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Foreword 
Dear iGEMers, 

You've just opened a handbook focused on revealing all the ins and outs 

of synthetic biology. Whether you are new to synthetic biology or already have 

a few gold iGEM medals to your name, we hope that this handbook will serve as 

a good guide to point you in all the possible directions that synthetic biology can 

take. 

 

What to expect from this handbook? It is definitely not a boring theoretical 

textbook. You'll find a broad lineup of chapters, from the very definition 

of synthetic biology and its shared history with the iGEM competition, to 

an overview of the building blocks and how they fit together. We'll also take a look 

at the microorganisms you're bound to encounter in synthetic biology, and we'll 

end our journey with a look at the discoveries that are pushing the boundaries 

of both biology and the very understanding of life itself. And bioinformaticians 

won't have missed out either - in all the chapters, we have tried to include, in 

addition to the necessary drop of theory, all sorts of practical tips that we believe 

will make it easier for you to pass successfully through the iGEM competitions. 

 

We are the iGEM team Brno_Czech_Republic and this handbook is our 

contribution to the ever growing iGEM community. We trust and hope that you 

will find it a useful and thorough guide to iGEM competitions.  

 

Our team is participating in this year's iGEM competition with a project called 

Phoscage. Excess phosphorus in waterways, caused for example by fertiliser 

flushing from fields, leads to an overgrowth of cyanobacteria producing toxins 

that are dangerous to the environment and humans. With Phoscage, we are 

trying to prevent this problem by encapsulating phosphorus in bacterial 

microcompartments inside the Bacillus subtilis bacteria. 

 

On behalf of the Brno_Czech_Republic team 

Sabina Fronková 

2021 
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Synthetic Biology Introduction 

Introduction 

Does global warming, world hunger or overuse of pesticides concern you? 

Are you into biology, engineering, chemistry, IT or any of those combined? If yes, 

synthetic biology could be just the right career choice for you!  

Theory 

Synthetic biology is a new type of science that aims to redesign basic natural 

organisms and use them for artificial purposes. It creates new biological 

components and processes that do not exist in nature, or uses already existing 

ones differently while enhancing their importance and raising their yields.  

 

Among the most talked about synthetic biology procedures is “clean meat”, 

animal muscle cells grown in bioreactors without the need for any livestock 

killing, methane emissions or antibiotic treatments. Another common topic of 

synthetic biology is the usage of microorganisms such as bacteria for “trapping” 

desired elements, such as Nitrogen or Phosphorus from soil or water. This action 

can help reduce the amount of artificial fertilizers used for farming that are 

damaging the environment by polluting water sources, thus enhancing the rivalry 

of many organisms for a clean environment and creating an unsafe future for our 

kids. Some parts of synthetic biology are thought to be very controversial, one of 

those examples is CRISPR (Clustered Regularly Interspaced Short Palindromic 

Repeats), the most efficient gene-editing technology invented so far. People often 

argue that synthetic biology is “playing God'', which seems accurate from a certain 

perspective - the question is whether that is a bad thing. With CRISPR scientists 

have been able to cut out bad parts of DNA, significantly improve agriculture 

yields, target specific nucleotides and countless other possibilities that are still 

appearing (1). 

Synthetic biology and iGEM 

IGEM and synthetic biology are connected like athletes and the Olympics. The 

whole project started in January 2003 with a month-long course during MIT's 

Independent Activities Period (IAP) where students designed biological systems 

to make cells blink. This university design course then grew to a summer 

competition with 5 teams in 2004 and has continued ever since. iGEM is 

a competition in Synthetic biology like no other. Participants get complete 



4 

 

freedom in choosing their topic of interest, as long as the topic they choose to 

tackle can be solved using synthetic biology. The goal is to help students and 

recent graduates in thinking, planning and performing well in the field of SynBio. 

As the competition grows bigger, the number of teams and countries involved 

rises enormously. In 2020 the total number of teams surpassed 350, from over  

40 countries. In those 17 years of iGEM competitions, numerous world changing 

innovations were made, new ways to work with enzymes, proteins and bacteria 

were invented. Lives were improved and connections between the smartest 

students in the SynBio industry developed. We are hoping this new generation of 

scientists and engineers will bring a whole new dimension to the world of biology. 

Interesting fact 

In 2018, Chinese scientist He Jiankui and his team led an experiment with 

CRISPR/Cas9 while modifying human embryos. Their goal was to edit DNA in 

human embryos to make them less susceptible to HIV. The edits were designed 

to disrupt a gene that codes for a protein that allows HIV to enter immune cells. 

While He’s team successfully edited the two embryos and implemented them into 

a woman who birthed them later that year, they managed to break 

an uncountable number of rules and by publishing their paper on “Chinese HIV 

resistive twins” they have sentenced themselves to prison time. Those two babies 

are the first known humans from CRISPR/Cas9 edited embryos and we can only 

assume when any other scientist will decide to trade their professional life and 

career for the chance to play God with human embryos again, or when will 

anything like that become legally acceptable (2). 
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Approaches in synthetic biology 

Introduction 

In every field you need a game plan. A strategy to follow and help give structure 

to your project. The same is true for synthetic biology. There are generally two 

different approaches that one can follow. Either Top-down or Bottom-up. Both 

approaches have their advantages and disadvantages and which one is going to 

be better for you is entirely dependent on what project you are working on. 

Little bit of theory 

Top-down 

The top-down strategy utilises already existing living organisms and modifies 

them to impart new functions on them. Here, new parts are simply added and 

assembled into an existing system to alter or add to its function. This has many 

advantages. For one, since you are already working with an existing organism, 

you can utilise already existing metabolites and transcription pathways to your 

advantage. However, this can sometimes also pose a challenge, since you have to 

consider all of the existing components so that none of them interfere with your 

system. This approach can be then applied to many different methods within 

synthetic biology (1).  

Bottom-up 

The bottom-up approach seeks to create new biomimetic systems including 

artificial cells from biomolecular components. That means that you are basically 

starting from scratch. This approach can pose more of a challenge since it 

requires a fundamental understanding of how the systems you are working with 

function. However, while this process may seem challenging it also has many 

advantages - since you aren't working with a previously existing system there 

aren't many initial limitations. In this approach, you can also study a certain 

cellular component isolated from the complexity of a cell and fully focus your 

work on one particular system (1). 
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Synthetic biology cycle 

Whichever strategy you choose to use, there is another approach that permeates 

all of synthetic biology and perhaps even science itself. For each project, you will 

need to go through several basic steps that together form the synthetic biology 

cycle. 

 

These steps are: 

Design: designing your project. Theoretical research, finding existing parts, 

identifying new parts needed. 

Build: Wet lab work, gene synthesis, DNA assembly, cloning, transformation 

Test: Experimental verification of system functionality, DNA sequencing, data 

collection. 

Learn: Key part of the cycle. Evaluate data, learn, and suggest improvements. 

And repeat. 
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BioBricks 

Introduction 

Do you like LEGOs? Do you always build according to the blueprint or do you let 

your imagination run wild and build a helicopter out of a pirate ship?  

 

Synthetic biology is often compared to the famous Danish building blocks (1). 

The basis of the comparison is that we possess a large number of individual 

building blocks that can be assembled into any shape we want. In LEGO, these 

are the old familiar blocks; in synthetic biology, the role is played by the so-called 

BioBricks. And in order to allow every synthetic biologist to build on the work of 

their predecessors and use the same building blocks as their colleagues on 

the other side of the globe, a database called BioBricks - Registry of Standard 

Biological Parts - has been created (2). In this chapter, we will look at what we can 

find in the database and how to work with it. 

Little bit of theory 

BioBricks are DNA sequences that perform a wide variety of functions. Each of 

these functions is important for the right composition of the gene that will 

eventually make the target protein expressed exactly as we want it. So what are 

these functions? 

 

Each gene needs to have a promoter with a transcription initiation site, 

a ribosome binding site (RBS), a start codon, a coding sequence, a stop codon and 

a transcription terminator to function properly. These individual sequences are 

called Basic Parts and larger units composed of multiple Basic Parts are called 

Composite Parts. 

 



8 

 

The promoter is the region upstream of the protein coding sequence. The RNA 

polymerase (and possibly other transcription factors) that initiate RNA production 

from the transcription initiation site attach themselves to the promoter (3). 

The promoter sequence affects the timing and rate of gene expression 

downstream of it. In addition, different promoters are suitable for different host 

organisms. Therefore, it is important to pay good attention to promoter selection. 

 

Tip: A collection of promoters used in previous iGEM projects can be found 

here: http://parts.igem.org/Promoters/Catalog. 

If you want to check or directly design the transcription rate, try these two 

tools: https://salislab.net/software/predict_promoter_calculator and 

https://salislab.net/software/design_promoter_calculator  

 

Some promoters contain sequences called operators that are used to control 

the functionality of the promoter - to induce or repress the production of 

the target protein. Induction is particularly useful when we want to produce large 

amounts of the target protein - it allows us to trigger its production under the best 

conditions. And both induction and repression are useful when building genetic 

circuits, which will be described in later chapters. 

 

Tip: Always find out the principle on which the operator and its regulation 

works. Not all operators are the same, and a mistake in the control design 

can make a mess of your project. We know what we're talking about :D 

 

When the transcript of the gene is created, the ribosome will bind to 

the ribosome binding site. Once bound, the ribosome begins to form 

a polypeptide chain, starting from the start codon, which is usually located 

6 nucleotides downstream of the RBS (4). The length and sequence of the RBS 

has a significant effect on the expression level of a given gene, and changes in 

the RBS are often used, for example, in fine-tuning the formation of individual 

proteins in an operon.  

 

Tip: For more information, including various RBS sequences, click here: 

https://parts.igem.org/Ribosome_Binding_Sites/Catalog. 

And if you want to play with RBSs more, try these tools: 

https://salislab.net/software/predict_rbs_calculator and 

https://salislab.net/software/design_rbs_calculator 

 

http://parts.igem.org/Promoters/Catalog
https://salislab.net/software/predict_promoter_calculator
https://salislab.net/software/design_promoter_calculator
https://parts.igem.org/Ribosome_Binding_Sites/Catalog
https://salislab.net/software/predict_rbs_calculator
https://salislab.net/software/design_rbs_calculator
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The RBS and start codon are followed by the sequence encoding the protein of 

interest (CDS). There are a plethora of CDSs and their selection depends on 

the project your team is working on. It is always a good idea to codon-optimize 

the sequence for production in the selected host organism, and also to ensure 

that the protein production can be detected. This can be done, for example, by 

attaching the sequence of a tag that allows the visualization of the protein on 

a Western blot, or perhaps by attaching a fluorescent domain if the structure and 

function of the protein allows it. 

 

Tip: You can choose a CDS from the extensive list available at 

http://parts.igem.org/cgi/partsdb/pgroup.cgi?pgroup=Coding. 

If you want to use a fluorescent protein, we recommend you check out 

https://www.fpbase.org/, where you will find all the information you need 

about all fluorescent proteins, from amino acid sequence, to folding time, to 

excitation and emission wavelengths. 

 

At the end of the coding sequence we find a stop codon, then usually a short 

untranslated region and finally a transcription terminator. It stops 

the production of the RNA transcript of the gene in several possible ways. If we 

did not have terminators at the ends of genes, it could lead to both host 

exhaustion due to unnecessary production of long transcripts and, most 

importantly, deregulation of gene expression in the downstream region. 

 

Tip: You can choose a suitable terminator sequence here: 

https://parts.igem.org/Terminators/Catalog. If you are assembling a system 

where you want to test regulation, then it is recommended to enclose 

the entire expression cassette with terminators to avoid triggering expression 

by nearby genes on the plasmid or in the host chromosome. 

 

  

http://parts.igem.org/cgi/partsdb/pgroup.cgi?pgroup=Coding
https://www.fpbase.org/
https://parts.igem.org/Terminators/Catalog
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Important points for your iGEM project 

- First, you need to know what function each BioBrick is supposed to 

perform in the system. Only then start searching the database :) 

- Find a tool that you are comfortable working with. We definitely 

recommend https://www.benchling.com/. It's intuitive, has a lot of 

different features, your data is automatically saved and you can work with 

your whole team there 

- Save both the whole final Composite Parts and the individual Basic Parts, 

it will be useful when uploading to the Parts Registry 

- Check all your sequences to make sure they meet the required standards. 

This is extremely important as Parts that do not meet the standards 

cannot be judged in the iGEM competition. You can read all about the 

standards here: http://parts.igem.org/Help:Standards/Assembly   

- Create a file where you will collect all the data for a given BioBrick. 

Everything from the sequence and its source, to the intended function, to 

all the experimental data you measure for that BioBrick. Then upload 

everything to the Parts Registry to give synthetic biologists all over 

the world as much information as possible if they want to work with your 

BioBrick 

- Start uploading BioBricks to the Parts Registry early, it doesn't always go 

smoothly. You'll avoid stress in the run-up to the Big Freeze. How to do it? 

You can find all the information here: 

http://parts.igem.org/Add_a_Part_to_the_Registry   

- This chapter is mainly intended as an introduction to BioBricks and to pass 

on practical tips. Before you start designing your BioBricks sequences, 

read the information on this website thoroughly: 

http://parts.igem.org/Help:Contents  

Reading all about BioBricks is even worse than it looks.  

Brace yourselves, the Registry Pages Freeze is coming! 

  

https://www.benchling.com/
http://parts.igem.org/Help:Standards/Assembly
http://parts.igem.org/Add_a_Part_to_the_Registry
http://parts.igem.org/Help:Contents
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Genetic Circuits 

Introduction 

In the previous chapter we have shown the different building blocks. But the most 

interesting part is yet to come, we will look at how to connect BioBricks together 

to create complex logic circuits that make our microorganisms do what we want 

them to do. 

Some of you will notice the similarities to electronic logic circuits. This similarity 

is certainly not coincidental. On the contrary, it is one of the goals of synthetic 

biology. By standardizing and describing the components and how they work 

together, we achieve high variability, accuracy, and ultimately reliability.  Which 

could result in simpler and more predictable genetic engineering without many, 

many hours spent wondering why things don't work for us again. 

Little bit of theory 

We can look at cells as living computers. They receive signals from the internal 

and external environment, process them and react. From small components - 

individual BioBricks - we can build an entire signal regulation network. A cell 

evaluates incoming input and gives us a specific output. 

The "building" proceeds sequentially from individual parts (promoter, gene, 

terminator) to functional composite parts (inducible protein expression). These 

composite parts function independently as individual devices. By connecting 

multiple devices together (e.g. a synthetic cell program that detects and kills 

cancer cells), complex systems are created operating on the principle of logic 

circuits. 

 

Remember that whatever you design should be orthogonal. That is, do not interfere 

with any systems already present inside your engineered organism. 
 

Tip: How to put such circuits together practically? First, figure out 

the sequences of the basic parts (more on these in the previous chapter). After 

that, get the sequence of the whole composite parts. For this we recommend 

the Benchling application. You can have the whole construct synthesized. 

To do this, take advantage of the sponsorship of IDT, which offers free 20 kb 

DNA synthesis to all iGEM teams. We recommend having the desired sequence 

delivered incorporated into their commercial IDT plasmid, you will find it easier 

to work with, you can have the plasmid amplified in E. coli and you will not lose 

your construct. If your composite part is too long, or contains a lot of repeats, 
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there may be a problem in synthesis. An option is to split the composite part 

into multiple parts and then combine them using methods such as Golden 

Gate Assembly or Gibson Assembly. 

Benchling https://www.benchling.com  

IDT sponsorship https://2021.igem.org/Sponsors/IDT 

  

What logic circuits are there? There are several basic ones, and they can be 

further combined with each other to form more complex systems. You certainly 

don't need to learn them by heart, just understand the principle. 

 

AND gate. An AND gate contains two input promoters that control one output 

promoter. Only if both input promoters are activated can the output promoter 

be activated and we get the desired output. A nice example of an AND gate was 

created by Wang et al, 2011 (1). But you certainly don't have to stick with just one 

genetic circuit. Moon et al, 2015 (2) combine several AND gates together. 

The outputs from the upstream gates formed the inputs for the downstream 

gates. Using this combination, they created the equivalent of a computer 

program in a single cell. 

 

Multiple inputs allow cells to respond to complex conditions. This leads to increased 

specificity and accuracy. 
 

NOT gate. A NOT gate takes only one input and changes its value. A positive input 

becomes negative and vice versa. For example, a received signal molecule 

activates a promoter (positive input). This leads to the expression of a repressor 

that blocks the expression of the resulting protein, e.g. GFP (negative output). 

 

Other logic circuits are NAND gate, OR gate, NOR gate or XOR gate. 

 

As I wrote above, it is not the goal to know all types of gates by heart, but it is 

good to realize what can be achieved if we think of cells as programmable living 

computers. The only limitation so far is the limited supply of biobricks and the 

less predictable behavior of the individual parts when we put them together. But 

science is moving incredibly forward, and every year the stock of biobricks to 

choose from grows. 

 

Various software can also help you design genetic logic circuits. This is known as 

computer aided design (CAD). Software can help you build a working genetic 

control system from the individual parts entered in a database. They are based 

on their sequence and annotated properties. The result can be a software-

https://www.benchling.com/
https://2021.igem.org/Sponsors/IDT
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designed DNA sequence that you can order directly. A basic overview of how 

these software work can be given by e.g. Lux et al, 2011 (3). 

Example from iGEM practice 

I would like to show you how you can win at assembling components and circuits 

in this year's project of our team Brno_Czech_Republic. In a nutshell, we are 

engineering the bacteria Bacillus subtilis to absorb phosphorus from the 

environment, e.g. from wastewater, and incorporate it into bacterial 

microcompartments (BMCs). The reason we want to collect phosphorus is that 

excess phosphorus concentrations lead to an overgrowth of harmful 

cyanobacteria in a given environment. 

 

But we had two important things to consider in our design. While phosphorus 

contributes to cyanobacteria overgrowth, it is still an important nutrient for other 

organisms, so we should only remove it if there is too much of it in the water. And 

the other thing was the difficulty of synthesizing BMCs. They are made up of many 

proteins and it would be very draining on the cell to have to make BMCs all 

the time. 

 

So we created an inducible system that responds to phosphorus concentration. 

However, we encountered an interesting challenge in its design. Originally, we 

intended to use a promoter that would be activated at high phosphorus 

concentrations and would kick-start BMC synthesis. However, after conducting 

a literature search, we discovered that such a promoter probably does not exist! 

At least not one that would be suitable for B. subtilis.  

 

Why? Phosphorus is vital for bacteria and other organisms. So they tend to 

watch for a lack of phosphorus in their surroundings, so that they can start 

saving phosphorus if there is not enough around. 
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But we've found a promoter that responds to a lack of phosphorus in 

the environment. That was the exact opposite of what we needed, but that didn't 

stop us. Using the available parts, we designed a new control circuit that performs 

its function despite this minor setback. How did we do it? 

 

We used the Ppho promoter we found, which activates the expression of the 

cI repressor. This cI repressor then latches onto the BMC operator and 

deactivates BMC expression. So the result is: at low phosphorus concentrations, 

BMCs are not synthesized = at high phosphorus concentrations, BMCs are 

formed. Neat, don't you think? 

 

 

Figure: Instead of the classical inducible expression of BMC in response to high 

phosphorus concentration, we have superimposed this NOR gate. Low 

phosphorus concentration activates the Ppho promoter (positive input), which 

triggers the expression of the cI repressor, which prevents BMC expression 

(negative output). 
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Engineered Organisms 

Introduction 

In this chapter, we will introduce you to the most famous organisms that have 

ever had anything to do with synthetic biology. The focus from the beginning has 

been on simpler organisms with lower amounts and less complexity of genetic 

information. It is also easier to work with and edit DNA in organisms in which we 

have sequenced their whole genome and therefore we know the order of all 

the bases of the DNA in the cell. We will start with some representatives of 

the Bacteria domain and then mention a few organisms with an eukaryotic 

nucleus. For some of them, we will also give examples of iGEM teams that have 

worked with these organisms in the past. Their projects can serve you as a source 

of inspiration, proving that there are simply no limits to creativity and imagination 

in synthetic biology.  

Escherichia coli  

One of the most commonly used microorganisms in biotechnology is the gram-

negative rod-shaped bacterium E. coli, which is a natural part of everyone's 

intestinal microflora. It was right in this cell that scientists were able to 

successfully produce human somatostatin in 1977, the first-ever production of 

a human protein in a microorganism. Some engineered strains of E. coli are 

capable of complex post-translational modifications and so, together with its easy 

cultivation, rapid growth and well-studied physiology, E. coli is a prime host for 

the production of recombinant proteins. It thus retains its irreplaceable role in 

synthetic biology to this day and is suitable both for the production of therapeutic 

proteins and, for example, for the creation of biofuel components.  

 

iGEM teams that have worked with E. coli: 

a) This team designed a one-cell system capable of producing psilocybin 

using genes found in the biosynthetic pathway of psilocybe cubensis - 

psiD, psiH, psiK and psiM: 

https://2019.igem.org/Team:Sydney_Australia/Design  

 

b) This team tried to increase the number of proteins produced in E. coli 

at sub-optimal temperatures without compromising the biomass of 

the cells. https://2019.igem.org/Team:IISER_Bhopal  

 

https://2019.igem.org/Team:Sydney_Australia/Design
https://2019.igem.org/Team:IISER_Bhopal
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Interesting studies using synthetic biology approaches in E. coli: (1), (2). 

Bacillus subtilis 

We couldn't forget to mention our hero and protagonist, with whom we are 

working in this year's iGEM project. Bacillus subtilis is a gram-positive rod-shaped 

bacterium found in soil and capable of forming endospores. It belongs to 

the GRAS group and therefore is generally considered to be safe and thus 

suitable for the production of pharmaceuticals. The main advantages of 

the entire Bacillus genus over other microorganisms are the superior capacity 

of secreted proteins, good growth on cheap carbon sources and robustness of 

industrial fermentations. In addition to the previously mentioned 

pharmaceuticals, it is also used for the production of commercial enzymes, 

proteins and chemicals. 

 

iGEM teams working with B. subtilis: 

a) This is our project from the year 2020. Check out our solution of 

cyanobacterial contamination. 

https://2020.igem.org/Team:Brno_Czech_Republic  

 

b) Team from Uppsala in the year 2020 tried to use Bacillus subtilis as 

a part of their terrific biosensor tool. 

https://2020.igem.org/Team:UofUppsala  

 

c) Another team from Glasgow used this bacteria for the study of 

quorum sensing of pathogenic bacteria. 

http://2017.igem.org/Team:Glasgow/BacillusSubtilis  

 

Interesting studies using synthetic biology approaches in B. subtilis: (3), (4). 

Pseudomonas putida 

Other gram-negative bacteria that are widely used in synthetic biology and 

biotechnology belong to the genus Pseudomonas. In addition to P. putida, we can 

include P. aeruginosa, P. stutzeri and P. fluorescens as a few other species.  

P. putida is a soil bacterium that is usually found in stressful conditions including 

polluted sites and has therefore developed robust mechanisms desirable for 

complex biotransformations. It is resistant to major chemicals and inhibitory co-

products of plant biomass. In addition, it can metabolize some aromatic 

compounds and organic acids. Several successful attempts have been made to 

increase the range of chemicals that the pseudomonad can process. This 

https://2020.igem.org/Team:Brno_Czech_Republic
https://2020.igem.org/Team:UofUppsala
http://2017.igem.org/Team:Glasgow/BacillusSubtilis
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metabolic versatility can be exploited in biotechnology towards the production of 

polyhydroxyalkanoates (PHAs) - bacterial bioplastics - which the pseudomonad 

accumulates under increased stress. Because of these qualities, P. putida is often 

used as a functional chassis for industrial biocatalysis. 

 

iGEM teams working with P. putida: 

a) The BGU iGEM team 2016 tried to combine the power of E. coli and 

P. putida to biodegrade plastics! 

https://2016.igem.org/Team:BGU_ISRAEL/Description  

 

Interesting studies using synthetic biology approaches in P. putida: (5), (6). 

Saccharomyces cerevisiae 

Many people might mistakenly think that yeasts are bacteria, but in fact, they are 

unicellular fungi and some of the simplest eukaryotic organisms. What is 

exceptional about them is the fact that they are the first eukaryotic organisms 

whose genome was completely sequenced (in 1996) (8). Their main advantages, 

besides the widely characterized genome, are well-studied physiology, a powerful 

system for homologous recombination, and a well-developed synthetic biology 

toolbox. Their use in biotechnological applications is therefore very wide. Check 

out some of the future possible applications below!   

iGEM teams working with S. cerevisiae: 

a) This team used S. cerevisiae as a cell factory for producing human 

hormone adrenaline used in medicine as an emergency treatment. 

http://2018.igem.org/Team:ULaval  

 

b) This Brazilian team tried to make cells of S. cerevisiae resistant to UV. 

How could they be useful on Earth and on Mars at the same time?  

https://2019.igem.org/Team:Sao_Carlos-Brazil/Description  

 

Interesting study using synthetic biology approach in S. cerevisiae: (7). 

Arabidopsis thaliana  

Among the representatives of the plant kingdom, we should mention Arabidopsis 

thaliana. It is often used as a model organism for plant molecular biology and 

genetics. Why is this so? Again, the already mentioned information about 

the small genome applies. Arabidopsis has only 5 chromosomes containing 135 

https://2016.igem.org/Team:BGU_ISRAEL/Description
http://2018.igem.org/Team:ULaval
https://2019.igem.org/Team:Sao_Carlos-Brazil/Description
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Mb with about 27,000 protein-coding genes, which is about the same as a human. 

That's a really small amount by plant standards! It also has a small generation 

time - a very useful feature for experimentation. Such plants are called 

ephemerals, i.e. annual plants with a short life cycle, usually living only a few 

weeks. Thus, scientists don't have to wait so long for seeds to germinate and 

a new plant to grow. (9). 

  

iGEM teams working with Arabidopsis thaliana: 

a) Have you ever heard of salidroside? Take a look at the project in which 

a team from China wants to produce this beneficial substance in 

Arabidopsis thaliana. 

https://2019.igem.org/Team:GDSYZX/Description  

Drosophila melanogaster 

You are certainly familiar with the genetic model, which has been used for more 

than a century as a tool for understanding the whole spectrum of biological 

processes - from genetics and heredity to embryonic development, learning, 

behaviour and the study of ageing. The fruit fly, or Drosophila melanogaster, has 

much more in common with humans than meets the eye. A comparison of 

the fully sequenced genomes of Drosophila and humans has shown that 

approximately 75 % of the known human genes responsible for various diseases 

have a recognizable match in the wine fly genome. It is thus a rightful model 

organism for medical research. And what is its contribution to synthetic biology? 

Drosophila embryos have the potential to serve as a valuable system for studying 

the biosafety of bioengineering technologies. Let’s take the field of regenerative 

medicine as an example. One of its goals is to create artificial tissues by 

the precise manipulation of cells and growth factors. Various methods are being 

tested to achieve this, and it is by using wine fly embryos that it is 

being established whether the methods induce genetic or physical damage and 

thus significantly affect the development or fertility of sensitive biological 

material. 

iGEM teams working with Drosophila melanogaster: 

a) Team Tongji China tried to help in the fight against disease by 

constructing a temperature-controlling courtship model in fruit flies. 

How is that possible? Check out! 

http://2017.igem.org/Team:Tongji_China/Description 

 

https://2019.igem.org/Team:GDSYZX/Description
http://2017.igem.org/Team:Tongji_China/Description
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An Interesting study describing the diverse uses of D. melanogaster: (10). 

HeLa Cells 

HeLa is a human epithelial cell line. The cells were taken from Henrietta Lacks in 

195, specifically her cervical tumor. Since then, they have been distributed to 

laboratories all around the world. But how is it possible that they are still alive 

and virtually immortal? These cells multiply literally limitlessly and abnormally 

fast, even compared to other cancer cells, thanks to the activity of telomerases. 

These enzymes are able to retroactively lengthen telomeres so that the cell does 

not die after several dozen divisions due to shortened telomeres. The most 

noticeable difference under the microscope between a normal human cell and 

a cancerous HeLa cell will be in the karyotype. Normal cells have 46 

chromosomes, while HeLa cells have 76-80 chromosomes, some of which are 

heavily mutated. They mainly bring their significance to clinical synthetic biology, 

medical industry, immunology or molecular biology fields. HeLa cells have, for 

example, led to the discovery of the first polio vaccine and have also contributed 

to the study of cancer, leukemia and AIDS. (11). 

 

iGEM teams working with HeLa Cells: 

a) Team from Hannover decided to focus on the development of an 

inflammatory toxin sensor, which would be able to detect the 

formation of biofilm on implants at an early stage. 

https://2020.igem.org/Team:Hannover/Experiments 

 

Other organisms important for synthetic biology include Methanococcus or 

Halobacterium as representatives of the Archaea domain. Among bacteria, 

Agrobacterium tumefaciens is also significant for its use in the preparation of 

genetically modified crops. Pichia pastoris is a yeast that became famous in 

the last century for its ability to produce methanol in a highly efficient way. 

Synthetic biology also often exploits germ cells - egg cells or embryos. 

Some practical tips 

When designing coding sequences, it is always necessary to optimize codons 

before synthetically constructing them. What is it and why is it done? The genetic 

code is degenerate, we all know that. However, most organisms prefer some 

codons over others - for example, the amino acid leucine is encoded by six 

different codons, but E. coli prefers only one codon over the others. It can read 

the others, but they are not as powerful and the signal for expression is lost over 

https://2020.igem.org/Team:Hannover/Experiments
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time. Without this codon modification, we may not achieve the desired effect in 

the organism we are modifying. To optimize codons, you can use the GeneArt 

software from ThermoFisher Scientific. 

 

GeneArt by ThermoFisher Scientific. 

https://www.thermofisher.com/cz/en/home/life-science/cloning/gene-

synthesis/geneart-gene-synthesis/geneoptimizer.html 

 

When performing genetic modifications in all organisms, it is necessary to be 

aware of the orthogonality of the modifications. This means that the structure we 

modify should not interfere in any way with naturally occurring processes in the 

organism. At the same time, it should not adversely affect the outcome of 

the work or the viability of the organism, unless this is our intention. This tends 

to be the most challenging aspect of modifying metabolic pathways. 

  

https://www.thermofisher.com/cz/en/home/life-science/cloning/gene-synthesis/geneart-gene-synthesis/geneoptimizer.html?gclid=CjwKCAjwhuCKBhADEiwA1HegOd3GDJ-4RcA4hx5yGu--RfWexZzsj5HJbv2i1FOxQwNouPAmQzzMXRoCnuAQAvD_BwE&ef_id=CjwKCAjwhuCKBhADEiwA1HegOd3GDJ-4RcA4hx5yGu--RfWexZzsj5HJbv2i1FOxQwNouPAmQzzMXRoCnuAQAvD_BwE:G:s&s_kwcid=AL!3652!3!430064202955!e!!g!!geneart%20codon%20optimization&cid=bid_mol_gse_r01_co_cp1358_pjt0000_bid00000_0se_gaw_bt_pur_con
https://www.thermofisher.com/cz/en/home/life-science/cloning/gene-synthesis/geneart-gene-synthesis/geneoptimizer.html?gclid=CjwKCAjwhuCKBhADEiwA1HegOd3GDJ-4RcA4hx5yGu--RfWexZzsj5HJbv2i1FOxQwNouPAmQzzMXRoCnuAQAvD_BwE&ef_id=CjwKCAjwhuCKBhADEiwA1HegOd3GDJ-4RcA4hx5yGu--RfWexZzsj5HJbv2i1FOxQwNouPAmQzzMXRoCnuAQAvD_BwE:G:s&s_kwcid=AL!3652!3!430064202955!e!!g!!geneart%20codon%20optimization&cid=bid_mol_gse_r01_co_cp1358_pjt0000_bid00000_0se_gaw_bt_pur_con
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Modeling of Chemical Processes 

Introduction 

Time and finances are quite precious, so we try to save them as much as possible. 

Modeling also helps us to do this. Thanks to modelations, we can get estimates 

of what is still realistic or already a utopia, and it is not suitable to put it into 

practice. Modeling tells us what might work and what might be a weakness or go 

wrong. This year, we work on modelling of our genes and you have to admit it 

looks really interesting… 

 

 
 

In a nutshell: How to model 

The process of simulating molecular processes is very demanding and it is not 

worth, as we would say in the IT world, reinventing the wheel. That's why tools 

such as Amber (http://ambermd.org/), Yasara (http://www.yasara.org/) and 

CHARMM (https://academiccharmm.org/)  have been developed - to make our 

work with simulations easier. A common characteristic of the previously 

mentioned tools is that they have been developed by large teams of experienced 

subject matter experts, which makes them well-tuned and very reliable. 

 

But not everything is as rosy as it seems, and working with these tools brings 

some pitfalls. One of the complications of these softwares is their configuration 

and subsequent launch, where we are forced to follow a complex procedure 

consisting of several lengthy steps. 

 

These steps include: 

1) Setting up the simulation environment 

2) Loading the necessary input files 

3) Balancing the simulation envelope (box) 

4) Running the simulation itself 

5) Analysing the results 

http://ambermd.org/
http://www.yasara.org/
https://academiccharmm.org/
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In each step, several parameters are set that are important and can significantly 

affect the result, and therefore the simulation is very sensitive to them. 

Inappropriate choice of parameters can cause the simulation to stop or produce 

bad results. 

 

At the time of researching these tools, the Jupyter Notebook was created 

(fortunately for us :D), which made deploying simulations much easier. It moved 

the whole overhead to the Google Colab environment, so it didn't even burden 

our machines. Google Colab is a platform that Google set up from 

decommissioned servers and made its computing power available to the general 

public for scientific and educational purposes. When a user joins the platform, 

they are assigned a single computer, which usually has a graphics card. This 

means that when running highly demanding calculations (which is what 

molecular simulations are), it runs much faster. You can read more about 

the laptop that allows running molecular dynamics here.  

 

The simulation offers many insights into the system under study. They are very 

complex and it is a superhuman task for a novice student in this field to fully 

master and understand them in the timeframe of creating a project for iGEM. It 

is important to note that it is not easy to capture all the parameters and therefore 

we cannot blindly trust the results of these tools, but always have a healthy doubt 

about them. 

Our workflow 

Since the iGEM competition focuses on the creation of completely new genetic 

constructs, we, like probably every team, came across a completely new sequence 

that we wanted to explore in more detail. And what better way to do that than 

with the tools mentioned above? The first and only information we had was a 1D 

amino acid sequence. Since proteins occupy a 3D conformation that assigns them 

their unique properties in the body, it is more than useful to know it. For 

the purpose of creating a 3D structure from 1D, the AlphaFold tool is used, 

the deployment of which is enabled by the previously mentioned Jupyter 

notebook. We applied the Amber tool to the resulting 3D representation (in 

the form of a PDB file), which, according to the parameters given, created 

a trajectory of the events taking place in the system. Virtually anything that 

is needed can be applied to the resulting trajectory. In our case, we investigated 

the transport of substances into our BMC. For this analysis, we used the Caver 

and CaverDock from Loschmidt's laboratories. The Caver tool is used to calculate 

protein tunnels and channels through which ligands can be transported. Using 

https://towardsdatascience.com/new-preprint-describes-google-colab-notebook-to-efficiently-run-molecular-dynamics-simulations-of-9b317f0e428c#bb05
https://loschmidt.chemi.muni.cz/peg/publications/caver-3-0-a-tool-for-analysis-of-transport-pathways-in-dynamic-protein-structures/
https://loschmidt.chemi.muni.cz/peg/publications/caverdock-a-novel-method-for-the-fast-analysis-of-ligand-transport/
https://loschmidt.chemi.muni.cz/peg/
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the CaverDock tool, we calculate the trajectory of a given ligand through 

the tunnels or channels found. 

 

 
 

As you may have noticed, molecular dynamics are very challenging and require 

a great deal of time and knowledge of the subject matter. They can make our 

work very easy and offer a basic overview and graphical representation of our 

problem, but they cannot be relied upon to solve our entire project with almost 

no lab work. 
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Protein Engineering 

Introduction  

Do you need to increase the efficiency of your enzyme? Or would you like it to 

remain active at higher temperatures? In short, do you want to change your 

protein, to suit your needs? Then protein engineering is for you. 

There are several methods that can be applied to obtain a protein with 

the desired properties. Each has its own advantages, disadvantages and 

requirements (1). 

Rational design 

First, we introduce a method called rational design. In order to apply rational 

design, you need to have a very detailed knowledge of the structure and function 

of your protein. This is because only then you can introduce individual amino 

acids into the spots in the sequence, where you expect them to cause a change 

leading to an improvement in certain properties of the protein. In rational design, 

site-directed mutagenesis is often applied. The advantage of this approach is that 

you get a small number of mutant variants. This means that the library of your 

newly prepared proteins will not be very large. You will therefore need to 

experimentally verify, that the properties of the protein have improved, for only 

a few variants. 

 

+ A small number of variants to test, thus low-tech screening 

- Challenging design and a lot of molecular modelling 

- Need to have very detailed knowledge of protein structure and function 

- Protein function can often improve unexpectedly even after changes in areas, 

where there is no expectation that introducing a mutation will lead to 

improved properties. Such unexpected changes for the better are 

unfortunately lost when using rational design. 

 

Recommended tools: 

FireProt - protein stability design, prediction of the effect of mutations. 

https://loschmidt.chemi.muni.cz/fireprot/  

PDB - solved structures of some proteins can be found. https://www.rcsb.org/ 

https://loschmidt.chemi.muni.cz/fireprot/
https://www.rcsb.org/
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Directed evolution 

If you don't know in detail the structure and function of your protein, or if you 

want to test if the function of your protein improves after a change in a place 

where nobody would expect it, then you can take the path of directed evolution. 

The name directed evolution is not misleading at all, as this approach really does 

mimic natural evolution. During directed evolution, random modifications are 

made along the entire gene encoding the protein of interest. This can be done, 

for example, by error prone PCR, in which manganese ions are added instead of 

magnesium to promote error rates (2) 

 

+ It is sufficient to know only the sequence of the gene encoding the protein 

of interest. 

+ The properties of the protein can be improved by mutations at sites where 

we would not expect this. 

- Challenging selection of proteins with suitable properties from huge libraries 

(up to 10,000,000 variants) 

 

Recommended tools: 

ASRA - Adaptive Substituent Reordering Algorithm, ASRA can predict 

the properties of uncharacterized proteins (3). 

Semi-rational design 

If you want to choose the golden mean, then semi-rational design is suggested. 

In this approach, one needs to know the structure of the protein to some extent, 

but it may not be as detailed knowledge as in rational design. Semirational design 

focuses on hotspots affecting catalytic properties (e.g. access tunnels and binding 

pockets can be targeted, but never directly on catalytic residues!), thermostability 

(here too, property improvements can be achieved by targeting access tunnels, 

thermostability is affected by modifying flexible residues, more rigid = more 

stable), etc. These hotspots tend to be essential for protein function, therefore 

they tend to be evolutionarily conserved and are easy to find by multiple 

alignment of gene sequences. Within these hotspots, saturation mutagenesis is 

performed, i.e. substitution of all possible amino acids. It is why this approach 

is also referred to as focused directed evolution. As a result, it does not produce 

such gigantic numbers of variants as in directed evolution. At the same time, this 

approach reaches into places that rational design would not focus on, so it is 

a good compromise. 
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+ No need to have too detailed knowledge of structure and function, even 

results from homology modelling are sufficient. 

+ It doesn't create huge libraries like directed evolution. 

- The properties of proteins can be improved even after introducing mutations 

outside of hotspots, so we do not get such improved proteins in semirational 

design. 

 

Recommended tools: 

Modeller, Swiss-model - homology modelling in the absence of 

an experimentally solved structure.https://salilab.org/modeller/  

https://swissmodel.expasy.org/  

CAVER - access tunnel analysis. https://caver.cz/  

PoPMuSiC - in silico prediction of mutagenesis. https://soft.dezyme.com/  

HotSpot wizard - automatic tool to identify hotspots. 

https://loschmidt.chemi.muni.cz/hotspotwizard/  

Screening 

Efficient screening is essential especially when using directed evolution, where 

millions of protein variants are created. Several methods can be used, here are 

some examples. 

Selection techniques - a direct link between cell growth and improved properties 

of an enzyme, e.g. exposing cells to a toxin that can be broken down by 

the improved enzyme more successfully, ensuring cell survival. Screening 

possible for up to 109 variants. 

Screening in microtiter plates - an approach that can be perfectly combined with 

a wide range of analytical methods. Limited screening capacity, only 104. 

Cells in droplets - method using microfluidics 

Protein engineering and iGEM 

Protein engineering has been used in the iGEM competition several times. Some 

of the teams that have tackled it include the Tianjin team with their 

Plasterminator project (https://2016.igem.org/Team:Tianjin) or the UC_Davis 

team (http://2014.igem.org/Team:UC_Davis)  working on olive oil quality, so if you 

https://salilab.org/modeller/
https://swissmodel.expasy.org/
https://caver.cz/
https://soft.dezyme.com/
https://loschmidt.chemi.muni.cz/hotspotwizard/
https://2016.igem.org/Team:Tianjin
http://2014.igem.org/Team:UC_Davis
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are thinking about using protein engineering in your project, then you can see 

how the teams that have gone down this route before you have fared. 

Example of success of protein engineering 

Protein engineering has helped solve many problems. One of them is timing 

the effectiveness of insulin. This is because insulin tends to oligomerize in 

commercial preparations that have a higher concentration than the physiological 

concentration. When injected into the blood, such oligomerized insulin must first 

dissociate into monomers before it can take effect. This makes life very 

uncomfortable for diabetics, who have to inject insulin 30 minutes before a meal, 

which they then have to actually eat to avoid hypoglycemia, which can result in 

loss of consciousness and even death. However, thanks to protein engineering, 

this peptide has been modified so that oligomerization is eliminated and insulin 

can be injected directly before a meal. (4). 
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Pushing the Boundaries 

Introduction 

We are coming to the end of our guide. As you may have seen, synthetic biology 

is a powerful and rapidly expanding field where the only limitation is our 

imagination. In this final chapter, we'll take a look at some of the other great 

opportunities synthetic biology has to offer. 

Hajimoji DNA 

As the name suggests, it is DNA composed of eight (Hachi) nucleotide 

bases/letters (moji), which is capable of forming four pairs. What is absolutely 

fantastic is that it is capable of forming thermodynamically stable duplexes, and 

then double helixes. Thus, it can carry up to twice as much genetic information 

as conventional DNA. With the addition of special bases, it is capable of 

replication, leading to the creation of new semi-synthetic life forms. In addition, 

transcription into RNA and subsequent translation with modified tRNAs has been 

successfully performed. This brings many new possibilities to protein 

engineering. As it expands us the number of possible codon variations and 

introduces non-canonical amino acid into protein construction. Which has 

already been done for example on sfGFP (1,2,3). 

 

 

Figure: Bases used in Hajimoji DNA (1). 

Artificial forms of life - synthetic biological systems 

In recent years, there has been a drive to create artificial biological systems that 

mimic the behaviour of biological ones. The simplest system is expression using 

cell-free extract, where we use the transcriptional and translational apparatus of 
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a given organism, but in vitro with the supply of energy. This may carry with it 

certain advantages, this system is not dependent on the metabolic processes of 

the organism and its growth. Or we can also add modified tRNA to the cell-free 

extract, which just might be compatible with Hajimoji DNA.  

 

More complicated systems have a common basic building block. This consists of 

either gels or emulsion droplets coated with a lipophilic layer or polymers to 

mimic the cytoplasmic membrane. Inside these particles there is then space for 

the biochemical reactions without being disturbed by complex cellular processes. 

If we insert DNA and the apparatus for its expression into these building blocks, 

we can use these systems to test the regulation of gene expression or 

differentiation in response to various substances or signals. This system could 

thus help to provide more detailed information about the phenomena in 

question. In addition, in the future we could also have a system that could 

simulate various properties of biological systems, so it could adapt to the 

environment and respond autonomously (4,5,6). 

Photocaging 

In synthetic biology, process regulation is key in many cases, and photocaging is 

one such tool for this. It is the ability to regulate processes by cleaving molecules 

with light radiation. The first step is to label the side chain of the target amino 

acid with a photo-cleavable molecule, thereby changing its properties until 

the molecule is cleaved by light. This can be used for both peptides and proteins. 

Applications in synthetic biology for peptides, for example, may be to induce cell-

surface adhesion mediated by short peptides. This was done, for example, on 

the peptide Arg-Gly-Asp (RGD), where the labeled amino acid was Gly. An example 

of intracellular photocaging is the induction of amyloid oligomer formation by 

labeling Aβ-derived macrocyclic peptides NB. For proteins, for example, it was 

the activation of tobacco etch virus via a labeled TEV protease, or the lighting up 

GFP. And these are just some of the few examples of how it has already been 

used. However, compared to peptides, proteins are harder to label with photo-

cleavable molecules, since labeling for proteins can only take place in solution. 

However, expression in a cell-free extract with tRNAs carrying labeled amino acids 

could solve this problem (7). 

 

iGEM teams expanding the boundaries of life 

To give you a taste, at the end of this handbook we will show you two iGEM teams 

that have contributed to the expansion of the genetic code. They have come up 
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with a new toolkit that offers new bases and hence the inclusion of new non-

canonical amino acids. These new amino acids can be used for example for 

photocaging or for protein labelling and structural studies. 

 

Team Austin Texas 2014 The Genetic Code Expansion Pack 

Expansion of the genetic code has the potential to add novel functionality and 

chemistry to biology. Typically, expansion occurs via reassignment of the amber 

stop codon. When reassigned, this codon results in incorporation of a non-

canonical amino acid (ncAA) not normally found in proteins. Such ncAAs can grant 

new functionality, including photocrosslinking, photocaging, novel bonding or 

binding sites, and fluorescence. One part of our project creates an Expansion 

Pack Reporter Kit. This kit uses a fused fluorescent reporter, containing an N-

terminal RFP domain, a C-terminal GFP domain, and an amber codon-containing 

linker sequence that connects the two domains. While the RFP domain is 

translated and fluoresces under all conditions, the GFP domain is only translated 

when the ncAA is incorporated within the linker. Failure to incorporate the ncAA 

leads to translation termination, and thus no GFP fluorescence. This allows us to 

accurately assess the rate and fidelity of ncAA incorporation. 

 

Team wiki: http://2014.igem.org/Team:Austin_Texas  

Team Bielefeld-CeBiTec 2017 Expanding the Genetic Code 

We are exploring the application of unnatural base pairs as an expansion of 

the genetic code. To prevent loss of unnatural base pairs during replication, we 

will utilize several systems including CRISPR/Cas9. The expanded genetic code 

allows for the ribosomal incorporation of multiple non-canonical amino acids 

(ncAAs) into peptides. With their broad chemical and functional diversity, ncAAs 

provide a variety of promising applications including protein labeling, 

photocaging, structure analysis, and specific protein interactions. Therefore, our 

innovative toolkit for the translational incorporation of ncAAs in E. coli is 

a valuable contribution to iGEM. Directed evolution of tRNA/aminoacyl-tRNA 

synthetase pairs enables the site-specific incorporation of ncAAs into peptides. 

This approach results in an optimal orthogonality to the autologous translation 

apparatus and a high flexibility concerning the incorporation of multiple ncAAs. 

As proof of concept, we are developing a rapid test for prions and a new 

chromatography method for mild protein elution. 

 

Team wiki: http://2017.igem.org/Team:Bielefeld-CeBiTec  

http://2014.igem.org/Team:Austin_Texas
http://2017.igem.org/Team:Bielefeld-CeBiTec
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