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Escherichia coli offers unparalleled engineering capacity in the context of heterologous natural product biosynthesis. However,
as with other heterologous hosts, cellular metabolism must be designed or redesigned to support final compound formation.
This task is at once complicated and aided by the fact that the cell does not natively produce an abundance of natural products.
As aresult, the metabolic engineer avoids complicated interactions with native pathways closely associated with the outcome of
interest, but this convenience is tempered by the need to implement the required metabolism to allow functional biosynthesis.
This review focuses on engineering E. coli for the purpose of polyisoprene formation, as it is related to isoprenoid compounds
currently being pursued through a heterologous approach. In particular, the review features the compound paclitaxel and early
efforts to design and overproduce intermediates through E. coli.

soprenoids are an important class of natural products that have
been converted to several therapeutic medicines (2, 41, 42).
However, this process can be complicated by the need to harness
or reconstruct native biosynthesis. As an example, the well-known
isoprenoid natural product paclitaxel is natively produced by the
Pacific yew tree (Taxus brevifolia), yet utilizing production from
the native host proved both uneconomical and environmentally
destructive (5, 17, 25). An economical total chemical-synthetic
route to the compound is challenging due to the molecule’s com-
plex final architecture. This common scenario has driven alterna-
tive approaches toward the viable production of this and other
therapeutically relevant natural products. One such approach is
the use of heterologous biosynthesis, in which the genetic content
responsible for a given natural compound is transplanted from the
native organism to a surrogate host for the purpose of leveraging
the new host’s innate biological and engineering capabilities. This
review focuses on the heterologous biosynthesis approach, using
the compound paclitaxel as a primary example. More specifically,
emphasis is placed on the logic and initial steps guiding heterolo-
gous biosynthesis, including the choice of host organism, the pro-
vision of required intracellular substrates, and the initiation of
polyisoprene formation. For more comprehensive or alternative
discussions of isoprenoid biosynthesis, readers are directed to sev-
eral additional review articles (1, 11, 21, 30, 31, 33, 40, 46, 67).
Isoprenoids are often associated with plant natural products,
but they are also produced by microorganisms (19, 58). The com-
pounds play several roles in basic cellular function, including light
absorption, electron transport, and protein modification. In ad-
dition, they are perhaps better known for their roles in less clearly
defined chemical communication scenarios. For example, cellular
damage and potential foreign-organism invasion both spur iso-
prenoid biosynthesis in an attempt to protect plant viability. Such
a capacity for isoprenoids to serve as chemical cues in response to
environmental stimuli, including as repellents to foreign organ-
ism invasion, provides one supporting theory as to their medicinal
properties, which have been widely recognized (42). In addition to
paclitaxel, other isoprenoids with therapeutic value include arte-
misinin (antimalarial), lycopene (antioxidant), and astaxanthin
(antioxidant).
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From the standpoint of harnessing this medicinal potential,
production processes may then take advantage of the native hosts.
From one perspective, this approach simplifies production efforts
by utilizing a host that has been evolutionarily optimized for com-
pound formation. Attempts to produce paclitaxel have included
semisynthesis in which a key intermediate harvested from the nee-
dles of the yew tree is chemically converted to the final active
compound (24). More recently, plant cell culture has been used to
generate paclitaxel, and there is active research dedicated to char-
acterizing and optimizing this process (53). As mentioned above,
harvesting the full compound from the bark of the yew tree proved
impractical, spurring the more environmentally friendly and scal-
able semisynthetic and plant cell culture approaches. However,
plant-derived production processes, while taking advantage of na-
tive paclitaxel biosynthetic capabilities, are also dictated by the
intrinsic biological traits associated with the plant host (17). The
resulting cell cycle kinetics associated with plants will clearly fall
behind the high growth rates associated with microbial hosts like
Escherichia coli and Saccharomyces cerevisiae. As a result, a classical
heterologous production situation is presented: can the biosyn-
thesis of a complex therapeutic natural product be established in a
technically superior, yet evolutionarily unoptimized, alternative
host?

Within the last 15 years, this question has been asked and pur-
sued with increasing frequency. Driven by the possibility of expe-
diting and simplifying the production of therapeutic isoprenoid
compounds, heterologous biosynthesis has also taken advantage
of rapid technology development for candidate surrogate hosts.
As aresult, a series of successful examples have emerged, prompt-
ing continued efforts to apply and extend the technology. Each
success story, however, must carefully address the biosynthetic
needs that are in-built within the original producers. In essence,
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heterologous biosynthesis attempts to couple the medicinal value
of therapeutic natural products, like isoprenoids, with the engi-
neering possibilities associated with the chosen alternative hosts.
This review explains this process, featuring the recent application
of the approach toward early-stage paclitaxel intermediates and
the emergence of technical advances that have aided and will con-
tinue to aid heterologous biosynthetic attempts.

HETEROLOGOUS HOST CHOICE

Generally, the traits that define a promising heterologous host
relate to technical convenience and engineering potential. Growth
speed and advanced molecular biology protocols are an under-
stated reason why E. coli and S. cerevisiae are commonly selected as
heterologous hosts. In particular, the abundance of experimental
protocols associated with these hosts derived from the rapid
growth kinetics associated with each. Prior to heterologous bio-
synthetic applications, many experimental protocols and tools
were developed for recombinant protein production. Since then,
these same tools have been adopted or modified for heterologous
biosynthetic efforts, providing a formidable arsenal of options to
aid heterologous reconstitution of desired isoprenoid pathways.

Another criterion for the selection of a heterologous host is the
intrinsic ability to support heterologous biosynthesis. This is the
main advantage of basing production upon a native host system;
the original host will have the innate, evolutionarily optimized
ability to support biosynthesis. The selection of a heterologous
host may be biased by the potential of the alternative host to con-
tribute to the biosynthetic effort, and this potential must be
weighed against growth rate advantages and engineering oppor-
tunities.

In this regard, it is fortuitous that the most convenient heter-
ologous host options have the native metabolism required to sup-
portisoprenoid biosynthesis. E. coli, S. cerevisiae, and Bacillus sub-
tilis, arguably the most commonly used recombinant microbial
systems, each have the ability to generate isoprenoid compounds,
although none display the health-related properties associated
with isoprenoids from plant or more fastidious microbial sources.
Nonetheless, this built-in capability can be utilized in the context
of heterologous biosynthesis.

Table 1 summarizes the use of E. coli and S. cerevisiae in the
heterologous production of isoprenoid compounds. The litera-
ture cited in the table summarizes efforts to establish heterologous
biosynthesis according to compound and host organism. There
have been several highly visible examples of successful compound
formation through both E. coli and S. cerevisiae, implying that
both have the potential to be viable production options. The
choice may then be decided by compound-specific requirements,
the host-specific potential to meet these requirements, and the
experimental preference of the individual researcher. Interest-
ingly, although the genus Bacillus has an apparently robust ability
to produce isoprene (34), only a few efforts have been made to use
the organism for isoprene or polyisoprene formation (68).

SUBSTRATE PROVISION, PATHWAY SELECTION, AND
IMPACT ON HETEROLOGOUS BIOSYNTHESIS

There are two distinct metabolic pathways capable of providing
the required isopentenyl diphosphate (IPP) starting substrate for
isoprenoid biosynthesis. The first route, the mevalonate (MVA)
pathway, was identified in the 1950s and completely elucidated
shortly thereafter (7, 44). The MVA pathway is primarily found in
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eukaryotes and starts with the common intracellular metabolite
acetyl coenzyme A (acetyl-CoA), which is converted through a
series of six reactions to IPP. As Fig. 1 indicates, multiple routes
have been used to provide the acetoacetyl-CoA intermediate, in-
cluding an acetoacetyl-CoA synthase and an acetoacetyl-CoA li-
gase (22, 47). With regard to the heterologous hosts previously
referenced, the MVA pathway is natively found in S. cerevisiae.

E. coli possesses the alternative pathway for IPP formation which
begins with a molecule each of pyruvate and glyceraldehyde-3-phos-
phate. This route is referred to as the 2C-methyl-D-erythritol-4-phos-
phate (MEP) pathway and produces both IPP and dimethylallyl
diphosphate (DMAPP) (20, 35, 55). The MVA pathway includes an
essential isomerase to convert between IPP and DMAPP, whereas the
MEP pathway isomerase is not required, but such activity is used to
alter the ratio between IPP and DMAPP for the purpose of subse-
quent product formation. The MEP pathway features seven steps,
and both the MVA and MEP pathways require energy units (ATP and
CTP) and reducing equivalents (NADPH) during substrate genera-
tion (Fig. 1).

Table 1 also summarizes the substrate provision pathways used
in heterologous production attempts. It is interesting that the
MVA pathway has been successfully implemented into E. coli de-
spite the existence of the organism’s endogenous MEP pathway. A
primary reason given for this approach is the unknown regulatory
features associated with the native MEP pathway and how these
might limit subsequent engineering. As a result, a completely het-
erologous pathway would then be decoupled from native control
and would be easier to alter for the purpose of supporting eventual
isoprenoid biosynthesis (39). Alternatively, the MEP pathway has
been used extensively and successfully during E. coli-based heter-
ologous efforts. More recently, two studies compared both sub-
strate provision pathways during efforts to generate a single iso-
prenoid compound using E. coli (45, 54). In both reports, the
MVA pathway supported higher isoprenoid titers under the spe-
cific conditions of the experimental systems employed. As is dis-
cussed below in the case of E. coli-derived paclitaxel intermediate
biosynthesis, such head-to-head comparisons of the MVA and
MEP pathways can be difficult to interpret without an exhaustive
effort to balance and optimize precursor supply toward final iso-
prenoid biosynthesis.

Use of a heterologous substrate provision pathway has been
successful in supporting accompanying biosynthetic efforts and
also helps to emphasize general considerations when heterologous
biosynthesis is being attempted. The reliance on a nonnative path-
way carries an initial requirement for eventual success: functional
gene expression. This would appear to be of little concern with a
system native to E. coli, like the MEP pathway. But a heterologous
MVA pathway may pose the common problems that have long
plagued the use of E. coli for the production of recombinant pro-
teins, namely, that foreign gene expression elements may not tran-
sition to the new host. However, thanks to the range of expression
and control elements (promoter, operator, ribosomal binding
site, and termination sequences) identified and utilized for E. coli,
challenges in foreign gene expression initiation are becoming
more manageable, with a key result being a greater frequency of
successful final enzyme activity. Another advance that has aided
heterologous gene expression is the use of gene synthesis to ad-
dress codon bias between organisms. In this way, native codons
associated with the heterologous MVA pathway genes can be re-
placed with those optimal for E. coli. Such technical advances have
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TABLE 1 Representative examples of heterologously produced isoprenoids, along with hosts, supporting substrate provision pathways, product
titers, and engineering steps that influenced subsequent studies or titer improvements”

Heterologous Substrate provision Final titer(s) (intermediate or final Step to enable or overproduce
Compound host pathway compound)” product Reference
Paclitaxel E. coli MEP 1.3 mg/liter (taxadiene) Overexpression of dxs and idi 26
300 mg/liter (taxadiene), 58 mg/liter Overexpression and variation of 2
(taxadiene-5a-ol) copy number and promoter of
dxs, idi, ispD, and ispF
S. cerevisiae MVA 1.0 mg/liter (taxadiene), 0.025 mg/ None 15
liter (taxadiene-5a-ol)
8.7 mg/liter (taxadiene) Overexpression of a truncated 16
HMG-CoA reductase;
reduction of competing
steroid pathway
Artemisinin E. coli MVA 155 mg/liter (amorphadiene; initial Introduction and overexpression 39
titer) of MVA pathway; foreign gene
codon optimization; promoter
1,084 mg/liter® (amorphadiene; variation; pl.asr.md Py 4
optimized titer) number var}atlon; specific
overexpression of mevalonate
kinase
105 mg/liter (artemisinic acid) Overexpression of MVA 10
pathway; foreign gene codon
optimization; promoter
variation
S. cerevisiae MVA 0.6 mg/liter None 38
153 mg/liter (amorphadiene), 32 Overexpression of a truncated 52
mg/liter (artemisinic acid) HMG-CoA reductase;
reduction of competing
steroid pathway
Carotenoids E. coli MEP 6 mg/g DCW (B-carotene) Overexpression of dxs, ispD, ispF, 72
ispB, and idi
MVA 22 mg/g DCW (lycopene) Overexpression of mvaK1 (mvk), 71
mvaK2 (pmk), mvaD (pmd),
and idi
12.5 mg/g DCW (lycopene) Overexpression of MVA pathway 21
with acetoacetyl-CoA ligase
introduced
S. cerevisiae MVA 0.113 mg/g DCW (lycopene) None 70
5.9 mg/g DCW (-carotene) Overexpression of a truncated 64

HMG-CoA reductase and
endogenous geranylgeranyl
diphosphate synthase

“ Examples are not comprehensive.
b DCW, dry cell weight.

¢ Estimated based upon an optical density at 600 nm (ODg,) of 3.7 (39); the actual value reported is 293 mg/liter/unit of ODyy,.

developed in parallel with heterologous biosynthesis, and it is rea-
sonable to conclude that the latter has benefited from the former.
Besides gene expression, additional steps have also been useful in
ensuring functional enzyme activity, including the adjustment of
culture temperature, the use of chaperonin proteins, and the fur-
ther modification of gene sequences to remove any foreign signal-
ing or localization amino acids (or in some cases, to add such
sequences) (2, 39, 73).

The considerations outlined in the paragraph above accom-
pany any heterologous biosynthetic effort. As a result, thereisa
lessened degree of concern in attempts to achieve substrate
provision through the endogenous MEP pathway. There have
also been stoichiometric and energetic arguments that the MEP
pathway is capable of more efficient substrate conversion (2,
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74). However, there is the question of native utility and how the
evolutionary control elements associated with endogenous ac-
tivity will respond to genetic and metabolic engineering. For
the purpose of isoprenoid heterologous biosynthesis, either the
native or heterologous substrate provision pathways will po-
tentially overlap native regulatory or metabolic networks. This
awareness heightens the need for metabolic engineering, which
is discussed below.

In the case of attempts to engineer heterologous biosynthesis of
paclitaxel in E. coli, the MEP pathway was selected for substrate
provision (2). This choice was made, in part, due to the previously
mentioned potential for improved theoretical yield and as a result
of a growing number of examples in which the pathway supported
polyisoprene formation (Table 1). However, the native chromo-
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FIG 1 Mevalonate (MVA) and 2C-methyl-p-erythritol-4-phosphate (MEP) polyisoprene substrate provision pathways. Enzymes that have been targeted during
the course of metabolic engineering studies for improved paclitaxel intermediate titers are shown in boxes. Specific E. coli enzyme designations are in parentheses.
AACS, acetoacetyl-CoA synthase; AACT, acetoacetyl-CoA thiolase; AACL, acetoacetyl-CoA ligase; HMGS, hydroxymethylglutaryl (HMG)-CoA synthase;
HMGR, HMG-CoA reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; PMD, mevalonate pyrophosphate decarboxylase; IDI, isopentenyl
diphosphate isomerase; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; G3P, glyceraldehyde-3-phosphate; DXS, 1-deoxy-D-xylulose 5-phos-
phate (DXP) synthase; DXR, DXP reductase; MEP, 2-C-methyl-D-erythritol 4-phosphate; CMS, 4-diphosphocytidyl-2-C-methyl-p-erythritol (CDP-ME) syn-
thase; CMK, CDP-ME kinase; CDP-MEP, CDP-ME 2-phosphate; MCS, 2C-methyl-p-erythritol 2,4-cyclodiphosphate (MEcPP) synthase; HDS, 1-hydroxy-2-
methyl-2-(E)-butenyl 4-diphosphate (HMBPP) synthase; HDR, HMBPP reductase.

somal version of the MEP pathway was incapable of supporting
paclitaxel overproduction. Instead, based upon information re-
garding MEP pathway bottleneck points (72), additional copies of
the dxs, ispD, ispF, and idi genes were introduced at a range of gene
dosage levels. This particular strategy was adopted because of wide
experimental variation in resulting taxadiene titers (the first ded-
icated intermediate in the paclitaxel pathway) without a system-
atic approach to expressing either the genes associated with sub-
strate provision or those needed for eventual taxadiene formation.
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The results suggested the potential for high-titer biosynthesis, but
a careful experimental design was required to assess and establish
the correct metabolic environment for consistent overproduc-
tion. This was accomplished by balancing the flux of carbon
through both substrate provision (referred to as the upstream
pathway) and subsequent taxadiene formation (the downstream
pathway). There may very well be remaining inefficiencies with
this system and the MEP pathway, but this result demonstrated
the potential of the MEP pathway to be used for high-level iso-
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FIG 2 Heterologous taxadiene design, implementation, and optimization. Strain MG1655 was engineered for plasmid stabilization (ArecA AendA) and to
support the T7 promoter (DE3). Having been previously identified and sequenced, the heterologous geranylgeranyl diphosphate synthase (ggpps) and taxadiene
synthase (txs) genes were synthesized, codon optimized, and truncated to remove suspected signaling regions before being introduced via plasmid. Both native
bottleneck MEP genes and the heterologous genes were designed for a range of expression levels through modifications to promoter (black circle preceding
operon) strength (trc, T5, and T7) and gene dosage. Upstream and downstream pathway balancing allowed optimized taxadiene titers.

prenoid biosynthesis in the context of heterologous taxadiene
production.

FORMATION OF POLYISOPRENE UNITS

Prior to taxadiene biosynthesis, which is the result of a dedicated
terpene synthase, the polyisoprene unit geranylgeranyl diphos-
phate (GGPP) must be formed. From IPP and DMAPP, polyiso-
prene units are generated through the consecutive condensation
of IPP to allylic diphosphate compounds (typically beginning with
a DMAPP unit). The resulting C,, (geranyl diphosphate [GPP]),
C,5 (farnesyl diphosphate [FPP]), and C,, (geranylgeranyl
diphosphate) chains are the basis for conversion by additional
enzymes into isoprenoid classes of monoterpenes, sesquiterpenes,
and diterpenes, respectively (57). E. coli has the native capability to
produce FPP as a result of the FPP synthase IspA (18). However,
the cell accumulates only limited amounts of GGPP (6, 28).

As a result, a GGPP synthase (GGPPS) from Taxus canadensis
was used to allow the production of paclitaxel intermediates from
E. coli (2, 23). Subject to the same design parameters introduced
above for heterologously expressed genes, the GGPP synthase
gene was synthesized, with care being taken to optimize codon
usage for E. coli and to remove any unneeded native plastidial
insertion regions. This gene, in conjunction with a taxadiene syn-
thase and bottleneck MEP genes, was then tested over a wide ex-
pression range. Chromosomal, low, medium, and higher gene
dosages were implemented through chromosomal integration or
the use of plasmids with well-established copy numbers. Gene
dosage was coupled to a range of promoters also varying in
strength. As aresult, a comprehensive landscape of metabolic con-
trol was mapped to taxadiene production titers, and a maximum
was identified for this particular system. The resulting balance of
upstream substrate provision and downstream biosynthetic path-
ways resulted in a taxadiene titer of ~300 mg/liter. Figure 2 de-
picts the steps involved in heterologous isoprenoid biosynthesis
featuring the paclitaxel case.

AFTER BIOSYNTHESIS: PROTEIN, METABOLIC, AND PROCESS
ENGINEERING

A heterologous biosynthetic attempt can be classified as a success
if any level of production is accomplished. However, success in-
volving only low levels of production will not serve the larger
objective of viable mass production. Here, the choice of heterolo-
gous biosynthesis offers a second level of engineering to improve
upon initial titers, yields, and productivities. Similar to the advan-
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tages afforded by the heterologous host during attempts at path-
way reconstitution, the engineering tools available with hosts like
E. coli and S. cerevisiae offer a number of engineering opportuni-
ties across scales.

At the protein level, specific enzymes within the precursor or
polyisoprene formation stages of biosynthesis have been targeted
for improvements in final titers. The GGPPS responsible for ini-
tiating the downstream isoprenoid formation process has been a
frequent target for protein engineering strategies. Both direct and
random mutations have been used to alter or improve the capa-
bilities of this enzyme (37, 50, 65). In these studies (and numerous
others), the engineering schemes were aided or enabled by the
colorimetric properties of carotenoid compounds. Other groups
have used dedicated foreign GGPPSs to aid in a particular iso-
prenoid biosynthetic effort (similar to the paclitaxel case). This is
done to channel substrate flow to the correct-chain-length poly-
isoprene unit prior to subsequent isoprenoid formation reactions
(16, 66).

Metabolic engineering in the context of isoprenoid heterolo-
gous biosynthesis has primarily been dedicated to the MEP and
MVA pathways. Numerous studies have focused on individual
components of these pathways to identify and address potential
bottlenecks (a comprehensive assessment of these studies is pre-
sented in the reviews cited at the beginning of this article). With
regard to the paclitaxel case, several groups have optimized pro-
duction of related compounds through chromosomal modifica-
tion of the MEP pathway (12, 72). This approach appears to be
particularly well suited to the native E. coli MEP pathway and has
the potential to both minimize metabolic burden and eliminate
the need for plasmids, as well as to maintain the dynamic range of
gene expression through variation in promoter strength. The well-
curated metabolic backgrounds of hosts like E. coli and S. cerevi-
siae also offer the application of computational modeling to pre-
dict and implement beneficial metabolic changes. This has been
demonstrated in a number of cases using stoichiometric modeling
of background metabolism to identify genes to be either deleted or
overexpressed for the purpose of improving final titers (3, 13, 61,
62). The advantage of such models is the ability to identify alter-
native native metabolism contributing to or detracting from het-
erologous production. In a recent effort focused on identifying
gene overexpression targets capable of improving E. coli-derived
taxadiene, the ppk, sthA, purN, and folD targets were computa-
tionally and experimentally overexpressed, with three of four tar-
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gets resulting in improved taxadiene levels (8). Finally, given the
native and heterologous components associated with or influenc-
ing total biosynthesis, studies have begun to use various -omics
technologies as another route to characterize and potentially en-
gineer the biosynthetic process (9, 32, 49, 51).

Hosts like E. coli also have well-developed bioreactor protocols
available to boost cell density and volumetric productivity (36, 60,
69). These strategies were applied in the paclitaxel case to build
upon the metabolic engineering of upstream and downstream
pathway balances to push final taxadiene titers to >1 g/liter. Other
efforts in isoprenoid heterologous biosynthesis have shown simi-
larly impressive final titers (52, 63). In summary, E. coli and other
well-characterized heterologous host systems offer more than ex-
cellent molecular biology tools available to facilitate pathway
transfer and reconstitution. The new hosts have been the primary
platforms for bioproduct protein, metabolic, and process engi-
neering for the last 3 decades, and this knowledge base is support-
ive of the product development strategies that are now being ap-
plied to isoprenoid heterologous biosynthesis.

COMPLETE ISOPRENOID BIOSYNTHESIS AND
HETEROLOGOUS HOST BIAS

This review focuses primarily on the logic and steps needed to
establish polyisoprene (i.e., GGPP) formation without providing
the detailed reactions that support full isoprenoid compound (i.e.,
paclitaxel) formation. These reactions are unique for each indi-
vidual isoprenoid compound, but biosynthetic similarities in-
clude multiple reaction steps that modify a polyisoprene frame.
These reactions often involve dedicated cytochrome P450 hy-
droxylases. The paclitaxel compound is a good example, in which
17 steps are predicted to convert taxadiene to the final compound,
with the majority of these transformations being catalyzed by
P450 enzymes (14, 27).

Establishing full heterologous paclitaxel biosynthesis will re-
quire the same dedication that has led to the success of high-level
E. coli taxadiene production. Specifically, a combination of heter-
ologous and pathway metabolic engineering will be required to
first establish paclitaxel intermediate and full compound forma-
tion, followed by efforts to maximize specific and volumetric pro-
ductivities. As before, the transfer of genes from plant sources will
require special attention to establish active gene expression, both
from a mechanistic standpoint (through gene synthesis and ex-
pression technology) and in terms of postexpression functionality
(as a by-product of protein localization, folding, and activity). As
a key example, in the same study in which substrate and biosyn-
thetic requirements were balanced for taxadiene overproduction,
the resulting E. coli strain was engineered to generate the subse-
quent paclitaxel pathway intermediate taxadien-5a-ol, catalyzed
by a cytochrome P450 enzyme (2). As for the foreign GGPPS and
taxadiene synthase, the P450 gene and that for an accompanying
NADPH reductase were synthesized and altered to maximize gene
expression, cellular protein localization (through removing un-
wanted and introducing beneficial localization and fusion se-
quences), and final enzyme activity. Even so, the 58-mg/liter titer
for the taxadien-5a-ol product was significantly below the opti-
mized value obtained for taxadiene. Such a result indicates the
need for renewed efforts in heterologous and pathway metabolic
engineering to boost yields. Furthermore, this process must take
place repeatedly to reach the paclitaxel endpoint or a pathway
intermediate capable of being converted semisynthetically to the
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TABLE 2 Literature analysis of isoprenoid compounds generated
heterologously”

Heterologous No. of Yr of first
Compound host articles report
Paclitaxel (taxadiene) E. coli 11 2001
S. cerevisiae 9 2006
Artemisinin (amorphadiene) E. coli 24 2003
S. cerevisiae 18 2006
Carotenoid (lycopene) E. coli 158 1986
S. cerevisiae 9 1994
Carotenoid (zeaxanthin) E. coli 64 1990
S. cerevisiae 2 2009
Carotenoid (astaxanthin) E. coli 35 1995
S. cerevisiae 4 2009

“ Results of a search conducted (26 October 2011) using the PubMed database with
either “coli” or “cerevisiae” in conjunction with the molecules in parentheses. The
numbers include both primary research and review articles and may include articles not
directly related to heterologous biosynthesis. However, the results illustrate the
differences in compound-specific host choice and the associated volume of research
since heterologous biosynthesis was initiated.

final product. An additional complication is that not all of the
pathway enzymes have been identified; thus, additional research
into pathway elucidation or substitution must occur prior to next-
step pathway heterologous production. The positive viewpoint is
that there is now precedence to support future attempts at heter-
ologously generating and overproducing downstream paclitaxel
pathway intermediates. However, this venture will no doubt test
the current limits of metabolic engineering and, most likely, will
require advances in current technology to obtain ultimate success.
Still, considering the advances that have occurred to this point and
the implications in overall success, there is reason for optimism in
pursuing such a challenging objective.

Finally, Table 2 presents a literature analysis of the heterolo-
gous production of recent and common isoprenoid compounds.
Two points can be made about the results. First, there has clearly
been significantly more research dedicated to the production of
carotenoid compounds. This is due in part to the earlier sequence
availability of such pathways, which then spurred the first heter-
ologous attempts (29, 43, 48, 56, 59). Since the first publications
on heterologous production, the majority of the remaining stud-
ies have been dedicated to metabolic engineering and production
optimization. As mentioned above, for the carotenoid com-
pounds, engineering studies are aided greatly by the colorimetric
nature of the final compounds, most likely bolstering the associ-
ated number of research efforts. There is a drop in research cita-
tions with increasing complexity of the carotenoid compound
(from lycopene to zeaxanthin to astaxanthin). This again may
reflect the order or availability associated with pathway knowl-
edge, but it may also reflect the difficulty associated with introduc-
ing downstream steps dedicated to polyisoprene adornment. It
should also be stated that the above carotenoid trend holds for E.
coli but not for S. cerevisiae. It is interesting to observe such a
disparity between these two technically convenient hosts within
the carotenoid family of isoprenoids. Our speculation is that the
biosynthetic requirements did not favor the use of either E. coli or
S. cerevisiae, and as a result, the research community then relied on
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E. coli, which would generally be considered more technically con-
venient than S. cerevisiae.

Second, the more recent trends associated with paclitaxel and
artemisinin intermediates show a more even distribution of the
E. coli and S. cerevisiae heterologous hosts. Unlike the carotenoid
compounds, these studies began in earnest only during the last 5
to 10 years. But the more prevalent use of S. cerevisiae may point to
the additional complexity associated with both final compounds.
The yeast cellular background obviously has more commonalities
with the plant cell structure than the E. coli background. This may
greatly facilitate the introduction of the downstream pathways
required for final compound formation. Essentially, the nature
and complexity of the pathway create a bias which favors the use of
a yeast system, and this may reflect the early trends in heterolo-
gous host choice. Time will tell if the final artemisinin or paclitaxel
(or other complex isoprenoid) compounds can be completely
synthesized heterologously and which host will serve this purpose.
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