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Gene

DNA fragment    ~ protein

RNA

regulatory function

Ability to replicate

Ability to mutate

Genome – whole genetic information of an organism



Genome - the total genetic information of an organism in haploid state

German botanist Hans Winkler 1920 - GenOme combination of gene and 

chromosome

Genotype - individual genetic equipment 

(sometimes used to specific studied genes)

Phenotype - the manifestation of the genotype

Modifications - reversible changes in phenotype



Diploid cell - homologous (alelomorphic chromosomes)

Allele - form of the same gene occurring at the same loci in

homologous chromosomes but differ in the sequence of bases

Standard x mutated

Allele – in heterozygous or homozygous state



? Transfer of genetic information ?

Gregor Mendel 
(1822 – 1884) 

1866 - Versuche über Pflanzen-Hybriden 

- principles of segregation





Self-pollination – series of passages – genetically pure strain



20th century English geneticist 

- Reginald Punnett

Phenotype 3 : 1

2n



Why is the mutant wrinkled?



Crossing hybrid offspring with purple flowers with F1 generation



F2 generation

(2. filial)

F1 generation Hybrid offspring

¾ violet¼ white

S s S s

S s S ss s S S

Deduced -

segregation of traits



1. Mendel’s law (law of segregation) – Heritable units (pair

alleles) in somatic cells are independent and segregate

(separate) during meiosis (formation of gametes)

2. Mendel’s law (law of independent assortment) – separation

of any pair of allelic genes occurs independently

(if they are on different pair of homologous chromosomes)

Established terms dominant and recessive heritable traits

Traits are controlled by certain factors

There is a relationship between factors and external expression



Diploid cells - two sets of each somatic chromosome 

→ two copies of each gene

– genes - in different variants (alleles)

• Allele - variant form of a gene with slightly different sequence

• Alleles - created by mutations (errors in the copying of DNA)



Individuals can have one or two alleles for any gene

two of the same allele = homozygous

two different alleles = heterozygous



Phenotype – the observable characteristics of an organism

Alleles: Dominant Semidominant Recessive

Dominant alleles - expressed whether there is one copy or two

Recessive alleles must be present in two copies to be expressed



Egg always X Sperm X or Y

Sperm determines the gender of the decendant

http://movieweb.com/movie/towncountry/bw1.jpg
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Dwarfism – dominant mutation



polydactyly

Autosomal dominant mutations of different genes involved in the 

ontogenesis

The Bible mentions Philistine warriors with six fingers and toes

http://en.wikipedia.org/wiki/File:Polydactyly_01_Lfoot_AP.jpg


Colorblindness

Retina 3 receptors

The gene for the blue receptor - autosomal

The genes for red and green receptor

- X chromosome (sex-linked)

mutations → most color-blind - men



How do genes function?

The discovery of DNA structure

Rosalind Franklin and Maurice Wilkins, 1952

Crystallographic data: 

DNA - a long, thin molecule with repeated structural motif (3.4 Å and 34 Å)



Erwin Chargraff, 1950

% A =% T; % C =% G (different species - varying GC content)

James Watson, Francis Crick, 1953

Model of the DNA structure - the pairing of bases → Replication



Watson and Crick´s first model 1951 – 3 chains

Unpublished manuscript (1951), Crick wrote: 

"There are no atoms which can donate hydrogen bonds except in the basic rings and the water, thus hydrogen bonding is

unlikely to play the dominant part in the structure that it does in the polypeptide alpha helix. electrostatic forces are so 

big relative to Van der Waals forces that we may be confident that the Na+ and the PO2- will mainly…. 

http://www.mun.ca/biology/scarr/4241/W&C12.html
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Nucleoside

Nucleotide

= nucleoside + phosphate





• polynucleotide chain

• 3’,5’-phosphodiester bond

ii). Structure of the

DNA double helix
DNA structure 





Repulsive forces

(phosphates)
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Stacking interactions
DNA antiparallel 

double helix





A B Z

bp/turn 11 10,5 12

RH RH LH

RH – right handed

LH – left handed



A-T rich regions

Extreme pH or high temperature – DNA denaturing



Average G-C content can be determined from the Tm

50

7060 80

Temperature oC

Tm ~ G-C
O

p
ti

c
a
l 
d

e
n

s
it

y
  
% E. coli DNA,

cca 50% G-C,

Tm = 69 oC.









Helicase unwinds 

parental double helix
Binding proteins

stabilise separate

strands

DNA polymerase 

binds nucleotides 

to form new strands

Ligase joins Okazaki 

fragments and seals 

other nicks in sugar-

phosphate backbone

Primase adds 

short primer 

to template strand

DNA polymerase I 

(Exonuclease) removes 

RNA primer and inserts 

the correct bases

Enzymes in DNA replication



Pair  - dimerization

2 core copies for leading and lagging strand

Core ~ 20 nt/s low processivity

 sliding clamps - fast (750 nt/s) and

processive synthesis

REPLISOME COMPLEX - 2 POLYMERASES



E. coli DNA polymerases

3´ → 5´ exonuclease

5´ → 3´ exonuclease

5´ → 3´ polymerization

I Repair 

II Repair 

III Replication + repair



Clamp - video

Clamp – video1

Dissociation after fragment synthesis 

file:///E:/Presentace/2 Replikace/06.4-replication_I.mov
file:///E:/Presentace/2 Replikace/06.5-DNA_replication_fork.mov


Proofreading

T

T X



Theta replication Θ
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Most bacteriophages e.g. 

DNA molecule – multiple length  of 
genome

During assembly – cleavage of DNA 
to individual chromosomes

SS break in

origin of replication

5’ end – displaced

binding of ssb

3´ end – primer

Binding of replisome

Synthesis

Rolling circle

yOkazaki fragments



Eukaryotes

Complex chromatine structure

2 m DNA in nucelus Ø 6 μm

~

40 km of thin thread in tennis ball



Histone octamer – nucleosome core

• 2 x  H2A, H2B, H3, H4 

• H3+H4 → H3(2)H4(2) tetramer

• two H2A-H2B heterodimers 1 above and 1 under

tetramer



Histones:  Lys and Arg rich

Molekulová 

hmotnost

Počet 

aminokyselin

Content of basic 

amino acids (%)

Histone types

Histone 

Molecular

mass
Number of

amino acids



Nucleosome with DNA





Histone code – enhances capacity of genetic information

Ubiquitine



Mitotic chromosome

centromere



Eukaryotic chromosomes - linear DNA double helixes

~108 bp

Replication 2 kb/min.

---> more origins



RPA replication protein A



replication factor C

proliferating cell nuclear antigen





PCNA – homotrimer

around DNA – prevents dissociation of the complex 

PCNA-RFC-Polδ from the template

RPA

Vedoucí řetězec 





positive supercoil – overwound  DNA

- Product of DNA replication

negative supercoil from underwound DNA

- present in nucleosomes



Supercoil DNA



Over or under-wound thread- supercoil



L  - linking number 

# multiplicity of threading of DNA chain around another chain



Superhelix in front of the fork







Problem - ends of replicated chromosomes

problematic
region



T4 or  - cos sites - circularization



Some viruses (adenovirus) – initiation with protein

polypeptide Ser: -OH

Covalent binding to DNA 



Telomerase



Template chain

Partially synthesized 

lagging chain

Telomerase adds repetitive 

sequences to the template chain

DNA synthesis from RNA primer 

– completion of lagging chain

Replicated chromosome end

DNA repair





8 and 9 years

Premature aging – telomerase defect



Green - telomere-specific proteins

T-loop



Telomere ends -- T-loop

Telomere DNA

T- loop

TRF1 and TRF2 

proteins in

T-loop



Histone modification – important for binding of 

factors organising heterochromatin



SIR2

NAD Nicotinamide

+ ADP-Ribose

Sir2 NAD-dependent histone deacetylase

+

NAD consumed in reaction



Heterochromain proteins - condense 30nm thread in 

compact structure



Centromere – chromatides segregation during mitosis



….

… .

Centromere

Yeast GTCACGTG 78 – 86 bp CCGAAA

Drosophila GTCACATAG 264 bp CCGAAA



Human centromere



Heterochromatine of centromere - special nucleosomes
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DNA RNA Protein

Regulation

Transcription 

Post-transcriptional regulation

RNA transport

Degradation

Translation
Transcription

Constitutive

Induction x Repression

Activity regulation

Feedback inhibition – quick response

A B C D E





Structural genes of metabolic chain

Translation 



Animace

file:///E:/Presentace/GI MG 07 Angl/Lac operon.swf


CAP - bends DNA



cAMPAMP

AC

Adenylate cyclase and CAP – glucose repression of Lac

Adenylate cyclase (AC) - enzyme synthesizing cyclic AMP (cAMP) from ATP

High concentration of glucose

 inhibition of adenylate cyclase (indirectly by catabolic product)

 low levels of cAMP

absence of glucose  adenylate cyclase is not repressed

 high levels of cAMP

glucose

Adenin Adenin 



The absence of extracellular glucose

- Glucose transporter transferring phosphate from phosphophenol 

pyruvate to adenylate cyclase



Lac promoter

GTGAGTTAGCTCAC TTTACA TATGTT AATTGTGAGCGGATAACAATT-18- -18- -6-

OperatorCAP-site -10 region

TATA-box

-35 region

TTGACA TATAATPromoter consensus

Primary transcript

RNA polymerase

LacI represor

lactose

CAP-protein

cAMP





Eukaryotic transcription

Control of gene expression

- decision – „right“ genes, time, cells

- cis regulatory elements

- targets for binding of regulatory proteins



Eukaryotic genes

GC TATAEnhancer

-25-50-80-95~ 1000

Promoter

Promotor - sequence recognized by RNA polymerase

TATA box (TATAAAA) (Hogness box) 

+1

TATA  AA
T

A

T

Promoter

proximal elements



TATA box

- Most frequent regulatable promoter 

- 25 - 30 bp upstream (-25 až -30) from start

animace

file:///E:/Presentace/GI MG 07 Angl/08.5-TATA-binding_protein.mov


Initiators

Some eukaryotic genes – instead of TATA box

Not conservative – 5´ YYA+1NT/AYYY

(Y – pyrimidine)



Alternative promoters

Neither TATA box nor initiator 

CG island – GC rich regions

Housekeeping genes (constitutive genes) for central metabolic 

pathways (e.g. TCA cycle)



Human RNA polymerases

Polymerase Localization Product

RNA polymerase I nucleolus 18S, 28S, 5.8S rRNA

RNA polymerase II nucleoplasm hnRNA/mRNA,

U1, U2, U4, U5 snRNA

RNA polymerase III       nucleoplasm tRNA, 5S RNA,

U6 snRNA, 7SL RNA

mitochondrial

RNA polymerase mitochondria all mitochondrial RNAs

_____________________________________________________________________



2 large subunits   – L´ 190 – 220 kDa

L 140 – 150 kDa

70-80% identity of all three polymerases

Some regions – homologous with E. coli α and 

Other subunits – also homologous 

(5 subunits common to all three pol.)

 

 ´ L´ L

I

L´ L

II

L´ L

III

5-7

Other polypeptides

animace

CTD

 - like

α - like

+5 +4 +7

08.4-RNA_polymerase_II.mov


CTD

Heptapeptide repetition Tyr-Ser-Pro-Thr-Ser-Pro-Ser

Only Pol II

- in yeast ~ 26x

- in mammals  ~ 52x

- Ser and Tyr – phosphorylation

- phosphorylation enhances processivity

- in vitro phosphorylated after transcription initiation



Initiation of transcription - participation of TFs

General transcription factors

Human Genome ≈ 2,000 transcription factors

Proteins regulating synthesis of eukaryotic mRNA

binding + activation domain

Classification by type of binding domain



RNA polymerase II binds to the promoter via TFII

Transcription factors bind promoter elements and interact with 

proteins on the promoter

- Stabilization (or inhibition) of pre-initiation complex formation



Beginning of assembly of transcription system

TBP (TATA box binding protein) - binds a TATA box

Factors supporting TAF (TBP-Associated Factors - 13 proteins)

- Bind TBP - form the TFIID complex (many subunits)

TFIIA, TFIIB, TFIIE, TFIIF, TFIIH combine with TFIID

TFIIH – phosphorylation of RNA polymerase II 

TATA binding protein

08.5-TATA-binding_protein.mov


Assembly of preinitiation complex

of RNA polymerase II 

TFIID
TBP }

TAFs

IIB

IIA IIE

IIF

IIH

helicase

protein kinase

TBP

Inr
IIB

IIA Pol IIa

IIH

CTD of large subunit of Pol II

Recognizes promoter

i TBP

Tetramer brings Pol II 

to promoter

Positions helicase

Helicase

CTD protein kinase

GTFs (general transcription factors)

TBP – TATA box binding protein

TAF – TBP-associated factors
}

initiation of other than TATA promoters 

binding on the initiator and 

downstream (30 bp) promoter elements 

of genes without TATA

IIE

IIF

(TFIIA – essential in vivo)

(HNF1 hepatocyte nuclear factor 1, C/EBP interacts with CCAAT 



Gene regulation

Chr. I

Chr. II

Chr. III

Condition 1

“turned 

on”

“turned 

off”

Conditions 2

“turned 

off”

“turned 

on”

1 2 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18

19 20 21 22 23 24 25 26

constitutively

expressed gene

inducible

gene

repressible

gene

Inducible/ repressible genes



Helix-turn-helix
3 roviny helixů - vazba žlábků DNA 

Many eukaryotic TFs involved in the ontogeny 

conservative 60-AA DNA-binding motif similar 

homeodomain helix-turn-helix bacterial 

repressors



basic helix-loop-helix (bHLH)

N-terminal helix - base - interaction with DNA

C-terminal region - hydrophobic AA -

intervals characteristic of a class A amphipathic helix.

Various bHLH proteins - formation of heterodimers



Zinc fingers cysteine and histidine residues (C2H2 –most common)

- Bind Zn2+

Finger fits in DNA grooves



C4 homodimer ≈ 50 humanTFs, 

for hormone receptors

rotation

symmetry

C2H2 – common - mammals, plants





Leucine zipper

Leucine in each seventh position

Amphipathic alpha helix



Leucine zipper

Leucines

dimers - Leu residues - each turn in α-helix

α -helical region - leucine zipper

Adjacent to zipper - Y shaped area - DNA binding



Posttranscription modifications of RNA

exon 1                            intron 1                         exon 2

cap

cap

cap poly(A)

cap poly(A)

Transcription pre-mRNA and capping at 5’ end

Cleavage of 3’ end and polyadenylation

Splicing – removal of introns

Transport of mature mRNA to cytoplasm

mRNA (hnRNA - precursor mRNA)

cap - capping (cotranscriptional)

cleavage and polyadenylation (- 3’ end)

splicing (before the export from nucleus)



Triphosphate bond

Methylation of 2’ ribose

Cap

Protection against nucleases, 

Required for translation initiation 
7-methylguanosine

Methylation 

Methylation

Methylation



mGpppNmpNm

AAUAAA

mGpppNmpNm

AAUAAA AA

A

A

A
A

3’

cleavage

Polyadenylation 

10-30 nucleotides downstream from AAUAAA 

consensus sequence

• polyadenylation - poly(A) polymerase

• ~ 200 adenylates / binding of specific proteins

- stability



Cleavage and Polyadenylation Specificity Factor (CPSF)

Cleavage stimulating factor (CstF)

Cleavage factors I and II (CF I, CF II)

PolyA polymerasa (PAP)

mRNA





Y – pyrimidine bases

(R – purine bases)







Frequency of bases in splice sites

Donor 5´ sequence

exon   intron

%A 30 40 64 9 0 0 62 68 9 17 39 24

%U 20 7 13 12 0  100 6 12 5 63 22 26

%C 30 43 12 6 0 0 2 9 2 12 21 29

%G 19 9 12 73  100 0 29 12 84 9 18 20

A G G U A A G U

Acceptor 3´ sequence

intron   exon

%A 15 10 10 15 6 15 11 19 12 3 10 25 4  100 0 22 17

%U 51 44 50 53 60 49 49 45 45 57 58 29 31 0 0 8 37

%C 19 25 31 21 24 30 33 28 36 36 28 22 65 0 0 18 22

%G 15 21 10 10 10 6 7 9 7 7 5 24 1 0  100 52 25

Y    Y Y   Y  Y Y    Y Y    Y Y  Y N Y A G G

Polypyrimidine tract (Y = U or C;  N = any nucleotide)



Spliceosome 
Recognition of specific sites of intron

Intron cleavage

Joining of exons

snRNPs

Small nuclear ribonucleoproteins



RNA

Spliceosome



U1 recognition of 5'- site

U2 recognition of branching site

U4 Interacts with U6 – complementary complex

U5 3'- linker binds U4-U6 complex

U6 complex with U4 creates transesterase of spliceosome

Splicing regulated by ribonucleoproteins

Spliceosome

• snRNA (small nuclear RNA)

• snRNPs “snurps” (sn ribonucleoproteins) 

Five subunits - U1, U2, U4, U5, U6



RNA

Spliceosom



U4

U4

U4

U4

U4

U4

U4

U4

U4

U4

U4

U4



Alternative splicing

- Various protein fors from one gene



Alternative Pre-mRNA splicing – large diveristy



β-thalassemia

- Autosomal recessive disease

Different types of mutations - deletions or point mutations

about 100,000 children a year ~ 10,000 in India

Not synthesized β-globin

- Dependence on transfusions and iron intake

Avg. Life expectancy well-treated patients, about 25 years

Mild untreated β thalassemia



Thallasemia – chronic anemia (hematopoiesis in spleen and liver - enlarged)

Treated - thalassemia major



Normal splicing:

Exon 1 Exon 2 Exon 3

Intron 1 Intron 2

Donor site: /GU Acceptor site: AG/

Intron 2 o mutation of acceptor site - not functioning; use of cryptic sites in intron 2

- Longer mRNA

Exon 1 Exon 2

Intron 1

mutated site: GG/

Intron 2 cryptic acceptor site: UUUCUUUCAG/G

premature translation termination

- A new stop codon 15 AA of new 

splice site

Mutations disrupting splicing the gene for hemoglobin

o-thalassemia - not synthesized  - chain

+ -thalassemia - weak synthesis of  -chain



Genetic code

UUU

UUC

UUA

UUG

CUU

CUC

CUA

CUG

AUU

AUC

AUA

AUG

GUU

GUC

GUA

GUG

UCU

UCC

UCA

UCG

CCU

CCC

CCA

CCG

ACU

ACC

ACA

ACG

GCU

GCC

GCA

GCG

UAU

UAC

UAA

UAG

CAU

CAC

CAA

CAG

AAU

AAC

AAA

AAG

GAU

GAC

GAA

GAG

UGU

UGC

UGA

UGG

CGU

CGC

CGA

CGG

AGU

AGC

AGA

AGG

GGU

GGC

GGA

GGG

Phe

Leu

Leu

Val

Ile

Met

Ser

Pro

Thr

Ala

Tyr

Stop

His

Gln

Asn

Lys

Asp

Glu

Cys

Arg

Ser

Arg

Gly

Stop

Trp

(Met)

(Met)







tRNA

mov

7Translace/07.1-RNA_structure.mov
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rRNAs – in different species – sequence variability – similar secondary structures

rRNA ~ 60% of molar weight of ribosomes



P
P
P

P
P
P
P A

P-site

peptidyl tRNA site

A-site

aminoacyl tRNA site

mRNA 

binding site

Large 

ribosomal 

subunit

Small 

ribosomal 

subunit

E-site
P-site A-site

Ribosome structure







Functions of ribosomal subunits 

Small subunit – codon-anticodon interaction

Large subunit – peptide bond formation



5’ cap AUG

Initiation only at the first

AUG downstream form 5’ cap

AUG

Internal (downstream) Met codon

cannot serve as the initiation site

lac I P O lac Z lac Y lac A

AUG AUG AUG

AUGSD AUGSDAUG

Initiation codon with

Shine-Dalgarno sequence

Internal Met codon

without Shine-Dalgarno

5’

AUG

Initiation in prokaryotes
• also in internal AUG codons in mRNA

• lac operon in E. coli transcribed as polycistronic mRNA

with multiple AUG codons

Initiation in eukaryotes only at the first AUG codon

Initiation codon with

Shine-Dalgarno sequence



Peter J. Russell, iGenetics: Copyright © Pearson Education, Inc., publishing as Benjamin Cummings.

Prokaryotic ribosome binding site in mRNA

Peter J. Russell, iGenetics: Copyright © Pearson Education, Inc., publishing as Benjamin Cummings.



mRNA Shine-Dalgarno

SD sekvence
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Sequence analysis



DNA isolation



Alkaline lysis

lysozyme

chromosomal DNA, proteins and SDS precipitate during 

neutralization of basic solution by potassium phosphate

Removal by phenol/chloroform extraction

Plasmid DNA - ethanol or isopropanol precipitation 

Boiling method

lysozyme, Triton-X100, boiling. 

Chromosomal DNA - attached to the 

membrane – pelleted together with  

denatured proteins

Plasmid DNA - ethanol or isopropanol 

precipitation 



Centrifugation

Vacuum 



Centrifugation purification of plasmids

Plasmids – small, covalently closed, circular dsDNA

Chromosomal DNA – large – broken into linear fragments

Results in different:

- binding of ethidium bromide, 

- different densities (CsCl - bands)





nicked circular 

and linear  DNA

closed circular DNA

RNA pellet

hypodermic needle



Labeling of nucleic acids

- radioisotopes

- fluorescence markers

- biotin



Radionuclide half-life Type/energy Spec. activity

(MeV) (Ci/mmol)

32P 14.3 d /1,71 400-6000

35S 87.4 d /0,167 400-1500

125I 59.6 d /0,035 1000-2000

/0,035

3H 12.4 y /0,018 25-100

14C 5,730 y β/0,156



Phosphate incorporation - [-32P]ATP - polynucleotide kinase T4

Fill in recessive ends – DNA polymerase

Nucleotide incorporation – terminal transferase

Exchange reaction - excess of ADP

transfer of phosphate from the 5´ end to ADP

re-phosphorylation by radioactive phosphate 

from [-32P]ATP



End labeling of nucleic acids

3´ and 5´ ends ss and ds DNA, RNA and oligonucleotides



Nick translation

Nonspecific breaks by endonuclease, 

Break extension by 5´-3´ exonuclease activity of DNA pol. I E. coli

synthesis by 5´-3´ polymerase activity DNA pol. I E. coli





5´ ends 

alcalic phosphatase - free hydroxyl

phosphate incorporation - [-32P]ATP - polynucleotide kinase T4





DNA sequencing

Maxam-Gilbert method - chemical





G: DMS methylates N7 G – opens between C8 a N9. 

Piperidine removes modified G from saccharide moiety.

G + A: formic acid protonates purine ring, 

weakens glycoside bonds in A and G. 

Purines – removed by piperidine.

T + C: Hydrazine breaks rings in T and C. 

Fragments - removed by piperidine.

C: hydrazine, in presence of NaCl reacts only with C. 

Modified C – is removed by piperidine.

hydrazine
piperidine

//upload.wikimedia.org/wikipedia/commons/c/c2/Hydrazin.svg


G

G

G

G

G

Labeled fragments



DNA sequencing

Sanger method

DNA polymerase

dNTP

ddNTP

primer



 

ddNTP analogue





ddGTP    ddATP   ddCTP   ddTTP

DNA polymerase

All dNTPs + labeled dNTP

primer













CHROMOSOME WALKING "crawl along the chromosome" - positional mapping

begins with the known fragment that is bound to the analyzed unknown fragment / gene.

Sequential hybridization, fragmentation and re-cloning - reconstruction of the sequence of the 

chromosome segments



CHROMOSOME WALKING 





1500-2000

Lambda library –

fragments

sequenced from

lambda primer



The key steps in assembling individual sequenced clones into the draft genome sequence. A1–A5 represent initial sequence 

contigs derived from shotgun sequencing of clone A, and B1–B6 are from clone B.





Common Name Genus and Species
Diploid 

Chromosome #

Buffalo Bison bison 60

Cat Felis catus 38

Cattle Bos taurus, B. indicus 60

Dog Canis familiaris 78

Donkey E. asinus 62

Goat Capra hircus 60

Horse Equus caballus 64

Human Homo sapiens 46

Pig Sus scrofa 38

Sheep Ovis aries 54



Project HUGO – human genome project

1990 – aim: all 3.109 bp - year 2005

Estimated price 3.109 $

8 teams (USA a UK)

1998 – Craig Venter joined with PerkinElmer in Connecticut 

Celera Genomics

announced, that human genome will be sequenced in 3 years 

for (300 mil. $)

2 preconditions – effective method

fast, automatic sequencers



1998 – PerkinElmer – fully automatic 96-well sequencer

24 h a day ~ 10 sequences 

Celera – 230 sequencers, 100 millions nts a day

(in 1995 ~ 1 million nts by one worker)



Francis Collins head of HUGO project 

Craig Venter president of Celera Genomics



Man ~ 30 000 genes

16.2.2001 – Celera

95% of genome

16.2.2001 

HUGO consortium

92% genome

(Celera – approach to the consortium data)





Farmacogenomics

• The use of DNA sequence information to 

measure and predict the reaction of 

individuals to drugs.

• Personalized drugs

• Faster clinical trials

– Selected trail populations

• Less drug side effects

– Toxicogenomics



GMO – Plants the Lab Steps



We can develop organisms that express a “novel” trait 

not normally found in the species 

Why are transgenic plants important?

Extended shelf-life tomato (Flavr-Savr)

Herbicide resistant soybean (Roundup Ready)



Transgenic plants – commercially available

Source: USDA

Insect resistant cotton

– Bt (B. thuringiensis) toxin kills the

cotton boll worm

• transgene = Bt protein

Insect resistant corn – Bt toxin kills the

European corn borer

• transgene = Bt protein

Normal Transgenic



Virus resistance - papya resistant to 

papaya ringspot virus

• transgene = virus coat protein

Source: Monsanto

Herbicide resistant crops
Now: soybean, corn, canola (safflower)

Coming: sugar beet, lettuce, strawberry

alfalfa, potato, wheat (?)

• transgene = modified EPSP synthase or

phosphinothricin-N-acetyltransferase



Biotech chymosine; the enzyme used 

to curdle milk products

• transgene = genetically engineered enzyme

bST; bovine somatotropine (Growth hormone )

- to increase milk production

• transgene = genetically engineered enzyme

Source: Rent Mother Nature

Source: Chr. Hansen



Next Generation of Ag Biotech Products

Golden Rice – increased Vitamine A content 

(but not without controversy)

transgene = three pathway enzymes

Sunflower – white mold resistance

transgene = oxalate oxidase from wheat



Turfgrass – herbicide resistance;

slower growing (= reduced mowing)

Bio Steel – spider silk expressed in goats; used to 

make soft-body bullet proof vests (Nexia)



Edible Vaccines
Transgenic Plants Serving Human Health Needs

• Works like any vaccine 

• A transgenic plant with a pathogen protein gene is developed

• Potato, banana, and tomato are targets

• Humans eat the plant 

• The body produces antibodies against pathogen protein

• Humans are “immunized” against the pathogen

• Examples:

Diarrhea

Hepatitis B

Measles



DNA nebo



Southern blot (DNA)

blokování

Agarose gel

membrane

Blocking   

membrane

DNA fragments

DNA fragments



Filter papers

Glass

Weight 

Nitrocellulose membrane 

Agarose gel 

Buffer  



DNA stained with 

ethidium bromide

Autoradiograph of 

hybridized membrane

Southern Blot







Blot Analyte Probe and detection

Southern DNA labeled DNA probe

Northern RNA labeled DNA probe

Western protein specific antibody

Far Western protein specific antibody

South 

Western
protein labeled DNA probe







Hybridizing to Microarrays



increased expression

decreased expression



Affymetrix microarray



Typical Microarray Workflow

a) isolate RNA

b) reverse transcription  cDNA (oligo dT primers)

c) amplify/label cDNA  material for microarray hybridization

d) hybridize labeled cDNA to microarray

e) wash step (removes unbound material)

f) scan (fluorescent microarray scanner)

g) analyze data with software program













Spectral Karyotyping – SKY

Detection of translocations







Human genome sequence

1 in 1,000 nucleotides (letters) in the genome differ among 

individuals

That variability is key to understanding variability in disease 

susceptibility and outcomes

SNP = single nucleotide polymorphism

>1.4 million SNPs identified



Restriction fragment length polymorphisms (RFLPs)

• polymorphism

variation of nucleotide sequence caused by

point mutation, deletion or insertion...

• RFLP

Southern blot analysis

Two alleles ‘A’ and ‘a’

A

a

EcoRI

EcoRI EcoRI

EcoRIEcoRI

GAATTC

GAGTTC



Restriction fragment length polymorphisms (RFLPs)

• RFLP

size - Southern blot analysis

• polymorphism - absence or presence single cut site:

A

a

AA     Aa     aa

32P

Target site of the enzyme
new / eliminated

RFLP

probe

Southern hybridization
32P- probe

“A” a “a” - alely





A

C

AA     AB     BC32P

Southern hybridization
32P- probe

Polymorphism - variable amount of repetitive sequences

Variable number of tandem repeats (VNTR)

‘A’, ‘B’, a ‘C’ are alleles
RFLP

probe

B

Target site of the enzyme
new / eliminated



RFLP – detection of sickle cell anemia

β-hemoglobinopathy

- High precentage of genetic diseases

- Millions affected in all continents

sickle cell anemia 

~1/15 of US black people - gen SCD (sickle cell disease)

Whole life treatment ~ $150,000/year for each SCD patient



Hemoglobin - adults HbA - 2  and 2  chains

- fetus HbF - 2  and 2 (higher affinity to O2)



Heterozygotes HbS – cca 40% HbS – resistant to malaria

Lower flexibility and passage through 

capillaries

Plasmodium falciparum – parasite in 

erythrocytes – increased pH by 0.4

enhanced adhesion of erythrocytes 

(that should be degraded in spleen)

Sickle erythrocytes 

- Lower concentration of K+ (higher 

membrane permeability)

- Limitation with K+ for Plasmodium



sickle cell anemia 

-Genetic disorder

- homozygous point mutation – both genes for HbS

- both genes encode Val instead of Glu in β-hemoglobine

Mutation

Codone



GAG codon (for Glu) → GTG for Val 

Elimination of target sequence CTGAGG for restriction endonuclease MstII

Sonda

CTGAGG



Satellites tandem highly repetitive
– length of repeats up to several thousands bps

- clusters at centrosomes and telomeres, frequently also on Y chromosome

Minisatellites (14 to 500 bps, usually15 bps) repetitions 
Average length ~ 0.5 to 30 kb 
In mammals, fungi and plants

Microsatellites moderately repetitive (1-13 bp) repetitions in mammals, insects, 
plants. Human genome ~ 30 000 microsatellite loci
Copy number in population variable ~  10 to 100 

Interspersed sequences - intergene regions





SAGE

serial analysis of gene expression

Transformation of mRNA

to dsDNA

Digest NlaIII 

overhanging chain

2 aliquots

Joining of linkers



SAGE

Linkers have

PCR & Tagging

Endonuclease

Cut with TE

BsmF1

Mix both aliquots

Blunt-end ligate

to make “Ditag”

Concatenate

& Sequence











SAGE of Yeast Chromosome



Gel shift assay (EMSA electrophoretic mobility SA)

complex DNA-protein



GGATCA





Binding of RNA to DNA

RNA protection assay





Reporter genes – mapping of regulatory sequences  in vivo



Subtraction hybridization

RNA from

experimental tissue
RNA from

control tissue

cDNA

Reverse transcription

Amt

PCR amplificatio, cloning, sequencing

Subtraction cDNA

Hybridization



denaturation
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Restriction endonucleases



10-4



Chromosomal DNA 

modification











Three groups of RE

I Binding - specific recognition sequence breaks in an undefined site

outside

III - recognize specific sequences (not necessarily symmetric)

cleaves outside this region

I and III - modification and ATP-dependent restriction activity

II palindromic sequence

Separated restriction and methylation activity





1 U - 1 g DNA

1 h at optimal conditions

Work with RE

Izoschizomers



Star activity

High glycerol concentration

high enzyme to DNA ratio (> 100 U/g DNA).

low ionic strength.

High pH.

Presence of organic solvents

(DMSO, ethanol, ethylenglycol)

Exchange of Mg2+ with other ions Mn2+, Cu2+, Co2+.

(e.g. EcoRI, BamHI, HindIII, KpnI nebo SalI)



EcoR I

#R0101S

10,000 units

$50 (USA)

for high (5X) concentration, order #R0101T (10,000 units) or #R0101M (50,000 units) 

5´ ... 

G^A A T T C

... 3´

3´ ...

C T T A A^G 

... 5´

Source: An E. coli strain that carries the cloned EcoR I gene from E. coli RY 13 (R. N. 

Yoshimori)

Reaction Buffer: (Supplied with enzyme) NEBuffer EcoR I 

50 mM NaCl, 100 mM Tris-HCl, 10 mM MgCl2, 0.025% Triton X-100 (pH 7.5 @ 25°C). Incubate 

at 37°C.

Ligation and Recutting: After 100-fold overdigestion with EcoR I, > 95% of the DNA fragments 

can be ligated and recut.

Concentration: 20,000 and 100,000 units/ml. Assayed on lambda DNA.

Storage Conditions: 300 mM NaCl, 10 mM KPO4 (pH 7.5), 0.1 mM EDTA, 10 mM 2-

mercaptoethanol, 0.15% Triton X-100, 200 µg/ml BSA, and 50% glycerol. Store at -20°C.

Diluent Compatibility: Diluent C

Heat Inactivation: 65°C for 20 minutes.

Note: Cleavage of mammalian genomic DNA is impaired by overlapping CpG methylation

For performing double digests with EcoR I, click here.

Conditions of low ionic strength, high enzyme concentration, glycerol concentration > 5%, or pH 

> 8.0 may result in star activity. 

http://www.neb.com/neb/tech/tech_resource/restriction/buffers/double_digest.html
http://www.neb.com/neb/tech/tech_resource/restriction/properties/star_activity.html




Analysis of restriction fragments



"Mice run through the forest faster than elephants'





Conformation changes influence the speed of migration











EcoR I Sma IMW Uncut

EcoR I

+

Sma I

4

3

2

1

6 Kb
5

Restriction mapping

1) Plasmid size

2) Number and size of restriction fragments

3) Is the sum of the fragments equal to the lenght of the original plasmid?

(What is their stoichiometry?)

1x (6 Kb) 2x (4 & 2 kb) 3x (3, 2, & 1 kb)



Partial digestion

EcoR I EcoR I EcoR I EcoR I EcoR I EcoR IEcoR I

Complete digestion

High enzyme concentration

Incomplete digestion

Low enzyme concentration



Cleavage

Electrophoresis



Orientation of fragment in the vector



300, 600, 1200



LINEAR DNA SEPARATION 

Agarose concentration Molecular weight

(%  w/v) (kb)

0,3 5 - 25

0,6 1 - 20

0,7 0,8 - 10

0.9 0,5 - 7

1,2 0,4 - 6

1,5 0,2 - 3

2,0 0,1 - 2



Acrylamide Fragment size Migration of

bromophenol blue

(%) (bp) (bp)

3,5 100 - 1000 100

5,0 100 - 500 65

8,0 60 - 400 45

12 50 - 200 20

20 5 - 100 12









5´............GAATTC..........3´ 5´....GA-3´ 5´-ATTC...3´

3´............CTTAAG..........5´ 3´....CTTA-5´ 3´ AG...5´





5´.......CGATCG........ 3´ 5´ CGAT….3´ 5´………....CG-3´

3´.......GCTAGC........ 5´  3´ GC.…….5´ 3´………TAGC-5´



3´ overhang

5´ overhang



5´...............AGGCCT............... 3´ 5´…..AGG-3´ 5´-CCT....... 3´

3´................TCCGGA............... 5´  3´…..TCC-5´ 3´-GGA...... 5´



blunt end



Sau3AI 

5´……..GATC……….3´

3´……..CTAG……….5



BamHI 

5´……GGATCC……….3´

3´……CCTAGG……….5



BglII 

5´……AGATCT……….3´

3´……TCTAGA……….5



The same cohesive ends generated by different RE



pUC 19







Different ends

- advantage



End modification

Adapters, linkers, controlled degradation, synthesis 

of overhang



Linkers



Adapters



Overhang synthesis (only 3´)



Correction of the protruding ends to blunt ends using:

T4 DNA polymerase

ss exonucleases

5 '→ 3' and 3 '→ 5'; removal of the 5 'and 3' overhang ends 

and hairpins

- Bal 31 nuclease (Alteromonas espejiana)

- S1 nuclease (Aspergillus oryzae)

Mung bean nuclease (Mung beans)

Exonuclease VII (E. coli)

Klenow fragment of DNA polymerase I



Klenow fragment of DNA polymerase I E. coli

- C-terminal

-subtilisin

no 5´ 3´ exonuclease 

Recombinant

Synthesis and degradation of ends - Klenow fragment



polymerization

Filling of recessive end

3´ 5´ exonuclease activity

Degradation of protruding end by Klenow fragment of DNA polymerase I 



five times more active on DNA than on RNA 

ssDNA or RNA

Zlomená DNA 

nebo RNA

5´ dNMP nebo rNMP



neznačený



ad S1 nuclease application

- A primary substrate is ssDNA, 

But generates nicks in dsDNA, dsRNA

or DNA-RNA hybrid



/



ds nucleases

DNase I – human endonuclease

ss and ds DNA, chromatin and RNA:DNA hybrids

(mutations associated with systemic lupus erythematosus; as a therapy of

cystic fibrosis)

• ds exonuclease 3’ → 5’

exonuclease III (E. coli K-12, from 3´ end)

• ds exonuclease 5’ → 3’

lambda exonuclease (5'=>3' exodeoxyribonuclease, no activity in nicks)





Original fragment GAGG AGCGCT AATAC

CTCC TCGCGA TTATG

Cleaved AfeI GAGG AGC GCT AATAC
CTCC TCG CGA TTATG

Partially degraded

presence of dATP and

Klenow fragment

GAGG A GCT AATAC

CTCC TCG A TTATG

Controlled degradation of 3´ends



Partial filling of the ends

Original fragment GAGGCTCGAGAATAC

CTCCGAGCTCTTATG

cleaved XhoI GAGGC TCGAGAATAC
CTCCGAGCT CTTATG

Partially filled with dCTP

and dTTP and Klenow

fragment

GAGGCTC TCGAGAATAC

CTCCGAGCT CTCTTATG



ds exonuclease

exonuclease III (E. coli K-12, from 3´ end)

• ds exonuclease 3’ → 5’

lambda exonuclease

• ds exonuclease 5’ → 3’, no aktivity in nicks



Ligation

Ligase E. coli

ATP→AMP + PPi

Ligase T7 phage

NAD+ →AMP + NMN

Cofactors



DNA ligase T4 

DNA ligase E. coli – less effective

not for blunt ends

higher specificity for complementary ends joining

~ 16°C

molar excess of insert

high concentration (or PEG 8 000)



Defosforylace linearizované plasmidové DNA

Blunt ends 

+ compatible

- ligation



Other

• Single-stranded nucleases

– Bal 31 nuclease

– S1 nuclease, Mung bean nuclease

– Exonuclease VII

• nonspecific double stranded

– DNase I

• Double-stranded 3’-> 5’

– Exonuclease III

• Double stranded 5’-> 3’

– lambda exonuclease



Pulse-field gel electrophoresis (PFGE)

Large DNA molecules cross the agarose in a „snake-like“ manner. The

shorter molecules re-orient faster upon switching the field polarisation





YAC - libraries



GENETOOLS-TOOLBAR



Database Search Results



Text editor



# Restrict of , from 1 to 150

# Minimum cuts per enzyme: 1

# Maximum cuts per enzyme: 2000000000

# Minimum length of recognition site: 4

# Blunt ends allowed     # Sticky ends allowed

# DNA is linear          # No ambiguities allowed

# Number of hits: 24

# Base

Number Enzyme          Site            5'      3'      [5'     3']

8       NgoAIV       GCCGGC          8       12      

8       NaeI           GCCGGC          10      10      

9       MspI            CCGG            9       11      

15      AciI            CCGC            12      14      

18      MnlI            CCTC            28      27      

36      HphI            GGTGA           24      23      

45      Tsp509I         AATT            44      48      

59      Tsp509I         AATT            58      62      

69      AciI            CCGC            66      68      

78      BsmI          GAATGC          84      82      

81      FspI           TGCGCA          83      83      

82      Hin6I           GCGC            82      84      

82      HhaI            GCGC            84      82      

114     ThaI            CGCG            115     115     

119     AciI          CCGC            119     121     

119     HgaI          GACGC           104     109     

123     EciI           GGCGGA          108     106     

131     BbvI          GCAGC           143     147     

131     BpmI        CTGGAG          111     109     

Restriction analysis
http://bioweb.pasteur.fr/seqanal/interfaces/restrict.html



NgoAIV                                Esp1396I                     

MroNI                                 AccB7I                       

aatggaagccggcggcacctcgctaacggattcaccactccaagaattggagccaatcaattcttgcggagaact   base pairs

ttaccttcggccgccgtggagcgattgcctaagtggtgaggttcttaacctcggttagttaagaacgcctcttga   1276 to 1350

NgoMI                                 PflMI                        

NaeI                                Van91I                       

AviII      EcoT14I                                                 

Mva1269I   StyI Esp1396I                                           

FspI       Eco130I                              GsuI               

gtgaatgcgcaaaccaacccttggcagaacatatccatcgcgtccgccatctccagcagccgcacgcggcgcatc   base pairs

cacttacgcgtttggttgggaaccgtcttgtataggtagcgcaggcggtagaggtcgtcggcgtgcgccgcgtag   1351 to 1425

BsmI       ErhI PflMI                           BpmI               

BsaMI      BssT1I Van91I                                           

Acc16I      AccB7I 

WebCutter

Webcutter – freely available on-line 

analysis of restriction targets in nucleotide sequence
http://www.firstmarket.com/cutter/cut2.html



Layout Sequence

*Showing Restriction Sites, Double Stranded, and Translation



Restriction Map





23  Cla I
29  HinD III

185  EcoR V
229  Nhe I

375  BamH I

562  Sph I
622  EcoN I
651  Sal I

939  Eag I
972  Nru I

1063  BspM I

1353  Bsm I
1369  Sty I

1425  Ava I
1444  Msc I

1664  BspM II

2066  Pvu II

Tth111 I  2219
BsaA I  2227
Xca I  2246

Nde I  2297

Afl III  2475

AlwN I  2886

Ase I  3539

Pst I  3609

Pvu I  3735

Sca I  3846

Ssp I  4170
Aat II  4286

EcoR I  4361

pBR322

4363 base pairs

Unique Sites

DNA Strider is simple, 

but still elegant



Compute Statistics



Gel Simulation INPUT



Gel Simulation OUTPUT



ANALYSIS TOOLS

ANALYZE MENU

Translate

Simulate Gel

Compute Statistics

Find: Motifs, ORFs, Restriction Sites, 

Exons, Repeats and  Vectors, PCR Primers

FAST Alignment

Remote BLAST

PLOT MENU

GC Density

AT Density

CpG Islands

Fickett’s Method

Editor

Sequence



Find Motifs



Feature Map



ORF Map



Restriction Map



Exon Map



Summary:

What can you do with GeneTool?

Design primers

Find restriction sites

Find repeats, motifs and ORFs

Help identify exons

Map and simulate gels

Assemble contigs

Align sequences









Organismus Genom 
velikost (Mb)
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Gene expression



Gene Expression

prokaryotic x eukaryotic systems

Bacteria:

high expression,

growth speed,

cost effective medium



Which vector?

Compatibility with the host cells

Combinations:

– strong promoter

– binding site for ribosome

– termination sequence

– specific sequences – for isolation, solubilisation, detection…



Organism



Strong bacteriophage promoters. 

From bacteriophages T3, T7 and SP6

Cell promoters

trp promoter

lac promoter 





Host-vector systems

Bacteria

Gram-negative

E. coli: known physiology and genetics, fast 

growth, high cell density, high yield

Troublesome secretion, proteolytic degradation, 

formation of inclusion bodies 



E. coli

Solubilization (inclusion bodies)

Secretion

Benefits

Protection against proteolysis

Support of correct folding (e.g. S-S bridges)

Less contaminants (endotoxins)

Continual system with immobilized cells possible



Gram-positive bacteria

Bacillus subtilis

• Benefits: fast growth, lack of outer 

membrane, efficient secretion

• Drawbacks: proteases, smaller choice of 

vectors and promoters 

Streptococcus cremoris and Streptomyces sp.





Animace

Lac operon.swf


Lac promoter - complex regulation

3 promoters – P1, P2, P3

3 operators – O1, O2, O3 – palindrom sequences
(O1 – main regulator)

Repressor LacI – homotetramer – subunits MW 38 kDa

Two dimers – binding to O1 and O2 or O3

→ loop – transcription block



AA in contact with

RNA polymerase

cAMP

CAP 

Homodimer – both monomers – ATP binding

Activation of transcription CAP regulone

- sensitive to catabolites

- lac, gal, ara, mal

Binding to various regions

– various degree of transcription initiation



Expression system

Induction of lac promoter with IPTG

isopropyl-b-D-thiogalaktopyranoside







Regulation of expression

in E. coli

Lac repressor – repression of

transcription of T7 polymerase in 

the absence of IPTG (imperfect)

T7 lysozyme – inhibition of T7 

polymerase in cells with pLys 

plasmide (constitutive production

of T7 lysozyme)



Product localization



Cells



Dezintegration (lysozyme + EDTA, X-press, Triton X-100)



extract



Centrifugation (15 000 x g, 10 min)



 

supernatant pellet

(cells remnants, INCLUSION 

BODIES) 

(soluble proteins)



Dissolution

8 M urea + DTT

6 – 8 M guanidinium.HCl + DTT

10 – 20% acetic acid



denatured protein

in monomeric reduced form



Purification

ionex chromatography, gel filtration, affinity chromatography



purified, denatured protein



getting off the denaturation agents via dilution or dialysis



Renaturation



Localization of product 

Fractionation of cells / product isolation

Localization in cells

Centrifugace 



Plasmide Chaperone Promoter  Inducer Marker

pG-KJE8  dnaK-dnaJ-grpE araB L-Arabinosis Cm

groES-groEL Pzt1 Tetracycline

pGro7 groES-groEL araB L-Arabinosis Cm

pKJE7 dnaK-dnaJ-grpE araB L-Arabinosis Cm

pG-Tf2 groES-groEL-tig Pzt1 Tetracycline Cm

pTf16 tig araB L-Arabinosis Cm

Chaperone-mediated folding of proteins in E. coli



pelB signaling sequence for periplasmatic localization

Signaling sequences of different secreted proteins



EUKARYOTIC EXPRESSION SYSTEMS



Integrative plasmids – Yip

- Without autonomous replication

- integration to chromosome

Episomal plasmids – YEp - (50-200/cell), unstable

- Autonomous replication

autonomous replicative sequence (ARS) 

origin of replication of 2 μm DNA plasmide (endogenous yeast plasmide) 

Centromere plasmids – YCp – insertion of centromers

Yeasts

Shuttle vectors

Selection – auxotrophy (production strain purity control)



Promoters

LDH – lactate dehydrogenase

ADH - alcohol dehydrogenase

AOX1 – alcohol oxidase - methanol

CUP1 - metallothionein - Cu2+

GAL1 - inducible with galactose (repression with glucose)

PGK - fosfoglycerate kinase – constitutive

PHO5 - secreted acidic phosphatase

- low levels or absence of phosphate



Terminators

Sequences encoding the signaling peptides

- secretion of recombinant proteins



Saccharomyces cerevisiae

Benefits: 

Grows to high densities, fast gowth, ability to secrete 

proteins

Drawbacks: 

Low-level expression, hyperglycosylation



Kluyveromyces lactis 

– cheap substrates

Pichia pastoris, Hansenula polymorpha 
Methylotrophic yeasts 

- methanol – carbon source

Promoter and terminator – AOX1

Glycosylation – similar to human cells

Secretion – sequence - acidic phosphatase

α-factor S. cerevisiae



Pichia pastoris, Hansenula polymorpha

Benefits : 

Fast growth on methanol – cheap medium

Fast production (8 h) of protein

High density

Controlled expression via AOX1 promoter (alcohol oxidase I)

Higher expression than E. coli (selected proteins)

Better folding than E. coli – presence of chaperons

Production of big proteins (>50 kD)



Pichia pastoris

Drawbacks: 

High demand of aeration

methanol is flammable

Too high levels of methanol are inhibitory





Targeted gene disruption



Integration of kanMX –

replacement of target sequence -

recombinant diploid

Sporulace 



Stable transformants

- homologous recombination in homologous regions

Integration in AOX1 locus Integration in his4 locus

 Cregg J.M. and Madden K.R. (1989) Mol. Gen. Genet. 219, 320

Transformation and integration

Expression

cazette



Pichia

Linearization of vector for integration

Linearized plasmide

Genome of Pichia

Plasmide integrated to

genome



Zeocin



Some heterologous proteins - proteolysis

Elimination:

- Inhibitors

- Protease mutants

- pH below 3 or above 6

- Presence of amino acids



Micromycetes: 

Aspergillus nidulans and Trichoderma reesei

Higher ability to secrete proteins than S. cerevisiae. 

Growth in fibers – troublesome culture scale-up



Tissue cell cultures

Posttranscription and posttranslation modifications

Model system – mammalian, human cells

– localization, regulation, interaction

- defined enviroment – growth factors, carcinogens

- specific cell line (even genetically modified)

- defined growth parameters



Cells in growth medium (37°C, serum 5-20%, CO2 3-5%)

inoculation of germ cells (desintegrated biopsy, enzymatic

digestion) – culture; limited number of divisions

Mutants – permanent cell lines – „immortal “ 

human cells – permanent only cancer cells

rodents – embryonal cells – permanent lines (non-cancer)



Imortalizace





Transformed cells 

Make tumors in host

Immortalized

Changed transcription of some genes

Secretion of transforming growth factor

Lower dependence on growth factors – autocrinous

Suicide growth – continuous growth even without nutriens



Changes in the growth and surface

Loss of actin microfilamens

Changed morphology → round-shaped

Loss of the surface fibronectine – lower adherence

Lower substrate dependence



Chybí inhibice kontaktem

Sekrece proteasy

Aglutinace – shluky

Změna pohyblivosti povrchových proteinů



Morphology of representative cell lines 





Cultures a) attachment-dependent x b) -independent

a) Support – proteins mediating attachment

Cells from tissues

b) Cells from lymphocytes

easy scale-up: important for industrial application

a)

b)



Cell culture

Adherence  - fibronectin, laminin, collagen

Passage – trypsination

Growth demands

Generation time

Liquid nitrogen - 196°C

Important parameter – concentration of inoculum

- Cell interactions



Culture dishes





Complex media RPMI 1640, CMRL 1066, F12

Basic medium

More than 40 

components

AA, vitamins,..

Incubation at

constant pH under

5% CO2



MEM (Eagle´s medium) 

Dulbecco´s Modified Eagle´s medium (DMEM)

- essential amino acids, source of energy, vitamins and salts

surface 2 – 5 mm

Inoculum – 104 – 105 cells/ml  (1:2 – 1:4)

Storage – fresh medium, 

50% FBS, 

DMSO – kryoprotective, 

Serum FBS, FCS 

- growth factors

Harry Eagle Renato Dulbecco



Growth hormones

PDGF (platelet-derived growth factor) – principal growth 

factor of the serum

FGF (fibroblast growth factor)

EGF (epidermal growth factor) 

Insulin-like growth factor (IGF-1 a IGF-2)

Fibronectin and fetuin (in fetal serum) 

- Enable the attachment of the cell to surface

α2-macroglobulin - inhibits trypsin

Transferrin binds iron forming less toxic and biologicaly more 

available form. 



Suspenzion cultures

Control of the process, higher yields

Requires adaptation of adherent cells

- culture flask surface

- Depletion of serum (shock or gradual)
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Gene expression II

Biotechnology



Culturing in bigger volumes



Fermentor 



Synthetic media

Benefits -

stable defined composition

elimination of growth inhibitors

Elimination of potential risk of contamination with viruses

Mycoplasms - problem with contamination



Synthetic media drawbacks

Lack of unidentified components of serum, 

Lower number of growth passages.



pH control

Optimum - pH 7,4 

below 7,0 - 6,5 retarded growth

Phenol red

yellow pH 6,5

orange pH 7,0 

red pH 7,4

lila pH 7,6 

purple pH 7,8



thymidine or aphidicoline - early S phase block

nokodazole (depolymerization of microtubules) – block in G2 / M

lovastatine or nutrient depeletion - block in G1

Fluorescence-activated cell sorting - FACS

Synchronization of cell culture



TRANSFECTION

Precipitation with Ca3(PO4)2 – easy to use

DNA in CaCl2 + Na3PO4 buffered with HEPES 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)

Colloid precipitate of DNA - cell adhesion and uptake

Higher efficiency with DMSO or glycerole 

Very sensitive to pH - pH 7,05 

- Some types of cells too fragile

- Various efficiency of transformation

- The amount of DNA entering the cells is not tunable



DEAE Dextran - cationic polysaccharide – DNA binding. 

Complex - DNA/polysaccharide

– taken up by cells through unknown mechanism

Not universal for all the cell types

Peptides

poly(lysin) 

Some peptides – targeting through peptide sequence

Polyethylenimine – very cheap



Lipofection – mixture of cationic lipid with DNA (neutral)

N-[1-(2,3-dioleyloxyl)propyl]-N,N,N-trimethylamonium chlorid (DOTMA) a

dioleyolylfosfatidyl ethanolamin (DOPE)



ELECTROPORATION

Exposition of DNA and cells to high-voltage puls

- relatively expensive equipment and process (special cuvettes)

- All cell types

-1 500 – 2 500 V at 25 mF. 

- highly efficient, possible control

„copy number“ by change of conditions



-Pores in membranes, DNA 

uptake and pore closing

Electroporator



Problems: bacterial contamination, irreproducible effect

Protoplast fusion



MICROINJECTION

Controlled „copy number“ 

Whole nuclei

Special equipmentzařízení

Trained staff
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Joseph Ratzinger, 

- Cloning is a human arrogance



2004

Woo Suk Hwany from Soul National University in Corea:

Successful cloning of healthy human embryos, grown in mice

Panos Zavos – cloning of people for the production of healthy 

children

Number of teams – cloning of germ cells for the investigation and 

treatment of diseases









Infection

Recombinant viral genomes – replacement of genome regions not 

essential for the growth in tissue cultures

(Vaccinia virus, Baculovirus, Herpesvirus, Retroviruses, 

HepDNA) 

- Sometimes the encapsidation supported by helper virus



Vectors based on recombinant viruses

Infection vs. Lipofection etc.

Infection efficiency often quite high

Combined with high titer = ~ 100% of cells

Tissue specific targeting - ‘Magic Bullet’ transgenesis

- Targeting of genes to specific cells

- Specific receptors



Transcription initiating complex

TATA box (TATAAAA) (Hogness box)

Promoter proximal elements, enhancers

Ribosom binding Kozak’s sequence  ACCAUGG



HCMV - Human cytomegalovirus - early promoter  

SV40 – early promoter

SV40 - late promoter 

Adenovirus – main late promoter

Herpes Simplex Virus - TK promoter 

Promoter of mouse metallothionein I (heavy metal induction)

Promoters of mammalian cells with enhancer sequences



Retrovirus promoters

Rous Sarcoma Virus - LTR promoter 

Mouse Mammary Tumour Virus - LTR promoter (induced

by glucocorticoids)

Moloney Murine Sarcoma Virus - LTR promoter 



Vaccinia virus 
transcription and transient expression in cytoplas (viral factors)



- Infects most mammalian and avian cell lines, no integration to cell chromosome

- No infection of CHO (Chinese hamster ovary), primary lymphocytes, macrophages

- Cloning of big fragments (20 kbp), stable infectivity, high expression, secretion, “suitable" 

posttranslation modification



Baculovirus Autographa californica

big, enveloped, ds DNA virus,

Entry via endocytosis - transport to nucleus

Polyhedrin protein – protects against proteolytic inactivation

- Solubilized in intestine

- No replication in mammals and plants = safe

- recombinant baculoviruses with surface-exposed flu vaccine

Host cells

Sf9 (Spodoptera frugiperda)



FIG. 1 Autographa californica nuclear polyhedrosis virus (AcNPV)



Recombinant baculovirus 

- replacement of polyhedrin sequence with cloned gene

homologous recombination

different morphology of plaques – identification



Common cell lines

Human
HeLa cervix carcinoma (Henrietta Lacks)

HEK 293 embryonic kidney – transformed with adenovirus

Jurkat leukemia T cells

MCF7 mammary carcinoma

Subhuman primates

Vero monkey kidney

COS monkey kidney

Rodents

3T3 mouse fibroblasts (transformed, non-cancer) 

NS0 a Sp2/0 mouse myeloma 

CHO Chinese hamster ovary) 



Enzyme markers and antibodies for cell type identification

http://cdn.biologydiscussion.com/wp-content/uploads/2015/09/clip_image01026.jpg
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CHO (Chinese hamster ovary) cells

Prototype of tissue cells

Mutants deficient in

Adeninphosphoribosyl transferase (APRT) 

Dihydrofolate reductase (DHFR) - selection

Require proline

Growth in suspensions – possible culturing in fermentors

Yields ~ 5 g protein/l culture



COS cells (monkey kidney cells)

- from CV-1 cells (CV-1 in Origin with SV40 genes)

Common COS-1 a COS-7

transformed with replication-defective virus SV40 

- High concentration of SV40 T antigen, but not virus

- episomal replication of vector

- high production thanks to high copy-number - 10 000/cell

Plasmids with SV40 promoter (constitutive)



Selection

Adenosin deaminase (ADA)

decontamination 9-β-D-xylofuranosyl adenin (Xyl-A) to inosin derivative

Xyl-A → Xyl-ATP incorporation to DNA → apoptosis

ADA-deficient line

Bleomycine binding protein

Bleomycin / glycopeptide antibiotics / stopped gowth in v G2 phase

Stable transfection
- Integration to chromosome



Dihydrofolate reductase (DHFR) – biosynthesis of tetrahydrofolate => 

purins

competitive inhibitor methotrexate (MTX, 4-amino-10-methylfolate)

– absence of exogenous purines – addiction of cells on DHFR 

→ growth of cell overexpressing DHFR 



Cells deficient in: 

TK and HGPRT

– genes for these enzymes in plasmids or in fused cells (hybridoma) 

Possible recovery - alternative synthesis: 

dTTP from thymidine with thymidine kinase (TK)

dGTP from hypoxanthine (purine) and phosphoribosyl pyrophosphate

hypoxanthinguaninphosphoribosyl transferase (HGPRT)

Selection of cells in HAT media containing aminopterine, thymidine and hypoxanthine

Aminopterine (analogue of folate and methotrexate) - block of biosynthesis of tetrahydrofolate

dihydrofolate reductase → block of biosynthesis of purines and TMP
Folate



Hygromycin

- aminoglycoside antibiotics

(from Streptomyces hygroscopicus) inhibits proteosynthesis

Hygromycinphosphotransferase (HPH)

– phosphorylation inactivates hygromycin
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Clone isolation



In vitro transcription/translation



Production of recombinant proteins

Targeting of genes to tissues – gene therapy

Research purpose

basic research

applied research

Medicine

treatment

prevention

diagnostics



RECOMBINANT PROTEINS

Sales estimate - 56 billion $ in 2006 

Blood derivates

Erythropoietins

Antihemophilic blood factors

Thrombolytic agents

Other recombinant agents related to blood



Interferon

Interferon alpha 

Interferon beta 

other interferons

Recombinant hormones

Insulin 

Other recombinant hormons

Growth hormons



Recombinant vaccines

Vaccine against hepatitis

Other recombinant vaccines

Other recombinant proteins



Monoclonal antibodies

Therapeutic 

Anti-cancerogenic

Anti-inflammatory

Thrombolytic

Diagnostic

animace

Monoklon Ab.MOV
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Production of proteins with baculovirus system

• Alpha and beta interferon

• Adenosin deaminase

• Erythropoietin

• Interleukin 2

• Poliovirus proteins

• Activator of plasminogen (TPA)



+ GH



Analysis of efficient expression

RNA

RT-PCR, Northern blot, in situ hybridization

Protein

SDS-PAGE

Immunochemical methods

Pulse-chase 

Metabolic labeling and immunoprecipitation



Pulse-chase



antibody Protein A Protein G

bovine ++ ++++

human ++++ ++++

equine ++ ++++

goat .. ++

rabbit ++++ +++

rat +/… ++

sheep +/.. ++

mouse ++ ++

porcine +++ +++

Proteiny

A Staphylococcus aureus

G Streptococci

L Peptostreptococcus magnus

A, G – Fc heavy chain; L – light chain



Protein modification for higher yields, stabilization in 

soluble form, easier purification and detection



Fusion proteins with affinity tag

- purification



Glutathion S-transferase (GST) 26 kDa, stabilizes protein, 

protects from proteolysis

Pull down of protein interacting with GST-fusion protein

immobilized on beads – identification of interacting partners



Maltose-binding protein (E. coli, 42 kDa) maltose, increase in solubility

Thioredoxin A (E. coli TrxA, 11,6 kDa) increased solubility, stability,

promotes crystallization

SUMO (Small ubiquitin-related modifier) supports protein folding – cleavage with

Ulp protease from S. cerevisiae – more in other eukaryots..

Protein disulfide isomerase – up to 3-fold increase in solubility compared to TrxA



Decreased solubility – supported formation of inclusion bodies

ketosteroide isomerase (E. coli, 13 kDa) extremely insoluble protein



Poly(hexa)histidine     Ni2+

Immobilized-Metal Affinity Chromatography (IMAC)



Purification of His-tag 

proteins

Vazba



In vivo biotinylated peptide avidin, streptavidin*

Streptavidin-Binding Peptide (SBP) streptavidin

38-aa sequence

*52.8 kDa protein Streptomyces avidinii - homo-tetramers high affinity to biotin

D

Avi-Tag
Biotin



Polyaspartate anex

Polyarginine katex

Polycysteine thiol

Calmodulin binding protein

(calcium-modulated protein)

Tandem affinity chromatography

Applicable only in bacteria

Ethylene glycol-bis(2-aminoethylether)-

N,N,N′,N′-tetraacetic acid



Cleavage sites inserted into fusion proteins in E. coli

Nonspecific cleavage Conditions/protease

Asp  - Pro                                                                      acidic pH

Met  - X CNBr

Arg - X     nebo Lys - X Trypsin

Arg - X Klostripain



Recognized sequence Protease

ENLYFQ - S TEV (Tobacco etch virus)

Specific cleavage after SUMO (not Pro) Ulp1 (SUMO proteasa)

- in 2 M urea, pH 5,5-10,5)

Ile - Glu - Gly - Arg - X Factor Xa

Leu - Val - Pro - Arg - Gly - Ser Thrombin

Leu - Glu - Val - Leu - Phe - Gln - Gly - Pro                  PreScission Protease

(Amersham-Pharmacia, fusion 

of human rhinovirus 3C protease

and GST)

Asp - Asp - Asp - Asp - Lys  - X Enterokinase

Cleavage sites inserted into fusion proteins in E. coli



IMPACT:

Purification

Based on intein

Affinity chromatography

Chitin-binding protein



Thiole-induced cleavage - modified intein 





PTS - protein trans-splicing



Epitope tagging

Fusion tagging of proteins with peptides – interaction with antibody

HA YPYDVPDYA

c-myc QVFFRNKLLF

FLAG (or 3xFLAG) DYKDDDDK

HSV QPELAPEDPED

T7 MASMTGGQQMG



(GFP – Green fluorescent protein)

Fusion tagging with fluorescent protein



Jellyfish – emit light through energy transfer to GFP

GFP from Aequorea victoria fluoresce upon 

absorption of energy from photoprotein aequorine

activated by Ca2+

Variants of GFP – various excitation/emission 

wavelengths





Tsien Laboratory



animace

Bacteria

transformed with

variants of GFP

visible UV

GFP.MOV


• GFP is visual marker

• Study of biological processes 

• Regulation of gene expression

• Localization of product

• Cell transport

• Marker for identification of transgenic 
organisms



Confocal laser scanning microscopy

SDS PAGE 

EXTRACTS FROM TISSUES INFECTED 

WITH PVX (Potato virus) - GFP



REPORTER GENES

– ACTIVITY of PROMOTERS

Detection of fusion proteins

Reportérová 
mRNA

Testovaný 
plasmid

Deleční mutanty 



Reporter genes – map the regulatory sequences in vivo

Terminální 

delece

Interní 

delece



Chloramphenicol acetyltransferase (CAT)

- Transfer of acetyl group from acetylcoenzyme A to chloramphenicol

CAT experiment – incubation of lysates with 14C labeled

chloramphenicol

Acetylated and non-acetylated form – thin-layer chromatography

(silicone-covered glass plates)

Autoradiography or scintillation of scraped bends

CAP - chloramphenicol





Luciferase
luc gene (Photinus pyralis) 

- First non-isotopic reporter system for mammalian cells. 

Bioluminiscent reaction catalyzed with luciferase

– luciferin, ATP, Mg2+ and molecular oxygen. 

Luciferase – sensitive to proteolysis

– analysis of inducible promoters



2-phase reaction – excitation and fading“ 

- Various types of experiments:

– addition of substrates and ATP – few seconds of intensive 

luminiscence

– followed by lower intensity of emission – fading with the use of

AMP

Weaker, stable luminiscence - fading

Intense luminiscence



-glucuronidase (GUS)

Fluorescent determination

4-MUG (4-methyl-umbeliferyl β-D-glukuronid) 

Luminiscent determination

adamantyl 1,2-dioxethanarylglukuronid (citlivější)

Chromogenic substrate

X-gluc = 5-brom-4-chlorindolylglukuronid 



Secreted reporter proteins

Secreted alkaline phosphatase (SEAP) 

- chromogenic substrate p-nitrophenylphosphate

Human growth hormone (hGH) 

- antibody labeled with radioactive iodine 125I



Specific fluorescent probes for organelles





Translation of purified mRNA

Translation mixture

35S-Met (10,2mCi/mL;1175 Ci/mmol)

Purified RNA

10X buffer

DEPC-water

Inhibition of RNases
RNase free chemicals, gloves, autoclave,

DEPC – diethylpyrocarbonate (0,1%) 

Inhibitors of RNases, work on ice



E. coli cell free system

Crude extract (30S)

Endogenous mRNA depleted

Simple translation system

Cheap!!!

Problem:

Endogenous RNases degrade exogenous mRNA

Conjugated Transcription/Translation

Stabilising elements (hairpins) on mRNA



Problem: Phosphate released by ATP hydrolysis

– inhibition of proteosynthesis

ATP regeneration required

Incomplete products

Suitable for proteins < 60 kDa

Up to 0,5 mg/ml recombinant protein (batch)





Rabbit reticulocyte lysate

Efficient eukaryotic in vitro proteosynthetic system

Reticulocytes: immature red blood cells without nuclei, full translation

machinery

Specialized on synthesis of hemoglobine

(Hb ~ 90% total protein)

Endogenous globin mRNA depleted with microccous nuclease



Heterologous proteins

- synthetized with speed comparable to intact reticulocytes

Translated: capped (eukaryotic) and uncapped (viral) RNA

Necessary: Kozak konsensus and polyA signal

Synthetize uncut products



Wheat germ extract

Alternative to rabbit reticulocytes

Low level of endogenous mRNA: low background

Micrococcus nuclease not necessary

Exogenous proteins (mammalian, viral, plant) efficiently synthetized

Uncut products

Cheap! 



Suitable for synthesis of proteins:

Toxic to cells

Forming inclusion bodies in E. coli

Sensitive to intracellular proteases

For structure biology:

Selective labeling of isotops for NMR

Incorporation of modified amino acids (Se) for crystalography
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Study of protein interactions



Ribosomal display



Phage display

Expression library of peptides / proteins

Expressed in fusion with envelope protein of filamentous

phage (e.g. M13)









Model "biopan"

http://www.neb.com/neb/products/phd/phd.html

http://www.neb.com/neb/products/phd/phd.html


Study of protein interaction



Genetic approaches: suppression
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+
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Elimination of the effect of mutation: intragenic suppression

+

+

+



Co(immuno)precipitation

- direct method – „pull down“

- imuno – agarose beads or S. aureus - protein A

Immunofluorescence

- interaction of proteins - localization in cell

- known proteins – antibodies

FRET - fluorescence resonance energy transfer

Chemical crosslink

- stable product on SDS PAGE 

Far Western

- interaction on membranes



Coimmunoprecipitation
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Fluorescence resonance energy transfer - FRET





FRET applications



Yeast two hybrid

transcription activator – structuraly independent regions

(DNA binding domain and activation domain)

- connection – necessary for transcription activation

- mediated with proteins of interest



animace
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Selekce proteinů interagujících s Ras





Elimination of false-positive results



Two oligo-DNA fragments

After binding - ligation

Proximity ligation assay





c-Myc/Max heterodimers

+ inhibitor of dimerization



LinkLight™ technology



LinkLight™ technology



Two domains of fluorescent proteins

Functional (fluorescing) complex only upon interaction





Chemical crosslink
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Prokřižuje SH skupiny

Prokřižuje NH2 skupiny

Homobifunctional probes



Sulfo-SMCC (sulfosuccinimidyl-4- (N-

maleimidomethyl) cyclohexane-l-carboxylate)

amino-reactive sulfo-NHS-ester group (left)

sulfhydryl reactive maleimide group (right)

N-Succinimidyl 3-(2-pyridyldithio)propionate

Heterobifunctional probes
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Bioorthogonal chemistry - study of biomolecules in their natural enviroment



Bioorthogonal chemistry - study of biomolecules in their natural enviroment











Analysis of interactome with mass spectrometry













diazirin – fotoaktivací vazba na C-H, N-H, a O-H
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Transport of ß-integrin fragment fused with HaloTag®

copyright BMC Cell Biology







3′-azibutyl-N-carbamoyl-lysine 

(AbK)

Synthesis of the diazirine-modified lysine
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Hydrogen–deuterium exchange

(H–D or H/D Exchange)

deuterium is added to a protein in H2O by diluting the H2O solution with D2O

Mass spectrometry

NMR spectroscopy





Gene transfer to plants T-DNA (Ti - tumor inducing plasmid) and Agrobacterium

Natural plasmid of A. tumefaciens - tumors.

Infection with recombinant A. tumefaciens

T-DNA integration to host genome proliferation of plant cells crown gall.
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Electrospray ionization (ESI) mass

spectrometry
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Sequence analysis



Determination of sequence ~ 20 million bp

in one apparatus in less than 6 h

Detection of released pyrophosphate during 

polymerization reaction – luminescence  

Pyrosequencing



DNA fragments ~100 bp denatured – individual ss fragments –

attached to microscopic beads – individually separated. 

PCR amplification ~ 10 millions identical copies. 

Beads – distributed individually in microwells (~200,000 wells). 

Reaction mixture: 

◦DNA polymerase 

◦adenosinephosphosulfate (APS) 

◦ATP sulfurylase — generates ATP from APS and pyrophosphate 

(PPi). 

◦luciferin + luciferase — conversion of luciferin to oxyluciferin

→ light emission Mov

pyro.avi


CCD camera

nucleotide(s) = peak

template

light



DNA polymerase

Adenosinphosphosulfat

e (APS) 

ATP sulfurylase ATP



DNA polymerase

ATP sulfurylase

Luciferase

Apyrase

Iterative addition

Template with primer

dATPαS

Deoxyadenosine5´(α-thio)triphosphate

Luciferase-luciferin-AMP + O2

Luciferase-oxyluciferin-AMP + CO2



Nukleotide sequence

Added nucleotide



APS Adenosine phosphosulfate
Deoxyadenosine 5′(α-thio)triphosphate

(no substrate for luciferase) 

Polymerase

Luciferase

ATP sulfurylase

http://upload.wikimedia.org/wikipedia/commons/e/e4/Adenosine_phosphosulfate.svg


Preparation of beads with clones of fragments





3) Dissociation of template

1) Annaealing of template k P1

2) Extension of primer complementary to P1

60-90 NT









PicoTiterPlate



Pyrosequencing 454 Biosciences (Roche)

Fast > 20 million bases ~ 5 h

Cheap – significantly cheaper than Sanger method

Simple – automated

Efficient - sequence of typical bacterial genome 

– one worker in several days, no cloning, no colony isolation

Yet not suitable for individual samples and large genomes

suitable for bacterial genomes and metagenomic studies 

(identification of non-cultivable microorganisms)



Illumina Solexa sequencing

Sequencing of 

Imobillized

templates

Sequence 

analysis













trifosfát



Elektroforesa 

čtení v každé posici 

Electrophoresis 

reading in each position

Cyclic sequencing

> 1016 readings/polony







Bases in clusters - determined by sequence reading



Four-colour cyclic reversible termination (CRT) Illumina/Solexa's 3′-O-azidomethyl reversible terminator chemistry; solid-phase-amplified template clusters. 

Following imaging, cleavage removes the fluorescent dyes and regenerates the 3′-OH group using the reducing agent tris(2-carboxyethyl)phosphine (TCEP)

Helicos Virtual Terminators - oligos labelled with the same dye are dispensed individually in a predetermined order. Following fluorescence imaging, a 

cleavage removes the dye and inhibitory groups using TCEP to permit the addition of the next Cy5-2′-deoxyribonucleoside triphosphate (dNTP) analogue. The

free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition.



Detection of methylated bases in genome

Methylation is epigenetic process 

– determines monoallelic gene expression



Mutation of gene imprinting may cause deffect

Angelman syndrome

Prader-Willi syndrome

Beckwith-Wiedemann syndrome

PWS: obesity, low build, small hands and legs, 

hypotension, hypogonadism, mental retardation 

DNA methylation - genetic imprinting
silencing of one of homologous genes 

BWS

Large tongue, macrosomia –

big children, defects of 

peritoneal wall, neonatal 

hypoglycemia

PWS

Both parents express 

the same allele of 

gene A

Imprinting eliminated during meiosis

Male imprintingFemale imprinting

Decendats 

vary based on 

particular 

allele 

expression

Expressed 

allele             

Imprinted 

allele

http://www.wikiskripta.eu/images/3/3d/PWS.jpg


How methylation turns off genes?

5-methylcytosine in CG nucleotides –

no effect on DNA base-pairing

cytosine 5-methylcytosine

Regulatory proteins
General transcription 

factors

Silencing

< 1% genes – imprinting (transcribed only one copy)



Methylation of globin genes in human embryonic cells

Activity of globin genes negatively correlates with methylation of their promoters

Non-methylated

promoter
Methylated

promoter

6 weeks

12 weeks

cytosine 5-methylcytosine



Methylation DNA pattern is heritable
(methylation maintenance)

cytosine

5-methylcytosine

Not recognised 

by maintenance 

methylase

Recognised by 

maintenance 

methylase

Methylation               

Methylation               



Gene specific aberrant DNA methylation

~30 000 CpG islands in human genome, CpG – low methylation in healthy tissue 

- hypermethylation in v tumor suppressor genes or hypomethylation in oncogenes

- Hypermethylation of CpG islands

Hypomethylation of repetitive sequences

(activation of retroviral and transposable elements => chromosome instability)

Aberant DNA methylation plays role cancerogenesis



Bisulfite sequencing
Sulfonatio

n 

Hydrolytic 

deamination

Alcalic 

desulfonation

Non-methylated Methylated 

Bisulfite 

conversion

NaHSO3



Methylated alleleNon-methylated allele               

Bisulfite

PCR

Sequencing





SOLiD (Sequencing by Oligonucleotide Ligation and Detection) 

Life Technologies – sold since 2008



Primer annealing and ligation Cleavage of fluorofore

Blocking of unused primers Next series: primer -1





AT

2. base
1
. 
b

a
se





Single Molecule Real-Time Sequencing

(SMRTTM)

Pacific Biosciences



Ordinary fluorescence nucleotide – base-labeled



SMRT utilizes fluorofore attached to phosphate



Synthesis detected in thousands ZMWs simultaneously

PacBio – various improvements to minimize background

One molecule of DNA polymerase attached to the bottom of each slot

During synthesis – fluorescence molecule retarded at the bottom –

signal detection



Nanoscale - ZMW (zero-mode waveguide)  

- cavity several nm in diameter

- perforated thin metallic film on transparent substrate 

- Volume ~ 20 zeptoliters (10-21l)

Laser illumination of ZMW from the bottom

– Wavelength/diameter ZMW blocks passage through the slot

– only several nm over the bottom – detection of nucleotide added by polymerase 





Detection of hydrogen ions that are released during the polymerization of DNA

Ion semiconductor sequencing



Ion-sensitive field-effect transistor (ISFET)

- alternative electrode





Immobilization of biotin labeled complex on

streptavidin coated microtiter plates

Wash

Release of probe or sample detection

ABTS - 2,2''-azin-bis(3-ethylbenzothiazolin-6-sulfonate) 

Detection of entrapped 

hybrids by antibody anti-

digoxigenin with 

conjugated enzyme 

(Anti-DIG-peroxidase) 

After addition of 

chromogenic substrate.

Biotin labeled 

anchoring probe 

Streptavidin

Green color



mRNA sequencing

for mutiplex samples



miRNA sequencing





ung – uracil N-glycosylase



animace
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In situ proximity ligation



Proximity ligation assay









In situ proximity ligation assay
a, 32P-PDGFRβ – (β-platelet-derived growth factor receptor) 
monoclonal antibodies: rabbit anti-receptor and anti-phosphotyrosine primary antibodies 
- bound by species-specific antibodies conjugated to oligonucleotides. 
When in proximity - oligonucleotides serve as templates for the joining of two additional linear 
oligonucleotides into a DNA circle. 
Red - in situPLA signals, green - cytoplasmic staining, and blue - cell nuclei.



http://journal.frontiersin.org/article/10.3389/fonc.2016.00055/full



pLuc - luciferase in two fragments
connected by a TEV protease cleavage sequence

LinkLight™ technology



LinkLight™ - two components. 
protein A linked to a Tobacco Etch Virus (TEV) protease 
protein B is linked to a permuted luciferase (pLuc)
Interaction A + B → inactive pLuc cleaved: luciferase fragments spontaneously refold (fragment 
self-complementation affinity) → active luciferase

LinkLight™ technology



Two domains of fluorescent domain



Binding of target protein to TAMRA fluorophore’s rotational movement becomes slower 
due to the increase in molecular mass and thus the emitted light remains polarized









Methods for incorporating photocrosslinking amino acids



Metabolic incorporation of photocrosslinking
sugars



Interactome discovery by mass spectrometry-
assisted photocrosslinking analysisFollowing
UV-induced crosslinking, a target protein of 
interest and its crosslinked complexes are 
isolated by immunopurification. The covalent 
bond crosslink maintains interaction 
complexes, even under stringent washing 
conditions. Crosslinking to candidate 
interaction partners can be assessed by 
immunoblot. Alternatively, a candidate list can 
be generated by performing mass 
spectrometry on crosslinked material. 
Candidates identified by mass spectreometry
must be verified by additional crosslinking 
experiments.



Transient, dynamic interactions are fundamental to cellular biology(a) Activation domains of 
transcription factors tend to be intrinsically disordered. This flexibility allows the activation 
domain to interact with different co-activators under different stimuli. (b) FG repeats of the 
nuclear pore complex form a dynamic sieve that acts as a gateway between the nucleoplasm 
and the cytoplasm. (c) Molecular chaperones undergo multiple interaction cycles with unfolded 
proteins. This process is critical for proper folding of nascent proteins and also of misfolded 
proteins that appear during times of stress.



Hot-start PCR
DNA polymerase inactivated by a chemical modification or antibody that dissociates at high
temperature. 
- reduces nonspecific priming and primer-dimer formation and increases product yield. 
- chemical hot-start: up to a 10-minute inactivation, 
- antibody hot-start - less than two minutes inactivation.
- useful at low amount of DNA template, complex DNA templates or several pairs of 

primersused , as in multiplex PCR. New hot-start enzymes - good processivity, but no 
proofreading.
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Forensic analysis



Brief History of Forensic DNA Typing

• 1980 - Ray White describes first polymorphic 

RFLP marker

• 1985 - Alec Jeffreys discovers multilocus 

VNTR probes

• 1985 - first paper on PCR

• 1988 - FBI starts DNA casework

• 1991 - first STR paper

• 1995 - FSS starts UK DNA database

• 1998 - FBI launches CODIS database



DNA Use in Forensic Cases

• Most are rape cases (>2 out of 3)

• Looking for match between evidence 

and suspect

• Must compare victim’s DNA profile

•Mixtures must be resolved

•DNA is often degraded

•Inhibitors to PCR are often present

Challenges



Human Identity Testing

• Forensic cases -- matching suspect with evidence

• Paternity testing -- identifying father

• Historical investigations

• Missing persons investigations

• Mass disasters -- putting pieces back together

• Military DNA “dog tag”

• Convicted felon DNA databases



Sample Obtained from 
Crime Scene or Paternity 

Investigation Biology

DNA
Extraction

DNA
Quantitation

PCR Amplification
of Multiple STR markers

Technology
Separation and Detection of 

PCR Products
(STR Alleles)

Sample Genotype 
Determination

Genetics
Comparison of Sample 

Genotype to Other 
Sample Results

If match occurs, comparison 
of DNA profile to population 

databases

Generation of Case 
Report with Probability 

of Random Match

Steps in DNA Sample Processing



Sources of Biological Evidence

• Blood

• Semen

• Saliva

• Urine

• Hair

• Teeth

• Bone

• Tissue



DNA in the Cell

Target Region for PCR

chromosome

cell nucleus

Double stranded 

DNA molecule

Individual 

nucleotides



Make copies 

(extend primers)

Starting DNA 

Template

5’

5’

3’

3’

5’

5’

3’

3’

Add primers 

(anneal)
5’3’

3’5’

Forward primer

Reverse primer

DNA Amplification with the 

Polymerase Chain Reaction (PCR)

Separate 

strands 

(denature)

5’

5’3’

3’



In 32 cycles at 100% efficiency, 1.07 billion 

copies of targeted DNA region are created

PCR Copies DNA Exponentially 

through Multiple Thermal Cycles

Original DNA target region

Thermal cycleThermal cycleThermal cycle



Short Tandem Repeats (STRs)

the repeat region is variable between samples while the 

flanking regions where PCR primers bind are constant

7 repeats

8 repeats

AATG

Homozygote = both alleles are the same length

Heterozygote = alleles differ and can be resolved from one another



170 bp195 bp

Different primer sets produce different PCR product sizes for the 

same STR allele

TCAT repeat unit



Multiplex PCR

• Over 10 Markers Can Be 

Copied at Once

• Sensitivities to levels less than 

1 ng of DNA

• Ability to Handle Mixtures 

and Degraded Samples

• Different Fluorescent Dyes 

Used to Distinguish STR 

Alleles with Overlapping Size 

Ranges



An Example Forensic STR Multiplex Kit

D3 FGAvWA 5-FAM (blue)

D13D5 D7 NED (yellow)

A D8 D21 D18 JOE (green)

GS500-internal lane standard

ROX (red)

AmpFlSTR® Profiler Plus™
Kit available from PE Biosystems (Foster City, CA)

9 STRs amplified along with sex-typing marker amelogenin in a single PCR reaction

100 bp 400 bp300 bp200 bp

Size Separation

C
o
lo

r 
S

ep
ar

at
io

n



Available Kits for STR Analysis

• Kits make it easy for labs to just add DNA 
samples to a pre-made mix

• 13 CODIS core loci

– Profiler Plus and COfiler (PE Applied Biosystems)

– PowerPlex 1.1 and 2.1 (Promega Corporation)

• Increased power of discrimination

– CTT (1994): 1 in 410

– SGM Plus™ (1999): 1 in 3 trillion

– PowerPlex ™ 16 (2000): 1 in 2 x 1017



ABI Prism 310 Genetic Analyzer

capillary

Syringe with 

polymer solution

Autosampler 

tray
Outlet 

buffer

Injection 

electrode

Inlet 

buffer



ABI Prism 310 Sample Loading Area

Autosampler

Sample tubes

Electrode

Capillary



amelogenin

D19

D3

D8

TH01

VWA D21
FGA

D16
D18 D2

amelogenin
D19

D3
D8 TH01

VWA
D21

FGA

D16

D18 D2

T
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o
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n
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d
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DNA Size (base pairs)

Results obtained in less than 5 

hours with a spot of blood the 

size of a pinhead

probability of a random 

match: ~1 in 3 trillion

Human Identity Testing with Multiplex STRs

Simultaneous Analysis of 10 STRs and Gender ID

AmpFlSTR® SGM Plus™ kit



STR genotyping is performed by comparison 

of sample data to allelic ladders

Microvariant 

allele



STR Allele Frequencies
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FBI’s CODIS DNA Database

Combined DNA Index System

• Used for linking serial crimes and unsolved 

cases with repeat offenders

• Launched October 1998

• Links all 50 states

• Requires >4 RFLP markers

and/or 13 core STR markers

• Current backlog of >600,000 samples



13 CODIS Core STR Loci 

with Chromosomal Positions

CSF1PO

D5S818

D21S11

TH01

TPOX

D13S317

D7S820

D16S539 D18S51

D8S1179

D3S1358

FGA

VWA

AMEL

AMEL
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PCR



PCR 2 principles

DNA Hybridization

DNA oligonucleotide - duplex with complementary ssDNA sequence

DNA polymerase cannot iniciate DNA replication

- but can extend a primer



1993 Nobel prize for chemistry

1991 Cetus sold to Hoffman-La Roche company PCR patent 

for 300 millions $



Kary Mullis 1993 Nobel Prize 

Mullis is no shy, socially inept bench 

chemist, 

- full life as possible, opening himself to 

experiences like hallucinogenic drugs, 

surfing, casually handling dangerous 

chemicals, and taking shots at the sacred 

cows of science. Dancing Naked in the Mind 

Field is Mullis's own chronicle of his 

adventures, from wooing countless women 

to possibly being abducted by aliens, and 

it's a funny, shocking tale indeed. 

This man certainly doesn't suffer from lack 

of self-esteem, and yet you might want him 

along on a trip to the astral plane, say, or a 

tour of the human genome. Mullis is a 

fascinating character and his autobiography 

will put to rest forever the stereotype of 

scientist as skeptical nerd.

--Therese Littleton















Forward 

DNA 

Primer

Reverse 

DNA 

Primer

Template
Mix:

Polymerase,

Nucleotides, 

etc.Buffer



animace

Length of fragments

file:///H:/4PCR/pcr[1].mov
pcr[1].mov
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PCR

2 primers (~ 20 nucleotides) complementary to 3´-ends 

amplified sequences

Target DNA - template 

Thermostable DNA polymerase

Mixture of all 4 deoxyribonucleotides

Buffer with Mg2+ ions



•~ 18 – 24 nucleotides

•no secondary structure

•balanced G/C and A/T ratio

•Not mutual complementarity 

•Tm (~   55°C – 65°C) – higher T - higher specificity

•both primers ~ similar Tm

•optimal concentration in reaction ~ 0,1 – 0,6 M, 

•higher concentration - nonspecific products

•5´-end – allows addition of noncomplementary bases 

(e.g. restriction site)

Primers



Tm = 4°C x (#G + #C) + 2°C x (#A + #T)

Tanneal. = Tm - 4°C

For ~ 20 nucleotides:

annealing ~ 54°C





Taq DNA (Thermus aquaticus) 

Optimum 75°C 

Half life at 95°C about 40 min

5´ 3´ polymerase activity

5´ 3´ exonuclease activity

No 3´ 5´ exonuclease activity

Incorporation of errors ~ 2 x 10-4 errors/base

Processivity – up to 10 kb

terminal transferase - 3´-ends adenosin



Pwo and Pfu DNA polymerases

(Pyrococcus woesei and Pyrococcus furiosus) 

i 3´ 5´ exonuclease activity

10 x higher fidelity compared to Taq polymerase. 

lower processivity



PfuTurbo DNA polymerase

(Pfu DNA polymerase and „new thermostable factor“) 

Stratagene  amplification of complex DNAs up to 10 kb 

vectors ~ 15 kb. 



Tth DNA polymerase

(Thermus thermophilus) 

Temperature optimum as Taq DNA polymerase. 

and reverse transcriptase - cDNA. 

RT-PCR. 



Commercially available mixtures of thermostable DNA 

polymerases – combination of advantageous properties -

processivity and accuracy.

Incorporation of modified bases – probes

- využití pro detekci







Healthcare   

• Genome mapping; characterization of genes

• Prenatal diagnostics of genetic diseases 

• Analysis of allelic changes

• Preimplantation diagnostics and typization

• Detection infectious microorganisms and viruses 



Diagnostics



CONTROL OF PRODUCTS  

GMO

Microbiologic control

Control of identity 



NESTED PCR

Primer 1.2

Primer 1.1

Primer 2.2

Primer 2.2

1st Round PCR

2nd Round PCR

Amplification product



The advantages of n-PCR are:

• Its increased specificity

(specific binding of 2nd primer pair).

• Increased sensitivity

(2nd round of PCR amplification)

n-PCR – detection of organisms in low copy numbers

• Viruses in CSF (herpes simplex, JCV)

• Eye samples (adenovirus, herpes simplex)

NESTED PCR



Multiplex PCR

m-PCR - detecting multiple targets in a single reaction

PCR reagent mix contains multiple sets of primers 

Any one of these may be amplified during the PCR

• Primer sets to multiple organisms

• Primer sets to multiple target genes in the same organism

Major advantage - reduction in test processing time



Herpesvirus  DNA polymerase gene

Reference:  Heringa and Argos 1994

Exo II’ Exo III

Motif A Motif B Motif C

aa 750

aa 1000215 - 315

Herpes virus Multiplex Primers



1st Round 2nd Round

HERPES  MULTIPLEX PCR

150-250 bp

Results of  PCR amplification with external and internal primers



Staphylococcus aureus Genome

nuc

• Detection of genus-specific gene sequences 

- nuc gene is specific for ALL Staph aureus

16s rRNA

• Detection of 16s rRNA gene   - common to ALL bacteria

APPLICATION OF m-PCR

• Detection of drug resistance 

- mec A gene confers methicillin resistance in MRSA

mec A



The Ligase Chain Reaction (LCR) – detection of point mutations

specific primers to the wt

sickle-cell mutation - 3' nucleotide – mismatch

Primer does not hybridize DNA ligase will not ligate the two oligos of 

each pair together. 



Hot-start PCR

DNA polymerase inactivated by a chemical modification or antibody 

that dissociates at high temperature. 

- reduces nonspecific priming and primer-dimer formation and 

increases product yield. 

- chemical hot-start: up to a 10-minute inactivation, 

- antibody hot-start - less than two minutes inactivation.

- useful at low amount of DNA template, complex DNA templates or 





Forensic PCR 



Forensic PCR 

Human DNA contains

- Numerous repetitions (30-300 bp, practical use ~ 30-60 bp)

- Individual variations – VNTR (variable number of tandem repeats)

- use of VNTR – DNA fingerprinting



Electrophoretic 

separation of 

fragments by 

using PCR 

Smaple – specific for each  

individual
High sensitivity 

(theoretically single cell)

Individual A Individual B





Katoda Anoda 









Frederick R. Bieber Harvard Medical School

Amelogenin



„Unlimited“ number of STRs in 

genome

For analysis - suitable

4 nt STRs

For one locus usually nine 

alleles 

Maximally 27 alleles per locus

STR loci



Paternity – match both with father and mother



Amelogenin

Men two loci – X, Y

Women 1 peak – 2 same on X

 daughter



Amelogenin – non STR, 

both X and Y
Gender determination

Foetus gender
Men two loci – X, Y

Women 1 peak – 2 X

 Sample - daughter

Father

Mother

Mother inherited

Father inheroited

STR stejné u 

matky i otce

Autosomal STR



3 alleles same in father

– but 2 same in mother 

Must originate from mother

Accidental matches exist

Proof of nonpaternity



Both alleles same with father 

– however same also with mother

 inherited from mother



-fetoprotein

Formed in liver of embryo

Present in amniotic fluid and mother blood

High level indicates opened neuronal canal of the fetus or twins or older 

fetus than expected 

Very low level may indicate chromosomal abnormality e.g. Down 

syndrome

Prenatal diagnostics genetic testing



Triple testing

• Analyses performed in elderly women:

• Besides alfa-fetoprotein (AFP)

– Nonconjugated estriol (uE3)

– Human beta-chorionic gonadotropin - (b-HCG)



Testing of genetic disorders amniocentesis



Down syndrome

3 copies of 
chromosome 21

~ 3 from 2000 newborns

The risk of Down syndrome

increases with mother´s age

~ 1/200  mothers over 35

~ 1/50 mothers over 50

Picture scanned from The Essentials of Genetics, Third Edition

by William S. Klug and Michael R. Cummings



Down syndrome (simple trisomy) - nondisjunction in meiosis II

Aberrant

gamete

Normal

gamete

zygote



M – maternal P-paternal, 

M1, 2: meiosis 1, 2

Mit: mitosis



Down - 3 chromosomes detected in each locus of chromosome 21

Different sizes fragments from the same locus – due to STR variability



Down - 3 chromosomes

– ratio 2:1 in two alleles tested

- Two alleles are the same  more alleles need to be tested

Unusual case: accidental match - the same STRs



Trisomy 21 (Down syndrome)

18 (Edwards syndrome)

13 (Patau syndrome)

9

8 (Warkany syndrome 2)

22

Trisomy 21 and 18 most frequent. Rarely trisomy 13 fetus 

survives. Other trisomy - only in the case of mosaicism or 

trisomy of chromosome fragment

Trisomy of sex chromosomes can also occur and include:

XXX (Triple X syndrome)

XXY (Klinefelter syndrome)

XYY



Klinefelter syndrome

Genotype XXY – insufficient 

development of male 

secondary sex 

characteristics, infertility

Error during meiosis in 

mother

 2 X chromosomes instead 

of one Picture scanned from The Essentials of Genetics, Third Edition

by William S. Klug and Michael R. Cummings

One extra X chromosome in males

(2 X chromosomes and 1 Y chromosome)



Klinefelter XXY

Blue - gender: amelogenin not STR (is both on X and Y)  X+Y

the other on the X chromosome - 2 peaks 2X chromosomes

(locus differs in STR numbers)



regulatory sequences for gene expression in plants (transgenes)

· cowliflower virus promotor P35S

· terminator Tnos (for termination of transcription of

nopalin synthase form Agrobacterium tumefaciens)

GMO detection



Transgenes

resistance to herbicides (gene for fosfinotricine

acetyltransferase from Streptomyces hygroscopicus) 

resistance to insecticides (e.g. gene for endotoxine cryIA(b) 

from Bacillus thuringiensis)



Positivne control

- Yield of reaction

Negative control

- for contamination of reaction 

mixtures with similar sequences







C

G

A

T

oligo-dT

poly-A

mRNA











The use of RT PCR

Cloning 

Analysis of transcribed fragments



Subtraction library

RNA from

experimental tissue
RNA from

control tissue

cDNA

Reverse transcription

Amt

PCR amplification, cloning, sequencing

subtraction

cDNA

Hybridization



denaturation

Subtraction mRNA library



TA cloning

Taq polymerase joins 3´ adenosine overhang:

5´NNNNNNNNNN………NNNNNNNA3´

3´ANNNNNNNNNN………NNNNNNN5´

vector pCRII-topo – covalently joined topoisomerase I " 

→ activated" vector

Binds ds DNA in specific sequences 

Cleaves after 5´ -CCCTT in one strand

E – covalent bond between 3´ phosohate of cleaved chain and tyrosyl 

residue (Tyr-274) of topoisomerase I

Phosphotyrosyl bond between DNA and enzyme – attacked by 5´

hydroxyl of ligated chain and enzyme is released



NNNNNNNNNN………NNNNNNNA

ANNNNNNNNNN………NNNNNNN





"Ligation Independent Cloning"

Fragment insertion without phosphodiester bonds 

Joined with overhanging DNA ends

PCR – generated "T-less" complementary chain - long  3'-A-less

region

3'-5' exonuclease 

(Pfu polymerase, T4 DNA polymerase, Klenow fragment, etc.) 

- In presence of dATP – degradation of "A-less" region – stop at the 

first A nucleotide

pLIC – complementary sequence + 3'-5' exonuclease and dTTP

- (13-14 nt) 5' overhanging end

stably joined – hydrogen bonds of long overhang

- in E. coli – gaps repaired



LIC – cloning

3'-5' exonuclease

(Pfu polymerase, T4 

DNA polymerase, 

Klenow..) 

Presence of dATP 

"A-less" sequence 

removal

- stop at first A



Quantitative PCR



SYBR Green I 

– fluorescence dye

– binds minor groove in dsDNA

Unbound dye

– low fluorescence

SYBR Green I 

– very stable

(only 6% activity lost during 30 amplification cycles) 

LightCycler – corresponding excitation and emission range



Reaction mixture DNA, primers, dye.

Unbound molecules – weak fluorescence



Binding to dsDNA - enhanced emission of excited light SYBR 

Green





Distinguishing of specific signal – high tempearture – close to Tm



Oligo 1 with fluorescent probe (fluorescein) on 3'-end

Oligo 2 with other fluorescent probe (LC red 640) on 5'-end

FRET (Fluorescence Resonance Energy Transfer)



Oligonucleotides designed to hybridize with DNA fragments in „head to 

tail“ orientation ⇨ fluorescence labels in a close proximity



Fluorescein - excitation by LED (Light Emitting Diode) 

- emission - green fluorescence light – long wavelength  

Neighboring dye - emitted  energy - excitation LC Red 640 on the second 

probe – emission of red fluorescence light of higher wavelength

FRET – only in close proximity (1–5 nucleotides) – only at annealing 

temperature – the probe falls off during polymerization temperature







TaqMan PCR

Probe (TaqMan) 

- specific for the sequence between both primers

- fluorescently labeled

- 5' reporter fluorochrome (e.g. 6-carboxyfluorescein [6-FAM]) and 

quenching fluorochrome (6-carboxy-tetramethyl-rhodamine 

[TAMRA]) on any T or at the 3' end

- probe > Tm than primers

- 100% hybridized during extension

- quenching – if both fluorochroms are part of the probe

- 5' - 3' nuclease activity of Taq degradation of the probe 

- release of reporter fluorochrome from the quencher





Molecular beacon

http://upload.wikimedia.org/wikipedia/commons/0/05/Molecular_Beacons.jpg
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Gene therapy



Target of gene therapies

Treatment of inherited and acquired genetic diseases

- Cancer

- AIDS / HIV

Good news
Some promising results - treatment of SCID.

Problems

Lack of sufficient knowledge of the potential risks

→ Complications



Terapie inhibicí genu
Antisense 

gen

Gene augmentation



Terapie pomnožením genu
Funkční 

gen

Gene inhibition





Homologní 
funkční gen

Cílení genu

Assisted killing Prodrug - therapy

Ganciclovir phosphorylation – GCV-triphosphate

Incorporation to DNA and apoptosis induction



Genetic diseases

Type 1: A single locus (gene) - faulty - responsible for the disease, a hereditary 100%

Examples of sickle cell disease

hypercholesterolaemia

cystic fibrosis

Type 2: Polygenic <100% heritable, can depend on environmental factors and lifestyle

Examples 

heart diseases

cancer

diabetes

alcoholism

schizophrenia

criminal behavior



Single-gene diseases

Disease Defect Target cells

Severe combined Adenosin deaminase 4   Kostní dřeň nebo

immunodeficiency T-lymfocyty

Haemophilia Factor VIII, Factor IX  deficiency Játra, svaly, fibroblasty

Cystic fibrosis loss of CFTR gene Lung

Haemoglobinopathy Gene for  or  globin Bone marrow



Polygenic diseases

<100% heritable

can depend on environmental factors and lifestyle

Examples:

heart diseases

cancer

diabetes

alcoholism

schizophrenia

criminal behavior



Cardiovascular diseases Atherosclerosis endothelium

Infectious diseases AIDS T cells, macrophage

hepatitis B Hepatocytes

Cirhosis Fibrogenesis Hepatic stellate cells

Autoimmune diseases Lupus, diabetes MHC











Isolated DNA
Target 

cell
Therapeutic

protein

AAV

Retrovirus/Lentivirus

Adenovirus

Nucleus

Gene therapy principles
Exogenous DNA

+ vector (viral)

Cytosol

Endosome

Lysosome



Gene therapy hazard

Mutagenesis

Retroviral life cycle

– possible insertion to gene

Inactivation of tumor suppressor genes

Activation of protooncogene



Severe Combined Immune Deficiency (SCID) 

Fatal dysfunction of the immune system

Bubble boy, David

Gene therapy – restoration of the immune system



Severe Combined Immunodeficiency 

(SCID)

Recurrent infections diseases of bacterial, viral and fungal 

persistent including severe sepsis, meningitis, opportunistic 

pathogens - e.g. pneumonia

T lymphocytes reduced number of missing or weak proliferation 

in vitro

B lymphocytes absent or non-functional low levels of Ig after the 

disappearance of maternal IgG - lack of specific antibody 

response

Fatal without immune reconstitution of the immune system



 chain (c) cytokine receptor deficiency (IL-2)

blocks the differentiation of T and NK lymphocytes; no B- and 

T-cell functions

Autosomal recessive - homozygous for the defective ADA 

gene in T cells

Bubble boy, David, lived until removed from isolation

after a bone marrow transplant to restore his immune system.

Severe Combined Immunodeficiency 

(SCID)



SCID

Gene analysis 2002

IL2RG
50%

Unknown 
20%

ADA
14%

JAK3
7%

Linked to X chromosome (IL-2) - the 

most common form of SCID (males)

Specific genetic fefect = 80% of cases

Clinical application based on:

prenatal diagnosis

prediction of BMT response

gene therapy



IL2RG 50% T- B+ NK-

ADA 14% T- B- NK-

JAK3 7% T- B+ NK-

IL7R 7% T- B+ NK+

RAG1 <5% T- B- NK+

RAG2 <5% T- B- NK+

ARTEMIS <5% T- B- NK

CD45 rare T- B+ NK+

SCID GENES

JAK3
7%



IL2RG product: common -chain (c) of cytokine receptor

c IL2R

IL2R
IL9RIL7RIL4R

IL15R

JAK3
JAK3 JAK3 JAK3

JAK3

JAK1

STAT5

STAT
dimer

cell surface
IL2R

STAT3

JAK1
JAK1 JAK1

IL-2
IL-4 IL-7 IL-9 IL-15

nucleus

p

p

p

p

p

p

cccc



X-Linked 

Primary 

Immune 

Diseases



SCID - bone marrow transplantation (BMT)

Best results - BMT – 3rd month (even 1st) of age

transplantation of hematopoietic stem cells to neonatal

SCID patients – improved survival

Best results - HLA-compatible twin

Often only a partial resolution of disease

Complete curation with BMT in some cases

the others – a continuous treatment with Ig



Gene Therapy for SCID

Integration into 

chromosome



Gene Therapy – SCID

(Severe Combined Immuno Deficiency)



1st phase of clinical trial:

Newborns: 14 - 26 milion CD34+ cells/kg

~ 5 - 9 milion contained the therapeutic gene

Bone marrow reinfusion



Hacien-Bey-Abina et al. NEJM, 2002

X-Linked SCID – Clinical trial (11 patients)

Hacien-Bey-Abina et al. NEJM, 2002

Number of lymphocytes after 

incorporation of c gene



X-Linked SCID clinical trial

Follow up: 3 - 13 months

of 10 from 11 patients

T cells

NK cells

B cells

Cell number

normalization

Normal immune response to vaccination

Patients discharged



The first patient (SCID): 

Ashanti de Silva, treated at 4 (1990), is now 32

R. Michael Blaese, MD with Ashanthi DeSilva (left) and Cindy Kisik (both treated in 1990)

at the IDF 2013 National Conference, June 29.



Almost 3 years after GT, leukemia in 2 children

Uncontrolled exponential proliferation of T cells

Gene insertion close to promotor of LMO2 proto-oncogene

- aberrant transcription and expression of LMO2 

Science 17th October 2003



Among 11 kids who were cured

8 others normal thusfar, 3rd getting disease

Standard chemotherapy initiated Died



Epidermolysis bullosa 

Mutation: genes for keratine, plektine, laminin, collagen and integrin

2015 – repeated transplantation of skin, 80% of surface including the stomach

- modified keratinocytes from stem cells - producing laminin

Traditional treatment consists of bandages, ointments and pain medication

A sheet of skin cells grown in culture.



Neurodegenerative diseases

http://teachpol.tcnj.edu/amer_pol_hist/fi/000001ed.jpg

http://www.niaaa.nih.gov/publications/arh25-4/254images/300.jpg



1. Gene for a growth factor – neurogenesis

2. GAD (glutamic acid decarboxylase) gene insertion

– responsible for the production of neurotrasmitter GABA 

(γ-amino butyrate) – control of movement

Parkinson disease

– gene therapy



Parkinsonova choroba



Parkinson disease

Loss of dopaminergic neurons

12 patients not responding to therapy for 5 years

- insertion of gene for glutamate decarboxylase (GAD) to brain

Vector - adeno-associated virus (AAV)

After 1st year – improved motoric function by 27% 





Stem cells



Stem Cells



Anticancer gene therapy





Which gene?

Which vector?

Which type of transfection?

Which target tissue?

Which model system?



Oncogenes

Central regulators of the cell cycle

Oncogenic mutations establish a persistent growth signal

Cancer inducing genes



DNA repair genes

Maintain genetic stability

Mutations lead to hypermutability



Tumor supressor genes

Negative regulators of cell growth

Loss of function - tumorigenesis



G1 phase S phase

cdk

Growth signal

cyclin/

DNA damage

p53

p21

Kontrolní body buněčného cyklu

Induction

X



Gene therapy of solid tumors

Cancer – polygenic disease

Change in a single gene can stop the tumor growth

• Gene replacement

• Gene knockout

• Suicide gene therapy

• Immunomodulatory gene therapy



Decreased expression of oncogenes

Introducing tumor suppressor e.g. p53, Rb

Dominant negative proteins, growth factors / receptors

Induction of apoptosis / increased apoptosis: e.g. induction BAX inhibition 

of anti-apoptotic pathways: e.g. BCL-2

Sensitization to radiation and chemotherapy

Prodrug therapy

Others: increased frequency of DNA breaks, decreased DNA repair

Strategies for anticancer gene therapy



Dominant-negative proteins

- Growth factors / receptors

Induction of apoptosis

- e.g. induction of BAX (pro-apoptic factor), caspases

- inhibition of anti-apoptic pathways: e.g. BCL-2



Anti-angiogenic strategy

> 40 natural anti-angiogenic molecules

e.g. endostatin, angiostatin

- expression of soluble receptors of angiogenic factors

- partial elimination before arrival to its target

- antisense RNA - VEGF - vascular endothelial growth factor

- FGF - fibroblast growth factor

Also the opposite attempts – treatment of cardiovascular diseases



Vector types

RNA viruses (retroviruses), Murine leukemia virus (MMLV), 
Human Immunodeficiency Virus (HIV) Human T-cell 
lymphotropic virus (HTLV)

DNA viruses, adenovirus-adeno associated virus (AAV), 
herpes simplex virus (HSV), pox virus Foamy virus

Non-viral vectors Naked DNA Liposomes The liposome-
polycation complexes Peptide Systems





Oncolytic viral therapy

Oncolytic virus 

- propagation more effective in cancer cells compared to normal cells

- modified viruses with defective genes



https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=4976866_imt-07-1249-g2.jpg


Vaccinia virus (VV)

dsDNA virus -192 kbp – up to 25 kbp exogenous DNA

Short life cycle – 8 h in the cytoplasm – no risk of integration into genome. Replication 2 h 

after infection

own RNA polymerase – virus less dependent on the host apparatus

epidermal growth factor receptor (EGFR) and other proteins overproduced in tumor cells

support replication of VV

viral antigens released into tumor – strong inflammatory response – overcoming of an immune

escape of cancer. Moreover, a tumor cell lysis releases tumor antigens.

http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi15cvr4-7XAhUHOpoKHdUIAzIQjRwIBw&url=http://scielo.isciii.es/scielo.php?script%3Dsci_arttext%26pid%3DS1139-67092004000200002&psig=AOvVaw3_WFi63AL8xtBW-DCcDrOk&ust=1512422707984273


http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiK9vTQ5O3XAhUEYZoKHVoBDUYQjRwIBw&url=http://www.cell.com/molecular-therapy-family/methods/fulltext/S2329-0501(16)30159-0&psig=AOvVaw3aOLXPe3t-s8j33p2zrDV4&ust=1512388545982627


Optimalisation of therapeutic effect of oncolytic viruses

https://www.dovepress.com/high-throughput-screening-to-enhance-oncolytic-virus-immunotherapy-peer-reviewed-fulltext-article-OV


Retrovirus life cycle





Retroviral genome



Gene therapy - retroviral expression vector

Infection of T cells and 

re-grafting to a patient

inserted gene

human ADA

deleted genes for viral replication

strong

promoter
LTR – integration to 

the host genome

Selection marker



Cell targeting

Administration

Intratumoral

Intravenous

Intramuscular

Intrahepatic

Surface

receptor

Tumor specific receptor

asialoglycoprotein

gp120

Cell-specific

promoter

liver

muscle

endothelial



Benefits

Random integration into the genome

Wide host range

Long-term transgene expression

Drawbacks

Small capacity for therapeutic genes transfer

Infectivity limited to dividing cells

inactivation of complement

Safety



Adenovirus

dsDNA virus 

- respiratory, intestinal and ocular infections

Onyx virus – adenovirus with restricted replication

- especially in tumor cells



Adenovirus
36 kb dsDNA Genome

Entry - CAR (constitutive androstane receptor) and 

integrin co-receptor



Attachment

Adenoviral particles

degraded in endosome

http://arthritis-research.com/content/4/Suppl 3/S215/figure/F1?highres=y


Adenoviral life cycle



Chemical conjugates

heterogeneous, 

Difficult clinical certification

Targeting of adenoviral vectors – tropism changes

Recombinant genes  -

anti-knob + anti-receptor chain

homogeneous

Changes in adenoviral surface

protein



Benefits

High efficiency transduction

High expression

Good capacity of incorporation of exogenous DNA

Drawbacks

(Transient expression)

The problem of cell-specific targeting

Safety



Adeno-associated virus - ssDNA virus

Different cells (dividing and non-dividing)

The ability to integrate into the host genome

It is not associated with any disease

High efficiency transduction - a specific site on chromosome 19

Other viral vectors







Vaccinia virus

Syndbis virus

foamy viruses

– yet imperfectly studied

Herpes simplex virus

dsDNA virus

infection of neurons



The ideal vector

Easy and reproducible production, high titre

Suitable size: insert - one or more genes

Targeting: limited to one type of cell

Without an immune response

Stable - without mutations

Inducible



Oncolytic viral therapy

Oncolytic virus 

- propagation more effective in cancer cells compared to normal cells

- modified viruses with defective genes



https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=4976866_imt-07-1249-g2.jpg


Vaccinia virus (VV)

dsDNA virus -192 kbp – up to 25 kbp exogenous DNA

Short life cycle – 8 h in the cytoplasm – no risk of integration into genome. Replication 2 h 

after infection

own RNA polymerase – virus less dependent on the host apparatus

epidermal growth factor receptor (EGFR) and other proteins overproduced in tumor cells

support replication of VV

viral antigens released into tumor – strong inflammatory response – overcoming of an immune

escape of cancer. Moreover, a tumor cell lysis releases tumor antigens.

http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi15cvr4-7XAhUHOpoKHdUIAzIQjRwIBw&url=http://scielo.isciii.es/scielo.php?script%3Dsci_arttext%26pid%3DS1139-67092004000200002&psig=AOvVaw3_WFi63AL8xtBW-DCcDrOk&ust=1512422707984273
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Gene therapy II



Non-viral DNA carriers

Liposomes

Naked DNA

Liposome-polycationic complexes

Peptide systems

Nanoparticles

Polymer

Metal



1.  Liposomes 2. Cationic polymers

positively charged lipids interact with negatively charged

DNA (lipid-DNA complex)

Non-viral DNA carriers

4.  Peptide-mediated gene transfer

3. DNA

Gene transfer to the brain – liposomes covered with polyethyleneglycol

(viral vectors too large to cross a blood-brain barrier) 

Potential application in Parkinson or Huntington diseases. 



Benefits:

Stable complex

Transfers long DNA chains

Specific targeting of cells

No induction of immune response

Drawbacks:

Low efficiency of transfection

Transient expression

Inhibition with serum

Toxicity to cell (low)







Functionalised nanoparticle





https://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiYxsOG5O3XAhUHLZoKHfNvBQgQjRwIBw&url=https://www.intechopen.com/books/targets-in-gene-therapy/current-strategies-for-cancer-gene-therapy&psig=AOvVaw1g4ZKFP_dOdTmLUOlEFEzB&ust=1512388416574753


Knockout gene therapy:

• inactivates oncogenes and reduces cellular proliferation. 

• Approaches:

– delivering a dominant negative mutant oncogene 

– delivering  an interfering nucleic acid



Meganucleases (microbial)

recognition sequence> 14bp specific →

effort to find another for different objectives

from microbial sources, mutagenesis, hybrid



Zinc finger nucleases

Double-stranded breaks in DNA - without using a homologous NHEJ repair template -

Homologous recombination - DSB repair using the supplied template DNA

Foki (Flavobacterium okeanokoites) IIS restriction endonuclease

N-terminal binding domain and a C-terminal non-specific endonuclease domain

- Nuclease domain - required dimerization - enhanced specificity (both monomers DBD 

must recognize sequence)

CompoZr® Zinc Finger Nuclease Technology

http://www.sigmaaldrich.com/life-science.html


Zinc finger nucleases



ZFN



Trends in Biotechnology 2010 28, 134-141DOI: (10.1016/j.tibtech.2009.11.007) 







DBD 33-34 AA conserved repeat; 12th and 13th AA

- Repeat Variable Diresidue - specific nucleotide recognition

- non-specific DNA cleavage domain - FokI endonuclease

Transcription activator-like effectors (TALEs)

Transcription-activator like effector nucleases (TALENs)





Cas9

CRISPRs

clustered regularly interspaced short palindromic repeats

Cas - CRISPR associated protein







Cas9 - endonuclease - bacterial adaptive immunity

(CRISPR associated protein 9)

Multiple genes:

Cas9 binds 2 small RNAs:

trans-activation RNA (tracrRNA)

- activation of Cas9 enzyme activity

CRISPR RNA (crRNA)

- substrate specificity - pairing with target DNA

protospacer adjacent motif (PAM) - recognized by 

Cas9



Requirements for Cas9 mediated cleavage





Overview of putative PAM, SAM and TIM interactions during acquisition and interference in type I and type II CRISPR systems. (A)

The spacer acquisition motif (SAM) is recognized on the invader DNA by the Cas protein acquisition complex, which leads to the 

protospacer being excised by a putative ruler mechanism14 and reinserted into a CRISPR locus by another putative ruler 

mechanism.42 During interference by type I systems the target interference motif (TIM), on the crRNA-complementary DNA strand, is 

recognized by the Cas protein-crRNA complex where both TIM recognition and crRNA annealing are required for successful invader 

cleavage.29 (B) In type II systems, the SAM/PAM motif is inferred to be recognized by a mechanism related to the type I system but 

inverted on the dsDNA whereas TIM recognition occurs on the non-complementary DNA strand to the crRNA.

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=3737346_rna-10-891-g3.jpg




His activates a water molecule for attack of the scissile phosphate, which is made more electrophilic by 

coordination by a magnesium ion. Cleavage of the 3′ – 5′ phosphate bond

HNH named for characteristic histidine and asparagine residues

HNH RuvC

ss endonucleases HNH a RuvC



Melody Redman et al. Arch Dis Child Educ Pract Ed 

doi:10.1136/archdischild-2016-310459Copyright © BMJ Publishing Group Ltd & Royal College of Paediatrics and Child Health. All rights reserved.

tracrRNA and crRNA can be combined into chimeric single guide RNA (sgRNA): specific cleavage

of target DNA 

2 conditions: 

1) pairing of 5' terminal part of sgRNA with target DNA

2) NGG motif (PAM) after target sequence

Sequence at 5' end of sgRNA determines the specific targeting of Cas9 

Cas9 employed for modification of genomes in human cells, rodents, fruit-flies, yeasts and bacteria. 





Molecular Cell Biology, Eighth Edition by Harvey Lodish et 

al. 2016, W.H. Freeman N.Y





Vector encoding Cas9, gRNA with selected target sequence

and GFP to detect transfection efficiency



2 nuclease-deficient Cas9 proteins fused to the FokI nuclease domain

Cas9 nickase - modified Cas9(D10A) cuts only 

one strand of the gRNA/DNA complex



Phage P1 - protein Cre

Replication P1 - long multimers are created

LoxP sites are responsible for creating monomers

- a mechanism similar to integration

- intermediate Cre-DNA (phosphotyrosine linkage)

LoxP-Cre recombination system

knock out of genes in specific cell types / organs 



Phage P1 – replication - multimeric DNA 

Cre protein 

- structure and function similar to integrase

of λ phage

- site-specific recombination in lox sites

Recombination – incorporation



Transient phosphotyrosine

bonds as in TopoII



A loxP site (purple) is inserted on each side of an essential exon (exon 2) of the target gene (gene X; blue) by 

homologous recombination, producing a loxP mouse. loxP - in introns: do not disrupt the function of X. 

A Cre mouse carries one gene X knockout allele and an introduced cre gene (orange) from bacteriophage P1 

linked to a cell-type-specific promoter (yellow). The incorporated cre gene does not affect the function of other 

genes. In the loxP-Cre mice that result from crossing these two types of mice, Cre protein is produced only in 

those cells in which the promoter is active. Thus these are the only cells in which recombination between the loxP

sites catalyzed by Cre occurs, leading to deletion of exon 2. Since the other allele is a constitutive gene X 

knockout, deletion between the loxP sites results in complete loss of function of gene X in all cells expressing Cre. 

By using different promoters, researchers can study the effects of knocking out gene X in various types of cells.







Normal

gene C

Gene C*

Altered due to

translocation

Antisense oligo

Complementary to

translocated gene

Target sequences

- mRNA of gene overexpressed in cancer cell compared to normal cell 

(gene B)

- mRNA of mutant gene occuring only in cancer cells (Gen C*)



Benefits of antisense oligonucleotides

Antisense therapeutics block translation of mRNA – intervention preceding

the synthesis of specific protein

(Traditional medication – intervention following the synthesis of specific

protein causing the disease)

Antisense therapeutics block translation of only single specific mRNA 

– higher effectivity and less side effects

Antisense oligonucleotides – usually 16 nucleotides



Vitravene®(fomivirsen): The World’s First Antisense Drug (Novartis AG)

Antisense inhibitor CMVR: Vitravene

Virucidal – contrast to virostatic

Intravitreal application

Most common side-effect: ocular inflammation



Limitations of antisense oligonucleotides

low stability - half-life: T1/2 = 1 h in serum

low entry into the cell

the occurrence of "non-antisense" effects
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- Modification – improved stability



2' O and 4' C bridge: "locks" ribose 

in the 3'-endo conformation

stable

Locked nucleic acid (LNA)



Modification of ASO for the better

uptake to cell

Conjugation of ASO with cationic surfactants

- Improved cell uptake

- liposomes

Microinjections



Cationic surfactants

Polar
moiety

(+)

Hydrofobic tail (carbohydrate chain)
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Polar domains – neutralization of negative charge of

antisense oligo

carbohydrate chain - penetration through cell 

membrane (lipid bilayer).

Liposomes





Exogenní dsRNA, transposon, etc.

Transkript miRNA

animation

Tvorba RISC

Cílová 

mRNA

Blok translace Štěpení mRNA

Cytoplasma 

Rozpletení

Část

miRNA

miRNA x siRNA

Cleavage of mRNA 

x translation

repression

Imperfect pairing

file:///H:/6Posttranskript/siRNA.avi


siRNA



HeLa cells transfected with siRNA against GAPDH 48 h post- transfection

Red - siRNA

Green - GAPDH (Glyceraldehyde 3-phosphate dehydrogenase)

Non-functional (control) siRNA (left) - GAPDH expression

siRNA against GAPDH (right) – block of GAPDH protein expression



Suicide gene therapy

~ transduction of a gene that transforms a nontoxic „pro-drug“

into toxic substance.



Gene for E. coli cytosine deaminase (CD) + 5-fluorocytosine

Transformation of 5-fluorocytosine to 5-fluorouracil (more toxic)

Gene for thymidine kinase (TK) of herpes simplex virus (HSV-tk) 

+ analogs of nucleosides (acyclovir, ganciclovir)

TK phosphorylates ACV or GCV to monophosphate

– inhibition of polymerases

Ganciclovir



Candidate genes

- IL1, IL2, IL4, IL6, IL7, IL12 a JE/MCP1 (SCYA2)

Alternative approach

- tumor cell antigens "presented" to immune system

-Attempts to modify a surface antigen by insertion of

„co-stimulating" molecules



DNA vaccines

Transfection with plasmid containing gene for tumor antigen

Benefits

– strong immune response, stable, cheap, natural conformation



Limitations of gene therapies

Several failures

Jesse Gelsinger

Rare liver disease (1/40 000)

Ornithintranscarbamylase deficiency (OTC) – ammonia
metabolism regulation
X-linked (inherited from mother)



Diet – low consumption of proteins + 32 pills / day (still spasms)

Gelsinger - volunteer in 1999 gene therapy experiment (University of

Pennsylvania) - adenovirus expressing OTC

Died after 4 days from multi-organ failure - excessive immune response 

to adenovirus 

Discontinuation of gene therapies in US  - discussion, regulation

(3 patients with SCID - France)



Result: 

Vector – gene insertion also to other tissues than liver

- systemic inflammatory response

fever, coma, dead

Why?  

Animal experiments indicated that the dose is OK (?).

Adenoviral vectors – sometimes inflammatory response

Patient was already weakened by the disease



Problems with gene therapies

Risks

Problematic targeting of circulating cells e.g. lymphocytes – easier targeting of tissues

Short-term effect – problems with stable integration. Patients must go through several cycles of

treatment.

Immune response – insertion of foreign body, stimulation of immune system – risk of failure

Problems with viral vectors - toxicity, immune and inflammatory response. Possibility of

mutation to virulent form.

Possibility of inactivation x induction of gene as a result of integration

Retroviral integration to dividing cells

Multigenic diseases – many pathologies (cardiovascular diseases, hypertension, Alzheimer 

disease, arthritis, diabetes – combined effect of many genes. 



Ethical aspects of GT

What is norm and what is illness, who will judge it? 

Is disability an illness? 

Should it be cured or prevented? 

Pathway to upgrade – intelligence, „genetic doping“

In case of somatic GT – will be repeated again in progeny

(GT in germ cells - heritable)



Is somatic gene therapy (of informed adult) more or less ethic than

therapy of embryo (or even egg / sperm as a prevention of

transmission from parent to progeny)?

GTs are extremely expensive. Who will be selected for?

Who will pay it? 

Somatic therapy targets only the cells of the patient

– no transmission to descendants

Etical aspects of GT



Uveřejněné materiály jsou určeny studentům Vysoké školy chemicko-
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The published materials are intended for students of the University of 

Chemistry and Technology, Prague as a study material. Some text and 

image data contained therein are taken from public sources. In the 
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specific teaching material in order to remedy the situation.



Introduction to genetic engineering
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Production, isolation and characterization of DNA (plasmids and other vectors).

Transformation and transfection, cell strains.

Restriction endonucleases, ligases and other enzymes for cloning.

Identification of recombinant DNA

- DNA labeling, probes, hybridization, Southern blot.

DNA analysis - genome mapping, restriction analysis, sequencing.

Gene banks, mRNA isolation, PCR.

Mutations, controlled mutagenesis, phenotype analysis.

Gene expression - regulation and control: RNA and protein analysis, fusion proteins

Product isolation - affinity chromatography fusion

Gene therapy



Methods of genetic engineering

Lab equipment - companies

Material

Safety (Chem. Biol., GMO)

Ethic questions



Cells

Sources 

Genetically modified strains

Storage, resuscitation, testing



DH1, DH5 recombinant deficient, for DNA amplification

additional mutations: Δ80 lacZΔM15 for α-complementation

JM101 F´ for M13 infection

JMN110 F´, in addition methylation deficient

BL21(DE3) integrated RNA polymerase gene of bacteriophage T7 in λDE3,

mutated protease genes

Escherichia coli

DH5α

DNA amplification

Protein expression

M13 is a filamentous E. coli bacteriophage specific for male (F factor-containing) cells



Plasmids

extrachromosomal elements 

cca 1 000 - 200 000 base pairs

ds, circular DNA

autonomous replication

synchronized x non-synchronized with chromosome replication

„relaxed“ plasmids - high copy number  20/cell



Plasmid



Plasmid instability

Natural Plasmids - Partitioning Control - Partitions of the Area

- Par protein - polymerization - segregation of plasmids - 3 types

Required for retaining low copy plasmids

"Low copy number"



CONTROL OF THE PLASMID COPY NUMBER 

Rop protein (repressor of primer) - regulator

Binding of DNA and RNA II-RNase

→ 3 'end - primer

RNA I binding - "kissing complex" → 

inhibition of RNA II cleavage and inhibition of

replication initiation

Rop dimer - increases affinity of RNA I to RNA 

II - inhibition of cleavage

promotory



The insert:

fewer copies of plasmids with large inserts or genes that 

create a toxic product.

The E. coli strain:

Growth conditions:

aeration, temperature, culture volume, antibiotic, and 

medium affect copy number. Some ORIs are temperature 

sensitive; some ORIs can be induced bythe addition of 

chloramphenicol

The culture inoculum:

fresh



Plasmids incompatibility 

Related plasmids mutually "incompatible„ 

- The problem of coexistence in the same cell

They share the control mechanisms of replication - are competing for the number of copies

total number of copies is unchanged

Fluctuations in plasmids copy numbers – random distribution



Plasmids incompatibility 

Replicons of common cloning vectors

Common Vectors Copy Number+ ORI
Incompatibility 

Group
Control

pUC ~500-700 pMB1 (derivative) A Relaxed

pBR322 ~15-20 pMB1 A Relaxed

pET ~15-20 pBR322 A Relaxed

pGEX ~15-20 pBR322 A Relaxed

pColE1 ~15-20 ColE1 A Relaxed

pR6K ~15-20 R6K* C Stringent

pACYC ~10 p15A B Relaxed

pSC101 ~5 pSC101 C Stringent

pBluescript ~300-500
ColE1 (derivative) 

and F1**
A Relaxed

pGEM ~300-500 pUC and F1** A Relaxed



Introduction of plasmid into the cells

competent cells CaCl2 – temperature shock

electroporation

Eukaryotic cells – shuttle vectors

Yeasts

LiCl

electroporation

Tissue cultures

electroporation

Ca3(PO4)2

DEAE dextrane

liposomes

gene gun



Antibiotics Concentration Inhibition

Stock solution Working solution

(mg/ml) (g/ml)

Ampicillin 100 50-100 blocks cell wall synthesis

Chloramphenicol* 34 25-150 50S ribosomal subunit

Kanamycin 40 30-50 inhibits ribosome translocation

Streptomycin 50 20-50 binds 30S subunit

Tetracycline** 10 10-50 inhibits tRNA / ribosome binding

Nalidixic acid 5 15 DNA synthesis – inhib. gyrase

Gentamycin 10 15 binds 50S subunit

* Stock solution in 100% ethanol

** Stock solution in 50% ethanol in dark

Selectable markers



-lactamase – penicillin, ampicillin, cephalosporin

Chloramphenicolacetyltransferase

Neomycinephosphotransferase (also kanamycin)

Active export of Mg2+ tetracycline







Some cells survive due to degradation of antibiotics around resistant colony - "satellite colony"

E.g. Due to β-lactamase production



Insertion inactivation Amp

Transformed 

cells

Transfer by 
toothpick

Overnight 
incubation

Identification of colonies with recombinant plasmid



Complementation 



N-terminal α fragment

of - galactosidase 

C-terminal ω fragment of

- galactosidase 

Chromosome –-galactosidase mutation 

Production of blue product

X – gal cleavage

X-gal not cleaved

α fragment







Bacteriophage lambda







Cos sequences

Circularization

Cleavage with phage nuclease

49 kb

PACKAGING

Cleavage of whole genomes



Lysogenic cycleLytic
cycle

Zlomy spojeny 
ligasou

Lysogenie

Lyze

Štěpení

Časná replikace 
obousměrná                      

Rekombinace

Pozdní replikace

Integrace
Excize

Připojení 
bičíků

Replikace společně s chromosomem





Concatemer λ DNA

Infect cells





Cosmids 

Similar to plasmids, 

cos sequences from  phage – efficient infection

•large DNA fragments (~ 40 kbp) 

•Linearized vector with insert: co-ligated into concatamers and

incorporated into phage heads (packaging extract)





Filamentous bacteriophages
M13, f1, fd - closed circular ss DNA

6400 bp

Production of ss templates for sequencing or in vitro mutagenesis

Replication: 3 steps: 

SS → RF (ds), 

RF → RF, 

RF → SS.



Filamentous bacteriophages
M13, f1, fd - closed circular ss DNA 6400 bp

Production of ss templates for sequencing or in vitro mutagenesis



First 15-20 min. replication (+) chains  circularized into  ds (RF) form

Expression of gene V product - ss DNA binding protein

Prevents formation of RF – instead formation of circular ss (+) DNA (M13 genome)



PHAGEMID (phasmide)

Plasmid with origin of replication of filamentous phages - M13, f1 or fd

Production of ss templates for 

Sequencing or in vitro

mutagenesis

Polycloning site

and „blue-white“ selection



Replicates as filamentous phages 

→ ssDNA in presence of helper virus

(defective virus encoding viral structural proteins and enzymes required for 

DNA packaging)



Plasmids Phages

Easy manipulation Difficult manipulation 

Short DNA fragments large DNA fragments
Up to 10 kb ~ 20-40 kb

Inefficient transformation Efficient transformation

ability to prepare ssDNA



BACs bacterial artificial chromosomes

Incorporate large fragments 

oriS – origin of replication,

parA, parB, a parC stable heritability

selection marker (chloramphenicol - resistance)

cloning sites

• Inserts up to hundreds of kbp, one copy, stable

• transformation – electroporation



YAC – yeast artificial chromosome

e e

Linear DNA vector – mimics yeast chromosome

Centromere, telomere..

Marker for selection, incorporation of thousands of bps



Vector DNA Insert # clones complete

human genomic 

library

E. coli plasmid < 10 kb 330 000

 phage 20 kb 170 000

cosmid 40 kb 83 000

BAC 200 kb 17 000

YAC 1000 kb 3 300

→ BAC or YAC clones



Yeast vectors - „shuttle“





Nanoparticles

Ormosil – organic-modified silica particles

Non-viral vector
– successful DNA transfer into specific cells of organism



Complex
DNA + nanoparticles

DNA

Cells

Magnet

Magnetofection



Carbon nanofibers

- DNA-coated

Combination with magnetic material

- Allows oriented trafficking

- Universal (also for cells difficult to transfect)



Viral vectors

Almost 100% infection efficiency

Some viruses – integration into genome

Tropism  – possible to modify

– change of surface glycoproteins

(e.g. specific lentiviral „coat envelope“

- replaced with promiscuous glycoprotein G of Vesicular stomatitis virus)

-Sometimes advantageous  specific tropism – targeted introducing of  DNA

- vector – minimal x maximal effect on the cell physiology



Retroviral vectors

RNA → DNA - RT 

Stable integration - IN



Retroviral expression vectors

gene transfer – to selected cells













gene VIII - protein – tubular assembly ca 2 700 identical

subunits enveloping the viral genome

5 - 8 copies of the product of gene III at the endsof the 

phage

-Binding to sex pilus

Pilus of E. coli contains the "F factor" 

(extrachromosomal element)
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