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Abstract | One of the most promising applications of synthetic biology is the
biosynthesis of new drugs from secondary metabolites. Here, we survey a wide
range of strategies that control the activity of biosynthetic modules in the cellin
space and time, and illustrate how these strategies can be used to design efficient
cellular synthetic production systems. Re-engineered versions of secondary
metabolite biosynthetic pathways identified from any genomic sequence can then
be inserted into these systems in a plug-and-play fashion.

The rapid progress of genome-sequencing
projects has revealed thousands of unchar-
acterized secondary metabolite biosynthetic
pathways, many of which are expected to
produce new biologically active compounds
such as antitumour drugs, cholesterol-
lowering agents and antibiotics. These
pathways are a potentially rich source for
drug discovery; they constitute a giant evo-
lutionary compound library that, in contrast
to randomly constructed libraries, has been
highly pre-selected for optimal stability, bio-
availability and bioactivity. However, these
pathways originate from a diverse range
of organisms, including slow-growing soil
bacteria', extremophiles?, rare plants® and
species from environmental metagenome
samples’, many of which are uncultured or
unculturable. Moreover, the conditions in
which the pathways are active and the com-
pounds are produced at levels sufficient for
characterization are often unknown®.
Therefore, new concepts are required
to exploit this richness. Interestingly, in
microbial genomes the genes that code for
secondary metabolite biosynthetic pathways
are usually highly grouped in gene clusters
that often also contain the pathway-specific
regulators and transport systems. This allows
for their easy identification by in silico detec-
tion of signature genes or gene domains that
are specific for certain classes of pathways”’.

However, finding methods for expressing
genes to levels sufficient for biochemical
characterization is still a large challenge.
Current methods include cultivation in dif-
ferent media, heterologous expression and
manipulation of the regulators that control
the gene clusters'. Some researchers have
given up on the sequence-first approach

and are using proteomics to focus on those
gene clusters that are naturally highly
expressed'’. Although these strategies enable
the functional characterization of single gene
clusters, they can be time-consuming. We
suggest that the tools of synthetic biology'*'*
can enable us to tune newly sequenced
pathways so that they can be easily plugged
into suitably pre-engineered microbial hosts
in which the cellular machinery is already
optimized for overproduction of com-
pounds synthesized from specific pathway
classes. This can then enable us to discover
new drugs from these gene clusters in a
rapid and high-throughput manner (FIG. 1).
Subsequently, several intrinsic levels of
cluster modularity can be exploited to fur-
ther engineer the biosynthetic pathways for
optimal production and generation of useful
derivatives (BOX 1).

The large-scale engineering that is nec-
essary to make this approach efficient will
depend on the ability to exert control over
cellular function in both space and time.

Here, we outline the design principles of
temporal and spatial control (FIG. 2) that we
believe will be crucial in order to accom-
plish this new technology. We discuss both
temporal and spatial engineering at different
scales, from allosteric control of enzyme
activities to fine-tuning of expression pat-
terns and metabolic programmes, and from
protein—protein interactions to subcellular
organization and microbial communities.
Finally, we discuss how these engineering
features can be integrated to design versatile
host strains that will enable efficient
metabolite screening and production.

Exerting temporal control

When manipulating biosynthetic pathways
for optimal production capacities, the tim-
ing of expression of pathway components

is important. During high-level constitu-
tive expression, the continuous metabolic
requirements for production are in conflict
with the changing demands for cellular
survival and growth. Therefore, dynamic
regulation of pathway expression in time
normally results in more efficient produc-
tion. For instance, Farmer and Liao showed
that dynamically regulating Escherichia coli
lycopene production by recruiting the
nitrogen regulatory system (Ntr) to stimu-
late production at times of high glycolytic
flux resulted in much higher product titres.
Synthetic biology can be applied at several
scales to achieve optimized exploitation of
the metabolic potential of engineered micro-
organisms: at the rapid scale of allosteric
control of enzyme activities and gene expres-
sion; at the intermediate scale of temporal
fine-tuning of enzyme expression patterns;
and at the long-term scale of synchronizing
population activities and executing
metabolic programmes.

Allosteric control. The cellular machinery
can be controlled most rapidly and directly
through metabolite concentrations. This
enables a rapid response of enzyme activities
to changes in metabolite concentrations, but
also the rapid adaptation of gene expression
levels to a specific metabolic situation'®.

For this purpose, metabolites function as
cofactors for regulatory proteins. As part

of a synthetic biology strategy, the effector

NATURE REVIEWS | MICROBIOLOGY

© 2011 Macmillan Publishers Limited. All rights reserved

VOLUME 9 [ FEBRUARY 2011 [ 131



PERSPECTIVES

Genome sequences

Secondary-metabolite biosynthesis gene cluster

LM SR Cmm—m— S e

Pre-engineered plug-and-play hosts
specific for a certain class of compounds

Redesigned gene cluster

Screening host

Production host

Strain and process
optimization

Large—scale
drug production

Figure 1| Pipeline for plug-and-play expression of unknown biosynthetic pathways. Overview
of the proposed pipeline for plug-and-play execution of secondary metabolite biosynthetic pathways.
Gene clusters of interest are selected from the genomic databases and are redesigned for streamlined
expression in pre-engineered screening hosts. These are specifically optimized for the broad chemical
class of the compound that is encoded by each pathway in terms of the levels and timing of gene
expression (signified by the clocks) and the spatial parameters that are crucial for maximizing the
metabolic fluxes towards the end compound. For each screening host, a complementary production
host is available, to which any compounds with useful bioactivities can be transferred. Further

synthetic tuning of these hosts will then lead to efficient production of these new compounds.

specificity of these regulators can be altered
so that they can be used as switches in differ-
ent contexts, beyond their natural regulatory
role”. For example, the L-arabinose-binding
regulator AraC has been engineered to bind
D-arabinose instead, through the construc-
tion of mutant libraries’. Unfortunately,
protein engineering has not advanced far
enough to allow straightforward creation of
regulators that bind less closely related small
molecules. However, metabolites can also be
bound by riboswitches, which are regulatory
RNA elements that reside in the non-coding
regions of mRNAs and regulate their transla-
tion through changes in their folding pattern
that are induced by the binding of a small
molecule. Compared with proteins, these
elements have the advantage that they can be
engineered more easily to bind to a specific
small molecule, mainly because RNAs can
be synthesized on large scales more straight-
forwardly. Recently, Dixon et al. mutated an
adenine-specific riboswitch that was cloned
in front of a chloramphenicol resistance gene

and screened it with ligands derived from
a library of small molecules to select for
riboswitch-ligand pairs that could activate
the resistance'. In this way, they were able
to engineer riboswitches that were specific
for two rather distantly related molecules,
ammeline and azacytosine. Therefore, it
should be possible to create switches that
can respond to many different sorts of
metabolic input.

For example, riboswitches could be
engineered to recognize the final product of
a precursor biosynthesis operon in a drug
discovery strain in order to activate this
operon when the cell runs out of precursors.
If the intermediates of plugged-in pathways
are known, various riboswitches could be
engineered to recognize each intermediate
and intelligently control the expression of
the enzymes governing each step accordingly
(FIG. 2). In such a self-regulating system, toxic
accumulation of intermediates would be pre-
vented and metabolic fluxes would be auto-
matically adjusted to changing conditions.

Similarly, in gene cluster optimization
for industrial drug production, the tran-
scriptional units that encode the transport-
ers could be regulated by a riboswitch that
recognizes one of the late intermediates, in
order to have the transporters available
in time to avoid toxic intracellular build-up
of the end product.

Timing of enzyme expression. The genera-
tion of biosynthetic intermediates that cannot
be processed downstream, or the production
of enzymes by the cell before their substrate
becomes available, is energetically wasteful.
Enzyme production (and the associated gene
transcription) is one of the most costly proc-
esses in terms of energy and resources in a
microbial cell, and its optimization has clear
evolutionary benefits*. Therefore, fine-tuning
of enzyme expression through the engineer-
ing of transcriptional units, promoters and
ribosome-binding sites (RBSs) is needed

in the development of screening strains to
achieve optimally timed fluxes towards the
metabolic precursors (BOX 1). This phenome-
non of ‘just-in-time’ gene expression was first
reported in E. coli amino acid biosynthesis, in
which enzymes are consecutively produced
in distinct phases in an order corresponding
to their sequence in the pathway?'. In this
manner, wrongly timed superfluous enzyme
production is prevented. Similar just-in-time
gene expression has been observed in the
biosynthesis of starter units used by exotic
polyketide synthases (PKSs) and precursors
used by non-proteinogenic amino acid
non-ribosomal-peptide synthetases (NRPSs)*.
Such sequential activity patterns can be
generated by differential binding affinities of
transcription factors to the promoters of the
genes involved™. A library of transcription
factor binding sites with different strengths
would allow the use of this coordinated
regulation in artificial biosynthetic operons.
Combining the construction of the libraries
with in silico modelling of regulatory outputs
based on experimentally determined regula-
tory responses could facilitate the predictable
design of entire regulatory networks without
the need for extensive tuning®. The approach
could be extended to temporal ordering of
whole operons by adding yet another layer

of regulation in which the expression of syn-
thetic-pathway-specific regulators acting on
these operons is also ordered sequentially.

By using synthetic regulation to optimize
the timing of enzyme production, the cell
can direct its limited resources towards
production of the right enzymes at the right
time. This is important because core bio-
synthetic enzymes are often rate limiting for
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total production, as is the case in cephalo-
sporin biosynthesis®. Although in current
industrial practice the production of drugs

is continuous after the start-up phase, such
just-in-time expression could also be imple-
mented to achieve continuous oscillation of
pathway expression in synchrony with other
cellular programmes®. This can sometimes
lead to more efficient flux, as occurs naturally
in yeast glycolysis, for example?.

Population synchronization of metabolic
programmes. To obtain maximal production
of compounds that are encoded by pathways
plugged into a strain, it would be desirable
to fully exploit the biosynthetic resources

of the whole population synchronously.
Synchronicity of compound production
ensures that the maximal fraction of cells is
contributing to biosynthesis and avoids the
loss of resources that would be the unavoid-
able consequence of population heterogeneity.
Currently, synchronized gene expression is
not always achieved in industrial fermenta-
tions. Interestingly, ‘synchronized bacterial
clocks’ in which quorum sensing is applied
to synchronize oscillatory gene expression
in large populations have been generated
recently *. Such a synchronization system
could also be applied to synchronize the
activation of genetic programmes in
drug-producing bacteria.

A particular benefit of this synchroniza-
tion during drug production would be the
ability to use distinct metabolic programmes
sequentially; cells could be designed to focus
on biomass accumulation in the start-up
phase and then switch to a distinct drug-
production phase. Such metabolic pro-
grammes also occur in natural producers of
secondary metabolites, such as Streptomyces
coelicolor, which has been shown to undergo
a major metabolic shift at the transition
from exponential to stationary phase®>*.
However, in a synthetically designed meta-
bolic programme, one would not want to
wait for depletion of metabolic resources
to occur before drug production is started,
but would want instead to switch to this
programme before the end of the exponential
growth phase, so that full-scale drug produc-
tion can be coupled to well-adjusted slow
growth that is just high enough to maintain
biomass levels.

Exerting spatial control

The optimal engineering of spatial aspects of
microbial metabolism is crucial to the effec-
tive design of cellular machinery: the local
concentrations of enzymes and metabolites
determines the rate at which the biosynthetic
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reactions in a pathway can proceed®'. The
more tightly metabolites are channelled
between reaction centres, the more effi-
ciently enzyme resources are used. This is
most important when the intermediates
and/or end products are hydrophobic and
thus limited in their diffusion. However,
even the spatial arrangement of genes on a
bacterial chromosome seems to be crucial,
because mRNA diffusion from the site of
transcription in E. coli was also recently
shown to be very limited*?. Similarly to tem-
poral control, spatial control can be exerted
at multiple scales: at the miniature scale of

protein complexes; at the intermediate scale
of subcellular organization; and at the large
scale of entire microbial communities (FIG. 2).

Scaffolding of enzyme complexes. At the scale
of proteins, synthetic protein scaffolds —
which assemble proteins into macromolecular
complexes — have been successfully used to
increase local enzyme concentrations and,
thus, to increase the metabolic flux through
a biosynthetic pipeline in an E. coli host*. In
this example, scaffolds were used to link dif-
ferent numbers of interaction domains from
metazoan signalling proteins to biosynthetic

Box 1 | Building blocks at different levels of modularity
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Secondary metabolite biosynthetic pathways display modularity at different levels of organization.
Modules at every level can be implemented as building blocks that can be recombined in new
ways in the synthetic engineering of secondary metabolism, following the way in which these
clusters were naturally engineered during evolution’s.

The first level of organization of biosynthetic gene clusters is their subdivision into multiple
operons (see the figure, panel a), each of which is often responsible for the biosynthesis of a
distinct part of the end product. In the course of evolution, nature has often recombined such
operons in new ways to generate new compounds. For example, the hybrid antibiotic
simocyclinone has probably evolved from the fusion of aminocoumarin-producing operons and
anthracycline-producing operons’. This strategy will be mimicked in synthetic engineering.

Going one level down, operons are also modular, consisting of many different genes
(see the figure, panel b). The composition of these operons can be altered in various ways.

Thus, biosynthetic steps can be removed or new functionalities can be added. For instance,
tailoring enzymes that alter the backbone of a compound can be introduced heterologously’*.

At the final level, the core scaffolds of many secondary metabolites are synthesized by polyketide
synthases (PKSs) or non-ribosomal-peptide synthetases (NRPSs). These contain several modules
that catalyse the incorporation of a specific precursor into the growing polyketide or peptide
chain. Genomic analyses show that the PKSs present in the genome of Streptomyces avermitilis,
for example, have largely evolved through recombination of these modules and the domains that
they contain’. This process has been mimicked in synthetic approaches by rearranging modules
from, for example, erythromycin, rapamycin and pikromycin polyketide synthesis®".

Several tailoring enzymes can also be incorporated into the synthases themselves as internal
protein domains (see the figure, panel c; Ext represents a chain extension domain and Mod
represents a modification or tailoring domain). Well-known examples are methyltransferase and
oxidation domains. However, examples of transporter, formyltransferase, sulphotransferase,
nitroreductase, lanthionine synthetase and cytochrome p450 oxidoreductase domains fused to
these large polypeptides can also be found in genome sequences, opening up possibilities for
exploitation by synthetic engineering.
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Figure 2 | Controlling space and time on different scales in an optimized
plug-and-play system. Cellular systems can be controlled at different
scales in space and time. a | In space, protein scaffolding can be imple-
mented to physically co-localize enzymes (A, B and C) from a certain bio-
synthetic pathway, and the number of linkers connecting the enzymes can
be used to tune stoichiometry. Compartmentalization of pathways can also
improve local enzyme and substrate concentrations and thus increase path-
way fluxes, but it can also make outward transport more efficient and pre-
vent self-toxicity. Microbial consortia can be of great value because they
allow the metabolic systems of each cell type to be specifically tuned to a
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part of the production pathway and therefore avoid the need for trade-offs
inasingle cell type. b |In time, transcription can be rapidly controlled on the
basis of metabolite concentrations through allosteric control, which allows
for intelligent tuning of the expression of each enzyme based on the meta-
bolic state of the pathway. One level higher, just-in-time gene expression
can ensure that genes are only transcribed when the proteins that they
encode are needed, so that protein translation is optimally coupled to the
implemented biosynthetic pathway. Finally, synchronization of cell popula-
tions can help to synchronize metabolic programmes and to directly use as
large a part of the population as possible for compound production.

enzymes catalysing subsequent steps of

the Saccharomyces cerevisiae mevalonate
pathway*. The protein stoichiometry in the
scaffolds could be tuned to the catalytic effi-
ciencies of the subsequent enzymes by vary-
ing the number of interaction domains that
linked them, in order to optimize the flux
through the pathway and avoid build-up of
intermediates. In the optimal configuration,
production titres increased almost 80-fold,
even though enzyme expression was lower
than in the native configuration®. Recently,
the scaffolding strategy was also successfully
used to obtain unprecedented high titres of
glucaric acid in E. coli**. Such protein scaf-
folds — complemented with protein fusions,
if beneficial — could well be used to divert
and increase metabolic fluxes towards the
precursors for certain chemical classes in
the development of screening strains. This

may prove very useful given that precursor
biosynthesis is a serious bottleneck in the
optimization of product titres. For example,
when biosynthesis of the core structure of
the important antibiotic erythromycin was
optimized using codon-optimized synthetic
PKS genes, these genes were so efficient that
they had to be downregulated again to avoid
metabolic imbalance of precursor levels,
which were too low to constitute an adequate
supply to the PKSs®.

In the secondary metabolite biosynthetic
pathways, NRPSs and type | modular PKSs
also function as scaffolds with docking
domains that facilitate module-module
interactions. Scaffolding has proved to be
crucial for efficient pathway flux in such
systems. In attempts to construct synthetic
PKSs, only those with functional interaction
domain pairs showed substantial activity**’.

These assembly lines can also be custom-
ized to physically link tailoring enzymes to the
domains of the core scaffold, thereby increas-
ing yields of the final product. In such a
procedure, the natural linker domains could
be replaced with linker domains from other
protein systems. This strategy could relieve
the need for highly product-specific tailoring
enzymes, because the co-localization of the
enzymes would probably reduce the rates of
unwanted side reactions.

Cellular compartmentalization. An aspect
that should not be underestimated is the
subcellular organization of enzyme com-
plexes. For instance, the hybrid NRPS-PKS
complexes that produce bacillaene in
Bacillus subtilis assemble into an organelle-
like megacomplex™. The observation that
this megacomplex is membrane associated
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indicates that this configuration may be
important not only for increasing local
enzyme concentrations, but also for efficient
transport of the product out of the cell*.

In fungi, an important part of penicillin
biosynthesis is known to take place in the
peroxisome®. Also, the biosynthesis and
export of aflatoxin in Aspergillus parasiticus
have recently been shown to be highly coor-
dinated through accumulation in specific
vesicles and subsequent transport to the
vacuole®. Because the last two biosynthetic
steps leading to the final product are per-
formed in the vesicles, the compartmen-
talization is likely to prevent self-toxicity,

as is the case for many plant secondary
metabolites*'. Another important advantage
of such dedicated subcellular organizations
seems to be the ability to maintain rapid
fluxes through high local concentrations

of enzymes and intermediates®. Therefore,
compartmentalization should be considered
seriously for the construction of efficient
screening and production strains.

It is possible to use existing compart-
ments of bacteria or fungi and their known
protein-targeting systems for this purpose,
as pioneered by Bayer et al.*>, who were able
to increase production of a synthetic methyl
halide biosynthetic pathway when the cru-
cial enzyme was targeted to the vacuole.
However, this would be limited to species
with well-characterized targeting systems
and could also lead to problems caused
by competition between the engineered
proteins and native organellar proteins.
Therefore, a more ambitious aim would be
to custom design bacterial organelles that
could be introduced into desirable hosts*.
The recent discovery and functional dissec-
tion of a gene cluster governing the biogen-
esis of magnetosomes in magnetospirilli**
offers a possible template for the future
biogenesis of such organelles in model
organisms such as E. coli. An orthogonal
protein translocation system could then be
introduced into these compartments to set
them apart entirely for their engineered pur-
pose; in such an effort, it would be crucial
to avoid crosstalk with the native secretion
systems, which could have a serious nega-
tive impact on cellular fitness. Intriguingly,
we recently discovered genes that encode
NRPSs fused to major facilitator trans-
porters®, opening up the possibility that
megasynthase assembly lines can be directly
coupled to the membranes of synthetic
organelles to allow immediate shuttling of
the polyketide or peptide scaffold into the
organelle, where it can then be further
modified by a range of tailoring enzymes.

An interesting alternative to membranous
organelles is also available: the operon that
is responsible for generating proteinaceous
microcompartments in Salmonella enterica
has recently been characterized, and specific
amino-terminal sequences were shown to
direct proteins to these compartments*.
These microcompartments were successfully
expressed heterologously in E. coli cells, and
GFP could be targeted to them by fusion to
an amino-terminal targeting sequence®.
The advantage of these compartments is
that they strongly co-localize enzymes
while allowing limited and selective diffu-
sion of small molecules in and out of
the compartment, as has been shown for the
related carboxysome microcompartments of
Halothiobacillus neapolitanus*. Interestingly,
diffusion selectivity can be altered by
mutating the shell proteins*.

Designing microbial consortia. Once new
drugs enter the production phase, there

is no reason why the whole production
process should be carried out by a single
strain. Instead, because the biological route
towards the production of a drug consists
of multiple distinct steps, a further route

of exploration is to see whether it could be
beneficial to let these distinct steps be per-
formed by dedicated cell types. This would
allow the metabolism of each cell type to
be specifically tuned to each step instead of
forcing a compromise between them in one
cell®. Microbial communities in which dif-
ferent cell types have distinct roles can be
engineered™. For example, specialized cells
could be constructed to supply biochemical
precursors for other specialized cells that
convert these precursors into the final prod-
uct. These cells could then be attached to a
surface in a multilayered biofilm®’, or they
could be attached to two sides of a semiper-
meable membrane which allows diffusion
of the intermediates but not of the final
product between the two populations (FIC. 2).
Recent experiments show that such spatial
sequestering of syntrophic co-cultures allows
stable growth of both populations because
it prevents one cell type being outcompeted
by the other?2. However, two or more types
of cell can be grown together stably in a fer-
mentor if the cells are engineered to control
gene expression of a suicide protein in one
of the strains, based on detection of relative
cell density of the other strain by a quo-
rum sensing system, such as LuxI-LuxR or
LasI-LasR**. Alternatively, an obligatory
cooperative system can be implemented in
which each cell type supplies an essential
metabolite to the other. For instance, a
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consortium has been constructed consisting
of two S. cerevisiae strains that lack either
lysine or adenine biosynthesis and supply
one another with the essential resource to
allow growth®. Such approaches may be the
most practical strategies by which to pioneer
the large-scale industrial production and
harvesting of compounds in the short-term,
because spatial sequestering would require
technical innovations beyond standard
fermentor growth.

Suitable host strains

All of these control strategies can now be
used to design microbial systems specifically
tuned for drug discovery, and these can
subsequently be upgraded to specialized
production strains for the large-scale pro-
duction of each drug. Choosing optimal host
strains as a basis for these strategies is of vital
importance.

Substantial efforts have focused on
transplanting secondary metabolite biosyn-
thetic pathways to fast-growing industrial
microorganisms such as E. coli or S. cerevi-
siae®*~>. However, production titres of, for
instance, polyketides remained low owing to
metabolic constraints inherent in the host,
because required precursors were present
at low intracellular levels*. The first efforts

Glossary

Metabolic flux
The flow of metabolites through a metabolic system.

Modularity
The extent to which a system can be subdivided into
‘modules’ that can be recombined in new ways.

Non-ribosomal-peptide synthetase

A large multidomain megasynthase enzyme that functions
as an assembly line to produce peptides, usually containing
non-proteinogenic amino acids.

Orthogonal
Functioning entirely uncoupled from the native system,
without crosstalk.

Quorum sensing

Intercellular communication between members of a
microbial colony or community, carried out through small
signalling molecules.

Secondary metabolite

A metabolite that is characteristic of particular strains or
species and that has a specific function outside the
primary metabolism that governs core cellular functions.

Tailoring enzyme

An enzyme that modifies the core scaffold of a compound
by, for example, oxidoreduction, methylation or
glycosylation.

Type | modular PKS
A large multidomain megasynthase enzyme that functions
as an assembly line to produce a polyketide.
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to redirect metabolic flux towards these
precursors show promising results, with
titres of the polyketide phloroglucinol being
increased approximately fourfold®.
Unfortunately, transplanting biosynthetic
pathways to a new biological context usually
yields unpredictable outcomes, because the
metabolic fluxes are not tuned to provide
the necessary precursors®. Bringing parts of
primary metabolism under synthetic regula-
tory control offers a possible solution. This
has recently been applied in the engineering
of biofuel cells, in which the fatty acid degra-
dation pathway was knocked out and genes
governing the biosynthetic steps towards
fatty esters and fatty alcohols were over-
expressed at the same time®. Alternatively,
one could attempt to redirect the metabolic
fluxes by specific gene knockouts guided by
computational modelling of metabolism®.
In the short term, current industrial
production strains such as actinomycetes
that are optimized using classical strain engi-
neering® may still be useful starting points
for engineering, given their proven track
record. But for a future principled approach
to the problem, using genome-minimized
production hosts seems to be the most excit-
ing approach, given that they waste only a
minimal amount of cellular resources on
reactions other than their designed pur-
pose. In addition to the recent successes
in reducing existing genomes with a top-
down approach®*, the first cell controlled
by an entirely synthetic genome has been
constructed recently®~*. This may soon
empower researchers to construct synthetic
systems for this type of application from the
ground up.

The near future

In the coming years, technological advances
will probably continue at the rapid pace we
have witnessed recently. Not only will DNA
sequencing advance more and more quickly,
but we will also attain an unprecedented
understanding of cellular systems at the levels
of RNA, proteins and metabolites. From
existing cellular systems, we can identify
thousands of biologically active compounds,
all refined by millions of years of evolution
but mostly uncharacterized in terms of their
chemical structure and medicinal activity. At
the same time, the costs of DNA synthesis
are already dropping rapidly”, and highly
efficient techniques for DNA assembly

have become available”’. This inaugurates

a new age in which the complete de novo
synthesis of re-engineered gene clusters
becomes economically feasible. If we grasp
this opportunity now and start to use all

available dimensions of cellular complexity
to design bacterial cells that are specialized
for drug discovery and production, this will
allow unprecedented access to the riches that
nature provides. Achieving this ambitious
aim will require the integration of knowl-
edge from many disciplines, from bioorganic
chemistry and cell biology to bioinformatics
and microbial ecology”. But when the con-
cepts described in this article are applied in a
concerted fashion on a large scale, synthetic
drug production may become reality sooner
than many people could have imagined just
a few years ago.
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Health biotechnology innovation
on a global stage

Halla Thorsteinsdottir, Monali Ray, Andrew Kapoor and Abdallah S. Daar

Abstract | With increasing globalization, infectious diseases are spreading faster
than ever before, creating an urgent need for international collaboration. The rise
of emerging economies has changed the traditional collaborative landscape
and provided opportunities for more diverse models of collaboration involving
developing countries, including North-South, South—-South and North—-South—South
partnerships. Here, we discuss how developing countries can partner with other
nations to address their shared health problems and to promote innovation. We
look specifically at what drives collaborations and at the challenges that exist for
them, and we propose actions that can strengthen these partnerships.

With increasing globalization, pathogens
that cause diseases can spread swiftly
throughout the world, creating an urgent
need for collaboration among nations.
HIV/AIDS, influenza (including avian and
swine influenzas) and severe acute respi-
ratory syndrome (SARS) have all spread
rapidly across national borders. In addition,
chronic illnesses such as heart disease, dia-
betes and cancer, some of which are caused
by microorganisms’, have also become
diseases of poverty and are on the rise in
low-income populations in developing

countries®’. We can no longer view the
health problems of developing countries as
fundamentally different from those found
in high-income nations, and so addressing
these problems requires a global approach.
To address shared health problems requires
investment in research and innovation, as
well as active contributions by all affected
countries. Modern transportation and com-
munications systems make it ever easier

for researchers and entrepreneurs to col-
laborate wherever new opportunities arise.
Specific expertise, exciting research material
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