH
TLRLHGYPVS
GEKVMEEAET
NYIDVFGODA
“VWQORTFPR
FOMMDE
ISYQBDE Y
RIGTLOEPILT
SREGEESSGIS

PITSKKHAFD

of

shown in bold and highlighted

S TRMCOR
LIGEVK
KSALDYV
'g’:"h KECKG
TIYLKEAILK
LTPNMKTQRL
HVEYYTLASC
TAAVERWHPS

IALEAY TDAY
IPFPHHTLOE
MEENPESTEER
RAF

]

3
Uy
=3
{/\

9]
3 by
O
F
s
=

4p]
- H ;
1J w i

<
S
=

YHLYKYR

OFACSAIQTE
LPWFCTbRUT

KLEFNM
ii*EPDﬁSSﬁ
ATEWLPEYME
MEEARKWIEFSG
IDFRPERLNDV
DATINHINIMV
DGESVANYET

TRSUTPS ]
TREVIPET

HERAQKLIGE
FKNETKSALD
SDVLEQFKDQ
FSTIYLKEAL
ZYLTENMRTO
HRHVEYYTL

LT AAVRRWH
ARQALEAYID
IPFPHHIL
CYMKDNPEST
LRAFYHLYK

SM

synthase

ITTESGEGVY
EMINSTELED
YSYWNEKGIG
kaTSA*““F

VCGLSRET
LhquL””NW
IDSEPQHSEY
ATEWLPEYMK

MER ’,\L\ WIFSo

e

Lol

D_Ail\' LJI:\IQM\/
DGFSVANYET
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SEQ IDNO 12

PCT/US2012/048422

Pinus sabiniana Methyl butonal synthase converted into an isoprene synthase
Route 1: making the change S440Y, shown in bold and highlighted

MALLSVAPLA
RRIANHHSNL
GELITPSNDL
WGERDSVVADL
GEIRSVLNLE
SYVLEYGW
FHSLOOGE
RLGFAKIFHL
GVYMVLYETV
FLETFEEYLD
ASSILRLKGD
DKLLKELNWE
ENLVMTTVIE

SEQ ID NO 13

o
PRWCVHKSL

WDDNEFIQSLS
LMRLSIVDST
NSTALGL QTTv
RASQIATPGE
NLPRLEARNY
LLSRWWEDSG

ATVLDDIY
NEMAGEARKS

NGKVSEFGYGI
THTYOAERSER
YLRPDSNVPT
PVEL

I(CVHEKS TV

TETKVEVVER
TPYGATSYHE
RLGIDRHEK
YPVSSD
BAEVFS

KYME
TDVEGEDPTY

FSOMTEFPRER
FGTMDELELF
QGRDTLNYGR
GTLOPILTLG
GERSSCISCY
TOSEKHAFDIL

Snapdragon {4datirvhimam majus) myrcene synthase
Adapted from Genbank: AY 195608.1
Awmino acids to be transferred bold and highlighted

I\’EL/HGE YV & A

DVENN

TIETSTRMCR TTTESGEGVQO
SAQRLIGEVK EMINSISLED
SEIKSALDYV YS"WNEKCE

L
S

KEQKG O
TIYLEKEAILK LPV;& QRLL
LTENMETOKL LELAKLEFNM
HVEYYTLASC IDSEPQHSSF
TAAVERWHPS ATEWLPEYMK
NALEAYIDAY MEEAKWIFSG
E IDFPSRLNDV
DAINHINSMY

DGFSVANYET

IPFPHHILOE
MEENPESTER
RAFYHLYRYR

"f) ‘\H‘

LDEAENESRO
LGGMYEWGKT
NREPFEFYTWS
I l FTE fx‘v'bmv»

KKEHINL
NLAERMVPLMY

\-[—-\\7

TLHGNLAGME
LRELAILMDLO
MVILADYINL
DYSATDTLPE
SAFLVEARKWS
SIELNDTQEL

TAAQAHREHATL
SYDHN QRGP\/

SEQ ID NO 14 (the hybrid)

E] NLE L\SV(“NK
VERSVYQEEL
SEQRVELTKS
NMEMCCMTLL
ASGSLPSANE
MSSTATIEFRL
ELVAIEWKRIL
LEEYVEEFMLS

RETH “?N‘CD]"’W
GLYKKLNLAR
FOVYGTLDEL
YERKHGYNPID
VYVVLVHLEC
HQN'\ KDGSYL

SVSSFKQAAL

LRYPFHTSIA
LOVSKWWNEL
VﬁTTYLIDHL

Y LE-N
WNDLGSA
NKESENLNHD
D

Hybrid between Populus alba Isoprene synthase (Genbanle: AB198180.1) deleted up to
L148 and the structured arm of Snapdragon (Antirrhinum majus) myrcene synthase

YEASE
HRERTO

i}

Cﬂ‘h i 1 PF, \

KDONG
ERKIGK
TLDYN M o f: \/’

DVNHALELPL
YORDLEETER

l
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WWRRVGLATK
IDDIYDVYGT
AYDNLKDKGE

LEFARDRLIE
LOELELFTDA VE
NILPYLTKAW ADI

VARMESEFVTT
LALYNTINET
TFDDYFGRAW

WAVGVAE

YT EPQYSDCRNE
RWDVNAIN

DLPDYMKLCE
AKWLYNKSTE

KS55SGPLOLYV FAYFAVVONT KK E E \TLQK XEAQ_IQT '5H IFRLCNDLAS
ASAETARGET ANSVSCYMRT KGISEELATE SVMNLIDETW KEMNKEXKLGG
SLEFARPEVET AINLAROSHC TYHENGDAHTS PDELTRKRVL SVITEPILPE

R
SEQ ID NO 15

Hybrid between Pueraria Montana Isopreue syuthase (Geubank: AY316691.1) deleted
up to L153 and the structured arm of Snapdragon (4ntirrhinum majus) myrceene synthase

ui S I K:JFGH

fol RO
CENLLEEART
WELDKYEPKE
LDFVRDRLME
LDELOLFTDA
NNLSYLTKSW

LLELA KMUPNNVQT“

VYEFWALGMAPR
VERWDVNAIN
RELCKAFLOE

KJCH i ‘l“\ AF,

i

DPOFGEC
TLPDY F’ LCF
AKWSNNKIIFP

*ALYQTWRPT
AFSKYLENAS

EDISDHALRS
MHENDGTSEE
RVEHCTYQYG

LTDFHGLVRS SCVIFRLCND
DARERELRKLT DAEWKKMNRE
DGLGEPDYAT ENRIKLLLID

V5SSGVALLA PSYESVCQQO

LAT SAAL

aqy

BELER GETTNSTIE
[LLPK AFMETAVNMA

SEQ ID NO 16

Hybrid between Eucalypius globulus isoprene synthase (AB266390.1) deleted up to
L137 and the structured arm of Snapdragon (Antirrhinum majus) myrcene synthase

HGTAL & Y E ENY LGGDVQGVLS
YEASHLAFE EEHILHKARS FA ;K__LLE\.“DV SDVDKDLODOG VKHELELPLH
RRMPLLEARR SIEAYSRRGY TDENVEQSYL QRDLOEMLGW
WNNTGLAKRL SFARDRLIEC F AHE PELSTICREAV TKAFALILVL
DDVYDVEGTL ERLELEFTDAV RRWDLNAVED T PVYMKLCYL ALYNSVNEMA
YETLKEKGEN VIPYLAKAWY LLCKATL"DZA KWSNSRIIPG VEEYLNNGWV

SS5SGSVMLIH

NSIRCFMOEK

KEE %
GISELEAREC KMNKYMVDRS
TENQSFVRMT YNLARMAHCV YQDGDAIGSP DDLSWNRVHS LITKPISPAA

HDLLRLPSLI FRLTNDIASS

:37\}4 L_J}\L L’ll \//L_JlLJ_ZXVu.x DR

SEQ IDNO 17
Hybrid between Melaleuca alternifolia isoprene synthase (GenBank: AY279379.1)

deleted up to L137 and the structured arm of Snapdrvagon (Antirrhinum majusy myrcene
synthase

W
N2
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SFRVLRQHEGE
*X_HQHEWTE EEDILHKAKT
RRMPLLEARR FIEAYSRRGN
WNNVGLAKRL SFARDRLMEC
DELELFTDAYV

T \/"‘"]:) 1 ""‘1{‘7\’r\/

PU“YPVF“

7

AYE
NSTILCYMREK
YNLARM!

HCV

SEQIDNO 18

SOSPSLR

QDVEKIE

FATKHLENLN
VNPRILELAV
V\

Py '\f 1.1fL
DIC Yy
KEELEST ’
GEFSESEARE

YODGDAIGAD

PCT/US2012/048422

MDE FMKT

NS5O

MEEFNSSQOLTL

AL"NL‘R GV

LPGYMKLCHL

FWSYNEITPG VE

HOLLELESLT

VIEQIDTAWR

DDOSWNRVHS

HLIDQLLQDH

/ «LAIZ ELPLH
QRDLQDMLGW
TRAFSLILVL
’ TVNUM%

y SWV
FREL TW“*“MQ
OMNKYMVDHS
LITKPVSLAP

Hybrid between Robinia pseudoaccacia isoprene synthase deleted up to L91 and the
structured arm of Svapdragon (Antirrhinum majus) vyrcene synthase

[ATAL ~ ] :
L _uui GSE N"LDEu34
HRRFQRLEAR WTIQRXEJKQ
WWHREIGLTSK LDEVRDRL
IDDVYDVYGT LDELELEFTNA

3
] \/ _*4

AYNLLEEKGD NNLPYLAKSW
VSSSGCGALLT PCYEFSIRODI

o
< T TN T 1
SAAERLERGE’

QTEFPKAFIET

U o«

TNSITSCMOD
ATNMARVEHC

SEQ IDNO 19

BVSQDVE
FSMTHLKNLN
PHDRLLVELA
VYFWASGMA x}:
VERWDVNAVD
SDLCKRAFLQE
TNQALDSLTN
QCIEZ QAR
'YGDbLG.

RI (AT
EGVVTPKLAER
KLDFNMVQOSL
DPOLSECRKA
TLEFDYMKLCE
AKWA I\L\TK Ip
YHGPVRSSCA
ELRNLZI Dz—xEW
PDNTAENRIK

WA

Physcomitrella parens PpCPS/KS mRNA for ent-kaurene synthase

Adapted from Genbank: AB302933
8709 is shown in bold and highlighted.
MASETLIONR
PTESVLESSE
NEQSTLYVSD
SMSPYDTAWY
DRVCNTLACY
IVFPAMMEDA
LHSLEGLH“E

SCEVTSSME
qbp‘Ydivlu
IWSETLORTE
ARVPALDGSH
TALKTWGVGA
KALGLDLPYD
VDWNKLLQLO
FNVYPVDLEE
SNSSVQDVDD
TGMENLSRAS
AGEVEYNLTE
LELAKADENM
AA TMPEPEMVOA
RTWNPE LINGLPEQAXK

vavhuwap
CFACOSSOAV
FOKWITTKDL
KMPAVTNEVE
SVECYFAG

VOAVE

TQJC~LTH%
MNEWIEEIRY

FOQIFRGQPLR Fi
PSGINPSENG
CLLOVTENVQO

TH—" i

RLWMVDRLOR
TAMAFRLLRT

OTLFPCESLL
PWYASLPRLE
COALHKKELE
RLVWARCCVL
ILEMGLYKTV

53

TIDNOQLPDGD
OSNIYKMEED
REKKMKKIPM
ASTACALMYT
LGTIERYFERE

HGFDVEEDCE
EKKARTFSRNFE
HRTYLDOYGE
QVIKWNASCQO
TTVLDDYFDH

FHRAFMA

QINHALELPY
QOKKEVGESSR
VTEMFGLYTT

FALYNTVNDT
SENKYTIENAS
IFRLCNDLAT
KOMNRERVED
LLLIDPLS5Y

SERRCLR
LEFIPMERXSID
YERNMTLGET
WCREPSLEFLGY
DANHMPIGFE
AMVYRYPTTL
KDVKCFDYLN
TRDCLOYVYER
ROFFKDGEEF

NNEC

TRETKH
LRTKI

TS
DA

FRDOLEFARQK
GTPVEELRVE
CKRDVHHHLK



WO 2013/016591

HYWDKLT
HRLDEDVLDS
EHPSVPSEAM
MHAFYKDTDG

SEQ ID NG 20

LEEAEWARESG
YDYHLVMHELY
ATAHLQELVD

FasT

LTAMTGE

YVPTFDEYME
NERVGRILNDI
NSMOQLTYEV
VEKE

FYTT

NV L

JFEPVEE

PCT/US2012/048422

VAEISVALEP
QGM?\'R ASQF“
LRET

VPK \LJ ()

IVCSTLEYAG

KISSVQIYME
KRIHLNMAKT

Snapdragon {(Antirrhinum majus} myrcene synthase converted into an isoprene synthase
by making the change V331F (shown}, V331W or V331Y {(not shown}.
Adapted from Genbank: AY195608.1
V331F is shown bold and highlighted

YA n

TEVD
fWRf‘rHLnR\’\I >

LDEAENESE L\Q
I “GLVJVF,.N(:V\T
NRPFE FYTWS
TIFTEAVNKW
SLETTWKSLC
LMGLGGTERG
NCYKKEHINL
NLARMVPLMY

SEQ ID NO 21

DVENNEFKGES
ITLHGNLAGME

LRELALMDLO
MVILADY INL
DYSATDTLEE
SAFLVEAKWS
SIELNDTQEL
TAR g ”F“AM

AETLPMDYEGK
BEILRKSYATM
GEFKEELKRD
DNLRRSVGNK
VERSVYQERL
SEQRVELTEKS
NMREMCCMTLL
ASGSLEFSANE
MSETATIFRL
BELVATEWKERL
LERYVKEMLS

LHRAAYKTSR
IX }_”R__L I
KSPIICEYHY
TRGLVELYEA

LRYPFHTSTA
LOVSKWWNETL
FIYLIDDI
DTINGTSQORT
YLENEKVES5G
WNDLGSAKNE
NEESFNLNHD

WNIPGDVGEST
KGENDETESL
LHEVSLFFRL
AQLSFEGERT
RETGRNYDDD
GLYKKLNLAR
~UWYGTLD?

KHGYNFID
VVL\HLE“
HQNGKDubYL
SVSSFROAAL

Suapdragon (Antirrhinum majus) miyrcene synthase converted into an isoprene synthase
by making the change V444F (shown), V444W or V444Y (not shown).
Adapted from Genbank: AY195608.1
V444F is shown bold and highlighted

TN
VG

MAFCTSYS
PPPSKLEQ
I F“‘JDATJ,JF\LG

MROHGRYVSA

LDEAENFSRQ
LCGMYEWGKT
NRPFEFYTHS
ITIFTREAVNKR
SLETTWRSLC

LMGLGGTSRG

Lot
NCYKK

SEQIDNO 22

HINL
NLARMVPLMY

DVENNFKGES
TLHGNLAGME
LRELALMDLO
MVILADYINL
DYSATDTLEE

T UE AT
Rg{q IAVE f*/

WS

S IE NLTQE"

RFATCHNTSK
ARLPMDYEGEK
BILRKSYATM
GRFKEELKRD
DNLRESVGNK
VERSVYQEEL
SEQRVELTES
NMEMCCMTLL
ASGSLEFSANE
MSSIAIIFRL
ELVAIEWKRL
LEEYVEKEFMLS

LHRAAYKTSR
TKETRHELLHL
KSPIICEYHT
TRGLVELYEA
LEYPHFHTSIA
LOVEKWWNEL
VAFIYL JP’D¢
DTINGTSQRT

YLENERVESG
WNDLGSAKNE
NKESFNLNHD

D

L

Wik rJr
VT

WN T PG
KGENDPIESL
LHEVSLFFRL
ﬁOTQFEGERI

™ T D
RETGRNYDDD

GLYKKLNLAR
FOVYGTLDEL
YEJKHGYNP iD

VHLEC

“DGSY

:1" ’?\T

SVSSFKQAAL



WO 2013/016591

PCT/US2012/048422

Sunapdragon (Antirrhinum majus) piyrcene synthase converted into an isoprene synthase
by making the change V331F and V444F (shown), (V331F and V444W), (V331F and

V444Y), (V33

Adapted from Genbank:

AY195608.1

W and V444F}, (V331W and V444W), (V331W and V444Y), (V3.
and V444F}), (V331Y and V444W) or (V331Y and V444Y) (not shown}.

V331F and V444F are shown bold and highlighted

MAFCT

PP}:' SK Ltl"“AL

D V\ fl [':\

’RQH‘"RYV
LWTAwRF~?
LGGMYEWGKT
NEPFEREFYTHWS
ITFTEAVNEW
SLETTWKSLC
LMGLGGTSRG
NCYEKEEH I;_\TL
NLARMVPLMY

SEQ ID NO 23

e T
LLPCSLET

CLNEHSLSCM
VNHHEHFPQEETER

DVEFNNFKGES

TLHGNLZ

el A\H

TLAGME
LRELALMDLYG
MVILADYINL
DYSATDTL P'

“{F \/H,’\\V

QEL MSSTATIFRIL

KFATCHNTSK
AETPMDYEGK
BEITLRESYATM KS
GRFKEELERD TRGI
DNLERESVGNK
JERSVYQEEL
SEQRVELTKS
NMEMCCMTLL
ASGSLPSANE

.IJL!SQK_
YLENEK
WNDLGSAKNE

NXESFNLNHD

D

ELVAIEWKRIL
LEEYVEFMLS

Solanum vcopersicum cultivar MR2 B-phellandreve synthase (PHS1)

Adapted from GenBank F

F797957 1

»J:. CJ 5

31Y

WNIPGDVGST

» KGENDPIESL

LHEVELEFFRL

L AQLSFEGERT

GRNYDDD
GLYEKKLNLAR
FOVYGTLDEL

HONGKDGSYL
SVSSFKQAAL

This B-phellandrene synthase is converted into an 1soprene producing enzyme using a
combination of one or both of the changes V324F and M672F. V524 and M672 are
shown bold, underlined and high-lighted.

IV STIT
A}«LR }«L’FEG

Mﬂ“7w1n
KENVEYMGEG
CYQYLNSIFQ

Hnﬁlvﬁlng

ERWDDYASVG
LELMKLMLME
ISKDLLESDE
SEEEATMKIK

TYSQTDGEYRIT

SEQ ID NO 24

TLSHPELGNG

KLELSP3SYD
HPLLLKDSLS
FPLGFEVIFSS

VGELCDWKEM

QHEKNWVPTMY
KNEQIFSNVT
VETLELHKAS
VELALEKEYT
THDFELCQ!

PE

LEDART

YRIBEEVKVEFE

RVEWCSGKTI

ICCGLWNCSGR

EILEMNR
AREMKNHIDE

KTISSNAIFQ
TAWVAMVPSR
STLACLLI
MIKSAERKLDL
TKLHORONGS
PTRVHSLLCL
HCAMAFRLLR
QLATDHEKDD

TS5HLAENRRY

RSCRVRCSEHS
HSLNEPCEFPE
KWRVGDEQIK
NLPLNLHLVN
LEDSPATTAA
VDTLONLGVH

MEYYDVSSDE

AT T
S

5\/173 KSIEEL
PSIEEYLYVT

ATIAEI VQb?
SITFCAKLIP
SKREQKEVSI
SQLPQLOKD!

LK *"’L Ql&u,
VEYRPLNH

W
A

TTSSMNGFED
CLDWIIENQR
RGLGEFIETYG
LVECKREDSTI
ALIYHQHDQK

RHFKSEIKKA

KINNWTR A

AAYR

TLKAAY S}:E\.
GLAERYIHAS
BlS T :JITET“/‘

C”'Khhl T”"
u.}*\‘; ‘__\.‘

NLVTL L MK S M
FWRTEKWAHE
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Populus tremuloides 1soprene syuthase

Adapted from Genbank: AY341431.1

The active site i1s opened up by making the mutation F338L and F485W (shown bold and
underlined), F338L and F485Y, F338W and F485L, F338Y and F485L (not shown}

MATELLCLHR PISLTHKLFR NFPLPRVIQAT PLTLKLRCSV STENYSFSET
ETETRRSANY EPNSWDYDYL LSSDTDESIE VHKDKAKKLE VRREINNE
KARFLS 5L IDNVORLGLG YRFESDIREA LDREVSSGGE DQVthSme
TALSFRLLRY HG*WVC” CAF SGFRDONGNE LENLKEDIKA ILSLYEASEL
ALEGENILDE ARVFAISHLK BELSEEKIGERE LAEQVSHALE LPLHRRTORL
BAVWSTIEAYR KKFDANWVDL ELATLDYNMI QSVYQORDLRE TSRWWRRVGL
ATKLHFARDE LIESFYWAVG VAFEPQYSDC RNSVAKMLSY VliiDDiXDV
YGTLDELELEF TDAVERWDVN AINDLPDYMK LCFLALYNTI NEIAYDNLKD
KGENILPYLT KAWADLCNAF LOEAKWLYNEK STPTIDDYFG NAWKSSSGERL
QLIFAYFAVV QNIKKWETEN LOKYHDITSR PSHIWRLCND LASASARTIAR
GETANSVSCY MRTKCGISEEL ATESVMNLID ETWE KNR EXK LGGSLEFARPY

VETATNLARY ShCTﬁHkCUH HTSEFDELTRK RVLSVITEPI LEPFER

SEQ ID NO 25

Populus alba Isoprene synthase

Adapted from Genbank: ABI98180.1

The active site is opened up by making the mutation ¥
underlined), F338L and F485Y, F338W and F485L,

3381 and F485W (shown bold and
33 dﬂd F4R83L (not shown)

STENVSFTET
AEVRREINNE
DAVTKTSLHG
ILSLYEASEL

e
3
]

PISLTHRLER

EPNSWDYDYL
IDNVORLGLG
HGFEVSOEAY

PLPEVIQAT PLTIL? ;
BSIE VYKDKAKKLE
LDREVSEGGE
LENLKEDIKA

FLLOTHR

\RRSANY
VAEFLTLLEL
SEFRLLEQ

T OOy
A_n_)nJL_)_I_I

YREFESDIRGA
SGEKDONGNE

HLT?JNTIDE ARXVFATISHLK ELSEEKIGKE LAFCVNHALE LELHRRTORL
BAVWSTEAYR KEEDANQVLL ELATLDVNMT SVYQRDLRE TS5RWWRRVGL
ATKLEFARDR LIESEFYWAVG VAFEPQYSDC RWS“ ARKMLSE VTIIDDIYDV

YGTLDELELF
KGENILPYLT
QLVFAYFAVV
GETANSVSCY
VETAINLARD

TDAVERWDVN

{AWADLCNAF
ONTIKEEEIEN
MRTRGISEEL
SHCTYHNGDA

ATNDLPDYMK
LOBAKWLYNK
LOKYHDTT .JT\
ATESVMNLT

ETSPDELTRK

TFFTﬁTTﬂTY
STPTFDDYFE
PDHL@RLCN'
ETWKEMNKEX
RVLEVITEPRPT

NEIAYDNLED
NAWKSSSGPL
LASASAELIAR
LGGSLEFAKPE
LPFER

SEQ ID NO 26

Populus nigra Isoprene synthase

Adapted from Genbank: HQ684728.1

The active site is opened up by making the mutation F338L and F485W (shown bold and
underiined), F338L and F4R85Y, F338W and F485L, F338Y and F485L (not shown)

MATELLCLHR FPISLTHELER NFLPRVIQAT PLTLEKLRCSV STENVSEFIET
ETETRRSANY EPNSWDRDYDYL LSSDTDESIE VYKDKAKKLE AEVRREINNE

36
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KABFLTLPEL ITDNVORLGLG YRFESDIRRA LDREVESGGE DAVTHTELHA

TALSFRLLRO HGFEVSQEAEF SGEFRDONGNE LENLKEDIKA TLSLYEASEFL
ALEGENILDE ARKVFAISHLK ELSEEKIGKD LAEQVNHA LPLHRRTOR
EAVWSIEAYR KREDKDO”LL ELATLDYNMI QOSVYQRDLRE TSRWWRRVGL
ATKLEFARDR LIESFYWAVG VAFEPQYSDC RNSVAKMLSE VTIIDDIYDV

YCTLDELELF
KGENILPYLT
QLVEAYFAVV

GETANSVSCY
VETAINLARQ

TDAVERWDVN
KAWADLCNAF LOEARKWLYNK
ONIEKEEIDN LEKYHDLlSR PSHIWRLCND
MRTKGISEEL ATESVMNLID ETWKEMNEKEK

SHCTYHNGDA HTSPDELTREK RVLSVITEPT

ATDDL

DYMK LCFMA“§W1¢
(SHI‘WWKF}' \/fl'

NETAYDNLEKD
NAWKSSSGPL
ASAETAR
FAKPF

LASA

;
LGGSL

LPFER

SEQ IDNO 27

Populus trichocarpa Isoprene synthase

Adapted from Genbank: EUS93027 .1

The active site 1s opened up by making the mutation F301L and F448W (shown bold and
underlined}, F301L and F448Y, F30I'W and F448L, F301Y and F448L (not shown)

(3(3 1ZX\"1£("“
IKATLSLYEA
ALELPLHRRT
LEETSRWWRE
ESFVTTIUDT
NT‘ LIAYDN
Gl\zxv\ K358
CNDLAbnS \E
KERLGGSLFA
EPILPFER

SEQ 1D NO 28

TETETETRRS
NNEKAEFLTL

LHATALSFRL
SFLALEGENT
ORLEAVLSTE
VGLATKLHEFA
YORVYGTLDEL
LEKEKGENILP
GPLOLVEFAYE
TARGETANSV
KPEVETAINL

=5

L.L

Pueraria Montana Isoprene synthase
Adapted from Genbank: AY316691.1
The active site is opened up by making the mutation ¥F3431 and F493W (shown bold and
underiined), F343L and F493Y, F343W and F493L, F343Y and F493L (not shown)

=)
4

a5

.
TN

PO

MA
QFT
MT

~
(../

TR o
PAS

\V 1\7

LC
TTﬁHIS
IRVDTOP
SDLHATALSE
YLGFEGE
RLHRLEARWE
TEMGLASKLD
...... VYGTLD
uILKﬂKbHNN

SOTIAT T AT
SSGVALLAPS

KLESPTFTPS
RRSANYQOPNL
LSLLEL IDD”
l\“ LROHGE
LLEEA ‘JLQ
LDKVHPK?PH
FVRDRLMEVY
ELOLFTDAVE
LSYLTKSWRE
YESVCQOQED

ANYEPNSWDY
LELIDNVORL
LROHGFEVSD
LDEARVEATLS
AYREKEDADQ
RDRLIESEFYW
ELFTNAVEERW
YLTKAWADLC
AVVONIKKEER
SCYMRTEGIS

AR’C—SNﬂHYHF

TRFPQSKNET
WNFEFLOQSLE
ORLGLTYKFE
SODVFERFKD |
ITHLKNNLKE
HOLLLELAKL
FWALGMAPDP
RWDVNAINTL
LCKAFLOEAK
ISDHALRSLT

3

5

DYLLSSDTDE
GLGYRFESDI
EAFSGFKDON
HLKELSERKT
VLLELATILDY
AVGVAFERQY
DVNAIDDLPD
NAFLOEAKWL
IENLOKYHDI
EELATESVMN
GDAHTEPDEL

TOQRTSLANFPK Ph

NDLEVEKLEE
KDIIKALENT

EGGFSGELK
GINTKVAEQV
DFNMVQTLHO

E/\ FORT

(3

PDYMKLCELA
WSNNKITPAE
DFHGLVRSSC

AT
LAVT

EVYKDKA

RRALDREVES
GNFLENLKED

GEDLAEQVNH
NMIQEVYORD
SDCRNSVARM
YMELCEFLALY
YNKSTPTFDD
ISRPSHIWRL
LIDETWREMN
TRRKRVLEVIT

JL DENKKNK
GDVOGLLSLY

SHALELPYHQ
KELQDLERWW
KM&GLVTIID
LYNTVNDTSY
SKYLENASVS

VIWRLCNDLA
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CANDT
TSAARLE

LRGE
TLLPEAF

NOLMYV

TTNESTISYME

METAVNMARV

ENDGTSEEQA
SHCTYQYGDG

REELRKLIDA
LGEPDYATEN

EWKEMNRERV
RIKLLLIDPF

SDS
PII
SEQ ID NO 29

Eucalyptus globulus “mats-1 mRNA for monoterpene synthase” actually an isoprene
synthase

Adapted from Genbank: AB266390.1

The active site is opened up by making the mutation F326L and F473W (shown bold and
underlined), F3261 and F473Y, F326W and F473L, F326Y and F473L {(not shown}

TEDPORGERS
SVRGALNDEK

ANYQPSVWTY

AFTETTFATV

GRVRECSASTO
QOKEKVQILEE

MALRLLFTPH LPYLSS5RRAN
\JB LOSTVAGE GROSRREVEQ

DIQRLGLGD
GTEVQQDVFK
RSFATKHLEN
GYTNPOILEL
ECFFWAVGIA
AVERWDLNAV
WYDLCRAFLQ

HFEEDISNAL
IFLDESGSEV
LNSDVDKDLO
ALTDFNVSQS
EFSLSICEK
EDLPVYMKLC
EARKWSNSRILL

RRCVEEKG
KTLGGDVQGV
DOVKHELELP
YLORDLOEML
AVTKALALIL
YLALYNEVNE
PGVEEYLNNG

A‘\ 7 E’x

MELOKELEGT
LESLYEASHLA
LHERRMPL
GWWNNTGLAK
VLDDVYDVEG
MAYETLKEKG
WVSSSGEVML

ALGHRLLRQGH
FEEEHEILHKA
RRSTIBEAYSRR
QLDEMRLB I
TLEELELY
ENVIPYLAKA
THAYFLASPS

IRKEELESLE HYHDLLRLES
BKGISELEAR ECVEEEIDTA
CVYODGDAIG SPODDLSWNRY

LIERLTNDIA
WEKKMNKYMVD
HS5LIIKPISP

SSSAELERGE
RQTFNQbFVh

AY
EVax

TINS IRCFM)
MTYNLARMAH

o=

SEQ 1D NO 30
Melaleuca alternifolia “putative monoterpen
synthase

Adapted from GenBank: AY279379.1

The active site is opened up by making the mutation F326L and F473W (shown bold and
underlined), F3261 and F473Y, F326W and F473L, F326Y and F473L (not shown)

e synthase mRNA”, actually an isoprene

MALRLLSTFH LPQLCSRRVS GRVHCSASTQ VSDAQGGRRS ANYQPSVWTY
NYLOELVADRD TRRSRREVEQ ERERKAQILEE DVRGALNDGN AEPMATFALV
DDIQRLGLGE YFEEDISKAL RRCLSQYAVT GSLOKSLHEGT ALSFRVLROH
GFREVSQDVEFK IEFMDESGSEFM KTLGGDVOGM LSLYEASHLA FEEEDILHKA
KTFATIKHLEN LNHDIDODLQ DHVNHELELP L:RQMPL'E> RRFIEAYSRR

SNVNPRILEL
CFFWAVGIA
AVRRWHEDAY
WYDLCKAFLY
LRKEELESLE
EKGFSESEAR
CVYQDGDAIG

AVMKENSSQOL
EPALSHNCRK
ENLPGXM&LC
EAKWSYNKIT
HYHDLL

TLORDLODML
GVTKALSLIL
FLALYNSVND
PGVERYLNNG
> LIWRLTNDLA
WROMNEKYMVD
HSLIIKPVSL

GWWNNVGLA
VLDDVYDVrG
MAYETLEETG
SSESGOVML
TSSAELGRGE
HSTENRSEMO
APC

RLSFARDR
TLDELEL?
ENVTPYLT
THAYFLESPES
TTNSTLCYMR
MTYNLARMAH

M

4%

LV

N
\lﬁ" \Y4
'Y

}{¢J}
KOVIEQIDTA
APDDOSWNRV

SEQ 1D NO 31
Robinia pseudoaccacia isoprene synthase
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Unpublished sequence

PCT/US2012/048422

The active site is opened up by makiog the mutation F281L and F428W (shown bold and
underlined), F281L and F428Y, F281W and F428L, F281Y and F428L (not shown)

RRSANYQPNTL ¥
LELLELVDNV
_ﬁERQELlL;*'* VSQ

LDEAREF5MT
NYEVEEPHDR LI

WNEFEFLOSQOR

ORLGLTYKFE

DVFESTRDEE
HILKNLNEGVV
KMUP

VELA

BDRIVEVYEW
ELFTNAVEERW
YLAKSWSDLC
SIRQDWTRQA
TSCMOD

N O
i.\] (& i)

hiQARDELRN

GDCGLGRPDNT

SEQ ID NO 32

YDLMVETLOE
DDINKALERIT
GRFKAETKGD
TPHKLAEQINH
NMVOELOKKE

SECRKAVTEM

T YMKLCFFALY N
NNKIIPSFNE Y1

LIDAEWKO
AENRIKLLLI

Humudus lupulus (Hops) isoprene synthase

Unpublished sequence

OMN h“RV“L“lEP

RATKLEEELVR
VSLDEREKSG
VOQGLLSLYEA
ALELPYHERE
VEESSRWWKE
?GLVl'lbﬁV

DPLSN

F354 and F530 are mdicated in bold, undertined and high-highted

PT T QY
_\J_D

MOCMAVHQFA PLLSLLNCSKE
NN”DQBQANX EPSIWSFDYX

DTLOR
ﬁWLle
RVFSS §
WETTRSEARW
WRHSKLGEKL
DDTIYDVYGTL
FDVLGDONFL

COPVILVHE
SDELNRGDY
SCEFSETEVEY
ERK

VLHNTINEMA
LOBEY TEMAWL
IVRELADDEGT
KDMNKNDEDN

ALITINPINFH

SEQ ID NO 33

ARY

DETGKFK
YMMKMEGNKY
FIDVYEKKQD
NFARDRLMEA
EELELFTKAV
NIEYLKKSLY
AYFCFTNPIT
PKETQCYMY]

CKNLARTA

FPKTSTKSRES
SYSSRLNELK
KREYINTONN
TYLSDDIMGYV
LLDEDLDHEND
MDSTLLEFAK
FLWEVGLKEE
ERWDVNATINE
DLCKCYLQEA
KESMEFEFTEG
TGASEDEARE
MYOYGDGHAS

Aspergillus fumigatus tryptophan divacthylallyliransferase

Adapted from Genbank AY 775787

Resides that line the active site and can be converted into phenylalanines

bold and hughhighted.

WKA ﬁhoun

AYRVLSRAFR
CVIPSLGCYP
GTDKDPEFNTH
NDRLVGGTIR
VRRLAVREFR

SSAFLAH

NSEE
KTIHELVEGS

FONEDORLIWW

TNSAPEWLET
AIWESLOHLL
TONKLALDLK

ILPPLNMLEE

39

UFRFH“V“S*
YIRSRGSKST

. GGALLT

RLINRVDIEP
LHATALIFRL
SYLGSEGENL
pR E&RW*TE
PSKLDEV

YOVYGTLDEL
LKERGDNNLE

TF?\*"‘(

NENVNHEVLT

LDFNMVOSTH
PEFSXFKRIS
LEEYMKMPEL
KWYYSGYQPT
YPNIXT 3
HIKFLICE

ONCLSKERIY

{F} arc shown

LETANYTTPC
SLNCSNSIVR
HFKHDLTL
PALKAVVTE

ASPRLVSCDL




WO 2013/016591 PCT/US2012/048422

SPAKSRIKI YLLEQMVSLE AMEDLWTLGG RRRDASTLEG
[QLSPGLKSY PAPYLPLGVI PDERLPLMAN ETLHONDPVP
MNDMAVADAL TTFFERRGWS EMARTYETTL KSYYPHADHD LH
FSYRDRTPYL SVYLOSFETG DWAVANLSES KVKCODARCG PTALPPDLSK
TGVYYSGLH

SEQ ID NO 34

Streptomyces sp. UCS319 pentalenence synthase gene
Adapted from Genbank: U05213.1

MPODVDFHIP LPGROSPDHA RABARQLAWE RSLGLIRSEDA AARRHLRGGY
ADLASEFYPH ATCGADLDLGY DLMSWEFLED DLEFDGPRGEN PEDTRKQLTDRO
VAAALDGPLP DTAPPIAHGE ADIWRRICEG MTPAWCARSA RHWRNYEDGY
VDEAESREWN Z&Pr DSAAQYL AMRRHTIGVO PTVDLAERAG RFEVPHRVELD
SAVMSAMLOT AVDVNLLLND IASLEKEEAR GEONNMVMIL RREHGWSKSK
SVSHMONEVR ARLEQYLLLE SCLPRVGEIY QLDTAEREAL ERYRTDAVET
VIRGSYDWHR SSGRYDAEFA LAAGAQGYLE ELGSSAH

SEQIDNO 35

Strepromyces sp. UCS319 pentalencne synthase gene converted into an isoprene synthase
by making the change VI79F (shown), VIT9W or VI179Y (not shown)

Adapted from Genbank: U05213.1

V179F is shown in bold and highlighted.

MPQDVDFHIP LPGROSPDHA RARBAEQLAWE RSLGLIRSDA AAERHLRGGY
ADLASRFYPH ATGADLDLGY DLMSWEFLED DLFDGPRGEN P}_LL'\'Q TDO
VAAALDGELP DTAPPI AnuF’ ADI v\'RR’””""’" MTFAWCARSA RHWRT\]Y% DGEY
VDEAESEFWN APCDSAAQYL AMRRHTI PTVDLAERAG RFEVPHRVFED
SAVMSAMLOT AVDV ].\ELL.L;].\JD TASLEKEEA \R GEONNMVMIL RRJ&HGWQKQF{
SVSHMONEVR ARLEQYLLLE SCLPRKVGEIY QLDTAFREAL ERYRTDAVRT
VIRGSYDWHR SSGRYDAEFA LAAGAQGYLE ELGSSAH

SEQ 1D NO 36

Streptomyees sp. UCU3319 pentalencne synthase gene converted into an isoprenc synthase
by making the change NZ19F (shown)}, N219W or N219Y (not shown}

Adapted from Genbank: U05213.1

N219F 1s shown in bold and highlighted.

MPOQDVDFHIP LPGR"WSP]"'HA RABAERQLAWYP RSL GT‘ RBSDA AARRELRGGY

ADLASRFYPH ATGADLDLGVY LLIVS, FFLFD DLEDGPRGEN PEDTKOLTDO
VAAALDGPLP DTAPPIAHGE ADIWRRTCEG MTPA CARSA RHWRNYFWGY
VDEAESEFWN APCDSAAQYL AMRRHTIGV( PTVDLAERAG REEVPHEVED
SAVMSAMLOT AVDVNLL TASLEKEEAR GEQNNMVMIL mRLH SWSKSR
SVSHMONEVE ARLEQYLL SCLPEVGEIY QLDTAEREAL ERYRTDAVRT
VIRGSYDWHRE 35SGRY ]"r\UL & LAAGAQGYLE ELGSSAH

60
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SEQ D NO 37

Strepromyces sp. UCS319 pentalencne synthase gene converted into an isoprene synthase
by making the change V179F and N219F (shown), (V179F and N219W), (V179F aund
N219Y), (VI79W and N219F), (VI79W and N219W), (VI79W and N219Y), (V179Y
and N219F), (V179Y and N2Z19W) or (V179Y and N219Y} (not shown})

Adapted from Genbank: U05213 .1

VI79F and NZ19F are shown in bold and highlighted.

MPODVDEFHIP LPGROSPDHA RAER KEDTBWP RSLGLIRSDA AAFERHLRGGY
LASREFYPH ATGADLDLGV DLLSWE' DLEDGPRGEN PEDTHEQLTDO
VAA'LDVP“T DTAPPIAHGE MTPAWCARSA RHWRNYFDGY
JREN: APCDSAAQYT PIVDLAERAG RIFEVPHRVED
bA‘v’I\’BAI\’I pJ AVDVNLLI GEONNMVMIL RREHGWEKSR
SVSHMONEVR ARLEQYLILLE OLDT ERYRTDAVRT
VIRGSYDWHR SSGRYDARTA JBLEaQGYLE ELGS5AH

SEQ ID NO:38

gtttgacagcttatcat gcacggtgcaccaatgettcoctggogtecaggea
gecatcggaagctotggtatgg cacgtcotaaatcactgeataattegtgtcege
tcaagoegeactecegtitetgoat _gttttttgg cogacatcataacggtitctgge
aaatattcltgaaatgagetgtitgacaattaatcatecggetegtataatgtgtggaatt
gtgagcggataacaatticacacaggaaacagegeegetgagaaaaagcgaagoeggcac
tgctotttaacaatttatcagacaatctgtgtgggea thaﬂ.ggaattatcgattia
Cctttattattasaaattaaagaggtatatattaatgtatcgattaaataaggagygaata
aaccatgagatotagegtgteocaccgaaaatgtgtettitcaccgaaactgaaaccgaaq
ctegtegttectgegaactacgaacotaacagetgggactatgattacctgetgtectee
gacacggacgaghoecatecgaagtatacaaagacaaagegaaaaagetggaageecgaagt
tegtogegagattaataacgasaaagecagaatttectgacectygectgya dutud#tgaca
antCC%””QC”TkJ*”“ gqgttaccqttt pegele LijatutTCOtCQu’”thJC%t
cgct cgatgcecggtaaccaagactteectgeacggtacgge
actc aC&ngtTtlguqOL+iCLuaO'uﬂOLLtCLuch
gctTvaauqaguaaaav'{ cotggagaacctgaaggaagatatcaaagetate
CtgaQCF*’deq&gGCvdgCVt?CtggCtCtQGcu@“@@ﬂaddvarbvhgﬁﬂhg{ GO
gaaggttttegeaatctetecatctgaaagaactgtctgasgaaaay
tggcagaacaggtgaaccatgcactggaactgecactgeategecy
Jaagcagtatggtcectate qajhﬂctahcgtaaadaggdqgacchaa
Jgagotggcaat atccagtetgtataccage
aaacgtcccogtt cgaccaaactgcea

tgtagecattcecgaaccocaatactcoga

ttcocgtaaccattatcgacgatatet
.

chtaattgaan

tgtata*qomaﬁcct
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ctgggcectgacctgtgraac:
,tCQOZ”Ct tgacgactac
caactggtgttegettacttcge
CCt}JQdSHQtBCCd"ah8cca

ggctagegegtetgeggaa
o} tgcecgeactaaagy ctecc
tgaatctgatcecgatgaaacctggaaaaagatgas
Legecgasacegttegtggaaacegegatcasco
tcataacgycgacgegecatacetectecggatga
taatcactgaaccgattctgocegtittgaacget

atgggaattcgaaget
tcguvca.vatua*

ttctaga
tca*“

L

acaaaaactc
attgagttta

cggatgagagaagatittcagectgatacagat
ta;aac;qaatttgcr ggcggcagtagegeagygt
tcagaagtygaaacgecogtagegecygatggtagt

gaactgccaggcatcaaataasacgaaaggctc
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qqca,caagztagqcaqae gecatecctgacag
ctttttgtttatttttctasatacattcaaa
tgataaatygcettcaataatattygaaaasgy
cgccocttatteccocttttitgoggecattttgect
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ctetge

agca E'chgtc cecgeatacact .Lcrcaqa
acagaaaagceatcttacggatggecatgacagta
catgagtgataacactgecggeccaacttacttcet
taaccgottttitgcacaacatgggggatecatyg
gagcltgaatgaagecataccasa 1:q3cg1@cgt
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We claim:

b

(v

An isolated nucleic acid sequence comprising a sequence encoding an isoprene
synthase variant of a parent cucalyptus isoprene synthase, said sequence operably
linked to a promoter, wherein the isoprene synthase variant is capable of
catalyzing 4 reaction that synthesizes isoprene from DMADP (dimethylaliyl
disphosphate} and said isoprene synthase variant is truncated at the N-terminus as

compared o the parent eucalyptus isoprenc synthase.

The nucleic acid sequence of claim 1, wherein the parent cucalyptus isoprene

synthase is £ globulus of SEQ 1D NO: 6.

The nucleic acid scquence of any of claims 1-2, wherein said isoprene synthase
variant has a sequence that has at least five amino acids truncated from the N-

terminus as compared to the parcut cucalyptus 1soprene synthase,

The nucleic acid sequence of any of claims 1-3, wherein said isoprene synthase
variant has a sequence that has five to thirty five amino acids truncated from the

N-terminus as compared to the parent cucalypius isoprene synthase.

The nucleic acid sequence of any of claims 1-4, wherein said isoprene synthase
variant has a sequence that has ten to thirty five amino acuds truncated {rom the

N-terminus as compared to the parent cucalyptus isoprene synthase.

The nuclete acid sequence of any of claims 1-3, wherein said isoprene synthase
variant has a sequence that has fifteen to thirty five amino acids truncated from

the N-termminus as compared to the parent eucalyptus 1soprene synthase.

The nuclete acid sequence of any of claims 1-6, wherein said isoprene synthase
variant has a sequence that has twenty to thirty five amino acids truncated from

the N-terminus as compared to the parent cucalyptus 1soprene synthase.
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9.

10.

13.

14.

15.

16.

18,

The nucleic acid sequence of any of claims 1-7, wherein said isoprene synthase
variant has a sequence that has twenty five to thurty five amino acids truncated

from the N-terminus as compared to the parent eucalyptus isoprene synthase.

The nuclete acid sequence of any of claims 1-8, wherein said isoprene synthase
variant has a sequence that has thirty to thirty five amino acids truncated from the

N-terminus as compared to the pareunt cucalyptus isoprene syuthase,

The nuclete acid sequence of any of claims 1-9, wherein said isoprene synthase
variant has a sequence that has thirty five amino acids truncated from the N-

terminus as compared to the parent cucalyptus 1soprene synthase.

1. The nucleic acid sequence of any of claims 1-2, wherein said isoprene synthase

variant has a sequence that has less than thuty five amnino acids truncated from

the N-terminus as compared to the parent eucalyptus soprene synthase.

. The nucleic acid sequence of any of claims 1-11, wherein the promoter is a

prokaryotic promoter.

The nucleic acid scquence of any of claims 1-12, wherein the promoter 1s a pTre

promoter.

An expression vector comprising the nucleic acid sequence of any of claims 1-13.

Anisolated host cell comprising a heterologous nucleic acid sequence according

to any of claims 1-13.

An isolated host cell comprising a vector according to claim 14,

. The 1solated host cell of claim 15 or 16 being a bacterial cell.

The isolated host cell of claim 17, wherewn the bacterial cell is Escherichia cofi.
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19,

2%

N2
o2

26,

The 1solated host cell of any of claims 15-18, wherein the host cell further
comprises one or more recombinant nucleic acid sequence of a MEP pathway

gene,

. The isolated host cell of claim 19, wherein the MEP pathway gene 1s selected

frow ds, ispD, ispl, and idi.

An isolated isoprene synthase variant of a parent cucalyptus isoprene synthase,
wherein satd variant comprises a truncation in the N-terminal portion of isoprene
synthase as compared to the parent eucalyptus 1soprene synthase and wherein
satd variant is capable of catalyzing a reaction that synthesizes isoprene from

DMADP (dimethylallyl disphosphate) .

. A method of producing isoprene comprising: (a} providing a host cell comprising

an expression vector according to claim 145 and (b) culturing the host cell under

conditions suitable for producing isoprene.

. The method of claim 22, further comprising {c¢} recovering the isoprene.

. The method of claim 23, further comprising (d} polymerizing the isoprene.

. An isolated nucleie acid sequence comprising a sequence encoding 4 variant of a

parent solanum phellandrene synthase, said sequence operably linked to a
promoter, wherein the 1soprene syuthase variant is capable of catalyzing a
reaction that synthesizes isoprene from DMADP (dimethylallyl disphosphate)
and said isoprene synthasc variant is truncated at the N-terrunus as compared to

the parent solanum phellandrene synthase.

The vucleic acid sequence of claim 25, wherein the parent eucalyptus soprene

synthase is S, fvcopersicum of SEQ 1D NO: 23,
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N2
=~

28,

(a2

33.

34,

. The nucleie acid sequence of any of claims 25-26, wherein said variant has a

sequence that has at least five amino acids truncated from the N-terminus as

compared to the parent solanun phellandrene synthase.

The nuclete acid sequence of any of claims 23-27, wherein said variant has a
sequence that has five to thirty six amino acids truncated from the N-terminus as

compared to the parent solanum phellandrene synthase.

. The nucleie acid sequence of any of claims 25-28, wherein said variant has a

sequence that has ten to thirty six amino acids truncated from the N-terminus as

compared o the parent solanum phellandrenc synthase,

. The nucleic acid sequence of any of claims 25-29, wherein said variant has a

sequence that has fifteen to thirty six amuno acids truncated from the N-termanus

as compared to the parent solanum phellandrene synthase.

1. The nucleic acid sequence of any of claims 25-30, wherein said variant has a

sequence that has twenty to thirty six amino acids truncated from the N-terminus

as compared to the parent solanum phellandrene synthase.

. The nucleic acid sequence of any of claims 25-31, wherein said variant has a

sequence that has twenty five to thirty six anuno acids truncated from the N-

terminus as compared to the pareut solanum phellandrene synthase.

The vucleic acid sequence of any of claims 25-32, wherein said variant has a
sequence that has thirty to thirty stx amino acids truncated from the N-terminus

as compared to the parent solanum phellandrene synthase,

The nucleic acid scquence of any of clairas 25-33, wherein said variant has a
sequence that has thurty six amine acids truncated from the N-terminus as

compared to the parent solanum phellandrene synthase.

~J
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8]
(o]

38,

40.

41.

45.

. The nucleie acid sequence of any of claims 25-26, wherein said variant has a

sequence that has less than thirty six amino acids truncated from the N-terminus

as compared to the parent eucalypius isoprene synthase.

. The nucleie acid sequence of any of claims 25-35, wherein the promoteris a

prokaryotic promoter,

. The nucleic acid sequence of any of claims 25-36, wherein the promoter is a plre

promoter,

e

i expression vector comprising the nucleie acid sequence of any of claims 25-

a2
:\}

. An isolated host cell comprising a heterologous nucleic acid sequence according

to any of claims 25-37.

An isolated host cell comprising a vector according to claim 38.

The isolated host cell of claim 39 or 40 being a bacterial cell.

2. The isolated host cell of claim 41, wherein the bacterial cell is Escherichia coli.

. The isolated host cell of any of claims 38-42, wheretn the host cell further

comprises one or more recombinant nucleic acid sequence of 2 MEF pathway

gene.

4, The 1solated host cell of claim 43, wherein the MEP pathway gene 1s selected

from dxs, ispD, ispF, and idi.

A variant of a parent solanum phellandrene synthase, wherein said variant
comprises a fruncation in the N-terminal portion of isoprene synthase as
compared to the parent eucalyptus isoprene synthase and wherein said varant is
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capable of catalyzing a reaction that synthesizes isoprene from DMADP

{(dimethylallyl disphosphate)

46. A method of producing 1soprene comprising: (a) providing a host cell comprising
au expression vector according to claim 38; and (b} culturing the host cell under
conditions suitable for producing isoprene.

47. The method of claim 46, further comprising (¢} recovering the isoprenc.

48. The method of claim 47, further comprising {d) polymerizing the isoprene.
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Figure 2
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Figure 5
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Figure 6
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Figure 7
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