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BIOSYNTHESIS OF POLYISOPRENOIDS

This invention was made with government support under Grant No. NSF-CHE-0616834
awarded by the USDA. The Government has certain rights in the invention.

CROSS REFERENCE
[0001] This patent application claims the benefit and priority of U.S. provisional
application 61/198,446, filed November 6, 2008 for BIOSYNTHESIS OF
POLYISOPRENOIDS, which is hereby fully incorporated by reference.

FIELD OF THE INVENTION
[0002] The present invention relates to the synthetic, i.e. in vitro, production of
natural rubber and other polyisoprenoids using synthetic monomers and initiators
together with active enzyme catalysts. Natural rubber is produced utilizing active
natural latex feed stock or washed rubber particles inherently containing an enzyme
catalyst, and divalent metal cofactors necessary for enzyme activity. Other
polyisoprenoids (steroids, vitamins etc) are produced with the appropriate natural
active enzyme. More specifically, the natural isopentenyl pyrophosphate monomer is
replaced by isoprene or other diene monomers, and the natural initiators may also be
replaced with synthetic initiators containing end groups that are reminiscent of the

allylic pyrophosphate end groups of naturally occurring initiators.

[0003] Itis believed that the polymerization with IPP proceeds by a combination of
chain growth polymerization and polycondensation, similarly to other biological
polymerizations such as peptide elongation, and DNA and RNA biosynthesis. It is
also believed that the polymerization proceeds by a mechanism that generally fits the
definition of living polymerization established by the IUPAC (International Union of
Pure and Applied Chemistry). This living-like character of the polymerization allows
one to perform chain end functionalization (using functional allylic initiator or a

functional terminating agent) as well as to prepare block copolymers, via a
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carbocationic mechanism. In the case of IP or other diene monomers the
polymerization mechanism may be different since the monomer does not contain a
pyrophosphate group.

[0004] The number average molecular weight of the polymers can vary over a
wide range. In the case of using natural rubber latex or washed rubber particles the
end product is a high purity cis-1,4-polyisoprene that is essentially free of non-

enzyme catalysts, and has substantially reduced protein content.

BACKGROUND OF THE INVENTION
[0005] Natural Rubber Biosynthesis — A Living Carbocationic Polymerization
[0006] 1. Introduction
[0007] Let us set the stage by quoting de la Torre and Sierra [1]: “The appealing
beauty of the routes that Nature uses to build natural products is breathtaking and
the quest for laboratory syntheses that mimic these routes is longstanding”. The
exponential rise in the syntheses of “bio-inspired” polymers, and the use of enzymes
to mediate organic reactions powerfully underlines this view [2-9]. Enzymatic
catalysis in vitro, i.e., under simulated physiological conditions, leads to products
identical to “natural” (in vivo) compounds, or to an “artificial” versioh of the natural
product [10-12]. Bacterial enzymes have been used to synthesize polyesters in vitro
[13-18], and a variety of isolated enzymes have been used both in vitro and under
“artificial” conditions [15,19-40]. Further recent examples are the syntheses of
functionalized amphiphilic polymers and polyesters, and the ring-opening
polymerization of séven-membered ring lactones catalyzed by immobilized Candida
Antarctica [41-43]. Enzymatic catalysis has also been used to initiate polymerizations
from surfaces [44-47].

[0008] The selectivity, efficiency and non-toxicity of enzymes render them
attractive catalysts. The study of natural and biomimetic organic syntheses may also
yield non-enzymatic processes, and novel “synthetic methodology inspired by

biogenesis” [1,48-52]. Yokozawa et al.’s [48,49] recent work is particularly revealing
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in this context. Inspired by the biosynthesis of many natural biopolymers, these
authors developed the concept of “chain-growth polycondensation”, according to
which an enzyme activates the initiating entity and/or the dormant polymer chain end,
which proceeds to add monomer and relinquishes the protective end group. Figure 1
helps to visualize this concept. Examples cited by these authors include peptide
extension (termed “elongation” in biochemistry) [63,54], DNA [55] and RNA [56]
syntheses and natural rubber biosynthesis [57-59]. Yokozawa’s group developed two
strategies for chain-growth polycondensation. The first strategy involved the
activation of polymer end groups by substituents, and led to aromatic polyamides,
polyesters, polyethers, poly(ether sulfone) and polythiophene. By the second strategy
the monomer was separated from the polymerization phase to prevent monomer-
monomer and polymer-polymer condensations. Yokozawa's work, while a
breakthrough in bio-mimetic polymer synthesis, did not produce the desired
monodisperse polymers, such as specific polypeptides or DNA. The synthesis of
cPIP was attempted by the use of an electrophilic initiator by the pathway shown in
Figure 2, however, only a diene was obtained [48]. The proposed chain-growth
polycondensation mechanism should lead to monodisperse cPIP; however, all

natural rubbers exhibit multimodal/broad molecular weight distributions [60,61].

[0009] 2. Natural Rubber

[0010] 2.1. Background

[0011]  Natural rubber, arguably the most important polymer produced by plants, is
a strategically important raw material used in many thousands of products, including
hundreds of medical devices. Natural rubber is obtained from latex, an aqueous
emulsion present in the laticiferous vessels (ducts) or parenchymal (single) cells of
rubber-producing plants. Although more than 2,500 plant species are known to
produce natural rubber, currently there is only one important commercial source,
Hevea brasiliensis (the Brazilian rubber tree). The rubber from Parthenium
argentatum, also called guayule, is being marketed as “non-allergenic natural rubber”
[60-63]. We do not know why plants produce rubber and our understanding of the

mechanism of natural rubber biosynthesis is far from complete.
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[0012] The rubber latex from H. brasiliensis is harvested by “tapping” the rubber
tree, i.e., making an incision in the trunk and collecting the sap freely oozing out of
the ducts. The raw polymer is recovered from the latex by coagulation and drying,
yielding high molecular weight (>1 million g/mol) “crepe”. While Charles Goodyear is
credited with discovering the crosslinking of natural rubber by sulfur in 1839, ancient
Mesoamerican peoples discovered the advantages of crosslinking much earlier: they
mixed the rubber latex harvested from the Castilla elastica tree with the juice of
Ipomoea alba (a species of morning glory vine) and produced solid rubber. Recent
analysis of Olmec rubber balls (1600-1200 B.C.) could not identify the exact chemical
nature of the crosslinks, although the dynamic mechanical properties of the rubber
crosslinked by the ancient method were found to resemble closely those of modern
vulcanized NR [64]. Vulcanized natural rubber exhibits an excellent combination of
properties, including elasticity, resilience, abrasion resistance, efficient heat
dispersion and impact resistance, which led to sustained research and development
efforts to develop synthetic processes to produce natural rubber. To date, this

objective has not been achieved.

[0013] Despite extensive research, the exact structure of natural rubber is still
unknown. Early X-ray diffraction studies showed that the double bonds of the
isoprene repeat units are in cis configuration [65]. Later Tanaka et al. [66], by the use
of 'TH-NMR and "*C-NMR spectroscopy, showed that the second and third units of
Hevea rubber are ftrans, followed by repetitive cis enchainment (Figure 3). The
terminal groups are believed to be -CH,OH (or a fatty acid ester). The presence of
cycliied bolyisoprene sequences in NR was also detected. Other chemical groups,
termed “abnormal” were also identified (aldehydes, epoxides and amines) however,
their origin remains unknown. H. brasiliensis and P. argentatum produce high
molecular weight (M, = 10° — 10° g/mol) and broad/bimodal molecular weight
distribution (M\/M, = 2-10) NR [60,61,67-69]. Both rubbers contain gelled
(crosslinked) fractions, but it is not known if gelation occurs in the plants or arises
during processing. The chemical structure of natural cPIP rubbers obtained from
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different plant species (Russian dandelion, goldenrod, Jelutong, etc.) differs only in
the number of the initial trans units (0 to 3) following the 1,1-dimethylallyl head group.
Only a relatively few species, such as balata and Gutta percha, produce gutta or
trans-1,4-PIP. Chicle produces a 1/4 mixture of cPIP and tPIP [60,61].

[0014] It is well-established that solid natural rubber from various sources can
often contain from about 50 to about 70 wt.% water [70] and are generally stabilized
by a membrane of a phospholipid monolayer (Figure 4) [71] and contain a cis-
prenyltransferase enzyme that is not yet fully characterized.[72,73]. Natural rubbers
such as Hevea brasiliensis are composed of long-chain branched molecules.[74,75]
Fulton et al. showed the presence of long-chain branching in NR by Field Flow
Fractionatic_m (FFF): the log Ry — log MW conformational plot was shown to have a
slope of 0.3 in the high MW range.[76] NR also contains 50-70% gel produced by
hydrogen bonding between proteins, the so-called “soft’ gel, and by phospholipid-
based crosslinking points, which form the so calléd “hard” gel. It has been shown that
the addition of 1-2% ethanol into a solution with a good solvent, such as toluene,
dramatically decreases the gel content in NR by breaking the hydrogen bonds that
make up the “soft’ gel, as shown in Figure 5.[73,77] The phospholipid-based

crosslinking points can be broken via transesterification.[78,79].

[0015] At the present no synthetic cPIP is able to mimic the performance of
natural rubber [80, 81]. Thus natural rubber is an essential renewable resource
material. Very high cis-content (more than 99,99% 1,4 cis polylP) is claimed in the
literature [82,83,84,85]; 97% PIP is produced by titanium-based Ziegler-Natta
catalysts [86], and anionic polymerization produces up to 96% cPIP with the rest in
3,4-vinyl enchainment [87, 88]. The so-called “low-cis” anionic PIP still contains ~
92% cis-enchainment [89], however, the properties of this product are inferior to high-
cis PIPs produced by Ziegler-Natta catalysts. High cPIP can also be obtained by the
use of neodymium-based catalysts [90]. Metallocene-catalyzed isoprene

polymerizations are also mentioned in the literature, although dienes are believed to
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be poisons for these catalysts [81]. Figure 6 shows the different microstructures

obtained by the various techniques.

[0016] According to our extensive literature survey, 100% cPIP has never been
produced synthetically. The outstanding overall properties of NR are mainly attributed
to the 100% cis microstructure, together with specific molecular weights and
molecular weight distributions of the cPIP, and the presence of proteins and the so-
called “abnormal” groups [60,61,66]. Thus the synthesis of NR-like 100% cPIP would

be of considerable fundamental and practical significance.

[0017] The next section concerns a brief overview of NR biosynthesis.
[0018] 2.2. The biosynthesis of natural rubber

[0019] 2.2.1. Biosynthesis in vivo

[0020] The biosynthesis of NR is catalyzed by the rubber transferase (cis-prenyl
transferase [66,91-96]) enzyme(s), bound to rubber particles in the latex.
Polymerization takes place within the boundary phospholipid biomembrane
monolayer, located between the nonpolar rubber particles and the agueous medium
[97]. The hydrophobic chains are sequestered inside the latex particles, and the

phospholipids monolayer stabilizes the particles preventing aggregation.

[0021] The polymerization proceeds at the active sites of the amphiphilic enzyme
[71, 98], which contains glycosylated hydrophilic regions that mediate the access of
incoming hydrophilic building blocks and hydrophobic regions that mediate their
placement into the biomembrane [99].‘The monomer, isopentenyl pyrophosphate
IPP, generated from carbohydrates in plants, is associated in vivo with monovalent
cations (Mt": K*, Na* or NH4") [68,69,100,101]. Figure 7 shows the structure of IPP,
chemically an adduct of pyrophosphoric acid (HsP.0;) and isoprene (IP). IPP is
isomerized to 1,1-dimethylallyl pyrophosphate (DMAPP) by IPP isomerase (Figure 7).
Catalyzed by specific frans-prenyl transferases [92], DMAPP adds 1-3 IPP units to
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form oligomeric allylic pyrophosphates (APPs, Figure 8), all of which may function as
initiators.

[0022] The IPP and the APPs are termed “substrate” and “cosubstrates”,
respectively, in the biochemical literature. These entities would be termed monomer
and initiator by polymer chemical terminology. Enzymatic activity requires the
presence of divalent cations, such as Mg?* or Mn%", called “activity cofactors” [91-94,
102]. The substrate and cofactors are hydrophilic, the cosubstrates are either
hydrophilic or amphiphilic, while the rubber product is hydrophobic. The amphiphilic
enzyme is located at the interface between the rubber particles and the aqueous
phase of the latex. Figure 9 shows a flow diagram of NR biosynthesis, reproduced
from the biochemical literature [69]. Figure 10 shows the biosynthesis of NR in terms
of the initiation and propagation steps proposed by Tanaka [66], i.e., in polymer
chemical symbolism. In each step, one molecule of pyrophosphoric acid (HPP or its
salts) is generated, i.e., the process is a combination of chain growth and
polycondensation, as suggested by Yokozawa [47,48]. Molecular weights and
molecular weight distributions are species-dependent; however, the biochemical
literature is mute in regard to the control of these parameters in vivo [69]. According
to the polymer chemical literature, broad/multimodal molecular weight distributions
are due to branching and/or crosslinking by acid-catalyzed cyclization, or by

“abnormal” functional groups (aldehydes, epoxides and amines) [60,61,66].

[0023] 2.2.2. Biosynthesis in vitro

[0024] The in vitro biosynthesis of NR has been demonstrated [68,69,100],
however, only at the mg scale due to the extremely limited availability of reagents.
The elucidation of NR biosynthesis in terms of polymer chemical principles may lead
to a synthetic strategy for 100% cPIP. Our exhaustive literature search revealed
surprisingly little information in regard to polymer chemical aspects of NR
biosynthesis, and we found no evidence for ongoing research in this area by the
contemporary polymer chemical community. In contrast, the biochemical community

is quite active in this area. It is argued that global dependence on one species, H.
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brasiliensis, as a single source of NR is risky (guayule production is still quite limited),
and that current H. brasiliensis crops have very little genetic variability, leaving rubber
plantations at risk of serious pathogenic attacks. In addition, repeated exposure to
residual proteins in latex products derived from H. brasiliensis have led to serious
and widespread allergenic (Type 1) hypersensitivity [103-107]). Thus, alternative
sources-of NR are eagerly sought by the biochemical community [108].

[0025] Archer and Audley were first to initiate the in vitro synthesis of cPIP by
neryl pyrophosphate (NPP, Cyo), a cis-allylic pyrophosphate [100]. They incubated
"C-IPP in the presence of unlabelled neryl or geranyl pyrophosphate initiators in a
suspension of washed rubber particles (isolated from living H. brasiliensis latex), and
demonstrated that the cis-allylic neryl pyrophosphate was a more efficient initiator
than the trans-allylic geranyl pyrophosphate. The same authors found that the rate of
IPP incorporation increased with the chain length of the APP oligomer (DMAPP <
GPP < FPP < GGPP). Cornish et al. found the same trend for P. argentatum [96].
Cornish’s team [69] developed three in vitfro NR synthesis systems (H. brasiliensis, P.
argentatum and Ficus elastica), and concluded that rubber transferases are not
particularly sensitive to the size and stereochemistry of the initiator. Similarly to in
vivo NR biosynthesis, the molecular weight and the molecular weight distribution of
the rubber depended on the species from which the living latex was harvested. This
group also showed that increasing the FPP concentration increased the IPP
incorporation rate, but decreased the molecular weight; and increasing the IPP
concentration increased both initiation and propagation rates, as well as molecular
weights [68, 96]. Based on their results these workers concluded that the detachment
of the rubber molecule from the rubber transferase is not the primary regulator of
molecular weights in vivo. These pioneering studies generated valuable insight into

the mechanism of NR biosynthesis.

[0026] It has been known since the 1950s that the chain elongation of rubber
molecules proceeds by the addition of the isopentenyl pyrophosphate (IPP) to

polyisoprenoids.[109,110] Based on the mechanism of low molecular weight
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terpenoid biosynthesis, the initiator was assumed to be dimethylallyl pyrophosphate
(DMADP).[111] However, the addition of radioactive *C DMADP into fresh Hevea
latex did not form new rubber chains containing the radioactive head group.[73] In
line with this, Tanaka did not find the dimethyl allyl head group in Hevea rubber, and
concluded that the currently accepted initiation mechanism, shown in Figure 10,
remains unproven.[71-73] It has also been postulated that the alignment of frans-
isoprene units is derived from the initiating species such as frans,trans-farnesyl
diphosphate (FDP) (with DP=PP) or trans,trans,trans-geranylgeranyl diphosphate
(GGDP). The chain elongation step of rubber formation may start from FDP or GGDP
by successive condensation of IDP to form a long sequence of cis-isoprene
units.[112]

[0027] To this date, genetic sequences of the rubber transferase(s) remain
unidentified because it is a membrane-bound enzyme in low abundance.[71]
Conventional continuous assays to determine the enzymatic activities are a
challenge due to the fact that the activity of the rubber particles is rapidly lost upon
disruption of their structural integrity[113]. The present method to determine the
activity of rubber transferases is by radiometric assay where the activity is calculated
based on the incorporation rate of "C IPP monomer into higher molecular weight
rubber produced in vitro.[113,114].

[0028] Benedict et al. produced in vitro guayule rubber using WRP, synthetic IPP
as monomer and DMAPP as initiator in a reconstituted latex.[115] Their WRP was
prepared from stems of P. argentatum; after removal of the bark and impurities, the
rubber latex was centrifuged and the top rubber particUIéte layer was collected and
purified by repeated washing with buffer and centrifugation as the WRP. The authors
used a SEC coupled with a scintillation spectrometer to demonstrate that radioactive
IPP became incorporated into NR.[115] They observed that rubber was formed with
a peak molecular weight of ~10° g/mol within 15 minutes, and that the rubber was
able to grow to ~10° g/mol in three hours[115].
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[0029] Tanaka's group established a novel method for in vitro rubber biosynthesis
using the fresh bottom fraction (BF) of the latex.[116,117] They employed a muslin
cloth to filter out some of the coagulants and then centrifuged the liquid latex. The
number of washing cycles applied to the latex influenced the amount of rubber
produced. The washed latex was partitioned into three major fractions: the top
particulate layer, a middle clear phase, which was called C-serum (CS), and a bottom
fraction marked BF.[116, 117] The BF was used for in vitro NR biosynthesis and it
was observed that more than ~10 wt% new rubber formed with the addition of very
small amounts of IPP or FPP to fresh BF.[118] It was also found that hew rubber
formed by the incubation of BF without the addition of IPP or FPP, concluding that
the BF contains all the enzymes and precursors necessary to produce rubber.[139]
The formation of new rubber was confirmed by the incorporation of '*C labeled IPP
into the resulting rubber.[116] Figure 11 compares the UV traces of the endogenous
NR from BF and the in vitro NR rubber. The BF has a high molecular weight fraction
around ~10° g/mol, with a lower MW tail. The newly formed rubber produced a peak
at about ~10° g/mol. The radioactive traces also revealed that while the '“C-IPP
incorporated into new chains, it also added to pre-existing chains in the lower MW tail
fraction of the BF.[116]

[0030] Wititsuwannakul's group in Thailand also developed their unique Washed
Bottom Fraction Particles WBP for in vifro NR biosynthesis.[119,120] This system
also incorporated radioactive IPP into NR. More recently, this group cloned two
suspected gene sequences of Hevea rubber transferase and expressed them in E.
Coli.[72] It was found that a combination of one of the clones with WBP resulted in
enhanced NR growth.

[0031] Cornish et al. developed the method to produce WRP that is utilized in our
studies. This method is an improvement over that of Benedict's, in that the rubber
particles from the top fraction are collected and purified by repeated washes with
buffer, centrifugation, and re-suspension of the top fraction in a buffer.[93] Her group
determined the MW of in vifro NR by means of dual-labeled liquid scintillation

-10-
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spectrometry (SS).[69] By introducing both radioactive IPP monomer and FPP
initiator into in vitro NR biosynthesis and calculating the incorporation rate of the
radioactive materials, an average MW of the newly formed rubber was calculated
from the ratio of 'C-labeled monomer to *H-labeled initiator.[69] It is important to
note that the proposed MW calculation assumes that chain growth starts only from
the synthetic FPP initiator and the IPP monomer does not add to pre-existing
rubber.[69] This assumption contradicts Tanaka’'s results mentioned above. The
reported MWs were in the 10*-10° g/mol range,[69,96] somewhat lower than those
reported by Tanaka's and Wititsuwannakul’s group.

[0032] Strikingly, the exact chemical macro- and microstructure of NR remain
unknown; the current understanding of NR structure is based upon naturally
occurring model compounds.[121]

[0033] 3. The mechanism of natural rubber biosynthesis: A living carbocationic
polymerization

[0034] In this section we assemble and analyze information pertaining to the
biosynthesis of NR in the biochemical literature, and translate it into polymer
chemical formalism, i.e., initiation, propagation and termination. While some of the
basic steps of NR biosynthesis have been elucidated from the biochemical point of
view, our understanding of this process in terms of synthetic polymer chemistry is
practically nonexistent.

[0035] Figure 12 shows Archer et al’'s mechanism [109] of initiation in the
enzymatic synthesis of cPIP. According to this mechanism, first an enzyme (En)
interacts with the phosphorylated monomer IPP to form an En-IPP adduct, which
reacts with another IPP while HPP is lost. The product is able to repeat (and sustain)
IPP addition with the simultaneous loss of HPP. An allylic pyrophosphate initiator is
not required. Originally, this mechanism was proposed as an alternative to
McMullen’s theory [122], according to which propagation occurs by |PP-nucleotide
complexes, and the nucleic acid double helix is a template for stereospecific

-11-
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polymerization [122]. Consideration of biological precedents led to the development
of templated polymerizations proceeding with stereochemical restrictions, and

supramolecular assembly [123-128].

[0036] Neither McMullen nor Archer et al. addressed the role of the divalent cation
cofactors, and both propositions remain unsubstantiated. While the exact role of the
cofactors is still unclear, Scott et al. [102] recently demonstrated that only cofactor-
activated IPP monomer will interact with the enzyme, while the FPP initiator may bind
even in the absence of cofactors. Two Hevea cis-prenyltransferase cDNAs have
recently been sequenced [72], but the chemistry of natural rubber biosynthesis is still
incompletely understood.

[0037] We wish to present a new view of NR biosynthesis from the point of view of
synthetic polymer chemistry. Recent insight into the mechanism and kinetics of living

carbocationic polymerization [129] was essential to develop this proposal.

[0038] In regard to polymer chemical terminology, the various allylic
pyrophosphates are initiators, the IPP is the monomer, and the rubber transferase in
association with the divalent cation co-factors is the coinitiator. Thus the elementary
steps of NR biosynthesis can be described in terms of initiation, propagation and
termination.

[0039] 3.1. Initiation

[0040] A close inspection of NR biosynthesis leads us to postulate that the
structures of the intermediates involved in this process are consistent with a
carbocationic polymerization mechanism. Figure 13 shows the proposed mechanism
for geranyl pyrophosphate (GPP = trans,trans) initiator, however, the same process
could also be formulated with neryl (NPP = cis,cis) pyrophosphate, etc. as well as
other APPs.

-12-
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[0041] Initiation starts by an enzyme (and divalent cationic cofactor) — assisted
ionization of the carbon-oxygen bond of the initiator (GPP, etc.) and yields an allylic
cation plus pyrophosphate counteranion; the enzyme plus cofactor(s) coordinates
with the pyrophosphate “protecting” group and mediates the formation of the initiating
carbocation. According to polymer chemical convention, the enzyme plus cofactors
constitute the coinitiating system (catalytic system) (Figure 14). lonization at the
chain end is favored by resonance stabilization of the allylic carbocation and
increasing entropy of the system. This mechanism- is unlikely with the IPP monomer
because the cleavage of the carbon-oxygen bond would lead to an energetically
unfavorable primary carbocation (Figure 7). Subsequently, the vinylidene group of
IPP adds to the allylic carbocation, yielding a tertiary carbocation which, via proton
elimination, regenerates the trisubstituted allylic pyrophosphate. This mechanism
applies to the formation of trans-1,1-dimethylallylic initiators (Figure 8), catalyzed by
trans-prenyl transferase, as well as to the incorporation of the first cis-unit, i.e.,
initiation, catalyzed by cis-prenyl transferase (Figure 10). In regard to trans or cis
stereoregulation, the specific enzyme functions as the template, and yields
exclusively trans-1,4 or cis-1,4 incorporation — this will be explained in more detail
later. The incorporation of each IPP unit is always accompanied by the loss of
pyrophosphoric acid HPP (or its salts).

[0042] 3.2. Propagation

[0043] Propagation proceeds by the same cationation/IPP-addition/proton loss
sequence as occurs in initiation (Figure 10). The initiation and propagation steps are
fundamentally similar to those in living carbocationic (and living radical)
polymerization governed by dormant-active equilibria [130, 131]. The difference is
that in the natural process every propagation step is followed by deactivation,
accompanied by the release of HPP, while in synthetic living carbocationic or radical
polymerization the active chain end adds more than one monomer units before
temporary deactivation [129, 130].

13-



WO 2010/053553 PCT/US2009/005985

[0044] Poulter et al.’s work on prenyl transfer reactions in natural terpenoid
synthesis supports the possible involvement of carbocationic species in NR
biosynthesis [111, 132-134]. According to these authors [132] resonance-stabilized
allylic carbocationic intermediates arise during the reaction of allylic pyrophosphate
with IPP (Figure 15). The dissociative (Sy1) mechanism was substantiated by an
excellent Hammet plot for rates of solvolysis versus prenyl transfer with fluorine
substituted APP. Enzyme-catalyzed hydrolysis of GPP in H,'®0 revealed breakage of
the C-O bond and inversion of chirality at the C1 carbon [134]. This mechanism is
generally accepted by the biochemical community [135].

[0045] Polymer chemists, who may be skeptical in regard to a carbocationic
polymerization proceeding in an aqueous medium, should recall that carbocations
can be generated in aqueous media under select conditions. Thus, Sawamoto et al.
described numerous cationic polymerizations in aqueous systems [136, 137], and
Mayr et al. demonstrated that carbocations can react with 1 nucleophiles (e.g.,
olefins) in agueous media under appropriate conditions [138].

[0046] A unique feature of in vivo NR biosynthesis is the control of proton loss
from the tertiary carbocation yielding exclusively 1,4-enchainment (lll in Figure 16).
According to classical organic chemistry proton loss from a tertiary carbocation leads
to isomer mixtures I, Il and IlIf (Figure 16). The exclusive formation of Ill in vivo
suggests a more acidic proton between the fertiary carbocation and the —CH,-PP
group, or a concerted mechanism involving one of the pyrophosphate groups and/or
the enzyme. Hevea rubber biosynthesis in vivo also yields exclusively cislll, but as

mentioned above, some plants produce franslll, or a mixture of cis and transilil.

[0047] The proposed carbocationic mechanism is consistent with the observed
broad molecular weight distributions and cyclized sequences present in NR; new
chains are continuously initiated, while intermolecular attack of the growing
carbocation on a double bond of another polymer chain may lead to branching and

broad/multimodal distributions, and intramolecular attack to cyclization. Fresh latex
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was shown to exhibit monomodal molecular weight distribution [60, 61], while
processed Hevea rubber displays multimodal distribution. These facts can be readily
explained by chain-chain coupling under acidic conditions. Chain-chain coupling and
cyclization have been observed in the carbocationic polymerization of isoprene [139,
140]. Terpenoid cyclization occurring in plants is also believed to proceed by
carbocationic mechanism [135]. It was suggested that the “abnormal”’ groups arise
during processing [60, 61]. In our view, only initiation, propagation and temporary
deactivation proceed in vivo. Cis-trans stereoregulation may be due to specific

enzymes acting as templates for monomer incorporation.

[0048] Evidence for this view came from an analysis of NR biosynthesis (see
above), combined with an evaluation of recent progress in sequencing and 3D
structure determination of various prenyltransferases enzymes, as well as other
biochemical studies concerning the mechanisms of isoprenoid syntheses [135]. For
example, in prenyl transfer reactions the binding sites for the initiating 1,1-
dimethylallylic pyrophosphates and IPP were located within the hydrophilic regions of
the enzyme, whereas chain growth was proposed to take place within a hydrophobic
pocket positioned toward the bottom end of the conical enzyme (Figure 17).

[0049] According to a polymer chemist view, and in agreement with the literature
on NR biosynthesis, the amphiphilic enzyme resides at the interface (Figure 4).
Propagation occurs as suggested [135], when the allylic end of the initiator or the NR
molecule is docked at the specific site within the tunnel-like crevice of the enzyme
and is activated, and IPP assisted by divalent cofactors enters from the aqueous
phase. Stereoregulation within the interior of the enzyme is visualized by steric
restriction — the spatial arrangement and size of the various microstructures shown in
Figure 6 are compatible with a specific enzyme pocket. The rubber molecule may be
released from the docking site after the incorporation of IPP, and a new rubber
molecule may be docked and activated. We propose that the rubber molecules
compete for the active sites; this alone can lead to broad molecular weight

distributions. Continuous supply of IPP monomer and APP initiator to the particle will
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also lead to broad distribution. Chain growth stops when the rubber chain reaches a
critical molecular weight, which prevents further diffusion of large molecules to the
interface. The critical molecular weight is species-dependent, and is most likely
based on the stabilization and composition of the latex. Permanent termination does

not occur in vivo, only during processing.

[0050] 3.3. Termination

[0051] Termination in isoprenoid biosynthesis was proposed to be due to the
position of specific large motifs (see Figure 17) that stop chain growth at a specific
length [135]. This is an attractive suggestion for the formation of short isoprenoids,
but not for Hevea rubber that has ~ 5000 repeat units. With increasing chain length
the NR molecule becomes increasingly hydrophobic and will extend beyond the
enzyme pocket, thus chain length regulation by this mechanism is inconceivable.
According to the biochemical literature pertinent to NR biosynthesis, chain
termination occurs when the enzyme relinquishes the rubber molecule. If the
detachment of the enzyme (termination) were to occur at a specific chain length
regulated by steric factors as suggested for short-chain isoprenoids, uniform NR
would arise. Indeed, such short-chain isoprenoids with well-defined chain lengths (up
to 24-mers) arise in plants catalyzed by various cis- and trans-prenyitransferases
[135]. However, NR exhibits broad molecular weight distribution. The proposed chain '
activation involving the enzyme and cofactors (see Figure 13 and 14) implies that the
enzyme is released after each propagation step. Evidently, the polymerization rate is
governed by the rate of IPP addition relative to that of activation of the dormant
rubber molecule. Random activation and migration/docking of the rubber molecule to

the activating site of the enzyme lead to broad molecular weight distributions.

[0052] The NR molecule contains HO-end groups, which most likely arise by
hydrolytic cleavage of terminal polymer-pyrophosphate linkages (Figure 18). The
chain end may also react with fatty acids, which leads to ester end groups. It is
unknown whether hydrolytic termination occurs in vivo or during processing. At

physiological pH, the pyrophosphate end group is a quite stable dianion [112]. Post-
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polymerization reactions have been described [60, 61]. We believe that termination
by hydrolysis does not occur in vivo, because this would prevent the formation of high
molecular weight rubber. Species-specific molecular weight regulation is conceivably
due to physical factors, such as the size of the latex particle and/or stabilization by

specific proteins in the plant.

[0053] 4. Conclusion: Natural Living Carbocationic Polymerization (NLCP)

[0054] Based on the above comprehensive review and analysis of the chemical,
polymer chemical and biochemical literature pertaining to the biosynthesis of NR, we
developed a new mechanistic view of this process. First, we wish to stress that this
biosynthesis proceeds by a combination of chain growth polymerization and
polycondensation, similarly to other biological polymerizations such as peptide
elongation, and DNA and RNA biosynthesis. It is also proposed that the
polymerization proceeds by a mechanism that fits the definition of living
polymerization set forth by the IUPAC: “Living polymerization is a chain
polymerization from which chain transfer and chain termination are absent.” Second,
all the species identified by earlier authors that are known to arise during
biosynthesis can be described in terms of carbocationic intermediates. A combination
of these two critical parameters, livingness and carbocationic intermediates, leads us -
to propose that the biosynthesis of NR proceeds by a natural living carbocationic
polymerization mechanism (NLCP). Figure 19 summarizes the concept of NLCP.
[149]

[0055] The polymerization starts by initiation, which involves two events: ionization
or priming (tantamount to activation in biochemical parlance) and cationation. During
jonization by an activator (Y) the allylic end group of an initiator (see Figure 19) yields
a resonance stabilized primary/tertiary allylic cation. In NR biosynthesis ionization is
mediated by specific transferases and assisted by inorganic cofactors (see Figure
13), while the NLCP concept is inclusive of other possible activators which produce
the desired resonance-stabilized allylic cation. If the activated chain end cationates

incoming monomer (MX), a tertiary carbocation intermediate (shown in brackets) is
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formed which promptly loses a proton (i.e., HX is lost). MX is a “protected” monomer
which cannot be ionized by the activator Y. The counteranion X is a pyrophosphate
residue in plants, however in NLCP it may be a different anion. Propagation is
repetitive ionization/cationation: the allylic terminus is ionized (activated) by Y, reacts
with the incoming monomer, and the intermediate tertiary carbocation, via HX loss,
regenerates exclusively the allylic chain end. This sequence of events sustains
propagation by the same mechanism that prevails in initiation. Thus NLCP can be
viewed as a controlled/living carbocationic polymerization with dynamic equilibria
between dormant and active species, combined with controlled loss of HX
(importantly, HX loss after each monomer incorporation must regenerate exclusively

the dormant allylic chain end - lll in Figure 19).
P.—-X +Y

Pn" 11" X-Y,
Paill' XY + MX = Prt™X/I XY 5 Ppy=X + HX + Y

[0056] The NLCP mechanism, combined with cis-trans stereoregulation (for
example, by the activator or by a suitable template), may serve as a blueprint for the
design of synthetic systems emulating the biosynthesis of NR, and of many other
polyterpenes.
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SUMMARY OF THE INVENTION

[0058] An in vitro process produces cis-1,4-polyisoprene or homolog polymers by
utilizing washed rubber particles WPR from natural rubber latex, or the latex itself,
that inherently contain an enzyme catalyst desirably having a cofactor component,
isoprene or other diene monomers, and various allylic initiators that effect a
carbocationic-like (electrophilic, and preferably living) polymerization of the isoprene
or other synthetic monomers. Optionally the reaction can be carried out in the
presence of pyrophosphoric acid. The initiators are generally allylic pyrophosphates
or functionalized allylic pyrophosphates. The enzyme is typically a rubber enzyme
such as prenyl transferase. The polymerization temperature can vary over a wide
range as well as the number average molecular weight of the produced cis-1,4-
polyisoprene. The polymers produced are essentially free or completely free of
traditional synthetic catalysts used in rubber production processes such as
coordination catalysts containing trialkyl aluminum and titanium tetrachloride, or a
catalyst of an aluminum hydride derivative and titanium tetrachloride, or lithium alkyl
and hence does not possess any adverse effects thereof. The properties of the
polymer produced from isoprene monomer should be close or equivalent to that of
natural rubber. By the term “essentially free of” it is meant that for every 100 parts by
weight of polymer the amount of non-enzyme catalysts therein is less than about 10
ppm, desirably less than about 5 ppm, and preferably less than about 1 ppm by
weight.

[0069] A process for the synthetic production of cis-1,4-polyisoprene or cis-1,4-
polydiene, comprising the steps of: mixing, in any order, isoprene monomers or other
diene monomers having from 4 to 8 carbon atoms, a natural rubber latex or washed

rubber particles (WRP), and an allylic initiator, said latex or WRP containing an
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enzyme catalyst and a divalent cofactor therein; and polymerizing said mixture and

producing cis-1,4-polyisoprene or cis-1,4-polydiene.

[0060] A process for the in vitro production of natural rubber comprising the steps
of: adding an allylic initiator and isoprene monomers or one or more other diene
monomers having from 4 to 8 carbon atoms to a natural rubber latex or washed
rubber particles containing an enzyme catalyst and optionally a divalent cofactor; and
carbocationically or electrophilically polymerizing said isoprene or said one or more
other diene monomers, optionally in the presence of pyrophosophoris acid or salts

thereof, to produce cis-1,4-polyisoprene or cis-1,4-polydiene.

[0061] A natural rubber composition comprising: polymers of cis-1,4-polydienes
other than cis-1,4-polyiosprene that are essentially free of non-enzyme catalysts
therein.

[0062] A process for the in vitro production of isoprenoids, comprising the steps
of: forming a solution comprising an allylic pyrophosphate initiator, isoprene or other
diene monomers containing from 4 to 8 carbon atoms, an enzyme catalyst and
optionally a cofactor; and carbocationically polymerizing said isoprene and said other
diene monomers to produce a polyisoprenoid composition.

BRIEF DESCRIPTION OF THE DRAWINGS
[0063] FIG. 1 is a visualization of Yokozawa's concept of chain-growth
polycondensation [48,49];
[0064] FIG. 2 is an attempted “bio-inspired” synthesis of cPIP [48];
[0065] FIG. 3 is the microstructure of natural Hevea rubber [66];
[0066] FIG. 4 relates to a visualization of natural rubber particles and their
structure;
[0067] FIG. 5 relates to the deproteinization by treatment with 1~2% ethanol;

[0068] FIG. 6 is possible enchainments in polyisoprene;
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[0069] FIG. 7 is the structure of IPP at pH = 7, and initiator formation in NR
biosynthesis;

[0070] FIG. 8 shows the structures of allylic oligoisoprene pyrophosphates
(APPs). geranyl-, farnesyl- and geranyl-geranyl-pyrophosphates (GPP, FPP and
GGPP respectively);

[0071] FIG. 9is a natural rubber biosynthesis in biochemical symbolism [69];
[0072] FIG. 10 is a natural rubber biosynthesis. a. Initiation, b. Propagation, in
polymer chemical symbolism [66];

[0073] FIG. 11 relates to SEC trace of bottom fraction (dash line) and in vitro
synthesized natural rubber (solid line);

[0074] FIG. 12 shows the mechanism of polyisoprene formation proposed by
Archer [109];

[0075] FIG. 13 shows proposed initiation mechanism in NR biosynthesis (En =
enzyme);

[0076] FIG. 14 shows possible role of divalent cations in NR biosynthesis;

[0077] FIG. 15 shows “lonization-Condensation-Elimination” mechanism proposed
by Poulter et al;

[0078] FIG. 16 shows isomers obtained by proton loss from a tertiary carbocation;
[0079] FIG. 17 shows a scheme of the active sites in avian trans-
prenyltransferase;

[0080] FIG. 18 shows the termination: hydrolysis of the chain end;

[0081] FIG. 19 shows the proposed “NLCP” mechanism;

[0082] FIG. 20 relates to comparing the LS and RI traces of the WRP-1/5(IPP)
and WRP-1/24(IPP) with WRP-1;

[0083] 7FIG. 21 relates to comparing the LS and RI traces of the 5 and 24 hr
samples using IP as monomer with WRP-1;

[0084] FIG. 22 relates to comparing the LS and RI traces of the 5 and 24 hr
samples using IP as monomer in the presence of 10% (v/v) ethanol with WRP-1;
[0085] FIG. 23 shows the Raman spectra of pure IAC40 WRP;

[0086] FIG 24 shows a 3D time progression Raman spectrum of IAC40 WRP
upon addition of isoprene monomer;
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[0087] FIG 25 shows the growth of polyisoprene mode over six hours;
[0088] FIG. 26 shows SEC of IAC40 latex, and IAC40 latex(IP/30).
DETAILED DESCRIPTION OF THE INVENTION
[0089] Heretofore, natural rubber has been obtained from various sources such as

primarily the Brazilian rubber tree (Hevea brasiliensis) as well as other plants and

shrubs as set forth in Table 1.

[0090]

TABLE 1
Rubber- Rubber
Species Family producing H Characteristics
. arvest
tissues
Many, o
Hevea brasiliensis Euphorbiaceae collected g?asx%ﬁe d Perennial,
(Brazilian Rubber Tree) P from outer latex narrow genetic diversity
bark
. Bark o Perennial,
fi';hiféuc?;:erﬁes'ﬁng Asteraceae parenchyma sl-gr?t/odw Varieties bred for
guay P rubber production
. Primarily in o, YANNUAal,
gedffil'gl\}vues;)annuus Asteraceae leaves ItézftZV?/ * Many cultivars, no
rubber selection
Primarily in
Taraxacum kok-saghyz roots phloem stpo/toof c::rl;?l (can grow 2
(Russian dandelion) Asteraceae parenchyma root dw  |[Essentially wild type
l.289, i
Ficus elastica Moraceae i?::\;zz & eil?d/oe: f g?ersr}glracl;rnamental
(India rubber fig)
latex use
[ actuca serriola, Lactuca Stems & < 1% Annual,
sativa Asteraceae leaves Ian: dw Many cultivars, no
(Lettuce) P rubber selection
. . Collected 25-30% :
,E-I(/agrcl:oarlrgiaersa;;eaosa Apocynaceae  [from outer [of exuded :sirtenmal, grown for
9 bark latex
Cryptostegia grandiflora Roots, . .
Perennial woody vine,
(Madagascar Rubber Apocynaceae  [stems, === | onsidered invasive
Vine) leaves

Depending on the seasonal effects and the state of the soil, the average

composition of Hevea NR latex can vary and thus by rough approximation contain
25~35 wt% cis-1,4-polyisoprene; 1~1.8 wt% protein; 1~2 wt% carbohydrates; 0.4~1.1
wt% lipids 0.5~0.8 wt% amino acids, and 50~70 wt% water.[70] The latex particles
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(Figure 4a) are stabilized by a membrane of phospholipid monolayer (Figure 4b).[71]
The rubber enzyme (cis-prenyltransferase) is a membrane-bound amphiphilic
enzyme, yet to be isolated and fully characterized.[72,73] Therefore, in vitro NR
biosynthesis relies on the use of active membrane-bound rubber transferase in the
so-called “Washed Rubber Particles” (WRP) obtained from the latex by removing the
non-rubber constituents, or in the “bottom fraction”. The WRP still contains
approximately 6% non-polyisoprene constituents and other non-soluble constituents

such as membrane-bound proteins, phospholipids, and the like.

[0091] While the examples and some portions of the description of the invention
relate to the utilization of latex and WPR from Brazilian rubber trees, it is to be
understood that any source of natural rubber including blends of two or more sources

of natural rubber can be utilized by the present invention.

[0092] According to the present invention, the source of natural rubber latex is
washed in any conventional manner known to the art and to the literature. For
example, one method relates to washing the latex in a slightly alkaline solution such
as Tris-HCI(Tris(hydroxymethyl)aminomethane Hydrochloride) having a pH of about
7.2 to about 8.0, DTT (dithiothreitol), and AEBSF [4-(2-amnioethyl)benzenesulfonyl
fluoride hydrochloride]. Until needed, the purified washed rubber particles can be
stored in a polyhydric alcohol such as glycerol in liquid nitrogen. An amount of water
is utilized so that the washed latex generally has a solids content of about 5 to about
80 wt.% - specifically about 10 to about 60 wt.%.

[0093] More specifically, another method of washing the natural rubber latex can
be accomplished as follows: The latex of any of the above noted source of natural
rubber, such as Hevea (RRIM600) collected from plantation trees, was stabilized with
a buffer solution (0.1M NaHCO;, 50% glycerol, 0.3% (w/v) NaNz, 5mM cysteine),
then shipped to a desired location in dry ice and stored at -80°C until use. The RRIM
designation represents that these H. brasiliensis trees were cloned and developed at

the Rubber Research Institute of Malaysia and 600 signifies that it is a representative
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clone of normal H. brasiliensis trees. Tris-HCI (Tris(hydroxymethyl) aminomethane
Hydrochloride), dithiothreitol (DTT), [4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride] (AEBSF) and ethylenediamine-tetraacetic acid (EDTA) can be
obtained from Sigma-Aldrich and used as received. Tetrahydrofuran (HPLC grade)
can be obtained from Fisher Chemical and distilled over sodium/benzophenone.
Polyisoprene standards (>95% cis-1,4 PIP) with M, = 2,450 and 9,870 g/mo! and
Mw/Mn = 1.02 and 1.03 can be purchased from Scientific Polymer Products, Inc.
Smoked natural rubber can be provided by the Goodyear Tire & Rubber Co.
Subsequently, the active rubber particles from Hevea (RRIM600) latex can be
purified by washing a few times, e.g. from 2 to about 10, in 100 mM Tris-HCI (pH
7.5), 5 mM DTT and 0.1 mM AEBSF, centrifugation and suspension in wash buffer.
After four washes, 10% glycerol can be added and then the WRPs can be transferred

into liquid nitrogen. The wash natural rubber latex can then be utilized as needed.

[0094] The washed natural rubber inherently contains a biocatalyst, that is, an
enzyme that has been found to catalyze natural rubber biosynthesis in the presence
of isoprene and diene monomers. More specifically, the biocatalyst acts together
with divalent metal cation cofactors (e.g. groups 2 through 12 of the Periodic table)
such as Mg2+ (preferred) or Mn?* in order to allow enzymatic activity towards
isoprene and diene monomers. The inherent biocatalyst is prenyl transferase. This
enzyme catalyst system as well as other related catalyst will catalyze the reaction of
the isoprene monomers with a carbocationic initiator (a cationizing agent) discussed
herein below. The amount of the enzyme catalyst within the washed natural rubber
generally containing a cofactor, mono but preferably multivalent, was found to be
sufficient to polymerize large quantities of isoprene monomer. It has also been
demonstrated earlier that by adding the cofactor to an enzyme dramatically increases
the rate of in vitro polymerization. Therefore it is anticipated that the addition of
cofactors will also accelerate isoprene incorporation as defined in the present
invention. The amount of the added cofactor, preferably Mg?* is from about 0.1 to
about 100 millimoles and preferably from about 0.5 to about 5 millimoles per 100
parts by weight of isoprene monomers.
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[0095] An important aspect of the present invention is the utilization of allylic
initiators that are capable of generating an allylic carbocation to effect carbocationic
polymerization of the isoprene monomers. Many allylic compounds can be utilized
with a large class thereof being various allylic pyrophosphates or functionalized allylic
pyrophosphates or compounds containing an allylic pyrophosphate end group.
Examples of such initiators include allylic pyrophosphate, 1,1-dimethylallyl
pyrophosphate, farnesyl pyrophosphate, geranyl-geranyl pyrophosphate, geranyl
pyrophosphate, allylic neryl pyrophosphate; generally oligomers with an allylic
pyrophosphate end group such as oligoisoprenes, and the like. Other allylic initiators
include dimethyl allyl halides such as geranyl-, geranyl geranyl-, farnesyl-, neryl etc.
bromides, chlorides, iodides, fluorides, as well as various hydroxides such as
dimethyl allyl hydroxide, geranyl geranyl-, farnesyl-, neryl and the like. The initiators
can carry other functional groups such as an oligoisobutylene head group or a
polymerizable group ((meth)acrylate, acrylamide, lactone, lactame, etc), or a
protected polymerizable group (protected acid, protected amine, etc). Preferred
initiators include farnesyl pyrophosphate, geranyl pyroposphate, and neryl
pyrophosphate. The various allylic pyrophosphates and halides and hydroxyls are
known to the literature and to the art and sources thereof include any Sigma-Alrich
Handbook of Chemicals.

[0096] While the washed natural rubber latex can inherently contain suitable allylic
initiators therein, it is generally desirable to add allylic initiators or functionalized
allylic initiators that can be added separately or with the isoprene monomer to the
washed natural rubber latex. The amount of the allylic initiator is generally from
about 0.01 to about 10 millimoles and desirably from about 0.1 to about 1 millimoles

per 100 parts by weight of the isoprene or other diene monomers.
[0097] The in vitro biosynthesis of natural rubber from a washed natural rubber is

achieved utilizing preferably isoprene or other diene monomers containing from 4 to 8
carbon atoms. Suitable diene monomers include 1,3-butadiene, 2,3-dimethyl-
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butadiene and the like. The monomers of the present invention exclude allylic or
alkene monomers such as isopentene.

[0098] It is a great advantage of the current invention that the isoprene monomers
and the various diene monomers do not need to have a high purity, in contrast to
synthetic rubber manufacturing processes that require high purity monomers such
that the amount of impurities therein, for example various hydrocarbons, is generally
less than 1 parts by weight, desirably less than 0.1 parts by weight, and preferably
less than 0.01 parts by weight per every 100 parts by weight of isoprene monomers
and/or diene monomers. The specificity of the enzymes towards isoprene or dienes

allows the use of non-purified isoprene from oil or biomass.

[0099] The amount of monomers utilized is such that a washed natural rubber
feedstock containing about 5% solids by weight will contain after polymerization of
the monomers from about 10% to about 30% by weight of solids therein, and

preferably all the added monomers will form rubber.

[0100] Various solvents have been found to improve the solubility of the isoprene
and/or diene monomers but not to diminish the activity of the inherent natural rubber
enzyme catalyst. Such solvents generally include alcohols having from about 1 to
about 5 carbon atoms with ethanol being preferred. Organic solvents (alkyl chloride,
aromatics, amides, ketones, esters) can also be used. The amount of the solvents
generally range from about 4 to about 20 parts by weight and desirably from about 7
to about 15 parts by weight based upon every 100 parts by weight of the isoprene
and/or diene monomers.

[0101] The carbocationic polymerization of the monomers of the present invention
can occur over a wide temperature range such as from about 0°C to about 60°C,
desirably from about 15°C to about 40°C with from about 20°C to about 30°C being
preferred. As noted above, since in this invention the polymerization of the isoprene

monomers or other diene monomers is similar to a living polymerization very little or
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no chain transfer or chain termination occurs. That is, generally less than 10%,
desirably less than 5%, and preferably less than 1% of all the polymerizing chains are
ended by either chain transfer and/or chain termination. While not desired, it is within
the scope and ambit of the present invention that some chain transfer and/or chain
termination can occur as by utilizing chain transfer or chain termination agents known
to the art and to the literature. Examples of such chain termination agents include
cationic traditional terminating agents such as water. Ethanol obviously does not
terminate NR biosynthesis. Chain termination can also occur via removing the
cofactor(s) by chelation with EDTA.

[0102] Polymerization times can vary widely such as from about 3 to about 48
hours. The polymerization desirably is carried out in a closed system and thus
pressure of the reaction can range from about 1 to about 2 and desirably from about
1 to about 1.1 atmosphere. It may be also of interest to add an organic cosolvent to
increase the concentration of IP. It may be preferable to use an atmosphere
containing carbon dioxide at about 5%.

[0103] The molecular weight of the cis-1,4-polyisoprene polymers or other cis-1,4-
polydiene polymers of the present invention can vary greatly depending upon the
amount of allylic initiator utilized. Thus, the number of cis-1,4-isoprene or cis-1,4-
diene repeat units can range from about 5 or from about 10 to a very high molecular
weight of up to about 20,000, or about 25,000 or about 30,000 repeat units. In the
case of natural rubber the number of units is desirably from about 5000 to about
15,000, and preferably from about 8000 to about 10,000. The molecular weight
distribution, i.e. Mw/M, can vary as from about 2 to about 20 and preferably from 2 to
about 5. The broad molecular weight distributions can be obtained by different
methods such as by adding the initiators at different stages, and the like. A unique
aspect of the present invention is that stereoregular polymers such as cis-1,4-
polyisoprene or cis-1,4-polydiene are made that ordinary synthetic catalysts are not
capable of producing.
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[0104] The invention will be better understood by reference to the following
examples that serve to illustrate, but not to limit the invention including the in vitro

production of natural rubber.

[0105] The preparation of the in vitro natural rubber can generally be described as
follows: A suitable synthetic allylic initiator that produces an allylic carbocation is
added to a natural rubber latex or washed rubber particles that inherently contain a
naturally occurring cis-prenyl transferase enzyme with cofactors therein, along with
synthetic isopentenyl pyrophosphate IPP or isoprene IP monomers. Desirably the
initiator is added first followed by the monomer although the addition can be carried
out in any order, e.g. initially adding the monomers followed by the initiator. The
initiator at ambient temperature will initiate the polymerization of the monomers in the
presence of the enzyme and cofactors until essentially all of the monomer is
polymerized. We propose that the polymerization essentially is a living carbocationic

(electrophilic) polymerization, but this is not a necessary criterion.

[0106] Examples for in vitro rubber biosynthesis. Enzymatically active rubber
particles from Hevea (RRIM600) latex were purified by washing four times in 100 mM
Tris-HCI (pH 7.5), 5 mM DTT and 0.1 mM AEBSF, centrifugation and suspension in
wash buffer. After four washes, 10% glycerol was added and then the WRPs were
transferred into liquid nitrogen. These will be designated as Washed Rubber Particles
(WRP-1 and WRP-3), due to two different batches of RRIM600 latex. WRP-1 was
used in conventional in vitro NR biosynthesis and WRP-3 was used in “large” scale
experiments. Most of the in vitro experiments were carried out in wells of 96-well filter
plates (Millipore Durapore membrane 0.65 um). Typically, the reaction volume was
20 pL comprising of 2 uL of buffer (100 mM Tris-HCI, pH 7.5, 1.25 mM MgSO4, 5
mM DTT), 0.4 uL (4%x10-8 mol) of 100 mM IPP or |IP water solution/dispersion, 0.6 uL
(6%10-8 mol) of 1mM FPP in water and 2 mg of WRP in 17 uL of water. 5 hrs and 24
hrs reaction times were used at 25°C in an incubator. The reactions were stopped by
adding 40 pL (3.2x10-6 mol) of 80 mM EDTA. The filter plate was vacuumed and
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then washed two times with 150 pL water then once with 95% ethanol, then oven-
dried at 37°C for 30 minutes.

[0107] One larger scale reaction was performed in 3.8 mL buffer (100 mM Tris-
HCI, 1.25 mM MgS0O4, 5§ mM DTT, 0.1 mM AEBSF, pH 7.5) containing 0.1 mM
(3.8x10-7 mol) IPP, 15 uM (5.7x10-8 mol) FPP and 76 mg WRP-3. The reaction took
place at room temperature with gentle stirring and was stopped by adding 40 mM
EDTA (330 ul of 0.5 M EDTA) after 24 hrs incubation.

[0108] SAMPLE PREPARATION FOR SEC ANALYSIS. The filters from the well-
plates were soaked in THF to dissolve the rubber, and then the solute was filtered
through Acrodisc 0.45 ym PTFE filters (Waters) to remove the gel fraction. The
solute was then dried and prepared for SEC analysis. The rubber from the larger
scale experiment was dissolved in freshly distiled THF and left in the dark in the
refrigerator with periodic agitation until no visible gel was present. The solution was
freeze-dried and the rubber was dissolved again in freshly distilled THF. Large-scale
(WRP-3) samples were dialyzed using Nest Group’s SpinDIALYZER (50 L) with 0.6
um polycarbonate membranes to remove the gel. The solution outside of the dialysis
chamber and the gel within the chamber were freeze-dried until constant weight.
Finally, the soluble fraction was dissolved in freshly distilled THF and filtered with
0.45 uym PTFE filters with sample concentrations between 0.5 and 0.8 mg/mL for
SEC analysis.

[0109] SEC ANALYSIS. Molecular weights (MW)s and molecular weight
distributions (MWD)s were determined by SEC using a Waters setup equipped with 6
Styragel columns (HRO.5, HR1, HR3, HR4, HR5, and HR6) thermostated at 35°C as
the stationary phase. THF freshly distilled from CaH2 was used as the mobile phase
at a flow rate of 1 mL/min. The list of detectors include a Wyatt Technology Viscostar
viscometer (VIS), a Wyatt Optilab DSP refractive index (RI) detector thermostated at
40°C, a Wyatt DAWN EOS 18 angle multiangle laser light scattering (MALLS)
detector, a Wyatt quasi-elastic light scattering (QELS) and a Waters 2487 Dual

-37-



WO 2010/053553 PCT/US2009/005985

Absorbance ultraviolet (UV) detector. The UV detector wavelength was set at 210 nm
for polyisoprene in THF. Absolute molecular weights and radii of gyration were
determined using ASTRA® V software 5.2.1.4 and dn/dc = 0.130 reported for high
cis-polyisoprene.30 Low MWs were estimated from the elution times using a
calibration curve [log MW = 11.06 — 0.13 x elution time (min)] obtained with PIP
standards, which agreed with that extrapolated from the LS data of the high MW
rubber.

[0110] Example I: CONTROL EXPERIMENT. 2 uL of buffer (100 mM Tris-HCI, pH
7.5, 1.25 mM MgSO,4, 5 mM DTT), 0.4 pL (4x10° mol) of 100 mM IPP in water, 0.6
uL (6x10® mol) of 1mM FPP in water and 2 mg of WRP-1 in 17 uL of water were
added to microwell plates. The reactions were allowed to proceed for 5 hrs and 24
hrs at 25°C in an incubator. The reactions were stopped by adding 40 pL (3.2x10°
mol) of 80 mM EDTA in water. The filter plate was vacuumed and then washed two
times with 150 pL water then once with 95% ethanol, then oven-dried at 37°C for 30
minutes. The filters from the well-plates were immersed in THF to dissolve the
rubber, and then the solute was filtered through Acrodisc 0.45 ym PTFE filters
(Waters) to remove the gel fraction. The solute was then dried. The soluble fraction
was dissolved in freshly distilled THF and filtered with 0.45 ym PTFE filters with
Table 2
summarizes the data. #1H and #2H refer to the SEC peaks in the high molecular

sample concentrations between 0.5 and 0.8 mg/mL for SEC analysis.

weight region. (see Figure 20)

Table 2 — Summary of reaction conditions and SEC results for example |

Samples IPP | FPP | Time | High MW | SEC Elution Peak MW Rg (nm)
(hrs) | Fraction time (min) g/molx10°
~wt%
#1H #2H | #1H #2H | #1H  #2H
WRP-1 50 37.3 - 1.62 - 77.2 -
WRP-1/5(IPP) + + 5 70 37.3 - 1.62 - 78.1 -
WRP-1/24(IPP) + + 24 80 36.8 |41.6 1.87 [046| 864 |448

[0111]

Figure 20 compares the LS and RI traces of the WRP-1/5(IPP) and WRP-

1/24(1PP) with WRP-1. WRP-1 had a main peak MW of ~1.6 x 10° g/mol. WRP-1
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had a molecular weight tail in the high MW region from ~2.28 to ~7.41x10° g/mol.
The evidence of MW growth is supported by the increase of Ry and the increase of
the high MW mass fraction. The 1H peak of WRP-1/24 shifted to higher molecular
weight relative to WRP-1 and WRP-1/5, and a distinctive second peak (2H) appeared
with an approximate molecular weight of ~5x10° g/mol. The approximate weight
fraction of the high MW materials increased from ~50% to ~80%. This observation is
similar to that reported in the literature by scintillation spectroscopy using radio-
labeled "C-IPP monomer; this peak was identified to be newly-formed NR.[72,116]

[0112] EXAMPLE Il. 2 uL of buffer (100 mM Tris-HCI, pH 7.5, 1.25 mM MgSO4, 5
mM DTT), 0.4 pL (4x10°® mol) of 100 mM IP in ethanol, 0.6 pL (6x10-8 mol) of 1mM
FPP in water and 2 mg of WRP-1 in 17 pL of water. Reaction times of 5 hrs and 24
hrs were used at 25°C in an incubator. The reactions were stopped by adding 40 pL
(3.2x10°® mol) of 80 mM EDTA in water. The filter plate was vacuumed and then
washed two times with 150 yL water then once with 95% ethanol, then oven-dried at
37°C for 30 minutes. Molecular weight characterization was performed as described
above. The sample concentration ranged from 0.5 to 1.0 mg/mL. Table 3 summarizes
the data. #1H and #2H refer to the SEC peaks in the high molecular weight region.
(see Figure 21)

Table 3 - Summary of reaction conditions and SEC results for example |l

Samples IP | FPP | Time High SEC Elution | Peak MW Rg (nm)
(hrs) MW time (min) | g/molx10°
Fraction
~wt% | #1H #2H | #1H #2H | #1H #2H
WRP-1 - 50 37.3 - | 1.62 - 77.2 -
WRP-1/5(IP) + + 5 80 36.7 | 422 | 1.93 |0.38| 89.8 (414
WRP-1/24(IP) + + 24 80 366 | 418 | 1.99 {043 | 985 [ 44.0

[0113] Figure 21 compares the LS and RI traces of the 5 and 24 hr samples using
IP as monomer to replace IPP and plotted with WRP-1. The 1H peak of WRP-1/5(IP)
and WRP-1/24(IP) shifted to higher molecular weight relative to WRP-1. The main
peak of NR from WRP-1 grew to nearly 2.00x10° g/mol; an indication of growth of
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natural rubber. A distinctive second peak (2H) appeared with an approximate
molecular weight of ~4x10° g/mol, similar to the preceding example. This observation
was similar to that reported in the literature by scintillation spectroscopy using radio-
labeled *C-IPP monomer; this peak was identified to be newly-formed NR.[72,116]
The approximate weight fraction of the high MW materials increased to ~80%, similar
to that of examples that used IPP as monomer. When IP was used as monomer,
similar results to conventional in vitro NR biosynthesis, where |IPP is the monomer,
were observed. Evidence of NR growth is supported by the increase of Ry and the
increase of the high MW mass fraction.

[0114] Example lll. Utilizing the equipment and procedure like that of example |, 2
uL of buffer (100 mM Tris-HCI, pH 7.5, 1.256 mM MgSO,, 5 mM DTT), 0.4 pL (4x10
mol) of 100 mM IP in ethanol, 0.6 pL (6x10°® mol) of 1mM FPP in water and 2 mg of
WRP in 13 yL of water and 4 pL of 100% ethanol to a reaction volume of 20 pL were
combined reaction times of 5 hrs and 24 hrs were used at 25°C in an incubator.
There were 9 wells for 5 hrs and 9 for 24 hrs to a total of 18 wells. The reactions were
stopped by adding 40 pL (3.2x10°® mol) of 80 mM EDTA in water. The filter plate was
vacuumed and then washed two times with 150 uL water then once with 95%
ethanol, then oven-dried at 37°C for 30 minutes. Molecular weight characterization
was followed like that of the preceding example. The sample concentration ranged
from 0.5 t01.0 mg/mL. Table 4 summarizes the data. #1H and #2H refer to the SEC

peaks in the high molecular weight region. (see Figure 22)

Table 4 - Summary of reaction conditions and SEC results for example lll

Samples IP | FPP | 10% | Time High SEC Elution Peak MW Ry (nm)
EtO | hrs MW time (min) g/molx10°
H Fraction
~wt%
#1H #2H | #1H #2H #1H  #2H
WRP-1 50 37.3 - 1.62 - 77.2 -
WRP- + + + 5 90 365 422 | 205 | 0.38 | 998 | 414
1/5(IP/EtOH)
WRP- + + + 24 90 366 {421 199 | 0.38 | 985 | 414
1/25(IP/EtOH)
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[0115] Figure 22 compares the LS and RI traces of the 5 and 24 hr samples using
IP as monomer in the presence of 10% (v/v) ethanol and plotted with WRP-1. The 1H
peaks of WRP-1/5(IP/EtOH) and WRP-1/24(IP/EtOH) shifted to higher molecular
weight relative to WRP-1, which are indications of growth of NR. From the SEC
results, it was observed that WRP-1/5(IP/EtOH) and WRP-1/24(IP/EtOH) had similar
molecular weights and increased the MW of NR from ~1.62x10% g/mol to nearly
2.00x10° g/mol, a growth of ~4x10° g/mol. A distinctive second peak (2H) appeared
with an approximate molecular weight of ~4x10° g/mol, similar to the preceding
examples. This observation was similar to that reported in the literature by
scintillation spectroscopy using radio-labeled '“C-IPP monomer; this peak was
identified to be newly-formed NR.[72,116] The approximate weight fraction of the
high MW materials increased to ~90%; the NR isolated from the WRP after
incubation increased by ~80%. The evidence of MW growth is supported by the
increase of Ry data and the increase of the high MW mass fraction.

[0116] Example IV. In this example, a control experiment using RRIM600 WRP
and IPP as the monomer was performed at a scale that was enhanced to milliliter-
scale to provide a facile method to analyze the mass gain of in vitro NR biosynthesis.
In a 15 mL centrifuge tube, 76 mg of RRIM600 WRP-3 was suspended in 3705 uL of
buffer (100 mM Tris-HCI, pH 7.5, 1.25 mM MgSQ,4, 5 mM DTT). Subsequently, 38 uL
(3.8%x107 mol) of 10 mM IPP in water, 57 pL (5.7%x10°® mol) of 1mM FPP in water was
added to make up 3800 pL total reaction volume. The reaction took place at room
temperature with gentle rotation and was stopped by adding 330 pL of 0.5M EDTA in
water (final concentration of 43 mM) after 24 hours. The sample was then washed
with excess bufferr(100 mM Tris-HCI, pH 7.5, 1.25 mM MgSOQ4, 5 mM DTT) and
freeze-dried until constant weight.

[0117] Table 5 below presents the gravimetric analysis of WRP-3/24(IPP). The
weight reported was determined after freeze-drying the samples in vacuum for over 5
days till constant weight was achieved. When compared to the initial WRP weight, a

positive mass gain was observed, indicating that the IPP monomer was converted
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into polymer in vitro. The mass gain to the overall weight of WRP-3/24(IPP) after

incubation was ~46%.

Table 5 — Gravimetric analysis of WRP-3/24(IPP)

PCT/US2009/005985

Sample Initial WRP Wt. after Mass balance
(mg) incubation (mg) (mg)
WRP-3/24(IPP) 76 111 +35
[0118] Example V. Utilizing the equipment and procedure similar to example 1V,

in a 15 mL centrifuge tube, 76 mg of RRIM600 WRP-3 was suspended in 3705 uL of
buffer (100 mM Tris-HCI, pH 7.5, 1.25 mM MgSO,, 5§ mM DTT). Subsequently, 38 L
(3.8%x10™ mol) of >99% IP (final concentration of 100mM), 57 pL (5.7x10® mol) of
1mM FPP in water was added to make up 3800 uL total reaction volume. The
reaction took place at room temperature with gentle rotation and was stopped by
adding 330 pL of 0.5M EDTA in water (final concentration of 43 mM) after 24 hours.
The sample was then washed with excess buffer (100 mM Tris-HCI, pH 7.5, 1.25 mM
MgSO,, 5 mM DTT) and freeze-dried until constant weight was achieved.

[0119] The
weight reported was determined after freeze-drying the samples in vacuum for over 5

Table 6 below presents the gravimetric analysis of WRP-3/24(IPP).

days till constant weight was achieved. When compared to the initial WRP weight, a
positive mass gain was observed, indicating that the IP monomer was converted into
The mass gain to the overall weight of WRP-3/24(IP) after
incubation was ~35%.

polymer in vitro.

Table 6 — Gravimetric analysis of WRP-3/24(IP)-

[0120]

isoprene monomer introduced into the system. 26 mg of isoprene monomer was

Example Initial WRP Wit. after Mass balance
(mg) incubation (mg) (mg)
WRP-3/24(IP) 76 103 +27

In Example V, the amount of mass gain was approximately equal to that of
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introduced and 27 mg of mass gain was measured within experimental error. This

suggests quantitative conversion of isoprene incorporation into natural rubber.

[0121] Example VI. Micro-Raman monitoring of in vitro NR biosynthesis using IP
as monomer.

[0122] Materials

[0123] Isoprene (>99%) was purchased from Sigma-Aldrich. Isolation of
enzymatic-active washed rubber particles from IAC40 Hevea was prepared as using
similar methodology described in the literature [93,114].

[0124] Micro-Raman Spectroscopy

[0125] The measurement of characteristic vibration modes was performed using
Horiba-JobinYvon LabRam Raman spectrophotometer equipped with x50 Mitutoyo
long-working-distance objective, capable of penetrating the glass without a
substantial glass fluorescence signal. The laser had the following setup: A = 647 nm,
hole = 300 um, silt = 150 ym, 300 seconds/spectrum, and software = Labspec 3.1.
The samples were prepared by measuring 0.5 g of IAC40 WRP into 1 mL glass vials
and then sealing the vials. The rubber content of IAC40 WRP is 21.18%. 0.15 mL
(0.1022 g) of >99% isoprene (Sigma-Aldrich) was injected through the seal into the
IAC40 WRP. The sample was subjected to agitation for one minute.

[0126] Figure 23 shows a Raman spectrum of pure IAC40 WRP. The peak at
1670 cm™' is assigned as the polyisoprene vibration mode. The isoprene vibration
mode is assigned at 1640 cm™.

[0127] Figure 24 displays the Raman spectrum of IAC40 WRP after the addition of
isoprene monomer from 30 to 120 minutes. The isoprene mode (1640 cm™)
decreased over time as polyisoprene mode (1670 cm™) gradually increased. This
suggests the conversion of isoprene into polyisoprene. We also noticed that upon
addition of the isoprene, yellow spots appeared in the rubber particles, indicating ion
formation.
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[0128] Figure 25 presents the growth of polyisoprene mode for the duration of the
Raman monitoring. The y-axis is a ratio of integrated polyisoprene peak and the total
area of polyisoprene and isoprene. The peak areas were determined using a Lorentz
fit protocol using Origin 8.0. From the Raman spectroscopy, the polyisoprene peak
increased ~12% over six hours. The enzymatic activity of IAC40 WRP lasted for

approximately three hours.

[0129] Example VI. Fresh latex was collected from Hevea Brasiliensis,
immediately stabilized by a buffer solution (0.1M NaHCOj; in water, 50% glycerol,
0.3% (w/v) NaNj in water, 5mM cysteine in water), and shipped to the USDA (Albany,
CA) at -80°C. The frozen latex was then shipped to the University of Akron at -80°C
and stored in a -80°C freezer until use. The USDA determined the rubber content of
the IAC40 latex to be 18.5 wt%. Before the experiment, frozen latex was allowed to
thaw for 5 minutes to yield a liquid. 0.513 g of IAC40 latex was measured into a 1 mL
glass vial and then the vial was sealed. 0.15 mL (0.1022 g) IP (>99%, Sigma-
Aldrich) was injected through the seal into the IAC40 latex. The sample was shaken
by hand for one minute and incubated at room temperature for 30 hours. After
incubation, the sample was freeze-dried in the vacuum oven for a week until constant
weight was achieved. For comparison purposes, another sample of pure IAC40 latex
was prepared. Both samples were dissolved in freshly distilled THF and left in the
dark in the refrigerator with periodic agitation until transparent. The NR solutions
were dialyzed with 0.5 pm PTFE membranes to remove any micro-gel. The solution
outside of the dialysis chamber was freeze-dried until constant weight. 0.9 mg: of the
incubated product was dissolved in 0.9478 mL of freshly distiled THF and filtered
with 0.45 pm PTFE filters (VWR) to yield a 0.9495 mg/mL solution. 1.1 mg of
isolated NR from pure IAC40 latex was dissolved in 1.4960 mL of freshly distilled
THF and filtered with 0.45 um PTFE filters (VWR) to yield a 0.7353 mg/mL solution.
100 pL of both solutions were injected onto the SEC columns for analysis. Figure 26
displays the SEC traces and Table 7 summarizes the data. The main high molecular

weight peak, designated as 1H peak, of the rubber obtained after IP incubation
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shifted slightly to higher molecular weight (1.94x10° g/mol), compared to that of the
control rubber isolated from the IAC40 latex (1.79x10° g/mol), an indication of growth
of natural rubber in the latex. A distinctive second peak (2H) appeared with an
approximate molecular weight of ~4x10° g/mol. This is the largest new peak
observed, in comparison with examples Il and V, where WRP was incubated with IP.
This also supported the formation of new rubber or the growth of existing shorter

chains.

[0130] Figure 26 shows SEC of IAC40 latex, and |IAC40 latex(IP/30), High MW

region. a) is LS trace, and b) is Rl trace.

Table 7 - Summary of reaction conditions and SEC results for example VII

Samples IP | Time High SEC Elution | Peak MW Rg (nm)
(hrs) MW time (min) | g/molx10°
Fraction
~W% | #1H #2H | #1H #2H | #1H #2H
IAC40 latex 25 36.15 - 1.79 - 85.3 -
IAC40 latex(IP/30) | + 30 28 36.08 | 42.06 | 1.94 [0.42| 98.5 | 43.2

[0131] The approximate weight fraction of the high MW materials increased from
25% to 28%. Evidence of NR growth was supported by the increase of Ry and the
increase of the high MW mass fraction. This increase inherently suggested that the
IAC40 latex contained active enzymes and necessary components for the conversion
of isoprene into polyisoprene without the conventional need to purify the latex into
WRP.

[0132] Another aspect of the present invention is that by utilizing a different
catalyst (in addition to the cis-prenyl transferase catalyst inherently contained in the
natural rubber latex), a trans conformation can be made. For example, by using
active enzyme from a species that produces trans-PIP (trans-prenyl transferase),
trans-1,4-polyisoprene can be produced from isoprene. Using a mixture of cis- and
trans-prenyitransferase a blend of cis- and trans-1,4-polyisoprene can be produced

Depending upon the amount of the trans catalyst (for example, active particles from
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E. ulmoides, which produces trans rubber) added in comparison with the inherent
cis-prenyl transferase catalyst, the ratio of the trans-1,4-polyisoprene to that of the

cis-1,4-polyisoprene can be readily controlled.

[0133] The in vitro production of natural rubber from isoprene monomers can be
utilized in any article wherein synthetic natural rubber is utilized. Numerous such end
uses exists such as tires including passenger car tires, truck tires, off road tires, and
the like; various types of conveyor belts; various types of drive belts such as utilized
on engines and the like, medical gloves, and so forth.

[0134] Isoprenoids other than cis-1,4-polyisoprene or blends of cis-1,4-
polyisoprene and trans-1,4-polyisoprene or solely trans-1,4-polyisoprene can be
produced according to the present invention in a manner as noted hereinabove,
hereby fully incorporated by reference, and include terpenes, carotenoids, fat soluble
vitamins, ubiquinones, various steroids, various alkaloids, and the like. For example,
in lieu of the cis-prenyl transferase cofactor enzyme, other enzymes of the
transferase class can be utilized such as transaminases, transacetylases,
transmethylases, and the like can be utilized to replicate themselves in the presence
of the natural rubber latex derived from rubber trees utilizing appropriate initiators that
effect carbocationic polymerization of isoprene to yield the desired isoprenoid.
Examples of various terpenes include monocyclic terpenes such as dipentene,
various dicyclic terpenes such as pinene, or various acyclic terpenes such as
myrcene. Examples of terpene derivatives include camphor, menthol, terpineol,
borneol, geraniol, and the like. Examples of fat soluble vitamins include vitamin A, D,
E, and K. Examples of ubiquinones include Q or Q4o also known as coenzyme Q or
coenzyme Qq. Examples of steroids include any of the lipids that contain a
hydrogenated cyclopentanoperhydrophenanthrene ring system. Literally hundreds of
compounds exist including progesterone, adrenocortical hormones, sex hormones,
cardiac aglycones, bile acids, sterols such as cholesterol, saponins, some
carcinogenic hydrocarbons, and squalene.
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[0135] The reaction conditions for forming isoprenoids are similar to the conditions
for forming the cis-1,4-polyisoprenes and the cis-1,4-polydienes and are hereby fully
incorporated by reference such as the type of any amount of allylic initiators, the

polymerization temperatures, molecular weight, and the like.

[0136] The above noted isoprenoids while produced by a different process route
can be utilized for the current existing uses and applications known to the literature

and to the art, including those set forth above such as vitamins, steroids, etc.

[0137] While in accordance with the patent statutes the best mode and preferred
embodiment have been set forth, the scope of the invention is not intended to be limited

thereto, but only by the scope of the attached claims.
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WHAT IS CLAIMED IS:

1. A process for the synthetic production of cis-1,4-polyisoprene or cis-1,4-
polydiene, comprising the steps of:

mixing, in any order, isoprene monomers or other diene monomers having
from 4 to 8 carbon atoms, a natural rubber latex or washed rubber particles (WRP),
and an allylic initiator, said latex or WRP containing an enzyme catalyst and a
divalent cofactor therein; and

polymerizing said mixture and producing cis-1,4-polyisoprene or cis-1,4-

polydiene.

2. The process of claim 1, wherein said allylic initiators comprise allylic
pyrophosphates, including 1,1-dimethylallyl pyrophosphate, farnesy! pyrophosphate,
geranyl-geranyl pyrophosphate, geranyl pyrophosphate, allylic neryl pyrophosphate,
dimethyl allyl halide, dimethyl allyl bromide, dimethyl allyl chloride, dimethyl allyl
iodide, dimethyl allyl fluoride, dimethy! allyl hydroxide, or a compound containing an
allylic pyrophosphate end group, or a functionalized allylic pyrophosphate; wherein
said polymerization occurs at a temperature of from about 10°C to about 60°C; and
wherein the number of cis-1,4-isoprene repeat units or other cis-1,4-diene repeat

units in said polymer is from about 5 to about 30,000.

3. The process of claim 2, wherein said monomers are said isoprene
monomers or 1,3-butadiene or 2,3-dimethyl-butadiene-1,3 monomers, including
washing said natural rubber latex prior to combining it with the isoprene or said other
diene monomers, and wherein said enzyme comprises cis-prenyl transferase, and
wherein said cofactor comprises Mg*2 or Mn*2.

4, The process of claim 3, wherein said polymerization is a living

polymerization.
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5. The process of claim 4, wherein said allylic initiators comprise 1,1-
dimethylallyl pyrophosphate, farnesyl pyrophosphate, geranyl-geranyl
pyrophosphate, geranyl pyrophosphate, and allylic neryl pyrophosphate.

6. The process of claim 5, wherein said polymer is cis-1,4-polyisoprene
7 A process for the in vitro production of natural rubber comprising the
steps of:

adding an allylic initiator and isoprene monomers or one or more other diene
monomers having from 4 to 8 carbon atoms to a natural rubber latex or washed
rubber particles containing an enzyme catalyst and optionally a divalent cofactor; and

carbocationically or electrophilically polymerizing said isoprene or said one or
more other diene monomers, optionally in the presence of pyrophosphoric acid or
salts thereof, to produce cis-1,4-polyisoprene or cis-1,4-polydiene.

8. The process of claim 7, wherein said allylic initiators comprise allylic
pyrophosphates including 1,1-dimethylallyl pyrophosphate, farnesyl pyrophosphate,
geranyl-geranyl pyrophosphate, geranyl pyrophosphate, allylic neryl pyrophosphate,
dimethyl allyl halide, dimethyl allyl bromide, dimethyl allyl chloride, dimethyl allyl
iodide, dimethyl allyl fluoride, dimethyl allyl hydroxide, or a compound containing an
allylic pyrophosphate end group, or a functionalized allylic pyrophosphate, and
wherein the number of cis-1,4-isoprene or cis-1,4-diene repeat units in said polymer
is from about 5 to about 30,000.

9. The process of claim 8, including washing said natural rubber latex prior
to combining it with said isoprene monomers or said other diene monomers, and

wherein said enzyme comprises cis-prenyl transferase.

10. The process of claim 9, including said cofactor, said cofactor

comprising Mg*? or Mn*?; wherein said polymerization occurs at a temperature of
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from about 10°C to about 60°C; and wherein the number of cis-1,4-polyisopene or

cis-1,4-diene repeat units in said polymer is from about 10 to about 25,000.

11.  The process of claim 10, wherein said allylic initiators comprise 1,1-
dimethylallyl pyrophosphate, farnesyl pyrophosphate, geranyl-geranyl
pyrophosphate, geranyl pyrophosphate, and allylic neryl pyrophosphate.

12. The process of claim 9, wherein said polymerization is a living
polymerization.

13.  The process of claim 10, wherein said polymer is cis-1,4-polyisoprene.

14. A natural rubber composition comprising:
polymers of cis-1,4-polydienes other than cis-1,4-polyiosprene that are
essentially free of non-enzyme catalysts therein.

15.  The natural rubber according to claim 14, wherein said polymers
contain from about 5 to about 30,000 repeat units of cis-1,4-diene; and wherein said
natural rubber composition generally contains less than about 10 ppm of an non-
enzyme for every 100 parts by weight of said polymer.

16. The natural rubber composition of claim 15, wherein said cis-1,4-
polydiene is derived from an allylic initiator, an enzyme catalyst, and a divalent metal
cofactor.

17. A process for the in vitro production of isoprenoids, comprising the
steps of:

forming a solution comprising an allylic pyrophosphate initiator, isoprene or
other diene monomers containing from 4 to 8 carbon atoms, an enzyme catalyst and
optionally a cofactor; and
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carbocationically polymerizing said isoprene and said other diene monomers

to produce a polyisoprenoid composition.

18. The process of claim 17, wherein said polyisoprenoid comprises a

terpene, a carotenoid, a fat soluble vitamin, a ubiquinone, a steroid, or an alkaloid.

19. The process of claim 18, including said cofactor, wherein said allylic
initiators comprise allylic pyrophosphates, including 1,1-dimethylallyl pyrophosphate,
farnesyl pyrophosphate, geranyl-geranyl pyrophosphate, geranyl pyrophosphate,
allylic neryl pyrophosphate, dimethyl allyl halide, dimethyl allyl bromide, dimethyl allyl
chloride, dimethyl allyl iodides, dimethyl allyl fluoride, dimethyl allyl hydroxide, or a
compound containing én allylic pyrophosphate end group, or a functionalized allylic
pyrophosphate.

20. The process of claim 19, wherein the polymerization temperature is
from about 10°C to about 60°C.
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