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Executive summary

Executive summary

The last half of the 19th century and the first years of the 20th century saw the
development of technologies that would create the basis of wealth generation
by means of major new industries — principally petrochemical, automotive,
aviation and electronics. These developments helped create the modern world.
Synthetic biology has the potential to create another raft of major new
industries, the development of which is likely to have profound implications for
the future of the UK, European and world economies. At this time of global
economic uncertainty, the fostering of new wealth creating industries and
technologies is a stated Government objective. At present, in the field of
synthetic biology, the UK can demonstrate a competitive advantage in
fundamental research, massive growth potential (as synthetic biology
technigues mature and replace existing production techniques) and the
realistic potential to being number one or two in the world. Synthetic biology
is therefore a prime candidate for significant investment to develop UK
capabilities.

While the UK can currently boast a strong global position in synthetic biology,
maintaining this position is not a foregone conclusion. The US already leads the
way with the US National Science Foundation’s $16m funding of the Synthetic
Biology Engineering Research Center (SynBERC) based at UC Berkeley, The Bill &
Melinda Gates Foundation investment of $43m into medical applications of
synthetic biology and the $500m Energy Biosciences Institute (led by BP and
the US Department of Energy) - in which synthetic biology will have a
significant role to play. This level of investment seems set to continue given
that President Obama has recently announced his intention to support
fundamental research in the United States through the economic downturn.
The scale of US investment currently dwarfs British investment and
consideration must be given to further significant UK investment. Failing to do
so would risk the UK falling further behind the US and ceding our current
position to other European or Far Eastern countries — who are also investing
heavily in the field.

Synthetic biology, as a field, has developed over the last few years because of
the confluence of a number of factors. There have been advances in biology,
genetics and genome sequencing - coupled to the vast increase in the speed
and storage capacity of computers and the internet. This has enabled
researchers to understand living organisms in much more detail, both in terms
of the individual molecules and at the system level. One of the key features of
synthetic biology is the application of rigorous engineering principles to
biological system design and development. The manipulation of DNA has now
been possible for many years, but this has involved gene replacement on a
case by case basis. By applying the engineering principles of specification,
design, modelling, testing and validation, new biological devices and systems
can be produced.

The coming together of engineering and biology that typifies synthetic biology
means that it is, by nature, a multidisciplinary field of endeavour. Fundamental
research requires collaboration between engineers, biologists, chemists and
physicists, as well as social scientists and philosophers. As synthetic biology
based techniques mature and start to move from the lab bench to commercial
application, their scaling up to a level useful to industry will require
collaboration with chemical and process engineers.

Synthetic Biology: scope, applications and implications 5



6 The Royal Academy of Engineering

This report aims to define the term ‘synthetic biology, review the state of the
field and consider potential future developments and their likely technological,
economic and societal impact. It will also attempt to assess the requirements
for the development of the field and to identify key policy issues.

The following is a summary of the central themes and issues that the report
has investigated, and the resulting recommendations.

Defining synthetic biology
We define synthetic biology thus:

“Synthetic biology aims to design and engineer biologically based parts, novel
devices and systems as well as redesigning existing, natural biological systems.”

This definition, while maintaining a certain level of simplicity, expresses the key
aspects of synthetic biology. It is consistent with the views of most researchers
in the field (both in the UK and abroad) and those of The Royal Academy of
Engineering.

Synthetic biology strives to make the engineering of biology easier and more
predictable.

Current activity and applications
There is considerable activity in a number of areas including health, energy, the
environment, agriculture and applications in other industrial sectors.

A synthetic version of the anti-malarial drug artemisinin is being developed
using synthetic biology methods. This makes it amenable to large scale
industrial production - if successful, it will have a major impact on the
treatment of malaria in the developing world. The cost of treatment should be
low as the development of the drug is being funded by the Gates Foundation.

negative 0 10 50 100
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Figure 1: Fluorescent output from a UTI detector

In health, biosensors are being developed that can detect urinary tract
infections (UTls). When the device comes into contact with a UTl it triggers a
response in one of its constituent proteins, which fluoresces. Because
systematic engineering principles have been used in the design of the
technology the sensor is capable of being readily adapted to detect other
pathogens such as MRSA.

In the field of energy, synthetic biology is being used to develop far more
efficient biofuels. These developments have the potential to alleviate current
problems with biofuels — for example, competition for land use between
energy and food crops. The current process of deriving biofuels from crops
such as sugar cane or palm oil wastes about 90% of the biomass. Synthetic
biology derived biofuels are being designed to use a much higher percentage
of the biomass which will result in a significant increase in yields and the
associated carbon savings.
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Vision

Many commentators now believe that synthetic biology has the potential for
major wealth generation by means of the development of major new
industries, much as, for example the semi-conductor did in the last century,
coupled to positive effects for health and the environment. In order to show
how such developments might occur, the report gives a vision of the future in
terms 5, 10 and 25 year time scales. (It is important to understand that any 25
year vision is, by definition, highly speculative.) Here are some snapshots from
the 10 and 25 year visions.

10 year vision

* Routine and economically viable synthesis of large synthetic DNA
sequences (genomes) to underpin synthetic biology applications.

e Synthetic biology techniques will be incorporated into biotechnology
processes. This may involve the tuning of existing drugs to improve their
therapeutic properties and to produce low or no side effects for the
individual. A direct extension is likely to be the application of synthetic
biology to the production of new drugs which are based on the known
therapeutic properties of certain plants.

* The coupling of synthetic biology to tissue engineering. The biofabrication
of accurate 3D scaffolds, to which cells attach. This has the potential to
make engineered tissue of various kinds much easier to construct.

* More advanced biofuels (typically biodiesel and bio-aviation fuels) will be
developed, with new synthetic biology based processes for fuel production
in large quantities (equivalent to refining). An important aim will be to use
as much of the current supply chain as possible in order to capitalise on the
existing infrastructure.

e The reduction of COz2 levels by the development of artificial leaf technology
which is a synthetic version of the photosynthetic process.

e Synthetic biology techniques will be used to engineer new types of
pesticides which are environmentally friendly by being very specific and
have a natural life in the ground which is consistent with carrying out their
function.

* The beginnings of the development of biologically based lightweight and
very strong materials which will have direct application in the aircraft and
automotive industries.

e Arange of industrial standard biological parts will have been developed
and placed in a professional register of parts. These will be incorporated
into devices such as various types of counters. In addition, it is likely that
over this period of time it will be possible to produce biologically based
memory (the direct equivalent to computer memory). Once this stage has
been reached, all of the components will be in place to produce
biologically based microprocessors of different kinds. Like their electronic
counterparts, they will begin to perform control functions applicable to
living systems.

25 year vision

History shows that a 25 year vision is difficult to predict with any accuracy.
Areas where it is expected that major progress will be made, may encounter
hidden problems. Other areas of development, which currently seem
impossible, could make major strides because of some unforeseen discovery or
breakthrough. With that in mind, here are some examples of possible
applications:

Synthetic Biology: scope, applications and implications 7
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* Biosensors which permanently reside in the body to detect a particular type
of abnormality, for example arterial disease. The biosensor will be part of a
machine engineered by means of synthetic biology which then
manufactures or releases a ‘drug’to disperse the arterial plaque.

¢ Highly adaptive antibiotics. One of the problems with current antibiotics is
that the bacteria which they are designed to kill adapt to the antibiotic,
which then becomes ineffective. Synthetic biologically engineered
antibiotics could be developed that monitor the adaptation of the bacteria
they are designed to kill and modify their response accordingly.

e More advanced biofuels will be developed for different applications. Artificial
enzymes are already used in the detergent industry. Synthetic biology will
allow the development of enzymes which can break down a much wider
range of biomass into useful forms. It should also be possible to develop
plants whose whole biomass is readily convertible.

e Many products which are currently derived from petroleum, eg plastics, will
be replaced by biologically engineered substitutes.

* The development of biologically based devices and systems which in the
biological world perform as microprocessors and perform a range of control
functions. This could involve signalling and actuators which replace or modify
their natural equivalents, for example within the cell. Sophisticated
biologically based interfaces which link biology to electronic systems, eg for
cellular and intracellular monitoring in the treatment of diseases such as
cancer.

e The establishment of rational and engineering-based synthetic biotechnology
processes and protocols for the synthesis of fine chemicals, industrial-based
enzymes and complex pharmaceuticals.

These applications may be achievable, but they need to be driven by a national
strategy, with significant industry involvement. The strategy should include
research and development which is directed at overcoming specific deficiencies
in achieving set technical objectives — not dissimilar to the technology roadmap
utilised in the IT sector.

Research and educational infrastructure

The development of synthetic biology is dependent on the establishment of an
effective research and educational infrastructure. Such an infrastructure should
be based on a group of leading research universities, but with close links to
research groups in other UK institutions. There is a need to establish strong
research and teaching centres which bring together expertise in engineering,
physics and chemistry as well as biology. The same centres should provide high
quality doctoral training programmes. Strong international partnerships, most
notably with other groups in the EU, US and the Far East should be developed.
This would also include sharing expertise in relation to educational
programmes.

Societal and ethical implications

The development of synthetic biology brings with it a number of ethical and
societal implications that must be identified and addressed. Key concerns are
safety and security, based on the perceived risk of harmful organisms being
released, either deliberately or accidentally, into the environment. In addition,
issues surrounding intellectual property and control by multinational
corporations must also be thought through. For some groups of people,
synthetic biology could raise ethical questions pertaining to the creation of
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novel life forms. These are crucially important issues that need to be addressed
specifically and carefully. Throughout the inquiry, it was encouraging to find
that individuals and organisations currently involved in synthetic biology are
acutely aware of the need to consider these important issues. As well as an
academic exploration of these issues by social scientists, ethicists and
philosophers, early public dialogue is of the utmost importance to help
promote listening and understanding of people’s hopes, expectations and
concerns.

Summary

Synthetic biology is destined to become of critical importance to building the
nation’s wealth. It has the potential to transform world industry in areas such as
energy, health and the environment; to produce a new era of wealth
generation; and create large numbers of new jobs. It is difficult to accurately
determine the full economic impact of the field at this point; however, some
idea of the scale of the industrial impact might be derived from comparing it to
the development of synthetic chemistry in the 19th century, which is now
central to the conversion of petroleum into a wide range of chemicals, as well
as petrol, diesel, solvents and lubricants. Synthetic chemistry made possible the
development of the pharmaceutical industry, as well as much of the food
industry, detergents and plastics. In addition, synthetic chemistry is very
important in semiconductor production - the basis of all transistors and, hence,
all computers and integrated circuits. The potential impact of synthetic biology
on the economy is likely to be as great, or even greater, than that of synthetic
chemistry a century ago.

Synthetic Biology: scope, applications and implications 9



10 The Royal Academy of Engineering

Recommendation 1
Strategic plan for the UK

1a: Developing the strategy

Synthetic biology has the potential to develop into a major new sector that
addresses key global challenges while creating significant wealth and jobs for
the UK. As such, it meets the criteria, as articulated by the Government, of
being an appropriate area for focus, demonstrating a field where the UK
already has significant advantage, with promising growth prospects and where
the UK has the potential to become first or second in the world.

We believe that, in order for the UK to place itself in the best position to be a
world leader in this sector, Government must begin the groundwork that
would lead to a national strategy for synthetic biology. This undertaking should
be a joint enterprise between Government and the national academies, along
with input from other key organisations and individuals from academia and
industry.

The development of the strategy, because of the multidisciplinary nature of
synthetic biology, must cover a range of disciplines, principally engineering, life
sciences and physical sciences, but also include the social sciences to put
synthetic biology's development in a wider societal context. As well as bringing
together the individual academic sectors involved, the strategy must begin to
develop frameworks for regulation and the development of standards which
will allow all researchers in the field, regardless of discipline, to work together in
the most effective ways.

1b: Stakeholder engagement

The elements set out above cut across several Government departments. A
strategy would enable appropriate policies to be put in place that
acknowledged their interdependency. In the context of the current economic
downturn, such a strategy would help ensure that the long-term nature and
complexity of the development of synthetic biology would not create barriers
and missed opportunities. It would also have the potential to shorten the time
scale in which the sector could bear fruit by aligning the various elements
involved and addressing any issues in an informed context.

In addition to the engagement of all the relevant Government departments,
the strategy needs to be developed with the input and guidance of academia
and industry. While the fundamental research that is currently being carried out
in the field can be sustained by the pursuit of knowledge alone, as synthetic
biology techniques mature, their development will become driven by the need
to create applications and solve problems in industry. The involvement of
industry in developing a strategy for synthetic biology will ensure that research
becomes progressively more directed as it becomes more applied. This will
ensure a more rapid and successful translation of research into commercial
applications.



Recommendations

Recommendation 2
Training and research infrastructure

2a: Centres of synthetic biology
If the United Kingdom is to successfully compete globally in the field of

synthetic biology, both industrially and commercially, a number of academic
centres dedicated to the subject are required. These centres should be located
within leading universities that have internationally competitive research in
engineering and the physical sciences, and biology. They must be truly
multidisciplinary, with the ability to carry out world leading research. Wherever
possible, the centres should be based on universities with existing activity in
synthetic biology in order to maximise UK capacity in the field at the lowest
cost.

In addition to their research capacity, the new centres should provide teaching
in synthetic biology. If the field develops as expected, there will be a pressing
requirement for expert staff specifically trained to a high level. Synthetic
biology requires a deep understanding of engineering and the complexities of
the biological systems. It is envisaged that such training will be primarily at the
postgraduate level. It is therefore proposed that the centres offer a doctoral
training programme, similar to those which now exist in other fields,
comprising a four year programme, for example, a one year MRes or MSc
followed by a three year PhD.

2b: Funding requirements
Successful centres would require a critical mass in terms of researchers, facilities

and equipment. Based on the model of comparable centres in fields such as
nanotechnology and chemical biology, it is estimated that each centre would
require funding in the order of £60m over a 10 year period. Given that the
techniques involved are still largely at the pre-commercial stage, significant
funding from central Government is likely to be required. But opportunities
should also be sought for funding specific research projects through strategic
collaborations, for example with industry and charities. The proposed centres
are seen as an essential first step in developing new and expanding technology
based industries, bringing with them a new wave of prosperity in the UK. As a
guideline to minimum requirements, each centre would require capital costs of
an estimated £12m, to be spent over the first three years, and a budget of £4m
per annum to support a staff of approximately 30 to 35 researchers and
administrators. In addition to this, the doctoral training programme would cost
around £800k per annum (based on recruiting seven students per year at a cost
of £40k per student).

As far as possible, existing resources should be redeployed by the host
university and, after ten years, the centres should be progressively integrated
into their host universities. Even so, it should be noted that such an initiative
would represent a significant step change in the current level of funding for
synthetic biology.

Synthetic Biology: scope, applications and implications 11
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2c: Academic and industrial collaboration

There would need to be strong a and synergistic relationship between the
centres. The centres would also need to be a focus of related activity in
synthetic biology such as workshops and conferences, with effective
networking to smaller centres in other universities and linked to international
initiatives.

It is essential that the centres should seek partnerships with industry to ensure
that projects of high national economic importance receive priority. This might
mean developing and applying new techniques to existing industry, for
example the biotech industry, as well as nurturing new and existing SMEs.

Recommendation 3
Societal and ethical implications

Synthetic biology research needs to be conducted in collaboration with social
scientists and philosophers in order to raise awareness of the ethical and
societal issues. This will also assist the development of mutually informative
learning and fruitful research partnerships. Furthermore, an active and ongoing
public engagement programme must be established which creates platforms
for various stakeholders and publics to share their views on both the potential
benefits of synthetic biology and their concerns as the technology develops.

This programme should be initiated and developed by the research
community, in particular the Research Councils, using the existing public
engagement infrastructure within the UK and its practitioner expertise.
Involvement of policy makers, regulators and industrial players should be
sought when appropriate. The need for the provision of training in public
engagement theory and practice for scientists in the field is clear, in order that
a baseline of understanding of the potential value of work in this area is
achieved.
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Chapter 1: An Introduction

1.1: What is synthetic biology?

Synthetic biology is seen as an emerging field which builds on the work in
genetics and associated fields over the last few decades. Like most new fields
at this stage of development, it is subject to a number of possible definitions.
For the purposes of this report, the following definition has been adopted:

“Synthetic biology aims to design and engineer biologically based parts, novel
devices and systems as well as redesigning existing, natural biological systems.

This is the simplest and perhaps the most widely accepted definition and, in
addition, is consistent with the Academy’s view of the importance of synthetic
biology to the future of engineering, industry and the general economy.

Synthetic biology strives to make the engineering of biology easier and more
predictable.

1.1.1: Biological systems

In the context of synthetic biology, it is perhaps important to make some
points about biological systems. Living systems are composed of a number of
key components (cells, genes, proteins) that allow biological organisms to grow
and replicate. Understanding how the orchestration of these components leads
to the complex nature of cellular and physiological behaviour exhibited by
living systems has formed much of the basis of biological and biomedical
research over the last 100 years.

The research has resulted in the realisation that living systems operate at
different scale levels: for example, from populations to individual organisms;
and from the physiological level to the individual cell. Over the last 60 years our
understanding has extended to the molecular scale. Today the functions of
individual cells are known in detail - from individual biochemical reactions to
metabolic pathways, gene regulation to the control of cell division and cell-cell
signalling. This level of detail also extends to visualisation, where the
macromolecular components such as proteins, sugars, lipids and nucleic acids
that perform all of the necessary biochemical functions for cellular life can be
imaged at atomic resolution.

The central tenet that underpins much of current molecular biology lies in the
relationship between DNA, RNA and proteins. The genetic code (the DNA)
instructs cells to produce proteins by translating the DNA sequence into an
intermediary messenger RNA (mMRNA) — this process is known as transcription.
The mRNA is then translated into a polypeptide chain comprising a defined
sequence of the 20 naturally occurring amino acids (a process known as
translation) to produce proteins that carry out most of the cellular functions
and activities within organisms. The revolution in molecular biology which has
occurred over the last sixty years has been underpinned by parallel technology
developments. Examples of such developments are: more and more powerful
computers (including the widespread use of personal computers); the rise of
the internet; powerful search engines (eg Google); and broadband networks.
This has resulted in a massive explosion in data - including the genome
sequences of hundreds of different organisms including the human genome -
where the full complement of protein components can now be identified and
studied.

Synthetic Biology: scope, applications and implications 13
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These developments in biology have been accompanied by rapid
developments in technology. Examples of such developments are: more and
more powerful computers (including the widespread use of personal
computers); the rise of the internet; powerful search engines (eg Google); and
broadband networks.

1.1.2: Systems approach

The traditional approach to biological research has been to isolate a small
number of biological components in order to understand their structure and
function. The realisation that biological systems are multi-scale and multi-level
has led to a deepening realisation that biological systems can no longer be
studied using a reductionist approach. This approach assumed that single
biochemical events resulted in single effects, in a simple cause and effect
relationship. In reality, most genes, proteins and other components carry out
their functions within a complex network of interactions, with positive and
negative feedback loops that regulate their operation. Consequently, a single
component (such as a gene) rarely specifically controls any particular biological
function or disease, and conversely any given component may influence many
different functions. Such a simple cause and effect framework posses severe
restrictions on the ability to understand, manipulate and design increasingly
complex biological systems. This realisation has led to the emergence of
systems biology (which was the subject of a previous report by The Royal
Academy of Engineering and The Academy of Medical Sciences') which tightly
couples 'state-of-the-art' biological measurements with sophisticated
mathematical and computational modelling. This facilitates the understanding
of how networks of interactions between the components of a biological
system give rise to its observed properties. The systems biology approach
allows the study of multi-scale, multi-level (including multi-cellular) organisms.
One example of this approach has been the creation of accurate models for
the human heart, by combining physiology with computer modelling.

Over the last decade, advances in molecular biology technologies have
allowed researchers to manipulate, or re-engineer, DNA coding regions in
many different organisms from bacteria, to plants, to animals. This has led to a
revolution in molecular and cell biology — driven, primarily, by the genome
projects. Animal models of human disease can be created, eg mice cancer
models; cell-based systems can be manipulated to address fundamental
biological problems, eg mutant yeast and bacterial strains; and organisms can
be altered in beneficial ways, eg transgenic mosquitoes for the control of
malaria. However, all of these approaches are primarily based on hypothesis
driven questions - where researchers aim to address specific questions with
often single and specific experimental solutions. By contrast, synthetic biology
aims to establish a rational framework for DNA manipulation, based on the
application of engineering design principles.

1.2: Relevant aspects of biological systems

Before considering how and why synthetic biology has developed as a subject,
we must first review some of the basic properties of biological systems in order
to familiarise ourselves with the key concepts.

1.2.1: Living systems

Over the long time period of biological evolution, living systems have
developed and evolved using key fundamental mechanisms that distinguish
them from non-living systems. All life forms are composed of molecules
(proteins, lipids, sugars, DNA, RNA) that are, in themselves, non-living.

1. Systems Biology: a vision for engineering and medicine, Feb 2007
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This has led to the conceptually difficult question - how could life have arisen
from a collection of non-living molecules?

The origin and definition of life poses a number of questions. The widely
accepted biochemical definition of life is that localised molecular assemblages
are considered to be alive if they are able to continually regenerate, replicate
and evolve. Regeneration and replication requires the living system to have the
ability to import, process and transform molecules from the environment into
cellular aggregates; whereas evolution requires heritable variation in cellular
processes. Living systems have all the machinery to achieve these
requirements. They store the instructions for life in informational chemical
polymers (such as DNA and RNA) and they have metabolic systems that
chemically regulate and regenerate cellular components - all of which are
contained within a physical container. The totality of this is a living cell, the
simplest form of life. More complex forms of life, like plants and mammals,
comprise many cells working together in a coordinated and regulated manner
- but at a different scale to molecular or unicellular living systems. The need to
define living systems at different physical scales arises from the ability to
visualise and interpret living systems at scales from near atomic resolution
(10° m); to the sub-cellular (10° m); to the multi-cellular (10° m); to the whole
organism (10" m). Such advances have been primarily driven by technology
developments in imaging, resulting from interdisciplinary research involving
engineers, physical scientists and life scientists.

One of the current challenges in bioscience is the need to integrate biological
information from different physical scales, whilst simultaneously considering
living processes as interconnected systems and networks. Systems biology is
the attempt to meet these requirements; it is now driving research and
thinking in life sciences.

1.2.2: Self-organisation

One key underlying process that has enabled primitive life to form is the ability
of non-living molecules to self-organise’ . The main chemical principle that
allows such self-organisation is the ability of molecules to form non-covalent
bonds, ie a type of chemical bond that does not involve the sharing of
electrons. Such bonds are much weaker than covalent bonds and can be
readily made and broken. For example, with just a few chemical building blocks
(G, C, A T), strands of nucleic acids can pair up to form large DNA or RNA
molecules - allowing the storage and retrieval of information that is mediated
though the formation and breaking of weak hydrogen bonds. The ability to
break and reform non-covalent bonds is a key feature of living systems.

1.2.3: Noise

However ordered the appearance of living systems may be, the biochemical
events that underpin such systems are in part random. This leads to the difficult
question: how do living systems function and process information when the
underlying molecular events are random?

This is beautifully illustrated when gene expression is measured in single living
cells - as opposed to populations of cells® . However reproducible and regular
cell population measurements are, single cells often show fluctuations and
significant differences in gene expression - suggesting that the molecular
events that underpin cellular physiology are in fact stochastic. It is now well
established that cells exhibit significant noise in many biochemical processes.
This has led to the proposal that noise is an important part of living systems. An

2. Lehn JM, Science 295: 2400-2403 (2002)
3. Elowitz MB et al, Science 297: 1183-1186 (2002)
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example of this can be seen in the generation of errors in DNA replication that
lead to mutation, which ultimately drives evolution. This does not fully explain
how complex, robust and highly orchestrated cell behaviour is determined by
random molecular events. However, living systems are not random - in fact
cellular events are highly ordered and precisely requlated, despite the
stochastic nature of the molecular events that underpin them. Since living
systems have evolved to be highly robust in their behaviour, any biochemical
noise within the systems is therefore tolerated as part of the living process®.

1.2.4: Feedback and cell signalling

The regulation and control of biological processes is a major aspect of living
systems that allows organisms to be responsive to both their external
environment and internal physiological state. The use of feedback in biological
regulation has a long history dating back to the work of Eduard Pfltger in the
1870s.

The concept of biological feedback has led to various theories and models of
physiological homeostasis, pattern formation, metabolic flux and transcriptional
self-repression. Underlying these models is a simple feedback loop, where an
output from a process can be fed back to the input either positively or
negatively. Feedback loops are fundamental processes in electronics and
computing. Many signalling processes in biology have now been identified as
being analogous to processes in engineering®.

In biology, the concept of feedback is usefully applied to intracellular signalling
systems that propagate specific cellular behaviour. In mammals, it is estimated
that there are 3000 signalling proteins and around 50 secondary messengers
(usually small chemicals that, together, build hundreds of cell-specific signalling
systems). Many signalling molecules have upstream regulators and specific
downstream targets which form part of a complex web of interactions,
biochemical networks and pathways. These allow living systems to be
responsive to their internal and external state. Within this complex network of
signalling pathways there exist multiple feedback loops that result in biological
outcomes such as oscillations, polarisation, robustness and bi-stability.
Biological systems display a large variety of feedback loops including positive
and negative, dual negative and dual positive, mixtures of both, and multiple
feedback functions®.

1.2.5: Biological complexity

As illustrated above, living systems are often highly complex. The
interdependent network of biochemical pathways, transcriptional circuits and
spatial temporal signalling poses considerable challenges for researchers
aiming to elucidate design principles of living systems.

However, the development of technology, such as high-throughput (rapid)
DNA sequencing, is providing rich data sets. Many of the analytical and
modelling techniques which have been developed in systems biology can be
applied to synthetic biology.

1.3: The emergence of synthetic biology

Having reviewed some of the key concepts of living systems, the question of
how and why synthetic biology has emerged as a discipline and what
differentiates it from other related subjects will now be addressed.

4. Rao CVet al, Nature 420: 231-237 (2002)
5. Brandman O & Meyer T, Science 322:390-395 (2008)
6. Voigt CA, Current Opinion in Biotechnology 17: 548-557 (2006)
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1.3.1: Why now?

The answer to this question lies in the confluence of three fields; biology,
physical sciences and engineering. Sixty years ago two major building blocks
were put in place. These were the publication of Norbert Wiener's book,
Cybernetics’” and the publication of Claude Shannon's work on information
theory®.

In Cybernetics, Wiener established the mathematical basis for studying physical
and biological systems. Wiener’s work, and that of others, has resulted in a
major area of engineering science called systems theory. This, coupled to signal
processing methodology (another very important area of engineering), has
been widely applied in a range of fields, including biology in the form of
systems biology. For example, systems theory is used in the design and
construction of aircraft control systems; information and telecommunication
networks; and economics.

1.3.2: Developments in Information and Communication Technology (ICT)
Shannon’'s work established the basis of the information and communication
revolution which has taken place over the last sixty years. The reason for this is
that digital computers can only work with what is known as sampled data. In
general, sampled data is uncommon in the natural world. Data tends to be
continuous, that is it exists at all points in time over the period for which it is
being measured. Shannon developed his sampling theory which allows data to
be converted from its continuous form to its sampled form without loss of
information and vice versa. Shannon’s sampling theory is the basis of modern
information and communication systems.

This sampling theory naturally leads biological research to produce large
amounts of data requiring ever more powerful computers to analyse. As such,
the rapid increase in the power and availability of computers is another
important building block in the development of the quantitative techniques
which underlie synthetic biology. Indeed, as data mining becomes increasingly
intensive, the computational power that will be required for more sophisticated
applications is likely to exceed the capabilities of local computers. Furthermore,
the demand for computational operations involving data sources that may be
distributed across many sites, where they are maintained and updated on a
regular basis, is increasing - along with interactions between researchers
working in different and often distant locations. Hence, high speed
telecommunications networks and access to high performance computing are
very important in modern biological research - and are an essential element in
the development of synthetic biology.

1.3.3: Developments in biology

There have also been major developments in biology over the last sixty years
(some of which are directly associated with the work of Norbert Weiner, as
described in the previous section). A good starting point for a discussion of the
developments in biology is the publication in April 1953 of Jim Watson and
Francis Crick’s paper on the structure of the double helix® . At the 50"
Anniversary Celebration of the publication of their paper in April 2003, Lord
May, the then President of the Royal Society, described Watson and Crick’s
discovery as “probably the most important scientific discovery of the twentieth
century” There are very good reasons for this statement as, without question,
their paper triggered the molecular biology revolution. There are many
milestones in terms of this revolution, but a few can be singled out. The first is
7. Weiner N: Cybernetics or control and communication in the animal and machine. MIT Press, Cambridge, MA. (1948)

8. Shannon C, Bell System Technical Journal, Vol. 27, pp. 379-423, 623-656 (1948)
9. Watson JD & Crick FHC. Nature 171: 737-738 (1953)
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proof of the existence of mRNA by Sidney Brenner and colleagues in 1960. This
was followed in 1961 by a paper by Sidney Brenner and Francis Crick in which
they described how DNA instructs cells to make specific proteins. In 1973
techniques were developed which allowed the transfer of genes to bacterial
cells in order to reproduce and generate multiple copies. In 1977 Fred Sanger
and Walter Gilbert independently developed a technique for reading the DNA
chemical bases, ie DNA sequencing. This discovery resulted in the large
international project (which occurred during the 1990s) to carry out the initial
sequencing of the human genome. The initial publication of the sequencing of
the human genome was published simultaneously in Nature and Science in
2001,

In a lecture approximately two years after the publication in Nature, Francis
Collins, the Director responsible for the Human Genome Project within the
National Institutes of Health (NIH), stated that “the initial sequencing of the
human genome would not have been possible without the extensive use of
ICT and computers” This statement encapsulates how the development of the
fields engineering, physical science, ICT and computing on the one hand, and
biology on the other, has resulted in a situation today where the confluence of
these fields has produced the new discipline of synthetic biology.

1.3.4: The relationship between systems biology and synthetic biology
Systems biology aims to study natural biological systems as a whole, often with
a biomedical focus, and uses simulation and modelling tools in comparisons
with experimental information. Synthetic biology aims to build novel and
artificial biological parts, devices and systems. Many of the same methods are
used and as such there is a close relationship between synthetic biology and
systems biology. But in synthetic biology, the methods are used as the basis for
engineering applications. The basis of quantitative systems biology lies in the
application of engineering systems and signal theory to the analysis of
biological systems. This allows the definition of systems in terms of
mathematical equations. Once a system, or part of a system, has been
described in this way, then synthetic biology allows the reduction of the
system to biological parts (bioparts) whose function is expressed in terms of
input/output characteristics. These characteristics are then presented on a
standard specification sheet, so that a system designer can understand the
functional characteristics of the part. The parts are then entered into an
inventory. The parts defined in an inventory (or registry) can then be combined
into devices and, finally, into systems. Tolerances are built into the design of any
engineering part, device or system to compensate for imperfections in the
manufacturing. Bioparts tend to have wider tolerances than standard
engineering parts, so biologically-based devices are designed to accommodate
such features. Hence, synthetic biology incorporates the classic reductionist
method whereby complex systems or processes are built from defined parts
and devices. This means that if a biologically based system is being developed,
it is developed on the basis of standard parts and devices which form part of a
reference repository or registry.

1.3.5: The Engineering design cycle and rational design in synthetic
biology

A key aspect of synthetic biology, which differentiates it from genetic
engineering and current biotechnology approaches, is the application to
biology of techniques which are normally used in engineering design and
development. The essence of this approach is to define the specification of the

10. International Human Genome Sequencing Consortium, Nature 409: 860—921 (2001) and Venter JC, Adams MD et al,
Science 291 (5507): 1304-1351 (2001)
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part, device or system that is required and to develop a design which meets
these specifications. Hence, in engineering, systems are normally built from
standard devices, which in turn are built from standard parts. The standard
parts and devices are all fully characterised and may be used in the design of
multiple systems. (This is very different from, say, genetic engineering where
specific genes are modified to overcome, for example, a medical problem such
as cystic fibrosis.) This overall approach is part of what is known as the
engineering cycle; this is illustrated in figure 2 above.

Referring to figure 2, it can be seen that the specification step is followed by a
detailed design step. One of the key differences between design today and
that of the past is the ability to undertake detailed computer modelling. This is
also true in synthetic biology. Comparisons are often made between the
difficulty of designing biological systems and the design of electronic devices,
such as transistors, sixty years ago. The difference today is the wide availability
of large amounts of computer power, which makes it possible to carry out
detailed computer modelling. This means that the expected behaviour of the
part, device or system under development can be simulated in detail. The next
stage in the cycle is implementation. In synthetic biology this normally means
modifying synthetic DNA and inserting it into an E. coli cell or some other
chassis. The next stage on the engineering cycle, testing and validation, is
particularly important in synthetic biology because it is the response to the
insertion of modified bacterial DNA which determines whether or not the
specification and the design have been properly realised.

Another key aspect of the engineering cycle approach is that the development
of a part, device or system can involve a number of iterations of the cycle with
each iteration refining the design and its implementation. Engineering systems
such as the A320 Airbus shown in figure 2 are based on standard devices
which are built from standard parts. In synthetic biology the field of electronics
is sometimes used as a conceptual model. Taking the example of a simple
audio amplifier, this would be designed using standard resistors, capacitors and
transistors. The designer would have a set of specifications for the amplifier and
look up manufacturers”handbooks (today, probably on the web) to find
component parts which meet the exact specifications which are required for
the design. What is important here is to understand that a great deal of time

11. Kitney Rl, Freemont PS & Rouilly V, Synthetic Biology, IET vol 1, issue 1.2: 68-70 (2007)
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and effort will have been devoted by component manufacturers to produce
parts which exactly matched their specifications. In fact, it is common in
engineering for a number of manufacturers to make and sell parts which
exactly match the same specifications. It is important to note that the designer
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Figure 3: Building a system from standard parts

of the audio amplifier would not question for a moment that a commercially
available part exactly matches its specification. Once built, tested and validated,
the audio amplifier becomes a standard device built from standard parts — with
its own specification sheet - the same approach applies to standard parts and
devices in synthetic biology.

Taking this whole approach one step further, now suppose that the objective is
to build a simple radio. Radios basically comprise three standard devices, a
radio frequency, or RF stage; an intermediate frequency, or IF stage; and an
audio stage (the audio ampilifier). Hence, the aim would be to build the radio
from three standard devices: the RF stage, the IF stage and the audio amplifier.
It may well be the case that each stage is manufactured and supplied by a
different manufacturer; but, because they are all standard, it is possible to
connect the three stages together to form the radio. This is a very powerful
approach and is routinely applied to the building of most engineering systems
- because it does not require everything to be designed and built from scratch.
The challenge in synthetic biology is to apply these approaches in engineering
biological systems. See figure 3.

1.3.6: Bioparts

The overall approach described above is also the basis of how biological parts,
devices and systems are created in synthetic biology; hence the use of the
terms bioparts. A biopart is a modular biological part which is designed so that
it can be easily combined with other parts. Ultimately, the aim is to produce a
range of standard devices (built from standard parts) which can be used in
standard systems. An example is the development of a standard biologically
based NAND gate. Such devices have already been produced, but are currently
not very stable or reliable. In electronics such devices are the basis of counters,
calculators and computers.

The biopart standard provides a framework where parts can be re-used in
various applications to achieve the specific function intended for the device.
The behaviour of any biopart component is described on a data sheet
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comprising a set of parameters and performance characteristics. A specific
combination of parts, in the form of a device, is then modelled prior to physical
assembly of parts, to ensure correct functionality.

This approach of using standardised bioparts has been led by the BioBricks
Foundation', a not-for-profit organization founded by engineers and scientists
from MIT, Harvard, and UCSF. Information about the bioparts or BioBricks™ is
stored on a Registry of Standard Biological Parts” run by MIT which is available
to the public free of charge.

1.3.7 Potential areas of application

This section provides a brief overview of some potential areas of application
(this is covered much more comprehensively in Chapter 3). Synthetic biology
could revolutionise a number of fields of engineering. The field of materials is
one example of a potentially important area of the application. Here, synthetic
biology involves the harnessing of biological processes (on an industrial scale)
to produce new materials. In many areas of industry, for example the
aeronautical industry, there is a need to use materials that are very strong but,
simultaneously, extremely light. In aircraft design, if it were possible to
significantly reduce the weight of the aircraft there would be immediate and
major improvements in fuel consumption. The understanding and
manipulation of the biological processes that control the production of such
materials could result in the synthesis of a whole range of new materials. This
would significantly change and invigorate several industrial sectors such as civil
engineering, aeronautical engineering and the automotive industry. Biologically
based biosensors and control systems are another important area. Biological
AND and NAND gates have now been produced, these will form the basis of
such devices and systems. Biologically synthesised devices may be
operationally many thousands of times slower than their electronic equivalents,
but this may be an advantage if such devices are to be used to monitor
biological processes where the time constants of the devices match the
environment in which they are operating.

1.3.8: Parallels with the historical development of synthetic chemistry

In the 19" century, chemists learned how to synthesise compounds that had
hitherto only existed in nature. For example, in 1856 William Henry Perkin was
able to produce synthetic quinine from benzene derived from coal tar. This led
to Perkin’s patent in 1856 entitled Dyeing Fabrics. A dye works was established
in 1858 in North West London to produce a synthetic dye and one year later
English fashion observers named the new purple dye mauve. Another example
of the rise of synthetic chemistry was the synthesis of Aspirin by Felix Hoffman
at the Bayer Company in Germany in 1897. The subject was extended in the
20th Century to the development of plastics and other materials, which now
find extensive use in most industrial sectors. One can consider aspects of
synthetic biology as following this historical development path in that
synthetic biology industries of the future will be able to harness the natural
diversity and mechanisms of biology and biological systems to produce the
biomaterials, chemicals and products of tomorrow.

1.3.9 ‘Bottom-up’ approaches in synthetic biology

Another school of research in synthetic biology is the ‘bottom-up’approach . In
this approach, researchers using chemical approaches aim to build synthetic
cells and biological systems from scratch using chemical components that are
not necessarily natural but mimic the properties of natural molecules and

12. http://bbf.openwetware.org/
13. http://partsregistry.org/Main_Page
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macromolecules. While these studies are challenging, they are at an early stage
of development in that such synthetic cells will be relatively simple compared
with the complexity of natural living systems. The development of self-
replicating protocells™will undoubtedly address fundamental issues on the
origin of life and will lead to alternative design strategies for synthetic

biology applications, overlapping closely with the construction of minimal cells
(Section 2.2.3).

The development of self-replicating protocells” will undoubtedly address
fundamental issues on the origin of life and will lead to alternative design
strategies for synthetic biology applications, overlapping closely with the
construction of minimal cells (Section 2.2.3).

14. Szostak JW et al, Nature 409: 387-390 (2001); Rasmussen S et al,, Science 303: 963-965 (2004); Luisi PL et al,,
Naturwissenschaften 93: 1-13 2006

15. Hanczyc MM & Szostak JW, Current Opinions in Chemical Biology 8: 660-664 (2004)
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Chapter 2: Fundamental techniques in synthetic
biology

2.1: Technological enablers

In the previous chapter the basic concepts of living systems and the
developments in traditional fields of research which have led to the emergence
of synthetic biology were reviewed. This chapter will discuss the fundamental
techniques and technologies that underpin synthetic biology and which are
the focus of current research in the field.

Despite the emergent nature of synthetic biology, there is already considerable
research activity within both the academic and commercial arenas. It may be
asserted that there are three key technological enablers that have facilitated
the emergence and rapid development of synthetic biology - these are:
computational modelling, DNA sequencing, and DNA synthesis.

2.1.1: Computational modelling

Synthetic biology approaches the design of engineered biological systems
through the engineering cycle (see Chapter 1). Modelling of the design, to
predict system performance prior to fabrication, is an important component of
synthetic biology. Synthetic biology is therefore similar to systems biology, in
that both rely heavily on computer modelling of biological processes. In
systems biology, modelling of whole biological systems is undertaken in order
to obtain a better understanding of the complexity of biology for the purposes
of analysis. Synthetic biology can therefore be considered at one level to be the
application of certain systems biology techniques to the construction of new
biological parts, devices and systems. Synthetic biology will consequently
benefit from the significant investment made in systems biology in the UK, eg
BBSRC Systems Biology Centres. Current and future advances in the modelling
of the interactions of molecules and systems will serve to drive progress in the
complexity of designs implemented in synthetic biology - for example, how
DNA encodes the information needed to sustain and reproduce the cell.
Recently, multi-scale models of gene regulatory networks have been
developed that model the complete set of bio-molecular interactions in gene
regulatory networks, ie transcription, translation, regulation, and induction. This
work helps to guide the design of synthetic systems. Commercially available
software currently caters for the needs of the systems biologist, but there is a
need for an integrated design environment (IDE) for the synthetic biologist,
similar to computer aided design (CAD) systems developed for other branches
of engineering.

The quantitative measurement of biological parameters is an essential part of
the accurate specification, design, modelling and validation of synthetic
biological devices and systems. For example, discrepancies between the
behaviour predicted by a model and actual measurements may identify
shortcomings in current biological control hypotheses and shed light on the
malfunction of synthetic systems.

To close the circle, synthetic biological systems may prove especially useful in
substantiating hypotheses regarding natural biological systems; if a functional
system can be built in another organism then the hypothesis on which the
design is based is likely to be sound. In the future, technologies which allow
many parallel, even single cell, and time-dependent measurements, will be
especially powerful for synthetic biology.
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2.1.2: DNA sequencing

The reading’ or sequencing of DNA is the second key enabling technology for
synthetic biology. DNA comprises four bases. These always pair in groups of
two - T with A and G with C. In many ways the bases can be thought of as two
sets of different magnets where the north pole of magnet type A is only
attracted to the south pole of the same magnet type. A single pairing of, say, T
with A is called a base pair (bp). Hence, the genome of a particular organism is
said to comprise so many base pairs. The entire content of DNA for a particular
organism is called its genome — this contains complete instructions for
constructing any type of protein, cell, tissue, organ, etc. For example, in humans
every cell contains the complete human genome (with the exception of
gametes). The sequencing of entire genomes of numerous organisms has
provided a wealth of information regarding the chassis within which synthetic
biologists seek to construct functional devices. (Chassis are the environments
into which synthetic DNA is placed - see section 3.2.3 below.) Additionally,
sequencing is used to verify that engineered sections of DNA or possibly even
whole organisms have been fabricated correctly®. Rapid, inexpensive
sequencing can also facilitate the detection and identification of novel systems
and organisms. This approach is exemplified by the trawling of the oceans for
valuable marine organisms yet to be discovered.

Commercial activity and available technologies in this area are well established
as a result of the significant investments made within the context of the race to
sequence specific key genomes, ie The Human Genome Project.

2.1.3: DNA synthesis

Once a genome has been sequenced, the next step may be to 're-write| or
synthesise, all or part of the genome. There are a number of cases where the
genome of an organism has been entirely synthesised. In 2002, Cello and co-
workers at State University of New York, Stony Brook, synthesised the poliovirus
genome (7,741 bp) from its published sequence, producing the first synthetic
organism'. This feat was achieved only after some two years of painstaking
work. In 2003, the genome of the bacteriophage OX-174 (5,386 bp) was
assembled in just two weeks by a team at the J. Craig Venter Institute' . In
2008, Hamilton Smith and co-workers again pushed forward the boundaries of
synthesis with their reconstruction of an entire 489,000 bp synthetic genome
of the bacterium, Mycoplasma genitalium” .

The customised synthesis of DNA is a key enabling technology for synthetic
biology. There is significant commercial activity surrounding the supply of DNA
constructs in the 100 - 1,000 bp range. A device in synthetic biology may be,
for example, constructed by combining bioparts which already exist in a
registry of parts and new bioparts which have been designed for the particular
device. Alternatively, the combined bioparts may be synthesised directly as a
single sequence of DNA rather than constructed from bioparts. A small number
of companies worldwide currently offer such a service; none of these are in the
UK. Synthesis capacity has shown a steady increase in the last decade. There
has been a concurrent fall in cost to less than $0.55 per base pair, depending
on sequence length and composition. At present, a technological barrier to
progress in synthetic biology exists in terms of the cost and speed of
fabrication of synthetic genetic sequences. To enable the cycle of specification,
design, modelling and validation, discussed above, to be commercially viable,
with a reasonable time frame and cost, there is an urgent need for new

16. Gibson DG, Benders GA et al,, Science 319 (5867): 1215-1220 (2008)

17. Cello J, Paul AV & Wimmer E Science 297 (5583): 1016 (2002)

18. Smith H O, Hutchison CA, Pfannkoch C & Venter JC, Proceedings of the National Academy of Sciences 100 (26):15440-15445 (2003)
19. Gibson DG, Benders GA, Andrews-Pfannkoch C, Denisova EA, Baden-Tillson H, Zaveri J, Stockwell TB, Brownley A, Thomas DW, Algire

X . MA, Merryman C, Young L, Noskov VN, Glass JI, Venter JC, Hutchison CA 3rd, Smith HO, Science 319 (5867):1215-20 (2008)
24 The Royal Academy of Engineering
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technologies that are capable of routine, very rapid, ultrahigh-fidelity, DNA
synthesis. The need for the routine large scale synthesis of DNA will become an
increasing obstacle as the ability to design ever larger genetic devices and
systems becomes a reality. Technically, the current methodology uses
phosphoramidite-based oligonucleotide synthesis of small oligonucleotide
fragments and self-(sub)-assembly of dsDNA (double strand). The final assembly
of synthetic DNA constructs are generated using standard molecular biology
techniques involving plasmid vectors and bacteria. This latter step is currently
rate-limiting and attempts to automate this process are currently being sought.
This technology is likely to fail as the size of the DNA sequences increases. A
somewhat similar situation has occurred in the microchip industry but the
technology has, over many years, kept pace with demand. There is no reason to
believe that this will not also be the case in DNA synthesis.

A related technological challenge lies in the ability to successfully transfer large
DNA segments, even whole genomes, into populations of cells. In prokaryotic
(eg bacterial) cells, circular plasmids (ie circular genomes) of tens of kilo base
pairs may be routinely transfected (ie transferred) into cells. Whole
chromosomes present a much greater challenge. This problem is particularly
difficult in eukaryotic cells (eg mammalian cells) where DNA is linear and
specifically modified (methylation) and, in general, genomes are larger. For
synthetic genome transfer, these massive DNA molecules may have to be
packaged using molecules such as histones (the chief protein components of
chromatin) that act as spools around which the DNA winds. Using this method,
the DNA can be placed in the cell’s nucleus without damage. The other major
challenge in genome transplantation is to understand the role of DNA
methylation and histone modifications. These modifications directly affect gene
activity and such modifications may play key roles in activating transplanted
(genomes).

2.1.4:Yields

In practice, it has been found that it is unrealistic to expect standard yields of
synthesised DNA to be greater than 99.5% error free, unless some costly
precautions are taken (which increase the product price substantially). The
theoretical final length product yield based on the 99.5% coupling yield can be
calculated using the equation: yield (%) = (0.995*")x100. From this formula it
can be shown that the yield falls from >90% for a 20 bp; 60% for a 100 bp; and
35% for a 200 bp. Yield for a 1000 bp is only marginally above 5%. Yield is
dictated by a number of side (or secondary) reactions taking place during the
synthesis.

In practice, the yield is often lower than that theoretically calculated. This is due
to problems with the multi-stage synthesis process. Again, conceptually, these
problems are similar to those in the microchip industry and require
development work on new techniques — which is ongoing.

2.1.5: Future trends in modern synthesis

In the 1980-90s, the area of DNA synthesis was driven by the promise of new
and efficient therapies. This approach was based on producing a range of
modifications to the nucleic acid bases. The main objective was to develop
modifications that would make the modified DNA more stable to in vivo
conditions. In the near future it is likely that the trends in DNA synthesis will
involve very small volumes and synthesis steps carried out in parallel such that
large pieces of DNA (>10° bp) could be routinely synthesised and assembled
in vitro. The ability to produce large pieces of synthetic DNA in a reliable, cheap
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and quality assured way will not only impact on synthetic biology research but
will also affect all experimental molecular biology where the need for cloning
and DNA plasmid assembly will be made redundant.

2.1.6: Large scale DNA (oligonucleotide) synthesis

There are currently six different methods for depositing spots of long chain
DNA sequences onto an impermeable solid support. These include separate
synthesis and further immobilisation; synthesis using photolithographic masks
either with or without standard DNA synthesisers; synthesis using a multi-
channel synthesiser; electrochemical control of spatial synthesis; and inkjet
synthesis. Photolithographic methods can produce 40 bp. Ink-jet printing, on
the other hand, is capable of producing a very high quality sequences (oligos)
of impressive length (60-70 bp probes are commercially available), and much
longer oligos (120 bp and longer) have been synthesised.

2.1.7: Potential for innovation and microfluidics

On a micron-scale, common liquids like water have very different behaviour to
our understanding of them in everyday experience. This length-scaling effect is
illustrated by the Reynolds number (Re) of the system, which represents the
ratio between inertial and viscous forces that act when fluid moves past an
object. At high Re (>1000, eg when mixing milk in a cup of tea) inertia
dominates, whilst at low Re (<0.01, associated with many microfluidic systems
with applications in synthetic biology) viscous forces dominate. Under these
latter conditions, fluid movement shows no inertia (and hence comes to an
abrupt stop when driving forces are removed). This raises the possibility of
accurately controlling the dispensation and movement of fluid at the micro
scale — thus controlling fluid dispensation precisely, spatially and hence
temporally, confining reagents to the parts of a chip being used for synthesis or
assembly.

The requirements imposed by synthetic biology on the synthesis of DNA
sequences is the ability to quickly produce large quantities of long double-
stranded DNA fragments, typically at the nano- or picomol level, preferably at a
reasonable cost. The recent progress in combinatorial chemistry, automation,
robotics and microfluidics allows for highly parallel microscale synthesis of a
very large number of oligonucleotides.

The processing of sections of DNA (oligonucleotides) may from now on be
more effectively carried out using microfluidic systems. For particularly sensitive
experiments, a Polymerase Chain Reaction (PCR) based purification step for
long sections of DNA (long base pair oligonucleotides) can also be
incorporated into this format. On chip PCR has been demonstrated in the
1990s by deMello™ . The method will probably be used for oligonucleotides
longer than 60 bp, as the 50 bp seem to work without any purification.

2.1.8: Lab-on-a-chip

A lab-on-a-chip (LOC) is a device that integrates one or several laboratory
functions onto a single chip. The synthesis integration of the process for long
sequences and their assembly may be achieved by bringing disparate
microfluidic processes together on the same chip. The challenges of removing
by-products that may inhibit synthesis and of the precise assembly of larger
sequences may in the fairly near future be realised by micro-droplet
technologies. In this method, partitioned nanolabs, comprising droplets
containing sequences, are combined through controlled fusion.

20. Kopp MU, deMello AJ & Manz A, Science 280: 1046 — 1048 (1998)
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The current price for sequencing a human genome is around $1m (per 3 billion
base pairs). This translates into $1 per 3,000 base pairs. With the prices of
sequencing falling steadily over the recent years (and $1,000/genome looking
more achievable than ever), it may soon become possible to achieve large
scale synthetic sequences that have been cost-effectively proof-read prior to
their incorporation into host organisms (chassis). It is important to note that
many modern innovative techniques, currently under development, are aimed
at developing sequencing systems which are capable of operating in a chip
based format - which is compatible with other technology (such as
concentration annealing ligation systems).

Analysis of the current trends in oligonucleotide chemistry suggests that in the
near future development of methods for direct cost-effective chemical
synthesis of hundred to thousand base pair oligonucleotides, required for
synthetic biology experiments, looks unlikely. It seems that the way forward
may be in relying upon reasonably short (50-70 bp) oligonucleotides. These can
be synthesised (often without a need for purification), processed, annealed,
ligated and, possibly, also proof-read in a highly parallel format. This should be
possible with relatively small scale, low cost equipment which is already
available (such as ink-jet printers from Agilent), in combination with yet to be
developed microfluidic devices.

2.2: Additional tools in synthetic biology

In addition to the three core technologies of modelling, DNA sequencing and
DNA synthesis, there are a number of other technologies, techniques and
approaches which are important to the development of synthetic biology. The
following section provides a review of these and related issues.

2.2.1: Chassis

A significant challenge to engineering in biology is the inherent complexity of
the cells in which the modified DNA, ie the biopart, is embedded in order to
produce the desired device or system. It is important that the synthetic device
or system is either decoupled from the metabolic processes inherent to the
viability of the cell or does not adversely affect these processes. One approach
to this problem is to simplify the chassis by reducing the genome and hence
the complexity of the chassis. Researchers adopting this approach draw
inspiration from refactoring, a process used to streamline computer software
without affecting functionality. Prof. Drew Endy (Stanford University) and his
group have done some preliminary work on refactoring the bacteriophage T7%".
Oligonucleotides harvested from a photolithographic or inkjet manufactured
DNA chip combined with DNA mismatch error-correction allows inexpensive
large-scale changes of codons in genetic systems to improve gene expression
or incorporate novel amino-acids.

The synthetic DNA is optimised for the functionality within the chassis — which
is the host for the reaction to take place, whether it is a simple biological
switch, an oscillator or a biosensor. The chassis is often referred to as the
'hardware’in synthetic biology and the synthetic DNA as the software. By far
the most common chassis in use today is E. coli. However, there are a number
of other natural chassis in use. The most common are listed below, with a brief
explanation of each type and an example of their use. In order to successfully
use a particular chassis, it is essential to understand in as much detail as
possible how it will behave to the presence of synthetic DNA circuits. A key
point to understand is that, by definition, chassis are living organisms whose
response to the injection of synthetic DNA may be difficult to determine. In

21. Chan LY, Kosuri S & Endy D, Molecular Systems Biology 1:2005.0018
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addition, for a given set of tasks one type of chassis may perform better than
another. One recent example of this is described in the paper published in
Science by the J. Craig Venter Institute” . This involved the synthesis and
reconstruction of a simple bacterium M. genitalium which comprises 589,000
bp. The bacterium was sequenced and then reconstructed. The DNA sequence
was divided into cassettes of 24,000 bp and the cassettes were sent to gene
synthesis companies (principally Blue Heron and GeneArt) for synthesis. What is
important to understand is that the data sent to theses, gene foundries was
purely alphanumeric. The cassettes were then synthesised and the DNA
returned to the Venter Institute. The cassettes were then reassembled in one
eighth and one quarter whole genome sections using £. coli. However, it was
found that the half and whole genome could not be reconstructed in E. coli.
The Venter Institute scientists discovered that the final reconstruction could be
carried out successfully in yeast.

2.2.2: Examples of natural chassis

Listed below are a few of the most common chassis currently in use. As
synthetic biology develops the number and type of chassis will inevitably
increase as a wider range of applications are catered for.

e Escherichia coli: a bacterium which is normally found in the lower intestine
of warm blooded animals. Because E. coli can be grown easily and has
relatively simple genetics which can be easily manipulated, non-infective
lab-strains can be constructed and it is one of the most common model
organisms used in molecular biology. At this time, it is also the most
common chassis used in synthetic biology.

* Bacillus subtilis: a non-pathogenic bacterium which is frequently found in
soil. Like E. coli, B. subtilis is easily manipulated in relation to genetic changes.
It is therefore quite widely used in a range of laboratory studies. It is
sometimes used in the place of £. coli because certain of its properties are
more amenable to some specific forms of genetic manipulation related to
synthetic biology (DNA circuits can be easily integrated into the B. subtilis
genome).

* Mycoplasma: a bacterium which does not have a cell wall. In terms of
synthetic biology, the most well known form is M. genitalium. This is because
(as described above) it was the bacterium which was synthesised by the
Venter Institute. Because Mycoplasma tends to be unstable, it is not normally
used as a chassis in synthetic biology.

* Yeast: there are large numbers of species of yeast. The species which are
mainly used as a chassis in synthetic biology are Saccharomyces cerevisiae.
Yeast is widely used in molecular biology, particularly in relation to research
on the eukaryotic cell, which links directly into human biology. Yeasts are
used as a chassis in synthetic biology and appear to be (under specific
circumstances) able to accommodate larger sequences of modified DNA
than £ coli.

* Pseudomonas putida: whilst it is sometimes used as a chassis in synthetic
biology, its use is nowhere near as common as E. coli, B. subtilis and yeast

2.2.3: Minimal cells

As described above, one of the key problems with using natural chassis is
achieving adequate control in biological synthesis. An alternative approach to
the use of natural chassis is to create minimal cells. The basic concept behind
this idea is to produce a cell which has the minimum number of components
required to support biological synthesis from synthetic DNA circuits or

22. Gibson DG, Benders GA et al, Complete Synthesis, Assembly, and Cloning of a Mycoplasma genitalium
Genome. Science Express (24 Jan 2008)
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genomes, whilst being as simple as possible in order to achieve adequate
control of its function” .

Figure 4 shows a minimal cell containing biological macromolecules and
pathways proposed to be necessary and sufficient for replication from small
molecule nutrients. Referring to the diagram, it can be seen that compared to a
natural cell the internal structures are greatly simplified.
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DNA pol
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¢<— RNA pol
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tases, MFT

tRNAs

rRNAs  rProteins

AA-tRNAs

Chaperones

Ribosome
Translation

factors

Figure 4: A minimal cell*

2.2.4: Cell free

For certain applications of synthetic biology there is now a developing trend
towards using a cell free approach. The basic point of using a bacterial chassis
is two fold. The first reason is to provide hardware which is capable of reacting
to and supporting the process defined by the synthetic DNA. The second
reason is that they provide a natural energy source. As previously stated, the
big problem with using bacterial chassis is the inability to control the process,
ie whilst a particular process is defined by the synthetic DNA circuit the end
result may be different to that predicated and there may be unexpected side
effects. As already explained, one approach to overcoming this problem is to
develop minimal cells. The cell free approach uses a different strategy, where
only biochemical extracts containing the components necessary to operate the
synthetic DNA circuit are employed. This offers improved control of synthetic
biology devices as non-specific effects due to the presence of the living system
have been removed. The difficulties involved in this approach are that the cell
free environment may prove to be unsupportive of the biochemical process
which is required and may, in fact, be toxic to the process. Secondly, there is
the difficulty of providing a suitable energy source. Nevertheless, if a cell free
approach can be used for specific applications, it has a number of major
advantages relating to the ability to undertake process control and scaling up
of the processes. This is a classic problem in biotechnology research. An
example which encapsulated this concept (but is not directly applicable) is the
discovery of penicillin. Whilst penicillin was effective in the laboratory, it took a
great deal of time and effort to get to the point where it became possible to
manufacture it in a viable industrial process.

23. Forster AC& Church GM, Molecular Systems Biology 2:1-10 (2006) and Luisi PL, Ferri F & Stano R,
Naturwissenschaften 93: 1-13 (2005)
24. Forster AC & Church GM, Molecular systems biology 2: 45 (2006)
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2.2.5 Orthogonal circuits and new genetic codes

The engineering framework of synthetic biology will allow the specification
and design of new complex biological circuits which would be implemented in
living chassis. However such circuits will need to work against a background of
the normal biochemical networks of the chassis. Given the interdependence of
biological networks and possibility of non-specific interactions between the
new circuit and existing (natural) circuits, the issues of robustness, performance
and reliability become highly relevant. However these can be addressed by
constructing minimal chassis to limit complexity and non-specific interactions
as well as newly designed circuits that operate orthogonal to the normal
biological systems.

Over the last 10 years, a number of laboratories have been investigating the
possibility of extending and re-defining the genetic code. In biological systems
the genetic code s firstly decoded by RNA polymerases (reading DNA to make
mMRNA) and then ribosomes (reading mRNA to make proteins). The latter stage
involves the highly regulated and specific recognition of triplet DNA sequences
or codons (3 bp) by the ribosome that encode for single amino acids that are
linked together to form proteins. Recently, the intricate molecular details have
been elucidated by protein crystallography where 3D atomic resolution
structures describe the chemistry and specificity of DNA transcription and
mMRNA translation”. This has allowed researchers to create modified
polymerases that can insert non-natural base pairs into mRNA and modified
tRNA /aminoacy! t-RNA synthetase base pairs that can recognise either non-
natural codons or a new genetic code defined by four base pair sequences
rather than three” . These studies lead to the possibility of designing
orthogonal DNA circuits that would be independent and distinct from natural
circuits and could only be decoded by the modified polymerases,
tRNA/aminoacyl t-RNA synthetase pairs and evolved ribosomes” . A new
genetic code of 4 bp sequences would allow synthetic biologists to design
circuits that would be insulated from the natural systems much like electronic
components in circuit board.

2.3 Standards
Central to the understanding of international standards is the concept of the
biological continuum, ie the hierarchy of the human organism comprising:

Systems » Viscera » Tissue » Cells » Proteins » Genes

The challenge facing researchers is to gather data at each of these levels in
such a way that the information can be stored and understood by anyone
working in the field. Given that this covers objects comprising orders of
magnitude from a metre down to a nanometre and involves researchers from a
variety of disciplines such as medicine and bioengineering, the challenge is
considerable. Standards fulfil this role by laying down strict formats, procedures
and protocols for handling, storing, displaying and transferring the data and
metadata. However, no single standard is able to cover the whole of the
continuum. Associated with the various standards are mark-up languages, eg
XML, PDBXL, which manipulate the data for display purposes and ontologies
(shared vocabularies) that allow concepts and semantics to be shared across
elements of the biological continuum and enable the entire scientific
community to integrate the data efficiently.

25. Bushnell DA et al., Science 303: 983-988 (2004); Nissen P et al., Science 289: 920-930 (2000)
26. Anderson JC et al,, Proc. Natl. Acad. Sci. USA 101: 7566-7571 (2004)
27.Neumann H et al, Nature Chemical Biology 4: 232-234 ((2008); Ghadessy FJ et al,, Nature Biotechnology 22: 755-759 (2004)
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The starting point for each standard is the hardware, or modality, used to
collect the data. This can range from MRI scanners at the system and viscera
scale, down to X-ray crystallography and microarrays at the protein and gene
level. The data therefore ranges from images at the larger scale down to alpha-
numeric code at the small scale. For display and comparison purposes, the
mark-up language is then able to convert the data into a 3D representation of
the object in question. Ultimately, all the images and data are stored in a digital
repository (normally associated with a particular standard) that can be accessed
by researchers in the field and understood via the related ontology.

Over time, various standards have been developed that deal with certain parts
of the biological continuum. The most widespread and well-established of
these is the DICOM standard (Digital Imaging and Communications in
Medicine) that covers scanners operating at the systems and viscera level. Such
scanners, almost without exception, conform to the DICOM standard and by
doing so, medical images produced by different imaging modalities and
manufacturers can be integrated into a common health care environment.

&
[ g:ﬂmﬁ& } | Modalities l {Reposltorles { Ontologies }
S
/_L System
Systems /‘ ontology
DICOM %
: scera
Viscera \ ontology
: Tissue
Tissue OME ontology
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Cells cytometry : ontology
Protein
Proteins
CyroEM ontology
— Gene
Genes il ontology

Figure 5: Schema for Standards and Interoperability

Beyond this, a number of alternative standards are being developed as
indicated in figure 5. This is especially true at the molecular and genetic levels
which have seen rapid advances since the completion of the Human Genome
Project.

The development of synthetic biology will rely heavily on standards. In practical
terms it is unlikely that in the foreseeable future any form of universal standard
will be developed across the entire biological continuum. Consequently, it is
necessary to develop a schema for the incorporation of existing standards and
their development within an overall framework based on the concept of the
biological continuum. The key to this is to link the various modalities and
standards at the various levels of the continuum via ontologies. This will
provide a holistic approach to research on the whole biological continuum.
Standards are an essential aspect of all engineering systems; ensuring
compatibility and safety in a global manufacturing base. As synthetic biology
develops, an effective global standard will be crucial and familiarity with it
essential for all involved in the industry. What is needed is an international
standard for bioparts similar in concept to DICOM. Currently, a number of
different standards are being developed in tandem with the various biopart
repositories which will ultimately result in a single recognised international
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standard. The US-based not-for-profit BioBrick Foundation have established a
number of working groups to develop technical standards for synthetic
biology, eg BioBrick construction and assembly and standard tests for
measuring the regulation of BioBrick functions (standard promoter test-kit).
The BioBrick Foundation is also promoting the free and open source sharing of
BioBricks within synthetic biology”, an area which has major implication
commercialisation and future intellectual property. Direct involvement in
developing such a standard by the BSI would greatly enhance the UK's profile
in synthetic biology and enable emerging UK synthetic biology companies to
compete on the global stage.

28. http.//openwetware.org/wiki/The_BioBricks_Foundation:Standards/Technical
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Chapter 3: Applications of synthetic biology

3.1: Introduction

The ultimate goal of synthetic biology is to develop commercial applications
that will benefit society, ie to design and build engineered biological systems
that process information, manipulate chemicals, fabricate materials and
structures, produce energy, provide food, and maintain and enhance human
health and our environment. The aim of this chapter is to summarise current
activities in both academia and the commercial sector to develop such
applications, give examples of the type of potential applications and to look
forward to the applications synthetic biology might provide in the future.

As a result of the emergent nature of synthetic biology, concrete examples of
its application are relatively small in number. Perhaps the most cited example
of a successful synthetic biology project is the work of Prof. Jay Keasling (UC
Berkeley) and co-workers in engineering yeast to produce artemisinic acid, the
precursor for artemisinin, an anti-malarial drug” . A second example of the
application of these technologies is the work of Dr Chris Voigt and co-workers
(UCSF) on re-engineering the Type lll secretion system of Salmonella
typhimurium to secrete spider silk proteins for which there are a range of
potential applications that relate to the production of light and extremely
strong materials which can be woven.

There is, however, an ever increasing body of work regarding proof of concept
studies which support the robust engineering approach to modifying
biological systems. An important difference between synthetic biology and
conventional genetic engineering is that there is a major emphasis on
developing foundational technologies that make the engineering of biology
more straightforward and reliable. Good examples of engineering in synthetic
biology include the work of Prof. Tim Gardner and Prof. Jim Collins (Boston
University) to produce an engineered genetic toggle switch®. £. coli has been
engineered to become light sensitive and express fluorescent protein - this
produced a photographic 'lawn' of bacteria. In a further iteration the quorum
sensing mechanics of the bacteria were modified such that the lawn became
an edge sensor only expressing protein at the boundary of a light/dark region.

3.1.1: Location of current synthetic biology research

The majority of activity within the field of synthetic biology up until about 2005
took place in two principal geographical clusters on the East and West Coasts
of the United States. However, since then there has been expanding interest
and activity in the UK, with one or more other examples in the rest of Europe,
eg ETH Zurich, although the level of investment is small compared to the US.
Activity in Asia is also expanding rapidly with Japan in particular focusing on
artificial cell technologies. In addition, the number of Chinese teams
participating in the iIGEM competition (see section 3.1.3) has grown
significantly during 2007 & 2008.

In the United States, the East Coast cluster is mainly centred around Boston and
includes the research groups of van Oudenaarden & Knight (MIT), Weiss
(Princeton), Silver, Forster & Church (Harvard) and Collins (Boston University).

The West Coast cluster is mainly centred around the Bay Area and includes the
research groups of Arkin, Bustemante & Keasling (UC Berkeley), Voigt & Lim
(UCSF), Endy and Smolke (Stanford), and Sauro (Washington).

29. Ro D-K, Paradise EM, Quellet M, Fisher KJ, Newman KL, Ndungu JM, Ho KA, Eachus RA, Ham TS, Kirby J, Chang MCY,

Withers ST, Shiba Y, Sarpong R & Keasling JD, Nature 440: 940-943 (2006)
30. Gardner TS, Cantor CR & Collins JJ, Nature 403: 339-342 (2000)
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In the United Kingdom activity is mainly centred around Kitney and Freemont
(Imperial College); Elfick, Tyers and French (University of Edinburgh); and
Haseloff (University of Cambridge). Additional activity is also noted at the
universities of Glasgow, Manchester, Portsmouth, Sheffield, Leeds, Liverpool,
Newcastle and Cardiff that indicate increased interest in the field.

In Europe particularly active groups may be identified at ETH Zurich (Panke,
Stelling), Paris (Jaramillo), Barcelona (Serrano), Israel (Bennenson, Shapers)

3.1.2: Current research activity in the UK

The research at Imperial College, to date, has focused on a number of areas
including a Lotka-Volterra oscillator which can be controlled in terms of
frequency and amplitude; a biologically engineered device for detecting
urinary tract infection (infector detector); a bio fabricator; and fundamental
work on biologically based logic gates. Researchers at The University of
Edinburgh have produced an arsenic detector, principally for use in detecting
arsenic in drinking water in developing countries. They are also actively
researching approaches in cellulosic biomass degradation for biofuel
applications and are involved in work considering strategies for decoupling
engineered functionality from a cell’s intrinsic processes through the
exploitation of synthetic organelles. Cambridge University has largely been
involved in synthetic devices related to plant biosciences. All of these examples
use a synthesis-from-scratch approach.

3.2 Research funding

In the UK, research funding comes principally from the Research Councils and,
in particular, the Engineering and Physical Sciences Research Council (EPSRC)
and the Biotechnology and Biological Sciences Research Council (BBSRC). The
Royal Society has a strong interest in synthetic biology and, although they do
not currently fund any activity directly, they have set up a Synthetic Biology
Policy Coordination Group®" . This group, made up of relevant stakeholders
from Government, funding bodies, academia and NGOs, aims to track and
stimulate policy activities and processes to encourage the responsible and
responsive development of synthetic biology (although it should be noted that
this group is not designed to produce the national strategy called for in
Recommendation 1 of this report). The Wellcome Trust is also interested in
synthetic biology. The Trust held a workshop in November 2008, with
participants from the UK, Europe and the US. All the funders have a variety of
mechanisms (eg responsive mode, programme and personal awards including
fellowships) available for investigators to apply to, if they want to undertake
synthetic biology research.

BBSRC identifies synthetic biology as one of ten research priorities” which are
applicable across all aspects of funding, eg responsive mode, research
initiatives and studentships. EPSRC has also made strategic provision by
prioritising synthetic biology in responsive mode within the Material,
Mechanical and Medical Engineering Programme™ . The Research Councils also
support a much larger volume of relevant research in areas such as
bioengineering, systems biology, nanotechnology and informatics.

In addition, EPSRC has funded a Science and Innovation Award designed to
build capacity in synthetic biology and four Research Councils have worked in
partnership to establish a number of research community networks, details of
both these activities are given below.

31. http//royalsociety.org/page.asp?id=7388
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3.2.1: Research centres

Synthetic biology has been identified by EPSRC as a strategically important
research area with its funding, through their Science and Innovation Awards, to
Imperial College and London School of Economics for a Centre for Synthetic
Biology and Innovation. This award, totalling £8m over five years, will fund a
new and innovative research centre with the aim of establishing a strong
research base in synthetic biology, coupled to a full educational and training
programme.

The centre is being established within Imperial’s Institute of Systems and
Synthetic Biology (IoSSB), which is located on Imperial College’s South
Kensington campus with close links to LSE's BIOS Centre (centre for research
and policy on social aspects of the life sciences and biomedicine). It will create
three new lecturer positions as well as associated post-doctoral and
administrative posts.

The principal aim of the centre will be to identify the main challenges that
need to be addressed in the field of synthetic biology and establish research
clusters involving multiple institutions to tackle these challenges. To this end,
the centre will host a number of meetings and workshops with a strong
international dimension and set up a Visiting Professor scheme. Ultimately, by
the end of the award period in 2014, it is expected that the centre will be
actively engaged in a rapidly expanding industrial sector in terms of intellectual
property, spinout companies and collaborative research.

3.2.2: Research networks

In a joint initiative between BBSRC, EPSRC, the Arts and Humanities Research
Council (AHRC) and the Economic and Social Research Council (ESRQC), with
funding totalling £970k, seven networks in synthetic biology have been
established. The aim of these networks is to develop a cohesive, cross-
disciplinary community of researchers from the biosciences, engineering and
the physical sciences as well as the social sciences and humanities. Each
network has a specific focus, details of which are:

e Synthetic Components Network: Towards Synthetic Biology from the
Bottom Up.
Led by University of Bristol (Professor Derek Woolfson)

e Standards for the Design and Engineering of Modular Biological Devices.
Led by University of Edinburgh (Dr Alistair Elfick)

e A Synthetic Biology Network for Modelling and Programming
Cell-Chell Interactions.
Led by University of Nottingham (Dr Natalio Krasnogor)

® from Robust Synthetic Biological Parts to Whole Systems: Theoretical,
Practical and Ethical Challenges.
Led by University of Oxford (Professor Antonis Papachristodoulou)

e SPPI-NET: A Network for Synthetic Plant Products for Industry.

Led by Durham University (Professor Robert Edwards)
e The UCL Network in Synthetic Biology.

Led by University College London & Birkbeck College (Professor John Ward &
Dr Irilenia Nobeli)

* MATEs - Microbial Applications to Tissue Engineering: An Exemplar of
Synthetic Biology.
Led by University of Sheffield (Professor Phillip Wright)
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These networks should help to overcome some of the difficulties of developing
such a new and interdisciplinary subject. They will allow researchers to
overcome language and terminology barriers, establish productive
partnerships and stimulate ideas - thereby establishing an effective critical mass
of researchers in synthetic biology from across all the necessary disciplines.
Their continued support, in both financial and administrative terms, is to be
encouraged.

3.2.3: International activities
The Research Councils are also involved in a number of international activities
including:

e EU NEST Pathfinder Initiative in Synthetic Biology™: The goal of the EU
NEST Pathfinder Initiative is to stimulate forward-looking cross disciplinary
research to demonstrate the key principles as well as to generate the tools
and parts to progress the field of synthetic biology in Europe. Eighteen
projects were funded with total EU investment in the region of 25M Euros.
One of these projects was Towards a European Strategy for Synthetic
Biology (TESSY)”. The main activity of the initiative was the development of
a European roadmap for synthetic biology. Both BBSRC and EPSRC have
engaged with the TESSY process.

e ESF EUROCORES in Synthetic Biology (Euro-SYNBIO)*: The European
Science Foundation's EUROCORES activities support large scale multinational
collaborative research programmes. BBSRC and EPSRC are among the 18
funding agencies from 14 countries supporting Euro-SYNBIO's recent call for
outline proposals. The two Research Councils have made a commitment of
£2m towards the call.

e EPSRC-NSF New Directions in Synthetic Biology”: EPSRC and the US
National Science Foundation (NSF) held an interactive five day workshop
(sandpit) in Virginia, USA in spring 2009. The aim of the sandpit was to
stimulate thinking in promising new, or currently underdeveloped, areas of
synthetic biology. As a result, EPSRC and the NSF have allocated up to £5.5m
to support a number of potentially transformative, transnational research
projects.

3.3: The economic importance of synthetic biology

The economic and industrial potential of synthetic biology is enormous. The
last half of the nineteenth century and the first years of the twentieth century
saw the development of technology which would form the basis of wealth
generation via the great industries of the twentieth century — petrochemical,
automotive, aircraft and electronics. The second half of the twentieth century
saw the dawn of the information age — high performance computers which are
widely available, advanced telecommunications, and the rise of the internet.
These developments created the modern world. We are now on the cusp of
the development of major new industries based on synthetic biology (coupled
to systems biology) and this emerging area should be drawn to the attention
of the UK's Technology Strategy Board. These developments will have profound
implications for the future of the UK, European and world economies, as well as
the environment and medicine.
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3.3.1: Commercial applications in synthetic biology

The table below lists the major areas, and associated applications, where there
is either commercial activity or collaboration between industry and academia
in synthetic biology. A list of companies currently active in the field and their
specific area of interest can be found in appendix 3.

Health Energy Environment Agriculture Other Industry

Cell counter Bio power Emissions Starch Biological computers

Biological sensors units sensors synthesis Digital/bio converters

Disease diagnosis Blofuels ?;::g;’;ﬁmma" N;‘:usde:d Logic gates

Disease fighting En‘zyr_nes detection :iaenargy Switches/oscillators

Controlling signs of Artificial leaf Biodegradable | feedstock Cleansing biofilms

ageing packaging Agro-fuels Responsive

Custom drugs Stronger.flighter Optimised materials, eg oil

Tissue engineering miskeriols food Nano particle
production production

Bioremediation
Biofabrication

3.4: Future vision

The contents of this section are a projection based on current evidence and
the opinions of the working group; by definition, it is not based in fact but is
instead a best estimate. As with all new fields, it is important to see things in a
fresh light. For example, an opinion is sometimes expressed regarding
biologically based counters and computers — this is normally along the lines of
“even if it were possible, why would we ever want such devices when their
electronic equivalents are infinitely faster and always will be?” One answer to
this question is that, at best, electronic devices will always require an interface
to the world of biology; whereas, biologically based devices are part of that
world. A simple example is the distinction between the worlds of analogue and
digital devices.

Biologically based devices and systems produced by the techniques of
synthetic biology will be used to monitor biological processes, where the time
constants (which may be very long) match those of the environment in which
they operate. In addition, they are likely to be driven by power supplies which
derive their energy from the surrounding environment. Natural biological
organisms often operate in environments which would be totally inhospitable
to their electronic counterparts; for example, under extreme pressure at the
bottom of the ocean. Another example is the development of intracellular
sensors - it is difficult to imagine how these could be achieved using even the
most advanced electronics. In terms of sophistication, the eye is a perfect
example — in nature there are numerous examples of different types of eye,
eg humans, fish and insects, which are optimised for different conditions.

The example of the analogue and digital domains is very useful. Digital
communication has now largely taken over from analogue and, in the main,
has distinct advantages, eg television and telephone systems. Via synthetic
biology we are now beginning to enter the biological domain in ways that
have hitherto not been possible.

The future of synthetic biology will now be described in terms of 5, 10 and 25
year visions.
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3.5: Five year vision

3.5.1: Health

Over the next five years it is likely that the anti-malarial drug artemisinin will go
into full production and have an impact on malaria worldwide. Artemisinin is
based on an area of synthetic biology which really comes under the heading of
metabolic engineering. It is, therefore, likely that other drugs will be developed
using this approach particularly in relation to natural product based drugs and
biopharmaceuticals. Many drugs which are currently available are based on the
known therapeutic properties of various types of plants which are found
throughout the world. It is likely that synthetic biology will be used to either
produce synthetic versions of these natural substances in the form of new
drugs or to optimise their properties, whilst reducing side effects. Another area
of development is in relation to genetically engineered machines which are
capable of detecting various types of infection. One example of this is the
development of a detection device for urinary tract infection which uses green
fluorescent protein as its display. This technology is now being extended to the
detection of MRSA.

3.5.2: Energy

There is a considerable amount of activity in the area of the development of
biologically based fuels. Current biofuels result from either the production of
ethanol from sugars or biodiesel from vegetable oils, however, these have the
disadvantage of not being particularly efficient processes that waste much of
the organic matter or biomass. Much more efficient methods able to utilise
more of the biomass are now being developed. Many of these techniques also
use metabolic engineering to optimise the process, including the use of
transgenic plants. At a slightly earlier stage, but showing significant promise, is
the optimisation of similar chemical processes to produce ethanol from sugar -
but with the input being various types of perennial crops such as grasses that
have the advantage of growing all year round rather than a single crop per
year. Finally, aviation fuels are now being developed on the basis of synthetic
biology techniques.

3.5.3: Environment

There are a number of interesting developments relating to environmental
applications which are likely to be successful in the relatively short term.
Biosensors have been developed that detect arsenic in drinking water; a
problem in many areas of the world. An adjunct to this technology is likely to
be the coupling of advanced biosensors to purification processes in order to
produce clean water on both small and large scales. Biologically based sensors
are also being developed to detect explosives such as TNT and harmful
chemicals.

3.5.4: Agriculture

There are a number of areas which are likely to be successful in the short term,
many of which overlap with the environment and energy. The development of
new gene-delivery technologies will enable the development of new seed
products with multiple genetic traits. This will allow the development of new
engineered and optimised crops that can feed biofuel applications and enable
new optimised food production. For example, feedstock products from crops
such as switchgrass, miscanthus, sorghum and sugarcane will have engineered
genetic traits that will improve crop and sugar yields and allow digestion of
cellulosic fibre.
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3.5.5: Other

In the area of the early development of synthetic biology based biomaterials, a
good example is a synthetic version of the silk produced by the golden orb
spider. Populations in the South Pacific have long used the silk of the orb spider
web to make fishing nets and traps - because of its strength and its very low
weight. The synthetic version is in an advanced stage of development and
should lead to the mass production of new, light-weight and strong materials
for use in a wide range of applications. The development of multi-enzyme
pathways for the in vitro production of complex fine chemicals such as
unnatural monosaccharides for the pharmaceutical industry is also currently
under way.

One of the major areas of activity in synthetic biology revolves around the
concept of parts, devices and systems (described in more detail elsewhere in
this report). Developments in this area over the next five years will involve
designing and producing reliable and controllable devices such as biologically
based oscillators, switches and logic gates (AND, OR, NAND etc). Considerable
effort will go into the full characterisation of such parts, resulting in a totally
reliable registry of professional parts. These will be used in devices such as
advanced biosensors.

3.6: 10 year vision

3.6.1: Health

A major development in synthetic biology over the next 10 years is likely to be
the realisation of personalised drugs. This will probably involve the
incorporation of synthetic biology techniques into biotechnology processes.
Part of this development may well involve the fine tuning of existing drugs to
improve their therapeutic properties and to produce low or no side effects for
the individual. A direct extension is likely to be the application of synthetic
biology to the production of new drugs which are based on the known
therapeutic properties of certain plants. This may well involve modifying the
genome of the plant to enhance its therapeutic properties and to incorporate
it into a synthetic chemical process. Another area is in the production of
biopharmaceuticals as these processes are already biologically based. Synthetic
biology will allow both the optimisation of existing production processes and
the design of new process systems.

Another area which is likely to develop quite rapidly over the next 10 years is
the coupling of synthetic biology to tissue engineering. Currently, tissue
engineering relies very heavily on the development of scaffolds to which
various kinds of cells attach themselves (one example being chondrocytes in
relation to artificial cartilage). The problem with current techniques is that it is
difficult to control the exact shape of the scaffold. New techniques are now
being developed on the basis of synthetic biology, which allow the
biofabrication of accurate 3D scaffolds. This has the potential to make
engineered tissue of various kinds much easier to construct.

3.6.2: Energy

Itis likely that over the next 10 years more advanced biofuels (typically
biodiesel and bio-aviation fuels) will be developed. Associated with this is the
likelihood that new synthetic biology based processes for fuel production in
large quantities (equivalent to refining) will be developed and perfected. An
important aim will be to use as much of the current supply chain as possible in
order to minimise the disruption to the current facilities. In addition, new types
of synthetic biofuels are likely to be developed from renewable resources using
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branch-chain higher alcohols such as isobutanol, 1-butanol and 2-methyl-1-
butanol. It is also possible that new types of £. coli and other laboratory based
micro-organisms such as yeast will be developed which are butanol tolerant
and capable of direct production of biofuels.

3.6.3: Environment

Emissions of CO; are the major contributor to global warming. A very
promising area is the development of artificial leaf technology which is a
synthetic version of the photosynthetic process. From a synthetic biology
standpoint, this new technology for the conversion of CO is likely to be based
on modification of natural photosynthesis.

Under the five year time scale, bio-detectors were described for detecting
arsenic in drinking water. Over the 10 year time scale, it is likely that synthetic
biology based biosensors will be developed to detect a range of toxins and
heavy metals. These could be coupled to genetically engineered bacteria
which 