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Large scale fungal genome sequencing has revealed a multitude of potential natural product
biosynthetic pathways that remain uncharted. Here we describe some of the methods that have

been used to explore them via heterologous gene expression. We focus on filamentous fungal
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hosts and discuss the technological challenges and successes behind the reconstruction of
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fungal natural product pathways. Optimised, efficient heterologous expression of reconstructed

biosynthetic pathways promises progress in the discovery of novel compounds that could be
utilised by the pharmaceutical and agrochemical industries.
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1. Introduction

The past couple of decades have witnessed the steady
encroachment of molecular biology into the field of natural
product research, traditionally the near exclusive preserve of
chemistry. The isolation and analysis of a bewildering array of
plant, fungal and bacterial secondary metabolites, many of
which display significant biological activity, provided the basis
of the modern pharmaceutical and agrochemical industries.'
Conventional strain improvement by mutagenesis and screening
of the producing organism for increased titres of product has
sometimes been effective as a means of generating commercial
titres of some fungal natural products, such as the penicillins.?
However this approach is limited to those compounds already
produced in reasonable titres and only in species which are
amenable to large-scale growth in submerged culture. Many
fungal products do not meet these requirements and in these
cases sophisticated synthetic chemistry procedures offer one
approach to the bulk production of high value natural products
only available from nature in tiny amounts, sometimes from

This journal is © The Royal Society of Chemistry 2013

unidentified producer organisms. Unfortunately the complex
structures of some natural products makes a synthetic approach
rather complicated, requiring multiple steps and so costly to
perform.

Genome sequences of many fungi have now been obtained and
these have highlighted a higher number of potential secondary
metabolism pathways than expected. Even in fungi which have
had a long history of investigation, many of the gene clusters
had unknown function. This shows that there is a large
potentially untapped reserve of natural products awaiting
discovery and exploitation; however the genome sequences
alone are not sufficient to elucidate the likely structure of the
products concerned. To exploit this diversity an approach,
currently applied mainly in the research lab rather than the
pharmaceutical factory, is to isolate and heterologously express
the genes that specify the enzymes of the biosynthetic pathway
for the compound of interest. From initial identification of such
genes, for example by gene-knockout techniques, to the
reconstruction of the biosynthetic pathway in a foreign host,
molecular biology and analytical chemistry now go hand in
glove as complementary tools of natural product research.

Heterologous gene expression has played a major role in
identifying or confirming the importance of individual enzymes
in specific metabolite production. In fungi, where the major
secondary metabolite classes include polyketides, nonribosomal
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peptides and terpenes, this may involve expression of the
enzymes at the head of a biosynthetic pathway — a polyketide
synthase (PKS), nonribosomal peptide synthetase (NRPS) or a
terpene synthase (TS). Analysis of the product(s) may indicate
a precursor relationship to the target compound. However in
most cases such a product will only be an intermediate, with the
final product resulting from the additional activities of a
number of downstream enzymes. Uncovering the steps of the
biosynthetic pathway may require the heterologous expression
of several genes both individually and in combination with
others. Production of the final compound requires the
simultaneous expression of all the relevant genes, and in
heterologous systems this means identifying and reconstructing
the biosynthetic pathway in a foreign host.

A convenient feature of fungal secondary metabolism is that the
genes encoding the various enzyme activities for a given
biosynthetic pathway tend be clustered at a single genetic locus
(Figure 1).° In contrast to prokaryotes, where this is the norm
for all biosynthetic pathways, fungal gene clustering does not
imply the existence of operons. All fungal genes are transcribed
separately from their own promoters, with regulation of co-
expression brought about by the binding of common
transcription factors. In some cases, but by no means all,
regulatory transcription factors are encoded within the gene
clusters that they regulate. Over-expression of these
transcriptional regulators has often been shown to induce
expression of the cluster and hence synthesis of the
corresponding natural product. In a pioneering example of this
approach Bergmann et al.* activated a silent gene cluster in
Aspergillus nidulans and identified aspyridone, a previously
unknown 2-pyridone compound. In a similar approach,
modifying the expression pattern of global transcription
regulators, such as LaeA, PacC and CreA can also be an
effective means to induce expression of some gene clusters.’ ®

pH Carbon Source

Such approaches however are limited to fungi which are
already amenable to genetic manipulation, and even when
successful, often only result in low titres of product. Whilst this
is sufficient for identification of the product and initial
screening for biological activity, such titres may not be
adequate for commercial exploitation. However it is clear that
gene clustering and co-regulation greatly aid the identification
of the genetic components of a biosynthetic pathway.

2. Heterologous hosts

The choice of a heterologous host is usually based on
convenience, with a hierarchy of standard alternatives starting
with Escherichia coli and increasing in complexity. While the
prokaryotic nature of E. coli has recommended it for work on
bacterial, particularly actinomycete, natural products (see, for
example, Antosch et al.”), its role in elucidating fungal natural
product biosynthetic pathways has tended to be limited to the
characterisation of individual genes and usually only where the
resulting proteins or metabolites show no antibacterial activity.
In basidiomycete fungi, terpenes tend to be the predominant
class of secondary metabolite. Agger et al.® expressed cDNA of
various sesquiterpene synthetases from the basidiomycete
fungus Coprinopsis cinerea in E. coli and using GC-MS,
identified the resulting products for 5 of the 6 genes tested. This
approach was then also used to analyse the 11 sesquiterpene
synthetases from the Jack O’Lantern fungus Omphalotus
olearus.’ In both of these cases, the resulting metabolite could
be analysed directly from the recombinant E. coli culture.
Using a slightly different approach, Davison et al.,'° elucidated
early steps of tropolone biosynthesis by in vitro analysis of
proteins purified from E. coli cultures expressing genes from
the stipitatic acid gene cluster of Talaromyces stipitatus.
Similarly, enzymes AzaH and AzaC from a silent azaphilone
gene cluster in Aspergillus niger were characterised in vitro
following overexpression in E. coli."'
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Figure 1: Depiction of a generalised secondary metabolite gene cluster, showing the main synthase gene, tailoring genes, and potential regulatory and transport clements
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As a
cerevisiae (“yeast”) is used widely as an expression host. Yeast

single-celled, eukaryotic microbe, Saccharomyces
clearly has considerable opportunity for exploitation as a host
system as demonstrated by the recent production of the plant
metabolite artemisinin by heterologous expression of the six
genes needed to convert farnesyl diphosphate into the mature
sesquiterpene,'? but again has found limited use in elucidating
fungal natural product biosynthesis. Notable exceptions to this
are provided by the work of Tang and colleagues, who have
been able to exploit the full potential of yeast to study
polyketide biosynthesis. For example, authentic activity of the
lovastatin nonaketide synthase was obtained when the lovB
gene from Aspergillus terreus was coexpressed in yeast with
More
recently Wang et al.'* used expression of cryptic non-reducing
(NR)-PKS and NRPS-like genes from A. terreus in yeast to

discover a

lovC, which encodes its partner enoyl reductase.'

novel mechanism governing aryl-aldehyde
formation. As is usual when using yeast as an expression host
for eukaryotic genes this work required removal of fungal
introns from the target genes, and the yeast strain used was
engineered to produce the A. nidulans 4’-phosphopantetheine
transferase (PPTase).'> This is necessary to produce an active
enzyme by transfer of a phosphopantetheine group to either the
acyl carrier protein (ACP) domain of a PKS or the peptidyl
carrier protein (PCP) domain of an NRPS.'¢ Ishiuchi er al."”
have also had considerable success with yeast-based expression
systems for fungal metabolite pathways. Their similar approach
has been successful for characterisation of both PKSs and
NRPSs from several different fungi, showing the broad utility
of this system for characterisation of individual genes. They
further modified the system by expression of a Rhizobium gene
for malonyl CoA synthetase, increasing titres of PKS-derived
metabolites.'® In the above mentioned examples only
megasynthases were characterised, but there are also examples
where various tailoring enzymes have been co-expressed to
generate a mature secondary metabolite. Rugbjerg et al."
expressed the Fusarium graminearum PKS12 alongside an A.
fumigatus PPTase and two tailoring genes, aur] and aurZ to
obtain nor-rubofusarin. The utility of a different yeast system,
the

demonstrated by successful expression of the genes for

methylotrophic yeast Hansenula polymorpha, was
penicillin biosynthesis.?® As with the S. cerevisiae examples,
the host first required modifying to express a suitable PPTase
before a functional NRPS could be generated. Here the entire
genetic pathway was expressed giving the mature metabolite
rather than an early intermediate, and the need for a functioning
peroxisome system for efficient penicillin synthesis was also

demonstrated.

The requirement for a functioning PPTase and sometimes also
an efficient peroxisome system?' help explain why most fungal
natural product work now uses (other) filamentous fungi as
expression hosts, and this is particularly the case where the
objective is to reconstruct whole biosynthetic pathways rather
than to express a megasynthase (PKS or NRPS) gene with or

This journal is © The Royal Society of Chemistry 2012

Natural Product Reports

without a small number of ancillary enzymes. Filamentous
fungal hosts are convenient in that they do not require co-
expression of a foreign PPTase gene to provide the prosthetic
group for the ACP and PCP domains of PKSs and NRPSs.*?
Their genetic systems are also generally considered to be
compatible, obviating the need to express cDNAs or engineer
intron removal from genomic DNA.?> % However the reliability
of this last point is open to question, as demonstrated in the
examples below.

3. Fungal hosts for heterologous natural
product synthesis

A further theoretical advantage of using fungal hosts for
reconstruction of fungal natural product pathways is that gene
clusters can be moved en masse for expression of the
biosynthetic genes from their own promoters. Smith er al.**
pioneered this approach by cloning the penicillin biosynthetic
gene cluster from Penicillium chrysogenum on a cosmid vector,
transferring it to Neurospora crassa and A. niger and
demonstrating penicillin production. More recently Sakai et
al.® used the same approach to produce citrinin, a mycotoxin of
Monascus purpureus, in Aspergillus oryzae although with
rather low titres. These cases demonstrate that while direct
transfer of an entire gene cluster may be an easy means of
characterisation, it does rely on the various promoters retaining
function in the new host and the mRNA transcripts all being
correctly processed. The resulting low titres are manageable
provided that all that is required is proof of function of the gene
cluster and that suitably sensitive detection facilities are
available for metabolite analysis.

In the last example, the small amount of citrinin produced was
enhanced >400-fold by additional expression of ctnd, an
activator gene from the citrinin gene cluster, under the control
of the A. nidulans trpC promoter. Despite the over-expression
of the transcriptional regulator, the level of citrinin remained
rather low at maximally 1.5 mg per litre. More recently Yin et
al.* produced neosartoricin B at 10 mg per litre in 4. nidulans
transformed with a 5-gene cluster from Trichophyton
tonsurans; the 4 biosynthetic genes of the cluster were
expressed from their own promoters, whereas the transcription
factor promoter was replaced with the strong 4. nidulans gpdA
promoter. The monacolin K and terrequinone A gene clusters
from Monascus pilosus and Aspergillus nidulans, respectively,
do not include any apparent pathway-specific transcription
factor genes, so to express these clusters in 4. oryzae Sakai et
al”’ modified the host to over-express one of the (native)
global regulators of fungal secondary metabolism, LacA. Over-
expression of LaeA has been shown to up-regulate several
secondary metabolite pathways in Aspergillus spp. and other
- 28,29

fungi.
The downside of using natural promoters to drive expression of

biosynthetic genes, either in the native or a foreign host, is that
they tend to be relatively weak and are sometimes only

J. Name., 2012, 00, 1-3 | 3
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expressed under very specific conditions, so that production
levels remain low even on massive enhancement of expression
by multiple copies of a regulator gene. The more laborious
alternative, therefore, is to replace the natural promoters of all
the biosynthetic genes by strong promoters that will function in
the heterologous host.

A potential drawback of using filamentous fungi as hosts for
heterologous expression of fungal natural product pathways is
that they will themselves have the genetic capability of
producing numerous secondary metabolites. The fungi that are
most commonly used for heterologous expression are those
which are familiar to the biotech industry such as Aspergillus or
Trichoderma spp. Strain development has provided fungi which
are stable and easily cultured in a lab environment, usually
amenable to genetic modification, grow well in submerged
culture so are suitable for large-scale fermentation;
importantly, they are usually free of contaminating secondary
metabolites. The potential for confusion between native and
heterologously produced secondary metabolites can be
circumvented by deleting whole gene clusters from the host
organism prior to introduction of foreign genes. Chiang et al.*°
deleted the asperfuranone gene cluster from the A. nidulans
genome in their investigation of a cryptic gene cluster from 4.
terreus. This was one element of the development of an
efficient system for expressing secondary metabolism genes in
A. nidulans, while another member of the Aspergillaceae, 4.
oryzae, has been used extensively as a host because strains have
secondary

metabolites under normal culture conditions. In common with

been selected which naturally produce no
the domesticated forms of S. cerevisiae they are “Generally
Regarded As Safe” for food and pharmaceutical production.®'
The first use of this system for heterologous expression of a
fungal PKS gene, encoding the naphthopyrone synthase gene
(wA) from A. nidulans,** * involved transformation of the 4.
oryzae arginine auxotrophic strain M-2-3** with the expression
vector pTAex3,*® which carries the complementing argB gene
from A. nidulans and the starch-inducible amyB expression
cassette from 4. oryzae. Improvement of A. oryzae as a host for
expressing whole or partial gene clusters has resulted from
combining a total of four nutritional requirements (for adenine,
arginine, methionine and nitrate) in the quadruply auxotrophic
NSAR1, which
transformation.*®

strain enables multiple rounds of

4. Assembling genes, cassettes and pathways

Most natural  product

reconstruction has been achieved in Aspergillus hosts, and that

fungal biosynthetic =~ pathway
is the focus for the remainder of this article. A first point to
consider is the sheer size of some of the genes concerned; this

makes it necessary to employ non-conventional techniques,

4| J. Name., 2012, 00, 1-3

meaning more than simple restriction cutting and ligation, for
their manipulation into vectors. Among the first fungal PKS
(Penicillium patulum MSAS), NRPS (4. nidulans ACV
synthetase) and hybrid PKS-NRPS (Fusarium moniliforme
fusarin C synthase; Fusarium heterosporum equisitin synthase)
genes to be isolated, coding regions were of the order of 5.3,
11.3 11.9 and 12.3 kb, respectively.’’”*® Nowadays it is
generally considered most convenient to reconstruct large
coding regions from genomic or cDNA by amplifying smaller
overlapping fragments by PCR and joining them together in
vitro or in vivo. Joining in vitro is usually achieved by overlap
extension PCR, but other sequence-specific recombinase
enzymes can also be used. Hansen et al*' used a USER
recombinase both to insert the Penicillium. brevicompactum
mpaC gene into an expression cassette and to recombine partial
PKS fragments in order to perform site-directed mutagenesis of
the phosphopantetheine attachment site of the ACP. In this
example, the PKS was then transformed into a specific locus in
in the
production of 5-methylorsellinic acid. In contrast, the in vivo

A. nidulans by targeted transformation, resulting

approach  exploits homologous recombination in an
intermediate or final host. The intermediate host is yeast, and
the process has been given specific names by some researchers;
Shao et al** ® called the method “DNA Assembler”, while
Tsunematsu ez al.'® combined it with overlap extension PCR in
a process called “ExRec” (Figure 2). In this last example yeast
PKS genes.

Homologous recombination to reassemble a very long coding

was also the expression host for fungal

region may be performed directly in an expression cassette in a
shuttle vector, as in the case of the 14.1 kb ferrirhodin

“ or in an

synthetase NRPS gene from Fusarium sacchari,
intermediate vector for subsequent transfer to an expression
cassette in the final vector. The “Yeast Assembly” method

discussed by Pahirulzaman et al.*’

(Figure 2), is an example of
the latter approach. While this requires additional steps of
pathway reconstruction it allows for extra flexibility in that, for
example, a megasynthase can be easily expressed with different
Module-

swapping experiments to produce novel activities are also
47,48

combinations of auxiliary enzymes.* or domain-
easily performed using homologous recombination in yeast.
However, homologous recombination in the final expression
host can also be used to combine chimaeric genes or gene
fragments produced by fusion (overlap-extension) PCR at a
chosen expression site in the host genome.’® In a series of
transformations, the same site within the Aspergillus nidulans
genome was targeted and selectable markers recycled to build
the 6-gene asperfuranone cluster from A. terreus; this involved
the prior deletion of the host asperfuranone gene cluster in a
KU70 mutant of 4. nidulans that has a reduced frequency of
non-homologous recombination.

This journal is © The Royal Society of Chemistry 2012
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Figure 2: Comparison of two methods for assembling large genes using PCR and homologous recombination in yeast

Transformation of filamentous fungi is usually integrative, in
contrast to the use of autonomous replicating plasmids
commonly in yeast. This generates a population of
transformants, each of which can have the plasmid inserted at a
different chromosomal location. This means that some
transformants have the cassette at genomic loci where the
chromatin structure is such that expression may be rather low,
whilst other integration events place the transgenes in loci more
amenable to high-level expression.*” In addition the
transforming DNA may be present in differing copy numbers,
single copy in some transformants and multiple copies in
others.”® Screening of several independent transformants is
usually performed because the titre of the desired metabolites
can differ enormously from transformant to transformant.
Whilst it is possible to target insertion of the DNA to a specific
locus, as in the asperfuranone example above, this is usually
more time-consuming and delivers few advantages.

A major consideration in heterologous gene expression is the
choice of promoter and the method of insertion of coding
regions into expression cassettes. In terms of promoter
selection, some workers have chosen constitutively expressed
promoters while others have preferred regulated expression.
Constitutive promoters mean that the desired product should be
made irrespective of the growth conditions, which can help
when screening transformants, while inducible promoters may
have the advantage that fungal biomass can be generated before
inducing the expression of what may be deleterious products.

This journal is © The Royal Society of Chemistry 2012

Similarly the strength of expression has rarely been addressed
in a rational manner. Overexpression may increase titre, but
may also trigger gene silencing pathways which cause
degradation of the mRNA and hence no production.

In the asperfuranone example, Chiang er al*® linked the
inducible A4. nidulans alcohol dehydrogenase promoter to each
of the coding regions to be expressed by fusion PCR;
polyadenylation of transcripts was ensured by amplifying each
coding region with its 3’-UTR. Repeated use of the strong,
starch-inducible amyB expression cassette is a feature of many
pathway reconstruction exercises in 4. oryzae. Heneghan et
al’' employed a multivector approach to reconstitute the 4-
gene tenellin pathway from Beauveria bassiana in strain M-2-3
(using one auxotrophic and two dominant markers), with each
cluster gene under the control of the amyB promoter. Fujii et
al.*?

synthesis in amyB expression cassettes on separate plasmids to

placed the 4 Phoma betae genes required for aphidicolin

utilise all four auxotrophic markers available in strain NSARI.
By adopting a co-transformation approach termed “tandem
transformation” Tagami er al> reconstructed the 6-gene
pathway for paxilline biosynthesis from Penicillium paxilli in
A. oryzae using only 4 plasmid vectors; 2 vectors were used
twice each, and the other 2 once each. Tandem transformation
involves simultaneous introduction of two plasmids with the
selectable marker, resulting in the generation of
transformants expressing one or other transgene or both by co-

same

transformation. =~ Even more extensive use of the amyB

J. Name., 2012, 00, 1-3 | 5
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expression cassette underpinned elucidation of the andrastin A
biosynthetic pathway,’* although the 9 genes involved were
distributed among two transformants. Andrastin E resulted from
the expression of 5 genes introduced on 4 plasmids, one of
which carried 2 expression constructs. A second strain,
expressing 4 genes introduced on 4 plasmids, converted
andrastin E added to the culture medium to andrastin A.>* It is
worth noting that this tour de force of pathway reconstruction
was achieved using only the conventional techniques of
plasmid assembly (PCR, restriction and ligation) followed by
sequential transformation of the hosts.

While the reconstruction of biosynthetic pathways by multiple
sequential transformation steps has clearly produced excellent
results, other workers have developed multigene expression
systems that reduce the number of transformation steps
required. One such approach involves linking all the genes of a
biosynthetic pathway so that they are transcribed as a single
polycistronic message, with viral 2A peptide co-translational
cleavage signals separating the open reading frames.?? To date
this method has only been used in a proof-of-concept
reconstruction of the 3-gene penicillin K pathway from
Penicillium chrysogenum in A. nidulans, with S. cerevisiae
used as an intermediate host for gene construction.??
Homologous recombination in yeast is also a major feature of
the one plasmid, multigene approach described by
Pahirulzaman et al.,* in which up to 3 expression cassettes are
filled in a single event. All cassettes on the vector need to be

Yeast assembly vector

':z’x‘_Transfer via Gateway recombination

PamyB - :  GatewayCassette  : * TamyB

Multigene expression vector

Ascl Ascl

i

2 B A 1N
‘,,::'fransfg“r via/yeast recombination

_Ts.- | -" AN -

Journal Name

non-homologous to avoid undesirable crossovers resulting in
deletion of segments of the plasmid. The selection of additional
promoters was informed by an EST analysis that identified
genes that are highly expressed in rich liquid cultures.’® The
fourth expression cassette, consisting of the amyB promoter and
terminator, is modified to contain a Gateway destination
fragment; this cassette is typically used to express a
megasynthase gene assembled in a Gateway entry vector by
homologous recombination in yeast, and inserted by site-
specific recombination in vitro (Figure 3). Pahirulzaman et al.*’
proved the concept of the multigene expression system by
reconstructing the 4-gene tenellin biosynthetic pathway on a
single plasmid, and obtaining tenellin production in A. oryzae
following a single transformation step. This contrasted with
previous reconstruction of this pathway, in which all genes
were expressed from amyB cassettes carried on 3 plasmids and
sequentially transferred to A. oryzae.>' While tenellin was
successfully produced in the multigene system the most
abundant expression product was pre-tenellin B, the immediate
precursor of tenellin, indicating sub-optimal N-hydroxylase
activity. While no explanation for this was immediately
forthcoming RT-PCR ruled out low-level transcription of the
tenB gene.

Further development of the multigene vector series is shown in
Figure 4. All expression sites now have terminators, obviating

the need to amplify coding regions with 3°-UTRs, and the
dominant selectable markers previously used have been

e -

Multigene expression vector

T3-GEieS P3 —T2-GeReR- P2 —T1-GéRel- p1

Figure 3: Illustration of multigene pathway reconstruction using homologous recombination in yeast and Gateway transfer A) The large gene in the yeast assembly
vector can be transferred into the multigene expression vector via Gateway recombination. B) 4scl cuts the multigene expression vector downstream of each promoter
(P1, P2 and P3). C) Genes encoding tailoring enzymes (plus terminators — T1, T2 and T3) can be amplified using primers that contain tails homologous to the cut ends
of the vector. D) The final vector contains three genes encoding tailoring enzymes and the large synthase gene in expression cassettes tailored for high-level expression

in A. oryzae

6 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 2012

Page 6 of 9



Page 7 of 9

Journal Name

Ascl

Figure 4: Map of the improved multigene expression vector. ¢eGFP has
replaced the Gateway cassette which can be used to create a gene fusion. Four
versions of the vector exist, containing complementation markers for use with
the 4. oryzae strain NSAR1

augmented with additional complementation markers that can
be used in NSARI, further of
transformation necessary for clusters containing many genes. A
replace the Gateway

allowing for rounds
further modification has been to
destination cassette with the eGFP coding region. This allows
megasynthase genes to be reconstructed, optionally as eGFP

fusions, by homologous recombination directly in the
~ o
s v

tenB/tenB* fa |

\,)ua“ug T

pTYargtenellin

pd61 Peno

Natural Product Reports

ARTICLE

expression plasmid, either before or after filling the other
cassettes. Tenellin pathway reconstruction again confirmed the
unchanged efficacy of the system. The full-pathway plasmid
was then subjected to homologous recombination in yeast to
remove the single intron in the fenB gene. The effect, shown in
Figure 5, was to decrease pre-tenellin B and elevate tenellin to
the major product. Indeed the titres of tenellin produced were
far in excess of those commonly observed in the native
producer B. bassiana. This result indicates that correct intron
splicing cannot be taken for granted when heterologously
expressing fungal genes in other fungi, and that it is advisable
to express cDNAs rather than genomic fragments when it is
possible to do so. The sub-optimal splicing of the B. bassiana
tenB intron in A. oryzae could be due to the relatively
uncommon GC dinucleotide at the 5’ splice site, but there are
other examples where more conventional-looking introns may
also be problematic. For example, the Magnaporthe grisea gene
ACEI, encoding a hybrid PKS-NRPS,*® contains 3 introns all
with conventional GT-AG splice sites, only 2 of which are
correctly spliced in 4. oryzae.’” A more complex situation was
found when exploring expression of AsPKSI1. Heterologous
expression in A. oryzae yielded only one form of the transcript,
giving a PKS which produced 3-methylorcinaldehyde. Analysis
of the same gene in the native producer Acremonium strictum,
showed that the second intron in AsPKS could be spliced in
two differing ways: one, as in 4. oryzae, gave a PKS with a
reductive release mechanism yielding an aldehyde product,
while the alternative splicing mechanism gave a truncated PKS
with 3-methylorcellinic acid as its product.®® This highlights
how heterologous expression may not always give the expected
or “correct” splicing pattern.

While heterologous expression has clearly had some significant
successes, there is still much to be achieved. To date there has

HO
OH O
| N Z =z
N N [¢]
H Pretenellin B 1 | Tenellin 2
OH
B Pretenellin B 1 C Tenellin 2
Tenellin 2
2 2
Pretenellin B 1
"A;A;A Can
Time Time

Figure 5: A) Map of the multigene expression plasmid containing the genes required to synthesise tenellin. The fenB gene used was cither gDNA (tenB) or intronless
(tenB*). B) Diode array chromatogram of the crude extract from 4. oryzae transformed with pTYargtenellin(tenB). The relative abundance of pretenellin B 1 compared
to tenellin 2 using gDNA of tenB is 2.6:1. C) Diode array chromatogram of the crude extract from 4. oryzae transformed with pTYargtenellin(tenB*).The relative
abundance of pretenellin B 1 compared to tenellin 2 using the intronless tenB* is 0.6:1.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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been little rationale in the choice of promoters used, in
particular in assessing the comparative strength of expression
needed for each step in a pathway. This may mean that flux
through the pathway is not the same as in a native producer.
Should this lead to accumulation of pathway intermediates, it is
possible that one or more of the numerous oxidative enzymes
present within the host genome may modify the products in an
unexpected manner. Similarly, it is possible that careful
selection of the appropriate promoter systems might enhance
production. Thought may also need to be given to secretion of
the metabolites. In the majority of cases to date, secretion has
not been deliberately engineered, but rather has relied on the
multitude of transporters already present in the heterologous
host. Some secondary metabolite clusters include transporter
genes, and it is entirely possible that increased heterologous
expression of such transporters could lead to enhanced titre.

5. Conclusions

Heterologous gene expression has long been used as a tool of
fungal natural products research, but recent years have seen it
move towards centre stage. Much has been learned by moving
individual genes, partial- or indeed complete gene clusters
encoding fungal secondary metabolite biosynthetic pathways
into heterologous hosts. Whilst there has been some success in
using E. coli or yeast as the host for this, the majority of
successful examples come from the use of other filamentous
fungi as host systems, primarily those that are suitable for
industrial exploitation such as A. oryzae. These approaches
have allowed the functional characterisation of previously silent
gene clusters or provided a means by which optimisation and
enhanced production of mature
could be
appropriate host and vector systems is needed to maximise the

products or pathway

intermediates achieved. Careful selection of
chances of successful expression, and recent advances in the
development of toolkits and technologies for biosynthetic
pathway reconstruction, as described in the preceding sections,
are helping to streamline the process. The current rapid increase
in fungal genome sequencing projects is revealing ever more
diversity of potential natural product biosynthetic pathways,
and heterologous gene expression will doubtless play a major
role in their elucidation. However, this approach depends on
the quality of the bioinformatics used to identify and delimit
gene clusters, as well as the ability to accurately predict gene
starts and ends and particularly intron boundaries. A potential
outcome of this knowledge and technology will be the
generation of much-needed new lead compounds for future
exploitation in the pharmaceutical or agrochemical arena.
Looking further to the future the challenge will be to harness
the knowledge gained on individual enzyme activities from a
range of biosynthetic pathways to produce rationally designed
novel molecules entirely by heterologous gene expression.
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