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The diversity and natural modularity of their biosynthetic pathways has turned natural prod-
ucts into attractive, but challenging, targets for synthetic biology approaches. Here, we
discuss the current state of the field, highlighting recent advances and remaining bottlenecks.
Global genomic assessments of natural product biosynthetic capacities across large parts of
microbial diversity provide a first survey of the available natural parts libraries and identify
evolutionary design rules for further engineering. Methods for compound and pathway de-
tection and characterization are developed increasingly on the basis of synthetic biology
tools, contributing to an accelerated translation of genomic information into usable building
blocks for pathway assembly. Awide range of methods is also becoming available for access-
ing ever larger parts of chemical space by rational diversification of natural products, guided
by rapid progress in our understanding of the underlying biochemistry and enzymatic mech-
anisms. Enhanced genome assembly and editing tools, adapted to the needs of natural
products research, facilitate the realization of ambitious engineering strategies, ranging
from combinatorial library generation to high-throughput optimization of product titers.
Together, these tools and concepts contribute to the emergence of a new generation of
revitalized natural product research.

THE NATURAL PRODUCTS LANDSCAPE

The engineering of microbial systems for the
enhanced production of natural products is

one of the most obvious and popular applica-
tions of synthetic biology methodologies. Nu-
merous excellent reviews, covering all aspects of
the field, have been published during the last
couple of years (Keasling 2008; Medema et al.
2011b; Cobb et al. 2013; Hranueli et al. 2013;
Zakeri and Lu 2013; Cummings et al. 2014;
Genilloud 2014; Luo et al. 2014; Porro et al.
2014; Quin and Schmidt-Dannert 2014; Singh

2014; Sleator 2014; Unkles et al. 2014; Wilson
et al. 2014; Wright 2014; Breitling and Takano
2015). After a brief overview of the general am-
bitions and achievements of synthetic biology
applications for natural products, we will then
focus on selected aspects in which we either see
major recent progress or important remaining
bottlenecks.

Natural product production using engi-
neered microorganisms is probably the applica-
tion domain of synthetic biology in which its
boundaries with classic genetic modification
methods and traditional metabolic engineering
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are most easily blurred. Nonetheless, following a
number of highly successful case studies, it is
considered one of the prime targets for biotech-
nological deployment of synthetic biology in the
near future. Early commercialized examples
range from the semisynthetic malaria drug arte-
misinin (University of California Berkeley/
Amyris, Emeryville, CA/Sanofi, Paris) to the
first consumer-market synthetic biology prod-
uct, “natural” vanillin (Evolva, Reinach Swit-
zerland/International Flavors and Fragrances,
New York), both of them produced by fermen-
tation in genetically modified yeast (Paddon and
Keasling 2014; Kurita et al. 2015).

These success stories of synthetic biology
have not only provided renewed motivation
for the exploration of microbes as production
systems for high-value compounds, they have
also highlighted the challenges faced when
moving from proof-of-principle heterologous
synthesis of a biomolecule to its economically
viable production on an industrial scale. The
number and complexity of the necessary genetic
modifications and the diversity of bottlenecks
as a result of limited understanding of microbial
physiology have been unexpected.

According to Porro et al. (2014), the neces-
sary titer, yield, and productivity of microbial
cell factories for industrial applications have
rarely been achieved so far. Based on a thorough
analysis of examples from primary metabolite
production, they conclude that thermodynamic
feasibility, and stoichiometric, redox, and ener-
gy balance, all need to be considered when as-
sessing the economic feasibility of a microbial
production system, both in terms of process
efficiency and expected yield and purity. More-
over, they identify flux coupling and the intro-
duction of irreversible reactions as important
engineering targets to drive product genera-
tion. This is particularly important for natural
products, for which the natural systems have
typically not evolved toward high yields and
titers, as minute amounts of bioactive mole-
cules are all that is necessary for their biological
function.

Optimizing all of these aspects has long been
the aim of metabolic engineering, and synthet-
ic biology offers additional opportunities for

achieving some of these goals. For example, Me-
dema et al. (2011b) suggested that spatial engi-
neering of biosynthetic pathways at various
scales (from protein scaffolds to bacterial micro-
compartments to microbial consortia) can po-
tentially be used to optimize product titers and
increase metabolic pull by irreversibly trapping
the desired end product in a compartment or
vesicle, at the same time avoiding the poten-
tial toxicity seen for many natural products
at high production levels. In particular, various
protein-based bacterial microcompartments
seem promising. For example, the Pdu micro-
compartment of Citrobacter freundii has already
been engineered to encapsulate the pyruvate
decarboxylase and alcohol dehydrogenase of
Zymomonas mobilis to successfully produce eth-
anol in Escherichia coli (Lawrence et al. 2014;
Chessher et al. 2015).

Another area of intense research is the dis-
covery, modification, and overproduction of
bioactive natural products from a variety of nat-
ural sources. In particular, the natural modular-
ity of the biosynthetic pathways for some major
classes of these bioactive molecules has attracted
the interest of synthetic biologists, who see the
potential of a “Lego-ization” of natural product
biosynthesis. Two groups of natural products
stand out in this respect, nonribosomal peptides
and polyketides, both immensely diverse classes
of compounds with a wide range of desirable
bioactivities (from antibiotics and anticancer
activities to cholesterol-lowering effects). Com-
pounds in both of these groups are typically
produced by large molecular assembly lines,
which show natural modularity at multiple lev-
els: enzymatic complexes responsible for the se-
quential incorporation of chemical units into a
growing core compound are made up of indi-
vidual catalytic domains in predictable patterns,
and are, in turn, linked with different combina-
tions of tailoring enzymes to yield the final
product. Swapping of biosynthetic modules
and domains and tailoring enzymes for the cre-
ation of chemical novelty has long been consid-
ered a promising strategy (often referred to as
combinatorial biosynthesis), and recent ad-
vances in genome-editing capabilities have
opened up the prospect of a plug-and-play ap-
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proach to natural product discovery and pro-
duction (Medema et al. 2011b; Frasch et al.
2013).

In the case of polyketide synthesis, the easy
genome-based discovery (Helfrich et al. 2014)
and extreme modularity of the system, and the
resulting prospect of complete programmabili-
ty, has led to predictions that around 20 of the
150 major commodity chemicals currently pro-
duced by the petrochemical industry could be
synthesized by “mixing and matching” of natu-
rally occurring polyketide synthase domains
(Poust et al. 2014). Currently, only a small part
of the theoretical chemical space accessible via
polyketide synthesis is actually available through
natural or engineered synthesis systems, but
retrosynthetic approaches to predict and ma-
nipulate the specificity of polyketide synthase
domains are constantly improving, and learning
on a large scale from the successes and failures of
repeated iterations of the design–build–test cy-
cle of synthetic biology is expected to yield gen-
eralizable rules and principles for accessing ever
larger fractions of chemical space. Some of the
formidable challenges still faced in this domain,
illustrating both the importance of synthetic bi-
ology tools and the present limitations of ra-
tional engineering of biochemical complexity,
have recently been discussed by Cummings
et al. (2014).

One additional exciting aspect of the syn-
thetic biology approach is its systematic lower-
ing of phylogenetic barriers. Traditionally, many
complex natural products have been discovered
in nonmodel organisms, such as plants and ac-
tinomycetes. Even today, industrial production
processes often rely on native host strains that
have been optimized through tedious rounds of
mutagenesis and selection. Heterologous pro-
duction was impeded by practical difficulties
in genetically manipulating the huge biosyn-
thetic gene clusters involved, especially when
the extreme GC-rich nature of actinomycete ge-
nomes interfered with expression in model or-
ganisms, such as E. coli. Furthermore, extensive
engineering of primary metabolism, providing
essential precursors in sufficient amounts, were
often required to allow production in a heterol-
ogous system. Synthetic biology promises to

change this. Not only is it becoming easier to
refactor entire gene clusters for optimized activ-
ity in a nonnative environment, computational
metabolic modeling and rapid genome editing
make it possible to design production chassis
with tailored primary metabolism quickly
enough to be economically feasible (e.g., Song
and Lee 2013). On the other hand, synthetic
biology approaches are now used to streamline
the genomes of actinomycete strains to obtain
suitable generic hosts for a diverse range of sec-
ondary metabolites (Rebets et al. 2014), and
computational modeling results indicate that a
much broader range of species might have a met-
abolic network preadapted for the production of
natural products (Zakrzewski et al. 2012). More-
over, the toolbox of synthetic biology, ranging
from promoter libraries and expression vectors
to reporter genes and regulatory circuitry, is rap-
idly growing, both in actinomycetes (Rebets
et al. 2014; Weber et al. 2015b) and in a diverse
range of other potential chassis organisms, in-
cluding model species with a long track record of
industrial application, such as yeast (Siddiqui
et al. 2012) and E. coli (Li and Neubauer 2014).

Seyedsayamdost and Clardy (2014) have
recently suggested the conceptual division of
synthetic biology of natural products into three
major areas. First, workon the “known knowns,”
such as artemisinin or vanilla, in which the
chemistry of the target compound, as well as
its biosynthetic pathway, are well known and
pathway engineering mainly aims at improved
production, often in a more amenable host
than the natural one. Second, research into the
“known unknowns,” compounds whose exis-
tence is easily inferred from the analysis of bac-
terial genomes, but which have not yet been
detected; in these cases, the contribution of syn-
thetic biology is mostly foreseen in the awaken-
ing of the biosynthesis of cryptic metabolites,
facilitating their chemical and functional char-
acterization and, ultimately, their overproduc-
tion using the methods established for “known
knowns.” And, finally, screen for the “unknown
unknowns,” the large diversity of interesting
molecules that are suspected to be still entirely
undiscovered, belonging to new chemical classes
not covered by current genome-based discovery
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methods. As the continued discovery of new
compounds and the associated biosynthetic en-
zyme activities forms the basis of the growing
synthetic biology toolbox, we will start our dis-
cussion by exploring recent developments in the
accelerated discovery of new natural products.

DIVERSITY OF NATURAL PRODUCTS

When the first genomic sequences of versatile
secondary metabolite producers became avail-
able, it was soon discovered that a huge treasure
trove of potential natural products had been
missed by classic screening-based discovery
strategies. Strains that were known to produce
perhaps a handful of bioactive compounds were
found to encode the machinery required for the
biosynthesis of dozens of complex chemicals.
Recently, a number of comprehensive analyses
of the wealth of microbial genome data currently
available have revealed the general patterns un-
derlying this unexpected abundance of chemical
diversity.

Cimermancic and colleagues (2014) anno-
tated the genomes of 1154 microbial genomes
across the entire prokaryotic section of the tree
of life, using a computational algorithm that
tries to minimize a bias toward the detection
of known classes of biosynthetic gene clusters
(BGCs). Using antiSMASH, 33,351 detected
putative BGCs were annotated (Medema et al.
2011a; Blin et al. 2013; Weber et al. 2015a), and
10,724 of them were considered to be “high-
confidence” clusters, as they either belonged to
well-characterized classes or passed a manual
inspection. Surprisingly, 40% of the putative
BGCs turned out to encode for the biosynthesis
of complex saccharides. This result was unex-
pected because this group of compounds was
previously often neglected compared to known
hyperdiverse classes, such as polyketides and
nonribosomal peptides, despite the fact that
bioactive saccharides have been reported before
(Kersten et al. 2013). The function of most of
the putative saccharides in the global analysis
remains unknown, but they are clearly very
widespread (93% of species contain at least
one saccharide BGC and, in one-third of the
species, they constitute the majority of the pu-

tative clusters) and surprisingly diverse (they are
rarely shared even between closely related spe-
cies, even less so than the notoriously diverse
polyketides).

Even more strikingly, a global map of all
high-confidence BGCs revealed a network
containing large cliques of widely distributed
BGC classes, which did not contain any experi-
mentally characterized clusters. These orphan
cliques, sometimes containing hundreds of
members spread across a wide range of bacterial
diversity, represent the most promising candi-
dates for chemical and functional novelty in the
expanded universe of natural product diversity.
The most diverse of them, with a total of 1021
members across all subphyla of proteobacteria,
as well as a range of other Gram-negative spe-
cies, was shown experimentally by Cimermancic
et al. (2014) to be responsible for the biosyn-
thesis of aryl polyenes. The deep sequence di-
vergence between cluster members and the
broad, but discontinuous, range of the phyloge-
netic distribution indicates that the chemical
diversity of this group of compounds, which
has putative antioxidant activity, has been con-
siderably underestimated before.

A study of the predicted biosynthetic gene
clusters in 830 genome sequences of actinobac-
teria confirms the general pattern of astonishing
diversity, detecting 11,422 putative BGCs in
4122 gene cluster families, each potentially en-
coding a different natural product scaffold. Ex-
trapolating from this dataset to the complete
diversity of actinobacteria, the investigators pre-
dict a total biosynthetic capacity of hundreds of
thousands of natural products from this phylum
alone, despite the fact that their analysis focused
only on the “known unknowns,” that is, mem-
bers of a handful of major well-characterized
classes of secondary metabolites. The results of
Cimermancic et al. (2014) indicate that this may
still be an underestimate of the actual chemical
potential of microbial metabolism.

The global assessment of biosynthetic ca-
pacity not only provides a map toward the iden-
tification of new building blocks for synthetic
biology, it also may help guide the actual process
of cluster engineering. A follow-up analysis of
the same data set explored the patterns of gene
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cluster evolution to identify rules that could
help predict the interoperability of biosynthetic
modules (Medema et al. 2014a). Observing how
natural chemical diversity is created by evolu-
tion, they identified three specific constraints
that should be taken into account when at-
tempting cluster engineering for chemical nov-
elty. First, their analysis delineates multienzyme
subclusters that evolve as independent units in a
process they describe as “bricks and mortar”
evolution. These subclusters, rather than indi-
vidual enzymes, could thus be considered as
natural “biobrick” equivalents and would be
the most promising starting point for a system-
atic recombination of biosynthetic functions for
the assembly of new pathways. Second, they de-
tect patterns of concerted evolution for groups
of polyketide and nonribosomal peptide bio-
synthetic assembly lines, which have resulted
in sets of sequence-homogenized catalytic do-
mains; these groups are predicted to be partic-
ularly amenable to domain-shuffling strategies
for diversity generation. And third, they high-
light the fact that different classes of clusters
show quite different evolutionary patterns with
different levels of subcluster transfers, domain
recruitment, concerted evolution, and internal
duplication and diversification. Engineering
strategies should take the specific evolutionary
constraints revealed by this into account for
optimized efficiency.

A more targeted genome survey by Yu et al.
(2013) explored the diversity of phosphonate
biosynthetic pathways using a signature gene
(phosphoenolpyruvate mutase) as an indicator.
This analysis revealed that phosphonates, which
were previously considered biochemical oddi-
ties, are in fact widespread in microbes, the bio-
synthetic capacity being found in at least 5% of
sequenced genomes from a diverse range of spe-
cies. Further study of the genomic neighbor-
hood of the signature genes suggests that the
products of the phosphonate pathways are
chemically very diverse (on the order of at least
several hundred different chemical entities, as
indicated by rarefaction analysis) and probably
have a number of new and clinically relevant
bioactivities. This analysis was later expanded
to cover the entire predicted metabolome of ac-

tinomycetes, extrapolating to a potential chem-
ical diversity of hundreds of thousands of pos-
sible drug leads encoded by members of this
phylum alone (Doroghazi et al. 2014). Related
approaches using signature genes in combina-
tion with high-throughput real-time polymerase
chain reaction (PCR) have recently been suggest-
ed as an efficient means of strain prioritization
for natural product discovery programs (Hind-
ra et al. 2014), and their potential to identify
“talented strains” was illustrated for diterpe-
noid-producing actinomycetes (Xie et al. 2014),
albeit without a negative control, so that it re-
mains possible that the successful discovery of
numerous diterpenoids in one of the prioritized
strains, Streptomyces griseus CB00830, is the re-
sult of the general giftedness of actinomycetes
rather than a validation of the prioritization
strategy.

One of the insights from genome-based nat-
ural product discovery was the realization that
specialized metabolites can be found in a variety
of unexpected sources. One of the underexploit-
ed sources of bioactive metabolites was recently
highlighted by Sharon et al. (2014) who discuss
the diverse set of metabolites produced by the
human commensal microbiome and their po-
tential effects on human physiology. As these
metabolites have evolved in direct interaction
with the human host, they are expected to be
enriched in interesting drug leads, and metab-
olites from the microbiome turn out to play an
important role in the development of cardio-
vascular disease, cancer, and other diseases, as
well as influencing human behavior. Large-scale
analysis of biosynthetic gene cluster comple-
ment of the human microbiome has already
resulted in the discovery of a new thiopeptide
antibiotic, lactocillin, from a member of the
vaginal microbiome (Donia et al. 2014).

Another source of metabolic diversity is
only recently becoming accessible. Advances in
single-cell genome analysis allow, for the first
time, the comprehensive exploration of the bio-
synthetic capacity of talented uncultivated bac-
teria, a rich source of potentially novel chemis-
try, as was shown, for example, by the diversity
and uniqueness of biosynthetic gene clusters
identified in the symbiotic bacteria of the ma-
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rine sponge Theonella swinhoei (Wilson et al.
2014).

DISCOVERY OF NATURAL PRODUCTS

Although the genomic analyses help in the iden-
tification of building blocks and generic engi-
neering strategies for the synthetic biology of
natural products, chemistry-directed discovery
is needed for turning “known unknowns” into
“known knowns” as targets for drug develop-
ment and biotechnology (Bologa et al. 2013).
Luo et al. (2014) subdivide the field of natural
products discovery into two main groups of ap-
proaches: top-down and bottom-up. The first,
top-down, they consider to be the traditional
primary means of discovery, using various per-
turbations to induce production of new com-
pounds in their natural hosts without requiring
prior knowledge of their biosynthetic machin-
ery. The second class of approaches, in contrast,
depends on genomic information and subse-
quent genetic manipulation to achieve the syn-
thesis of a compound of interest, often in a het-
erologous host. Both of these strategies can be
supported and accelerated by the techniques of
synthetic biology, and progress in genomic and
metabolomic technologies, as well as in bioin-
formatics, typically leads to rapid transition
from top-down to bottom-up work once a com-
pound of interest has first been detected.

Guo et al. (2015) introduced a strategy that
combines a promoter reporter system that al-
lows the color-based identification of strains
overexpressing a previously cryptic target gene
cluster with genome-scale random mutagenesis
to create a library of genetic variants. They suc-
cessfully applied this approach to the pga gene
cluster of Streptomyces species PGA64, which
had been recalcitrant to previous activation at-
tempts, and identified two new anthroquinone
aminoglycosides as the products associated
with this gene cluster. In a complementary ap-
proach, Seyedsayamdost (2014) developed a
high-throughput platform for awakening silent
gene clusters using a library of small-molecule
elicitors, avoiding the random mutagenesis re-
quired by the reporter-guided mutant selection
strategy of Guo et al. (2015). In Seyedsayam-

dost’s strategy, the activity of a silent gene clus-
ter, for example, one that has been identified by
genome analysis, is monitored by a targeted ge-
netic reporter fusion, based on GFP or lacZ
translationally fused to an essential gene of the
cluster. Screening the resulting reporter strain
against a library of bioactive compounds can
rapidly identify chemical inducers of the silent
cluster, as illustrated for the malleilactone and
the burkholderac gene cluster. Once an efficient
elicitor has been found, the induced product of
the cluster can be detected and characterized,
for example, by mass spectrometry-based meth-
ods. Multiplex strategies in which several clus-
ters are monitored in parallel based on multiple
reporters can easily be envisaged.

Computational methods for the detection of
biosynthetic gene clusters in microbial genomes
are continuously evolving, and the popular anti-
SMASH pipeline, which handles the majority of
annotation tasks in one unified interface, is up-
dated regularly (Medema et al. 2011a; Blin et al.
2013, 2014; Weber et al. 2015a). Like other ge-
nome annotation tools, antiSMASH relies on
the availability of trustworthy reference annota-
tions. The recently published community stan-
dard for the annotation of secondary metabolite
biosynthetic gene clusters (MiBIG) provides a
long-awaited tool for the rigorous documenta-
tion of the necessary information and has al-
ready been successfully applied in a large-scale
standardized recuration of a vast body of legacy
biochemical data on secondary metabolite bio-
synthesis (Medema et al. 2015). It is expected
that, from now on, all major publications on
the experimental characterization of biosyn-
thetic gene clusters will be accompanied by
MiBIG-compliant annotation data.

Many of the available tools, as well as other
computational methods for the synthetic biol-
ogy of natural products, were recently reviewed
by Weber (2014) and Medema et al. (2012). The
most interesting advances are provided by those
tools that allow the direct integration of com-
putational and experimental approaches. A re-
cent example is Pep2Path (Medema et al.
2014b), a method for the mass spectrometry-
guided mining for peptidic natural products.
The Pep2Path software automates the process
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of matching observed novel peptide metabolites
to the most likely biosynthetic gene cluster us-
ing a rapid Bayesian probabilistic approach with
high accuracy and precision. In combination
with nanoDESI mass spectrometry (Watrous
et al. 2013), this method can also be used for
peptide discovery from environmental samples,
matching observed compounds to related clus-
ters in already sequenced genomes. Pep2Path is
applicable to nonribosomal peptides (NRPs), as
well as for ribosomally synthesized and post-
translationally modified peptides (RiPPs), the
latter being a group of compounds with unex-
pected prevalence in global genome analyses
(Cimermancic et al. 2014). Methods for the rap-
id structural elucidation of NRPs and RiPPs by
mass spectrometry have recently been devel-
oped (Mohimani et al. 2014a,b; Zhang et al.
2014), and a large-scale “metabologenomics”
strategy matching bacterial genome sequences
to mass spectrometry–based profiles of secret-
ed metabolomes led to the discovery of a novel
type of chlorinated nonribosomal peptide, tam-
bromycin (Goering et al. 2016).

Although these approaches combine bot-
tom-up and top-down discovery, progress is
also made in pure bottom-up strategies. One
example of this should suffice to illustrate the
contribution of synthetic biology in this respect:
Unkles et al. (2014) tackled the challenges of
heterologous expression of silent fungal gene
clusters by establishing a generic synthetic biol-
ogy toolbox for this purpose. This includes im-
proved in vivo cloning approaches, based on
recombination in Saccharomyces cerevisiae; a
talented host strain, Aspergillus nidulans, which
is a native producer of natural products and
therefore more likely to contain the necessary
auxiliary machinery for successful biosynthesis;
and the assembly of polycistronic genes using
viral 2A peptide sequences to direct cotransla-
tional cleavage, thus avoiding the requirements
for individual marker selection systems and
well-characterized promoter sequences for ev-
ery single gene in a complex biosynthetic path-
way. The application of this toolbox for the het-
erologous expression of the entire penicillin
biosynthetic gene cluster of Penicillium chryso-
genum from a single polycistronic gene showed

the convenience of this strategy. A recently de-
veloped platform for the rapid exchange of all
native promoters in a target gene cluster with
constitutively active promoters, based on yeast
homologous recombination (Montiel et al.
2015), complements this system and further in-
creases the speed with which silent or cryptic
biosynthetic pathways can be awakened.

In related work, Ross et al. (2014) used syn-
thetic biology tools to establish a platform for
the capture and expression of biosynthetic gene
clusters in E. coli. Using transformation-associ-
ated recombination in yeast they were able to
capture targeted pathways without the usual
size limitations associated with the traditional
screening of large, randomized genomic librar-
ies. Following the initial capture and hetero-
logous expression of their proof-of-concept
cluster, encoding the alterochromide pathway
of Pseudoalteromonas piscicida, they proceeded
to increase production, using l-red recombina-
tion to bring the cluster under the control of a T7
promoter, together with the accessory phospho-
pantetheinyl transferase required for functional-
izing the NRP synthase thiolation (T) domains.
The product titers achieved were sufficient for
detailed characterization of the biosynthetic
pathway without further optimization.

All these approaches for the discovery of
novel natural products will benefit from ad-
vances in functional screening methods that
link chemical compounds to new bioactivities
and modes of action, as illustrated by the proof-
of-concept work of Kurita et al. (2015) on the
functional annotation of natural product ex-
tracts by a combination of untargeted metabo-
lomics and image-based phenotypic screening.

DESIGN OF NOVEL NATURAL PRODUCTS

Genome mining for new biosynthetic pathways
and the discovery of new natural products from
a variety of sources are only the first steps in a
much more ambitious synthetic biology ap-
proach aiming at the generation of chemical
novelties in the form of “nonnatural” natural
products.

Beer et al. (2014) provided an important
proof-of-concept advance in the engineering
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of nonribosomal peptide biosynthesis. Target-
ing a single-module nonribosomal peptide
synthase, IndC, which is responsible for the bi-
osynthesis of the blue pigment indigoidin, they
show successful exchange of the T domain of the
enzyme, replacing it with natural and synthetic
domains from different sources. In the process,
they identified general “design principles” when
considering the importance of the linker region
between the T domain and its preceding adeny-
lation domain. These principles and additional
rules were incorporated in computer-aided de-
sign software that aims at helping users to create
nonribosomal peptide synthases with any de-
sired composition. Although the present exper-
iments only aimed at exchanging T domains
with the same substrate specificity, it is still an
encouraging step forward (Calcott and Ackerley
2014 review some of the remaining challenges of
a truly general NRP reengineering strategy). As a
side note, it is amazing to realize that the major
part of the work by Beer et al. (2014) was per-
formed as part of a 6-month iGEM competition
summer project—an achievement that illus-
trates that the synthetic biology of natural prod-
ucts has come a long way toward its goal of easy
and predictable engineering of biological sys-
tems. Recent advances in understanding the mo-
lecular basis of the modularity of nonribosomal
peptide synthesis, both at the level of the peptide
synthases (Reimer et al. 2016) and at the level of
precursor biosynthesis (Diez et al. 2015), will
further expand our ability to create chemical
novelty within this class in a predictable manner.

Sardar et al. (2015) advanced our ability to
program the biosynthesis of RiPPs by refining
our knowledge regarding the recognition se-
quences that direct processing enzymes to
specific peptides. They show that, to a large ex-
tent, these recognition sequences are portable,
and posttranslational modifications can be ex-
changed between RiPPs by importing the rele-
vant enzyme and adding the corresponding rec-
ognition sequence to the precursor peptide,
leading to diverse nonnatural products. As sug-
gested by Medema et al. (2014a), Sardar et al.
(2015) emphasize the importance of large li-
braries of RiPP pathways as a prerequisite for
evolutionary analysis of sufficient breadth to

allow predictable engineering of the full scope
of peptidic natural products.

In the area of polyketide biosynthesis, Sugi-
moto et al. (2014) managed for the first time to
achieve full predictable reprogramming of a
modular polyketide synthase to produce a prod-
uct that was originally isolated in a different
species. Using recombination and domain ex-
changes, they convert the aurethin biosynthetic
pathway into a luteoreticulin assembly line,
mimicking the natural evolutionary process of
gene transfer, recombinations, and mutations.
In the process, they generated “evolutionary”
intermediate strains producing various luteo-
reticulin analogs, but also identified a number
of unprecedented domain functions and con-
text dependencies that reemphasize our need
for deepened biochemical understanding of
natural product biosynthetic machineries as a
prerequisite for successful pathway engineering.

In another contribution to polyketide diver-
sification, Riva et al. (2014) generated libraries
of novel polyketide intermediates by feeding
functionalized chemical probes to engineered
bacterial strains that attach these probes to
stalled biosynthetic intermediates that accumu-
late because of targeted mutations in the acyl
carrier protein (ACP) domains of the native
polyketide synthases. In their proof-of-concept
study, they used this approach to generate a
complex library of unnatural polyethers of po-
tential therapeutic interest and suggest that sim-
ilar libraries could be created by reinitiation of
stalled biosynthesis on any ketosynthase, using
diverse mimics of the natural malonyl-ACP ex-
tension intermediates. They also emphasize that
the electron cryomicroscopy-based three-di-
mensional structure of a full-length polyketide
synthase module (Dutta et al. 2014) will be a
helpful guide for designing unnatural malonyl-
ACP analogs with the best fit to all relevant ac-
tive sites of the multienzyme.

Kung et al. (2014) take the structure-based
approach one step further and use crystal struc-
ture information to guide the engineering of
geranylgeranyl reductase for the controlled bio-
synthesis of diverse isoprenoids. They manage
to achieve considerable control over the extent
of reduction of the substrate, geranylgeranyl
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pyrophosphate, GGPP (ranging from dihydro
to hexahydro products). As GGPP is a key in-
termediate in the biosynthesis of an enormous
range of isoprenoids (ranging from diterpenes
and retinoids to carotenoids), this ability of
controlled reduction opens up large new areas
of chemical space for synthetic biology.

Another development that might have
important implications for the rapid diversifi-
cation of natural products is the increasing
availability of cell-free platforms for synthetic
biology (Toogood et al. 2015; Garamella et al.
2016). These systems allow the rapid proto-
typing, optimization, and combinatorial explo-
ration of biosynthetic pathways, before intro-
duction to a suitable chassis for overproduction.

BUILDING NATURAL PRODUCT
PRODUCTION STRAINS

The engineering of natural product production
strains obviously benefits from general advances
in synthetic biology methodology for genome
editing and assembly (Ellis et al. 2011; Esvelt
and Wang 2013; Gibson 2014; Si et al. 2014; Selle
and Barrangou 2015). However, recent years
have also seen a number of advances specific
to natural product research. For example,
Cobb et al. (2014b) established an engineered
CRISPR/Cas9 system for multiplex genome ed-
iting in Streptomyces, a genus notable for its
abundant repertoire of secondary metabolites.
The constructed pCRISPomyces plasmids are
compatible with Golden Gate or isothermal as-
sembly and are expected to make a major con-
tribution to the large-scale genome editing for
the purposes of awakening silent gene clusters,
engineering and recombining pathways, as well
as optimizing hosts strains. Other examples us-
ing the CRISPR system in actinomycetes have
also been reported recently, making this ground-
breaking technology widely applicable for this
important group of natural product production
hosts (Huang et al. 2015; Tong et al. 2015).

The necessary high-throughput DNA as-
sembly methods able to deal with the challenges
posed by the large and highly repetitive gene
clusters for natural products have also advanced
continuously, including methods facilitating the

domain swapping underlying combinatorial bi-
osynthesis approaches toward creating natural
product libraries (Cobb et al. 2014a). Methods
based on site-specific recombination have re-
cently been shown to provide further opportu-
nities for the rapid assembly and reshuffling of
metabolic pathways (Colloms et al. 2014). These
methods have so far been shown on pathways of
relatively limited size and complexity, but their
potential to construct libraries of combinatorial
pathway assemblies, with randomized gene or-
der or ribosome binding site strength, as well as
to modify pathways by facile addition or re-
placement of selected genes will be of consider-
able interest for natural product research.

The concept of combinatorial assembly has
recently been taken to new extremes in the case
of the Klebsiella oxytoca nitrogen fixation gene
cluster, containing a total of 16 genes and 103
individual parts (open reading frames, promot-
ers, ribosome binding sites, terminators)
(Smanski et al. 2014). Starting from a compre-
hensively refactored and modularized version of
the pathways and using a hierarchical DNA as-
sembly strategy to construct libraries of variants
with rearranged gene orders, orientation, and
operon combinations, as well as simultaneous
substitutions of the ribosome binding sites of all
16 genes, they achieved substantial improve-
ments of cluster performance through multiple
rounds of the design–build–test cycle of syn-
thetic biology. Although the proof-of-concept
target was a complex pathway of primary me-
tabolism, the applicability of the same tools for
natural product pathway engineering is obvi-
ous. The availability of integrating plasmids in
actinobacteria, which are particularly talented
producers of natural products, enables powerful
multiplexed approaches for the combinatorial
assembly of biosynthetic pathway variants
(Fayed et al. 2015), which, in the future, could
be applied not only for combinatorial biosyn-
thesis, but also for more general refactoring
strategies in these species.

CONCLUSION

It is obvious from the selected examples that the
synthetic biology approaches to natural prod-
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ucts research are progressing at a rapid and ac-
celerating pace. Particularly noteworthy is the
deepening integration between classical ap-
proaches to natural products and the new con-
cepts of synthetic biology. This new, integrated
community is quickly moving toward the criti-
cal mass that is necessary for translating numer-
ous proof-of-concept studies and technological
advances into an economically viable and gen-
eralizable strategy for the biotechnological
industry, realizing the potential of natural prod-
ucts as drugs and chemicals for a wide variety of
applications. It is also obvious from the preced-
ing discussion that we are not quite there yet and
that many challenges still remain to be ad-
dressed. We need more detailed knowledge of
the engineering constraints imposed by enzy-
matic mechanisms and evolutionary history;
we need more generic hosts optimized for rapid
scale-up of production levels of natural prod-
ucts of interest; we need improved computa-
tional tools for pathway and host design; and
we need even faster, more robust, and versatile
genome assembly methods for increased
throughput and improved predictability of the
engineering process. If progress continues at the
present rate, the synthetic biology of natural
products is moving toward a bright future.
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