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PROCEEDI NGS
Agenda Item: Welcome
MR. CICERONE: Good morning. My name
Cicerone and | am the president of the National Aca
Sciences and | want to welcome everyone this mornin
behalf of all the organizations here who worked tog
the National Academy of Sciences, the National Acad
Engineering, the Institute of Medicine and then wha
called our operating arm, the National Research Cou
This emerging field of synthetic biology I think re
what can happen when some powerful streams converge
one | have in mind are rapid advances in fundamenta
biology along with tremendously expanded laboratory
techniques and of course the demanding human condit
only in terms of health but also agriculture and ma

of environmental systems and so forth, and indeed t

curiosity to understand and in some cases manipulat
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Things so fundamental clearly are inherently

international in the way that they are going to hav
explored perhaps adopted, monitored, optimized, in
cases controlled. We have a terrific group today in

of its international representation and | think tha

e to be
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absolutely essential because there are certainly po
issues that will have to be shared and perspectives
perceptions that will have to be understood across

and national boundaries.
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The field is going to be very multidimensional

and not being fundamentally a biologist myself | ca
imagine, but I will claim one prediction. In 1984 |
around New Year’'s Day of 1985 | was living in Color
the Denver Post called up a few people, scientists
us what to look out for in the next 25 years that w
really transforming and | told them synthetic biolo
went on to tell them everything | knew in about 30
but that sound byte was too long for them so they d
print it. | don’t have any proof but | saw some of

things coming and they are very exciting.

Before | introduce our keynote speaker this

morning, Dr. Bement, | want to acknowledge and just
out how much cross disciplinary and different kinds
organizational support has been contributed to toda
meeting come about in the first place. We have the
of the Sloan Foundation, the National Science Found

of course. We are very impressed that NSF is ahead

n only
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pack again and the biotechnology industry organizat

well represented here today and was in the planning

of course the OECD and the Royal Society of London

with our academies and our organizations here in cr

this symposium. We are all looking forward to it fr

see what comes out today and we hope that each one

leaves with some new actions and new thoughts in mi
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It is my pleasure today and really a pleasure to

introduce a friend. Maybe before introducing Dr. Be

will say one more thing. In case any of you haven't

any of the morning newspapers it has been announced

Francis Collins will be nominated to be the directo

NIH and we don’t know how long that is going to tak

the announcement has been made now at least accordi

the New York Times and Washington Post.

It is now my pleasure to introduce Dr. Arden

Bement who is not only a personal friend but he is
friend of the scientific and engineering and techni
community in general. He was sworn in to be the 12
director | think of NSF in November of 2004. By lea
this is the only federal agency that funds research

education essentially in all fields of science and

ment |
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engineering in the United States and he directs the

budget, which is more than $6 billion annually.
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He oversees also a robust international research

program, for example, in polar region research and a number
of international partnerships, which build and oper ate a
number of research and experimental facilities arou nd the
world.

Before he was invited to serve and confirm to be
the director of NSF, Dr. Bement directed the Nation al
Institutes of Standards and Technology in the Depar tment of
Commerce. Some of you can remember when that was ca lled the
National Bureau of Standards. Now it is NIST. He is
originally a metallurgical engineer with a degree f rom the
Colorado School of Minds and then a doctorate in a similar
field from University of Michigan, metallurgical
engineering.

He holds numerous honorary doctorates. He is a
retired lieutenant colonel from the United States A rmy
Corps of Engineers and he is a recipient of the
Distinguished Service Medal of the United States De partment
of Defense. As | said first of all he is a friend o f
science, a supporter of science and very knowledge so we
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look forward to whatever it is you are going to spe
this morning, Dr. Bement. Thank you.
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ak about

DR. BEMENT: Thank you very much, Ralph. It was

very kind remarks. Good morning everyone. This is q
group and | hope those of you who are standing will
that there are some seats up front. Before we get t
serious | want to share a lighthearted tale that de

the challenges involved in pursuing a different cou

in bringing about change especially in the fields o
science, engineering, and technology.

A synthetic biologist and a social scientist
await death at the hands of an executioner. The exe
asks the social scientist if he has a final wish. Y
says, | have some new findings on the societal and
dimensions of synthetic biology and | want to prese
to the scientific community before | die. The execu
then turns to the synthetic biologist and asks if s
final wish. Yes, she said, just shoot me before I h

listen to that lecture.
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| am certain that those of us gathered here today

have no such sentiments about the broad issues that

this
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symposium will address. We know the contemporary re
at the frontier is characterized by how it draws on
contributes to advances in many fields of science a
engineering. We also know that research and discove
forward within the context of society’s larger goal
values.

Over the past several years reports and
commentary on synthetic biology have proliferated.
raise important issues and catalog both the promise
potential peril of this emerging field. As in most
transformative fields we can already glimpse the pr
that is to come. At the same time uncertainty about

potential impacts gives us pause.

joint Committee on
/Board on Science,
Engineering
Associates and is
of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or
ademies. 6

search
and

nd

ry move

s and

They

and the

omise

Many feel the sense of urgency and this tension

between benefits and risks of emerging technologies
Balancing both is a difficult challenge even for qu

simple choices. In the case of emerging technologie
are very complex we require sophisticated and subtl

solutions. The very best we can devise.

ite

s that

This is an arena in which science and policy

should work hand and glove but very often doesn't.

nexus between science and engineering and policy is

The

not a
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new subject, but more urgent today is technology pe
every aspect of our lives. In the words of one tech
scholar it is a challenge to understand how intelli
social decisions could be made in the face of great
uncertainty, high complexity, and rampant disagreem
None of us want to be caught between a doomsday sil
a utopian shiribdus(?).

You will hear from many experts in science
engineering and policy over the course of this symp
that will shed some light on what we can do to faci

sound decision making.
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Supporting emerging areas of research is central

to the business of the National Science Foundation.
embryonic fields transformative because they hold g
potential for advancing knowledge and providing ben
society. The term transformative describes science
engineering endeavors that can revolutionize resear
thinking, create entirely new fields, disrupt accep

theories and perspectives, and destabilize markets.

We call

reat

efits to

and

ch

ted

Over the years that commitment has led NSF to

encourage the fundamental and catalytic research

underpinning and leading to advances in biotechnolo

gy,
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computer and communications technologies and more r ecently
nanotechnology and synthetic biology is subject of our

discussions here today.

NSF also has a firm commitment to weave social

science and environmental studies into research pro jects
involving emergent technologies. Dr. Endy and Dr. R abinow
whom you will hear from shortly are both associated with
SynBERC, the NSF supported Synthetic Biology Engine ering
Research Center. Studies of human practices were in tegrated
into the center program right from the very start. The NSF
Center for Nanotechnology in Society at Arizona Sta te
University helped pioneer this integrative approach several
years ago. Indeed we have an extensive research pro gram in

the social, environmental, and safety aspects of
nanotechnology.

Last year NSF funded two new centers for

exploring the environmental implications of nano. N SF also
supports fundamental research on decision making, r isk, and
uncertainty to gain insight into decision making pr ocesses,
loss of mitigation models and risk perception. This work

helps us to manage the risks in general governance

associated with emerging technologies including syn thetic
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biology.

We often work jointly with mission agencies that

have a regulatory responsibility when fundamental r esearch
will enhance the ability to carry out their mission s. These
activities in fundamental research also serve as ca talyst
for the education and training of the next generati on of
researchers as well as in the development of a scie nce and

technology workforce.

Transformative research today demands not only

innovative concepts but also creative and fresh app roaches
to generating ideas. | will only mention the recent ideas
factory sandpit on synthetic biology that NSF joint ly
sponsored with the UK research councils. The exerci se
produced truly visionary projects and a number of p otential

collaborations among UK and US researchers.

Innovative concepts are the sine qua non of
scientific progress. We now recognize in addition t hat
exploration, safety, security, environmental and so cial
implications must be undertaken coincident with
investigations to advance to science leading to the
development of emerging technologies. This recognit ion is

an important step in establishing science and techn ology
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policy that is appropriate to the science and respo
the values of our societies. But it is only a first
The path is steep and we have some arduous climbing

have to undertake.
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The pace of discovery and commercialization today

is both swift and critical to global prosperity. We
totally new paths to develop a policy framework tha
appropriate to the new realities of our technology
intensive world. No one wants to forego the potenti

benefits and no one wants to ignore the potential p

new technology.

need

tis

al

erils of

Yogi Bear once said, a great scientific mind, the

future ain’t what it used to be. Of course he also
didn’t say most of the things | said. Certainly we
today that science ain’t what it used to be and | w

it isn’t what it will become in the years ahead.
Nonetheless there are some features that characteri
current context of science and engineering that hav

consequences for our discussions today.

said |

can say

ould add

ze the

The changing context of research requires some

rethinking of our present path and some innovative

responses. First, we now have a much deeper underst

anding



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

of complexity and particularly of complex systems.

gives us a deeper understanding of technology. Curr
policy discussion should reflect this contemporary

IPCC climate change assessment products are an exam
how this can work from the science side. We need en
efforts to ensure our emerging technologies are tho
understood in a holistic context.

This brings me to a second feature of
contemporary science. Modeling and simulation provi
powerful new tools for exploring consequences. Mode
simulation not only provide improve methods for tes
hypothesis and theories, they enhance our ability t
anticipate future developments as we design public
In this way science can better inform the policy di
in ways that were literally impossible only decades
Again, climate science is a leading example. The
construction of scenarios using not only physical v
but economic and social ones as well is a sophistic

approach to a very complex predicament.
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A third feature of contemporary research involves

the social sciences. Our understanding of human and

dimensions as well as the mechanisms of learning ha

social

S
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progressed rapidly in recent years. In fact with to
computer and communication tools there is every rea
believe that the social sciences are poised to acce
progress in many research areas. Despite this ripen

funding and support has been woefully inadequate.
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| have already mentioned the involvement of the

social scientists and synthetic biology research, a
many governments are following. This is a vital poi
would like to elaborate. Just consider what the dem
for social scientists these days. Economists are as
provide policy guidance and make forecast for natio
global economies. When we ask what is wrong in toda
schools we turn with frustration to studies in lear
cognition and we expect immediate answers. When dis
like Hurricane Katrina occur we expect disaster man
plans to reflect sophisticated knowledge of human b
And we have only just begun to consider human respo
climate change. As we design policies for mitigatio
adaptation, we need to know at the very least how p
and the market will react to incentives and to educ
about energy alternatives. We need a very aggressiv

research agenda to answer all of these questions an
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more.

The agenda for synthetic biology will differ in

details but the principle is the same. Technology i S
created and used by human beings and without a thor ough
understanding of humans of our institutions we have at best

only a partial understanding of the technology.

With synthetic biology we have an opportunity to

get this right from the outset but not without a fi rm
commitment to integrate the social behavior, cognit ive and
economic sciences into our research agenda. Without this
input it would be difficult indeed to adequately ex plore

environment, health, safety, and security issues.

Government funding agencies can help make this happ en.
Thanks to progress and many fields of science and

engineering we now have the improved tools to infor m
decisions and policy but what more do we need.

Many years ago the British mathematician and

biologist, Jacob Bronowski, wrote a slim book. He w rote
several slim books and they are all very powerful. This one
was entitled Sci ence and Human Val ues. Among many wise
observations he wrote tolerance among scientists ca nnot be

based on indifference. It must be based on respect. The
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same holds true for scientist, decision makers, and
public. At the very least tolerance means listening
attentively to each other. Tolerance also means res
the public’s perception of an emerging technology e
we disagree. Tolerance does not mean displaying
indifference to genuine concerns by getting ahead o

public on these issues.
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Democratic ideals and values can be at risk in an

increasingly technological society when we do not e
in fully engaged citizens and dialogue on critical

In this respect synthetic biology and other emergin
technologies are now different than many other soci

issues.

The challenge today, however, is that our

societies are infused with technologies that are on

complex and ubiquitous. That makes a dialogue about

and technology much more difficult but also immense

more important to get right. At a minimum we need a
statement of the science. Although this seems obvio
science that is accessible to policy makers and the
public is in short supply. Communicating science is

complex endeavor but one we must work to achieve.
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We also need an analysis of possible policy

options and a transparent decision. In the US Presi

Obama not only embraces science-based policy but ha

greater transparency and accountability an overarch

as well.

Engaging citizens in genuine dialogue is the

essential final ingredient, yet, one that presents
challenges. Just consider a recent public opinion s
energy issues conducted by public agenda, a survey

organization. The survey revealed that 51 percent o

surveyed could not name a renewable energy source.

nine percent could not name a fossil fuel. Clearly

an urgent need for public education on these issues
that is not what strikes as most significant about
survey. Despite a lack of knowledge about energy so
three-quarters of those surveyed believed that the
should move toward increased use of alternative ene
if oil prices go down. These strong attitudes are b
something other than knowledge but they are importa

take seriously.
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Crude as this snapshot may be it points to a

pervasive and serious problem and one that lies at

the
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heart broader dialogue on emerging technologies. We need an
informed public to arrive at informed decisions. It isa
fundamental responsibility of everyone to promote a nd
support science, technology, engineering, and mathe matics
education at all levels. Without this goal our deci sions
will be made exclusively rather than inclusively. W e know
that pursuing new knowledge and innovation is the b est path
toward economic prosperity and a solution to persis tent
societal problems from energy security to climate ¢ hange
and from poverty to disease.

| believe that synthetic biology can make
substantial contributions to the quality of life an d
prosperity in the years ahead. Our ability to addre ss the
most pressing needs of our times depends upon our r esolve
to pursue a future shaped by scientific vision and
leadership.

As for broader societal dimensions | turn to the
famous 17 ™ century Japanese swordsman, Miyamoto Musashi. To
express this perspective he wants wrote, in strateg yitis
important to see distant things as if they were clo se and
to take a distance view of close things. This advic e
applies to the intersection of science, technology, and
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policy no less than it does in considering strategy
Although this perspective may sound first like a
contradiction, the deeper reality is that we must s
emerging technologies from without which is a citiz
standpoint and we must find a way to help citizens

it from within as researchers do.
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If policy aims to develop the world to which we

aspire, science and technology creates the paths by
we realize those aspirations for all of the world ¢
That puts us all together in the same boat steering
future with all its uncertainties and as promises.

you.

which

itizens.

for the

Thank

PARTICIPANT: Dr. Bement has graciously said that

he would take a question or two from the audience s
have any questions we have microphones on either si

the room and please come up. Thank you.

o if you

de of

PARTICIPANT: I'm from Beijing, China. | just

want to know how much you have funded for synthetic
and since when and what is the percentages of your
from NSF for the total amount?

DR. BEMENT: For synthetic biology?

PARTICIPANT: Yes.

biology

funding



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

DR. BEMENT: | would have to give a wild stab at

that number. Does someone from NSF have a specific
I would guess that if you took all the dimensions o
synthetic biology in the field of biology through t

of life but especially at solar level and molecular

it is probably of the order of $100 million roughly

is pretty significant.

PARTICIPANT: The problem of public understanding

of science has been remarkably resistant to somethi
we have been able to make progress on for as long a
have been keeping statistics on science literacy. A
perspective might be that that’s just a system cond
that we have to accept. Plus | thought the point th
made about the difference between particular knowle
about particular technologies and general sentiment
what society ought to do was a very important one t
often neglected. Could you just address how we migh
differently about the problem of public science lit
given that we have been rending our hands about thi
least since the time of Sputnik with almost nothing

for it in terms of actual statistical progress?

DR. BEMENT: | was in the UK just a short time

y adopted or

joint Committee on
/Board on Science,
Engineering
Associates and is
of the Committee on
/Board on Science,
ments included in

18

answer?
f

he tree
level

, which

ng that
swe
nother
ition

at you
dge

s about
hat is

t think
eracy
s for at

to show



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

ago and (?) for the first time but one of the thing
found which was most impressive is the extent to wh
have gone to the public through public hearings to
these issues and get their thoughts and impacts, th
attitudes toward the subject. There is not an emerg
technology that exists today that doesn’t have a ba
risks and benefits. It is always going to be a bala

act with the general public whether the promises ou
the risks and that is something scientists shouldn’
together when they are very deeply involved in the

that there is this balance that has to be attended
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The public hearings that have been held in the UK

on this subject are very impressive. But you don’t
wait for federal agency to establish a public heari

can have every university in the country can certai
bring this subject up and tap public attitudes. Tha

what | would encourage.

have to
ng. You

nly

tis

MR. WINSTON: Robert Winston (?) College London.

| was very grateful to hear your last comment about
are trying to do in the UK. Do you not think that i
about time we stop talking about the public underst

of science? | think that is a misnomer. What the UK

what we
tis

anding
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experience shows very clearly that when we have dia
with the public there is a hugely wide accord about
mass of scientific mass. It's not merely a question
scientific literacy. It goes to our being able to |

scientists to what the public are telling us.
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DR. BEMENT: That is a very good point and | take

your point and again in many of these subjects beca
the complexity of the subject you are going to have
spectrum of opinions and findings by the scientific
community itself. So developing a consensus of thou
some of the serious issues such as the anthropogeni
of global warming is an ongoing process that is par
scientific method. Of course as the job of skeptics
critics, which we all are, but nevertheless if ther
uncertainty and if there is this wide divergence of
that too ought to be known to the public and we sho

up that we don’t have all the answers.

use of

a wide
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MR. MAYNARD: Andrew Maynard, Woodrow Wilson

Center. | was very gratified by your emphasis on ci
engagement and dialogue. But | was interested. | kn
NSF have put a lot of resources into developing and

understanding of how people respond to different sc

tizen

ow the

ientific
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issues and how you might engage with members of the
Can you say something about the agency’s experience
actually bringing citizens into decision-making pro
where science is concerned?

DR. BEMENT: We find that our tools are
inadequate at the present time. One of the missing
components is the database or databases that one ca
on in order to do scientific research and analysis.
science and science innovation policy program we ha
recognized that in very stark terms. We are now mak
investments to try and fill in that database that w
inform how to inform policy makers and how to put s
agencies as well as scientists on the side of being

honest broker.
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MR. RABINOW: Paul Rabinow, Berkeley. | hope we

will talk about this in a number times today, but |
want to put on the agenda that there is vast illite
ignorance among the natural scientific community ab
social, cultural, political, ethical interests as w

other specialties in the natural sciences. Itis an
self-laudatory to think the public is stupid but th

scientists know what'’s going on. Being an anthropol

just

racy and
out many
ell as
overly

e

ogist |
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can assure you it is more complicated than that. I

you agree. What happened with Sputnik forward was t
American education system was changed and almost no
any general education requirements anymore. One of
classic comments at a lab meeting in Jay Keasling’s
that | was talking to. Some | mentioned skepticism
someone said oh | took that course at Harvard. That

you needed to know and he was more open than most.
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I think this is a multi-channeled problem, which

absolutely cannot be taken as if the problem is onl

side. | think it is more complicated than that.

y on one

DR. BEMENT: | agree with that point. | think

also we have to clarify our questions to the public
especially through surveys. | was taken by this pub
survey that in some cases you may have to explain w
mean by renewable when you talk about renewable fue
some cases you may have to clarify what you mean by
when you ask about fossil fuels. In the minds of so

is the fuel you feed fossils.

lic

hat you
Is. In
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me that

MR. RABINOW: But again if you were to do a

survey of biochemists and ask them about anything o

history of ethics, | think you would find an even |

f the

ower
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percentage of knowledge answers.
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DR. BEMENT: It has been brought to my attention

and | should have recognized that just this past we
two or three different sources that the difficulty
bringing the social scientist to some of these prob
that many social scientists are not ready yet to en
interdisciplinary research. They want to build the
foundations of the field. That is where they want t
their attention.

Secondly, our tenure process is inimical to
interdisciplinary research. How do you judge a pers
value based on integration and convergence and prob
solving or application when it comes to tenure revi
value does the university play not the university b
community within the university? That is the limite

partnership called faculty.

ek from
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lems is
gage in
basic

o focus

on’s
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d

This is where | think we need some workshops in

order to explore those issues because as | indicate
mission agency in Washington is very much in tune.
want more social science input into the problems th
are dealing with and they looked at the NSF because

about the only funded program for social scientists

d every
They

at they
we have

in the
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federal government.
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It is more than just building the funding base.

It is also building the community base that is inte

in engaging and thank heavens you are an exception

rested

Paul.

MS. SILVER: | am Pam Silver. | am from Harvard

and | did not teach the course on skepticism althou

remain skeptical. First of all | want to say that |

admire the NSF for leading the way in funding in sy
biology. With that said and this is again not a que
that is going to have a short answer. Maybe it is 0
discussion later. | am wondering what your thoughts
the current mechanisms for giving out federal funds
US and the level of frustration you might feel or n
with the current peer review system and also refer
Gina Kolata’s front page piece in the New York Time

admittedly only address cancer, but those problems

deeper than just cancer funding.
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DR. BEMENT: You ask a very important question

but one that is a little difficult to answer becaus

system of funding research from the federal governm
depends specifically on which agency you are referr

and which program within an agency in some respects

e the
ent
ing to

you are
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referring to. Throughout the world I think there is
growing recognition of the importance of competitiv
research or competitive proposals, competitive revi
competitive and objective review and the value of t
review system and (?) review system. Now we have ch
around the block for 50 years as a foundation looki
alternative ways of investing taxpayer’s funding an
good stewards of taxpayer’s funds. We have yet to f

better mechanism in general that will -—
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MS. SILVER: Well, | would like to maybe put on

that the table for discussion later.

DR. BEMENT: Thank you.

PARTICIPANT: Please join me in thanking Dr.

Bement.

Agenda Item: Session 1: Synthetic Biology

Overview

MS. JASANOFF: Good morning. | am Sheila Jasanoff

and it is an honor to be asked to introduce and mod
this first overview session. | was delighted first

to see that the title of the conference as a whole
opportunities and challenges. We have heard about r

benefits. | think it is important to shift the lang

erate

of all

is

isks and

uage
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because risk and benefit are somewhat closed-minded
concepts. They lend themselves immediately to econo
numerical analysis whereas opportunities and challe
suggest something much more open-ended. | think we
already broached the sense in which the discussion
room has to be thought about as part of a much more

ended kind of process.
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In 1956 the English philosopher W.B. Gallie wrote

an article on what he termed essentially contested
concepts. He said these were concepts where people
agreed on how to judge whether something was good o
but would disagree among themselves on whether part
instantiations of that thing were good or bad. He s
democracy as an example, but he also used the analo
sports. He wasn’t an American so he didn't talk abo
baseball but if you want to understand the concept
think about the Red Sox and the Yankees. There are
committed fans who would go to the wall defending o
or the other. Obviously winning strategies cannot b
criterion by which the Red Sox fans decide what the
loyalties are and yet most people would agree that

large whether a team wins or not should be one of t

26
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criteria by which you judge excellence.
In that sense I think that what we are talking
about today in relation to the opportunities and ch
of synthetic biology suggests that we are talking a
essentially contested concepts, things that are ope
things whose value lies in the fact that we continu
debate them and not that we get them boxed up and f
solutions and make decisions and move onward from t
One of the sponsors of this meeting is the R

Society and next year in 2010 they will be celebrat
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their 350 ™ anniversary so | guess a little bit younger than

Harvard University, but in competition. What should
350" anniversary be about? Well, the Royal Society’s
foundation is associated with the enlightenment and
to think about what this meeting is about and what
Royal Society’s forthcoming anniversary will be abo
that perhaps we are talking about a second enlighte
The first enlightenment took science away from supe
and made it necessary for all of us who live in the

era to acknowledge that scientific foundation, scie
skepticism and scientific reason are utterly indisp

parts of our lives.

that

one way
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The second enlightenment | think has to do with

putting science back into society in meaningful way
is where we get into the essential contestations be
start talking not about things that are measurable
pinned downable in any sense but about things that
ongoing and whose very meaning changes.

| think that the kinds of themes that have
already been broached and that you hear broached mo
eloquently and pointedly in the two forthcoming tal
be about considerations like imagination, who gets
imagine the future with science and technology? Abo
meaning, what are the institutions with which we as
meaning? To innovation, how do we welcome particula
innovations into our lives or decide that other one
not desirable and also questions of responsibility.
are changing the playing field, if we are creating
objects, new ways of going about doing things then
responsible for the consequences whether they are g
consequences but need to be distributed or bad cons

that need to be prevented.
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If you go back and look at the historical record

of Asilomar, which stands the 1975 meeting as one o

f the
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milestones and thinking about a new emerging techno
namely recombinant DNA technology, genetic engineer
will find that people actually didn’t think that th

release of genetically modified organisms into the
environment was something to worry about. It was pu
the class of prohibited experiments at that time bu

two years people were doing just exactly that. Imag

are limited and | think we will be hearing from our

next speakers ways in which we might be a little mo
charge of the process by which imaginative futures

our lives.
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You couldn’t have two better speakers than the

two we have. The biographies are listed in the pape
you have in your folders. | will just very quickly
introduce them in order.

Drew Endy is assistant professor in the
Department of Bioengineering at Stanford University
rather sad for me to say Stanford because until a v
months ago he was down the river even though | may
more at Stanford than at MIT. Drew has emerged as o
the most eloquent scientific voices talking about t

meaning of synthetic biology revolution.

rs that
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Following him will be Paul Rabinow who has

already introduced himself from the sidelines. He i
director of Human Practice as the Synthetic Biology
Engineering Research Center at Berkeley. Paul’'s wor
been long identified with meaning making at the bio
sciences.

Without further ado Drew.

s the

k has

logical

MR. ENDY: Itis always surprising to me how hard

certain things are to get done and it makes me very
grateful for the process and venue we have today to
continue to work together on stuff.

| am going to give an overview on synthetic
biology and be pretty direct at the end. The overvi
though is meant to represent and reflect on the gre
diversity of the field as it has come together over

period of time.

ew

at

Without apology let me get started. What and why

is synthetic biology? It turns out | was able to fi
paper with this as a section title and in reading t
four different areas were brought to light: natural
science, synthetic science, re-writers, and enginee

thought looking back at this text there was somethi
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missing, humanity. Whatever that means and we will
figure it out.

Let me talk about these four or five areas
quickly, the nature of synthetic biology. We inheri
molecular and cellular biology a tradition of over
basically having to do with taking things apart and
has worked pretty well. When you take something apa
car or a cell you develop some sort of understandin
operational understanding perhaps of that artifact.
example, in the 1950s Esther Lederberg and Margaret
and others began to notice that bacteria could be i
by viruses when in fact the bacteria can do differe
things. Sometimes the bacteria will be destroyed by
virus. Sometimes the virus will go dormant and prop

a silent messenger within the cell.
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This has been taken apart for the better part of

half a century. You can read books on things like t
genetic switches that control sulfate outcomes. If
these books the high water marks of much of molecul
cellular biology, they are amazing. They are very g
descriptions of the componentry within these natura

systems. | first experienced this as a student and

his, the
you read
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back on the books it turns out | missed some of the
important sentences. For example, in describing how
might decide to be destroyed or not by a virus we f
this wonderful book the genetic switch. We don’t kn
do not have a complete understanding of these matte
we can construct a plausible scenario. In other wor
can tell you a story for how these things might wor
together. We are familiar with stories from Kipling
other folks. What we know about the stories is that
can be very satisfying but they don’t lead to an
operational understanding that would instruct you h

might change things necessarily.
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It turns out that thus one of the most exciting

things for the science of synthetic biology is to t
constructive approach so that we better understand
not only taking things apart but also putting them
together and seeing what happens. You get to a diff
type of understanding as a result. The work shown h
a decade old represents Michael Elowitz taking the
componentry from viruses and bacteria and what have
reorganizing the proteins that regulate the reading

genes and in this case making a very permanent cloc

ake a
nature
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oscillator that causes a cell to blink. If you foll

movie very quickly you will see the cells all blink
differently. There is a lot of variation. What this

leads to is first a demonstration of some degree of
sufficiency of understanding for how proteins work
cells and DNA is read out but then very immediately
dramatic attention placed on where does this appare
spontaneous variation come from and a whole line of
research over the last 10 years has picked up to fo

this.
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The synthesis of synthetic biology. Let me move

to this tradition quickly. There was idea a long wh
that mice might come from dirty rags sitting ina c
sort of spontaneous generation. That is a neat idea
wasn’'t shown to be true in that case. Wouldn'tit b

if you could take base chemicals, raw chemicals and
have them self assemble into a reproducing system?
Synthetic chemistry applied more and more to the wo
life perhaps making a new type of artificial life a
showing here very early but sophisticated work to m
artificial organelles and vesicles that might lead

reproducing systems.
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Along these lines unbelievable work coming from

Steven Benner, a synthetic chemist in Florida, who
at the structure of DNA which when it was put forwa
the 1950s made it evident to many how this might wo
mechanism for heredity but then started asking pret
interesting questions like why does DNA have a nega
charge along the backbone? That one seemed to be a
if you are trying to get two things to come togethe
Opposites attract not likes attract. It turns out y
answer these questions and begin to develop a much
understanding of the chemistry of life by simply ch

it. His laboratory over a period of time working wi
colleagues in Switzerland was able to replace the
phosphates with dimethylene sulfones basically maki
neutral backbone to the DNA without these negative
As it turns out the resulting molecule does not wor
DNA. It collapses upon itself because the negative
are needed to repel. It doesn’t allow the basis to
presented cleanly for interaction and it doesn'’t pr
scaffold by which if there is a mutation you still
effectively the same architecture of the molecule.

sudden simply by recomposing if you will the very b
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molecules of life we understand them much more.
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This leads to outstanding conclusions such as if

you were looking for life on another planet you mig
expect to see a polyanite. It may not be nucleic ac
we know it, but something that would present this s

geometry.

ht
ids, as

ort of

Liberation of synthetic biology. This is a new

idea. It may not be any good. For what's worth here
The living world that we know exists via this proce
direct descent and replication with error. If you a
familiar with poetry the poem from Thomas Hardy abo
family face going from generation from generation.
over oblivion is the one to look at. This is an ama
process but from an engineer’s perspective it is an
unbelievable constraint and limitation on system ma
texture. All living things have to be able to repro

They have to be able to tolerate or buffer or accep
mutations and keep going. You can thus conclude nai
I mean it naively that evolution isn’t really cool

as we might like to celebrate Darwin this year and

but it is a tyrant that gives us mutation without

representation. That's not just a catchy phrase in

you go.
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context of synthetic biology because you can take
technologies like sequencing of DNA, go from materi
information, do some engineering or scientific rede
the information layer, recompile back down to an ob
and off it goes. All of a sudden now we have an alt
path forward in time to the propagation of living s

no longer constrained by material replication and d

descent.

To put this in context if you were to take an

electrical circuit that had been developed via an
evolutionary process this is the type of architectu
humans can find. This is an evolved electrical circ

is not designed by human being. You might ask yours
what does it do? How does it work? Why does it look
way? The answer is we don’t know to first approxima
takes the square root of an input voltage and what

interesting design.

When | show this to electrical engineering

colleagues at MIT, they to a first degree refuse to
consider this system because it hasn’t been designe
easy for them to understand. They say really intell

design would have documentation that would help me
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about how to explain this to you.

What if all of biology is like that? What if we
have these evolved systems that internally are ofte
spaghetti code? Could we reorganize, refactor the
architecture of genetic systems making engineered
surrogates that are easier to understand? It turns
there is the hint of this becoming possible and bec

possible to much greater scale.
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Then lastly looking back five years there is this

idea of engineering and synthetic biology. Imagine
teenager today inheriting a first generation of bio

and ser combinant DNA and asking well geez | have a
nanotechnology that actually works. | don’t need a
nanotech initiative. | don’t need to worry about gr

| have green goo that has already taken over the pl

| can sort of imagine programming this stuff with g
material and oh it's the stuff of life, which means
entire civilization depends upon it. That is pretty
exciting and it turns out that a lot of people are

on this. Here is a paper that came across the trans
yesterday where people have figured out how to prog

nice band filters and bacteria thus they automatica
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control their growth and differentiate spelling out

hi there.
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hello,

Thus we now have in the US and elsewhere new

schools of engineering getting starting including

biological engineering departments which basically
the following remit teach students how to design an
living organisms that work, debug natural and write

genetic programs that behave as expected.

include

d build

new

Lastly, for this part the humanity of synthetic

biology. A lot of people are curious about biology
appropriately so because it is who we are. Itis wh
are. Here is a recent photograph from the New York
For a different generation experience with other ty
media | can find entire generations of folks in the

are more familiar not with the New York Times but w
South Park and the ideas of polygluteal monkeys and
obviously our hopes and fantasies around making sus

ecosystems both on this planet and elsewhere.

at we
Times.
pes of
US who
ith

then

tainable

More practically we can find as we work with

colleagues across disciplines a lot of lessons from
technologies develop, impact the environment, and s

own human environment. Here is a study on the impac

how
hape our

t of
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Chicago across the North American continent over a
of time. Thus it leads to questions | don’t know th

to but we can at least pose and consider. How will
change ourselves with the next generations of biote
and our environments? Should we do it? Can we devel
schools of science and engineering? Could we think
how to integrate things without as much isolation a
decoupling from the natural world? Could we invent
understand new modes of humanity involving better
representation and access to technologies along wit

responsibility for our actions? | don’t know.
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To zoom out then synthetic biology might be

described as learning and playing by making things.
might also include helping and enabling by building
scientific and engineering agenda brought together

of humanity.

with all

Of course it becomes much more interesting to

consider the consequences and opportunities or chal
if you will when we recognize that we are talking a
part of the natural world, the living part which re
speaking we have not yet engaged full scale enginee

science on. Can we make this easy to engineer? Can

lenges
bout a
latively
ring and

we
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enable humanity? Could we enable all constructive b
not at some arbitrary point at the end of the centu

as soon as possible and thus better understand natu
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How does this map into the big challenges of the

day so to speak? If you artificially bend our civil

into different areas of work and open up one of tho

in chemicals you might find things like this, a rep

the US Department of Energy circa 2004. We would li
make over a 100 chemicals, key feedstocks that our
civilization builds other things on from renewable
stuff related to industry, transportation, textiles

on. We don't have the capacity right now to deliver
sort of promise to be frank and I will come back to

that might be true.

ization
se here
ort of

ke to

sources,
and so
on this

why

If you open up another one here a lesson from a

colleague at Cambridge University in the UK say foo
agriculture, you could note how long it took us to
the precursor to corn as we know it today to what w
on. You could recognize that a very small number of
species give us most of our calories and proteins,
when you look at the natural plant world there are

thousands of things we might consider. How importan

d and
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it become to develop agility and scalability in ter
accessing this given a world that may be going thro
significant changes with respect to climate and

environment?
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Then of course you have the fantasies of the

architects and others, the dreamers who might be im
very more advanced world of biotech where you can t
gigantic programmable gourd and have it automatical

differentiate into a four bedroom, two bath.

agining
ake a

ly

Where are we today? Let me give an example from a

friend and colleague Jay Keasling at Berkeley. He h
insight to recognize the horror that's malaria acro

of the world and that he could do something about i
biotechnology. What his team was able to do was spe
$25 million in a research and development process t
genes from plants and elsewhere, put them into E. ¢
yeast and via of order of 10-step metabolic enginee
process produce a chemical called artemisinin for t
malaria instead of producing this chemical by extra
from a bark of a tree. That took of order 150-perso
experts, postdocs doing the genetic engineering wor

represents not so much synthetic biology but the hi

ad the
ss much
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mark of metabolic engineering as it is practiced to day.

Each project practically speaking requires a

Hercules. Meanwhile we have resistance to artemisin inin
developing, which means we probably need to do this project
again and again and again. Even if you didn’t want al120
chemicals made to have a sustainable white and gree n
chemistry just for therapeutics we are just needing to

scale. Twenty-five million dollars for each project

requires a lot of resources. It requires an incredi ble
fundraiser, leader, scientist, engineer, project ma nager.
All those skills are rare. Having them in one perso nis

just improbable so we are not going to do very many
projects like this.

Meanwhile human civilization has gotten much

better at manipulating the natural world and so it becomes
very exciting in the context of synthetic biology t o think
about how we might go from found objects like these rocks

to standardized objects that come from quarries tha tlet us
make more improbable artifacts to synthetic rocks t hat let
us make viaducts such as this one from France and c ompile
cities like Hong Kong in decades as opposed to gene rations.

It lets us go from computers circa 1952 helping to design
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nuclear weapons to artifacts produced in garages an

elsewhere to personal computers found in pockets al
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| over.

When you go buy your mobile phone you typically

think about the applications that it can help you w

can make a phone call. | can check my email. | can

text messages with photographs on them. You don't t

about the tools that led to the transitions that ha

over very dramatically short periods of time.

ith. |
send
hink

ppened

In the case of computing over the last 70 years

you could think about investments and tools like th

languages and grammars for programming computers. J

programming language was not found growing on a tre

Somebody actually had to pay for that and develop i
Fabrication of silicone wafers represents decades o

investment both public and private. Industries rela

electronic design automation, computed design pract

didn’t exist in the 1970s.

ted to

ically

How about biotech then? Well here is the paper a

lot of folks are familiar with circa 1973, Cohen an
and recombinant production of a plasmid. This leads
cloning of insulin, the founding of genentech and t

of modern biotech. Twelve years later the early day

d Boyer
to the
he birth
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Amgen we have the cloning erythropoietin and the pr
of that compound. If you are familiar with bike rac
perhaps not a good thing. Then three years ago the

production of artemisinin, the Jay Keasling project
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What is shown below is the method section of the

papers. We could read them. Purification and use of

restriction endonuclease — after converting BstEIl

into BamHI with linkert -— it is very hard to read.

change is that methods have moved to online supplem

the text isn’t as good. The amplified product was ¢

with Spel and Hindlll and -— that is really weird.

entire life the workflow of genetic engineering has

apparently depended upon experts who have to know a

bunch of esoteria and manually bash DNA just to pro

artifact to test out to see if it makes the product

want. Wow, how did that happen? Could we make new t
To wrap up very quickly | will give you an

introduction to that. | am sure we will come back t

From a policy and practical perspective one way to

synthetic biology is to recognize that we use our o

thumbs to do things and we make better opposable th

recombinant DNA, PCR and sequencing to find the las

EcoRI
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generation of biotech oftentimes. In synthetic biol
have advanced DNA synthesis techniques. We have abs
for managing biocomplexity. We have standardization
supporting reuse. These new categories of tools are
probably at least as important. That's what's come
last 30 years. For example, a metabolic engineering
might not require Hercules and millions of dollars
teenagers and five minutes who thus could compile a
integrated genetic program like this controlling th
of E. coli as a function of its growth state.

It turns out this is almost true already. It is
not a five-minute project. It is a 10-week project,

means we still have a lot of room to improve.
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As these tools come online and | won't highlight

the tools but | will highlight here the humanity if
will, the number of people who are attracted to the
generation of biotechnology grows geometrically is
distributed worldwide and is quite exciting and
extraordinary.

Students, teenagers, high school students,
college students can design and build genetic engin

machines of their own choosing that leads to many

you

next

eered
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guestions. Here | will wrap up. Should teenagers pr
genetic engineering? Not so much as a specific ques
one meant to recognize and evoke issues of safety a

from one generation to the next in genetic engineer
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Should military force include biotechnology? We

have lived through the past century where we saw of
biological weapons programs relatively widely deplo
What happens if this were to happen again? Will bio

exist? Yes, they probably already do. Will they be

bad? That depends. Do you choose to acknowledge the

not? Should these components be freely shared or pa
or both? Who owns it? Should the public support thi
research or will private investment take care of it
genetic engineers sign their work? Is there a profe
here or is it a bunch of scientists so to speak? Ho

can we make with biology? | would love to get Steve
answer this question. It is not clear to me the
manufacturing capacity of the living world and are

to be in limits or surplus scenarios in which case

use, politics, and other things are going to affect

I will end with the following pointer. This is

not a consensus document but a colleague Ed Lazowsk

fensive
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attempted to draft some things that might be workab
If you are interested in it you can see arguments f
we might choose to invest in DNA synthesis technolo
libraries of parts, legal framework supporting biot
integrated strategies for biosecurity reflecting no
what is happening at nation states but at the level
individuals. Thank you again for the venue and futu

conversations.
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MR. RABINOW: | am attempted to repeat director

Bement's joke and sit down but | won’t. Being an
anthropologist | am not used to PowerPoint. You wil
few PowerPoints in a second. Two or three quick com
and then | will start my talk. As many of you know
California we are in a deep fiscal crisis. The gove

as he is affectionately called is in the process of
basically destroying a hundred years in the Univers
California rather than tax automobiles. Had he not
rescinded the automobile license fee there would be
fiscal crisis in California. | think this raises th

guestion that is going to circulate around the poli
economy of what we are doing in a country with imme

resources and how are they being used and distribut

| see a
ments
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ity of

no

tical
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including California they are being using extremely poorly.

It is a big crisis point.

Second, Pam(?) skepticism in Greek means inquiry.

So probably we are all skeptical. Third, I think th e core
problem at one level is the crisis of pedagogy in t he
American universities. | went to a science high sch ool in
Stuyvesant, New York, a public high school. | have always
enjoyed and liked science. | realized in my honors math
class at age 16 | was the only one who had not inve nted a
geometry or an algebra. | decided | probably wasn’t going
to be a mathematician at that point. Then | went to the
University of Chicago, which believed you could lea rn
anything and you should. | placed out of all the sc iences

and decided to do something difficult and went into
anthropology and in France | am a philosopher.

There is a lot of reform that is necessary and |

see few signs of it although actually in the NSF | have
seen much more interesting and awareness of this th anin
certainly the deans and provosts at my distinguishe d
university.

Human practices. Where is the venue? Let me point

out for a start that we are working with a terrific web
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designer who works at the exploratorium in San Fran
Adrian Van Allen, and obviously the exploratorium i
the central places in the world where this discussi
how and in what ways a technical scientific knowled
be used and presented and encouraging people to par
in its use. Adrian is working on two websites, the
website and then this Ars Synthetica which is assoc
with SynBERC and which we are going to attempt to d
deal of the presentation on various levels of techn
interest of what synthetic biology, what the debate
problems are and we think we are off to a good star
give us another few months and again thanks to NSF

funding a lot of this.

Off we go. Today in the wake of the various

genome-sequencing projects of the 1990s the life sc
are being redesigned and recast with an eye to prod
forms to experimentation and organization. Although
alternatives and postgenomics are being explored it
central working hypothesis that the life sciences o
again are unsure of their objects, the best venues
to work on these objects, and the broader ethical f

of their undertakings.
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If today there is a broad consensus that the

genome sequences were not the key to life but only “the end
of the beginning” of biology as Sydney Brenner put it then

it falls logically at least that the LC programs th at were
constructed within the political and scientific con sensus
about the significance of the genome sequencing pro jects
while continuing to provide useful safeguards and i ts
venues for conducing public conversations are thems elves
limited in their scope by their original mandate to operate

downstream and outside of the sequencing efforts.

Agreeing with Brenner that there is a compelling

need for scientists to rethink the understanding of the
gene we argue in a parallel fashion that there is a n
equally if not more compelling need to rethink the ethical
framing and metric of LC and associated programs, i €.,

social consequences.

The need for rethinking what is meant by social

consequences is actually more compelling because wh ile it

is standard practice at least in principle and biol ogy that
outdated concepts and experimental techniques will sooner
or later be replaced. There is absolutely no guaran tee

whatsoever that a parallel process exists in the hu man
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sciences.

It follows logically although many pragmatic

obstacles remain in place before it becomes a reali ty that
contemporary postgenomic research programs can no | onger be
constituted as they were in the recent past. In som e the
new arts and technologies and synthesis in biology call for
the invention of new arts and technologies of both analysis

and synthesis in the human sciences.

Synthetic biology exemplifies an important

reassemblage of the life sciences underway today. | ts
emphasis on instrumental goods, its shift of attent ion away
from the molecule and the gene, its primary objects of
interest, its attempt to render biologies and engin eering
discipline, its goal of establishing new collaborat ive
venues for scientific research as Drew and others h ave
alluded to.

Moreover, the conditions and problems under which

prior venues such as Asilomar and LC were considere d, were
constructed have changed. As such there can be no s imply
appeal to prior models or modes of operation. In th e
briefest of terms and we can talk about this and Sh eila has

much to say about this about this as well. Globaliz ation
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has changed the rules of the game. Capitalism is re
the infrastructure of scientific research at a glob
scale. The Internet has provided unequal access to
materials and scientific knowledge. The political |
provides a dramatically different ecology of securi
of these yield a dynamic set of emergent interconne
in which older distinctions such as technology, sci
nature, culture, and ethics, politics can no longer

a sufficient framing.
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This is a detailed chart, which we worked out

recently from Asilomar to the present which | am no
to talk about in my remaining seven minutes but | a
to discuss this with you in more detail if you are
interested. This is a simpler version of it, which
down to various -— there have been a lot that has h
aside from Asilomar and LC particularly in the Unit

States. It would be very interesting to compare thi

both England on the one hand and other European and

nonEuropean countries on the other. But again there
enough time to do this in any detail although I wil
this available on the Ars Synthetica website and |

to discuss this with you in more detail.
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The three issues that | want to discuss briefly
today is the concentration of what kind of venue sh ould the
human practices for synthetic biology and perhaps
nanotechnology operate within. The question of a ve nue is
not composed usually in those terms but | think it is
extremely important.

What is the function of the venue? In my opinion

today the function of the venue for synthetic biolo ay,
nanotechnology, and the rest is reconstruction. Wha tis
reconstruction? Here | turned to | actually think o ne of

the most amazing thinkers in science and technology

studies, John Dewey. His essays in experimental log icin
1896 and 1912 | think presages almost all of the ad vances
inthe 20 ™ century that have followed it. It has a

distinction, however, of being extremely clear and without
any jargon.

Dewey says reconstruction, this is from

reconstruction and philosophy, reconstruction can b e
nothing less than the work of developing, of formin g, of
producing in the literal sense of the word the inte llectual
instrumentalities which will progressively direct i nquiry,

skepticism, into the deeply and inclusively human,
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humanity. That is to say moral facts of the present scene

and situation. Whatever venues we are going to do t hey have

to be more than technical and they have to provide a rather

different framing for what the whole enterprise of perhaps

a second or third or fourth enlightenment might be about.
It may seem like that's a banality so let me just

— it might seem that the function of reconstruction was a

banality or self evidence. Here is a list of the ot her

venues which are on the longer chart what they can see as

their basic function as being starting with Irag, a udit,

audit, advisory functions and then as we move into the

President’s commissions and eventually into LC the

guestions were — since ethical considerations were outside

and downstream of the technical and scientific

implications, the functions of these venues were di agnosis

in implications in a series of them. As we come clo ser to

the present the function becomes monitoring and pos sibly

intervening and then under the guidance of the Sloa n

Foundation and NSABB many of you worked on. Formal

guidelines for instance in terms of regulating synt hesis

distribution. Again we can talk about that in more detail

if | had more time.
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Then the metric of what these venues should be
guided by. We think that we are proposing in any ca
the metric of a new venue in human practices for th
emergent biosciences and related other sciences sho
flourishing. This time | will remember to put the q
Flourishing is a translation of a classical Greek t
eudaemonia, and as such a range of other possible w
could be used: thriving, the good life, happiness,
fulfillment, felicity, abundance and the like. Abov
eudaemonia should not be confused with technical
optimization as we hold that our capacities are not
known and that we do not understand flourishing to
uncontrolled growth, as we agree with Leon Kass in
the undirected maximization of existing capacities
their own sake. The question of what constitutes a
life today, and the contribution of the biosciences
form of life must be vigilantly posed and reposed.

Again then this might seem like it was somewhat
obvious but going through these other venues in the
actually the metric that was guiding their construc
their operation and their principles was quite diff

Starting in the Asilomar in the early days the metr
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autonomy. How can the biosciences maintain their au
with the least government regulation possible? It s
slightly later than to questions of values and
responsibility in the LC projects, for example. The
vast philosophic and anthropological critique of va
responsibility. We can talk about that in more deta

had more time.

Then under Leon Kass and the president’s

commission the metric became the truly human that w
could not be violated. Then in more recent days as
you in this room know the metric shifted to securit
security and responsibility.

None of these per se are illegitimate are
uninteresting or unimportant but we think that they
actually not sufficient given the globalized contex
we are talking about and given the potential capaci
synthetic biology and other new biological practice
disciplines to provide a comprehensive metric for w

should be going.

Finally in this series capacities. There is a

technical distinction we make between metrics and

parameters which if you look on the website we spel
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some detail. We think that the parameters that shou
paid attention to in a venue guided by a metric of
flourishing are capacities. Again, a very quick def

of capacities from my friend Michel Foucault. How c
growth of capacities be disconnected from the
intensification of power relations? This is what he
the paradox of modernity. Probably the wrong words
nonetheless probably the right problem space. I thi
pointed at this. That is to say we are unquestionab

moment in which the capacities of the biological sc

and perhaps the human sciences and perhaps some of

other industrial organizations of the world are
exponentially growing and will continue to grow mor

more in the years to come.
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However, back to the idea of flourishing, how can

this growth of capacities be disconnected from mass
exploitation and domination and in some way lead to
something not only contributes but is constituted o

general good?

ive

f the

Again, this might seem like common sense that

this would be a goal that might be shared by other

but in fact looking carefully at the series of venu

venues

es that



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

| just showed you very briefly in the beginning the
parameters that guided them under their different m
were protection, safety, social consequences, impli
protection, security, and reassurance. None of thos
capacity building within an understanding of power

ethics.
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We have much to learn from previous venues but |

think we also have much to change from previous ven

think the challenge in a radically new context, whi
say not that everything is new, but just that the c
and the framing and the challenges are different is
us. Obviously there are many people in this room wh
thinking and working on this and extremely grateful
National Science Foundation for being so farsighted
include unusual anthropology philosopher skeptics |
myself and we need more of this kind of thinking, m
this kind of practice, and let’s get to work.

Agenda Item: Questions and Answers

ues. |
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MS. JASANOFF: Thank you Drew and Paul for

opening up the two words, opportunity and challenge

elegantly. We have about 20 minutes for questions.

are microphones on the two sides. May | ask that yo

SO

There
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introduce yourself very briefly name and affiliatio n and if
there is a specific person you want to target your guestion
to feel free to do that and make sure that these ar e
guestions are brief and not separate lectures? The mikes
are open and | invite you to come. Let me start on that
side.

PARTICIPANT: -- working party on nanotechnology

of OECD. My question is for Drew Endy and for you S heila
Jasanoff and related to concepts and their grammar and
languages. The problem about languages and grammar is that

it can be addressed by the scientific people but it is
needed for the dialogue and public engagements. One of the
things we are faced within the OECD working party o n
nanotechnology is the limit. We elected to organiza tion of
knowledge in the field of converting technologies ( ?)
synthetic biology being an application of that. My guestion
is related to this language and grammar concept, wh ich has

been raised. — seemed interesting for internationa I
corporation, scientific corporation to be and achie ved in
the for(?) around those two concepts. Thank you.

MR. ENDY: The word language and grammar bring so

much to bear on the world of synthetic biology both at the
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technical and scientific level thinking about how t
about biology. If you could construct a piece of DN
can today of order 10 million base pairs long, what
heck do you want to say? Just within the research c
itself there is a tremendous challenge to invent la
and grammars for describing the living world. | jus

to use your question as an excuse to acknowledge th
challenge. The challenge of communicating across fa
parties, and peoples including diverse publics abou

is going on came up in the opening remarks and is a
one. | had a very enjoyable conversation with Paul
last Thursday out at Stanford and he surprised me b
the suggestion or wondering out loud perhaps we cou
away with the word genetic in talking about genetic
engineering so far as | could figure. That was suff
different from how | had viewed any possibilities t

wondered a lot about that.

In my limited experience when | talk to folks

about what | am doing outside of a laboratory setti
often observe as soon as | mention the letters DNA
a weird glazing in the eye of many of the folks | a

talking with. It is surprising to me that it is not
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exciting and engaging. This weirdness of opposite e
responses and whether or not that it linked to lang

am sure it is leads me with a bunch of puzzles.
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In very limited experience what | have found to

be useful is going to entirely differently forms of
communication. Felice Frankel and others, for examp
done a tremendous job exploring how image and meani
related and how you can use visual objects to commu
and represent things in forms that are tremendously

accessible or just different.
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MS. JASANOFF: | will just add one thing since

you explicitly asked about this that the problem of
language is not only between the scientists and the
but also that natural languages are different and t
concepts do not mean there is sort of a hegemony of
in the sciences but there is not the same hegemony
English in fields like law or ethics. | think there

great deal more need for comparative understanding
terms like risk as they are played out in different

I hope that your participation through OECD include

comparative dimension.

public
he same
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is a

of even
places.
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MS. PAUWELS: Eleonore Pauwels from the Woodrow
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Wilson Center. The session opens with thought provo
reflections on imagination and reinvention. | will
panelists to use their imagination. My question is
following. What effect do you envision synthetic bi
will have on the social technical systems that othe

relationship? So new ways of understanding new enti

may be new ways of understanding old ones. How coul

start an inclusive discussion with society about a

complex topic using imagination collective learning
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MS. JASANOFF: Paul, do you want to take that?

PARTICIPANT: (Not near microphone)

MS. JASANOFF: Are you both happy with that?

Okay.

PARTICIPANT: | have a (?) question. Should be

abandon the (?) bad technology and adapt synthetic
That would be simpler and definitely covers what we

recognize as bad technology.

biology?

MS. JASANOFF: Maybe | will take one more on this

side and one more on that side and then come back t

0 you.

MR. MILLETT: Piers Millet, Biological Weapons

Convention Implementation Support Unit. | am very h

that Asilomar has been mentioned so much this morni

appy

ng. |
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was a little bit disappointed that Drew didn’t use
fantastic photographs from Asilomar because my ques
comes down to how do we get back to the point where
magazines like Rolling Stone are interested in thes

of issues and the access that sort of interest from
culture can give to framing the issues like synthet

biology.
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MR. OYE: Ken Oye from MIT, Engineering Systems

and Political Science and SynBERC. The two speakers

great job of laying out two sets of issues. | am go
push a little bit to bring them together. If we loo

Drew at the end of his talk, he raised a number of
impending disputes and fights. How do we set protoc
standards? How should we evaluate safety and securi
kinds of activities should take place? What kinds o
intellectual property and commons, provisions shoul

made?
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Then Paul raised a challenge. He noted that we

can't turn simply to the past for framing and at th
time we recognize that there are antecedents for pi
the agenda that Drew raised and that we have a prob

contending bodies of expertise and a need for ways

e same
eces of
lem with

of doing
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the public deliberation on the tough set of issues that
Drew laid out. So a simple question to the panelist sandto
Sheila, what advice would you offer to us on how to set up
or structure public deliberation under conditions o f

uncertainty, controversy and claims of expertise?

MS. JASANOFF: You can select which ones you want

to answer.

MR. RABINOW: Obviously these are huge. | think
the vocabulary and concept questions are important. One of
the first things that | insisted on before acceptin gto
work in SynBERC was that what the NSF wanted was et hic and
social consequences and | said | don’t actually lik e that

and coin the term human practices, why? Pretty much
everyone would agree that a concept like RNA on the gois

evaluation and change and what have you. The concep t of

th

society isa 19 century concept. It is the foundations of

the 19 ™ century social sciences. It is completely

st

meaningless in my view in the 21 century and therefore yet

having tried 150 times to get people to stop using society
or at least ask them what they mean by it and that there is
a vast literature in my friend Nicholas Rosen, Lond on,

myself, and many others questioning what the functi on of
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that concept is. Step one might well be that this m
learning entails mutual learning and that just as |

talk about the ether in discussions of physics, peo
better stop talking about society in discussions at

in a nonreflective way. These are where the inner g
of power relations come in at least in this audienc
some other audiences. Of course as Drew indicated p
hear DNA and go blank but if you said the destructi

society many people would just nod.
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That is part of what needs to go on. There are

more than the two cultures. There are vast divides
resources, power, inequality, knowledge, and the re
so having an LC model where there is a little bit o
humanitarianism thrown in after the fact is really

way to go.

of

st and

f

not the

| will give one last example in that. We had a

conference call at SynBERC a while back and someone
synthetic biology good or bad for humanity? | said
couldn’t answer that question. What do you mean by
humanity? They said everyone knows what humanity is
happened to be a day or two after the Pope and the

had issued a new statement on what humanity was. We

said is

Lt
Vatican
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obviously | don’t agree with the Pope’s definition
humanity and this is a rather old debate and with s
contributions. Again, this is a plea particularly a
Sheila is pointing out in a global transnational,
multicultural context that much more attention by a

concerned to the exciting changes in biology and 15

ago who knew what interference RNA was. Fifteen yea

or fifteen years from hence | hope no one will use

anymore.
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MR. ENDY: I can try and get out three things

quickly in response to the four questions. Directly
not be in favor of replacing biotechnology with syn
biology. As it pained to me to spend time on | thin

is a tremendous scientific contribution from the fi

synthetic biology which stands separate from techno

engineering and that's great. | submit for your
consideration words like biologics, drawing from
electronics, or biological technology expanding the

biotech.

As a second thought it strikes me that we have

been starting to see our societies whatever that mi

develop a third perspective on the living world. Th

66

of
ome new

Iso as

years
rs ago

society

| would
thetic
k there
eld of

logy and

word

ght be

e first



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

perspective is that the natural living world exists
does not change. It is static. A second perspective
the natural living world exists. It changes over ti

an evolutionary process. A third emerging perspecti
that the natural living world exists. That’'s great

the way we are starting to make our own version of

we need to figure out how to take responsibility fo
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MR. RABINOW: One of the core definitions of

society is a business association so | would certai
agree that that's appropriate to biotechnology and
synthetic biology but that’s a restricted sense.

MR. ENDY: Thank you, Paul. There is this
interesting to me it seems this third new perspecti
the living world means that there is at least two n
conversations that we need to have. You can imagine
conversations, which take place in this country bet
pre and postevolutionary perspectives. Now we have
synthesis perspective emerging. That means we have
two additional conversations, the post synthesis, p
evolutionary, post-evolutionary, post synthesis. Fi
out how to popularize that and get that into rollin

| don’t know.
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Advice on structure of venues and conversations |

think actually you brought forward a very powerful
important point. We shouldn’t expect to bundle many
these issues up and be done with them in one or six
But given the complexity of the situations and givi
ongoing and continued change in the tools we should
to have constructive dialogues that sustain themsel
decades probably that allow people to return to the

and change their minds as things progress.

and

of
months.
ng the
expect
ves for

issues

MS. JASANOFF: Just a very small footnote to Ken

since he directly addressed me. First of all | am a
by training and | feel nervous when people want to
words out of the language and | am not quite sure w
do if we got rid of genetics and society in the sam
breath. Lawyers take more pleasure in reconstrueing
to suit new factual contexts and that is also relat
Drew’s last point about institutions. | guess Dr. B
has now left the room but if NSF were to fund a few
that are really dedicated to the social, political,
ethical, and legal studies of science and technolog
without tying them to particular developments of sc

and technology, that might be a way to begin in the

lawyer
read
hat we
e
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academic context or that one would have that kind o f

training and those kinds of development not as a ta il
following the dog of the latest best thing in the s ciences.
That is one thought.

Let me collect a few questions again starting

there.

MR. RETTBERG: | am Randy Rettberg at MIT. | am
also the director of IGEM. | am also an engineer. | am not
a scientist rather intentionally. | am an engineer. I am
not an ethicist or an anthropologist. | like to bui Id
things. | really enjoy it. | want to have a fun, ex citing
adventurous life. | don’t want to have a cautious | ife that
is carefully audited, examined, reviewed, measured, and all
of that.

| think that many people in the rest of society
enjoy Red Sox games and when the Yankees play the R ed Sox
they have even more fun. It is hard to see what is the
human measure, the human need to do that but it is very
powerful.

| remember when | was in high school. | remember
sitting in classrooms and listening to reports on t he space

program. | remember everybody being excited about t he space
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program. | remember sitting around in somebody’s ap
the night we landed on the moon. This was something
engaged the interest and enthusiasm of people all o
have a similar thing. We have all shared with the |

and the growth of electronics and computers.
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My question is can synthetic biology be something

that is fun, exciting, good, and adventurous that t

can enjoy developing rather than worry about consta

MS. JASANOFF: Paul, did I interpret body

language to mean you want to say something immediat

he world

ntly?

ely.

MR. MCCRAY: | will try to keep my questions

short. Bob McCray with George Washington University
today we tried to write the Declaration of Independ
probably wouldn’t hand it off to university science

and yet Thomas Jefferson when he wrote it was both

political scientist and a scientist. Likewise when

Robert Oppenheimer worked on the atom bomb, he didn

around a whole town hold meetings to see whether or
this was a good thing. What | am getting at here is
guestion of how do you ensure public access and pub
influence and make sure that you create structures

enable that?
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The second part is in a globalized system like we

have here with science with wide open frontiers, ho w do you
homogenize for want of a better term, how do you ho mogenize
the differences that exist among the different stat esin

reaching what you would call ethical boundaries?
MS. JASANOFF: Let me take two more and then go
back to the panel.

MR. HANSEN: | am J.D. Hansen at the

International Center for Technology Assessment. One of the
things we are quite concerned about is how you have public
involved in these conversations and how we keep fro m having
things sold by height. At one point in my life | wo rked for
United Methodist Church and that helped me understa nd a lot
about ethical language buried in religious language . What
constantly strikes me about the conversation about new

technologies is how similar so much of it is to

tocolyptic(?) literature where the promise of the n ew
technology is no child would die before just a few days.
Every person will live a hundred years. That the ne w
technology will really bring in the new age. My que stion is
how do we have technology funded in a way that does n’t just

tap into this is the new messiah that we need to do this? |
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have never heard one of the conversations artemisin

about how the congo has had the worst war since Wor

Il and that is a large reason for the spread of mal
this large area. That is a social issue that requir

different engagement.
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MS. JASANOFF: Let me take one more on this side.

MR. BEDAU: | am Mark Bedau from Reed College and

the Initiative for Scientific Social Responsibility
Denmark. | have a question for Paul Rabinow. The fr
that you outlined with the conceptualization of ven
metrics and frames seem very general and seem like
apply to lots of different large issues that confro
society not specifically and especially synthetic b

My question is there something special about synthe
biology that particularly needs or calls for or req

this new way of approaching LC studies?
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MR. RABINOW: Hi Mark. Mark just stated at a book

on the ethics of protocells, which | have an essay
more interesting essays and a great topic. Two thin
framework is somewhat general for sure and I think
synthetic biology is not absolutely unique and in s

the issues with nano are similar and | have student

in, but
gs. The
that

ome of
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working with people at ASU, et cetera. That being s
think what is quite unique about synthetic biology
opposed to nano is really what Drew was outlining f
This is a construction process which Randy was sayi
well which has a good chance of succeeding which is
showing that it can do certain kinds of things, but
quite distinctive in its shift to, again, | won't r

Drew’s talk. Nanos and technology that applies in a
thousand different places without any great unifica

it. Synthetic biology is emerging in a fashion such
the degree that it succeeds and that is unpredictab

it will succeed and how it will succeed. A particul
from the start would be appropriate it seems to me
of all the construction and production and design
guestions. | think design is something that would |

everything in SynBERC together if we could make tha
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Let me say quickly one other thing. I will give

my little spiel and we have heard society again twi
public is also a meaningless concept. It is an 18
idea. We could talk about that. There has been vast
literature on what publicity means, h(?) and all th

generally worn itself out because today it means no

ce. The

" century
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It's the very least plural.

In the UK, which has the most audit society
organizations with the various genome centers, geno
society centers. They of course wanted public
representation, but of course there is no public so
had to invent one. As Marilyn Strathern and many ot
Britain have shown if you want to represent the pub
have to identify representatives that there is no a
green goo called the public. There are interest gro
there are patient groups, there are lobbies, and th
specific and politic organizations and the rest. Th
very good. Why call that the public? That is obfusc
rather than enabling. Then you get into a more tech
discussion of who should be represented and how. Th
are more sociological and political. Then you might

hand waving about the public.
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Then finally I complete agree with the question

of the Congo, the war in the Congo among others, bu
Congo is the most atrocious and genocidal and destr
war, which is barely covered in the press, and of ¢
has massive ecological, environmental and human

consequences, which propagates all kinds of disease
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Again, one would need to think of a design in which

this was more integrated from the start.
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some of

MS. JASANOFF: Drew, would you like to add

something?

MR. ENDY: Itis really challenging to figure out

how to develop resources without claiming that you
solving a tremendously important problem. One of th
challenges in biotechnology in particularly is the

of the imaginable solutions of the technology overd
many cases the investments. That for example if you
working on an artemisinin production problem not on
you not consider the congo, you also do not leave b
any legacy engineering infrastructure such that the
time you have to do a biosynthesis project of this

it's not $25 million but maybe $2.5 million. That i
biotech to a large degree. Meanwhile we find a fund
infrastructure where if you can provide a very simp
for how what you are doing is going to save somebod
benefit a large number of people it becomes qualita

easier to get money.
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Let me acknowledge that from limited experience |

am sure | am overstating certain things and being n

aive in
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other ways but for what it is worth. There is a ver

tremendous challenge within the heart and soul of s
biology having to do with figuring out how you advo
and justify investments and tools independent of an

specific application of those tools. Still working
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In terms of public access to the technologies we

very naively and the process by which they are deve
lacking alternatives started making all sorts of th

open as much as possible and having a lot of fun wi

That has been tremendous. | have now encountered so

surprises. For example, over the last 12 to 18 mont
emergence of a do it yourself biology community whi
not a part of in part because it may not be a commu
also because all of a sudden | have found myself
institutional somehow and thus not of myself or you
whatever that might be. So better work on figuring

to do that would be tremendous.

loped
ings

th it.
me

hs the
ch lam

nity but

rself
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MS. JASANOFF: | know there are still some

guestions but with this large a group | am reluctan
any further into our scheduled coffee break. So wit

apologies to — are you waiting to ask a question?

t to cut

PARTICIPANT: | am very happy to see your
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confidence, acquire professional confidence or scie ntific
confidence appreciated. What | am concerned is what
happened to GMO would also happen to synthetic biol ogy. It
would be (?) rejected or refused by some of the pub lic or
in some of the countries. What should we do when we talk
about a sense before it is too late?

MR. ENDY: We can talk about it. To be specific
almost every year somebody makes a very good argume nt that
the field of synthetic biology should be renamed. A t this
synthetic biology 2.01 conference in Berkeley a pro posal
was semi-jokingly put forward to rename it shiny ha ppy
biology. Perhaps that would make it more acceptable . The
counter arguments, which continue to hold today, ar e that
there are things to have fun with. There things to worry
about and it would be disingenuous if not dangerous to
disallow fun but also to ignore things that need to be
discussed. To the extent that the word triggers a | ittle
bit of a response more broadly might help to ensure that we
have sustainable conversations.

MR. RABINOW: 1 think we also need to explore
what the GMO controversy was, how it began, and the n how it
has changed and where it has changed, which is not the same
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as you know everywhere. It is particularly acute in

but much less out here where abortion and stem cell
much more acute here and much less acute in Europe
China | don’'t know. | would be very interested to h
about that.

Just final provocative comment. This is a
challenge for enlightenment thought of promoting th
and value of science because there is tremendous fe
science and that is not just the enlightenment view
superstition and ignorance reign which they do, Mic
Jackson, Sarah Palin and the rest, but there is a |
work to be done on that so that for instance in the
in Europe or Germany tremendous resistance the GMOs
whatever on the one hand. On the other hand, the ne
cuisine which is embraced by the elite in all of th
countries and coming from Berkeley | know what it i
Alice Waters grows X varieties of arugula in the Si
that says unnatural genetically modified organisms
ever existed in the universe. But since it is not d

scientifically it is acceptable.
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There is a very strange paradox that people eat

arugula grown in the Sierra Mountains, foothills of
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Sierra Mountains, because no one knows what’'s going on with
those genomes. But if you do know what's going on w ith the
genomes or begin to know what'’s going on with the g enomes

then people are afraid.

This is profoundly troubling to me as someone who
is extremely pro enlightenment and pro science but | think
the diagnosis of that type of problem is something we all
need to spend more time paying attention to.

MS. JASANOFF: That is a sufficiently provocative
note to end on. Would you please join me in thankin g the
panel and the questioners?

(Break)

Agenda Item: Session 2: Public Policy —
Government Perspectives and Approaches

MR. WILSDON: Welcome back ladies and gentlemen.

I think we will make a start. My name is James Wils don from
the Royal Society in London. | am going to be moder ating
this second panel session. Just a couple of process points

before we kick off. | have been asked to remind
participants and speakers as this is an open meetin g there
may be journalists present. | am not quite sure if we are

supposed to encouraged or perturbed by that fact.
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Secondly, we have been asked just to clarify the
outputs of the meeting. Through the joint efforts o f the
organizing team, the National Academies, the Royal Society,
the OECD, just to let you know that there will be a
transcript of the entire meeting that the National
Academies will be pulling together and putting on t heir

website. We are the Royal Society and OECD will be

producing a summary document, which we are trying t o still
more of the essence of the discussion over these tw o days.
Those will all be available as soon as we can make them so

after the meeting.

Our second session is looking now at government

perspectives and approaches. We have already touche d this
morning on globalization and its implications for w here
synthetic biology research takes place and also how we
govern and regulate it. Sheila Jasanoff reminded us in the
last session we need a richer comparative understan ding of
the national cultures of innovation in this area in order

to recognize both the differences as well as the
opportunities for collaboration and eventual harmon ization.
Arden Bement gave us an excellent overview of the

context verse in bioresearch here in the US. We are now



NOTE: This is an unedited verbatim transcript of a joint Committee on

Science, Technology, and Law/Board on Life Sciences /Board on Science,
Technology, and Economic Policy/National Academy of Engineering
symposium held on July 9-10, 2009 prepared by CASET Associates and is
not an official report of The National Academies or of the Committee on
Science, Technology, and Law/Board on Life Sciences /Board on Science,
Technology, and Economic Policy. Opinions and state ments included in
the transcript are solely those of the individual p ersons or
participants at the meeting, and are not necessaril y adopted or
endorsed or verified as accurate by The National Ac ademies. 81
going to hear two perspectives from the UK and then from
China.

Our first speaker is Professor Adrian Smith.
Adrian is the director general of Science and Resea rch in
the UK’s Department for Business Innovation and Ski Ils,
which covers all public science and research invest ment.
Prior to taking up that role last year he was princ ipal of
Queen Mary in the University of London. He is a fel low of
the Royal Society and a past president of the Royal
Statistical Society.

After Adrian we are then going to hear from
Huanming Yang who is the founder and director of th e
Beijing Genomics Institute, well known for his cont ribution
as part of the Chinese team feeding into the human genome
project. BGI is now the third largest sensor for ge nomics
research in the world with campuses in Zhijiang, Ha ngzhou,
Shanghai, Wuhan, and Tibet and is involved in a num ber of
large international collaborative projects. We are very
pleased to have them both here. | am not going to h and over
to Adrian Smith.

MS. SMITH: Thank you for that. Good morning
everybody. We had a fabulous session earlier on the very
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big picture challenges and opportunities scientific
the implications of that science. What | am going t
about now brings that slightly more down to earth f
perspective of a government funder. In my job I loo

the strategy and the spend of all the money in the

goes through our research councils and goes into ou

universities for research and currently that is abo

billion a year.
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To understand the UK we have two broad ideas. One

is that the government has a legitimate role in set
overall funding strategy for science and research.
has made those overall big picture strategic decisi

the funding has gone to the agency there is a line

and essentially the government and ministers have n

in detailed decision making about that expenditure,
the particular programs and the particular people a

particular centers to whom it goes.

ting
Once it
ons and
drawn

o role
about

nd the

In addition to the money that comes out of the

ministry goes to the research councils and to the
universities we also aid and abet various national

partners, the Royal Academy for Science, the Royal

for Engineering, and in the UK we have other partne

Academy

rsin
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the funding business including very powerful medica I

charities like the Wellcome Trust. We have to try a nd join
together in a synergistic way overall strategy and that of
course would include how do we think systematically now and
what should be our strategies in relation to synthe tic

biology. | won’t comment on the nature of synthetic
biology. We had a fabulous presentation on that a | ittle
earlier.

How much does one spend on synthetic biology? The
numbers | am quoting here are of course totally mis leading
because there are vast tracks of basic science and biology
and chemistry, which are intimately connected with

synthetic biology and also work that is going on in

engineering. What | am going to quote you now is mo ney that
we have released with the specific words synthetic biology
somehow to do with it. That currently is totally ab out $15

million at the moment.

Three main research councils that are involved in

this business. We have a research council for biote chnology
and biological sciences, engineering and physical s ciences
and medicine. They are clearly at the forefront of pushing

the science.
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Can | keep going back to the big issue of the

last session and was also raised in the keynote spe
the beginning? We have taken on board right from th
beginning that the funding of the science and the t
about the implications of the science has to procee
parallel. We have two other research councils, the

and Social Research Council and the Arts and Humani
Research Council and we are also interested in fund
in parallel along the lines of the kind of integrat

the science and the thinking about the implications

science that we heard about earlier.

ech at

e very
hinking
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Economic
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First just let me say something about the actual

science. In bringing together colleagues from commu
in various parts of the engineering spectrum of the
biological spectrum we have | think an initial task
actually get the right people talking together and

the right kind of language. We are systematically f
number of networks covering eight of the leading sc
and engineering institutions to deliberately foster

kind of multidisciplinary conversations and the cre

a language where those communities can get together

addition to exploring the toolkits and the technolo

nities

to

using
unding a
ientific
that
ation of
in

gical
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There is too much detail on this slide but just

to give some kind of flavor. The networks are cover

wide range of stuff that you heard talked about ear
The putting together of the modules, the toolkits,

specifically at areas of plant biology and linking

industry and we didn’t hear too much about the indu

commercial stuff later but part of our strategy all
along the line we are trying to look out for and in
possibilities of industrial involvements. Clearly i
agricultural setting that is highly relevant. A lot
stuff on engineering design and the modularization
a few other topic headings of that kind that | won’
on. But bringing in modelers, bringing in the mathe
community and linking if you look at the second bul
there linking right from the very beginning the eth

issues.

Forming networks, getting people from the

engineering, the biological, and the social science
communities talking right from the beginning about

issues that we have heard of.

ing a
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In addition to spreading the money out in the



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

networks and trying to encourage those multidiscipl
conversations we have also funded a center at Imper
College in London. The center within the Imperial C
is Institute of Systems and Synthetic Biology and a
same time linking that funding to another London
institution, a social science institution, London S
Economics, which has a center for research and poli
the social aspects of the life sciences and biomedi
are trying to build in right from the very beginnin

two kind of themes, the two strands that people tal
about in the last session. The aim of the center is

to stand back and identify the big challenges both
synthetic biology then to look at how we establish
relevant research clusters, which will typically in
multiple university institutions, and to link that

to the social aspects of everything that we are doi

in addition to engage as we go along the industrial
business community with the issues and the opportun
also have some kind of systematic view of what are
implications of all this with things like intellect
property entering new domains here and collaborativ

possibilities with industry. Over something like a
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year time horizon we want to use these centers to a

systematize what we are trying to do overall in the
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ctually

UK.

The international dimension | think seems to

everybody immensely important in this particular sp
first talk this morning just referred in passing wh

did our engineering physical sciences research coun
together with NSF had in April of this year a so-ca
sandpit, the image is that of little children scram
around and playing and seeing what they can make an
which seems entirely appropriate. That was incredib
popular. A lot of people wanted to come and it acte
tremendous way to stimulate and identify mutually v
promising areas of synthetic biology and to look fo

of funding new collaborations and the first instanc
between the US and the UK. We have agreed in princi
through the funding agencies to follow this up and

do some systematic funding. On the UK/US front that

we have done so far.

ace. The
at we
cil

lled
bling

d find
ly
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iewed

r ways
e

ple
actually

is what

The UK of course is deeply part of Europe and so

looking across the spectrum in terms of European ac
in very broad brush terms one of the big funding st

Europe of the framework programs, the research and

tivities

reams in
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technological development, and conglomerates of
universities and business from several different co
within Europe perhaps with other partners as well a
funds there and the sort of level of funds we are t

about are kind of $50 billion over the period of th
framework. Within that there is a program called NE
and Emerging Science and Technology. That has taken
particular interest in synthetic biology and funded

number of projects.
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We have an enterprise and | think somebody is

here from that enterprise, TESSY, Towards a Europea
Strategy for Synthetic Biology trying to work out a

for Europe. Then we have other entities, which are

at commercial aspects and looking at educational
infrastructure needs. There is a lot going on in th

European space.

n
roadmap

looking

at

In terms of policy issues how in the UK are we

trying to grope our way towards a coherent set of p
and attitudes. | am thinking carefully the press be
the room. It can often be the case at least in the
an initiative which is launched from government is

suspicious in some sense and so within the UK it is

olicies
ing in

UK that
already

often
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most constructive to use arm’s length entities like
National Academies, the Royal Society, and the Roya
Academy of Engineering, and the research councils w
arm’s length from government to actually drive the
conversations and start the dialogues. That is what
been doing in this recent major project paper from
Royal Academy of Engineering in the UK, for example
looking at a vision for the future of synthetic bio

all the time each of these entities are enjoying an
encouraging and in a sense has to look at the socie

ethical implications as we go along.
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On the ethical side in Europe there is actually a

group, which has been charged in addition to look a

around the ethics of synthetic biology.

tissues

We do not have an all singing, all dancing UK

policy and strategy. | think we may all be in the s
position that we are groping our way towards what d
this mean and sorting out the opportunities and the
implications in much the same way as the debate sta
just a little while ago before coffee. However it t
there are certain things that we know we want to do

have to do. For example, something again | don’t th

ame

oes all

rted

urns out

and

ink was
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mentioned very explicitly so far the skills. What a
sets of skills, training, education that are needed
create that next generation who are going to contri

this interface space between engineering and biolog

joint Committee on
/Board on Science,
Engineering
Associates and is

of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or
ademies. 90
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How do we improve those skills? How do we

strengthen overall capability whatever that might m
might mean infrastructure. It might mean more bodie
is the best way of driving forward innovation? Shou
be a diversion of funds into some large pot called
synthetic biology and people now play in that space
that premature and we should let people play in the
spaces and define them and then a little further al
line work out what actually it is that synthetic bi
means. Certainly within the UK context in parallel
scientific development and the ethics and the socie
aspects the commercialization. What does all that m
is that going to work? How are we going to encourag
How are we going to get the right kind of balance b

if you like the science and the commercialization?

ean? It
s. What

Id there

oris

ir own
ong the
ology

with the
tal

ean? How
e it?

etween

Then there is the issue of regulatory frameworks.

Just to say what we are starting from the entities

in the UK with responsibilities that you might broa

we have

dly say
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are in the area of synthetic biology. We have a gov
department for environmental, food and rural affair
course we have a health and safety entity. Within t
health and safety executive there is a particular e

called the Scientific Advisory Committee on Genetic

Modified Organisms. Synthetic biology obviously goe

wider than that but there are armies of lawyers and
| think looking at our current legislation and regu

trying to see if there are things that aren’t actua

covered when we did the genetically modified organi

regulating frameworks that are emerging and do we n

regulations. So far it doesn’t seem to be a view th

need any immediate massive new legislation.
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Let me go back to skills, which is just a word.

It means education training in any broad sense that

want. WE are encouraging a number of leading univer

to actually systematically look at what it would me

create master’s degrees and PhD programs with a lab

synthetic biology. That just lists a few of the thi
are going on. In particular it is interesting that
structure that Imperial College is building in and

this has attracted wider interest in Europe as a po

you
sities

an to
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ngs that
the
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model for a master’s degree that would be recognize
Europe.

| feel very guilty at the title of this slide of
course because as we know there is no such as the p
and society at least. | now know that. But | would
rather difficult to write a slide and give a discou
wasn’t 30 pages long without some kind of shorthand
can construe the word public in whatever way you wa
makes sense in connection with this slide. Clearly
a dialogue with somebody out there or some people o
there. Yes, you can dialogue as well. Well if you a
to go the whole hog let’s deconstruct business, inn

and skill. Let’s be grown up and say you know what
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| mean.

A recent document | draw your attention to the

Royal Academy of Engineering was the first | think
gone out on what we might construe as a public dial
have various kinds of surveys going on to try and
understand in some inclusive ways public perception
reactions and we have had bad experiences in the UK
Europe as was mentioned earlier with the whole GM s
There are strenuous efforts made to try and underst

deconstruct, the history of that, and how not to go

that has

ogue. We

s and
and
aga.
and the

there
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again. That is not to say we know the answers but w
least know what the problems were and we are trying
understand better how to conduct the dialogues in t
future.

Even worse than the word public | run a unit
called the science and society unit and the point o
is a recognition within the research and the scienc
in the UK and | think we embedded this quite early
piece in the UK particularly following the GM stuff
you cannot look strategically at the development of
science base without linking it all the time to the
science and humanities insights into the implicatio
all the processes. We have an actual unit, which is
to think through all these issues in particular thi
about communication, about dialogue, engagement,
confidence, whatever, and we have a number of worki
groups we have set up with heavyweight external fol
UK, many of whom are drawn from the humanities and
science background. We have a group, for example, o
science and trust which is doing a major kind of st
to what does that mean. We have a group on science

media because a lot of public understanding is medi
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through media opinion forums.

We have a strong central recognition of the
social science, humanities and the implication aspe
we are trying through these various mechanisms to g

level of engagement.

joint Committee on
/Board on Science,
Engineering
Associates and is
of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or
ademies.

94

cts and
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In terms of a national strategy here are the four

things still on the table that we are trying to wor
through and if any of you have answers please send
me on a postcard. What should be the role of govern
stimulating activity and driving innovation, a part

role of government and government funding?

Another question, within the framework of
investing in science innovation particularly within
obviously any major changes of direction or emphasi
to be tensioned against the implications of other s
whether it be climate change or whatever. How do we
a view of that kind of prioritization?

What responsibility should government take
government and its agencies take for the policy iss
and around security, ethics and public dialogue and
the other players? Who else has those responsibilit

Finally, what is the positioning if you are a

k
them to
ment in
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the UK
s have
pends

come to
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who are

ies?
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national funder in terms of what you take on and tr y and

drive perhaps the national advantage or commercial
advantage at a national level versus things that we should
be doing and cooperating on at the international le vel?
Those are the things we are pondering. Thank you
for your attention.
MR. WILSDON: Adrian, thank you for that very
clear and helpful overview and particularly those q uestions

at the end, which | hope we will come back to in

discussion. We won't, however, take questions now b ut we
will move straight on to our second speaker Dr. Yua nming
Yang who will tell us about the same context in Chi na.

MR. YANG: | am very happy to be here. | think

you would agree with me that it is a privilege to b ea
scientist because we have friends all over the worl d. That
is the first reason for me to thank the organizers to give
me this opportunity to -— friends even though there IS so

many and to make many more new friends in another
community.
Perhaps | am not the right person to talk about
the common (?) only here as the chief scientist of Omics

Project including genomics (?) biology. | would (?) not so
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much in the policy making in China in natural scien
| am also co-vice chairman of EAGLES, European Acti
Global Life Sciences with the slogan to raise the b
of science in the community. It is part of the Comm

the (?) organizations.
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It is true that one of the reasons to thank the

organizer is to discuss such an important new issue
you all. I want to say we are talking about somethi
the aim, which is so ambitious as big as to puta m
the moon and we are doing something to change defin
biology. From life is what we want to know, to life
we make it. That is my personal and general underst
of synthetic biology. We are talking about a new br
science, which would change the whole world and cha
future of man. | think many of you will be familiar
this term or this title, Biology and the Future of

| do think that synthetic biology is one of the
biggest breakthroughs in life sciences. We all know
global civilization, social progress, and scientifi
development all depend on technological breakthroug
synthetic biology. | am quite confident that in thi

will have significant impacts on our life and on ou

with

ng with
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on our environment and on the whole globe. | would
congratulate on our colleagues for their success an
achievements in the field of synthetic biology. For

in the United States like him we all know, and then
those found in another way also in the States and
especially for this report which 1 am so deeply imp

It is embarrassing for me to give the talk. This ti
almost has not done anything, again a latecomer, as
before in many other fields. For preparing this rep
have searched for synthetic biology in the public d
of all Chinese governmental funding agencies and ju
funds so few projects already funded by the common
first one in my institute beginning October 2006, w
funded EC(?) thanks to the help from Victor Hayes(?
also here. Thank you for giving the opportunity to

involved.
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Then | also searched for all publications related

to synthetic biology by Chinese in China. Only 14 a
five groups in Beijing, in Shanghai, in Tianjin, Ch
as well as in Taipei. But trust me in a few years y

see the situation will be totally changed.

rticles
endgu,
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Please don’t say that China has benefited us too
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much from international collaboration in the past d ecades.
In return now China is contributing a lot at least in my
field, genomics, for the biggest project in this fi eld, the
Genomic Project. Beijing Genomics Institute, BGI, w ere
contributed at least of 20 percent. All the data wi Il be
freely available in return for the help from you al l.

If we say that in the past BGI would have been
regarded as a showcase for genomics — we are now ca lled
conventional sequencers. We have done something on the
rice, on silkworm, other genomes. Now the situation has
been totally changed. We are regarded as the third biggest
center in sequencing concerning its capacity and th e
contribution. Now you can see we have stably mainta ined our
approach 315 megabases per week or 50 gb per day. | am
afraid there would be almost the biggest producer o f
sequencing data.

In past we have all the computers. Now we have
expanded our capacity of about informatics of compu ting
significantly. We also have developed many(?) for t he
second generation sequencers for assembling and for (?)
sequencing and for (?) and the metagenomics. We hav e de
novo reassembled the first Asian genome sequences a nd found
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that the difference between Asians and Europeans ar

bigger than we expected it before.
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e much

We also have been also under the umbrella of

international collaboration, the whole genome (?)

sequencing. We have just finished the de novo seque

the giant panda and the cucumber genomes. Also as p

international collaboration we have sequenced more

meta-samples of human (?) tracks and we also begin

sequence all the samples, or as many as we can cred

pathogenic sequences, bacterias, and others like (?

including both pathogenic and the non-pathogenic st

ncing of
art of
than 200
to

it of

rains.

We have just initiated the one plant(?) genomes

in collaboration with our colleagues in Canada. | a
which would contribute a lot to the designing of sy

of the genome which all of as we know discovery and
elucidation of more metabolic pathways signal
transmitting(?) pathways and the gene expression mi
networks fundamental to synthetic biology. The exam
already been heard about us that this one topanoids
big contribution by Chinese for treatment of malari
now this can be produced in (?) skill by our collea

means of synthetic biology. As another example the

m sure

nthesis

gration
ple has
(?isa
a, but

gues by
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synthetic biology would change a lot over the biote
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ch(?).

As genomicist | would look at a synthetic biology

in another point of view that synthetic biology is

natural reasonable development of further extension
genomics. Now we are reading genome sequences and i
synthetic biology we are going to write genome sequ
was surprised myself by this. The program of life w
written four billion years ago. It's time for us hu

beings now to rewrite the program. Many people woul
shocked by this claim and don’t know in one decade

synthetic biology would be accepted by the majority

a

of

n

ences. |

as

mans

d be

whether

or not.

What | am concerned is any breakthrough in

science would have another problem. Remember we al
acknowledge, especially as scientists, that science
brought us all good things, but if we look at all t
troubles, especially the recent global economic cri

we cannot deny that science at the least is partial
blame. This is an imbalance world. | do think the
communication and collaboration and a mutual friend
mutual understanding, and a mutual trust among us f
various countries would be much more important than

before. It would be at least equally important as d

has
he
sis then

ly to

ship,
rom
ever

uring
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the period of a Cold War.

| would say synthetic biology should not create
more differences or more troubles or to make the
differences already there in favor. In a sense, (?)
hope that to turn an institute or a country’s proje
international collaborative project, I would like h
again to call for more developing countries to join
Actually what | said when we had the first meeting
International Cancer Genome Consortium. What can we
Everything can be done by one or few countries espe
by USA and the UK. Everything will be done better t
international collaboration. At least we can have
communication and exchange of ideas and second we m
possible have better coordination of (?) and the re
worldwide. There would never be too much resource i
single country.

The third if we can coordinate data release or
data sharing policies, if we can reach consensus on
patenting and other intellectual property right iss
then the things would be done better.

Finally, we are facing the challenges from the

public, especially from the bioethics community, fr

| would
ct from
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on the
do?
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hrough
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ight
source
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bio-safety, from the bio-security and bioethical is
we have a sort of coordination or consortium defini

would have better responses for those challenges.
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sues. If

tely we

For me | would like as we already have done for

the Human Genome Project, human haplomap(?) project

Human Cancer Genome Project. We might also have a C

synthetic biology consortium to coordinate the effo
resource in China to contribute for the internation

community of a synthetic biology.

, and
hinese
rt and

al

As a scientist in a developing country like China

| fully understand the importance of bioethical dis
and self-responsibility or self-governance inside t
scientific community. As | claimed in 1984 when | ¢
to China | told my colleagues what we bring back sh
only be the advanced technology but also the
internationally acknowledged ethical principles whi
equally important and seriously regarded in China.
scientist who is involved in these issues | said se
times | would be extremely ashamed as a scientist t
we have discussed at this meeting could really take
It is a meeting on biological and policy and weapon

conventions. | think you all would not misunderstan

cussions
he
ame(?)

ould not

chis

As a
veral

hat what
place.
(?)

d me. |
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am not going to tell you that the synthetic biology
be misused on the people, but | would like to tell
the risk is there. Perhaps you have not been told o
kind of stories and those meetings. Some of our col
are doing something that would be very, very diffic

be accepted by most of us.

joint Committee on
/Board on Science,
Engineering
Associates and is

of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or

ademies. 103

would
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f those
leagues

ult to

It reminds me of a book, which allows so much. It

was published here. Probably many of you would have
involved writing this book. It is titled Biology an

Future of Man. The Chinese version was just publish
the end of that riot(?) in China and would like to

the title Synthetic Biology and the Future of Man.

20 of that book was really excellent. What the summ
the whole book that talked about the nature of the
being and talked about the great (?) now we say cha

especially the opportunities. | loved it.

been

d the
ed at
follow
Chapter
ary of
human

llenges

| would like to quote from it. Human being, the

creation of nature, has transcended her. From a pro
circumstances, he has risen to responsibility. At |

is man. May he behave so. Nothing could be done by
scientists in China without international collabora

would also be the case of synthetic biology. | woul

duct of

ast, he

tion. It

d like
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to quote again a Chinese proverb to thank organizer
thank you all for your attention. When you drink th
water from the well, please don’t forget who helped
Thank you very much.

Agenda Item: Questions and Answers
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e sweet

dig it.

MR. WILSDON: Huanming, thank you very much for

that encouraging presentation. | hope we will be ab

touch now in the discussion on this balance between

competition and collaboration in SynBio. We have 15

or just a few more minutes than that for questions.

before if you could introduce yourselves and keep y

remarks down to a minimum to allow for proper respo

le to

minutes

As

our

nse.

MR. WINSTON: Robert Winston, Imperial College,

London. Just a comment and then a question to Adria

if I may. It is wonderful to hear great words of ho
going to collaborate but it is a little unfortunate
can’'t even begin to agree about the issue of carbon
energy usage with the various countries in the worl

moment. That seems to be a very serious issue that

to just remember when we are talking about collabor

n Smith

w we are

that we

and

d at the

we need

ation.

The other thing | really want to ask particularly

Adrian is a question about the government and the e

conomy.
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It is that recently we have heard more and more rhe
from our government in Britain but also governments
in Europe that science would improve economic poten
the extent that now of course science has seemed to
and more an economic drive. Does he see any risks i
particularly as people in the public may feel somew
disenfranchised from being able to take a proper pa

how science is being used in the future?
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MR. SMITH: In terms of issues of general and

international collaboration | don’t have any partic
words of wisdom. It is depressing and makes one sli
pessimistic the difficulties that have been add ove
climate change and curing rates of carbon release,
cetera. | think we just have to keep plugging away

If I may say so the US is a major player in this fi

as | read it all the signals from the US in recent
should give us greater grounds for optimism than pe

recently.

In terms of sciences and economic driver this is

a very interesting and double-edged weapon. In the
investment in science over the last 10 years that h

such that if you look more broadly you could say th
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been a golden age and the rhetoric in and around th
importance of science has been enormously encouragi
of the rationale for politicians to line up behind

to believe it have been the studies that have linke

scientific innovation with greater productivity and
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ng. Part

that and

growth.

On the one hand is has been good for investment

in science that rightly or wrongly it is believed t
science is an economic driver. The danger is that t
rhetoric then turns in on itself and you beginto b
selective about the science you found thinking that
know the bits that are going to be the economic dri
is the job for all grown ups to keep arguing and pr
the evidential database which demonstrates over and
again the time lags of the impact of science, the
serendipity and to do case studies where some of th
effects, 30 billion pound monoclonal antibody busin
around the world came from scientific serendipity n
focus research programs and it is the job of people
myself to keep conducting that dialogue with govern

ministers.

hat

hat

e

you
vers. It
esenting

over

e major
ess
ot from
like

ment

MR. YANG: I just have a brief comment on these

two issues. First when we talk about international
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collaboration | think for me | would rather pay mor e
attention to the personal understanding, personal t rust
because any official going to collaborate your proj ects
would be based on the personality and the friendshi p of the
people who are doing this, the scientists.

Then the second. Now | am afraid just as far as |
know in the developing or relatively poorer countri es the
people would expect too much from sense and forgett ing the
importance of political system and democracy or som ething
else. But in the developed or relatively richer cou ntries
people or the public would have a trend against the sense.
Perhaps they think sense has already done too much good.
Now sense would do more harm than good. We need a b alance.
Thank you.

MR. WILSDON: 1 will take one from this side.

MR. IMPERIALE: Michael Imperiale, University of
Michigan. | also have a question for Adrian Smith. In your
efforts to engage the public in a dialogue, have yo u also
involved the media so journalists and those sorts o f folks?

MR. SMITH: That is a very simple one to answer.
Yes. | think the media fundamentally important qual ity not
only of scientific journalism but the editorial opi nion
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forming aspect of the media certainly in the UK. Th
substantial number of very influential opinion form
are quite key. We are trying to do two things. One
get more scientific education into schools of journ
but also to cultivate and make friends with and not

constant enemy the opinion formers in the meeting.
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MR. HENNEY: Itis a question also for Adrian.

Adriano Henney. | am now an independent consultant
in pharmaceutical industry. | was completely suppor
idea of the engagement of the social sciences and t
ethicist in driving for these discussions as you de
where you go. | think what was missing for me in yo
presentation is an understanding of where the impac
going to come in terms of benefiting society and th
economic impact in terms of the question really is
you going about engaging industry as a partner in e
that the academic output has its right focus in ord
generate that impact. Are you doing the same sort o
I think it is nice that you brought up monoclonal s
because of course it may have been serendipity but
hugely missed opportunity in the UK when it was not

up at a time and recognized and | think that if you

formerly
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that opportunity and that engagement it might have been.

MR. SMITH: The broad question is in my part of

the world the dialogue with industry that we do a g reat
deal of and a lot more than we did two or three yea rs ago.
We regularly meet with major scientific industrial players.
We meet with the confederation with British industr y. We
have joint working parties. We are bringing in peop le from
that sector to sit on these major bodies, which are trying
to look at issues like science and trust. | think w e are
trying to do an awful lot which is another way of s aying |
totally accept and recognize that these are major p layers

that we have to deal with.

In terms of communicating societal benefit there

was a bit on the slide that | didn’t point to. We h ave a
campaign, which is very much aimed actually just se gmenting
the market, which is another way of admitting that the
public is a very beast. If you segment the market i nto how

you get the attention of young children about the

importance of science, we actually have a media cam paign
running which is called Science, So What? The answe r to the
so what can be in terms of sport. It can be in term s of

health and these are full of images and follow up t racks
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and follow up web connections where you try and sow
seeds of the question and then you answer it with a
range of benefits, which are closely related to the

who is responding to the question Science, So What.
not saying we know exactly how to do all this but w
trying a lot of novel techniques to get at that kin

communication.
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MR. KITNEY: | am Richard Kitney from Imperial

College, London. | am the co-director of the Center
Synthetic Biology. Adrian mentioned that we have a
in terms of synthetic biology, which | developed wi
Fremont, my colleague. The key point of our strateg
Imperial is to marry both research and education. W
this as being incredibly important. (?) chairman of
Raleigh Covenant of Engineering Reports we also bui
into our report. We have our program of our (?) and
program working at Imperial but we are also now wor
with colleagues that Gina probably in France to dev
European wide masters program. My question actually
both speakers but initially for Adrian is to really
whether you are in agreement that what you need in

area is a joint approach as sort of a two-pronged a
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this problem. One is to develop the research in ter
say major universities but in parallel with that al
develop the education program to build up the man p

tackle this problem.
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MR. SMITH: Easy one to answer. | totally agree.

I think we have not systematically addressed that i
past and we are planning to have a major national r
more generally than synthetic biology but addressin
guestion of the need for national strategy for post

education.

n the
eview of
g the

graduate

MR. YANG: | know many discussions related to

culture are not. We are not just talking about the
media about adaptation. The press media is very imp
for us to make friends with the editor, with the
journalists. | think we cannot avoid communication
them. For something | really cannot understand is t

of GM in UK as well as the human embryonic stem cel
latter stem cell is so popular in UK by the public

is still now is rejected. What's the difference? Th
related to genomics especially for the human genome
research. | have told that the public in different

many times the risk is much bigger than embryonic ¢

press

ortant

with

he fate
[. The
and GM

en it

ways

ells and
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then GM. But | still got the support at the least i

from the public. We have to think of something and
something before it is too late and don’t simply bl

press and media and blame the ignorance of the publ
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The second concerning the education.. In China we

don’t have any education directly related to synthe

biology but we did a lot for genomics or for other

of life sciences. | myself wrote the preface of the

popular textbook for middle school children and als

dialogue with press and media to answer many questi

related to genomics also as the first part of the t
of so-called natural sciences. | think it would be

obligation for us as scientists for directly talk w

press and media and the kids. That is what | want t

thank you.
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0 say,

MR. WILSDON: We have about six questions and

five minutes left. | am going to suggest that we ju

the six questions and then come back to the panel f

final remark. We will start here.

st take

ora

MS. GAISSER: Sibylle Gaisser, Fraunhofer

Institute Systems and Innovation Research in German

Adrian mentioned we developed a European roadmap fo

y. As

r the
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development of synthetic biology in Europe, which a
the different dimensions in which how you could sti
the biology. | would like to know whether you have
similar approach in China. This would be very helpf
order to match activities in Europe and in China an

stimulate collaboration.
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MS. JASANOFF: Sheila Jasanoff from Kennedy

School of Government at Harvard. | have a quick que

for Adrian Smith and a more general one for both of
The quick question is was there public consultation
dialogue over the decision that synthetic biology n

different regulation from GM in general.

stion
you.
of

eeded no

The more general question is you talked a lot

about communication dialogue, understanding, and so

so forth. Do you think either scientists or policym
need any special skills in order to engage in those
activities and if so whose responsibility do you th

is to provide those skills?

on and

akers

ink it

MR. PANDIAN: Sithian Pandian from Department of

Health in Canada. | am the policy manager for emerg

sciences. The policy on synthetic biology as has be

nanotechnology for some time. Internationally is th

ing
en

at we
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have existing regulations sufficient to deal with t
products that are coming into the market. | have a
difficult situation in taking that position. | beli

is because the regulatory community has come to the
conclusion that we are unable to define how to desc
new materials that are coming to us whether itis n
material or products developed out of synthetic bio
Going back to the situation 15 years or 20 years ag
biotechnology we were reasonably clear about the na
genetic engineering, the science was pretty clear t
and therefore we could describe the boundaries of g
engineering and therefore we could tell the industr

is what we are going to regulate from now on. New
regulations and acts came up. We are unable to do t
because we do not know how to describe the boundari
this. This done what happened in Asilomar conferenc
1973 the community of scientists is unable to bring
self-regulating boundary to these new products. We
afford to postpone the change of new definition of
new materials and new technologies in order to defi
process for revelation of these new products. We ca

deal with it with the current revelation. It is goi
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out of our hands pretty soon.
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MR. YANG: | just missed it. What country are you

from?

MR. PANDIAN: Canada.

MR. WILSDON: We have three more and then we will

come back to the panel.

MR. OYE: Kenneth from MIT. Both panelists have

spoken with real passion on the need for partnershi

terms of collaboration on development of the techno

internationally and on sharing of the fruits of the
technologies. If we to climate change talks right n
see big fights both in the public sessions and in t
private sessions over sharing, specifically over
intellectual property rights. If we look ahead a li
one can anticipate fights over security, with secur
regulations limiting the diffusion of skills, craft
education. To the panelists in the near term and in
long term to what extent do you believe that intell
property rights, conventions, and their invocation
security regulations here pose threats to the kind

sharing and partnership that you envisage.

PARTICIPANT: -- we got divided them into two
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MR. WILSDON: We will just take these two and

then we will come back.

MR. MAYNARD: Andrew Maynard, Woodrow Wilson

Center. From a policy perspective do you think that
an emphasis on synthetic biology is ultimately goin
enable progress however you define progress or do y
it could ultimately create barriers in and of itsel

are harder to overcome and thus inhibit progress?

having
gto
ou think

f which

MR. RABINOW: Paul Rabinow, Berkeley. | taught a

course once on AIDS and the midterm question was co
AIDS to another epidemic. The epidemic you compared
tell you a lot about how you approach AIDS. | would
same thing here. We have heard about GMOs now eight

times. What about mad cow disease?

mparing
it to
say the

or nine

MR. WILSDON: There’s far more there than you can

answer in a minute. Adrian and Huanming have a go a

will do the rest over lunch.

nd we

MR. YANG: Just briefly on several questions. The

first concern is whether China has a roadmap in syn
biology to match those in UK and USA. | would say n

is really my failure. | have tried to convince the

thetic

0. That

Chinese
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authorities to fund a synthetic biology until now t
humans are very limited or poor and | strongly prop
50-year vision by CASS(?). Now there is a short par
about the synthetic biology. I am still working tog

with my colleagues, especially in Shanghai will wor

up.
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The second, | am so interested in your question

in Canada concerning the regulation. That is really
sad. Now the rule by scientists in any policy makin
regulation is less smaller and the smaller. | reall

to tell you at least in China as far as | know also

other countries so-called how to say emerging count
developing country -- now it is very difficult for
policymakers just to take again GMO as an example.
China itself they would agree with the USA. They ne
GMO, GM food, and GM crops to feed such a huge popu
Then also under the strong pressure perhaps just be
the big surplus of the trading between USA and Chin
has to import a lot of GM food. Just last year 30 m
tons of GM soybeans, half from South America, and h

North America.
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Then China still cannot make the position that a
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GM food, mainly GM rice, legal in China. That is ho
you say -- under the pressure from the EU countries
see is this a scientific issue. That is exactly wha
concerned of the future of synthetic biology. Furth

will have nowhere to speak out our opinions.
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Then concerning the international partnership

especially the industry and the companies is really
challenge to me. For human genome project under the
following (?) you know | have been one of the advoc
free sharing. | do think the upstream knowledge con
genome just because it is so important for all of u

be freely shared. Otherwise if we -— China is not s

If we (?) these basic knowledge and then the framew
would be fixed. The other people who are coming ear
this field would always wonder.

Then how to balance — then | am serious to
criticism by my colleagues that our (?) our country
resource. You know this. Why do you publish so much
for nothing? They also need something, need some fr
companies and money right. That is the first challe
cannot answer. For the synthetic biology it is even

difficult. What I still hope we can separate two fi

ates for
cerning
S must
0 bad.
ork

lier to

?lsit
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something which should be shared freely. Something

patented individually.
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could be

Then the second concerning what we should

publish, what not. It immediately reminds me of the
pathogen genomes. | don’'t know in the future someda
myself would be a criminal because we have publishe
many pathogens, SAS(?) and then avian and the swine
S0 easy to leave the chemical is synthesized or gen
more as a virus. But what would it be a better choi

did not publish it. I think no way. We have run all

risk. We have to be confident until this moment sci
done much more good than harm. That’s all.

MR. WILSDON: Adrian, final word.

y

d so
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ome as
ce if we
the

ence has

MR. SMITH: We are desperately running out of

time so no disrespect to the questions but | will b
brief. The public dialogue on regulation and is wha
got in the UK satisfactory. | think this is a movin
and | think there hasn’t been any formal public
consultation but | think that is because some of us
haven’'t and | think it was alluded to by another qu
That we are actually struggling a bit to understand

we do understand the boundaries of what we are aski

e very
t we've

g feast

feel we
estion.
whether

ng and
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how it relates to previous things. | think that is
definitely ongoing business where we don’'t know the

answers.
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In terms of conducting public dialogue does the

scientific community have the skills? Absolutely no
is a big need to think out of the box and one of th
we are trying to do is get fabulous advertising and

executives into the game.

In terms of the sensitivity, the fights in and

around security and intellectual property and the
difficulty of getting at government level joined up
thinking. | don’t have a magic answer to that. | th
those are very real issues where there are national
interests that won’t go away over night. Should we
the banner of synthetic biology in a very strident
Does that help progress or hinder it? | actually do
know. | think the jury is out there. My own instinc

let a lot more happen bottom up and not this moment
create some gigantic top-down part of money labels

synthetic biology. | want to see it emerge from the

up.
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Mad cows and the rest. Why does stem work and GM
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not. In turns into something else, doesn'’t it? Stem
do with doctors curing people and saving lives. Tic
box. GM could have been to do with feeding the mill
savings lives. It got into another box, which was
irresponsible industrial greed so we went wrong. So
could learn what happened. It doesn’t necessarily m
think we know to avoid it in the future but | think

a lot about the tracks that went down in the past.
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MR. WILSDON: Great. We are going to pause for

lunch. Please try and be back promptly at one for t
session on tools and techniques. But before we go |
me in thanking again our two speakers, Adrian Smith
Huanming Yang.

(Break)

he next
ust join

and

Agenda Item: Session 3: Roundtable Discussions on

Innovation in Synthetic Biology

Agenda Item: Tools and Techniques — Enabling

Innovation

MS. AJO-FRANKLIN: -- enabling innovation. This

afternoon we are going to hear from two great speak
Christina Smolke of Stanford University, an assista

professor in the bioengineering department, who is

ers,

nt

one of
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the bright starts | think in the field of synthetic

and has really motivated us in the much beautiful w

she has done in RNA regulation and synthetic device
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Secondly, we are going to hear from Cord Staehler

who is president and CEO of the febit and is an ind
who heads this company for making genomic DNA or ge

to go ahead and really move the field of synthetic

forward.

| apologize for being tongue-tied a little bit

today. My four-month-old daughter did not sleep las

I am running low on sleep.

ustrial
nomics

biology

t night.

However, before we get to them | would like just

a quick opportunity since | have the opportunity to
and promote what | think where we are in terms the

and techniques of synthetic biology and where we ne

go.

ahead

tools

ed to

I think without question one of the things that

synthetic biology has really developed is the abili

create regulatory networks in which we can control

timing, the amount, and why gene products are made.
The other thing that | think we have really

accomplished our tools to create new synthetic ecos

ty to

the

ystems
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by enabling intercellular communication.
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What are the techniques that have allowed us to

get there? | think as Drew pointed out actually the
efforts to create these systems have been somewhat
Herculean and the reason for this is that in some w
techniques are as Drew pointed out 30 years. Partic
in the design sense we basically have a couple majo
paradigms of design in which we first start with an
design that mainly comes from our intuition we asse
DNA and then we test this. Then we frequently find
design system did not work as we would have liked.
it shows some function. We can either do two things
go through the cycle again by mutating the system a
either using selective pressure or just iteratively

to rationally redesign our system towards a better

function.

se
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ularly

r

initial
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. We can

nd then

trying

The other technique that we very heavily rely on

is physical assembly of DNA. Cord will talk more ab
this, but the basic idea is that we are getting bet
taking small fragments of DNA and assembling them i
larger segments that allow us to actually encode al

these functions that we like.

out

ter at

nto

| of
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As synthetic biologists where do we want to go

next? The major promises of synthetic biology are t 0 go
ahead and tackle challenges in energy, environment, and
health. We actually need to start creating more pro tein
tools that can actually function as energy transduc ers that
can function in human and mammalian cells and that can

actually work in the extremes of environment.

Another challenge that we really face is the idea
of as we build complexity one of the major challeng esis
how do we actually integrate different modules from
different systems. Trying to interface the differen t
modules becomes a major challenge so we are looking at new
tools such as creating orthogonal machineries and
orthogonal spaces to decrease that complexity.

We are also thinking about can we actually
instead of using modules that are heavily based on gene
transcription and translation, can we actually do m orein
terms of protein regulation by engineering in more
allosteric regulation?

Lastly, what are the technical hurdles that are
preventing us from getting where we needto go int erms of

synthetic biology? The major thing that | think we all face
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in synthetic biology is being able to go from a con
design to a sequence that will fully implement that
in the first try. Mostly as | showed before we have
through an iterative cycle. Are there tools and sor
computation that will allow us with more frequency

and go from a single design to a single sequence.
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ceptual
design
to go

t of

go ahead

Or alternatively we are essentially engineering

with incomplete is there a way of actually making m
different variations of a single design and actuall
getting just by this variation being able to get to

desired function much more quickly.

any

our

With that | would like to go ahead and turn over

the podium to Christina.

MS. SMOLKE: | am going to discuss with you today

the application and development of technologies and
that are being developed to be able to program gene
systems and in particular the approaches that are b

taken in the synthetic biology community.

tools
tic

eing

One of the long-term and ultimate goals of what

people are doing in synthetic biology is to ultimat
able to engineer systems. Where other engineering

disciplines where we have been interested in produc

ely be

ts of
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different types of complex systems that have been

engineered showing an example here often times we t

about them when we build these systems, different t
functions that we want them to be able to demonstra
Often times we ask these systems to perform differe
functions in environments that are not controlled a
environments that we can’t necessarily predict all
inputs that they are going to receive and what we w
them to respond to. In doing this then we think a |
times about the different types of functions that w

to build into these systems. We want the system to
to respond to its environment and so for that we ne
able to develop sensors. Sensors should need differ
types of inputs: chemicals, biomolecules, light, an

temperature.
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We also want the system to be able to affect

responses on its environment and to perform differe
functions. For this we think about functions of act

or the outputs of the system. There are many differ
types of outputs that we want a system to exhibit,
like reporting, delivery, motility, phenotype, self

organization, and then finally connecting our input

nt
uation
ent

things

s and
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outputs, our different types of circuitry. Again th
have a wide variety of different functions but thin
single processing, remote control, memory, communic
and automated response.

In synthetic biology when we think about
engineering biological systems the functions that w
to be able to engineer into that system are quite s
and we can describe them with similar if not identi
names. We want to think about sensing and biologica
systems. We want to think about actuation and biolo
systems and also how to build the circuitry that co
the two. The approaches and the way of sort of desc
the systems can be quite similar although the appro
design and how these functions are going to be enco

be different.
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In synthetic biology we often have a flow from

developing foundational technologies and also frame
that will support the design and development of the
functions and their integration and ultimately then
able to implement these different types of function

engineered biological systems.

In foundational technology and engineering
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framework development we have capabilities like syn
and fabrication, which you will be hearing about in
second talk in this session. We also have the devel
of engineering frameworks and things like standardi
and composition that allow us to build systems much

rapidly and that perform much more reliably.

Finally there are a wide variety of different

applications for which biotechnology has implicatio
and in particular areas of the environment in healt

medicine have gained a lot of attention.
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In addition to this linear flow there is actually

a feedback flow between these different activities
particular it is very important that the work that

the application area feeds back into tools and tech
that we are developing. It is important both that t

a link and a flow between the tools that we are dev
to support applications and biological systems both
we can build systems faster and more reliably and w
cost, but it's also important then in doing that th

take what we have learned from that implementation

optimize and develop more effective tools.

Just to give examples of different types of tools
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that have been developed and are being developed in
synthetic biology community we have a set of tools
around fabrication. You will hear about this more i
second talk | am sure, but there have been differen
approaches that have taken. To just highlight a two
the slide, one in which researchers took genomes fr
different microorganisms and then cut and pasted th
together to form one genome. There are also more st
techniques where people chemically synthesize long
of DNA or actually shorter pieces of DNA from scrat
then go through systematic assembly strategies to a
them into larger pieces of DNA and coding entire ge
microorganisms at this stage.

In addition to those sorts of foundational
technologies we also have tools in the area of peop
developing model circuits. Some examples were given
introduction. |1 am highlighting here two examples t
very exciting for the community. The first example
top we have a model circuit that was put into bacte
allow bacteria to respond to light. The researchers
this model circuit in order to develop a type of ba

photography system where they would lay out a film
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bacteria on a plate and then shine a certain light
it and it was able to reflect back to them that pic
Really what they were doing there is linking an inp

light to an output that researchers could visualize
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The second example Drew Endy in his talk earlier

today actually gave a more recent example of a band
filter that came out. This is an earlier example of
bandpass filter that was published in bacteria as w
What is interesting | think about these two example
even more recently the research groups that have de
this bacterial photography system actually took the
model circuits and combined them to build an edge d

circuit.

pass

ell.

sis
veloped
se two

etection

What you will note here is that we refer to these

as model circuits because the outputs are things th
can visualize and they are not yet linked to a real
application. There are many examples of these types

model circuits within the synthetic biology communi

at we

of

ty.

On the right hand side we have the applications

and we have heard a lot about different types of
applications today. The ones that have been the mos

developed in the community are biosynthesis applica

t well

tions. |
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think you have seen this picture on the right a cou
times previously. This is because this is actually

well developed example in the field of basically ta

different types of enzymes from different organisms

combining them in a microorganism and being able to

a valuable product in this case a drug to treat mal

You know have other types of biosynthesis

applications that industries are looking at as well

have chemical commodities like 1,3 propanediol and

have a lot of effort being directed towards alterna

energy sources including biofuels and the engineeri

microorganisms and algae for that.

What you note in this and in the field of

synthetic biology thus far is that there isa gap b

the tools that we see being developed by the differ

academic research communities and the applications

they are approached in the field.
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One question is why does this gap exist and how

can we more effectively bridge it? | think was ment
the first session today the title of this conferenc
symposium is really challenges and opportunities. |

listing the challenges that | see that result in th

ioned in
e and
am

at gap
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and they also really present with us for us opportu

of how we can most effectively bridge that gap.
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nities

The first one that | would say is that bridging

that gap actually represents a significant challeng
that is not often appreciated. From the point of in
development of a tool the refinement and optimizati
that tool for applications represents a significant
challenge and therefore significant investment of t
money. In addition the culture of biological resear
traditionally rewards novelty and does not equally
celebrate engineering contributions. Engineering
contributions often times can be thought of being a
reduce something to practice so that other people c
it and use it and that’s often times not getting yo
cover of science or nature, which is what would be

celebrated more widely in the community.
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We have the challenge of being able to try to

change models and perspectives for how biological
applications should be approached. By this | mean w
building upon many years of research in genetic eng

and biotechnology and so there are sometimes ingrai

ideas about how biotechnology should be approached.
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instance, | have talked to people who have told me
quite strongly that a biosynthesis application is n
feasible if it has more than three conversion steps

artemisinin project had over 10.
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| have also heard from people out in industry

that their computed applications are not feasible i

are anything beyond approaching base therapeutic or
molecule base therapeutic. So being able to then en
different types of genetic therapies become somethi
is not viewed as feasible by some people on the fie

have to work on being able to change perspectives.

f they
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In addition applications are generally narrowly

directed to the end product and not towards develop
technology base to broadly support many different p
When you are a company you have milestones that you
reach. Your end product will be the product that yo
distributing and making money off of and so you don
times have the leeway and the funds to sort of thin
integrating new tools and technologies, which will

more time, or even leaving tools behind for other
researchers and other companies to use to support t

applications.
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Finally, this is all sort of leading up to the
idea that technology and tool development requires
upfront investment of time and effort. After upfron
investment of time and effort, it can often pay off
terms of the speed through which you can develop sy

but it does require that you make that effort upfro
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Now | am going to go into a case study and do so

fairly quickly and just highlight different points

own laboratory and the tool development that we hav
doing. My own laboratory has been thinking quite a
about tools that enable information processing and
in biological systems. Our approach to this | am go
highlight different aspects of our approach to this

to emphasize the approaches that is taken in design
synthetic biology. Here you see a schematic of what
might think of as an information processing and con
molecule. It has basic functions of sensing, contro
computation. If we think about not one particular
application that we want to apply this to but very
about many different applications, we can list very

a wide variety of different types of inputs that we

want to detect on the left hand side and also a wid

from my
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variety of different types of mechanisms through wh

would want to actuate control.
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ich we

What is important to note here in approaching

this problem an approach we might take that might b
unconventional is to not to think about developing
particular molecule for one application that will d
information processing and control function but thi
broadly about how we can enable very broadly the de
these types of molecules. This requires us then to
integrate different types of engineering design pro
and think about how you build scalability into a sy
how you can make systems portable across different
organisms. If you are working in a microorganism or
mammalian cell how you get that to work and things

compose ability and reliability.
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To highlight the approach | am giving again a

very specific example of different types of informa
processing and control devices that we develop in m
We could think of them as input/output tools and ag
start with the basic premise we have a device. We w
this a device that we want to develop. It is an ass

actuation device as you see there. We are going to
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the design into something that would be more achiev
that instead of saying we want to design many diffe
types of devices what we want to do is actually bre
design, decouple the design and more simpler design
challenges. In this case what we are going to do is
device and break it down into simpler functional pa
the problem becomes how do you generate and specifi
sensors and actuators. That becomes the design chal
there and not how do you design different types of
integrated sensing actuation systems. The hope woul
then that this would be a simpler design challenge

solve.

In order to support that you need to develop

frameworks and basically general design principles
will allow you to take these different parts and in

them through standard methods to build a more compl
device and this is something that other engineering
disciplines have sort of developed and the question
do you do this in biology. Ultimately then you woul
this and integrate into an engineered system and fi
supporting all of this are different foundational

technologies.

joint Committee on
/Board on Science,

Engineering

Associates and is
of the Committee on
/Board on Science,
ments included in

ersons or
y adopted or
ademies.

136

able so
rent

ak the

take a
rts. Now
(o

lenge

d be

to

that
tegrate

icated

is how
d take

nally



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

We heard earlier today about the importance of

computational design tools that would allow you to
different types of devices you build and circuits a
integrate them into systems. Finally here we have
foundational technologies that basically support th
between devices and parts and in particular how do
generate and populate these types of refined biolog

libraries, which we will see later today.

Just to give you an example of this in my own

laboratory. We have worked on building these types
input/output tools out of RNA. It is a very similar
molecule to DNA. The details of it aren’t that impo
But what you see here is a basic schematic of the f
where we are defining refine sensors, actuators, an
transmitters and we are defining basic rules for as
them. We have shown that we can do this and in the
that | am showing here we have shown that we can ba
take these parts and mix and match them to form dif
types of gates or functions inside cells. What you

is an example of us building a buffer gate and an i
gate. You see the response properties of them over

right hand side where a buffer gate is basically go

y adopted or
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give you a high output as your input goes high so t he X-
axis here is input. This is output. An inverter gat e will
give you the opposite function. The important thing to note
here is that we achieve this by simply modulating t hat
transmitter function. So again we don’t have to red esign
the device every time. We only have to change diffe rent
parts of it.

The second thing that is again important for this
to be applicable to many different types of applica tions is

modularity in the framework so that we can swap out

different parts and tailor it to different applicat ions.
Shown here is the example of modulator and a sensor where
we can take that same platform, swap out just the s ensor
component that you see there and now get two differ ent

devices, one that responds to one pure alkaloid sma I

molecule and one that responds to an antibiotic

tetracycline. Again, keeping the framework and desi gn the

same, only replacing the parts that we integrate in to it.
Another thing that would make these types of

frameworks very valuable and important is that they are

extensible. What that means here is that you can ta ke those

very simple functions that | showed you and actuall y extend
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them by just putting together more parts to build h igher
order devices. Shown here on the top is an example of an
AND gate by coupling multiple sensors and actuators using
the same architecture but changing the specific typ es of

transmitters that we use. We can build a NOR gate.

Finally, and again | just want to highlight the

challenges here. We want to look how we can actuall y take
these types of tools and implement them into applic ations.
We have heard a lot about biosynthesis. | want to t alk

about a different example, which will be cellular

therapeutics. In this example we are looking at bei ng able
to engineer the immune system as a way to treat dif ferent
diseases and in this particular case different type s of
cancers. Normally our natural T cells would functio n by
having receptor binding events to an infected dendr itic
cell. That T cell would then do two things. It woul d
release cytolytic proteins, which would allow it in avery
localized way, which would allow it to kill the dis ease
cell. It also releases different proteins that tell it to
amplify so that it amplifies the response as it det ects its
target cell.

There has been a lot of effort and interest in
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being to able to engineer different types of immune
function. In this example we are looking at T cell
where we are doing two things. We are engineering r
proteins to allow a T cell to recognize a disease ¢

it would not normally recognize. In addition what w
to do to solve this problem is to build in a type o
synthetic control system around that proliferation
amplification response as it does not normally exis

vivo engineered cells.
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What we have done basically is take the tools

that we developed and that | showed you previously
information processing and control and now translat
to a very different application of cellular therape

In this case for the design the thing that you need
understand is that there are two states, a state wh
clinician is not administering the drug to the pati

a state where the clinician is administering the dr
device will be able to detect the drug molecule and
does it implements the circuit that tells that T ce
activate and proliferate and therefore in the prese
drug you get a population of your engineered T cell

will activate and proliferate when you want the the
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go away, you remove the drug molecule.
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The important part about this application and the

thing | just want to highlight and bring home is th
building a device framework in which we have these
properties of modularity and programmability and tu
ability we are able to take a prototype device that
developed in a microorganism with a reporter gene a
it to this type of application. We are very quickly
implement our higher order, sort of tuning strategi
move it into an animal system where you see here no
our device and the presence of our drug molecule. W
seeing about a 13-fold difference in growth rate in
the animal model. Again, this idea of investing in
design allows you then to move very quickly into th
optimization, translation to very specific types of

applications.

What are the challenges to this field and the

challenges to tool development? Again, | am going t
highlight this with the particular applications tha
talking about here, but it is more general than jus
particular input/output tool development design. Th

challenges that exist are really down here in these
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enabling technologies that support this flow from p
devices, to systems. In particular | just want to h

two challenges, which I think are prevalent across
types of tool developments. The first one is having
computer-aided design tools that support the design
programming of these types of devices and implement
into systems. In particular for the type of devices
have demonstrated here what we really need in the f
the ability to start with the primary sequence of t
biological polymer, be able to predict structure, w
then linked to sort of quantitative function of the

in the circuit, and ultimately you can link that to
response. This is an area of synthetic biology that
lot. It is sort of a challenge both from scientific
knowledge but also then in the development of these

of computational design tools.
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The second challenge is really one of addressing

scalability and in this case, but | think it is tru

other tool development; the challenge exists around
libraries of the parts that make up the devices. Be
to have very large library of refined parts that yo

plug and play into the device platforms that you bu
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can imagine there are many different applications a
this you would like to have libraries of many diffe
classes of molecules, metabolites for those of us d
biosynthesis to readily optimize energy usage and f
through different pathways, disease biomarkers for
us working in therapeutics, and finally exogenous ¢
for those of us working in agricultural biotechnolo
other types of applications. These refined sensor |
should feed into standard platforms as you see here
ultimately then what that will allow you to do is f

a broad subset of different applications: noninvasi
diagnostics, bioprocessing, agricultural biotechnol
intelligent therapeutics. Again, all of this feedin
wide range of applications and if you do it in a wa
you have engineered the devices, the idea is that y
reduced it to practice so other people can take it

it for their applications of interest and again the
challenges are being able to populate these librari
which really comes down to scientific and technolog
challenges. A lot of engineering optimization and
development is needed in the selection and characte

strategies.
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Now | want to take a step back and just briefly

summarize the points that | hope you take away from
talk. The first again is that there is a gap that e
between technology and tool development and applica
and it is really important for the field that we br

this gap.
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Invention and implementation of engineering

design principles is critical to effective tool
development. In order to have tools that other peop
use and make a broad difference in a variety of
applications. The engineering aspect of that become
important.

It is also important that we invest time and
effort. Thinking about strategies and mindsets that
the implementation of foundational technologies and
that we foster those types of changes and perspecti
thinking within the community.

Finally, I think what is important is that we
realize that technology and tool development takes
it actually takes a lot of resources. We need fundi
place that will support this at scales and time fra

appropriate for the challenges that we are trying t
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address. Thank you.
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MR. STAEHLER: | guess we are switching computers

here. | can already see it back there so it should
here. | wanted to speak here today. | think | am on
rare industry people giving a presentation here tod
will quickly walk you through the big picture from
perspective, our vision then to innovation we bring
field of synthetic biology, and then lastly what we
with sustainability because I think it is a key ele
we have heard a lot of what went wrong with these
genetically modified organisms, but | think it is a
good starting point we can take from a legal perspe
how to handle synthetic biology field.

Just briefly about febit. We are so-called
genomic tool provider company. We are mainly backed
Hopp. He is the founder of the software giant SAP.
quite a lot of the people who became famous in the
industry are now also in the synthetic biology fiel
are financed by one of them. The other new investor
strategic partner we got on board last year is In-Q
That is the investment arm of the broader intellige

community they say. In our precise case it is the C
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funds that work to use our technology for the good
it, the biosecurity piece, to make sure that we fir
the high tech in place and to secure interests and
how to handle risks which come with it. | think we
very strong innovation track record and we are loca

Boston and in Heidelberg.
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The question, which drives us at febit | think,

is a very broad and very prominent question and som
might know where it comes from. It is scientific li

from a very special perspective and it is from a gu
Douglas Noel Adams, short DNA, and he wrote this fa
book about the Hitchhiker’'s Guide to the Galaxy. We
hear today it is just 40 years after mankind landed
moon. | think, yes, it is time for another thing he

we have to reach out into the universe. | do believ
more | am involved in genetics in the last 15 years
having a harder and harder time to think that this
system just happened by accident and then it causes
of actions over a few billions years. But | think w
have to discover a lot on that and we might have to
discover on earth and in universe. When he wrote th

novel here the stories that build a super computer
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super computer gets asked this famous question abou
universe and all the rest. Then the super computer
after computing and computing has the answer and ha
big party and the yelling and now really the answer
and everybody is waiting for it and it is 42. Peopl

on yelling a little bit and then the first one asks

and what does that tells us. The computer says | do
know. | forgot the precise question but | have a so

to it. Just build another super computer and we are
what is calculated and then we have to provide a qu
and then we can use it to provide answer. Then the

goes on and | will entertain another time.

| think the answer is right. | don’t know if the

answer when you thought about it. If you think abou
a4 and a 2, | think he is absolutely right. It is

letters of the genetic code, a super powerful syste

in all of us. The next evolution we did we invented
two-digital thing which brings it into a position t

can control massive amounts of data understand syst
interface between the two things is that where geno

tools come into play on.
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We heard a lot especially here from China this
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morning about what is going on the analysis side an
is all the efforts. It started with the human genom
product. It took us a few billion dollars. It took

think 13 years until we discovered one person. Now
buy service for $50,000. It is still expensive but

getting there. That is all about analysis, understa

complex genetic systems. The human as the most comp

the four letters to the two letters of the digital

but it is also that synthetic biology is the other

around. Now we get more and more of digital underst

of the genetic code. How can we best use it in the
direction? That is really where we build the device

it and that is the tool.

It is just an industry format for doing so and

when you talk about it from the industry perspectiv
an engineering perspective you would rather call it
and write device then you would call it synthesis a

analysis. That's the language of science. We heard

today already about language, about French and Engl

German and all the others and then all the scientif
talks. I can tell you it is very hard to have scien

person with an engineer to develop systems like tha
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you look into technologies inside there is not much

you can study which you don’t have it in a team lik
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| also want to entertain the biological system

and | think there are a lot of people in the room w
that much better than | because | am an engineer by
training is the biological system we are made of. |
you all sitting here and all of you are 70 trillion
just that number, and all of the cells have the com
genetic code in them and they all interact. There a
of interesting things we learned from sequencing th
days, for example, 90 percent of these cells are no
They only have 10 percent of your body volume becau
are just about one hundredth of the size of a human
but you are mainly a huge genetic mixture while sit
here. By sequencing we now can even tell that you h
different population of all of these little things
one hand than on the other one. | don’t even want t
imagine where that comes from. It is all well orche

It all works well together and we are also
celebrating Darwin these days. | would argue there
of thinking if you think about is Darwin true for u

sitting here because it is not the strongest cell s
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at least in me and efforts at least not for more th
years. | think when the strong cells survives and d
live together peacefully there is all the tools and
technigues we have inside ourselves then we will ha
cancer and you have an issue and if we can imagine

there for decades. | would argue if 70 trillion cel

together peacefully and always maneuver on any conf

this is not a Darwinistic principle inside a human
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Now a good question is a group of human being is

we all work like Darwin describes it. But take the
number again we are only six billion human beings.
us made of 70 trillion cells. That is 10,000 times
There is another very exciting number | think about
backwards calculate you easily come up with that al
cells we all started from. We all started with one
cell. If you all put them together it's just a few

In essence means the genetic and the protein variat
human mankind can easily sit on my hand. If we allu
genetic differences in there | could form a chocola
can hardly see. We can shoot that into the universe
spread a genetic code. | think it is at least much

effective than have long place and gold.
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There is another fundamental principle when we

come to synthetic biology to the benefits of it but
where the risk comes into play. That is this super
system that our cells are in an environment of a li
water and energy, self-sustainable, and a system un
When you all started at a day of birth you were a s
cell with a complete genetic code. That genetic cod
easily accessible to what we do technically. Once i
unfolded and you are sitting here there is no where
you can get anywhere near in the next hundred years
say to the genetic complexity of your 7 trillion ce
working together while only 10,000 result from this
process, 10 trillion. The other 60 trillion start t
populate you after birth. That is a super powerful

if we can get access to the starting point of cell

and interconnect it, the digital world in the genet
world, then you can really get a new generation of

That is what's going to make it disruptive.
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But it is the concern everybody has. | think it

wasn’t correct to have a concern about genetically
organisms but the concerns in place are the ones wh

might occur now and be reasonable because if you en

mode of
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gineer a



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

system like that and it is in the mode of a cell sy
which is sustainable, all it needs is water and ene
from there on you can't bring it back. That is the
you have to take care of and that's a fundamental
difference to other things. We have to be careful f
starting point because you might not get the chance

correct something.
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That is principle what our technology does. It

produces a lot of this genetic code, tons of it, an

is one piece of the equation you have to solve to g
send by applications. The other piece of it is the
production is just dirty. It's just like dirty oil

say. You want very clean one, very precise one. Wha
simply did we applied next generation sequencing wh
call it. We heard that in picking to have roughly 4
counted it right of the systems sitting there. What

is we take our synthetic DNA, feed it to the sequen
get huge variety on there, but all the data points
decoded so transferred in to digital so we have a h

percent quality control on millions of parts.

d that
etto
massive
so to
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undred

Then this is already staged but then we simply

use a picking robot and kind of take the little par

ts we
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sequenced and separate them again and then use them
building blocks. Just to give you an understanding
numbers this primitive first set up, just one machi

you roughly 20 megabases of sequenced fully quality
DNA. That is about maybe a third of the work produc
last year. Just to give you an understanding that i

just like it was described for computers the starti

to have a function and availability. It brings us t
breaking point. There is this accomplished job but

on the top, technology on the low, biology how comp
different elements. Maybe we want to highlight here
right side is the human genome which sits in every

us which has 3.2 gigabases of total code. You don't
change all of that to change the functionality and
organisms have bigger ones or smaller ones listed o
Viruses are rather small, bacteria. Up there is tec

so what has been achieved and there are people here
people — completely assembled on the level of bacte
assembling on the level of viruses is pretty much s

at the moment.

A single system of ours as we have just put it

together brings roughly 15 gig a year at the moment
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are really coming to the scale of completely progra
any type of complex cell. You are still missing a |
the information understanding as we just learned ho
evolve once we reprogram it but at the point now th
can so. That changes the game.

I think we heard a lot about the potential
applications there and it is the steps moving forwa
explore a lot of them and there is activity going o
of these fields. | think the positive aspects of it

obvious.
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To come to the challenges this is one of it as |

said exponential growth and once released it makes
if it is functional. That is why we need we think g

to that and we really have to handle that with care
thinking about what we are doing so we will never r
the wrong system and let it go. That is the critica

The power and the complete difference to a computer
sits in this copying but it is also the thing which

to control because that makes the big difference al

the risk side.

its way
uidance
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| point.
system
we have

SO on

What we do is febit involved in two activities.

One is called International Association for Synthet
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Biology where we bundle a group of people who are

interested to and get these guidance set up before the
complete industry takes off. It is a group in Europ e. We
are trying to enlarge that. We have an agenda. The most
important piece is this code of conduct to start wi th. We
are working intensively on that as really saying wh at rules
and frames can we allow to move forward with progra mming

complete genomes.
We are also working on getting a broader base. In
spring there was a similar group formed here in the United

States called the Synthetic Biology Industry Agency ,

different perspective and another co-director of th atis
Mark Waxman. He is giving a talk tomorrow so we try to

bring these things together and there are other gro ups in
Europe as well in Asia who are interested to work o n that.
We hope to form a very good international setup bec ause the
task and the issues are international and that is t he thing

we work on at a moment.

One thing down here is we are intensely also
working on is just control. A lot of these elements have
what effect. So virulent meaning viruses although D NA

elements which go into a cell and redirect its
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functionality. That is the most easiest and most ob
way to change something not completely replace the
program but inference in the right way as just simp
starting point because the complexity is low enough
handle it to look at. But it can only be a starting
That will be about it. It is an exciting
industry. I think it is still in its infancy. It is
like the early days of Intel, for example, where no
could really envision where to go and they put thei
bet | think on doing computer processors because th
the one application that had a few customers for an
know what developed from that. On the other side |
say the complexity of biological system is so high
massive amount of information, which is run in our
organism. When 70 trillion cells can live together,
together, form a big something, it will take us a |
at least in our lifetime that we get a real glimpse
it works that at least will be what | await. If you
interested to support that effort especially from i
in our academic perspective, you are happy to join
our website. Thank you very much.

Agenda Item: Questions and Answers
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MS. AJO-FRANKLIN: Questions?

PARTICIPANT: A question to both speakers. |
thought that the talks were marvelous and they also
together very well. Christina emphasized the develo
tools as critical to the development of the field n
that there was a little incentives mismatch between
culture and providing the tools.

There is also a material incentives mismatch
because if it is infrastructure and comments that y
providing there is a potential free riding issue.

The question that | raise is to both of you. If
you look to the role of firms, collectives cutting
firms and government for developing the tools that
Christina rightly points to us is critical to the
development of the field, what mixtures of initiati
support from those sources do you see as critical t
development?

MS. SMOLKE: I try to emphasize the link between
tools and applications and | think it is important
there is a link and that there is a flow. | think D
and other people; speakers earlier today also menti

danger of linking too closely to an application ear
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think that also needs to be recognized. Because aga
you are in the very early stages of tool developmen
push too much towards one application very early on
tool development you are going to be narrowing the
that tool development and I think the narrowing the

applicability of any tool that you might build.
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It's not exactly I'm sure your question, but let

me just first preface that | think that balance nee
very carefully weighed. | think it also needs to be
recognized then the current funding climate what |
many of us find is that it is very hard to actually
funding for research in academic environments witho
linking to an application. It is very hard to put i
proposal that is strictly tool development without
describing at least and make a convincing case for
is going to change the world and link to some appli
in order for it to be reviewed positively and to ge
funded. | think that is a challenge that many acade
face and | hear a lot of complaints about for those
who are actually very interested in tools is that t
often times feel they have to focus the tool develo

too narrowly in the beginning and it's not supporte
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| would say from the funding agencies there needs

to be | think a greater appreciation of this. | thi
of Pam’s comments early on is part of the challenge
it is linked to a peer review process and so there
needs to be a change in the culture of those of us
academia who are doing the peer review so that we a
actually supporting and positively trying to grow a
community for which there is tool development.

| think that is actually very critically
important that aspect. Do you want to add anything

of that from an industry point of view?

MR. STAEHLER: | would agree completely on your

view. | think from an industry perspective it is al
funding but we are raising capital and we are makin
revenues out of we pay things like that. | think th
environment we are in at the moment is not easy to
something like this initiative here and this work i
right way. If you are purely doing it for profit ba

are pretty challenged pretty quick because you want
the best revenue and failure with these product is
doing that. We are not doing the business as fast a

to make the best revenue. We are trying to make it
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sustainable and for that you have a very limited gr
people you can do that with. In our case it's Diet

he is just an entrepreneur himself, a visionary, an
learned himself when he was at IBM that a lot of th
which seemed to be -— and new and he couldn’t convi
to follow and so he formed SAP with his colleagues
a new success story. He is a person who really give
everything he made was that kind of life story back
people. So he is the right person to finance this t
high tech but also manage it in the right way. | wo
these kinds of resources are rather limited and we

more of that.
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MS. SMOLKE: 1 will just maybe add and say from

the point of view of industry and leaders in indust
policymakers. | think researchers and community mem
the synthetic biology community are categorizing th
discussions, but I think we also need to think abou
model under which we do biotechnology right now bec
model under which we operate is very IP heavy where
don’t have tools that are shared across different ¢

and different industries and that has been traditio

frowned upon or something that is just very opposit
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current model. | think we need to have discussions
how we can change the model. Maybe there are discus
around how you make tools freely available and the
applications that come out of that are where you de
around it. I'm not saying that is the correct model

think those discussions also need to happen and peo
the different parties as you said industry, policym

et cetera need to be involved in those discussions.
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PARTICIPANT: | have two questions very fast. One

is for Christina or for both of you. I think we all

that this a field that is engaging a lot of young p
yet you spoke of a potentially ambiguous and stifli
reward system in form of the publication system. |
if you had any thoughts going forward that you coul

briefly share with us.

agree
eople
ng
wondered

d

My second question is for Cord. You talked a lot

about size, but you didn't talk a lot about price a
wondered if you could comment on where you see the
because again thinking as a young student who wants
a genome. When are they going to be able to afford

that without asking their advisor first?

nd so |

future

to make

to do

MS. SMOLKE: The question around especially
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younger researchers in this field and the reward sy stem
that is set up around it | think that is a challeng e.l
have encountered that challenge myself. | think wha t would
help is having leadership within departments being aware of
this difference between science and engineering and
developing a culture that actually rewards engineer ing for
those of us that are in engineering departments. | think
that that would help so that there are expectations and
they can internally set up reward systems that matc h that.

| think it is interesting that PNAS has a journal
but National Academy of Engineering does not have i ts own
journal. Maybe that is something that they want to consider
as a way to celebrate engineering advances within t he
community. | think we are seeing more journals come up that
celebrate technology and engineering but it is a qu estion
of recognition in the field and that is given from others
in the community.

| think leadership within engineering communities
particularly biological engineering has to really w ork on
and figure out how engineering can be a celebrated
component of those departments in addition to the
scientific advances. | think as well the leadership across
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different nations needs to think about that as well

MR. STAEHLER: Maybe a brief comment also on the

publication piece. We see on the industry side it i s much
harder to get things published when | had a much ea sier
time when it was on the academic side. And as any s ystem it
is again about networks. As my prominent boss of wh at's —
easy to get good stuff and good papers as biotech c ompany
without that directly and not being academic, | wou Id say
double the content not even in half the paper. | wo uld say

is a reality of our system.

Coming for cost | think it is just underway to be

industrialized. | showed you the amount of what was the
market last year for -— biology and we are talking there
probably of a business of | don’t know a few 10 mil lion for
the really raw material. We can reproduce in a few days and
you are talking about I don’t know a maximum of a f ew
thousand dollars. This is disruptive. It will compl etely
change the price bases and the hindering piece will more be
how we can apply this amount of genetic information into
useful and controlled experiments. That is more com ing |
think to the software piece mentioned already how y ou will

engineer these things, how you let the cells grow, and how
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you have the whole thing under control and well und
and so you don’t end up with the wrong result. | th
ought to pace maker’s price. Sooner or later it is
guestion of how fast you can commercialize it but t

it is today implode. So reprogramming a genome woul
be extended in a few years | would guess you do in
computer.

Technically it is there. You can do that if we
want to. End of the week you have a synthetic genom
a reality. Making it commercially available and mak
a way available we all want it, taking all the cons
into account. If you give me the order in our lab w
dozens of these machines sitting. The work producti
genetic DNA or things like that this is just minute
average for us to reproduce that. | think what man
synthesize in DNA you can reproduce in hours to day
lab. Anything out there, any pathogenic sequence |
it into reality over night and | can give you milli
mutants. So anything you ever thought about that pi
reprogramming over viruses is there. It is nothing
it. Besides you have to take care how you handle th

how you allow that.
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A lab -— we have standards for where you allow to

work this biological material. There are a few labs
allowed for example to work with this type of virus
standard. You find a few of them, maybe a dozen in
world to where you break out. An S3 already is supe
standards where you have four levels of security un
get in there and you have this nice little d(?) and

that. The sequence information in these genes is on
Internet and it is everywhere. So every one of you
download the sequence of the worst stuff we know on
computer right now and it will take you seconds. We
it against these sequences. They are spread all ove
can't bring them back. Digital sequence information
zeroes and ones about all that we know about pathog
out there. It is already shared. Nobody is really a

that these technologies can turn that into a geneti

H, E, C, and T over night. Then we have to see what
if the biological self-copying system gets in conta
that. That is the piece we have to take care of. Th
technical piece is there. Is that understandable? T

where we need guidance on how to do that.

MS. AJO-FRANKLIN: We are going to have time for

y adopted or

joint Committee on
/Board on Science,
Engineering
Associates and is
of the Committee on
/Board on Science,
ments included in

165

only

, an S4
the

r high
til you
all

the
can

to your
blast
r. You
in

ens is
ware

C code,
happens
ct with
e

hat is



NOTE: This is an unedited verbatim transcript of a joint Committee on

Science, Technology, and Law/Board on Life Sciences /Board on Science,
Technology, and Economic Policy/National Academy of Engineering
symposium held on July 9-10, 2009 prepared by CASET Associates and is

not an official report of The National Academies or of the Committee on
Science, Technology, and Law/Board on Life Sciences /Board on Science,
Technology, and Economic Policy. Opinions and state ments included in

the transcript are solely those of the individual p ersons or

participants at the meeting, and are not necessaril y adopted or

endorsed or verified as accurate by The National Ac ademies. 166
one more question and then | think we have to move on.

MR. ENDY: Drew Endy from Stanford and BioBricks
Foundation cord for you. | want to unpack a little bit of
Pam’s question. In your talk you talked about the
exponential decrease and cost of sequencing going f roma
bacterial genome read out in 1995 to a human draft in 2001

to the 50,000-dollar street price of a human genome

sequence today. If we look last year in the world o f
synthesis we saw an assembly of a bacterial genome. Would
you expect then that six years in the future we wil | be
able to assemble a human set of chromosomes and if not why

not? | wonder what your perspective is in terms of

capitalization of some of the process engineering

requirements around construction of genetic materia | with
all respect to the sequence screening and other iss ues. If
| think about the collapse if you will of sequencin g
pricing, a lot of that was driven by the demand fro m the
human genome projects and from the economies that t ook

shape where there became known markets around next
generation sequencers. Do you see all of that happe ning
naturally for synthesis and assembly of genetic mat erial or

is it something completely different that is playin goutin
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your view?

MR. STAEHLER: | would comment on the commercial

piece. It could just work like that. If you would d irect
your efforts to that it was arranging the machine a sitis
it could probably capture a complete human genome i n a day

or two and reproduce it on a daily basis.
MR. ENDY: You have to do the assembly and
everything else.

MR. STAEHLER: That is the critical piece of it.

It is the amount of data you get and the problem of it that
you get pure quality. So the whole assembly piece o fitand
the process is the quality piece. You can see a lot of the
stuff works but what you get as | said is a dirty s ource
what you get with this new technology so you have t o clean
them. Then when you have elements you keep on build ing them
together and you get the same problem again. You ge t

mistakes. There are errors in there.

The troubling piece is that if you just go for

something that is destroying something negative tha tis
good enough. If you have many mutations if you buil d
yourself a huge library of viruses then the mutatio ns can

be in favor of you just if you are applying to a bi ological
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system. If you want to have one discreet function y

to make sure that you get a hundred percent pure se
of what you want and you want to make sure that you
understand that or if you don’t understand it that
apply to — system in a secure environment. | would
these relation standards it now for the tools. You
perfect parts to have a controlled process to make
something, which is really what you want that will
more years | would guess to work on. Does that answ

Maybe we could elaborate on it.

joint Committee on
/Board on Science,
Engineering
Associates and is

of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or

ademies. 168

ou want

quence

you
say in
get

it to

be a few

erit?

MS. AJO-FRANKLIN: | think we have time now just

to thank our two speakers.

Agenda Item: Eco-Innovation

MR. GREENWOOD: Good afternoon. My name is Jim

Greenwood and | am the president and CEO of BIO, th
Biotechnology Industry Organization. | just walked

the absence of somebody telling me to do | guess |
just take over. Let me ask our panelists to come fo
they haven't all. It appears that we have two of fo

the panelists would prefer to not have a stiff neck

may remain in the front row and observe the screens

e
in and
will
rward if
ur. If

they

Good afternoon. Let me thank the academy for
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putting on this conference especially thank Anne-Ma
Mazza for her role in organizing it. SynBio has bec
hot buzzword that has generated understandable atte
recently. Synthetic biology may seem radically new
but BIO and our members see this field as a natural
progression in what we have been doing all along. H
beings have always sought to select genes beneficia
survival and prosperity from our early history invo

the breeding of domestic livestocks and crops and u
yeast to make bread and beer. We seek to harness na
genetic diversity in ways that improve upon what na

provides.
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Today biotechnology gives us new tools to select

for genes that add beneficial traits and allow us t
engineer better medicines, more abundant food, rene

biofuels or other useful products.

Synthetic biology is yet another tool at our

disposable to accomplish these goals. | believe tha
synthetic biology is an evolution of this process n

revolution in our technology. We are now beginning
custom genes from the ground up. This is a logical

extension of gene shuffling, metabolic engineering,

wable

ota

to build

and
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other technologies already in use.
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As with all new technological developments there

are new questions raised for society. BIO and our m
are very much engaged in developing these technolog
also in making sure that we have proper ethical fra
for their utilization. BIO’s board of directors has
standing committee on bioethics and its charge is t
up to speed on technological developments and to di
ethical issues that may need to be addressed as we
forward. That is why we are proud to be a sponsor o
conference and | am pleased to be here today to mod
this panel on eco innovation.

We call industrial and environmental
biotechnology the third wave of biotech innovation
following the first two waves in healthcare and
agriculture. At BIO our industrial and environmenta
section has a very active synthetic biology working
Kinkead Reiling, one of our speakers today, is chai

that group.

| also want to mention that BIO is hosting two

upcoming conferences dedicated to industrial biotec

week after next we will convene the world congress
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industrial biotechnology in Montreal, Canada. | gue
not too late to register for that, right? It's comm

In November we will host the Pacific Rim Summit on
industrial biotechnology for those of you willing t

the weather in Honolulu.
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Some of the most daunting challenges we will face

this century relate to energy and our environment.

we reduce our reliance on petroleum? How will we re
greenhouse gas emissions? How can we improve our
manufacturing processes to make them generate less
hazardous waste? How can we do this so that people
developing world can do it as well? These are some
guestions | hope our panelists can help us address

afternoon.

How will

duce

in the

of the

this

Let me briefly introduce our panelists. The first

standing to my right is Dr. Sven Panke. Did | say t
right? He is an associate professor of Bioprocess
Engineering at ETH in Switzerland. Professor Panke’
researcher interests revolve around high throughput
screening, biocatalyst design, and separation integ

bioprocessing.

hat

rated

We will also hear from Dr. Victor De Lorenzo. He
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is the research professor with the Spanish National
Research Council. There he heads the laboratory of
environmental molecular microbiology at the Nationa | Center
for Biotechnology.

Dr. Kinkead Reiling is co-founder and senior vice
president of Corporate Development at Amyris. Dr. R eiling
brings his experience linking protein structures to
biocatalyst development to his work at Amyrus.

Dr. Vitor Martins Dos Santos and his degrees in
food and bioprocess engineering and environmental
bioprocess engineering. He heads the Synthetic and Systems
Biology Research Group at the Helmholtz Center for
Infection Research in Germany. There he runs severa I
systems in synthetic biology projects focused on th e
understanding and exploitation of microbial behavio r for
industrial and medical applications.

Each of our panelists will give a presentation of

about 10 to 15 minutes and | will bring down the ha mmer
when it gets beyond that. Following that we will ha ve a
panel discussion including questions from the audie nce and

we will begin with Dr. Panke.

MR. PANKE: Thank you very much for the kind
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introduction and thanks also for the invitation to

here and present some of the ideas we have on synth
biology in chemistry. So opposed to what Christina
earlier today taking one particular example of a to
that can be used broadly and elaborating on how it
used broadly. I will take a discipline and try to f

what synthetic biology can do in such a discipline.

Let me make a couple of statements at the

beginning kind of a disclaimer so that the points |
trying to raise get down the right way. | would arg

in my view synthetic biology is a set of technologi
biotechnology much more efficiently than before. |
argue that biotechnology is such as a broader term
crucial for future sustainable chemical industry an
would argue that synthetic biology is may be a litt
contrast to what my moderator just announced is the
advance to accelerate this transition.

My first point will be about biotechnology,
chemical industry, and sustainability. Just to give
the same picture those in particular those of you w
not necessarily familiar with the role of biotechno

the chemical industry. Let me briefly point out how
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usually works. We have a couple of complex renewabl
feedstocks, wood chips, whatever you can have — wet
biomarks. This is usually in one or the other way t

a chemical processing step reduced to the feedstock
we actually work with, glucose, glycerol, whatever
want. Then from these feedstocks we produced with b
with fungal strains to produce enzymes, to produce
strains, molecules. These molecules typically can b
classified in one of these four sectors below here
compounds with a relatively low annual volume in te
couple of tons or a couple of hundred tons per year
pharmaceuticals, -- to special chemicals of chemica
polymers, polymers themselves, materials and then y

application if you want biofuels.
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As | pointed out volume, annual volume goes in

this direction up. The current impact of biotechnol
goes a different way. | would argue that here in th
the impact at the moment is lowest and it increases
this direction and increases into this direction. |

the argument for this direction here is — given th
current political situation. The reasons why biotec

has a large impact here in this area is simply beca

ogy —
is area
into
guess
e
hnology

use here
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we have a couple of very complex molecules that hav

been really able to manufacture in a different way

biotechnology here has traditionally a very importa
The general outlook on biotechnology in a

chemical industry is pretty clear. Everybody predic

set to grow. People disagree on the rate of growth,

percent for fermentation products per year. It was

study by McKinsey that predicted that 10 percent of

chemicals would be made by biotechnology in 2010. T

received an update, of which I am not quite familia

still the rates are very impressive, but as | said

differ. The general tendencies are clear. It is goi

The reasons for this are also pretty clear. We have

at changing raw material base while oil declines. W

interested in novel products. We are interested in

environmentally sustainable production and we are

interested in attractive price and cost. All these

can be provided by biotechnology.
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You have seen this slide before. | just bring it

up again in order to convince you that this is basi
reasonably thought through strategy. It's not that

biotechnology just frozen in a product every once i

cally

na
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while. There are people who have thought very long
carefully about real and relatively complete produc
starting from biomass and then going into all of th
different types of chemicals that you need in order
our current chemical industry. It is a strategy tha
think is reasonably well developed to serve as a ba

future chemical industry.
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One important driver, this is the session of eco-

innovation, has to be the question for sustainabili
biotech and chemical industry is a sustainable opti
looked at a relatively old report from the OECD fro
on the application of biotechnology to industrial
sustainability and came up with a couple of points
they were mentioned there as hallmarks of their ide
sustainability, obviously energy use being one: ene
resources, energy amount, energy efficiency. That i
biotechnology make a big impact there. | would say
careful yes not all new products and all new proces
score very good on this level but some do.

Raw materials. | think this is no brainer
obviously being based on a renewables. This is a ve

yes. Waste production, amount of waste, type of was

ty. Is
on? |
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biodegradability, et cetera. Basically biotech prod uces
products, biomass and water or uses water. Again, a clear
yes for sustainability. Products and by-products ar e
recyclability, stability, biodegradability, et cete ra. It
is a yes but not as clear a yes as before simply fo r the
reasons that the products -— if we make the same pr oducts
as before the sustainability doesn’t change much, b ut on
the other hand people think about bioplastics for a long
time and so on. The point is that some of the produ cts will
be | guess much more sustainable than the ones we h ave
before, but others won't.

The number of process itself, the number of
processing steps, streamlining, time reduction, et cetera.
There are some very interesting examples of why
biotechnology is an excellent option. If you think about
for example Vitamin B2 production where | guess a 1 2-step
chemical process has been substituted by a 1-step
fermentation. This is a very prominent example.

In the end safety, again, in my view a big yes
because bioprocesses tend to run at room temperatur e, pH7
and under no particular pressure so inherently | gu ess |
would argue safer than much of what we have in the current
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chemical industry.
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People have very carefully looked at cases to

support these arguments here and | won't go through
details. People looked at 21 industrial cases where
compared chemical and biotechnological processing s
and just a couple of numbers, energy 70 percent dow
materials 65 percent down and chlorinated solvents
reagents, waste to air, waste to water, et cetera.
always the same story. The case is very convincing.
Here is one of the classics, production of
amoxicillin (?) antibiotic. Again, | am not going t
through all the details. Just look at this particul
number here. Kilograms waste per kilogram product g
from 50 in 1970s to something in the area of 2t0 5
Sustainability but it is not the only driver. If
you look at the case of propanediol again something
have heard before, a product commercialized by Dupo
part of a new polymer that they market Sorona. This
their chemical structure of this one. This is propa
This is the part that is made by biotechnology. If
here at the life cycle analysis for this particular

then it turns out that the energy that you have to
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in order to produce a kilogram of propanediol goes
35 percent but if you look at the overall energy ba
making this polymer, it turns out that the energy b
is pretty much the same as before. Here clearly it
novel product that was the driver to biotech and no
sustainability. Sustainability is an important poin

not the only point. There are also many other very

arguments to do biotech and chemistry. As a summary

part here | would say yes biotechnology would have
strong influence on the structure to products and t

environmental footprint of the chemical industry.
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| take this as a fact and then go on and try to

find out why synthetic biology could be important a

particular why we need something new if synthetic b

is that new because we have already something that

metabolic engineering. Much of the things that | ju

introduced are about making strains, making microbe

find those strains, performing certain functions be
than they used to do. People used to do this with m

engineering so what'’s all the fuss.

nd in
iology
is

st

sto
tter

etabolic

| would argue that metabolic engineering as it is

today reflects very much one central problem of dea

ling
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with biological systems and that is complexity. Let
briefly use these two cartoons to introduce this. T
metabolic map of the basic metabolism in basically
living cell and to all the dots you see here are ch

and all the lines in between are reactions that are

catalyzed by enzymes. What you see is you don'’t see

one strain root going through the system here but y
all sorts of connections that are highly interconne

metabolic network.

joint Committee on
/Board on Science,
Engineering
Associates and is

of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or

ademies. 180

me
hisis a
every

emicals

only
ou see

cted

If you now switch to perspective and look at the

all the enzymes and all the lines here and in this
what we call a protein interaction map. You see bet
the dots, which are the proteins now. You see all t
lines, which represent presumed interactions. | gue
easily perceivable that once you throw in another d
somewhere here in the center of this interaction ma
very difficult to predict what type of effect this
particular new dot in the entire system will have j

it might not be quite easy to predict if you just p
another intermediate here the dot into this system
kind of effect it will have on rerouting the variou

chemicals, the various intermediates here in the sy

here
ween all
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Let me try to make this point once more. Let's

assume we want to make something like this here. It

pharmaceutical. It is market by Sanofi-aventis call

Let's assume we want to make these five monomers of

particular pentamer. What you could easily imagine
start from glucose. It's very cheap. You put togeth
couple of enzymes of which you know that you can fr
glucose to this particular monomer and this couple
steps. You assemble all the relevant enzymes and th
end up with this particular molecule. That is obvio
you would like to have, straightforward and simple,
what you actually find is that you do not have five
independent roads to these particular monomers, but
have all sorts of interconnections between the mole

that can deviate your intermediates into other path

is a

ed (?).
this

is you
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om
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en you
us what

but

you
cules

ways.

In addition to that you have traffic lights along

the streets that simply tell you not today because
red. For some reason that this is not quite obvious
beginning. The accumulation of this particular inte
here slows down this direction and accelerates this
direction and creates all sorts of imbalances but i

end make the pathway collapse. Collapse in a sense

this is

at the

rmediate

n the

that one
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intermediate accumulates to an extent that it toxic
cell or collapses in a sense that one intermediate
important for the cell to function is drained away
your artificial pathway and the cell again can no |

function.

As a result | would argue that the traditional

metabolic engineering experiences a set of problems
particular in dealing with complexity in the availa
of system wide tools for cells and pathway engineer
tools to address or to give the right dimension of
complexity to your answer to this problem, and in t
availability of pathways and enzymes for quick path
assembly in your favorite host because as we heard
if you a chance to assemble a hundred thousand base
of DNA, you need to have a hundred thousand base pa
worth of information and that's not exactly easy to
by. It is out there in the literature. You can look
It takes a better part of a year but it is not avai
the system that is available to rapid engineering a
engineering.

In other words | would argue metabolic

engineering is at the heart still more a discovery
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than a true engineering discipline. | guess we migh
disagree about the various degrees of trueness of t
particular statement but | would argue that in esse

goes in the right direction.

The problem here is that this leads to a
disproportionally large number of failed projects,
reinforcement of the chemical mindset. Chemistry is
more reliable, quicker, cheaper, and so on. | worke
chemical company. | experienced this mindset myself
in chemical talent suitably trained in biochemical
opportunities and a severe delay in delivering of t
biotechnology promise.

How can synthetic biology interfere? | would
argue that the problem with complexity is addressed
synthetic biology in the concept of chassis strains
say chassis strains | mean strains that we provide
basic material to the metabolic engineering world,
example, ideas such as minimal strains, chassis str
that can provide parallel metabolism, alternative
chemistries and so on. So all techniques that allow
evade the problem of interconnectivity of complexit

biological systems. | would argue that DNA synthesi
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foundries, large scale synthetic labs, and computer
design will help us in the large scale engineering

and pathways and gene registries, gene circuits, an
computer added design will help us in the assembly

pathways for novel products.
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Just to give you one idea of how | mean this |

talked about reduced genomes. The argument would be

you reduce this huge network for such a small netwo
also the chance for interference and unexpected
implications is hopefully a lot smaller. | would ar

the future metabolic engineering or the assembly of
pathways with a synthetic biology approach looks li
At some point we are interested in a particular pro

or Y. We know that we can start from glucose or the
metabolites you like. In between you need a couple
enzymes to select your pathway. It will be computat
pathway design. Making use of available databases,
use of directed evolution, rational design, screeni

all possibilities. It will be DNA synthesis to asse
genes for the pathways. There will be DNA synthesis
circuits to provide the proper stoichiometry of the

pathway. This pathway will then be plucked into a c
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not your standard E. coli cell as we do today but a
strain that will be able to run this particular pat

an orthogonal fashion without any extensive interac
with the remaining metabolism and the stools here a

minimal strains or alternative metabolisms.
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| would argue as summary that the successful

implementation of synthetic biology for the chemica
industry would make the development much more predi
and faster. So robustness of development would be t
word here that we would be allowed to do much more
production pathways that would disallow us to do no
products. The example here is artemisinin, which we
about already. | would say it is a true option for
convert metabolic engineering in a true engineering
and | would argue that in order to have biotechnolo
its role in chemistry we need synthetic biology in
make this paradigm shift.

The current bottlenecks | would argue are
research in chassis strains. These ideas are resear
ideas. They are not really fully developed. The oth
bottleneck is high quality registries, access to th

material, and the currently compartmentalized IP st

I

ctable
he key
complex
vel
heard
to
science

gy play

order to

ch
er
e

ructures



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

if we want to put together a system and has to get
part from somebody else. This is going to be very d

exercise. Thank you for much and questions will be

joint Committee on
/Board on Science,
Engineering
Associates and is
of the Committee on
/Board on Science,
ments included in

ersons or

y adopted or

ademies. 186
every
ifficult
later.

MR. DE LORENZO: My name is Victor De Lorenzo our

chairman mentioned before. | have been for a long t
the business of designing bacteria for environment
irradiation. That means going to laboratory, tried
combine these of different origins and put them bac
environment with expectation that these new bacteri
be able to exert some degree of environmental catal

therefore get rid of some pollution out there.

| am going to discuss with you some of our

experiences and | hope that some of them will be us
taking in the new stage of synthetic batch or synth

microbes for environment determination as well.

ime in
cell by
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etic

Let me give you some historical perspective. The

gentleman that you see there is called Ajoy Chakrab
as you see as early in his year '72 he came up with
idea of using genetics in one way or the other to p
bacteria with superior catalytic activities for get

of toxic compounds. He is very happy because after

year fight he was able to get a patent out of the S

arty and
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upreme



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

Court of the United States in which he could patent
living organism. As you see in the flask in front o
this bacteria were able to the great petroleum or s
petroleum components. | would qualify this time in
70s or late “70s or early ‘80s of the big moment an
expectation for the use of genetic engineering in

environmental obligations.

So what can genetic engineering do for the

environment? Well, many things can be entertained.

just mention four of them. The easiest of all is

mobilization. So many bacteria, many microbes have

engineered in different ways to have them an increa
ability to absorb metal, for instance. Detection -

are many biosensors out there that have use for dif
application that have been very successful also in

engineering.
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They have transformations as Sven just mentioned

some of them. In other cases the transformations ca

applied to get rid of toxic chemicals in origin, so

means that when one industry has a waste that indus

doesn’'t know what to do with it, it is possible to
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it either in a (?) or in CO2 water. And here comes the big
problem. In situ by degradation or bioremediation(? ). The
popular idea is that you go to a field, you take ba cteria,
its spread there and then magically the contaminati on goes.
While this could eb the most ideal scenario, but we know
now that for the time being that doesn’t work at al l. That
has been a complete failure of the whole early idea s that
were around in the mid-80s on the possibility of us ing
genetic engineering for these purposes.

What went wrong? There are many reasons why it
went wrong but this slide summarizes most of them. This
slide was made by someone in Oklahoma called Joseph
Freda(?) and by the time that people started to rea lize
that perhaps genetic engineering for bacteria to pu tin the
environment was not as easy as one would have liked to
have. Basically what happens and this has an air of truth
behind it is that bacteria that you do in the labor atory
that you construct in a laboratory are not doing ro bust
enough to work in the very harsh conditions that yo u have
in the environment. It is paradoxical that many peo ple are
concerned about having bacteria spreading and eatin g

everything. Well, it is just the contract, that the

y are so
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weak that you are unable to deliver them having the

working properly.
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What can be done? From the very beginning

obviously engineering, first as a metaphor and in t
few years as a real technology, has been brought in
metabolic engineering including the part of the met
engineering that has to do with bio-remediatiion. A
from an engineer point of view you have a repositor
parts, promoters, regulators, genes, and all the re

or you have to just go there and perhaps will help
computational simulation platform you can just make
choice of these and do something like that. You put
together the genes, the connectors, the promoters,
maybe you try to engineer some regulation. In that
transformation regulation is not a big deal but sti

can put some feedback loop or whatever and in princ

should work fine.
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We have all these tools. We may think that we are

doing very well but in fact we are not doing very w
all. Why are you not doing very well? Here come som
topics that have been brought out before in some of

previous presentations.
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Number one is that like it or not biological

companies, biological elements, biological parts as
are in nature are systematically context dependent.
nothing that is not very good for engineering. The
thing that was mentioned by you before is that like
biological objects are always subject to Darwinian
evolution, again, something not very nice for engin
The other thing is that proteins, promoters, and th
of it are not just floating in there. They are subm

a soup of thousands of metabolites that may interac
the proteins or other components in many different
The other thing and this is something that engineer
is that their combinations create emergent properti
will just quote one of your syntheses, Drew, from |
Engineers hate complexity. | hate emergent properti
like simplicity. | don’t want the plane | take tomo
have some emergent properties while it is flying or

in something that you don't like.
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The situation you find out you have is something

like this. It's not something who have reaction A a
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into zed for whatever reason, for transformation, f
remediation, all types of things can go wrong. You
a problem of bioavailability, toxicity, misrouting,
diffusion, you name it. This is the type of scenari

| think we really want to have an impact to have to

that this is the real problem that will have to fac
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On the basis of these experiences that I just

summarized, | want to spend the rest of my talk lik
declaring seven propositions. | may not get to the

the seven and the chairman will cut me off but | co

argue that there are some relations to come from th

previous experience that we and others had on the h

of the construction of the environment that | am su

can capitalize for the upcoming production of synth

microbes for environmental obligations as well. Tha

we should capitalize on some of the failures. You c

many things from the failures as well.

Proposition number one. | will get up to seven if

possible. | would argue and | would state and reall
discuss that. Standards are feasible for a limited
of simple biological objects and functions but not

those for which we still ignore fundamental facts.
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something that is one of the accomplishments of the
previous story of recommending DNA for environmenta
obligations. The consequence of that is that perhap
should start by standardizing the very tools that w

for putting together different functions and this i
something that | have seen that other speakers agre

me.

One of the first things that you can perhaps

standardize is plasmids. Believe it or not the plas
formatting nomenclature and a cloning procedures is
completely chaotic. Every laboratory uses a differe
of plasmids, different sites, different antibiotics
complete chaos. We and others are engaged the last
years in trying to put some order and propose to th
community what we call Standard European Vector
Architecture, in which we take care of really assem
collection of replications(?) and cargos that can v
different extents and made that compatible also wit
transposon vectors. Let me make a little comment on
transposons and use that for environmental obligati
where you want to put things into environment. You

never use plasmids because plasmids create all type
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problems in bacteria you put in the scenarios witho
selective pressure. This is one of the ways to go.

transcription | will return later.
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Proposition number two is that you really cannot

escape Darwinian evolution. Instead of trying to av
and trying to combat it, my proposition is that we
make an alliance with evolution, with Darwinian evo
| want to be always subject to evolution. Why shoul
make an alliance with it rather than trying to supp

or to ignore it?

oid it

should

lution.

d we

ress it

I will give you another example. If you want to

implant a new activity in a pre-existing network, a
transcription network, or whatever then the new imp
to find its way in the pre-existing niche of protei
protein direction for instance. There are only two
possibilities. One of them is to make the system or
and this out of interesting ideas in that respect.
heard some of them. And the other, why not, is to t
evolve that part or that new implant in the new bio
systems to just to evolve spontaneously the right
connectivity to make the system stable and (?).

I will tell you one example of how forward

lant has

n-

thogonal
You have
ry to

logical
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engineering hasn’t worked very well whereas evoluti
worked very well in this context. For a long time d
people have been trying to look for transcription
regulators responsive to 2,4-dinitrotoluene and th
because the descriptor of explosives and the compon
(?) regulator able to respond to this compound you
the basis to develop by a sensor for a wide area of
ecplosives, for instance. Numerous attempts to this
fashion have failed. However, if you start with a p

a transcription regulator, that natural response to
toluene, and you set up a genetic system and let th
evolve and give some advantage to those protein var
that little by little develop the ability to respon
2,4-dinitrotoluene then you are able to isolate mut
this protein that indeed and are able to respond to
dinitrotoluene. We have recently elected this new p
that we develop in the laboratory for making a bios
strain that when you are spreading soil indeed is a
detect 2,4-dinitrotoluene in soil. If you want the

you can get the reference there.
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point of view may not be so much at hand.

Proposition number three. Functions that we still

miss in our engineered systems are to be found in
environmental DNA. | would like to propose a connec
between synthetic biology and metagenomics. Obvious
not the first to make this connection, but in this
I think it is important that sometimes some of the
that we have in biologic engineering of misrouting
toxicity and strength may have a solution. If we ar
to retrieve from the environment that very activity
will solve our problem even if up front we are not
what activity that is going to be.

Again, | show you an example. In any microbial
community you have a bunch of different bacteria. Y
start the DNA. You have a controlled fraction, an
uncontrolled fraction, and then there you have pool
genes, such a pool of functions. Many of them are k
Many of them are unknown. But in principle you have
wealth of biological activities that in my opinion
will be the big fishpond where one has to go to fis
activities that will solve our problems.

Again, | will give you an example. One way to
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retrieve activities from the environment is to set
genetic trap that you can do with tools or the con
synthetic biology to make sure that when the activi
manifests itself then you can select the strains th
grow in a selective medium. This is one of the trap
have developed, others have developed traps, but ba
set a trasncription regulator that will detect the
production of a compound that will appear only in t
activity has been captured in (?) laboratory. For i

in this process we have been able to capture a new
for biodesulphurization of the dibenzothiophene --
one of the golden areas of a (?) biotechnology. So
that and setting that trap in which the capturing o
(?) activity was able to tell us exactly the activi

we were after.

Proposition number four. | think it is very
important that taking for granted that this is a ne
collected to students and to enthusiasm and to Inte
all these graphic interfaces and everything. Let’s
forget that there is a history behind and that we ¢
capitalize tremendously from what you may call a

transgenerational cooperation or intergenerational
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cooperation. That means we think on engineered syst
new systems let's make sure that we can still use t
information that has been produced by our other fri
why not. | will give you again one example.

Transcription. | am very concerned with
transcription. With transcriptional you need some w
transcriptional standards because | am convinced an
everyone knows that that you want to make a serious
engineering of genetic circuits you have to take in
account what this promoter strength, how much is
transcription, in terms of real units and all the r
it.

There is this thing that we still don’t know
enough about transcription to really set up very st
standards on that. There is this issue of metabolic
coupling of transcription activity that is still ve
complicated to tackle, but it is still the same way
circuits you have current and you have (?) waiver i
genetic circuits. There is a big need to have a rea
description of transcription units and (?) standard
instance you go to literature and then you find dif

reporters and you discover that there are many 5,00
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in which different people throughout the years have
(?) reporter of promoter activity. Why should we ig
that there is this work there and why should not ca
on the work that has been made by other people?

In connection to that again essentially the)
finding (?) commission and other agencies we are or
a meeting in Mallorca in October where we are tryin
convince some of you to join us where we will discu
alia, this precise problem on how to set up transcr
standards. We will bring people from all generation
transcriptional experts together with people coming

the synthetic biology field.

Let me just rush the last two thesis. We can now

think big because for the first time we can enterta
scenarios for engineering global biocatalysis
interventions. Why not? So if you look at the histo
environmental biocatalysis you are starting with (?
expanding and then we can really think on terms of
producing in the future artificial cells with the i
executing some type of artificial and global cataly
have to rush through this. I'm sure you can go into

details. We can really think on expanding tremendou

y adopted or
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area of fabrication of bacteria or microbes for

environmental obligations.

joint Committee on
/Board on Science,
Engineering
Associates and is

of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or

ademies. 199

Finally and let me tell you this is the corollary

of thesis or propositions one to five. | leave you
intrigue of what will be the other two. | would arg
we have to bring engineering into biology and this
system biology is about but also please let’s bring
into engineering and do not ignore biology if we ar
to be successful in the universe of this wonderful

application. Thank you.

MR. REILING: Hello and thank you for the

invitation. | also have to say | am humbled and exc
be speaking at the National Academies. This is are
treat. When | received the invitation | also receiv
daunting list of questions in a 15-minute time limi
decided to try and maybe just look at one or two an
synthetic biology means to Amyris. | was also remin
Drew asked me earlier were we a synthetic biology ¢
and | thought about that a little bit and said we a
company that wants to be profitable whose one of it
favorite children is synthetic biology. | will talk

little bit about how we are trying kind of integrat
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synthetic biology in to make our processes better,

and faster.
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cheaper,

I had to especially based on earlier talk a bit

about the Artemisinin Project, which was the first
that Amyris worked on and has talked quite a bit ab
an example of synthetic biology. While | would defi
not disagree with that statement | would also say i
great example of integrating synthetic biology in w
chemistry to be better, cheaper, and faster. What |
that is that what was actually done with synthetic
was to get from glucose to artemisinin acid which i
intermediate found in the plant and has actually th
interior to the plant with the photo reaction to be
through chemistry but in a biological system and in
product. We actually combined the synthetic biology
traditional chemistry and there are quite a few har
working chemists who at times feel left out when th
about the Artemisinin Project being just synthetic

It is very important to integrate the new microbe w
traditional chemistry, low-cost chemistry and also

lot of good just basic fermentation knowledge.
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The project was a five-year project which we
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finished our part back in December and the goal of
is to save a lot of lives through a more stable and
supply and the project has been partnered off along
the title on the slide partnered off to Sanofi-aven
they will be doing the final scale-up. So at the en
reminds it we’re not actually trying to sell synthe
biology. We are trying to sell as a cheap product t

synthetic biology can contribute.
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The next area that Amyris has moved into is in

biofuels, which is CleanTech but biofuels specifica

which is kind of an interesting mash up of high-tec

biotech R&D and the constraints of the energy marke

will comment a little bit on how we think synthetic
is allowing us to deal with the challenges, which a
you are trying to enter into a novel business eco s

and again trying to be better, faster, and cheaper.

lly,

h money,
ts. |
biology
re that

ystem

What Amyris is a company based around this

better, cheaper, and faster into fuels industry. We

part of the company that actually takes themselves

and a part of the company that develops new process

of those benefit from what we can do with synthetic

biology. From the marketing side actually some of t

have

fuels

es. Both
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synthetic biology allows us to identify something t
found in an apple peel, bring it into a lab, and th
eventually sell it as diesel. It is important to sa

at the end of the day a switch is useful tool, but
actually what it allows you to do with that. So it
idea to pull a molecule from nature and take it to
environment and make it. That is how it affects our
marketing and sales group which is selling ethanol
but hopefully will sell renewable diesel in the nex

years.
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Then we have about 150 employees that are working

on development of that diesel. That is again an int

approach of what can biology with synthetic biology
cheaply and then how do you follow that with chemis

How do you coax a sale into making something very c

that can be then transferred on?

I have this slide just to kind of talk a bit

about where we fit in that chain and making biofuel
are a lot of synthetic biology approaches that fall
of the box that Jen and Brett can speak quite a bit
in terms of synthetic biology. There is work that i

done on the front end with the crops. We don’t focu

egrated
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that area but a lot of great work for synthetic bio
Cellulosic deconstruction with enzymes. This is ano
area where the better, cheaper, faster synthetic bi
comes in. There we focused on is how you convert a
that you have today. We have actually looked at can
sweet sorghum cheaply into a fuel. That has really
focus. This fuel again is molecule you find in an a
peel that you can now make in fermenter at very lar

scale.
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Actually the part of just putting the genes in |

don’t think is what synthetic biology is really exc

at because for many years one could put the gene in
make a little bit of a product. What has really bee
revolution and for us and what we focused on is the
go from gene end in many years to fitting in with t
development timeline you actually need to get the m
for something like biofuels. So taking something th
have been a 15-year project and turning it into a 2

year project.

elling
and

n the
need to
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to 3-

This is what in terms of our development site

what we have really focused on for synthetic biolog

couple parts. One taking kind of the initial simple

y. A
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prospect of putting in a set of genes, optimizing
production, and turning that into a very fast cycle
process with high fidelity. First thing that we hav
developed is computer-aided design systems. This is
system called thumper for a variety of odds reasons
use for design. This allows scientists in a web-bas
fashion to pick out the genes they want, assemble t
through standard interconnections, and put them int

microbe.
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Hands-free fabrication. When bringing together

engineers and biologists, biologists are very good
understanding the kind of feel of a biological syst
making predictions on how to work. Unfortunately th
not really good with high fidelity putting that sys
together. We have an engineering group that will ac
with very high fidelity and thus a low failure rate
lower cost assembles that together. We call it kind

hands-free assembly.
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Then a high throughput screening and metabolic-

profiling test. This has been a challenge that we h
looked at and a lot of other companies have. An imp

thing is that synthetic biology deals with somethin
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very small scale, but we are going to buy biofuels
produced at the 200,000-liter scale. You have to ha
something that allows a genetic network to somehow
translated to a lower cost for gasoline or diesel.

time has been spent in taking a predictive sense fr

is if we change this in a gene network. How does th
affect the price and that goes through standardized
screening and testing in both fermentation and kind
microscreening tests. At the end of the day the goa
build and test and learn and build again much more
with simple synthetic biology systems. Then as the
coming out of what | call the bleeding edge of deve
being switches and others come along we can actuall
those new tricks and systems to a set up that allow
out that you know means to a lower cost product at

of the day.
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At the end of the day what we started off doing

primarily looking at the tools of synthetic biology
focusing on how we integrate that into a scale-up s
and how do we get the low-cost end product from a
innovative front-end microbe that is really allowed

need to look at when we transition from fun to hope

, it was
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that we

fully
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profitable at some point in the future.

| tried to keep my comments brief. It looks like
| succeeded. This is a picture of where we are in
Emeryville. Please come out and visit.

MR. DOS SANTOS: In the next 15 minutes | will
focus essentially on the description of application
food field. I will not go so much into the detail o
are the specific technicalities behind these exampl
want to give a little bit of an overview. Synthetic
is less known. | would like to give an outline of s
the possibilities in this field.

First of all I would like to have a disclaimer.
Food in synthetic biology is not about square tomat
many other crazy things that you can imagine. It is
not about magic food or ingredients are disclaimer.
perhaps one of the things that have been terrorizin
people for the last 20 years when you think about G
genetic modified plants and all the rest of it. Syn
biology in food is not about all this.

In reality | would agree with the statements made
early today that synthetic biology is more about to

incremental or perhaps quantum increases in process
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idea of concepts that they have long ago. Genetic
engineering as such reality. There is no engineerin
the so-called genetic engineering some 30 years ago
wasn’t an analogy. It is like calling fashion calli
fashion engineering because you cut and paste. Just
of the fancy name. In reality synthetic biology now
bringing the engineering paradigm to biology help u
realize the potential that was not possible to achi
before not that we are really that far yet but the
perspectives and the basis are there. We have seen
number of descriptions and pinpointing the various
where are the technical challenges, what are perspe

and potentials?

| would like to now rush a little bit through a

number of obligations within the fields where synth
biology could bring benefits. While indeed it is no
magic, it is not about square tomatoes, it is about
to help us and promote health and nutrition. That i
reason you play around with — you have synthetic bi
engineering of food products or food-related produc

related to health.
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How will we do this? As | was saying up to a
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large extent just by bringing the ethos, methodolog
expertise within the various areas related to synth
biology as today several speakers have presented al
Essentially you follow the same kind of ethos as in
biotechnology just as Sven Panke presented and envi
that Victor De Lorenzo just said. Energy, health th

be coming tomorrow. Essentially the ethos and the
conceptual methods are essentially the sign. You lo
particular products. You try to have rational frame
forward engineering, specific problems in the food

industries.

Now some of the applications in the food so

essentially | will divide them into four broad cate
You can think of more but just for the sake of the
today. You could think more of the general field of
metabolites, health products, and processing aids t
helping on the manufacturing process of foods and f

derivatives.
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You have the broad field of probiotics, microbial

communities in probiotics or say yogurts for exampl
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downstream processing of food waste.

If you look at the first class you look
metabolites, health compounds, and processing aids.
already a rather diverse array of possible compound
have the so-called nutraceuticals. Glyco nutrients,
kinds of different nutrients that people use to enh
foods to raise the value of particular foods. You h

metabolites and enzymes. These are all kinds of com

that become more and more important as societies ag

become wealthier, become perhaps fatter, so people
take more attention to food ingredients and nutrien

is clearly an emerging market.
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| have food preservatives. We probably if you are

not familiar with the food industries but there is
technology behind it. There is a lot of protection.

is a lot of metabolic engineering so to speak as Sv
was mentioning before. Food preservatives, for exam

of the things that people consider important as wel

a lot of
There

en Panke
ple, one

We have obligations in the fields of flavors and

fragrances. If you drink these sweet drinks and
refreshments and all the rest of it, there are alwa

flavors. There are always fragrances into it and th
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ereis a
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lot of research behind it, very large research behi
This is essentially related to production of metabo
and chemicals, very much in the way that Sven Panke
mentioning before for find chemicals in the pharmac
industries.

You can think of biosensors like Victor De
Lorenzo mentioned for environmental complications t
could imagine. Biosensors as well for the flavor in
where as instead of having people with very good no
going in an smelling the different types of wines o
different types of products. You would have very go
systems where you could have many compounds being
automatically detected, for example, by an artifici
These are technological improvements that you may n
realize. In fact most of the foods related industry
research you don't really realize that is out there
just see the final products. There is a lot more ha
between it. This is where so to speak the advanceme
where. This is also where the money is.

If you look at the nutraceuticals and again |
break down some of these topics so that you can see

this is a very broad area. You have the vitamins an

y adopted or
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supplements who are technically enough for nutraceu
but unless they put them in these terms of fortific

ingredients and nutrients.
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ticals

ation of

You have all kinds of compounds claim to have

beneficial effects to health say resveratrol or
antioxidants. You would have soluble dietary fiber
like nutrients. You have sulforaphane. You have fla
isoflavonoids, and all these kinds of compounds tha

claimed to have a particular effect.

products
vonoids,

t have

Here | do not claim that all those compounds do

have a positive effect. This is a different researc
here from the technological point of view. If there
certain kind of class of compound that is beneficia
important to produce for particular purpose and the

industries that is where synthetic biology could he

h.1go
isa
| and is

food

Ip.

One small example you have the food preservative,

Nisin, that people use for example in cheese indust
the many other compounds to make sure the food item
you produce they reach you at a good shape and they
degraded beforehand and this is one of such compoun
produced by a natural fermentation by Lactobacillus

plantarum and this is a picture of Lactobacillus pl

ries and

s that

are not

dsis
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that you have seen in yogurt essentially and they p
these particular molecule. This is a peptide that h
activity against a wide variety of undesirable food

pathogens and uses salts commercially.
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Now this is done usually this is a structure of

the molecule. The reason | showed a structure is no
you to all decorate how we look like but essentiall
show that there is a certain pattern as a complex m

as most chemical molecules are and there are module
In this kind of compounds there are many such compo
synthetic biology provides an opportunity looking a
modularity of designing these compounds and produci
compounds in much more efficient way instead of jus
fermenting these compounds then extracting as you d
dartemisin(?). That is how this progression used to
done. They would be extracted from plants. People w
accumulate them and it was a very expensive procedu
is what you can do and what you try to do in many o
food components is that instead of just having rela
low efficiency fermentations you try to design them
scratch. You try to design them from a forward engi

perspective and try to have it much more efficientl
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can increase this for orders of magnitude. This is
for these particular compound but it is for the who
family of lantibiotics, so-called lantibiotics, whi
have the problem of low productivities in natural
fermentations. This often is one of the critical co

factors in production of certain compounds.
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This is the kind of other compounds. This is not

exactly on the food side but what you see here the
different colors represent different modules so to

and the beauty of synthetic biology one of the aims
indeed to use this modularity that you have natural
modularity so that you can assemble and producing m
different combinations of novel products. If you ex
the product that exists you are stuck with it. It i

you did a lot of research perhaps. You found out a
particular product that is good such as Nisin and t
are stuck with it. If you look at to enlarge your r
products you need to have ways of generating divers
That is what people do in pharmaceutical industry.
what we try to do in food industries as well by rel
these tools and methods of synthetic biology and lo

modularity, singularization(?) and so forth.
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This is the only sort to speak technical slide |

will show here. In fact where you have your molecul
you want to scale up, you want to stitch together a
were so to speak (?) with them. Then you would tran
this biochemical molecule and the genetic make up i
kind of softer design program, then you test in a v
specific way, for example, using microflow(?) than
bacterial chassis that Sven Panke has mentioned bef
where you have a very good theoretical and mathemat
experimental framework studying how these interacti
among the various components in the complex network
have to look at interplay between the circuits that

plug in and the chassis as Sven has mentioned for t
pharmaceutical products.

As | mentioned the other example is on the
biosensors as | was mentioning. That is one of the
People are expensive and of course you would still
people to have very good noses but still there is a
deal of research that you would like to have done |
semi-automatically and ideally you would have an ar
nose with thousands of different microsensors. Each

microsensor would be based on particular bacteria o
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systems that would detect one specific compound tha
allow concentrations. You can imagine this is a Hol

in some industries and it is something that synthet
biology could contribute strongly towards to and ev
you would design this kind of systems exactly how i

design for the sensors that Victor described before
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Going on to probiotics and nutrigenomics. People

have seen that a growing number of health problems,
from inflammatory bowel diseases to obesity or even
have been linked to disruptions of human-associated
microflora and a host. This has been getting increa
importance. People have been realizing this. That i
people are let’s say increasing their attention on

of probiotics and then there are ways of interferin
influencing the microflora in yogurt so that you wi
able to balance. Some of the balances for example a
related to obesity or some of these inflammatory bo
diseases. Essentially probiotics as | said are just
supplements. Often of life organisms that most know
are perhaps yogurts and yakut(?) for example. It is

them. Atleast it is popular in Europe.

This is how it works. This is not for you to know
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all these but it represents the epithelial cells. Y

in here you have your natural bacteria that you hav
yogurt see and how they interfere and how they inte
the immune system. They will essentially go through
number of signaling pathways. They are important in
of human response. It creates tolerance to particul
compounds. This is let’s say a relatively complex p
but it is how it exemplifies how these interactions
between organisms in the probiotic compositions and

so the idea is that you start to understand these

components and you try to engineer these components

communities, for instance, so that you are able to
influence your communities that will have a positiv

influence in your gut.
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Some of the further claims are what to exemplify

to relationship between microbiotics and the guts a
of the other claims all of them have references. |
say if they are true or not but these are the claim
are probiotics or interventions that may lead to ma
lactose intolerance, prevention of colon cancer or
contribution towards it and a whole list of differe

possibilities.
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Providing that these claims are true for other
compounds that’s the idea of course that you have t
ways of influencing your gut and your microflora to
these desired effects. The idea is in fact is to ha
forward engineering approach that combines systems
synthetic biology systems in terms of understanding
system. You need to understand what is going in the
here and then you do all kinds of analysis as today
speakers today in the morning. All the sequencing a
analysis of all the microflora as one of the speake
90 percent of the cells in our body are actually no
They are from these other organisms there and you t
engineer these both from the computational point of
and excremental to achieve right compositions.

An example out there in literature where people,
for example, design artificial components by having
different strains being dependent on each other by
these particular amino acids and one needing these
acids so they need to work together. By working tog
and carrying out complimentary functions they are m
robust to our expectations and they are able to inf

more effectively your system.
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I won't go through this but okay | had only

touched upon two of the major classes. Then you hav
course the plant arriving to your foods and feedsto
have the nutrient-enriched plants, plant cellular
reprogramming, and production of microbial from sta
waste materials. There is a whole field of it. | ju
wanted to list them here. There are of course the o
possibility of not just using plants but in fact lo

food waste materials to produce compounds that are
interest, for example, as carbon sources for say th
biodiesel or biogasoline production. You still need
source. You can use food waste processing which is
large. You can use this more efficiently. Synthetic
can help us on that as well. You close your cycle w

wasting.

To sum up | didn’t hear approach, the technical

challenges. | mostly gave the potential or the erro
applications in foods, synthetic biology in foods.
technical challenges are pretty much the same techn
challenges by specifics the technical challenge in
pharmaceutical industries that the various speakers

spoke about, standardization, having proper methods

y adopted or
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being able to construct circuits(?), for being able to
intervene and being able to have proper computation al
techniques.

The aging population and increasing life

expectancy fuels the growing the demand for this ki nd of
products for health related products and interventi ons.
This is clearly offers a clear market possibility a s well.
We do believe synthetic biology will play a pivotal role in
here. And again as with any other technological act ivity
synthetic biology applied to the food field or any of the
fuel discussed to you today has to be of course emb edded in
a societal context in terms of all the implications and IP
ethical aspects and security, biosecurity, biosafet y, and

so forth. These are aspects that will be discussed I
believe tomorrow and today. Thank you.
Agenda Item: Questions and Answers

MR. GREENWOOD: Thank you our presenters. We

really did pretty well on time. We are only about 5 minutes
early. That will give us 30 minutes for Q&A. | am g oing to
start off with a question just to get things going. If you
have a question please go to the mike and | will re cognize

you soon thereafter.
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The first question | would like to pose and |
would like one answer from each of the panelists ma
starting from my left and working down and that is
years from now what is the application of synthetic
that will have the most profound impact on society
public? What is the practical application that will
the most effect on the quality of life for people f

humans on the planet?
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MR. PANKE: | would say some relatively low

volume biofuel or biofuel additive.

MR. DE LORENZO: In terms of environmental

bioremediation | think we will be able to construct
bacteria to get rid of pollutants that have never b

to tackle success -- dioxin another very bad pollut

een able

ant.

MR. REILING: | would modify the first answer,

which is biofuels but to say that we can make a lot
biofuels today. There are just certain challenges w
existing ones so it would be biofuels that work wit

existing cars and infrastructure. You won’t even no

difference.

more

ith
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MR. DOS SANTOS: | actually don’t think that in

five years we will have any clearer applications to

be
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honest but | do think we will have good application
making invisible compounds such as the compounds —
industry that are important that reduce costs and
complexity very much, but | am not sure we will hav
clear application that you can say well this synthe
biology will save the world. | would like to be a b

careful on that.
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MR.GREENWOOD: We will return here five years

from now and see who is smart.

MS. MADILL: | have a couple of questions that

are directed to all the panelists. | am Gilian Madi
Friends of the Earth, one of the genetic technology
campaign for Friends of the Earth US. A couple of
guestions. First | know that in all your presentati
mentioned that a lot of the inputs that you need to
synthetic biology ventures that also are absolutely
fascinating and exciting are required feedstocks an
of the feedstocks that you are focusing on were cor
sugar cane. | know that existing production methods
corn and sugar cane are pretty unsustainable. Viewi
as a green technology an alternative doesn’t make s

me because the amount of feedstocks you are going t
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to make such a large scale of that biofuel. | mean the
existing large scale mono cultures don’t work. As a n aside
from that question if we are going to try and do a green
venture why are we making another form of fossil fu el?
Isn’t the idea to transition away from that?

Then the other question is the idea of control. A
lot of these especially the second presenter talked about
how this was supposed to be released into the envir onment
to help biosensor to help clean things up, but we a re
talking about microorganisms that have the unique a bility
to mutate very quickly and amplify over time. The i dea that
we could even implement some kind of feedback loop that
would prevent them from spreading or changing or
interacting with other microorganisms or other high er-level
organisms seems -— | don’t understand how that work S.

MR. GREENWOOD: Who would like to take a crack at

any or all of those three questions? Probably we do n’'t need
each of you to answer all three of them.

PARTICIPANT: | can try one and two. As far as
feedstock inputs. There is a lot of debate exactly how much
you can scale the two crops you mentioned debate is corn
and sugar cane. | would argue there is data that sa y we
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have headroom in both of those. But what | would sa y to
actually allow us to grow to where we ideally be al | bio-
derived or nonfossil fuels what we need to have is a
discussion around sustainable agriculture and I thi nk once
you approach it from that side that it's all about how do
have enough biomass to have either electricity or f uels or
whatever else we need. As long as you approach it f rom
sustainable agriculture then | think you are going to be
fine.

From the point of view of why do we want fossil
fuels. We just want to get rid of the fossil part o f the
fuel. We actually like the fuel itself. It works fi ne. It's
just where we are getting it now. There is about a trillion
to two trillion dollars invested in the infrastruct ure in
the US for fuels depending on how you count it. Ide ally we
just keep using that and just have a different liqu id fuel
that runs through it.

MR. DE LORENZO: In connection to your second
guestion. The issue of environment release of bacte ria —
there is vast literature on different tricks for re leasing
bacteria with some degree of containment and this i S not
from the times of synthetic biology but it is much earlier
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and like 10 years ago and for nearly 10 years there
been vast amounts of money spent in products in con
to your question. | think at the moment the — solut
that is clear. You have other tricks like making a
conditional (?) system to have the bacteria (?) for
compound that runs out in the environment. You have
collection of things to tackle that. However, | wou
insist that a proud moment is not what you say. It

the opposite. How to make bacteria to resist and to

robust enough in the environment to do their job wi

being out competed by the members of habitat commun

joint Committee on
/Board on Science,

Engineering

Associates and is
of the Committee on
/Board on Science,
ments included in

ersons or
y adopted or
ademies.

PARTICIPANT: | would argue that there is no

reason to assume that you need to go through corn o
forms of directly food-related compounds to fuel an
sustainable chemical industry. You can do it as wel
agricultural waste products. You can start with cel

in order to get to glucose as well. In addition to
complexity and microbial strains and fungal strains
product but the principle you can as well start fro

agricultural base products in order to make your pr

PARTICIPANT: | would add a note and that is that

biotech crop technology is continuously expanding t
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per acre even if you are still using for instance t
starch from corn. We are expanding the yield per ac
which compensates for again some of the fuel versus

— arguments.
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PARTICIPANT: | was very interested that you

asked the panel to predict what would be the situat
five year’'s time. Lord Kelvin, pretty famous indivi
science, predicted five years before Orville Wright
the first aircraft. You can take it from me heavier

air flight is impossible. More recently in London w
the directors of the Wellcome Trust suggest that th
sequencing of the genome is more important than the
of the wheel but so far it hasn’t actually benefite
large number of people. In my own field stem cell b
we have made all sorts of promises to the public bu
have not actually materialized at least in embryoni
cells, which is where | work. | wonder if we don’t
given that we are talking about public engagement w
to be extremely cautious about the predictions that
about synthetic biology and | wonder if your panel
like to comment on that having heard what they have

said.
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PARTICIPANT: | would argue that predictions are

extremely cautious. | am a hundred percent sure the
colleague from Amyris if he was able to tell about
secrets that he is not able to talk about he would

with me and would be reasonable 80 to 90 percent ch
that it's actually true. | think the predictions we

reasonably cautious.

all the
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MR. GREENWOOD: | think an interesting phenomenon

in all of this is that companies seeking to raise f

have a tendency to speak in growing terms about the
magnitude and the shortness of time to which how qu
will accomplish some of these things and that somet
does create an effect of over promising. Do you hav

guestion over there?
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MS. KING: | am Suzanne King from People Science

and Policy, which is a science policy consultancy b
London. | was also the lead researcher on the publi
dialogue on synthetic biology sponsored by the Roya
Academy of Engineering that Adrian Smith mentioned.
interested in Victor De Lorenzo’s presentation beca
work we did actually combined a nationally represen

survey of a thousand people with 16 people who came
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three-hour meetings. People who came to the meeting
guite enthusiastic about synthetic biology and its
potential with the exception of bio-remediation. |

quite interested in your presentation and the cavea
you put on that. But | was interested if you could

say what your proposition six and seven were becaus
think as you closed it down | very briefly saw that
proposition was something to do with social and eth
something or others. | am interested to hear just q

what your other two were.
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MR. DE LORENZO: Well thank you. Number six was

that when racing ethical societal security issues w
again learn from the past. | could argue that in th

of programs that we are debating, the connection to
areas are identical. | cannot see really very big
difference to the ones that happen in both sides of
Atlantic 20 years ago in connection to recommending
technology. Obviously Asilomar have you mentioned b
Asilomar many things happened and | really cannot s
was in the middle of this debate 15 years ago. | re
cannot see anything really new in connection to tha

argument that | wanted to make is that any time the
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new technology and the example | was going to -— th
interaction of anesthetics in the middle of the 19
century. It had tremendous societal debate on the s
the security, the safety, the intellectual property

playing God, that sort of thing. These debates have

already there. We have to read what has been debate

concluded by that time and perhaps we will save tim

discussion at the present time.
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MS. KING: That is interesting because when we

did the presentation of the findings of that report

Professor George Gaskell from the London School of

Economics said the same issues are coming up across

of technologies.

a lot

MR. GREENWOQOD: It begs the question as to

whether the industry should take the lead in trying
establish regulatory regimes so that all of this ta
within an agreed to framework as opposed to having
kind of public concerns raised with the GMOs cause
irrational response by policymakers. | don’t know i
wants to comment on whether you think that the indu
ought to take the lead or whether we need more time

ascertain exactly what kind of regulatory framework
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need.
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PARTICIPANT: | would agree that the industry

should be engaged in figuring out what the framewor
course we will need external groups to help enforce
we should be engaging at least providing the data s

the right decisions can be made.

PARTICIPANT: | am actually resisting the

temptation to follow up on Robert’s question, which
was a very personal one, but | had a technical ques
that | wanted to pose. | think it might be a very n
one. | am a physicist, which means | tend to be ext
naive. There has been quite a lot of talk in this s
and the previous session about some of the challeng
still have to be faced to make synthetic biology an
there seems to be an implicit assumption that bring
engineering sensibility to biology is ultimately go
lead to something successful. Yet | wonder whether
somewhere in this process if we are going to be suc
we are going to have to change our ideas of what ef
engineering is. Just one very simple | think probab
simplistic example. If you look at how biology work

opposed to how large-scale engineering works there
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issue of redundancy. If you are designing something

systematically to make it work generally you try to make it
robust by making it resistant to failure whereas in biology
you tend to have systems which fail fairly easily b ut there
are so many backups that you tend not to notice tha t. |

wonder whether we are going to have to go through a
paradigm shift of how we think about engineering th ings in
order to be successful in the biological world.

PARTICIPANT: You are not really shifting the
idea of engineering. It is just you are modifying t he idea
of how you can apply additional engineering princip les to
the way you would do biotechnology today.

PARTICIPANT: But do you think that that's
actually a very small shift? You don’t think that t here has
to be a shift in thinking or shift in conceptualiza tion to
make that work in the new environment.

PARTICIPANT: | do stand by my comment that |

think that if synthetic biology is truly successful it is
going to pretty much of a paradigm shift because we have to
deal with issues that are in a way at the heart of life,
complexity emerging properties, which we need to de al with.

I don’t think that it is going to be a very easy ri de. It's
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also not that we have to solve every problem tomorr
biotechnology industry has left ever since it began
the problem evolution and it's not problem today to
antibiotics company you want to visit and then see
there is a producible regime in place, how you can
reliably whatever it is 80 grams per liter of pen G
permutation and they do it once a week every week i
year in six-rack fermenters and so on. Even though
of evolution people have developed strategies to de
this and at least to come up with an industrial rel
set of stabilities and strains. We don’t have to su

everything tomorrow.
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MR. DE LORENZO: | understand that material

scientists are growingly excited about what they ca
new materials, some of them inspiring biological or
wonder with the time they will be a type of self-
engineering and would you bring into engineering bi

concepts as well as the other way around.

Il soft
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PARTICIPANT: One comment | would make is that |

think biology traditionally was an observational sc
and categorizing. | think engineering is more of wh

would call precise approximation and prediction. |

ience

at |

think it
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is merging those two. It is not really | would say changing
engineering. It is just bringing a slightly differe nt way

of looking at things in biology.

MR. GREENWOOD: Did you have a question, sir, on

the right?

MR. MUKUNDA: Gautam Mukunda, MIT and SynBERC. On
the topic of prediction | am reminded that the head of the
royal (?) when asked to comment on the invention of the
telephone before parliament said that he thought it would
be useful for the Americans but not so much in Grea t
Britain because and | quote, “We have plenty of off ice
boys.” I do think the office boys kind of makes it art. In
thinking about this question when | was thinking ab out the
particular applications that you guys were highligh ting,

what struck me was the fact that all of them were
essentially examples of doing something that we alr eady do
a little bit better or maybe even a lot better.

When | think about the history of technology and

theories of technological innovation particularly f rom the
business world what it seems to me is that there ar e two
learnings from those that we can apply to that. One is that

that sort of application the new technologies often have
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less of an impact than we think they do. Well, larg
because the legacy technology is advanced over the
span of time, sometimes in unanticipated ways. But
new technologies have a real impact in two sets of
that weren't talked about and may be can’t be talke
right. The creation of an entirely new applications
Applications that were unanticipated because they w
simply outside the purview of the people you would
ask to make the predictions, the heads of big compa
things like that. Or the diffusion of what was extr
expensive and high-cost applications to the broader

You can come up with lots of examples of any those.

easy one would be GPS, which had much larger impact

anybody thought because it allowed something that w
difficult to do, calculating your position and just

cheap and easy. This is somewhat different approach
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I wonder if we could think — if | could ask you

to push a little bit more with your predictions and
models of future of SynBio and think a little bit a
that way of applications and that way of techniques
you can structure the field in research agenda for

field that would allow those sorts of benefits to b

your
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and how
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captured beyond the sort of immediate first wave co

ones that we talked about today.

PARTICIPANT: The question was very precise five

years and that is why | try to be very modest in my
prediction. | think if we take the idea of standard

of parts, of engineering strategies, how to assembl
parts in context insensitive backgrounds if we take
really further for 10 or 15 years successfully furt

it is a little bit like you mentioned. It is very d

to predict where the innovation will be because by

will have hopefully established a platform technolo
allows many more people than today to think about
relatively incremental ideas and incremental improv
but many people think about incremental improvement
very exciting things might happen. Just ask people

to quote one of the examples of Randy as people sta
with big computer machines in the 1960s or ‘70s and
everybody has a computer on the desktop and nobody
predict the Internet in 1970. If you ask me for the

killer application 20 years from now | don’t know.

PARTICIPANT: | don't think that is doable. |

don’t think anyone can make that prediction. What |

y adopted or
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ask is how would you think about structuring the fi eldina
way to make unanticipated applications like that, t he ones
that come out of left field more likely and more
achievable?

PARTICIPANT: I think the crucial thing was set
by Christina early this morning that technology pla tforms
are really crucial and it should be possible to pur sue
research in these areas because these are tools tha t you
need in order to spread the potential impact of syn thetic
biology further and further. | think that would be an
extremely important point of the agenda. The other thing is
I do think we have a problem with IP because if | w ant to
make complex systems | have to worry about everythi ng part.
It is going to get me nowhere.

PARTICIPANT: | would like to add a little bit on
that. One of the points that Christina Smolke broug ht up
today that in reality this is the process of doing the
research that we need to overcome all the challenge s that
were presented today because today presented many
challenges, but actually we presented potentials an d
possible applications. In reality all the work will be done
on trying to overcome the many technical issues the re.
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Overcoming these technical issues per se will help
innovation because you will have to draw on differe
disciplines. You will have to overcome problems of
that you would not anticipate and by not necessaril
those pursuing let’s say the objective of having th
application right away you would give room to play
in fact. So having space also financial space to pl
around within boundaries of course is | think an im
aspect that will help in fostering new directions a
potentially new inventions in the future that nobod

predict as you say.
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MR. DE LORENZO: No anticipated applications are

the result in many cases of freethinking without
limitations of intellectual property and the rest o
think we need to maintain in synthetic biology real
degree of freethinking reservation for people to re
imagine whatever is scenario. | think with all the

limitations that is a wonderful one. To allow and e

people to come out with trace areas(?) and maybe so

them at the end will result in very interesting

applications.

fit. |
ma

ally

ncourage

me of

PARTICIPANT: | wantto comment on what Jim said
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earlier the idea of what I think this conference an

is doing is getting out in front of regulation and

it because you can do a lot of innovation and kind
bounded hope but if you are trying to innovate in a
of fear of what the consequences could be you are a
going to not get the unintended positive benefits.

building a regulatory framework that allows innovat
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MR. GREENWOOD: | am sorry if my question about

five years to short appeared. It is just that | gre
watching the Jetsons and | was sure we would all ha
personal flying saucers by now. Did you have a ques

sir?

W up
ve

tion,

MR. WAXMAN: Mark Waxman from Foley and Lardner.

| wanted to pick up on the last point and a topic t
opened today and we will get more into tomorrow, wh
this topic of regulation. There was a whole panoply
things that were put on the board ranging from let’

in the lab to let’s go sell over the market pharmac

and then a comment that we ought to have a regulato
scheme which presumably would govern everything fro
working in the lab to construction to distribution,

marketing, and the like. | am intrigued by the comm

hat you
ich is
of

s invent
euticals
ry

m
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ent the
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industry ought to go get in front of regulation whi
support but | am curious from the panel just exactl
it is and who it is you think ought to be regulated

sit here today that we actually want to get in fron
understand biosecurity. Let’s put that aside becaus
raises its own problems. Let’s talk about the comme
aspects that you just raised and say okay what do y

we ought to regulate and who ought to do it?
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PARTICIPANT: What | would say is actually |

think all of the pieces are regulated today so the
discussion is do we need to adjust the regulations
of new technologies. There are established groups t
at an engineered microbe, how is that regulated in
environment when you scale it up? For instance we a
through registering our microbes so that we can use
production. We registered our fuels already so we ¢
production. It's not as much that it is an unregula
environment and we better get some regulation. It's
an ongoing dialogue to make sure that the regulatio
what we need which is allow innovation and prevent

from occurring.
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MR. WAXMAN: When you say registration |
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understand, but when you say so that it creates a d
and it regulates that suggests there is some sort 0
restriction or some sort empowering certification t
would allow you to continue to participate. Are you
about either one of those things or are we happy wi
Department of Agriculture, the Department of Energy

terms of what we see right now?
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PARTICIPANT: For instance all the work that we

do in our labs is currently regulated and we can di
what happens and if we need additional regulation t
should be part of the discussion. | think we are fi
let's have a discussion. When we go to scale there
agency that we will go to and discuss what we have
how we think it interacts with the environment. We
actually have data that we bring and present. What
rather have is a discussion around whether or not t
sufficient to protect the public versus just a fear
something bad happening. There is regulation. The
discussion should be around is it appropriate. | th

is but we should have the discussion.

PARTICIPANT: A slightly more European

perspective on that. The idea of novel regulatory r
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required happens to a much smaller extent in Europe
this might have something to do with the fact that
original network of regulations that is in place is
stricter or closer network of regulations in place.

has a good side and a bad side. The good side for m
a scientist is that | move in a set of regulations

still allow me a lot of liberty to do whatever | ne
whatever | want to do, but on the other hand there
clear framework that | can present to the public sa
that we are doing new things here and we feel we do
exciting things but as a clear set of regulations t
defines the room in which | can move. For my point

I have only very few discussions of this type in Eu
because simply the framework is in place and it is
clear how things are going. All the discussions abo
regulations that | see a lot in the US are simply n

important at this point for synthetic biology in Eu

joint Committee on
/Board on Science,

Engineering

Associates and is
of the Committee on
/Board on Science,
ments included in

ersons or
y adopted or
ademies.

MS. NELSON: Janet Nelson, Parsons Corporation.

We had a nice discussion about the potential applic
of synthetic biology and some speculation and | wou
to draw back to the point that Christina Smolke mad

bridging the gaps between the tools that are being
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developed and how these applications can become com mercial
realizations and economical. We have just some disc ussion
about the regulatory issues but | would also like t o0 ask if
there are pieces missing in bridging this gap from the
development of these tools from the bench top to pi lot
scale or commercial scale realities. Are there thin gsin

our infrastructure that are missing partnerships,
collaborative efforts? Do we need a new paradigm to make
these a reality?
PARTICIPANT: Are you asking research agendas?
MS. NELSON: From an industrial perspective. From
a commercialization perspective.
MR. DE LORENZO: My real profession at this
institution is very different in America, the US, a nd

perhaps in nation countries. The connection between

academia and industry is more fluent than the situa tion we
have in Europe and perhaps the solution is to tackl e the
point you mentioned cannot be analyzed and they req uire

case-by-case reflections and actions.
MR. PANKE: Something that | would -— what has
been said before is if you believe in the small, me dium

enterprise model to be the actual driver of commerc ial
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innovation then | would argue that IP or
compartmentalization of IP is a problem. In particu
you are not with a big company where you simply can
freedom to operate analysis on the order of a coupl
hundred thousand dollars or euros. But if you are |
university group that has a cool idea or wants to g
with this then IP remains a problem. | think it is
problem in driving innovation.

MR. GREENWOOD: Final question.

joint Committee on
/Board on Science,
Engineering
Associates and is
of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or
ademies.

242

lar if

do a

e of

ust a

o ahead

a

PARTICIPANT: The question actually cuts across

the fact that we have a whole bunch of disaggregate
compartmentalized areas. We have talked a little bi
We have regulations that are set forth and promulga
a whole bunch of agencies. It is certainly not an
unregulated field, but how these pieces come togeth
regulation and IP may be a little problematic. If y

for example at the relationship between firms,
regulatories, and academics on ascertaining safety.
area of GM seed we have had companies asserting cla
control intellectual property that have forestalled
prevented testing of the seeds by academics, which

creates a situation where regulators are in a sense
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access to a source of information that might be use
the long term. This is Syngenta, Pioneer and some o
The question here is that if we step back and look
combination of a patchwork of regulations, differen
intellectual property, US and Europe on fundamental
research exemption, as people who are living in com
and in the academy, what combination of intellectua
property conventions on fundamental research to att

uncertainty and regulation makes sense to you?
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PARTICIPANT: You tell me. You are the expert. |

don’t know. From European perspective | have an ide

am fenced in by dozens of different authorities, of
and so on. It is pretty clear whom | talk to of whi
of the innovation chain. As | am an academic, as |
entrepreneur or whatever to me it is pretty clear w
I go. I don’t have this experience of all sorts of

authorities coming down on me.

athat |
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ch step
am an
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PARTICIPANT: It's not that bad in the US right

either. It is simply regulated. But | am talking he
responses to the uncertainty associated with emergi
applications and the potential use of IP to limit p

studies that could better evaluate or assess risk i

re about
ng
rivate
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areas of uncertainty.
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Obvious a very good question. Thank you all. Our

time is up. Thank you to our panelists for their ex
presentations.
(Break)

Agenda Item: Health and Medicine

MR. KITNEY: Good afternoon everyone. | am

Richard Kitney. | from Imperial College London as |
was saying earlier. | am the moderator for this ses
health and medicine, the final session for this aft

I’'m not really going to say a lot by way of introdu
this session except to say that | will make two poi
first point | will make is that there has been quit

of discussion this afternoon about the complexities
synthetic biology and as somebody who works in this
because | am as | was saying earlier the co-directo
Center of Synthetic Biology at Imperial College. No
ever told me that this was going to be easy so | th

is something to bear in mind when you look at some
developments and things like transistors. We are st
or 60 years to get to the point where we are at now

project that far out in terms of synthetic biology
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sure | believe there are going to be some major

applications, major industrial developments, et cet
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era.

Why now is the question | am often asked. For me

the reason is because we have now reached the point
terms of sequencing the human genome and sequencing
general plus the power of computers, the Internet i

way you have the confluence of the two fields, biol

the one hand and engineering and physics on the oth

which has made this new field of synthetic biology

possible.

| have spent quite a lot of my research life
working on biomedical applications of various kinds

when | started working in synthetic biology, for me

an extension, really exciting extension of a lot of

work that my colleagues around the world have done
past in terms of different applications. For exampl

physiological applications now beginning to apply t

kind of engineering theory, physics theory, signal

processing, systems theory, et cetera to looking do

the areas related to synthetic biology.

It is particularly pleasant for me actually to

moderating this session on biomedical applications.

in

in

n such a
ogy on
er,

really

and so
it was
the

in the
e, in

he same

wn at

As was



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state

joint Committee on
/Board on Science,
Engineering
Associates and is
of the Committee on
/Board on Science,
ments included in

the transcript are solely those of the individual p ersons or
participants at the meeting, and are not necessaril y adopted or
endorsed or verified as accurate by The National Ac ademies. 246
said in the last session it is already quite diffic ult to
predict what are the applications indeed in this ar ea. If
we wanted to project (?) | believe it is pretty har d to set
any kind of timescale but | think we will see major
advances in biosensors coming out of this field. | would
also probably predict that we might see major advan cesin
terms of vaccines, third-generation vaccines being
influenced by synthetic biology and indeed optimiza tion of
drug developments, which Adriano is going to talk a bout.
That really takes me there forward to brief
introductions to the three speakers all of whom | k now
well. The first is Adriano Henney who is sitting at the
front here. Adriano has a PhD in medicine so he is from the
UK. He has worked for many years in research and un til very
recently | won't go through the whole biographical sketches
of these people. He has until recently been a senio r member
of AstraZeneca in the UK and is now an independent
consultant.
The second of our speakers is Frank Notka who is
a very senior scientist at Geneart in Germany. Some of you
who have come Europe as | do Geneart are really exc iting in

a company that we actually work directly with. | th ink it
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is a great pleasure for me to have Frank here to pr
the industrial perspective from the point of view o

Geneart in terms of synthetic biology.

joint Committee on
/Board on Science,
Engineering
Associates and is
of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or

ademies. 247

esent

f

Finally, we have Roman Jerala who is the head of

the biotechnology department at the National Instit
Chemistry in Slovenia. | think one of the things th

us about Roman’s work is that he like me is one of
leaders of the IGEM teams. | am a leader with my co
Paul Fremont. But iGEM has been an incredibly stimu
way of getting into synthetic biology. | would actu

that Randy Rettberg and Drew Endy and the other peo
are involved in and who has really started iGEM rea

started something, which has now turned into a majo

ute of
at takes
the
lleague
lating
ally say
ple who

lly
r field.

Without further ado | am going to ask Adriano to

give the first of these presentations.

MR. HENNEY: Thanks Dick and thanks very much to

the organizers for inviting me to this very interes
meeting. Just to pick up on what Dick said about no
it was very easy. It is quite interesting. It is no
years since man first put their foot on the moon an
think it was '61 or 62 that President Kennedy actu

said that they decided to put that program together
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because it was going to be easy but precisely becau
was going to be very hard and it was going to stret
endeavor and really test our ability to see where w

go. | think that there are many analogies here, whi
being made about man on the moon project for synthe
biology. The same analogies have been made for syst
biology, which is really where | come from. But the
huge parallels and overlaps and I think it would be
injustice and perhaps a huge mistake to ignore thes
parallel and sister communities. | think it is impo

for us to remember that.
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The focus is health and medicine here. | am going

to give you a view from the pharmaceutical sector
specifically big companies, major issues, and that
| am going to come from.

It is very difficult actually to talk about
synthetic biology in that context simply because as
| am aware major pharmaceutical companies are not i
in synthetic biology to any great extent. To look a
these things could have an impact | have gone to th
that Dick chaired at the Royal Academy of Engineeri
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Now taking from those the key elements that may hav ean

impact on pharmaceutical industry and elements of

medicines.

The first is around improving and reproducing
natural therapies. Artemisinin is an example of tha t. The
opportunities for scaling up and improving processe S, which
is going to have an impact on reducing the bottom | ine and
therefore improving the margins that the companies have to
face at the moment is always going to be important. There

is a lot of focus on that and processes and proving

processes.

Biosensors are a very interesting point. | think
as we go into looking at more exotic, more challeng ing,
more difficult therapies in complex disease, one of the
difficulties is that we don’t really understand the m
terribly well and we don’t have much quantitative d ynamic
data and the ability to collect that quantitative d ynamic

data noninvasively or minimally invasive ways is a
challenge and | suspect that synthetic biology may have a
part to play there.

Optimization of biopharmaceutical production that

is therapeutic antibodies and the like obviously is
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something that has already been mentioned.

Really the big one is around personalized

therapy. | don't particularly like that word but it

a lot. | prefer to think in terms of patient segmen
That is to be able to identify effectively those gr
which have a far better chance of responding to you
complex therapies compared with those who are less
to do so and the ability to use markers and approac
which confidently can segment your patient groups w
an important advance in the way that we go forward
pharmaceuticals in general. 1t will also help us to

the concomitant toxicity that is presented with all
these therapies to patients.

That is a list of push. If you want to think
about we as academics, we as scientists can see qui
logically where this is going to go and why industr
be interested in and you are actually pushing it to
industry. Actually the truth of the matter is you h
have a suck. You have to have industry there, which
wanting to take this on board if they are going to

it.

The way | want to look at this is actually to
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look at the demand that could potentially be there,
that is going to come from in the near future, and
that will help to shape and to put into context the
proposals that the synthetic and the systems biolog
communities could put to industry more persuasively
order to work together, which I think is an importa
point.

Starting with the valedictory article by Jean-
Pierre Garnier as he left GlaxoSmithKline he pointe
and you can see it in the little red box there that
December 2000 to February 2008 the top 15 companies
industry lost approximately 850 billion US dollars
of shareholder value, and the price of their shares
from 32 times their earnings to an average of 13. T

quite an impact.
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That wasn’t really big news because there were

other articles that were predicting four or five ye
earlier that this was going to be the case. This is

such in Nature Biotechnology by Lee Hood and Roger
Perlmutter where they presently suggested that 18 b
of revenue would be lost by 2008. But more importan
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current processes and approaches to generating
pharmaceuticals was not going to be sustainable for
future. It needed to change in some kind of way and

were proposing systems approaches in this paper.
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Why is this? If you look at the way we have built

up the pharmaceutical industry is becoming credibly
reductionist. Post genome everything is focused on
entities. Everything is focused on isolated protein
lines, engineered cell lines, exquisitely tailored
chemicals taken completely out of physiological con
then trying to translate that data back to humans b
increasingly using associative models which may or

have any relationship to the pure human physiology

end. You are making tenuous connections, fusing scr

and building up from a very reductionist space.

single

s, cell

text and
y

may not
at the

eens,

I think the consequence of that of course is you

can't predict how your compound is going to respond

aged individual who is already taking five or six o

drugs and has comorbidities beyond the one that you

trying to treat. This is a dynamic complex series o
network interactions where the networks in patholog

shifted from normal into pathology and you need to

in an
ther

are

y have

treat a
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network to drag it back to normality. That is impos

understand in an isolated protein and chemical basi
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We need then to move from where we are now to

have a step change in science where we move from th
of guess and pray mentality that we have been havin
these screens and hoping that we are going to hit p

by running many more compounds and playing the numb
game. When we adopt a predict and test strategy and
sense modeling and simulation is key to being able
generate high hypotheses which are testable and whi
help you to focus your way forward. This is the sys

biology approach that | am talking about.
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A comment was made earlier that we started as an

observational science. Actually physiology started
much as an organ function and metabolism science th
descriptive and identifying cellular components. Wi
advent of molecular biology we became reductionist.
able to focus on those things where they were missi
the descriptions in the early physiology. Now we ha
full circle. We have a stack of data, huge amount o
and information, but we can’t put it together in th

networks and understand how they interact to genera
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emergent properties of the physiological points tha
are looking at. For me systems biology is the basis
generating 21
that they would have loved to have back in the 19

and earlier.
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If we look at synthetic biology then in terms of

drug discovering development, | think what we have
far is that the current success is in the area esse

of metabolic engineering around artemisinin and gre
lauded, fantastic success story. But it is in a par
side of therapeutics which if you look at it compar
the sorts of drugs that we are trying to develop fo

or cardiovascular disease or metabolism or whatever
more straightforward in development terms than it i
target metabolic dysfunction or cancer networks in
because essentially you are trying to Kill off the
organism.

If you are extending to complex target

physiology, human physiology as targets compared wi

invading organism or a microbiological then you nee
have an understanding of how that system is going t

respond to the therapy and the way that it is opera
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generate the pathology in the first place. We need
understand those interventions if we are able then
design those drugs appropriately because you still
same problems that we have with current therapies.
Synthetic biology will face that as soon as it star
thinking cancer, as soon as it starts thinking infe
Synthetic and systems biology are very tightly link
the context of human biology and medicine.

The hurdles and challenges that we have in
industry, building evidence of potential utility we
be able to have credible and reproducible evidence.
to be able to talk the same language. That is the ¢
up there. There is a natural resistance and a skept
industry simply because we had our fingers burnt po

genome with huge promises and under delivery.

The skills point that was made earlier today.

Absolutely in terms of industry we need to have the

skills in place.
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Key developments in synthetic and systems biology

will largely be driven out of academia. We absolute
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the academic learning in an industrial and commerci ally

relevant context. That | think is where the drive w ill

come. That is where the suck will come. That is wha t
happened with the genome. You needed new DNA machin es. You
needed technology development. As soon as you got t he suck
there then the innovation and inventiveness will co me on

around the outside.

We have significant economic and regulatory

constraints in industry right now. The question is how do
we actually work this at a time when the appetite f or doing
blue-sky stuff with industry is going to be reduced simply
because it is not delivering quickly to the bottom line.
There are opportunities there. There are mechanisms as |

have mentioned.

As far as going back to Lee Hood and Perimutter’'s

paper is concerned, they actually put this forward at the
time in 2004 and asked the question, who will lead the
extraordinary change process, the step change in sc ience,
the seed change in thinking an approach to where we go?

Unfortunately the jury is still out on that.
We picked this up last year to workshop when we

published a commentary in Nature in October, which
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suggested some ways of actually bringing the differ ent
communities and stakeholders together to actually d rive
this forward from a systems biology perspective but it is
equally relevant in synthetic biology, perhaps even more so
because you have a tangible deliverable whereas sys tems
biology is more about doing things in a different w ay.

| picked this up also quite recently in an EMBO
reports on the science and society topic, which is
basically again asking who is going to take up the gauntlet
to make this happen in a coordinated focused way.

Concluding points. There is no alternative to
adopting systems approaches if we are going to face and
tackle complex disease. We have to gather the right kind of
evidence. We have to show success and it is imperat ive to
demonstrate impact. This is relevant both for synth etic and
systems biology.

There is a lot of effort going on. | suspect
there is quite a lot of funding. There certainly is for
systems biology. Perhaps it is so the case with syn thetic
biology but the question is better coordination to generate

impact.

Are we ignoring potential benefits of the human
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simply because we are failing to find the mechanism S to get

industry on board and demonstrate that impact.

Finally and my concluding perhaps slightly tongue

in cheek in suggesting that we get rid of all of th ese
terms. | think we are doing ourselves no favors. So mebody
said this earlier today. My suggestion would be tha t
perhaps systems biology is nothing more than 21 st century
physiology and synthetic biology is nothing more th an

modern bioengineering. Thank you very much indeed.
MR. KITNEY: Thank you, Adriano. Our next speaker
is Frank Notka who is from Geneart.

MR. NOTKA: Good afternoon everybody. Today | am

going to talk about the opportunities that gene syn thesis
offers for synthetic biology. | am actually focusin g on one
example from the biomedical sector and probably the only

more technical presentation. The title is vaccine

development in the context of synthetic biology pri nciples.
The principle | am referring is this construction c ycle
that can also be seen as a process workflow for the

development of novel systems that is also used for

synthetic biology.

The cyclists actually based on knowledge and from
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this knowledge we have different steps regarding
specification, the science circuits, specifications
design, modeling, implementation, and the final ste
testing.

What | want to show you is that this construction
cycle can also be applied for modern vaccine develo
The objective of this project that we are realized
the last years was to develop an HIV vaccine based
genes that would be positive to use as a genetic va
That is the requirement for this objective was that
genes that we included in our vectors really had to
very nicely. That was actually the first challenge
HIV genes are not very well expressed in human cell
they are isolated from their background.

I guess | will skip all these technical details.
The main message is that actually this failure of
expression could be attributed to this acting with
repressor sequence within the whole genome that pro
reproduction of the RNA and only if you apply or if
supply some viral(?) factors this rapid degradation
rescued.

The point is that once we exchanged the codons
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that were used by the HIV with codons used more fre
in human genes we could circumvent this whole proce
whole regulation and we really got nice expression

antigen.

Coming to the specifications this was of course

also challenged because up until now we are working
vaccine development for more than 15 years and ther
really success story up to date. In this process we
then integrative vaccine strategy where we looked a
different aspects. The first one was really to iden
prevalent virus strain in the area where we wanted
and also later apply this vaccine and at the same t
were asking what kind of numerous points do we actu
want to induce and at that time it was actually
acknowledged that for effective HIV vaccine we need

to induce a broad numerous(?) points.

Now from these different aspects we were able to

define the targets that we would like to include in
vaccine as listed here and in a second step we had
decide which delivery system we would use and from
options including proteins or peptides, DNA, viral

bacterial vectors. We have chosen naked DNA and vir

y adopted or
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vectors for the development.
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With specification’s attempt we did a rational

antigen design with a strong focus on function safe
frequency. So starting from the isolate, the C viru
identified as the prevalence strain we wanted to in
much as possible from the genetic sequence in order
include as many as possible functions that is neuro
relevant epitopes in our antigen. For safety reason

of the proteins were split and sometimes scrabbled
active sides were removed from this whole construct
some additional modifications were introduced to en
the efficacy of the production and also for secreti

the antigen.
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Now look at conventional modeling. It was some

modeling for let's say expression characteristics.
developed an algorithm that usually optimized a giv

for specific host and in this optimization process
different parameters into account like adaptation o
codon usage or GC content. We avoid negative elemen
sequence repeat, RNA secondary structures or functi
motives like splice sites. Then the sliding window

approach. All these different parameters go up in p
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and overlapping windows where they are sequentially
forward.

The application in our course is a two-step
process where you use gene synthesis of course and
step the vector production. In contrast to what Cor
Staehler had presented in the previous session we d
rather old-fashioned gene synthesis at GENEART. Thi
also a multidisciplinary process where we have a T-
design. We have chemically synthesized oligonucleot
nucleotides and we have genetic engineering for gen

synthesis and assembly.
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From the different delivery systems that we have

categorized in actually two categories. That is DNA
plasmid DNA or vaccinia-derived viral vectors. We h
chosen the DNA and the New York vaccinia Ankara vir
system to proceed to the clinical trial. For the
development of a vaccine the ultimate test is of co
clinical study and here just a short overview of th

site of the phase one cumulative study where we com
immunization regiments. One part of the volunteers
vaccinia virus only. This is represented in the whi

and the other 20 volunteers received a prime boost
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where we used our synthetic DNA expression construc
the vaccine virus. Overall we got a very good respo
you can see here from the different bars the prime
was superior to the vaccinia alone regiment and not
the overall number of responders but also in terms
ability which can be seen as a success in inducing

immune cells.
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Actually what | have shown is that the vaccine

our candidate vaccine was developed along this cons
cycle. Someone might argue that what | have just sh
is preliminary DNA genetic protein engineering what
Since we are talking about opportunities and innova
think that gene optimization and gene synthesis can
attribute to at least the highlighted steps of the

For example if you look at design then the gene
optimization provides very much to standardization
making use of the high flexibility that is provided

codon choice and by sequence modification.
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We did a comparative study where we analyzed 50

genes for expression in human cells. We compared wi
and optimized sequences and from this we got a coup

implications. One is that optimization and gene syn
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is really reliable, that is to say not all of the w
genes were expressed in cells whereas all the tests
optimized genes for all of these genes we could det

protein in the cells.

The second implication is just availability. It

was just not possible to get all the wild type sequ
from commercial and other sources, others in gene
synthesis. The last one is efficacy. In this compar
study we have seen that the majority of genes perfo
better in the optimized version where the wild type

version. | can stop here.
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MR. JERALA: Thank you very much particularly for

the organizers for inviting me to present our resul
how my view on the role of synthetic biology in med
Basically what | would like to show that basically
that there are four different types of applications
synthetic biology in meds and mainly as alternative
of drug production as we have heard today several t
(?) then biosensors and then engineering for human
which would be more applied in the form of gene the
then new therapies that haven’t been used before. |

presentation | will at the end of the day show you

ts and
icine.
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examples of our applications.
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The first one is in the area of engineering the

synthetic cell signaling pathways particularly that
an example to the device mutation insensitive devic

detect viruses and trigger antiviral activity. Then

second example to use the designed vaccines we hear

about the potential of vaccines in synthetic biolog

our example I will show you how we made the compone

bacteria that otherwise invade the immune system ag

visible immune response.
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| am sure you are all aware with the problem of

HIV and AIDS. Life cycle of virus has been extensiv
started and inhibitors of lots of the stages in vir
replication have been designed. But the main proble
high rate of mutation. As Victor said before there
Darwinian evolution but in the case of HIV virus it
against us. Almost every fifth individual in USA ca
the strain of virus that is resistant to one or ano

type of drugs. That is why we have to use the combi
therapy, which makes the virus difficult to become
resistant against several that way(?). It is about

of using the principles of synthetic biology, how t
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a system that will divide this problem of mutations . We
came to the conclusion that the only way would be t 0 couple
the response to the viral function rather than spec ific

viral protein.

Virus can develop mutation resistance against

drugs that target certain proteins but they need ce rtain
functions and we have tested this principle in two cases in
two viral functions. One is cell attachment and the second
is specific viral protease. What is important about this
principle that that’s the general principle that ca n be
applied to also gain other viruses that have a cert ain

specific function that we can attach to.

The second important feature is that this type of
response is versatile so we can see later in schema tic
presentation. We can attach to it any type of desir ed
antiviral defense.

The first function that | mentioned is the very

step in viral replication, the attachment of virus to

cells. It binds to the two-cell receptors CD4 and C CR5 and
forms heterodimer. That is exactly the step which w e could
detect namely the formation of heterodimer. Formati on of

heterodimer could be detected by reconstitution of split
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proteins. You can take protein with defined fold an
in to the two segments and then only when the bindi
partners to both segments associate then you get
reconstitution of all of this function. It is even

if split protein is an enzyme because you get ampli
of the function so you do not detect only one signa

one virus, but an amplified signal.
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The principle idea is following so we will have

engineered two cellular receptors by the addition o
segments of the specific protease. When the virus b
cell it triggers formation of heterodimer. The prot
that is attached to those partners constitutes and
protease can then cleave the transcription factor t
anchored to the cell membrane. So in this case we ¢
select any type of orthogonal transcription factor
does not activate any of the normal eukaryotic cell
proteins. In our case we selected the T7 RNA polyme
which is well known particularly for the working du
but does not transcribe any of the proteins in huma
so when the protease is activated the transcription
locates into the nucleus and then it can select any

program be it either the caspase to kill the infect
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to prevent further spread of infection or to produc
interferon to prime other neighboring cells against
virus or to activate top or back or any other simil

of function.
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We have also of course shown the proof of the

principle. In this case we coupled a green fluoresc
protein as a reporter and you can see in the normal
which harbor this antiviral device you get no activ
but in the cells which have been exposed to the vir
or pseudovirus you get activation showing that the

detects binding of the virus.

ent(?)
cells
ation
al gp120

system

The second viral function is the specific HIV, a

specific protease that cleaves certain specific seq
and we can use basically very similar approach. The
difference that anchors the transcription factor to
membrane contains the specific site for HIV proteas
is cleaved and then again the antiviral program is
activated which have been also shown to work in inf
cells so those are the cells without the protease a

which have the HIV specific protease.

uence
only
the

e which

ected

nd cells

The second part that | want to describe is the

vaccines. Helicobacter pylori is gram negative bact

eria
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that colonizes human stomach and duodenum. In the a
| guess probably | could estimate probably 50 peopl
these bacteria and probably in 20 percent of the pe
have some symptoms like gastritis or (?) the small
nevertheless important fraction of people develop g
cancer which is one of the most lehtal types of can
This infection can be treated but probably the effe
vaccine would be the best treatment perhaps even to

advocate the bacteria.
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The problem is how to develop a good vaccine. The

bacteria have coexisted with humans for more than a
thousand years and it adapted to humans by avoiding
recognition by the new systems through several diff
mechanisms. One of the mechanisms is that this is
flagellating bacteria containing flagellin, which a
composed of the protein flagellin also in E. coli o
salmonella. They have the flagellin. The difference
the flagellin from E. coli or salmonella activates
innate immunity so binding to the toll-like recepto
which then activate the innate immunity response le
the maturation of adaptive immune system as well bu

the flagellin from Helicobacter pylori.
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While our approach was to engineer the flagellin

by making the chimeric version of flagellin. we kno
the (?) segment of flagellin from E. coli is respon
for (?) activation of TLR5 and the central segment
mostly important(?) for the activation of adapting

system. The solution was to make the chimeric prote

composed of the segment from E. coli and the segmen

Helicobacter pylori, which is now able to activate
innate immune system but also has the antigens for

adaptive immune system.

We have additionally proved this vaccine by

adding some other antigens like important virulence
ursb(?) or in another application several composed
artificial antidotes from several important virulen
factors so that’s to use the model of principle of
synthetic biology to devise perhaps you could say h
vaccine. We have tested several implementations so
vaccine either as a normal protein vaccine DNA vacc
is engineered bacteria which might be used perhaps
all applications so indicates a protein vaccine hav
isolated protein shown that it does. Chimeric prote

activate the TLR5, teh flagellin from salmonella.

w that

sible

t from
the

the

factor,

ce

igh tech
the

ine or
for the
e

in does



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

joint Committee on
/Board on Science,
Engineering
Associates and is

of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or

ademies. 271

In the case of DNA vaccine we have used the

similar approach as shown in the previous presentat
this case we introduce the DNA into the epithelium
which then produces the flagellin, which then activ
antigen presenting cells, which lead to the maturat
the new system and to response again. We have shown
the principle works in cells but we have done also
first established in mice. We have shown mice stron
points after three weeks and also that synthetic va
indeed recognizes the living bacteria.

To summarize | think the combination of our
understanding of the basic principles of immunology
has really tremendously advanced in the last decade
powerful tools of synthetic biology really opens ve
exciting therapeutic potentials. | have shown two e
One is the antiviral genetic device based on the vi
function that avoids mutations. The second designed
vaccines that the same principle can again be used
other bacteria or perhaps even against the cancer a
diseases.

But of course the synthetic biology medicine

many other potential applications like the developm

ion. In
cells,
ates the
ion of
that
the

gest

ccine

that

and the
ry
xamples.

ral

against

nd other

has

ent of



NOTE: This is an unedited verbatim transcript of a
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy/National Academy of
symposium held on July 9-10, 2009 prepared by CASET
not an official report of The National Academies or
Science, Technology, and Law/Board on Life Sciences
Technology, and Economic Policy. Opinions and state
the transcript are solely those of the individual p
participants at the meeting, and are not necessaril

endorsed or verified as accurate by The National Ac

engineering of defined cell types. Christina showed

nice example — and then so on.
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avery

In the end let me just mention of course have to

acknowledge the people who did the experimental wor
those results can be made by the undergraduate stud
that participated in the iIGEM competition and Randy
speak more about it tomorrow. | just have to say th
that’s really an excellent way to introduce young p
into the synthetic biology but to also beyond that
it is really a sort of an excellent testing ground
really some very new radical ideas and | would like
thank you for your attention.
Agenda Item: Questions and Answers
MR. KITNEY: Three very interesting talks. |
wonder if we can open the discussion now. Starting
the left over here. Could you identify yourself ple
MR. MILLETT: Piers Millett with Biological
Weapons Convention Implementation Support Unit. Abs
nothing to do with weapons. Given the potential of
the sort of things you are talking about to have re
medical benefits. | noticed these are also diseases

perhaps disproportionately affect the developing wo

k so all
ents
will
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| think
to try

to
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which is also highly important. How do you think we
create frameworks where developing countries direct
benefit in developing synthetic biology? Do you thi
possible? How can we bring partners in from develop
countries to create a great sense of ownership arou

world?
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MR. HENNEY: There are such partnerships already

in place. There are not for profit organizations su

the Medicines for Malaria Venture. One World Health
is the other one. There are various ones, which are
ventures that bring academics and industrial partne
together to create that. | was actually just readin
annual report from the Medicines for Malaria Ventur
yesterday. They do exist for the benefit of third w
think that is quite a neat way of looking at it if

think about the imperatives for large pharmaceutica
companies. The opportunity to exemplify new approac
areas where as far as they are concerned that it is
necessarily something that would be high on their a
because of the return on the investment. It would b
necessary to be successful. | think that's quite a

pragmatic way of road testing ways forward and | th

ch as

| think
joint
rs

g the
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increasingly there may be opportunities to think ab out that
at the same time benefit areas which are underserve din
that way.

MR. JERALA: That is also some potential to

develop some vaccines that might really be quite ch eap. For
example, more defined bacteria that could perhaps — I’'m not
saying that it works as of now but perhaps to bacte ria the
vaccines that are stable that can be transported an d that
can be perhaps used orally. | think that is also qu ite
important.

MR. NOTKA: I just would like to add there is a
lot of sponsoring opportunities in the EC. So espec ially in
the sixth and the seventh framework. They have a lo t of
projects that are really related to poverty related
diseases. There is also a lot of international and
transEurope, Africa for example, process going on.

MR. KITNEY: Let's take the next question over

here.

MR. MUKUNDA: Gautam Mukunda from MIT. | once
interviewed the CEO of a large pharmaceutical compa ny who
commented on the intelligent drug design experience , the

last attempt at doing this better. He had wasted mo re than
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a billion dollars and he would have been better off
all the money in cash and putting it in a pile and
it on fire because at least that would have been
entertaining in terms of the results that he got fr
development, which was his first reason for really

objecting to new attempts to this.
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The second and | thought more striking one apart

from | have been burn reaction was that he felt tha

of these approaches were more likely to target much

populations, patients than the big pharmaceutical ¢

had made their bread and butter on. He feltand | t

this seemed reasonable that to target populations o

size would require significant maybe even wholesale

revisions on the regulatory structure surrounding

pharmaceutical introduction. That running clinical

powered to deal with the small numbers or the expen

involved and potential profitability would be, his

was nightmarish.

I wonder if you want to comment a little bit
about the potential regulatory changes that we need

think about in terms of how we structure drug appro

how we pay for clinical trials that would allow us

t many
smaller
ompanies
hought

f that

trials
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advantage of the new techniques that you are talkin
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g about.

PARTICIPANT: | have a similar question to that.

| have a follow up question. Maybe they could answe

r both.

MR. HENNEY: Itis a great question. | think that

there are two aspects. Firstly let me just put my —
wasn’t involved in development. | was at the early
drug discovery and my experience in development is
Certainly the FDA through that critical path initia
looking very hard at different ways of changing the
paradigm of drug discovery to address some of those
Undoubtedly the point about small patient groups an
powered statistically to be able to get a result is
important one, but I think what we are looking at h
why | was thinking less of personalization but more
segmentation. If you look a study on arthritis with
therapy, if you can produce a series of biomarkers
improve your prediction of response from 40 percent
or 70 percent then in terms of the efficacy and the
population is increased significantly. The return o
investment is that much better. You can negotiate o
least the authorities will negotiate different pric

structures based on success of the therapeutic beca
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know that you can actually segment the population.
evidence that that's already happened with one comp
voluntarily doing that in the United Kingdom. | don

when that interview took place but it is certainly

that has to change.
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There is
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't know

a view

The technologies that we have are increasingly

going towards segmentation for all of the benefits
have mentioned and to stick you head in the sand an

that is not going to happen I think is going to be

mistake.

that |

d say

PARTICIPANT: You are probably referring to HIV |

guess or what types of disease was that vaccine bec
there are lots of examples where high-tech vaccines
been quite useful. For example influenza I think sy
biology now really allows us to — literally in week

months you can have a new effective vaccine availab

ause

have

nthetic

s or

le.

PARTICIPANT: | wasn't thinking of vaccines which

I know almost nothing about. The problem with the
hypothetical arthritis example that you are talking
is right now without the biomarkers that drug will
still score efficacy and | can sell it to 100 perce

arthritis sufferers. If I can only sell it to 40 pe

about
probably
nt of

rcent,
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yes, the efficacy is better and my cost to develop
lower but | have also cut my potential market by mo
half and it seems to me the economics once again cu

against —

PARTICIPANT: | think it is an interesting point.

The issue is that within all of our population that
targeting you will still only get a small percentag

will respond. Those that don’t respond probably wil
side effects, which are not particularly pleasant,
those are consequences that you need to take into a
The ethics of it is if you know that you can segmen
you can reduce the suffering to people who are goin
respond, can you continue? The answer to that is no
corollary is also that if you are able to segment a
know what those markers are and you are able to mar
alongside it the diagnostic then you have actually
completely different investment stream and revenue
rather. | think that those are things that need to

thought of in the context of development going forw

PARTICIPANT: Can I just add one thing though?

The COX inhibitors are exactly what you are talking

If they had segmented the population they wouldn’t

y adopted or
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into the problems. | just have to say that.
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PARTICIPANT: We talked about the market side.

The regulatory side has a different problem with
personalized medicine. Regulators across the world
moving on to life cycle approach rather than a snap
approach. With a personalized target in medicine ho
evaluate a post market surveillance system? Right n
market surveillance depends on the signals that the
receive and analysis of the signals, which are almo
always statistical. If you are targeting one indivi

a very limited population, how are we going to regu

this medicine post market?

are
shot

w do you
ow post
y

st

dual on

late

PARTICIPANT: | can't answer that because | don’t

have any experience in that area.

PARTICIPANT: This is a problem. The personalized

medicine approach. As a regulator | don’t know. How

gather pharmacal vigilance?

will |

PARTICIPANT: | wish I could help you. I honestly

don’t know. | don’t have any experience in that are
can't offer any insight. It is a good question and

it is one that needs to be tabled.

asol

| think

PARTICIPANT: Should | be approaching every
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medicine individually and then withdraw it from the market
PARTICIPANT: Alll can do is repeat. | can’t —
PARTICIPANT: Does the industry have thinking
about it?
PARTICIPANT: | repeat again. | was not involved
in development and | was not involved in regulatory
processes so | can’t answer your question. | have
absolutely no idea but | am sure it is being looked like.
MR. KITNEY: Do either of the other speakers want
to comment? While other people are thinking can | ust say
| was at a meeting at the Wellcome Trust two weeks ago
where actually a major American pharmaceutical comp any
presented. | won't name them. They were saying that unless
systems biology and | know primarily talking about
synthetic but they are really in my opinion two sid es of
the same coin. These techniques in relation to syst ems
biology and | think you were saying also synthetic biology
really brought in a major way and so the pharmaceut ical
industry. Their view was that certainly their compa ny might

implode. Would you like to comment on that?

MR. HENNEY: | had a telephone conversation with
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an extremely senior European pharmaceutical executi

weeks ago where the comment that was made was that

deeply concerned about the state of the pharmaceuti
industry and its current processes. | think that th

no doubt that we do have to have that paradigm shif
change of where we go. Turning the handle faster, p
the numbers’ game isn’t going to solve the solution

we still don’t address the physiology.

joint Committee on
/Board on Science,
Engineering
Associates and is
of the Committee on
/Board on Science,
ments included in
ersons or

y adopted or

ademies. 281

ve two
he is
cal
ereis
t that
laying

because

Will pharmaceutical companies implode? Who knows?

They are not actually learning the lesson that was
the door of the computer industry in the *70s and *
challenge is if new technologies that the way that
people just ignored that and eventually came in lat
music industry and all the rest of it have had to c
their business models. GM producing cars and Chrysl
producing cars that are not really the sorts of car
want. | think you have to be able to change. | thin
unfortunately the pharmaceutical industry is late t
change.

There are opportunities | think with (?)
initiative in Europe. If that comes together proper

that comes together looking at true innovation then

put at
80s. The
IBM and
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| think
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there is an opportunity to provide the evidence tha
necessary to persuade industry to adopt these chang
it has to be reduced to practice to coin an enginee
term and sufficiently robust and consistent for it

part of a regulated process for the production of m
for humans.

MR. KITNEY: Question over here.
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PARTICIPANT: Thank you. I'm with the OECD. In

the two previous sessions the speakers have identif
of the needs either for their industry or for resea
They mentioned the development of registries, libra
the standardization of parts as being something tha
important in order for researchers and probably ind
also to have access to the components that is going
synthetic biology as powerful as people hope it is
be. None of you have mentioned that. Is there a rea
that? Are components and parts something that are i

also in pharma and medicine?
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mportant

I am having another thought which 1 am sort of at

the same time trailing off. One of the reasons we h
interested in this issue at the OECD is in fact we

much interested in the whole set of issues around a

ave been

are very

ccess to
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data information, knowledge sharing. One of the are
which we have seen an evolution and some new thinki
the pharma sector have been in compound libraries a
access to compound libraries. There has been slow b
certain movement towards more sharing of access to
libraries. One of the areas that we have been think
about is there a parallel between that and the way
might create and share and access registries or lib

or whatever it is that is coming up in synthetic bi

If anybody has some comments on whether or not thos
parallel situations and whether or not in the pharm
libraries and registries of synthetic biology parts

important, 1 would be interested to hear that.
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PARTICIPANT: Maybe I could just say first that

the reason why we talk about parts, devices, and sy
all being standard simply comes out of the engineer
approach to how you design and develop devices and
That is the way it is done in engineering. Now, tha
may not be right in terms of synthetic biology but

how it is done in engineering. If you look at any |

jets or any car or any of those devices that we use

everyday lives the common approach to all of those

stems
ing
systems.
t may or
that is
umbo

in our

devices
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and systems is in terms of engineering is to produc e
standard systems from standard devices from standar d parts.
That is really the basis of this approach if you li ke
synthetic biology. It may not be correct but it is the
approach.

PARTICIPANT: | can’t speak for synthetic biology

but | can certainly talk about precisely this. It w as one
of the topics that came out of the workshop that we had,
the commentary for which was in Nature last October . The
consensus was undoubtedly that they needed to be so me sort
of standardization, for example, of the modeling ap proach.
| think that is necessary if it is going to be redu ced to
practice and be robust. There needs to be standardi zation
in terms of the languages of the computer systems t hat are
being used for modeling and simulation and the data bases
that need to be put together. There needs to be con sistency
so that you know that what you are looking at in la bAis

the same as what itis in lab B.

Similarly it is going to be for assays. There was
huge free aura about assays and things like that si mply
because people would say well you know why do you n eed to

standardize that? Why should we register our assays ? Well,
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actually if you go into any biochemical laboratory
hospital all of the enzyme assays are standardized.
are tested and they are subjected to routine robust
testing all the time. I think that if you are going
regulated environments, if you are going to be oper

that kind of system then it is unavoidable that you

have some form of standardization and a process of

verification and checking. It applies to systems an
synthetic biology and that is why | say that there

technologies and the tools there are huge overlaps

must come together as a community to actually put t

place.
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MR. KITNEY: That very nicely takes us up to

guarter past five, which is the time scheduled for
of the session. There are two things because | have
announcement to make. First of all | just wanted to

all the speakers. They were very interesting. The

housekeeping announcements are that there is an hou

program. There is now a reception immediately after

session, but the reception is actually in the third
atrium not the second floor atrium. The organizers

meeting have asked me to say if you could possibly

the end
an

thank

r on the
this
floor
of the

walk up
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the stairs that would useful. Hopefully | will see
up in the third floor atrium not the second floor.

you.
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