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A partnership between biology
and engineering

Roger Brent

This article explores the potentially beneficial
outcomes of a partnership between systems
biology and synthetic biology. This assess-
ment is a challenge due to the vague defini-
tion and unrealistic claims made for systems
biology, as well as by the lack of an explicitly
stated distinction between synthetic biology
and the engineering of biological systems
practiced since the development of recombi-
nant DNA. Here, I suggest that one might be
able to add meaning to the concept of systems
biology by remembering older conceptions of
experimental systems. In biology, the original
word used for the study of system function is
physiology. It may be possible in the near
term to understand the quantitative physiol-
ogy of certain intracellular systems. I then try
to determine the distinguishing attributes of
synthetic biology. Any body of theory and
experimental capability that enables quanti-
tative prediction of a system’s behavior will
be applicable to synthetic biology in that it
will enable prediction of the behavior of
human-designed biological artifacts before
those are instantiated in DNA code. If the
practitioners are honest with one another
about the limits of their abilities, this intersec-
tion of science and engineering can spur the
development of both.

Engineered biological systems and
synthetic biology

Among scientists in the 1960s, the early suc-
cesses of molecular biology gave rise to wide-
spread belief that new synthetic technologies
would develop!. By the next decade molecular
biology began to impact human synthetic
capability in earnest through the devel-
opment of recombinant DNA methods>?.
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Before the 1970s, human biological synthetic
ability had been increasing gradually since the
Neolithic, with a noticeable uptick around the
Enlightenment and another in the early 20th
century with the development of transmis-
sion genetics. But in the 1970s, the rate of
increase went high and stayed high. A bare ten
years after the first publications, one could
purchase bottles of human insulin, synthe-
sized in bacteria, in any pharmacy in the
developed capitalist world.

The origin of what is now called synthetic
biology is more recent?. Although a thought-
ful observer has recently called this a scientific
discipline, akin to synthetic biology®, here, I
will use this term to describe efforts to design
biological systems to perform a given func-
tion, verify that they will have that function
before one builds them, instantiate them in
DNA code and use the system to accomplish
the function. This nexus of effort is obviously
a branch of engineering rather than science.
But to understand how what is sometimes
called systems biology might support the
development of this engineering, one needs
to introduce the science.

Imprecise definitions and inadequate
methods

Although common use of the term ‘systems
biology’ is fairly new, the concept is not. The
current vogue for the term can be understood
as a dialectical swerve, a consequence of the
success of the molecular biological program
articulated by Warren Weaver in the 1930s: to
understand life, understand the molecules
that make it up®. By the 1990s, and led by the
genome projects, various kinds of high-
throughput data collection projects were
coming online, and their output was of course
information about molecular entities (coding
sequences, mRNAs, enzymatic functions,
post-translational modifications and contacts
with other proteins). If these activities
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achieved their goals, biologists would possess
descriptions of molecules, times and places of
RNA and protein synthesis, simple biochemi-
cal functions and their connections’. The
word for descriptions of parts and their con-
nections is anatomy. The work for how those
parts work together to provide function is
physiology. The 1990s was a festival of infor-
mation about molecules. We were due for a
move back to physiology.

Systems biology is usually now taken to
mean that in order to understand the behav-
ior of a biological ensemble, one needs to
study the whole, rather than its isolated parts.
At that level, the idea is both obvious and
devoid of deeper explanatory power®. The
term evokes ‘systems neuroscience, which
arose in opposition to ‘molecular neuro-
science, a meme from the 1980s when recom-
binant DNA-powered molecular methods
began to impact neurobiology departments.
In neuroscience, neither usage is profound,
because understanding of the brain obviously
needs to be grounded in the components
that make it up (the molecular and cellular
bits), but one obviously then needs to under-
stand how molecules and cells work together
to give rise to functions (the systems bit).
In fact, neurobiology started with systems
approaches long before individual molecules
had been identified, and this research tradi-
tion stretches from the study of sensory sys-
tems pioneered by von Helmbholtz, through
contemporary studies of phenomena that
depend on ensembles of small numbers of
neurons, such as long-term potentiation.
These successful examples of systems neuro-
science have in common a more sophisticated
definition of the word system, to which I
return below.

In molecular, cellular and developmental
biology, proponents of systems biology some-
times promised, explicitly or not, that replac-
ing the trickle of data about the molecules
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of life with a torrent would enable wholesale
classification and analysis of the data (which
it did), but also that some foreseeable analysis
of the catalog could not just supplement but
obviate the need for directed experimentation
(which it did not).

Some of the criticisms directed against this
picture of systems biology are definitional. At
the margins, a great deal of science that uses
of high-throughput information is indistin-
guishable from other research. For example,
suppose that analysis of gene expression data
suggests that a set of genes might be con-
trolled by a positive regulator. An experi-
menter might scan a list of genomic open
reading frames to identify possible DNA-
binding transcription activators, make cells in
which these were knocked out, survey
expressed mRNAs and find that one of the
mutated candidate transcription activators
was needed for expression of that set of genes.
This experimenter might call the line of
experimentation systems biology, another
might not, but the name one gives the type of
experimentation that led to the conclusion
seems of little consequence.

But some of the criticisms one can direct at
the claimed capabilities go beyond terminol-
ogy. Of these, two seem particularly impor-
tant. One is the idea that high-throughput
data can be sufficient by themselves to learn
things about a cell, organism or pathway that
are not already known. It is certainly true that
surveys bring to one’s attention facts that
would not otherwise have been found. For
example, early large scale surveys found that
genes induced during fibroblast growth were
involved in wound healing9, an observation
that made great sense after the fact but which
was not widely appreciated beforehand, and a
great deal of recent work is enabling new
delineations of types of cancer cells and their
response to therapies. But in these cases, as in
the thought experiment about activator pro-
teins above, the new data is only useful taken
together with prior knowledge of how things
work. The other idea is closely entangled: that
there might be experimental perturbations
that can be applied systematically and paired
with existing high-throughput data collection
methods to yield systematic insight. This
vision is not silly. For example, it has been
possible to use data on changes in yeast
mRNA expression in response to essentially
arbitrary chemical and genetic perturbations
to identify candidate genes that might be
expressed in specific cell lineages!®. But, even
in the rare successful cases, the vision is
incomplete—at the moment, the new
hypotheses need to be tested by ad hoc experi-
mentation. Moreover, this vision is also
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premature, because, no matter what pertur-
bations one can generate systematically, the
types of data one can now generate systemati-
cally to observe their consequences are
not adequate to determine either the archi-
tectures or quantitative behaviors of the
regulatory pathways of most interest to con-
temporary biologists (see below).

Productive systems

One way to get beyond current inadequacies
of the systems biology concept may be to
‘rebrand’ it by recalling an older and more
precise conception of system. Consider this
definition from the computer scientist Ben
Kuipers in 1994 (ref. 11): “By a system, we
simply mean some subset of the entire world
whose behavior, and whose interaction with
the rest of the world, we believe can be sensi-
bly described. The set of all clock pendulums
in New England is undeniably a subset of the
world.... but is not a good example of a sys-
tem.” In the hands of an experimentalist like
Galileo, the ensemble of components (weight,
arm, hinge) that comprises a single clock pen-
dulum becomes a system, in fact, a good sys-
tem. Certain attributes make it so. First, the
experimenter can draw a boundary around it
so that, to a first approximation, variable
influences from outside that boundary can be
ignored. The boundary is drawn heuristically;
the experimenter can redraw it at will
Second, the experimenter can conduct defi-
ned perturbations inside the boundaries (for
example, lengthening the arm of the pendu-
lum) that lead to changes in system behavior.
Third, the experimenter can, by reasoning,
generate sensible explanations for the
changed behavior. Fourth, the ‘goodness’ of
the system is defined after the fact, by assess-
ing how much the investigator learned from
it. Fifth, in many cases an operational means
of assessing how much the investigator
learned is to evaluate how well the under-
standing enables prediction of changed
system behavior in response to defined per-
turbations. In biology, the practice of investi-
gating function by delineating a subset of the
world and perturbing components within the
boundary is old indeed. It goes back at least to
William Harvey and the idea of a circulatory
system, and in genetics and molecular biology
stretches in an unbroken line from T.H.
Morgan through the work of Jacob and
Monod (who defined and made good use of
lactose metabolism and A lysogeny as experi-
mental systems) to the present day'2.

In biology, some subsets of the world that
we would like to understand are now beyond
our approach, but will not be so in the future.
For example, imagine that we could generate

an inventory of the expression and subcellular
and extracelluar localization of all mRNAs
and proteins expressed by a genome in all the
cells of an organism over developmental time.
At the moment, this inventory of expressed
molecules would not constitute a system in
the Kuipers sense because its detailed behav-
ior could not be sensibly described. However,
this inventory differs from the New England
pendulums because its temporal evolution is
at least partially determined by its genomic
source code. Today, we can sequence the code.
One day we will be able to sensibly describe its
workings over developmental time. On that
day, the inventoried expression and localiza-
tion patterns will merit the term system. And
we will call the conceptual framework that
enabled the sensible description of those pat-
terns a theory.

Prediction as understanding

The reason for paying attention to theory is
that it—aside from the ability to supply
parts—may provide a path by which biology,
or systems biology, will contribute to syn-
thetic biology.

To illustrate this point, let us suppose that
there is some combination of theory and
experimental data for a biological system that
would enable prediction of its future quanti-
tative behavior given knowledge of its present
state. This stance admits that some aspects of
biological behavior are not determined, but
acknowledges that many aspects are highly
determined. The developmental trajectory of
entire metazoan organisms in time and space
is determined to a large extent by the elabora-
tion of instructions stored in their genomes.
On shorter time scales, the behavior of a cell
60 seconds after a perturbation is dependent
on the makeup of a constellation of molecules
already present at the time of perturbation.
But attaining quantitative insight into this
behavior, even for simple systems on short
time scales inside single cells, will be
extremely difficult. One reason is that the
only current theoretical frameworks that
seem to allow the desired predictive power
require measuring numbers of molecules and
the rates at which they participate in defined
reactions. Another is that, methods to meas-
ure these quantities do not now exist, but
need to be developed. And, even if one can
achieve this understanding, one cannot now
guess its pure scientific worth.

However, when one assesses the possible
value of quantitative prediction to applica-
tions of biological knowledge, the picture
changes. Predictive quantitative frameworks
that described even quite small systems,
for example, intracellular signal transduction
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systems, would find use in medicine, both
to guide drug discovery efforts, and to guide
therapy by suggesting points, perhaps in
individual cell types of individual patients,
for which small, perhaps multiple simul-
taneous interventions might have great thera-
peutic value. Another area for application of
this understanding would be in synthetic
biology.

Biological engineering, synthetic biology
and reinvented wheels

The comparison between biological systems
and human engineered artifacts became com-
pelling during the late 1990s (see, for exam-
ple, refs. 13,14,15,16). Today, numerous
researchers want to design and build biolo-
gical systems, and call this work ‘synthetic
biology®1718:19:20.21,22 These researchers dis-
tinguish their work from an older biological
engineering canon, which encompasses fer-
mentation and process engineering, and also
biomedical engineering (prosthetic limbs,
laser catheters guided through arteries,
cochlear implants). They also distinguish it
from a second, newer and economically
important, recombinant DNA canon, which
encompasses engineered organisms that pro-
duce proteins or simple chemicals, plants
engineered that make pesticides or fix nitro-
gen, phage vectors designed with attributes
relevant to gene therapy. Instead, the syn-
thetic biologists have defined as their goal the
design and construction of systems that
exhibit complex dynamical behavior, logical
behavior, the ability to exist in a number of
states or the ability to execute small numbers
of programmed steps (for example, in com-
plex chemical synthesis).

Some of this engineering work has a dis-
tinct feeling of a new group of investigators
revisiting a body of existing knowledge, so
that the conclusions arising from it are diffi-
cult to distinguish from previous work. Some
of the ideas are quite old: the first genetic
oscillatory system to be defined (in 1970), cI
and cro?’ (Eisen et al., 1970) came from then-
cutting-edge biology, the study of phage A.
Among themselves, these researchers referred
to this subsystem as a ‘circuit, and named it
after a then-current digital electronic artifact,
a ‘flip flop, a usage that seems even more pre-
scient when one remembers that these circuits
were then soldered together from discrete
transistors and that this English term was
being used by scientists speaking French.
Similarly, molecular schemes, some involving
quite complex engineering that take advan-
tage of DNA-binding proteins and regulatory
sites to control gene regulation?*%7, have
been around for many years. It is by no means
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clear at this point that the attempts by syn-
thetic biologists to characterize the behavior
of their systems has resulted in insights
beyond those gained by the classical biologists
who studied the systems they constructed,
although it may well happen in the future. In
any case, the worth of these latter-day engi-
neering efforts will need to be established in
engineering terms by development of new
functionalities that see wide use.

Similarly, the criteria that distinguish the
synthetic biology canon from the second
canon of recombinant DNA and genetic engi-
neering are at this point not well defined. One
seeming distinction is that synthetic biolo-
gists state their desire to assemble complex
living systems from well-defined parts, rather

Synthetic biologists have
defined as their goal the design
and construction of systems
that exhibit complex dynamical
behavior.

than by making simpler interventions that
suborn existing systems. For example, the
effort to use combinations of regulatory pro-
teins and sites to engineer a cell that can add
two numbers together might be considered
synthetic biology, whereas the effort to mod-
ify the glycosylation machinery of maize to
enable production of a human antibody
might not. A second distinction is that the
people performing the engineering work call
themselves engineers. So workers construct-
ing the cell that adds two numbers might call
themselves engineers practicing synthetic
biology, workers making the maize that
makes a properly glycosylated antibody might
call themselves scientists and workers modi-
fying a gene therapy vector for use in a clinical
trial may call themselves physicians. A third
distinction is that synthetic biologists posi-
tively emphasize a number of doctrinal points
from other branches of engineering, includ-
ing the use of well-behaved interchangeable
parts, the separation of design from fabrica-
tion, the taming of complexity and mitigation
of unexpected consequences by disciplining
the engineering to require rigidly defined
levels of abstraction (part, device, system)
with protocols for communication among
those levels, and of course the willingness to
use parts and systems, such as aminoacyl
tRNA synthetases that work with nonstan-
dard amino acids, that are not found in the
natural world?®,
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For the purpose of this article, one of these
doctrinal points is paramount. That is an
emphasis on design and testing via simulation
before fabrication. Synthetic biologists wish
to examine the performance of the systems
they design before instantiating them in DNA
code. Let us call this a longing for ‘design-
based engineering of biological systems.’
Whatever synthetic biology means now or is
to mean in 10 years (and this we can leave up
to the practitioners), it is here that the inter-
section between it and systems biology,
defined or rebranded as the quantitative biol-
ogy of function, the physiology, of ensembles
of defined parts, seems to lie.

Partnership and consequences

For biologists, this intersection has at least
two strongly positive consequences. The first
is the infusion of engineering ideas and mind-
sets into the quest to understand the quantita-
tive biology of function. That scientific
objective will not be accomplished without
the contributions of biologists, experimental
physicists, chemists, applied mathematicians
and computer programmers, and because of
that need, the cross-cultural fertilization at
research sites working on this problem is
tremendous. Adding engineering to the mix
only increases the complexity of the cultural
collision and the potential for useful ferment.
For example, the hacker culture of software
engineering emphasizes elegance of execution
and playfulness, qualities surely to be prized
among research scientists. Similarly, software
engineers often consider open source devel-
opment paths for technology?®, and, if
these concepts can be stretched further, they
may offer alternative ways to organize human
efforts to design and construct complex
biological systems. The second is that some
scientific and engineering activities are essen-
tially identical but have different names.
For example, consider a computer program
that runs simulations of the time-dependent
behavior of a biological system. A biologist
might consider this a quantitative predictive
model. A synthetic biologist might look at the
same piece of code and call it a design tool.
Here, progress toward one goal is essentially
equivalent to progress toward the other.

For engineers, or synthetic biologists, the
intersection with biology may have also posi-
tive consequences. One reason is that at this
point, biologists usually know a great deal
more about how to work with biological sys-
tems. If an engineer wants to effect a design
goal, her ability to execute it is likely to benefit
from advice from a scientist. Another reason
is that engineering has produced concepts—
wheels and axles, governors on steam engines,
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impedance in electrical circuits, switchboards
in telephone exchanges, synchronous opera-
tions in digital processors—all of which were
designed by sentient beings instead of being
thrown up by evolution. Engineers, naturally,
now seek to test the relevance of these con-
cepts to biology. In any given case, an analogy
might be fruitful or might not. It is usually the
biologists who now attempt to evaluate the
utility of the engineering analogies, and their
feedback is at least of some value to engineers.

The above gives examples of the possible
benefits of cross-fertilization between science
and engineering. For these benefits to be real-
ized, the proper stance from both sides is
probably one of skepticism tempered by
respect. There is now no systems biology that
engineers can use to predict the behavior of
the systems they design. There is now no uni-
versally applicable set of concepts from the
behavior of mechanical or electrical systems
that biologists can immediately apply to gain
deeper understanding of the cells and organ-
isms they study. Cells and organisms will need
to be understood in their own terms. Many of
those terms will come from science. But some
will come, as they have already, from future
concepts in engineering.

The long-term reason to pay attention to
this intersection is that the main way in which
increases in biological understanding affect
human affairs is by enabling increases in
human capability. A number of people”3!
have pointed out that biological capability,
the ability to manipulate and build living
things, is likely to become as important to the
economy of this century as the ability to
manipulate the flow of electrons and bits and
build circuits was to the last. A predictive bio-
logical understanding—or, if we are still using
the term, a systems biology that is more than a
collection of slogans—is the natural marriage
partner for a synthetic biological capability.
This partnership would enable vastly more
sophisticated therapies, and more precise
engineering of crop plants. But its impact
would not be confined to the existing health-
care and agricultural industries. Devices that
counted cell divisions or that bar-coded dif-
ferent metaphyte and metazoan lineages dur-
ing differentiation could move from tools of
discovery to tools to monitor the real-time
condition of economically important plants
and animals. Genetic circuits installed as
transient tattoos by ballistic DNA transfor-
mation of the skin could monitor exposure to
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radiation and environmental toxins. Design-
based biological engineering could result in
the ability to program and execute multistep
syntheses that could call on chemistries evo-
lution never generated, and could then lead to
the ability to design collections of cells and
organisms, tailored ecologies, that execute
combinations of chemical steps (synthesis)
and mechanical steps (fabrication). Such
capabilities could obviously affect the genera-
tion of energy, materiel, roads, housing and
clothing, and fabrication of more complex
artifacts such as vehicles and computers. As
importantly, this partnership will eventually
enable the wholesale design-based, predictive
modification of organisms important to us,
including, if we so choose, our own species.
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