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Abstract Syn thetic biol ogy started with an empha sis in exper i men tal molec u
lar biol ogy through the dem on stra tion that char ac ter ized DNA sequences which 
can be taken out of their native con text and reimple mented in novel ways. The 
scope of syn thetic biol ogy research has rap idly increased with the improve ment 
and devel op ment of tools for direct DNA syn the sis and assem bly of DNA mol e
cules. These tools now make it pos si ble to engi neer bio log i cal sys tems pre cisely 
and accu rately to reflect spe cific DNAlevel designs. Appli ca tion of syn thetic biol
ogy tech niques to bio fu els research expands the scope of bio log i cal engi neer ing 
that can be achieved where it is now pos si ble to con ceive, design, and imple ment 
largescale changes to a cel lu lar sys tem.

While sys tems biol ogy has pro vided a strong bio log i cal knowl edge base for infor
ma tion and anal y sis, syn thetic biol ogy mainly focuses on tools and meth ods to 
manip u late or mod ify a bio log i cal sys tem. A gen eral goal of syn thetic biol ogy, 
which builds on advances in molec u lar and sys tems biol ogy, is to expand the uses 
and appli ca tions of biol ogy in the same way that chem i cal syn the sis expanded the 
uses and appli ca tions of chem is try. Cur rently, syn thetic biol ogy has a main focus 
on nucleic acid meth od ol o gies (DNA, RNA) with one aim to pro vide stan dard ized 
meth ods for genetic engi neer ing.

Just as sys tems biol ogy was enabled by tech no log i cal devel op ments, syn thetic 
biol ogy was also enabled by tech nol ogy advances. Spe cifi  cally, improved meth ods 
for DNA syn the sis and molec u lar tools for assem bling DNA are foun da tional to syn
thetic biol ogy. Gen er ally speak ing, the improved abil ity to syn the size and con struct 
DNA has led to the abil ity to more care fully inter ro gate geno typephe no type rela tion
ships and also enabled the gen er a tion of novel genet i cally encoded bio log i cal func
tion. Syn thetic biol ogy includes the design and con struc tion of new bio log i cal enti ties, 
such as enzyme and even whole cells in order to cre ate novel com bi na tions of pro
cesses. The com plex ity of bio log i cal sys tems pro vides multiple types of machin ery 
and a vari ety of options to include in those parts when engi neer ing a sys tem.

In its cur rent form, syn thetic biol ogy oper ates pri mar ily with nucleic acids. 
This means that design and imple men ta tion are done at a genetic basebybase 
level. The most com mon type of sequence that is used is a gene where an aver age 
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length is about 1,000 DNA bases. To facil i tate com mu ni ca tion at this level, syn
thetic biol ogy has adopted sev eral terms to describe dif fer ent lev els of orga ni za
tion (see Box 5.1). The term DNA “part” is used to refer to a stand alone DNA 
sequence that has a dis crete func tion. Parts can vary in length, but are typ i cally of 
the order of tens to thousands of DNA bases in length. Rep re sen ta tive parts could 
be a gene, a pro moter, or a ter mi na tor.

If sev eral parts are used in con cert to achieve a more com pli cated func tion that 
col lec tion of parts is termed a “device.” The early dem on stra tions of the genetic 
tog gle switch (Gard ner et al. 2000) or re press i la tor (El o witz and Lei bler 2000) can 
be con sid ered devices as well as the bac te rial pho tog ra phy device (Levs kaya et 
al. 2005). At a sim i lar level of orga ni za tion, the term genetic cir cuit is often used. 
Genetic cir cuits also typ i cally incor po rate a col lec tion of DNA parts, but the dif
fer ence in ter mi nol ogy is born from some of the early par al lels to elec tri cal engi
neer ing con cepts that helped to lay the foun da tion for design. Some of the clas sic 
genetic cir cuits that have been con structed to date are bio log i cal equiv a lents to 
logic gates used in elec tri cal cir cuitry (Wang et al. 2011; Zhan et al. 2010).

The host organ ism for imple ment ing syn thetic biol ogy con structs is termed the 
“chas sis.” Cur rently, the most com monly used chass es in syn thetic biol ogy are 
Esch e richia coli and Sac cha ro my ces ce re vi si ae due to the large amount of infor ma
tion avail able for these organ isms and the rel a tive ease of work ing and genet i cally 
manip u lat ing these organ isms. In a generic sense, a chas sis can be any sys tem that 
con tains all of the com po nents nec es sary to func tion ally express a genetic con struct, 
so it may be pos si ble to engi neer a bio log i cal chas sis that is spe cial ized for a given 
appli ca tion. In the future, there may be a cel lu lo lytic chas sis that can be used as 
the start ing point for bio fuel appli ca tions that is spe cifi  cally designed to effi ciently 
break down lig no cel lu losic bio mass and be stream lined for tar get fuel pro duc tion.

Box 5.1: Syn thetic Biol ogy Ter mi nol ogy

Part: a sin gle, rel a tively short DNA sequence with dis crete, defined func tion
Device: a col lec tion of multiple DNA sequences that inte grates indi vid ual 
func tions to achieve a novel coor di nated func tion
Genetic cir cuit: a col lec tion of multiple DNA sequences designed to oper ate 
as a func tional cir cuit (design par al lels to elec tri cal engi neer ing)
Chas sis: host organ ism for imple ment ing genetic con structs

5.1  Exper i men tal Syn thetic Biol ogy

As with sys tems biol ogy, the field of syn thetic biol ogy is not clearly defined (some 
would con sider syn thetic biol ogy a nat u ral pro gres sion of molec u lar biol ogy), 
but there are some com mon al i ties dem on strated by pio neer ing syn thetic biol ogy 
research. The ear li est syn thetic biol ogy exper i ments (re press i la tor and tog gle switch) 
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uti lized dif fer ent genetic com po nents found in var i ous sys tems to con cep tu ally and 
exper i men tally imple ment novel, con trolled func tions into a bio log i cal sys tem. 
These early pro jects dem on strated some of the hall marks of syn thetic biol ogy: novel 
design and uti li za tion of genetic tools for exper i men tal imple men ta tion. In par al lel 
to a grow ing num ber of devel oped genetic cir cuits to dem on strate novel func tion, 
much of the work in exper i men tal syn thetic biol ogy has been focused on devel op ing 
meth ods for genetic engi neer ing.

5.1.1 Core Exper i men tal Meth ods

As the meth ods for DNA syn the sis became more stan dard ized, syn thetic biol o gists 
took the oppor tu nity to build a data base of parts that could be com bined in end less 
vari a tions to build organ isms with new func tions. These DNA build ing blocks are 
called Bio Brick parts and they are cat e go rized into their dif fer ent func tions. There 
are Bio Brick prim ers, ribo some bind ing sites, pro tein domains, pro tein cod ing 
sequences, ter mi na tors, and plas mid back bones. The data base includes other var i
ous parts and com bi na tions of exist ing parts as well. The ease of use with Bio Brick 
parts comes from the sys tem atic use of restric tion enzymes spe cific to Bio Brick 
parts, which makes assem bling the DNA much like putt ing a puz zle together.

Dif fer ent meth ods have been devel oped for assem bling DNA frag ments and 
Bio Brick users can choose between 3A, Scar less, and Gib son assem blies. The 
name 3A refers to the three anti bi ot ics used for selec tion with anti bi otic resis tance 
and it has the high est suc cess rate with Bio Brick parts. While there is no PCR 
or gel puri fi ca tion needed for this assem bly, there is a scar left behind from the 
restric tion and liga tion pro cess.

Addi tional meth od ol o gies have been devel oped to imple ment scar less assem
bly of DNA frag ments. As implied by the name, these meth ods do not leave a 
scar from link ers. The absence of scars is very use ful in assem bling pro teins and 
also allows the user to assem ble parts that may not be com pat i ble otherwise. 
Poly mer ase cycling assem bly (PCA) runs sim i lar to a PCR and uses oli go nu cle
o tides that all have flank ing regions that com bine to leave sin glestranded gaps 
that a DNA poly mer ase then fills in. The DNA strands can be up to 50 base pairs 
and should over lap about 20 base pairs. Sim i lar to PCA is another method called 
Iso ther mal Assem bly (Gib son Assem bly) where there is an over lap of about 
20–40 base pairs and multiple strands of DNA can be joined in one reac tion. 
Unlike PCA, Gib son is an iso ther mal assem bly that occurs at 50 °C and runs for 
up to an hour mak ing it one of the quick est assem bly meth ods. In this method 
how ever the oli go nu cle o tides con tain the com plete sequence; there fore, there 
is no need to fill in miss ing sec tions of the DNA although DNA poly mer ase is 
included in the reac tion in case there are any gaps. This method becomes spe cif
i cally use ful when com bin ing bluntended frag ments. A T5 exo nu cle ase is used 
to elim i nate 20–40 base pairs from each end, leav ing a sin glestranded sticky end 
for liga tion.

5.1 Experimental Synthetic Biology
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In order to make a recombinant gene more effi cient it is impor tant to make sure 
that the codons being used are eas ily used by the host. Codons are the three base 
pair sequences that code for a sin gle amino acid and there are multiple codons 
that code for the same amino acid. Depend ing on what organ ism the recombinant 
genes are com ing from or going to, the pre ferred codons will be slightly dif fer ent. 
Codon opti mi za tion is the chang ing of a base pair in a codon in order to gain opti
mal pro duc tion of the amino acid in the host organ ism. Opti miz ing the codons is 
most impor tant when the recombinant DNA comes from a source that is genet i cally 
dis tant from the host organ ism such as plant DNA into bac te ria. When opti mized, it 
helps to improve improved trans la tion rates, pro tein yields, and enzy matic activ i ties.

Met a bolic evo lu tion pro vides a route for opti mi za tion and an option when 
deter min ing the stron gest strains. Allow ing the organ isms to com pete for a food 
source allows nature to take over and the best strain can thrive and adapt and then 
evolve to be most suited for the given envi ron ment. Small muta tions in the cell 
may hap pen nat u rally over time or they can be influ enced by dupli cat ing a gene 
using an enzyme with a high error rate. Allow ing the cell to adapt makes the strain 
more sta ble and long lasting. Once the strain has evolved into a more robust state, 
the new genes can be used for the redesign of other sys tems.

5.1.2 Pro gress for Bio fu els

While syn thetic biol ogy is a rel a tively young field, the global inter est in bio fuel 
research has led to the appli ca tion of syn thetic biol ogy to sev eral suc cess ful bio fuel 
stud ies. One of the gen eral approaches that are used is to use opti mized het er ol o gous 
expres sion of tar geted genes to intro duce novel bio fuel pro duc tion capa bil i ties into 
an ame na ble host strain. Exam ples of this include the expres sion of dif fer ent alco hol 
dehy dro ge nase genes from Sac cha ro my ces ce re vi si ae and Lac to coc cus lac tis in Esch e
richia coli to gen er ate a strain of E. coli that pro duces iso bu ta nol (Ats umi et al. 2010). 
Another dem on stra tion was the engi neer ing of the cya no bac te rium Syn ecocco cus 
elong a tus to pro duce iso bu tyr al de hyde (Ats umi et al. 2009).

These dem on stra tions exhibit the abil ity to effec tively use syn thetic biol ogy 
tech niques to iden tify and express genes to mod ify spe cific path ways within an 
organ ism. This approach largely leaves the major ity of an organ ism’s bio chem i cal 
net work unal tered and intact. With the gen er a tion of an entire syn thetic genome 
(Gib son et al. 2010) it may become pos si ble to change the scale of syn thetic biol
ogy engi neer ing to include wholecell design, not just path wayspe cific design.

5.2  Com pu ta tional Syn thetic Biol ogy

To com ple ment and facil i tate exper i men tal syn thetic biol ogy research, com pu
ta tional meth ods are being devel oped. Due to the dif fer ence in sys tem size and 
goals, the meth ods devel oped for syn thetic biol ogy are dif fer ent from sys tems 
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biol ogy com pu ta tional meth ods. Gen er ally, the sys tems that are con sid ered for 
syn thetic biol ogy are smaller in scale, but more detailed molec u larlevel dynam ics 
are impor tant.

5.2.1 Core Com pu ta tional Meth ods

5.2.1.1 Geno mic Infor ma tion

One of the shifts asso ci ated with syn thetic biol ogy is the abil ity to explic itly con
trol the basebybase sequence of a genetic con struct. With this level of con trol, it 
is pos si ble to directly inter ro gate the effect of spe cific genetic changes to func tion. 
This is at the core of estab lish ing geno typephe no type rela tion ships.

At one level, there is the need to com pile and inter pret sequence infor ma tion. 
At a coursegrain level, this is achieved dur ing genome sequenc ing by genome 
anno ta tion. There are sev eral meth ods and pipe lines that have been used to achieve 
genome anno ta tion using com pu ta tional means (though some input from experts is 
always ben e fi cial). These include the Inte grated Micro bial Genomes (IMG) pipe
line (http://img.jgi.doe.gov), the SEED sys tem (www.the seed.org/wiki/Home_of_
the_SEED), and a pipe line that is being devel oped through the National Insti tutes 
of Health (www.ncbi.nlm.nih.gov/genomes/static/Pipe line.html).

At a more detailed level, there are also pro grams such as Geno CAD (Wil son  
et al. 2011) that begins by devel op ing a “gram mar” for genetic parts. This 
approach con sid ers genetic sequences as a lan guage with spe cific rules that dic tate 
the struc ture and func tion of dif fer ent genetic parts. This gram mar can be applied 
to not only study ing DNA sequences for func tional sequences, but can also be 
used as a basis for design ing con structs to achieve new func tional units.

5.2.1.2 Design Tools

A vari ety of tools are being estab lished to help to design genetic cir cuits. Given 
the abil ity to exper i men tally con struct any desired DNA sequence exactly, the 
design pro cess has become truly openended. Any gene from any organ ism can be 
uti lized in com bi na tion with any other gene. In a broader sense, even novel (pre vi
ously undoc u mented) gene func tion can be pro posed and tested.

Some of the design approaches that focus on uti liz ing exist ing bio log i cal infor
ma tion attempt to mine data base infor ma tion to pro pose a col lec tion of genes 
(from any organ ism) to cre ate a path way that would achieve the desired goal. The 
“From Metab o lite to Metab o lite” tool dem on strates one iter a tion of this approach 
(http://fmm.mbc.nctu.edu.tw/). Using this tool, a user only needs to input a start
ing metab o lite and a desired end metab o lite. The algo rithm then uses infor ma tion 
from online dat abases such as KEGG, Uni Prot, and Gene Bank to iden tify met
a bolic, pro tein, and sequence infor ma tion, respec tively. The output is a list of 
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pro posed path ways that could achieve the desired bio chem i cal con ver sion from 
one metab o lite to another.

Other tools have been devel oped to approach the design prob lem from a more 
generic approach. In these approaches, dif fer ent meth ods rep re sent chem i cals/
metab o lites in a stan dard ized form so that indi vid ual bio chem i cal trans for ma tions 
can be con sid ered in a step wise fash ion. Each pro posed bio chem i cal trans for ma
tion can then be cor re lated to enzymes that would have the clos est reac tion mech a
nism (often as dic tated by the enzyme com mis sion num ber—EC#). This approach 
is con cep tu ally sim i lar to the old word game of chang ing one word to another by 
chang ing only one let ter at a time while main tain ing a valid word at each inter me
di ate step (see Box 5.2). The dif fer ent meth ods that have been imple mented for 
this type of approach largely dif fer ent on the method by which chem i cals are rep
re sented (atomic map ping onto graph coor di nates or lin e ar ized rep re sen ta tion of 
atoms).

Box 5.2: Illus tra tion of Step wise Trans for ma tion

C A T
  Step 1: Con ver sion of “A” to “O”

C O T
  Step 2: Con ver sion of “C” to “D”

D O T
  Step 3: Con ver sion of “T” to “G”

D O G

5.2.1.3 Dynamic Sim u la tion

With tools to study the basic infor ma tion con tent of dif fer ent DNA sequences and 
to pro pose dif fer ent col lec tions of genes to achieve a desired out come, the final 
step that com pu ta tional meth ods have addressed is the abil ity to sim u late the func
tion of the designed genetic cir cuit dynam i cally. A vari ety of dif fer ent meth ods 
can be imple mented to dynam i cally sim u late small gene cir cuits includ ing dif fer
en tial equa tion mod el ing, sto chas tic sim u la tions, and agentbased mod el ing.

Dif fer en tial equa tion mod els are the sta ple of dynamic sim u la tions and can be 
imple mented for small sys tems. Tools such as Tin ker Cell and SynB i oSS can be 
used to develop com pu ta tional mod els for small syn thetic sys tems.

Sto chas tic sim u la tions pro vide a sim u la tion method that is dif fer ent from dif
fer en tial equa tion mod els in which they are not deter min is tic and there fore 
account for some of the var i abil ity and noise that are inher ent in bio log i cal sys
tems. While this has the advan tage of being a bet ter rep re sen ta tion of bio log i cal 
pro cesses, there is often a trade off in terms of the size of the sys tem that can be 
sim u lated and the com pu ta tional time required to run sim u la tions.
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Agentbased mod els can be con sid ered a sub set of sto chas tic sim u la tions, but 
with one major dis tinc tion. Agentbased mod els are for mu lated with dis crete 
agents rep re sent ing the phys i cal enti ties within the sys tem and thus it is pos si ble to 
account for den sity and spa tial effects. As with other sto chas tic sim u la tions, there 
are lim i ta tions to the size of the sys tem that can be stud ied largely due to com pu ta
tional resource lim i ta tions.

5.2.2 Pro gress for Bio fu els

Cur rently, the num ber of stud ies link ing com pu ta tional mod el ing, syn thetic biol
ogy, and bio fu els is rel a tively lim ited. The major ity of the work in this area has 
thus far focused on com pu ta tional tools that can help with the design pro cess, spe
cifi  cally in terms of help ing iden tify nonnative path ways and chem i cal tar gets that 
can be imple mented using con trolled het er ol o gous gene expres sion.

As men tioned pre vi ously, one Webbased tool that can be used to help with 
path way design inde pen dent of organ ism is the “From Metab o lite to Metab o lite” 
algo rithm. Another recently devel oped algo rithm used Esch e richia coli, Sac cha
ro my ces ce re vi si ae, and Corn ye bac te ri um glu tam i cum as host organ isms and 
searched for nonnative metab o lites that could poten tially be pro duced by het er
ol o gous expres sion (Cha tsu rac hai et al. 2012). This algo rith mic search was then 
cou pled with flux bal ance anal y sis to deter mine fea si bil ity.

Another com mon approach for study ing the diver sity of metab o lites that can 
be pro duced by an organ ism via bio chem i cal means is the use of graph the ory or 
graphbased algo rithms (Brunk et al. 2012). There exist dif fer ent imple men ta
tions of this approach to study ing bio chem i cal con ver sions. A recent imple men ta
tion was used to spe cifi  cally study the potential of dif fer ent organ isms to pro duce 
1buta nol as a bio fuel tar get (Ranga na than and Mar anas 2010).
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