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Genomic Era and Tools of the Trade

 On June 26, 2000, President Bill Clinton and Prime Minis-
ter Tony Blair, along with Francis Collins, director of the Human 
Genome Project at the NIH, and Craig Venter, president of Cel-
era Genomics, announced the arrival of the genomic era with the 
sequencing of the first draft sequence of the human genome. 
With this wealth of information, scientists and policy-makers alike 
were eager to welcome in the genomic era of genetics. Doctors 
dreamed of personalized medicine, where genomic information 
can be used to diagnose individual predispositions to cancer and 
disease. Politicians pondered the implications of genetic profiling, 
where insurance companies can potentially use genetic informa-
tion to screen policyholders. The genomic era is bright with prom-
ise and unprecedented potential but also rife with social implica-
tions and practical applications. 

While a sequenced genome provides a boon of new infor-
mation and the scientific community is quick to emphasize the 
potential of this plethora of information, there are still many 
challenges in its interpretation and analysis. The interpretation 
of genomic data requires both high throughput techniques, such 
as microarray analysis, and heuristic algorithms in bioinformat-
ics to analyze large amounts of data. Microarray analysis allows 
researchers to understand differential expression of many differ-
ent proteins between different species, ages, and diseases states. 
With more than four billion base-pairs in the human genome and 
over thirty thousand open reading frames, the sheer size of the 
human genome requires the use of ad hoc analytical methods. 
The status quo approach in analyzing individual enzymes and mol-
ecules is complemented by a recent desire to understand entire 
systems, regulatory networks, and gene families. Exponentially 
increasing information on biological organisms and increasing 
computational power has broadened the perspective of current 
biological research.  

Although genomic sequences provide insight into the en-
zymes that make up an organism, understanding of how these 
parts work together to produce complex phenotypes is the fo-
cus of current research.  Understanding the regulation of gene 
expression and multicellular development will require a deeper 
analysis of how transcription and stability of mRNA is regulated 
in response to the environmental stimuli. Despite the age old de-
bate between nature vs. nurture, it is the interplay of the environ-
ment and gene products that determine disease states and merge 
to create the fascinating output of life. Greater understanding of 
the regulation of gene products is required in determining their 
effects on physiology and development. Synthetic biology seeks 
to understand and apply understanding of biological regulation to 
tackle general problems. 

Recombinant DNA technology laid the foundation for ma-
nipulation of biological systems on a molecular level, but recent 
advances in DNA sequencing and synthesis technology have great-
ly expanded the potential of biological engineering projects. The 
decreasing cost of oligonucleotide synthesis as well as improved 
techniques of combining oligonucleotides allows unparalleled 
flexibility in synthesizing long DNA sequences. From traditional 
methods of subcloning using restriction endonucleases and ligases 
to polymerase-based techniques such as gene Splicing by Overlap 
Extension (gene SOEing), researchers have unprecedented power 
in their ability to alter and characterize DNA.   We can now iden-
tify new genes or regulatory sequences in diverse systems and 
recombine them into novel networks that attempt to recreate our 
understanding of existing biological systems. The rapidly expand-
ing molecular biologist’s toolkit broadens the scope of manipula-
tion to whole genetic systems instead of individual genes.  

The current state of molecular biology has improved our un-
derstanding of the networks of biomolecular interactions that give 
rise to complex phenotypes and allows for unprecedented control 
of biological systems through clear characterization and synthetic 
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Figure 1: Understanding of the many levels of biological regulation 
can be applied to engineer unique cellular behaviors with desired 
properties. (Graphic by Katelyn Gray) 

Figure 2: Rational design of novel networks of interrelated regulatory 
networks can provide a deeper understanding of biological 
systems. Such networks depend on a database of quantitatively 
characterized biological parts. (Description of Biological Parts and 
images courtesy of http://partsregistry.org/Catalog)

Biological Parts 
Promoters
A promoter is a DNA sequence that tends to re-
cruit transcriptional machinery and lead to tran-
scription of the downstream DNA sequence.

Ribosome Binding Sites
A ribosome binding site (RBS) is an RNA se-
quence found in mRNA to which ribosomes can 
bind and initiate translation.

Protein tags and modifiers
Protein tags and modifiers are short peptide 
sequences cloned in frame with protein coding 
sequences that change the protein’s behavior. 
Protein tags and modifiers might change the pro-
tein’s location, alter its degradation rate, target 
the protein for cleavage, or enable it to be readily 
purified.

Protein coding sequences
Protein coding sequences encode the amino acid 
sequence of a particular protein. Note that some 
protein coding sequences only encode a protein 
domain or half a protein. Others encode a full-
length protein from start codon to stop codon. 
Coding sequences for gene expression reporters 
such as LacZ and GFP are also included here.
 
Terminators
A terminator is an RNA sequence that usually 
occurs at the end of a gene or operon mRNA 
and causes transcription to stop.
 
DNA
DNA parts provide functionality to the DNA it-
self. DNA parts include cloning sites, scars, primer 
binding sites, spacers, recombination sites, conju-
gative tranfer elements, transposons, origami, and 
aptamers.

Plasmids
A plasmid is a circular, double-stranded DNA 
molecules typically containing a few thousand 
base pairs that replicate within the cell indepen-
dently of the chromosomal DNA. 

Plasmid backbones
A plasmid backbone is defined as the plasmid se-
quence beginning with the BioBrick suffix, includ-
ing the replication origin and antibiotic resistance 
marker, and ending with the BioBrick prefix.

techniques. Just as electrical engineering required increased apt-
ness in manipulating individual circuits and transistors, biology is 
on the cusp of synthetic potential as new technologies overcome 
technical difficulties challenging previous generations of scien-
tists. 

Concept

Synthetic biology can be described as a hierarchy of funda-
mental biological concepts. From discrete genetic parts to whole 
biological circuits, each level of regulation builds upon a lower 
level of biological function for the ultimate goal of using biological 
systems to perform novel tasks or improving upon natural func-
tions. Individual genetic parts, or particular DNA sequences with 
known functionality, can be integrated into genetic circuits. Ge-
netic circuits, or new combinations of regulatory and coding se-
quences, can be created to produce unique behavior. Ultimately, 
these genetic circuits can be incorporated into biological organ-
isms or systems. 

Ongoing efforts in synthetic biology are focused on the cre-
ation of reusable, modular fragments with clearly characterized 
behavior and functionality in biological systems. With the dis-
covery of the lac operon, biologists recognized the possibility for 
digital, discrete outputs within biological systems. Detecting the 
presence of lactose, the LacI repressor recognizes and binds to 
particular DNA sequences upstream of coding regions, regulating 
the transcription of the gene products in an all-or-none fashion. 
With clearly characterized behavior, the LacI repressor is already 
widely used in biotechnology applications, such as PET vectors, as 
integral parts of simple genetic circuits. As the biological analog of 
electronic circuits, researchers hope to use a growing repertoire 
of genetic parts to mimic logic functionalities and produce com-
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Figure 3: RNA molecules exhibit diverse three-dimensional structures dependent on 
temperature, nucleotide base-pairing, and steric parameters. (Chowdhury et al. EMBO 
Journal. 2006) 

plex output. 
The basic premise of synthetic biology is the ability to char-

acterize and categorize a database of biological parts. A promi-
nent example of this concept is the Registry of Standard Biologi-
cal Parts (http://partsregistry.org/Main_Page) maintained by the 
BioBrick Foundation. Drawing upon the analogy of Lego bricks, 
synthetic biologists hope to use a standardized list of biological 
parts, ‘BioBricks’, to build large constructs with novel activity and 
unprecedented functionality. With defined activities for each 
component and a standardized subcloning method for combining 
DNA sequences, synthetic biologists hope to easily integrate ‘Bio-
Bricks’ to create novel biological circuits in a process analogous to 
the way computer scientists program computers. A database of 
DNA sequences, the Registry details the specific activity of indi-
vidual sequences, the original sources and additional information 
necessary for synthetic biologists to integrate biological parts into 
particular biological systems. 

Genetic Parts

There are three distinct levels where biological informa-
tion can be regulated.  In biological systems, information moves 
from DNA to RNA to protein. First proposed by Francis Crick in 
1958, this “central dogma of molecular biology” addresses the 
detailed residue-by-residue transfer of sequential information. 
Synthetic biology utilizes regulatory elements at each level of 
this basic concept to create novel bio-
logical machines.  On the DNA level, 
current understanding of genetic reg-
ulation reveals a complex system of 
promoters and terminators regulating 
transcription. The Registry contains a 
wide collection of parts for regulating 
transcription and translation, such as 
constitutive, inducible and repressible 
promoters, operator sequences, and 
ribosomal binding sites. Promoters, the 
5’ upstream DNA sequencing before 
coding regions, determine the amount, 
duration, and timing of the translation. 
In the Registry, there is a large cata-
logue of terminator sequences. The 3’ 
region after coding regions, which form 
hairpin loops at the end of mRNA tran-
scripts, cause RNA polymerase to dis-
sociate from the template strand and 
end transcription. This compilation of a 
wide body of knowledge and literature 
about genetic regulation chronicles the 
behavior of many DNA sequences found 
in native systems.

Knowledge of regulation on the 
RNA level is applied to synthetic biology 
and builds upon a deep understanding 
of the regulation of protein production 

through mRNA stability and translation efficiency.  Native systems 
display a wide range of RNA regulation that help modulate where 
and when particular proteins are translated. Transcribed RNA has 
the unique characteristic of being able to form diverse forms of 
secondary structure. Hairpin looping, which is intramolecular 
basepairing of palindromic sequences of RNA, is the basis of RNA 
secondary structure and can be used to create complex three di-
mensional structures. With the additional complexity of second-
ary structures, engineered RNAs function in RNA interference, as 
riboregulators, and catalyze key reactions. These RNA structures 
have been shown to mediate ligand binding and show tempera-
ture dependent activity. With temperature mediated stability, RNA 
sequences with designed hairpin loops can function as biological 
thermometers, regulating temperature sensitive expression. 

The use of riboregulators is a prominent example of apply-
ing understanding of RNA behavior to regulate the expression of 
gene products in biological systems. Collins et al designed a system 
of RNA molecules that requires cooperative function of multiple 
RNA molecules for translation to occur. An mRNA transcript has an 
additional 5’ sequence complementary to the ribosomal binding 
site, prevent binding to the ribosome from binding to and trans-
lating the gene product. This ‘lock’ sequence can be unlocked by 
the regulated production of another mRNA molecule with similar 
homology and tighter binding affinity; allowing translation. Ribo-
regulators with ligand mediated activity can bind to specific mRNA 
transcripts, silencing translation of particular genes as the result 
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Figure 4: Engineered RNA sequences can exhibit regulation based on temperature, ligand binding, and 
interaction with other nucleotide sequences. Such post-transcriptional regulation have been demonstrated 
in E. coli, as small non-coding RNA molecules can be used to prevent or induce gene expression. (Collins et 
al. Biotechnology, 2004) 

of exogenous stimuli. 
Both as sensors of envi-
ronmental stimuli and 
in mediating transla-
tion, RNA has a distinct 
regulatory role allow-
ing for programmable 
cellular behavior.

Genetic Circuits

In synthetic biol-
ogy, identified regula-
tory components are 
recombined into novel 
networks that behave 
in predictable ways.  An 
early example of a ge-
netic circuit is the AND 
gate. Mimicking the 
functionality of digi-
tal logic of AND gates 
in which two unique 
inputs must combine 
to produce a positive 
output, Arkin and co-
workers designed and 
modeled a genetic part 
to synthesize a marker 
protein in the pres-
ence of both salicylate 
and arabinose. Salicy-
late and arabinose are two naturally occuring, freely diffusible 
metabolites that bacteria normally react to; this proof of prin-
ciple construct showed the ability to produce a novel reaction 
to simultaneous induction of both metabolites. Using two induc-
ible promoters (NahR induced by salicylate and AraC induced 
by arabinose), this particular genetic part transcribed a unique 
T7 polymerase and the SupD amber suppressor terminator. The 
SupD tRNA allows translational read through at the amber stop 
codon, while the mutant T7 polymerase transcript includes two 
internal amber codons. Without the transcription of the SupD 
tRNA, the mutant T7 polymerase transcript would only create a 
nonfunctional protein product, while the SupD itself cannot in-
duce transcription after the T7 promoter. With the combination 
of both gene products, a functional T7 polymerase can be ex-
pressed, which will synthesize any gene products behind the T7 
promoter.  

An ultimate goal of genetic manipulation is the creation of 
unique genetic devices or systems that can display unique char-
acteristics or output not found in natural systems. An example 
of such a biological device is the repressilator, a biological device 
emulating the functionality of a digital oscillator which oscillates 
in its production of three different protein products. A system 
of inter-regulating gene products, the repressilator allows for se-

quential expression of three individual elements. Mimicking time 
dependent processes commonly found natural organisms, such 
as the KaiABC system and the circadian rhythm in photosynthetic 
organisms, this genetic circuit indicates the ability of simple DNA 
sequences to produce complex behaviors. Although this proof-
of-concept constructare not as robust as natural systems, this bi-
ological device demonstrates the potential of deliberate genetic 
engineering to create novel output and emulate natural organ-
isms. 

A LacI repressible promoter regulates a tn10 transposon 
gene product which can repress another tn10 transposon pro-
moter. This pTet promoter regulates the cI gene. A regulatory unit 
originally found in lambda phage, the cI protein regulates a lamb-
da promoter that natively regulates switching between lytic and 
lysogenic phages in the lambda phage lifecycle. In a time depen-
dent manner, the repressilator mimics the circadian clock found 
in most eukaryotic and many prokaryotic organisms.

Applications and Conclusions

In the last one hundred years, electrical systems have 
changed the face of the earth. Since the invention of the transis-
tors, computers, phones, and other electronic systems have en-



Figure 5: Engineered regulatory networks can be used to integrate environmental 
information to produce novel output. In a paper by Arkins et al, two inducible 
promoters detecting concentrations of salicylic acid and arabinose were used to 
cause synergistic output of green fluorescent protein. (Arkins et al. Mol Syst Biol. 2007)
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Figure 6: Biological circuits have been designed to mimic natural cyclical processes and to produce sequential output of different gene 
products. A series of three inducible promoters (pTet, pLambda, pLac) regulate transcription of three proteins. The three proteins (c1, 
LacI, tetR) repress expression of a different promoter, which causes time dependent expression of each gene product. (Elowitz et al. 
Nature. 2000)

croached upon all aspects of daily life. One can barely go through 
one day without use of e-mails, televisions, or cameras. Synthetic 
biologists dream of another world-changing revolution. Through 
modular parts and deliberate design, synthetic biology hopes to 
design biological systems to tackle challenging problems. From 
smart, self-regulating treatments for cancer to new solutions to 
the global energy crisis, the ability to engineer biological organ-
isms has the potential to address many status quo questions. The 
vast natural diversity 
of life is a testament to 
the potential and op-
portunities available in 
synthetic biology.  

Many different 
native biological or-
ganisms, such as E. coli 
and S. cerevesiae, are 
already used in many 
pharmaceutical and 
biotechnology applica-
tions. With a goal of 
standardization and 
optimization, synthetic 
biology allows for novel 
possibilities as well as 
improvement upon ex-
isting engineered systems. Regulating the interaction of bacteria, 
bacteriophage, and mammalian cells can allow for applications in 
medical diagnosis and treatment. The feasibility of using bacteria 
in biofabrication and energy generation requires designed logic 
functions in biological systems and biological computation. One 
interesting area of investigation is the removal of non-essential 
genes from the genome E. coli to produce an idealized minimal 
cell. With less chance of interfering regulatory sequences and 

gene products, such a minimal “cell chassis” could be the optimal 
shuttles for synthetic gene networks. A simplification of the cel-
lular environment allows for greater ease in characterizing and 
modeling biomolecular interactions. 

Utilizing the modularity of many biological systems, re-
searchers hope to eventually produce complex behaviors through 
the simple combination of different biological parts. However, 
important considerations and research into the modularity of 

biological parts must 
still be made. In an 
idealized world, bio-
logical parts and cod-
ing regions could work 
equally well in all dif-
ferent cell types and 
organisms. Unfortu-
nately, due to the in-
herent complexity of 
cells and intrinsically 
noisy nature of mo-
lecular systems, dif-
ferent modules might 
not work in different 
cellular environments 
or might not be opti-
mized for maximum 

efficacy. The stochastic nature of biochemical interactions re-
quires more work to build synthetic models and thereby under-
stand both natural biological systems.  

As genomic sequencing costs continue to decrease, the 
number of characterized native biological parts and unique de-
signed parts will increase exponentially. Ultimately, synthetic 
biology introduces novel biological architectures not present in 
nature. As synthetic biology seeks to stretch the boundary of bio-
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Ultimately, synthetic biology 
introduces novel biological 
architectures not present in 
nature. As synthetic biology 
seeks to stretch the bound-
ary of biological limits and go 
beyond what currently exists, 
questions of ethics and moral-
ity need to be addressed.

logical limits and go beyond what currently exists, questions of 
ethics and morality need to be addressed. What should be the 
limitations of investigation in this powerful field? With projects 
like the Venter Synthetic Genome Project, will the threshold be-
tween aggregates of molecules and life be more blurred? Should 
there be manipulation of the human genome, both for medicinal 
treatments as well as non-life threatening situations? How will 
intellectual property be handled, as the objects in question are 
inherent in natural systems? This author does not have the an-
swers to these difficult questions, but feels that one needs to bal-
ance the potential benefits with the putative risks in this potent 
area of research.  With great power comes great responsibility; a 
critical and diligent eye must be maintained in this area of active 
research. In addition to advancing current knowledge, it is the 
responsibility of the scientific com-
munity to educate the public to the 
potential and the risks of synthetic 
biology. Both to prevent Luddite 
reactions and to address legitimate 
concerns, dialogue and education 
are required of a field that seeks to 
make broad impacts on society at 
large. 

Applying the tools and under-
standing of molecular biology and 
biochemistry, synthetic biology fo-
cuses on using current molecular 
tools to engineer unique biological parts and systems.  Through 
such an engineering approach, synthetic biology also seeks to 
augment current approaches toward understanding regulation. 
Designed structures and sequences, not unique to natural sys-
tems, can be used to understand the finer details of regulation 
down to the very last nucleotide. As we continue to increase 
our knowledge of both prokaryotic and eukaryotic regulation, 
synthetic biologists continue to increase their repertoire of bio-
logical parts. Synthetic genome projects are currently underway 
and new applications such as biological computation, biological 
chemical fabrication, and disease treatments are being unveiled. 
Coupled with selection and refinement of genetic devices, delib-
erate genetic engineering has the potential to tackle many chal-
lenges in the near future.

David Ouyang is a sophomore Biochemistry & Cell Biology major 
at Baker College. 
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