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Molecular Moonshots

Synthetic biologists may be closing in on potentially
world-changing breakthroughs, but they are often
hamstrung by a shortage of software tools.

HEN A TEAM of research-
ers at Bar-Ilan Univer-
sity in Israel recently
announced they had
successfully implant-
ed DNA-based nanorobots inside liv-
ing cockroaches—possibly paving the
way for a revolution in cancer treat-
ment—it marked the latest in a series of
promising innovations to emerge from
the synthetic biology community over
the past decade.

In recent years, biotechnologists
have started to come tantalizingly close
to engineering next-generation drugs
and vaccines, DNA-based computa-
tional systems, and even brand-new
synthetic life forms. Amid all these ad-
vances, however, the development of
synthetic biology software has largely
failed to keep up with the pace of inno-
vation in the field.

With only a handful of commer-
cial software tools at their disposal,
most synthetic biologists have had no
choice but to build their own bespoke
systems to support the intense data
modeling needs of molecular engi-
neering.

“Computer science is critically im-
portant to synthetic biology,” says Drew
Endy, an associate professor of bio-
technology at Stanford University and
co-founder of BIOFAB, an ambitious
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effort to create open source biological
parts for molecular engineering. Yet
surprisingly few computer scientists
have chosen to enter the field.

That situation may be slowly chang-
ing, as a handful of developers have
started to delve into the challenges
of molecular engineering. One of the
most promising initiatives to date has
come from Autodesk, which is devel-
oping a software platform designed
for synthetic biology, 3D bioprinting,
4D printing, and DNA nanotechnol-
ogy, code-named Project Cyborg.

“DNA is the universal program-
ming language,” says Andrew Hessel
of Auto-desk’s Bio/Nano/Programma-
ble Matter group, who sees enormous
potential in applying the principles
of computer science to biological ap-
plications. “The architectures of biol-
ogy—from proteins to metabolism to
cells to tissues to organisms and eco-
systems—it’s all just layered systems
on systems. But you need the founda-
tion of silicon computing to support

that work. Otherwise, DNA is just as
unreadable as ones and zeros.”

Project Cyborg offers researchers
and designers a set of Web-based com-
puter-aided design (CAD) tools that
allow the engineering of nano-scale
objects in a visual design framework.
The system allows users to store and
manipulate that data in the cloud. De-
signs can be fabricated by a number of
DNA “print shops” around the world
(such as DNA2.0 in Menlo Park or Gen9
in Boston).

Thinking about the design of living
things, Hessel has discovered irresist-
ible parallels between synthetic biology
and computing. “Cells are just living,
squishy parallel processors,” says Hes-
sel. “They are fully programmable.”

One of Project Cyborg’s best-
known beta testers is Shawn Doug-
las at the University of California
San Francisco, who is using the Au-
todesk tools to design cancer-fighting
nanorobots that have already proven
effective at isolating and attacking

cancer cells in a lab environment.

The nanorobots work by twisting
into a precise configuration that allows
them to attach to targeted cells, look-
ing for signals from antigens on the
cells’ surface that flag them as cancer-
ous. The nanorobots then lock onto
the cell, breaking it open and engaging
the cell receptors to trigger a response
that destroys the cancer cell.

Transforming DNA strands into
predetermined shapesrequiresacom-
plex and delicate process of manipu-
latingnucleotidestoassembleinapre-
ordained sequencing, precisely order-
ing the genomic components of ade-
nine, cytosine, guanine, and thymine.
It is painstaking work, involving thou-
sands of detailed specifications.

Douglas initially used the open
source drawing tool Inkblot (and in
some cases, pen and paper). Frus-
trated with the limitations of the avail-
able software, he drew on his own
background in computer science to
develop an open-source software tool

Milestones

Celebrations Honor Boole’s 200" Birthday

University College Cork (UCC),
which describes itself on its
website as “the academic home
of George Boole,” is preparing a
number of events in celebration
of the 200th birthday of Boole, the
English logician, mathematician,
and philosopher who introduced
what has become known as
Boolean algebra and Boolean logic.
Born in Lincoln, England,
in 1815, Boole became a
schoolteacher and researched
mathematics in his spare time.
In 1844, he was awarded the
Gold Medal of the Royal Society
in London for his paper “On a
General Method in Analysis.” He
was named UCC'’s first professor of
mathematics in 1849, and is often
said to have laid the foundations
of the Information Age, as his work
serves as the basis for modern
mathematics, microelectronic
engineering, and computer science.
Last November, the university
launched a year-long celebration
of Boole’s bicentenary, to
include high-profile projects
and events commemorating his
contributions in the fields of
mathematics, computer science,
and engineering. In addition,
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a series of legacy initiatives are
planned, both to inspire and to
fund the next generation of talent
in those disciplines.

Speaking at the launch of the
commemorative year, Ireland’s
Taoiseach (prime minister) Enda
Kenny said Boole’s “remarkably
beautiful work is integral to
cybernetics, logic, information
theory, computer science; every
time we turn on a laptop or take
a call on our mobile phone ora
cold drink from the fridge, we can
thank George Boole.

“He was extraordinary, not
alone in the brilliance and
fineness of his mind but in the
depth of his heart. His compassion
for his fellow human beings, his
sense of responsibility toward
them, saw him make a significant
contribution both to adult education
and the learning and welfare of the
poor and the excluded.”

Highlights of the George
Boole 200 celebration include:

> Restoration of No.5 Grenville
Place, Boole’s first home in Cork.

> An official film biography
of George Boole.

> An interactive tour “led”
by George Boole, featuring key
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locations on the UCC campus
where Boole taught, is being
provided to the public.

» The exhibition Boolean
Expressions: Contemporary Art
and Mathematical Data will begin
July 30 and run through Nov. 8 at
UCC’s Lewis Glucksman Gallery.

» The George Boole 200
Inaugural Lectures kicked off
in February with Muffy Calder,
professor of computing science
at the University of Glasgow, and
Alberto Sangiovanni Vincentelli,
professor of electrical engineering
and computer science at
the University of California,
Berkeley, addressing Boole’s
legacy. For more information
on those lectures, visit: http://
www.georgeboole.com/events/
lectures/george-boole-200-
inaugural-lectures.html.

» UCC will host a series of
conferences to celebrate Boole’s
work and legacy. The Mathematical
Sciences Conference is scheduled
for Aug. 17; the Boole Bicentenary
Celebration of his achievements
and multiple legacies is
scheduled for Aug. 28-30; the
21 International Conference
on Principles and Practice of

Constraint Programming and
the 31 International Conference
on Logic Programming are both
scheduled for Aug. 31-Sept. 4, and
a conference on engineering is
slated for some time in September.
> A series of outreach events
to primary school children is
planned to celebrate Boole and
demonstrate his relevance to
today’s younger generation. One
of these is the ‘1 Wish’ event, led
by Cork Chamber of Commerce
and Cork City Council, which
will give 1,000 female transition-
year students the chance to meet
female entrepreneurs and other
female role models from science,
technology, engineering, and
mathematics (STEM) fields.

> On the 200" anniversary of
Boole’s birth on Nov. 2, a celebration
at UCC will include the conferring
of honorary degrees on leaders
in the fields of mathematics and
information technology from
around the world.

» Other events at UCC and else-
where will be added to George Boole
200 during the course of the year.
For the latest news on George Boole
200, visit www.georgeboole.com.

—Lawrence M. Fisher



known as Cadnano to accelerate the
process.

The work paid off, and soon re-
searchers in his lab were able to com-
plete dozens of designs per month,
when previously they were only com-
pleting one. They soon began to take
on more challenging design projects.

One project originated with Doug-
las’ work on DNA as a graduate student
at Harvard University in the mid-2000s,
working with collaborators Hendrik Di-
etz and William Shish to create complex
shapes made out of DNA strands. By
manipulating the order of nucleotides
within the famous double-helix struc-
ture of DNA, they were able to influence
the way one strand interacted with an-
other: in effect, programming them to
bend, join together, and combine into
new shapes.

Douglas continued to pursue his stud-
ies at Harvard with computational biol-
ogy pioneer George M. Church and Ido
Bachelet, a researcher in experimental
pharmaceutics who would go on to lead
the work on DNA-based origami robots
at Bar-Ilan University. Eventually, they
began to work on progressively more
ambitious DNA experiments.

In 2012, Douglas and Bachelet
published a seminal article in Science
about their work, chronicling the re-
sults of their experiments in designing
an autonomous DNA nanorobot capa-
ble of delivering molecular “payloads”
to attack six distinct types of cancer
cells. Their study found this approach
worked particularly well with certain
kinds of leukemia cells, while leaving
99% of healthy cells untouched.

If successful, nanorobot-based can-
cer treatment would represent a huge
leap forward from the brute force thera-
pies of traditional chemotherapy and ra-
diation techniques, and promises to re-
lieve the suffering and prolong the lives
of countless millions of cancer patients.

Elsewhere, researchers at Duke Uni-
versity, the University of Rome, and
Aarhus University have built a “DNA
nanocage” with tiny lattices that can
open and close in response to tempera-
ture signals. This mechanism would al-
low it to release enzymes in response to
environmental conditions, making it
theoretically possible to deliver highly
targeted medicines in pill form.

For all of their potentially enormous
promise, none of these devices has

ey
“Cells are living,
squishy processors,”
says Hessel.

“They are fully
programmable.”

been tested on humans. The potential
side-effects and complications remain
unclear. Unlike insects, human beings
and other mammals will be more dif-
ficult to penetrate due to their higher
levels of infection-fighting nucleases,
but researchers are continuing to work
on solutions to that problem.

That work will require increasingly
complex computer modeling, almost
certainly involving more custom ap-
plication development. Indeed, most
of the high-profile synthetic biology
work—and funding—has focused on
the “application” layer of high-profile
solutions, rather than on the far-less-
glamorous systems layer that would
ultimately enable more and more of
these applications to take shape.

“Historically, the engineering tool-
kit for biotechnology has not been
well-defined,” says Endy, who laments
the lack of funding support—and ap-
parent interest—in tackling these in-
frastructure-layer challenges in both
the academic or corporate worlds.
None of the major university com-
puter science departments devote sig-
nificant support to synthetic biology,
nor (apart from Autodesk) does there
seem to be much interest emanating
from the corporate software world.

“Teams that get funded to work on
solving problemswith biologytendtobe
overdriven by the immediate pressing
natureofthesituation,” says Endy. “That
leads to a bias in funding and under-
development. We are too focused on
the applications.”

Endy feels the answer may lie in
public-private partnerships, similar to
the ones he forged with BIOFAB, which
pioneered the development of an open
source framework known as BIOBRIC,
something akin to a Creative Com-
mons license for biological parts.

“Public-private partnerships can
work in biotechnology by allowing aca-

APRIL 2015 | VOL.58 | NO. 4

Nnews

demics and professionals to work to-
gether in an effective way.” says Endy.
“Academics are in the business of ship-
ping papers, and biotech companies
are over-driven by implementation.”
Endy sees potentially enormous com-
plementary power at work when the
corporate work ethic gets coupled with
the academic commitment to getting
the fundamentals right.

Moreover, biologists and computer
scientists still need to learn how to
speak each other’s languages. DNA
may be a programming language, but
it does not involve a binary system;
instead, it is an ordinal system, in-
volving a more complex code of nu-
cleotide sequences. And while most
computer programming languages
are linear, time-based systems, biol-
ogy happens in the physical world; it’s
a four-dimensional proposition.

Taking computer science from the
binary realm of silicon into the four-
dimensional, ordinal biological world
will inevitably require a steep learning
curve, but the potential payoff for hu-
manity is enormous. Says Endy: “The
number of miracle moonshots is al-
most infinite.”
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