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Standardization is one of the foundational features of modern-day engineering, and the use of standardized
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parts and processes is a key element that distinguishes bona fide synthetic biology from traditional genetic

engineering. Here, we discuss the role of standardization in natural product synthetic biology, focusing on
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1. The importance of standardization
for synthetic biology

Our world is highly dependent on standardization. Almost any
tool, machine or piece of equipment that we use in daily life
conforms to certain standards; anyone who has ever forgotten
his travel adapter when visiting a different continent will
acknowledge this. Or imagine having to change a tire if all
screws and bolts were of different shapes and sizes: standards
are a key enabling feature for any engineering. This also clearly
applies to biological engineering, or ‘synthetic biology’. Already
in 2005, Drew Endy highlighted the need for ‘the development
of technologies and the promulgation of standards that support
the definition, description and characterization of the basic
biological parts, as well as standard conditions that support the
use of parts in combination and overall system operation’.* This
endeavor to standardize biological parts and provide stan-
dardized descriptions about whatever is variable about them
remains a key tenet of synthetic biology. Arguably, standardi-
zation is one of the key elements that distinguish bona fide
synthetic biology from traditional genetic engineering: by
enabling modularity and interchangeability of parts, it elevates
it from merely tinkering with natural biological systems to
conceptual design-based engineering of novel biological devices
from standardized parts.

2. Standardization for natural product
biosynthesis

The recent revolution in genome sequencing enabling the
discovery of thousands of biosynthetic gene clusters (BGCs),>*
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standardization of data on biosynthetic pathways and gene clusters, as well as the role of standardization in
the process of biosynthetic gene cluster engineering.

the continued improvements in DNA synthesis and assembly
technologies,** and the development and refinement of gene
cluster refactoring methods® are opening up great opportunities
to harness the power of synthetic biology to explore the chem-
ical diversity found in nature.” Moreover, it potentially allows
expansion of this chemical diversity by combining biosynthetic
parts (e.g., enzymes) from various known (and predicted)
biosynthetic pathways. To facilitate this, accurate and stan-
dardized descriptions of these parts are required to allow
searching, comparing and connecting parts with specific char-
acteristics. As eloquently argued by Canton et al.,® each bio-
logical part should be described on a ‘datasheet’ that specifies
current and up-to-date knowledge of its function. For regulatory
parts, such as promoters and ribosome binding sites (RBSs),
various large libraries have been characterized using stan-
dardized methodologies.”** However, until recently, standard-
ized information on enzyme-coding genes, the biological parts
most important for the design of natural product biosynthetic
pathways, has been missing.

Recently, the Minimum Information about a Biosynthetic
Gene cluster (MIBIiG) initiative’> made important first steps in
providing a data standard for natural product-acting enzymes
and the pathways that they constitute. The MIBiG standard
captures information about the genomic, enzymological and
chemical information regarding a natural product biosynthetic
pathway. To this end, it comprises over seventy different
parameters. In order to cater to the unique characteristics of
each class of biosynthetic pathways, a set of generally applicable
parameters is complemented by several compound class-
specific sets that can be used to provide details on biosynthetic
pathways for the production of polyketides, nonribosomal
peptides, terpenoids, ribosomally synthesized and posttransla-
tionally modified peptides (RiPPs), saccharides, alkaloids and
others. Moreover, the standard has been designed for compat-
ibility with bacterial, fungal and plant biosynthetic pathways,
even if they are encoded on multiple genomic loci instead of in
one biosynthetic gene cluster. The MIBIG repository, which is
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available from http://www.mibig.secondarymetabolites.org,
now contains fully MIBiG-compliant descriptions of 418 BGCs
and more minimal descriptions for another 879 BGCs. Thus, it
provides comprehensive data on many biosynthetic pathways,
and has the potential to function as a catalogue of enzyme parts
for the design and engineering of biosynthetic pathways.
Creating an interactive database with higher-level search func-
tions to navigate these data will be a key next step in facilitating
this function of MIBIG.

Despite its comprehensiveness, MIBIG itself does not cover
all types of information that are relevant for natural product
discovery. For example, to maximize the efficiency of environ-
mental bioprospecting, detailed taxonomic and geographical
information is very important.”** Most of this information is
well-covered by the MIXS specification®® (of which MIBIG is in
fact an extension), which covers items like geographical coor-
dinates, biome type and taxonomy of the host organism (in case
of a symbiotic origin).

To make standardization for natural products research
a success, it will be essential that the entire community remains
devoted to submitting information on newly published
biosynthetic pathways, all in the same standardized format.
This will not only help community to leverage this information
in new pathway designs, but also increase the visibility of the
published results themselves. The Protein Data Bank, a data-
base containing standardized information on macromolecular
crystal structures, is an excellent example of how standardiza-
tion and centralized storage promote re-use of data, but also
large-scale correction and refinement.'*"” Even if no fulltime
salaried curators are available, this could still be done by
crowdsourcing community involvement in curation/annotation
hackathons or even by organizing large-scale and parallelized
annotation efforts by undergraduate students.*®
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3. How to achieve standardization I:
evidence-coding and ontologies

Standardization should not be seen as a way of forcing every-
body to do everything in exactly the same way: not everything
can or should be standardized. For example, different analytical
techniques (such as NMR, mass spectrometry and X-ray crys-
tallography) exist that enable the elucidation of the chemical
structures of natural products. The chemistry and structural
complexity of the molecule determines which analytical tech-
niques are most useful, and each analytical technique has its
own advantages and disadvantages; it would be unwise (and
very unproductive) to prescribe the use of the exact same
protocol for each type of molecule. Hence, for data items
regarding the characterization of biological/biochemical parts
that are variable for a good reason, a standardized description
(or ‘ontology’) of the choice made is needed instead of a stan-
dardized prescription of the choice. For example, databases like
the UniProt Knowledgebase uses the detailed ‘Evidence Code
Ontology’,*® which specifies the type and level of evidence for
each annotation item of a protein. Similarly, the MIBiG stan-
dard™ uses an ontology of enzyme functions and substrate
specificities, which includes a system of evidence codes to
specify the various types of experimental methodologies that
could provide the proof for a given annotation. In this case,
such an evidence ontology makes it feasible to build simple
tools to not only combinatorially search through these anno-
tated enzymes and enzyme domains by function and substrate
specificity, but also offering the possibility to filter search
results by the level or type of experimental evidence.

Of course, when searching for biological parts to fulfill
a function in a certain synthetic pathway, the search space can
be extended from experimentally characterized pathways (e.g.,
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as found in the MIBIiG repository) to predicted BGCs in
sequenced genomes. For this, computational predictions of
enzyme function and substrate specificity can be exploited, to
make it easy to create libraries of enzyme variants that have
been selected by natural evolution to have different catalytic
efficiencies and specificities; screening of such large libraries of
synthetic enzyme-coding genes has been shown to be a highly
effective method to optimize pathway function as a whole.”
Also for such predictions, the bioinformatics community
should strive to supply standardized levels of prediction confi-
dence, in order to distinguish ‘vague guesses’ from confident
predictions. The NRPSPredictor2 tool,> which predicts NRPS
adenylation domain substrate specificities, provides a good
example for this, as it does not only return raw predicted
substrates, but also offers predictions at various levels (from
single amino acids to hydrophobicity/hydrophilicity) and
assesses the prediction resolution (‘applicability domain’) that
is achievable for a given input. However, several other algo-
rithms have recently been developed for the same purpose,*~>¢
and this in turn requires standardized benchmarks to accu-
rately compare their (sometimes conflicting) results. Poten-
tially, standardized information on experimentally determined
specificities from, for example, the MIBIiG repository, could be
used to assess at regular time intervals which algorithms
perform best on which substrates and taxonomic groups.
Moreover, recorded evidence quality could be taken into
account to weigh the input data (for either testing or re-training)
in such a case: e.g., NRPS adenylation domain substrate speci-
ficities determined by ATP/PPi exchange assays could be given
more weight than specificities indirectly derived from natural
product structures, as in the latter case the amino acid might
have been modified after peptide release from the assembly
line.

4. How to achieve standardization Il:
pathway engineering

One of the most effective synthetic biology strategies in natural
product research is to reengineer or refactor the BGCs in
heterologous hosts.”” For example, commonly used heterolo-
gous hosts such as Escherichia coli and Saccharomyces cerevisiae
were used to produce artemisinic acid (a key precursor of
antimalarial drug artemisinin),* taxadiene (a key precursor of
anticancer drug taxol),*® and opioid compounds thebaine and
hydrocodone,* as well as many analogs of some antibiotics
such as erythromycin via combinatorial biosynthesis.*® A
similar strategy was also used to activate silent BGCs from
sequenced genomes.** However, construction of a reengineered
biosynthetic pathway is typically time-consuming and labor-
intensive. Recently, a wide variety of DNA assembly tools have
been developed for rapid construction of large DNA molecules
such as natural product biosynthetic gene clusters,® which is
allowing scale-up of this ground-breaking technology to char-
acterize larger numbers of BGCs.

As this methodology to characterize BGCs and their products
becomes more prominent, the process of (re-)engineering BGCs
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will also require standardized descriptions. After all, the design
of the expression construct (including regulatory sites and
possible codon optimization), the host used and the growth
conditions may all influence the outcome: e.g., some variants of
a natural product may be produced in higher amounts in one
case compared to another. Potentially, such a standardized
description of synthetic BGCs could be designed as an optional
extension to the MIBiG framework, similar to how a list of
parameters relevant to the built environment microbiome has
recently been designed as an extension to MIxS.** Additionally,
standardized formats to report and store detailed analytical
data on natural products will be highly useful. The centralized
and standardized storage of mass-spectrometric data in GNPS
(http://www.gnps.ucsd.edu/) is a very good step in this direction.
Standardization of the design procedures themselves may
also facilitate full automation. For example, a fully automated
Golden Gate method was developed to synthesize tailor-made
transcription activator-like effectors on a large scale.** With
further optimization, these DNA assembly tools may facilitate
the construction of any reengineered BGCs in a high-
throughput manner. Also, a standardized syntax of parts (such
as BioBricks*) and transcriptional units facilitates their
worldwide exchange and re-use in different settings; for plant
synthetic biology, such a comprehensive standard for tran-
scriptional unit organization has recently been published.*®

5. Needs for future development

Many further developments in standardization will be needed
to facilitate effective and high-throughput (re-)engineering of
natural product biosynthetic pathways. For example, due to the
challenges in protein production in general and potential lack
of precursors or cofactors in certain hosts, a panel of engineered
hosts (chassis) optimized for heterologous production of
natural products from different sources is required. For each
engineered host, a set of well-characterized native or synthetic
promoters and/or terminators should be developed. In prin-
ciple, a target BGC should be expressed in a host that is
evolutionarily closely related to its native producer. In addition,
the processes for pathway engineering and characterization for
each host should be standardized or even automated.

A key prerequisite for standard development is effective
collaboration across the entire research field. The strength of
working bodies like the Genomic Standards Consortium in
effectuating standardization across the board lies in their open
and inclusive nature, which allows all willing scientists to be co-
owners of the standards; if standards would be dictatorially
imposed, there would be no intrinsic motivation for the scien-
tists to implement and further update them. And the latter is of
crucial importance: an effective standard should be a ‘living’
standard, which is continuously evaluated by the community
itself as technology progresses; if this is not done, ontologies
and other key features of the standard will be outdated very
rapidly. Therefore, we invite the natural products community to
join us in maintaining current standards and designing high-
quality extensions as the field of natural product synthetic
biology further develops.

This journal is © The Royal Society of Chemistry 2016
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