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DNA Design - Overview
• Part 1 – Genome and gene biology

• DNA at scale
• The genome is organized
• The genetic code – Codon Usage
• The anatomy and function of DNA (eukaryotic vs prokaryotic)
• Gene mutations

• Point mutations
• Frameshift mutationsDesigning DNA

• Part 2 – Working with DNA
• DNA engineering basics: Molecular Cloning

• The DNA template
• The vector
• The host cell

• Modifying DNA – the enzyme toolkit
• Part 3 – Gene editing (Michelle Yue) 

• Artificial Enzymes
• Gene editing approaches
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Part 1  - Genome and gene biology 

By Dominika 
Wawrzyniak
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DNA at scale
1

A basepair: 
• ~ 2 nm length
• ~ 0.34 nm bp to bp
Each helix turn (~10 
bp)
• ~ 3.4 nm

2 3

Diploid human genome 
• Male: 6.27 Gbp
• Female: 6.37 Gbp 

🡪 The human genome is about 2 m long – how does it 
fit?

Size of an animal cell: ~10 μm – 100 
μm
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The genome is organized
The eukaryotic 
genome

The prokaryotic 
genome1 Bacterial chromosome

2 Bacterial plasmids
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Only a small portion encodes proteins 
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The anatomy and function of DNA – Eukaryotic 
genes

• Elements of a eukaryotic gene:
• P: Promoter (recruits RNA-Pol, transcription start)
• TC: transcription start, tC: transcription end (both make 

one transcriptional unit)
• TL: translation start (on mRNA), tL: translation end (both 

make coding sequence, CDS)
• 5’UTR, 3’ UTR: untranslated regions (important for 

regulation)
• Other elements (not pictured)

• Enhancers (can be distal, thousands of nucleotides 
away) or silencers

• Terminator (marks the end of a gene)

The anatomy of eukaryotic 
genes

Processing of eukaryotic 
genes

Eukaryotic genes are composed of introns and 
exons
• During transcript processing, introns are 

removed
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The anatomy and function of DNA – Prokaryotic 
genes

Prokaryotic genes are usually 
organized in operons 
• Operons encode a cluster of genes 

that are related (e.g. encode genes for 
the same metabolic pathway)

• Structural genes
• The resulting mRNA encodes 

multiple genes = polycistronic 
mRNA

• Genes within an operon are controlled 
by the same promoter (P)/operator (O) 
region

• There is no mRNA processing in 
prokaryotes

🡪 If you want to express an eukaryotic transgene in bacteria, you need to use the coding sequence for your 
designs (= exclude introns)
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The genetic code – Codon usage

Redundant codons are not necessarily redundant:
• Different organisms use different sets of degenerate 

codons more frequently than others
• Within species there are different codon usage 

frequencies between highly and low expressed 
genes

🡪 Consider codon optimization when designing 
DNA!
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Genomic and gene mutations
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• Any kind of change to the DNA sequence compared to standard is a mutation
• Occur mostly randomly (vs. induced by environment or inherited)

• In humans, parents pass on an average of 60 new mutations onto their 
children 

• Large-scale mutations
• Chromosomal alteration

• Small-scale mutations
• Point mutations

Some types of 
mutations 
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Genomic and gene mutations – Point 
mutations
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Location matters!
• Non-coding region?

• Introns: Likely to be neutral (if it does not 
affect splicing)

• Regulatory regions: Might affect protein 
expression

 
• Coding region?

• Can affect the protein

Ex
on

Intr
on



Genomic and gene mutations – Point 
mutations
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Genomic and gene mutations – 
Frameshift mutations
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Base-pair  
insertion

Base-pair  
deletion

Not a frameshift: 
Protein with 
missing amino 
acid

Frameshift = n(insertions or deletions) not divisible by 3 



Part 2 – Working with DNA

By Dominika 
Wawrzyniak
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Why do we want to design DNA?
Applications 

of DNA 
design

Basic 
Research

Gene function 
analysis

Animal 
models

Medicine

Drug 
development

Gene therapy

Diagnostics

Biotechnolog
y

Food

Biofuels

Forensic 
science

Waste 
remediation

Art

DNA origami

Biopainting
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The synthetic biology design cycle
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Design a 
pathway

Select a 
chassis

Design 
experiments

Design a 
DNA/genome

Synthetic 
chromosomes

DNA 
assembly Gene 

editing

Introduce into chassis

PCR/qPC
R Protein biochemistry

Mass 
spectrometry

Flow-cytrometry
Next-Gen-Sequencin
g

Microfluidics

Data 
analysis

Trouble 
Shooting

Modeling/Simulation

Re-Desig
n



How to engineer DNA? - The basics
• Want to engineer DNA or analyse the output (transcripts, protein) of any DNA of interest (wild 

type, recombinant, engineered and otherwise)?  Molecular cloning is necessary 

Basic steps of Molecular cloning
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The DNA template (gene/DNA of interest)

You are interested in analysing, modifying or using a gene. Where do you get it 
from?
• From the genome. 
     But which genome is your gene/DNA fragment from? 

• If from bacteria: Design primers for your gene, isolate the genome or perform colony 
PCR

• If from eukaryotic cells: Complicated. You need to isolate mRNA, translate it into DNA 
to create cDNA first. Exception: Yeast, which barely has any introns. 

• From an existing plasmid (ordered, or available as a prep)
• Easy, just do a PCR

• DNA that you created/isolated using PCR methods/gene editing methods
• A de-novo synthetized DNA fragment

• Easy, but expensive and limited by size.

• At all steps: Be mindful of codon usage if you want to express foreign or 
recombinant genes in a host cell!
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The vector
• Allows to introduce into and selectively 

maintain recombinant DNA in host cells
• Various kinds of vectors

• Bacterial plasmid
• Viral vectors (e.g. Bacteriophages)
• YAC/BAC
• Etc.
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Choose plasmid by application:

• Controlled expression? 
• Protein purification?
• Visualization of cellular 

processes/Tagging?
• Measure/quantify? 
• Genome/gene editing?



The bacterial plasmid
DNA is commonly introduced into bacterial 
hosts using bacterial plasmid vectors.

• Choose vector as one of the first steps of your 
experiment

• Anatomy of a bacterial vector
• Origin of replication (ori): 

• Determines whether plasmid is high- (<700 
plasmids) or low (1-12 plasmids) copy

• Selectionmarker(s):
• Antibiotics: Ampicillin, Tetracycline, Kanamycin etc. 

• Multiple cloning site (MCS): 
• Accumulation of restriction sites for cloning

• Promoter
• Can be constitutive , inducible or repressible
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Choosing the host cell

Fast, easy, 
high-throughput

DNA modifications
RNA processing

Compromise between prokaryotic 
and eukaryotic properties
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How to modify DNA?

Modes of DNA modification
• Targeted modification

• Requires knowledge of the sequence

• Random modification
• No knowledge of the sequence necessary

DNA modifying/mutagenesis methods
• Physical methods: UV-radiation, heat, shear stress
• Chemical methods: intercalating agents, base 

analoga, reacting chemicals)
• Biological methods:  enzymes
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The genetic toolkit: Enzymes
Degrade nucleic acids by breaking the phosphodiester bond between nucleotides
Types of Nucleases
• Restriction Endonucleases (= restriction enzymes)

Nuclease
s

= commonly referred to as 
restriction enzymes in practice
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Restriciton Endonucleases Type II 
(restriction enzymes)
• Cut DNA site-specifically
• Used for restriction digest

• Identify/confirm DNA sequence
• Cloning

• Recognize specific DNA motifs 
(= recognition sequence)

• Palindromic 
• Usually 4 bp – 8bp long
• Can create sticky or blunt ends

2014 Pearson Education 
Inc.

5’

3’

5’
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The genetic toolkit: Enzymes

Degrade nucleic acids by breaking the 
phosphodiester bond between nucleotides

Types of Nucleases
• Restriction Endonucleases (= restriction enzymes)
• Other endonucleases: 

• Desoxyribonuclease I (DNAse I): Cut DNA 
nonspecifically

• S1 endonuclease: Splits ssDNA 
• RNAses

Nucleases
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The genetic toolkit: Enzymes
Degrade nucleic acids by breaking the phosphodiester bond between nucleotides

Types of Nucleases
• Restriction Endonucleases (= restriction enzymes)
• Other endonucleases: 

• Desoxyribonuclease I (DNAse I): Cut DNA nonspecifically
• S1 endonuclease: Splits ssDNA 
• RNAses
• CRISPR/Cas9

Nuclease
s

DNA-Polymerases
• Amplifies DNA in 5’>3’ direction
• Used in PCR, needs primers

Reverse Transcriptase
• RNA-dependent 

DNA-Polymerase
• Translates RNA into DNA

Alkaline Phosphatase
• Removes 5’ phosphate group

• Prevent unwanted ligation

Polynucleotide Kinase (PNK)
• Adds 5’ phosphate group

• Allows for ligation 
reaction

Ligases
• Makes phosphodiester bonds
• Needs 5’ Phosphate, 3’OH group

Terminal Transferase
• Adds nucleotides to any available 

3’OH terminus
• Practical example: Adding 

radioisotope labeled nucleotides28
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Thank you for your attention!
Coming up next: Genome Engineering Methods
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