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1. Biochemical characteristics of proteins. Protein synthesis. 
The overview of the differences between the eukaryotic and 
prokaryotic protein synthesis 

 
Proteins in living organisms have different roles. They can be catalysts 

(enzymes), they can participate in the intracellular or intercellular transport of 
different molecules (e.g., dynein, kinesin, transferrin), they can have storage 
function (e.g., ferritin) or they can have mechanical strengthening roles (e.g., 
collagen). The movement of cells and their communication, the generation and 
transmission of nerve impulses, the cell growth and differentiation are processes 
implemented and controlled by proteins. The defense of the organism against the 
intruder pathogens is done by means of proteins (antibodies). The highly 
regulated and harmonized function of proteins helped our ancestors to escape 
from the predators. 

The structure of proteins 
Proteins are made up of different combinations of 20 amino acids. The 

amino acids can have L or D configuration but the protein forming amino acids 
usually have L configuration. In the proteins the amino acids bind to each other 
via peptide bond which is a planar structure. The peptide bond can have cis or 
trans conformation. The trans form is more favorable energetically, so its 
abundance is higher but in the case of proline, the abundance of cis form is 
considerably higher than in case of any other amino acid. 
Based on their chemical properties the amino acids can have a hydrophobic or 
hydrophilic character, they can be aliphatic, aromatic, positively or negatively 
charged, polar or apolar molecules (Figure 1.1.). 
 

 
 

Figure 1.1. The twenty protein-constituent amino acids. 
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The chemical character of the amino acids can have a role in the course of 
the folding, as in the hydrophilic environment characteristic of living systems, the 
hydrophobic amino acids tend to be buried in the protein core, while the 
hydrophilic ones are exposed on the protein surface at solvent accessible areas 
(Figure 1.2.). 

 
 

Figure 1.2. The structure of globular proteins. 
 

The proteins can fulfill their roles only if they are solubilized. Protein solubility 
is determined by the amino acid composition and the physical and chemical 
parameters of hydrophilic systems.  

• pH – the protein solubility is the lowest around their isoelectric point (pI); 
• Ionic strength – high ionic strength decreases protein solubility 
• Amino acid composition – proteins containing more hydrophobic amino 

acids have lower solubility in aqueous systems 
• The presence of detergents (Figure 1.3.) and reducing agents increases 

protein solubility. 
 

   

Figure 1.3. Classification of detergents according to their charge. 
 
 Detergents can lead to structural changes, the proteins lose their three 
dimensional structure required for their proper functioning and are denatured 
(Figure 1.4.) but, at the same time, the detergents prevent the aggregation of 
isolated membrane proteins. Reducing agents reduce the S-S bonds in proteins 
leading to their denaturation (Figure 1.5.). 
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Figure 1.4. The effect of detergents on protein structure. 
 

 
 

Figure 1.5. The effect of reducing agents on protein structure. 
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Protein synthesis 
Protein synthesis is a process in the course of which ribosomes attach the 

amino acids to each other building up a polypeptide chain based on the 
information coded in the genome and transcribed to mRNA. Amino acids, tRNA 
and mRNA molecules, genetic code and ribosomes are needed for protein 
synthesis. The base-sequence of the DNA is translated into amino acid-sequence 
of the protein with the help of the genetic code. Genetic code is composed of the 
64 possible triplet combinations of the four base types, also called codons, each 
of them encoding a well-defined amino acid. Transfer RNA (tRNA) is a shamrock 
or a converted L shaped molecule (Figure 1.6.), which transfers the proper amino 
acid from the cytosol to the place of protein synthesis. All the 61 tRNA molecules 
possess an amino acid attachment site and an anticodon arm (Figure 1.6.), 
which specifically recognizes the appropriate codons of the mRNA. 
 

 
 

Figure 1.6. The structure of tRNA. 
 

The formation of the aminoacyl-tRNA has two steps. At first amino acids 
have to be activated then the proper tRNA has to be charged by this activated 
molecule. Both reactions are catalyzed by amino acid tRNA synthase enzyme 
(Figure 1.7.). 
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Figure 1.7. The activation of amino acids. 
 

The mRNA structure of prokaryotes and eukaryotes is different: the 
eukaryotic mRNA possess 5’ cap structure and 3’-poly(A) tail, unlike the 
prokaryotic mRNA. In prokaryotes, the localization of the ribosome is facilitated 
by Shine-Dalgarno sequence located in the 5’ UTR (untranslated region); while in 
eukaryotes this is the duty of Kozak sequence in a similar region (Figure 1.8.). 
Prokaryotic mRNA is polycistronic – a single mRNA responsible for coding several 
proteins – while eukaryotic mRNA is monocistronic. Start codon encodes fMet 
and is preceded by the Shine-Dalgarno sequence in prokaryotes. In eukaryotes 
the start codon is the first AUG following the 5’ cap and encodes Met; inner AUG 
cannot be initiation site, as it always encodes Met (Figure 1.9.). 
 

 
 

Figure 1.8. The structure of prokaryotic and eukaryotic mRNA. 
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Figure 1.9. The differences between the prokaryotic and eukaryoitic mRNA. 
 

Ribosomes are made up of small and large subunits composed of 
numerous rRNA and protein molecules (Figure 1.10.). Different sites can be 
formed in the functional ribosome (Figure 1.11.), which provide binding surface 
for the participants of the protein synthesis and ensures fine tuning of 
aminoacyl-tRNA entrance (A site); peptide bound formation (P site) and empty 
tRNA exit (E site). In the course of the initiation of protein synthesis in 
prokaryotes the fMet-tRNA connects to the small subunit assisted by initiation 
factor-2 (IF-2), then the small subunit recognizes the Shine-Dalgarno sequence 
(AGGAGG) in mRNA since its 16S RNA contains anti-Shine-Dalgarno sequence 
(UCCUCC). The attachment of the complementary sequences results in the 
proper positioning of the small subunit to the start (AUG) codon (Figure I-12). In 
the eukaryotes the initiation of the protein synthesis is similar: Met-tRNA binds 
to the small subunit with the help of eukaryotic initiation factor-2 (eIF-2). The 
small subunit recognizes the first AUG codon following 5’ cap structure of mRNA 
(scanning) and the Kozak sequence promotes the connection between the mRNA 
and the small subunit (Figure 1.13.). Initiation is ended by the formation of the 
70S or 80S ribosome complex (Figure 1.14.). 

 

Figure 1.10. The structure of ribosomes. 
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Figure 1.11. The structure of the active ribosome. 
 

 

Figure 1.12. The initiation of protein synthesis in prokaryotes. 
 

 

Figure 1.13. The initiation of protein synthesis in eukaryotes. 
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Figure 1.14. The initiation ends with the formation of 70S/80S ribosome compex. 
 

The second step of protein synthesis is elongation – lengthening of the 
polypeptide chain (Figure 1.15.). An aminoacyl-tRNA binds to the A site. The 
attachment of the aminoacyl-tRNA to the ribosome is an energy-requiring 
process, which takes place with the help of Tu elongation factor. The amino acid 
in A site gets closer to the amino acid in P site, whereby it will be enabled to 
form a peptide bond. Peptide bond formation is catalyzed by the peptidyl-
transferase activity of the ribosome. In the course of the translocation of the 
ribosome peptidyl-tRNA in A site moves to the P site by the sliding of the 
ribosome, A site stays empty. At the end of the process, the empty tRNA moves 
to E site, and from there it moves on to the cytosol. P site contains the growing 
polypeptide chain linked to a tRNA molecule, while the next aminoacyl-tRNA can 
bind to the empty A site. In the course of the elongation, the protein is 
synthesized in the amino-to-carboxyl direction, in the course of which the 
ribosome moves from the 5’ end to the 3’ end of mRNA (Figure 1.16.). At the 
same time, multiple ribosomes can be attached to one mRNA molecule 
(polysome) and synthesize proteins. Elongation is an energy-requiring process, 
but energy is not needed for the peptide bond formation itself. 
 

  

Figure 1.15. The second step of protein synthesis: the elongation. 
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Figure 1.16. The major features of elongation. 
 

The third and the final step of protein synthesis is termination. 
Termination factors, the so-called ’Release Factors’ (such as RF1) recognize the 
stop codon, bind to it and lead to the disassembly of the ribosome-tRNA-mRNA 
complex (Figure 1.17.). 
 

 

Figure 1.17. The third step of protein synthesis: the termination. 
 

In the case of eukaryotes the protein synthesis occurs in the cytosol, while 
transcription and mRNA maturation take place in the nucleus (Figure 1.18.). Only 
the completely mature mRNA can get out of the nucleus, therefore, erroneously 
synthesized or half-matured mRNA cannot serve as a template for protein 
synthesis. In prokaryotes the localization of transcription and protein synthesis is 
the same (Figure 1.19.). 
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Figure 1.18. The localization of protein synthesis in eukaryotes. 
 

 

Figure 1.19. The localization of protein synthesis in prokaryotes. 



 

20 The project is funded by the European Union and
co-financed by the European Social Fund.

 

2. Protein folding, 3D structure formation. Chaperons. Folding 
problems, folding diseases. 

 
 
Hydrogen bonds (Figure 2.1.), electrostatic (Figure 2.2.) and hydrophobic (Figure 
2.3.) interactions play an important role in the formation of the protein structure. 
Proteins gain their characteristic structure in aqueous environment and they also 
work in such an environment. Polar water molecules that are present in the living 
organisms stabilize the structure of proteins with bonds formed with the 
hydrophilic groups of proteins (Figure 2.4.). Protein folding is the process 
through which proteins gain their spatial structure (Figure 2.5.). 
 

  

Figure 2.1. The most abundant bonds in the living system: hydrogen bonds. 
 

  
 

Figure 2.2. The most abundant bonds in the living system: electrostatic interactions. 
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Figure 2.3. The most abundant bonds in the living system: hydrophobic interactions.  
 

  

Figure 2.4. The polar water molecules stabilize the structures in the living systems. 
 

  

Figure 2.5. The protein folding. 
 
Protein structure 
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Proteins have a primary, secondary, tertiary and quaternary structure 
(Figure 2.6.). The primary structure is basically the order of the amino acids 
(Figure 2.7.), which bind to each other by means of peptide bonds. The 
delocalized electron pair in the peptide bond provides a rigid structure thus the 
peptide bond is rigid and rotation is possible only at the level of angles φ and ψ 
(Figure 2.8.). Due to the rotation, the peptide bond can adopt theoretically any 
conformation, but due to the steric hindrance the number of the possible 
conformations is limited. The Ramachandran diagram shows the possible 
combinations of the φ and ψ angles.  

The primary structure of proteins is not favorable, which is why the 
secondary structure is formed. The secondary structure of proteins is made up 
of α-helix, β-sheet and β-turn. In the case of the α-helix, hydrogen bonds are 
formed between the NH and CO groups of the peptide chain, so that each fourth 
amino acid is bound to each other (Figure 2.9.). In the helical structure Ala, Cys, 
Leu, Met, Glu, Gln, His and Lys side chains are present very often. In the case of 
the β-sheet, the hydrogen bridges are formed between the chains and not in the 
chain, the polypeptide chains do not fold, a sheet structure is formed. Depending 
on the orientation of the chains the β-sheet can be parallel or antiparallel (Figure 
2.10.). Val, Ile, Phe, Tyr, Trp and Thr amino acids prefer the β-sheet structures. 
The β-turn is a structure made of few amino acids that link two β-sheets or α-
helixes (Figure 2.10.). Gly, Ser, Asp, Asn and Pro are the most preferred amino 
acids in the case of the β-turns. The type of the probable secondary structure of 
a polypeptide chain can be predicted by the chemical features of the amino acids 
and the position of the hydrophobic amino acids in a protein (Figure 2.11.). 
 

  

Figure 2.6. The structure of proteins. 
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Figure 2.7. The primary structure of proteins: the amino acid sequence. 
 

 

Figure 2.8. The peptide bond. 
 

 

Figure 2.9. The structure of alfa helix. 
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Figure 2.10. The structure of beta sheet and beta. 
 

 

Figure 2.11. The prediction of protein structure based on the position of hydrophobic 
amino acids. 
 
In the course of protein folding, the secondary structures form so-called 
supersecondary elements or modules, and the further organization of these 
results in a three-dimensional structure, the tertiary structure (Figure 2.12.). 
Some proteins have quaternary structures as well. This is important in those 
cases, when the proteins with tertiary structure organize further and will achieve 
their functional form in this way (e.g., hemoglobin). 
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Figure 2.12. The tertiary structure of the proteins is made up of secondary structure 
elements. 
 
Protein folding 
According to the Anfinsen experiment, the conformation of the proteins is 
determined by the order of the amino acids (Figure 2.13.). According to the 
Levinthal paradox, the proteins gain their three-dimensional structure from 
within a few seconds to several hours, but their reorganization in  a different 
conformation, in case of a 100 amino acid long poly-peptide chain ca. 10-13  takes 
seconds, so the total folding of the protein takes ca.1081 seconds (the age of the 
Universe is ca. 6x1017 seconds). Thus, we can conclude that the proteins do not 
try each possible conformation in the course of folding. The folding of proteins 
happens through metastable intermediate states (Figure 2.14.), first some 
particular parts fold independently of each other and then they further organize 
in order to reach the minimal energy level characteristic of the protein. The main 
driving force in the organization of the protein structure is the entropy of 
hydrophobic exclusion, which happens due to the fact that the non-polar side 
chains cannot interact with water. In the course of folding, the water molecules 
are excluded, so the entropy of the water increases. In the case of the folded, 
globular amino acids, the hydrophobic amino acids are inside, while the 
hydrophilic amino acids are outside. 
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Figure 2.13. The Anfinsen experiment. 
 

  

Figure 2.14. The folding of proteins through metastabile intermediates. 
 

Not each protein has a stable tertiary structure. The intrinsically 
disordered proteins are proteins that do not have a stable spatial structure 
(Figure 2.15.). The structure of these proteins changes through protein-protein 
interactions, in the course of these interactions the proteins can get an α-helix or 
β-sheet structure (Figure 2.16.). The intrinsically disordered proteins have 
several functions. They have a role in the intra-molecular motions (some 
domains are connected through flexible linker regions), numerous times they are 
the place of posttranslational modifications and as they can strongly bind the 
small molecules, they can have storage and protective roles (e.g., the acidic 
glycoproteins found in saliva, beta-casein, calreticulin). They play a role in 
molecular interactions and thus in the regulation (e.g., the protein mdm2 
regulates the functioning of p53). They are able to form multiple protein-protein 
interactions as well – the intrinsically disordered proteins are often located in the 
hubs of protein networks. 
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Figure 2.15. The structure of intrinsically disordered proteins. 
 

  

Figure 2.16. The intrinsically disordered proteins can adopt alpha helix or beta sheet 
structure upon interacting with other proteins. 
 

The protein folding does not always happen spontaneously. In many cases, 
special molecules, the so-called chaperon or “Gardedame” proteins (Figure 2.17.) 
help the proteins to achieve their spatial structures and correct the misfolded 
structures. In the course of correction the chaperons permit the relaxation of the 
misfolded structure and enable once again the correct folding of the proteins 
(Figure 2.18.). The functioning of chaperons requires a significant amount of 
energy in the form of ATP (Figure 2.19.). 
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Figure 2.17. The crystal structure of the GroEL chaperon (pdb code: 2NWC). 
 

  

Figure 2.18. The function of chaperons. 
 

  

Figure 2.19. The role of chaperons in the formation and maintenance of the protein 3D 
structure. 
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The chaperons can be monomers (Hsp70), dimers (Hsp90) and oligomers 
(Hsp 20-30, Hsp60, Hsp110) according to their structure (Figure 2.20.). The 
Hsp60 forms with Hsp10 a special medium forming the so-called Anfinsen cage, 
in which the misfolded proteins can gain their native structure (Figure 2.21.). 
The Hsp70 plays a role in the formation of the proper structure and the transport 
of the protein to the mitocondrium (Figure 2.22.). The proteins that cannot be 
fixed by chaperons will be degraded by proteasomes. The Hsp90 plays an 
important role in the functioning of the steroid receptors (Figure 2.23.), while 
Hsp110 is responsible mainly for the correction of denatured and aggregated 
proteins in the cell (Figure 2.24.). 
 

 

Figure 2.20. Classification of chaperons according to their structure. 
 

 

Figure 2.21. The function of Hsp60. 
 

 

Figure 2.22. The function of Hsp70. 
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Figure 2.23. The function of Hsp90. 
 

 

Figure 2.24. The function of Hsp110. 
 

The special chaperons of the endoplasmic reticulum, the calreticulin and 
calnexin are correcting the misfolded proteins in the lumen of the endoplamic 
reticulum (Figure 2.25.). 
 

 

Figure 2.25. The function of calnexin and calreticulin. 
 

Beside the chaperons, other proteins also play a role in the organization of 
the spatial structure of proteins. Such protein is the protein disulfide-isomerase 
enzyme that catalyzes the formation and reorganization of disulfide bridges 
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(Figure 2.26.) and the peptidil-prolyl isomerase (Figure 2.27.), which catalyzes 
the Pro cis-trans conversion. 
 

 

Figure 2.26. The function of protein disulfid isomerase (PDI). 
 

 

Figure 2.27. The function of peptidil-prolyl isomerase. 
 
Folding errors and folding diseases 

There exist proteins that have more than one stable structure. Beside the 
normal, functional structure, they are able to form stable, abnormal structures as 
well (Figure 2.28.). Such proteins are the prion proteins. In normal conditions, 
some prion proteins are present in the living cells in their native form but under 
certain circumstances in the case of some prion proteins, the normal to abnormal 
transition occurs. As soon as an abnormal prion form gets in contact with the 
normal prion proteins, it forces them into an abnormal state (Figure 2.29.). A 
high number of abnormally structured prion proteins cause the death of cells and 
so-called prion-diseases (kuru, Creutzfeld-Jakobs disease, etc.) develop. A 
similar process leads to the formation of amyloid plaques. Beside its native and 
denatured forms, the amyloid proteins can take up a so-called molten globule 
intermediate status, which stabilizes with the aggregation of proteins forming 
amyloid fibers and later amyloid plaques (Figure 2.30.). These amyolid plaques 
make impossible the functioning of neurons, causing their death. Diseases, such 
as Alzheimer-disease or Parkinson-disease caused by the death of neurons have 
an ever higher impact on the society. 
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Figure 2.28. In the course of the folding process proteins with abnormal structure can be 
formed as well. 
 

 

Figure 2.29. The number of “bad” prions increase upon coming in contact with native, 
endogenious forms. 
 

  

Figure 2.30. The probable mechanism of amyloid plaque formation. 
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3. Protein sorting and targeting 
 
The proteins of different organelles are synthesized either in the cytosol on the 
free ribosomes or on the ribosomes linked to the surface of endoplasmic 
reticulum (ER). The signals encoded in the amino acid sequence of proteins 
target them to the different organelles. These so-called signal sequences are 
recognized and bound by specific proteins, thus making possible the protein 
targeting to the required places.  
 
Protein targeting to the endoplasmic reticulum 
The protein translation starts in the cytosol. The proteins targeted to ER have a 
signal sequence at their N-terminal part and this signal sequence is recognized 
by a signal recognition particle (SRP) targeting the ribosome to the SPR receptor 
in the ER membrane (Figure III-1). As soon as the signal sequence enters the ER 
lumen the SRP is released and it is able to participate in a new cycle. The 
synthesized protein enters the ER lumen, where the signal peptidase enzyme 
cleaves off the signal sequence while the ribosome will be linked with special 
linker proteins to the ER membrane forming the rough endoplasmic reticulum 
(RER) (Figure III-2). When the translation is finished, the ribosome complex is 
dissociated (Figure III-3).  

  

Figure 3.1. Protein targeting to endoplasmic reticulum (ER) I. 
 

  

Figure 3.2. Protein targeting to endoplasmic reticulum (ER) II. 
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Figure 3.3. Protein targeting to endoplasmic reticulum (ER) III. 
 

The protein in the ER lumen is cotranslationally (at the same time as the 
translation) modified, it gets N-glycosylated (Figure 3.4. and Figure 3.5.). 
 

 

Figure 3.4. Protein targeting to endoplasmic reticulum (ER) and their cotranslational 
modification. 

 

  

Figure 3.5. The cotranlational N-glycosidation of proteins in the endoplasmic reticulum. 
 

The oligosaccharide precursor starts to get synthesized on the dolichol-
phosphate group in the ER membrane. The first steps of the synthesis take part 
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in cytosol and later with reorientation the sugar harboring dolichol-phosphate 
translocates to the luminal side of the ER membrane where the last steps of 
synthesis occur. The newly formed 14 sugar unit containing oligosaccharide 
molecule is transferred to the corresponding Asn side chain of the nascent 
protein (Figure 3.6.).  
 

  

Figure 3.6. The mechanism of N-glycosidation, the formation of oligosaccharide chain on 
dolichol phosphate. 
 
In the ER the proteins acquire their three dimensional structure with the help of 
specific chaperon proteins. The chaperons increase the rate of folding while 
prevent the aggregation and misfolding. In the ER lumen the attached 
oligosaccharide chain will be further modified. The proper S-S bonds are formed 
in proteins with the help of protein disulphide isomerases, and the peptidyl-prolyl 
isomerases help the cis-trans rearrangements of peptide bonds. As soon as the 
proper three dimensional structure is achieved, the glucose is cleaved off and the 
protein is wrapped into specific vesicles and transported to the Golgi system. The 
assembly of the multimer proteins happens in the ER as well. The presence of 
glucose indicates that the protein is not ready for transport into the Golgi system 
thus the ER chaperons the calnexin and calreticulin bind the glucose containing 
proteins, helping their folding. In the ER, there is an efficient quality control 
system which prevents the transport of partially folded or misfolded proteins. 
When the misfolded proteins cannot be fixed, the ER associated degradation 
(ERAD) system targets them back to the cytosol where they will be ubiquitinated 
and degraded by the proteasome (Figure 3.7.). 
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Figure 3.7. Quallity control in the endoplasmic reticulum (ERAD). 
 
Proteins with proper structure are targeted to the Golgi and after the Golgi-
specific modifications are sorted and transported to the different compartments 
or are secreted (Figure 3.8.). In the case of the ER proteins, the KDEL sequence 
is present at their C terminal regions help their recirculation to the ER. In the 
Golgi compartments the oligosaccharide chain of proteins is further modified 
(Figure 3.9.) giving rise to various sugar complexes (Figure 3.10.). The 
generated sugar is an important localization signal determining the protein 
targeting to different organelles. 
 

 

Figure 3.8. The route of proteins among different compartments. 
 

 

Figure 3.9. The modification of proteins in the Golgi compartments. 
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Figure 3.10. In Golgi apparatus different N-glycosilated proteins are formed with various 
sugar composition. 
 
Protein targeting to mitochondria 

The mitochondrial proteins are synthesized on the free ribosomes in 
cytosol. On their N-terminal part a mitochondrial signal sequence can be found 
orienting them to the mitochondrium. With the help of Hsp70 proteins the 
mitochondrial proteins can reach the mitochondrium where they bind to the 
import receptor in the outer mitochondrial membrane. The proteins enter the 
mitochondria through a channel spanning the membrane and in the 
mitochondrial matrix the signal sequence is cleaved off by the signal peptidase. 
In the mitochondrial matrix, the proteins achieve their proper three dimensional 
structures with the help of mitochondrial Hsp70 (mHsp70) (Figure 3.11.). The 
completely folded proteins cannot enter the mitochondria.  
 

  

Figure 3.11. Protein targeting to the mitochondrium. 
 

Protein targeting to the nucleus 
Proteins targeted to the nucleus can enter the nucleus through specialized 

structures, the nuclear pore complexes, situated in the nuclear envelope. The 
transport is a complex and energy consuming process involving different proteins 
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making possible for nuclear localization signal (NLS) containing proteins to enter 
the nucleus (Figure 3.12.). 
 

  

Figure 3.12. Protein targeting to the nucleus. 
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4. The examination of protein structure: X-ray crystallography, 
NMR, mass spectrometry 

 
The structure of proteins can give valuable information regarding the function 

of proteins and can also give us insight into the possible functional defects. As 
the size of the proteins falls into the nm (10-9 m) range, X-rays can be 
administered most effectively for determining their structure. 
 
Protein structure determination by X-ray crystallography 
The method can be used for structure determination in case of crystallized 
materials. A good quality crystal structure can be achieved, providing a multitude 
of information. One drawback of the technique is that only suitable crystals can 
be analyzed – in the case of many proteins, the crystallization is not possible as 
the whole protein or only some parts of it are too flexible to be crystallized 
(Figure 4.1.). Another drawback is that the crystal structure reflects the static 
structure without giving any information about protein dynamics.  
 

 

Figure 4.1.The relation between protein structure and the presence of intrinsic disorder.  
 
The first step in X-ray crystallography is to crystallize proteins and create 
suitable crystals, which can be analyzed with the help of X-ray (Figure 4.2.). In 
the following steps from the diffraction map an electron density map is generated 
and the amino acid sequence is fitted into this electron density map (Figure 
4.3.). 
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Figure 4.2. Determination of protein structure with X-ray crystallography I. 
 

 

Figure 4.3. Determination of protein structure with X-ray crystallography II. 
 
The quality of amino acid fitting will define the quality of the crystal structure; 
the better the resolution the more detailed the crystal structure is (Figure IV-4). 
In case of substances which do not crystallize well, alternative methods need to 
be applied like NMR (nuclear magnetic resonance), Raman spectroscopy, infrared 
spectroscopy etc. 
 

 

Figure 4.4. The quality of amino acid residue fitting in the electron density map 
determines the quality of the crystal structure. 
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Protein structure determination by nuclear magnetic resonance (NMR) 
The method is suitable for structure determination of proteins dissolved in 

solution. The essence of the method is that the energy level of the so-called NMR 
active atoms (1H, 13C, 15N) will change when placed in a magnetic field and this 
change depends on the magnetic field and the local geometry of the atoms 
(Figure 4.5.). The major advantage is that this method gives us information 
about protein dynamics, its drawback is that it can be used only in the case of 
small proteins.  

 

Figure 4.5. Determination of protein structure with nuclear magnetic resonance (NMR). 
 

The protein structures determined by various means are deposited in the 
protein databank (PDB), a freely accessible internet database (Figure 4.6.). 
 

 

Figure 4.6. Protein Data Bank (PDB) – the repository of determined protein structures. 
 
Protein structure analysis by mass spectrometry 

Mass spectrometry is an instrumental analytical technique, which is 
suitable for the analysis and the isolation of gas-phase ions by mass to charge 
ratio. A mass spectrometer is a system consisting of an ion-source, a mass 
analyzer and a detector. The ion-source converts the sample to gas-phase ions, 
the mass analyzer is used for the separation and/or fragmentation of ions, and 
the detector detects ions arriving from the analyzer (Figure 4.7.). 
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Figure 4.7. The structure of a mass spectrometer. 
 

Simple mass spectrometers contain a single mass analyzer (e.g. MALDI-
TOF). Tandem spectrometers consist mainly of two analyzers that can operate on 
the same or on different principles (e.g. TOF-TOF, Q-TOF, QTRAP). The different 
mass spectrometers contain various combinations of ion sources and analyzers 
(e.g. MALDI-TOF-TOF, ESI-Q-TOF, ESI-QTRAP etc.). Mass spectrometry can be 
successfully applied for protein identification and localization analysis, protein 
sequencing, determination of protein amount and for the analysis of protein 
complexes. In special conditions, it can be utilized for gaining information 
regarding the protein structure.  

The ionization of the sample can take place via various methods. Most 
frequently-used techniques are MALDI (Matrix-Assisted Laser Desorption 
Ionization) and ESI (Electrospray Ionization). 

In the course of MALDI method crystallized sample is converted to gas-
phase sample ions (Figure 4.8.). The sample is mixed with an excessive amount 
of matrix solution and is crystallized together with the matrix, and then energy is 
transferred to the sample by laser irradiation. The ionization of the sample is 
promoted by the matrix ions. In the course of the process single- or double-
charged ions are formed. The selection of the matrix is an important step; its 
type always depends on the type of the sample to be analyzed. 
 

 

Figure 4.8. The theory of MALDI – Matrix Assisted Laser Desorption Ionization. 
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In the course of the ESI, the vaporization and the ionization of the sample 
dissolved in liquid takes place leading to the formation of multiply charged ions. 
It is suitable for the on-line connection of liquid-chromatography and mass 
spectrometry, thus for the analysis of the sample separated by liquid-
chromatography (HPLC). It can be applied in wide volume range (nl-ml), but the 
use of drying gas (nitrogen) is needed. The dissolved sample arriving from HPLC 
is ionized by the effect of the connected high voltage (1800-3500 V). The volume 
of the ionized drops gradually decreases due to the drying gas while its charge is 
steady, then the ionized drops fall apart into smaller pieces due to the Coulomb 
explosion (Figure 4.9.). This process is repeated several times, thus the material 
that enters the mass spectrometer practically contains only sample ions. 
 

  

Figure 4.9. The principle of electro spray ionisation (ESI). 
 

The different mass spectrometers can consist of various types of mass 
analyzers. The most frequently used ones are the time of flight (TOF) analyzers, 
the quadrupoles and the ion traps. 

In TOF analyzers, ions move according to their size and their kinetic 
energy; small ions move faster than the larger ones in the analyzer. The longer 
the way the ions traverse, the better the separation will be (Figure 4.10.). 
 

  

Figure 410. The ion path in the Time-Of-Flight (TOF) mass analyzer. 
 

In the flight tube, the way of the ions is lengthened by the application of 
reflectron, improving the resolution of the mass spectrometer (Figure 4.11.). 
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Figure 4.11. Improvement of mass resolution of mass spectrometers by the 
administration of a reflectron. 
 

The quadrupole analyzer consists of four semiconductor electrodes and the 
ion permeability of the quadrupole can be regulated by the voltage electrodes. 
With voltages applied to these electrodes specific ions will be stabilized and will 
be able to go through the quadrupole (Figure 4.12.). 
 

 

Figure 4.12. The ion path in the quadrupole. 
 

The structure of the ion trap is similar to that of the quadrupole. It 
stabilizes all the ions that entered the ion trap; some of the trapped ions can be 
specifically destabilized with the help of the voltages applied to the electrodes of 
the ion trap and released toward the detector (Figure 4.13.). 
 

 

Figure 4.13. The ion path in the ion trap. 
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Tandem mass spectrometers are suitable for protein identification and 
sequence determination. For example in a triple quadrupole type mass 
spectrometer (containing three quadrupoles) first a mass spectrum is recorded 
and the proper parent ion is selected by the first quadrupole. The fragmentation 
of the parent ion takes place in the second quadrupole, and the generated 
fragments are analyzed in the third quadrupole.  It is a possible, thereby, to 
obtain MS/MS spectra and to determine peptide sequences (Figure 4.14.). 
 

 

Figure 4.14. The electrospray ionization tandem MS (ESI MS/MS) is suitable for amino 
acid sequence determination.  
 

Mass spectrometry offers the opportunity to gain information not only 
regarding the sequence but also the structure of the proteins. Due to the drifting 
in high-resolution mass spectrometers (HDMS) the structures with different 
conformations are separated from each other, making possible the analysis of 
the different three-dimensional structures (Figure 4.15.). 
 

 

Figure 4.15. The ion path in the high definition mass spectrometers. 
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5. Protein purification (chromatographic techniques) and 
analysis (SDS-PAGE, 2DE, mass spectrometry). 

 
Our aim in the course of protein purification is to separate and enrich specific 
protein(s) in their purest form from a protein mixture. In the course of 
purification, we always need to consider the following questions: 

•  What is the purpose of the purification? 
•  What is the starting material? 
•  What kind of impurities will affect the usage of purified proteins? 
•  What will be the range of protein purification? 
•  What kind of economic factors need to be taken into consideration and 

what kind of instrumentation is available? 
When choosing the right strategy, the aim is to minimize the number of steps 
and to apply different strategies in each step (Figure 5.1.).  
 

 

Figure 5.1. Points to be considered in choosing the optimal protein purification procedure. 
 
Protein separation and purification by chromatography methods 
 

In chromatographic separations, the mixture of materials to be separated 
is dissolved in liquid. This will be the mobile-phase. The sample obtained this 
way is applied to a porous, solid matrix also called stationery-phase. By the 
interactions between stationery-phase matrix and the dissolved components, the 
motion of the various components through the matrix will be slowed down by a 
different rate. Chromatographic techniques are classified according to the 
mobile-phase and the stationery-phase. Components attached to the column are 
eluted by a proper solvent and the separated materials are collected into 
fractions. 
Ion exchange chromatography 

• Anion exchange chromatography 
Negatively charged ions bind to the positively charged resin  

• Cation exchange chromatography 
Positively charged ions bind to the negatively charged resin  

Affinity chromatography is based on specific protein-ligand interactions and 
takes the advantage of the unique biological features of proteins. Ligands 
immobilized on the column (antibody, receptor, ligand, specific binding partner) 
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specifically bind to the component to be purified from the mixture, and it can be 
eluted in a pure form from the column after washing down the unbound proteins 
(Figure 5.2.). 

 

Figure 5.2. Purification of proteins using affinity chromatography. 
 

In the course of reversed-phase chromatography the sample is applied 
to a column that generally contains octadecyl carbon chain (C18) bonded silica. 
Components of the sample form stronger or weaker bonds with the silica packing 
depending on their hydrophobicity. Increasing the organic solvent concentration 
of the mobile-phase, hydrophilic components are eluted at the beginning, then 
followed by more hydrophobic components and finally the most hydrophobic 
particles are eluted. 

Gelfiltration allows the separation of proteins. It mainly serves the 
purpose of protein desalting and separation from small molecules. The principle 
of this method is that small molecules diffuse into the pores of the gel packing, 
for which reason they move more slowly and are eluted later, while the larger 
molecules not diffusing into the pores are only drifting between gel particles and 
are eluted earlier (Figure 5.3.). 
 

 

Figure 5.3. Separation of proteins with analytical gelfiltration. 
 

Another generally-used, popular method for desalting proteins is dialysis 
(Figure 5.4.). In the case of a material wrapped into a semipermeable 
membrane, small ions and molecules get through the membrane while larger 
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molecules (proteins) will stay wrapped in the membrane. This method is used 
efficiently for desalting and for the ion-exchange of protein solutions. 
 

 

Figure 5.4. Desalting of proteins with dialysis. 
 
Protein separation and purification by gel electrophoresis 

The separation of proteins can be carried out by gel-electrophoresis. In the 
course of SDS-polyacrylamide-gel electrophoresis (PAGE) the protein separation 
is done by their size (Figure 5.5.). SDS (Na-dodecyl-sulfate) added to the sample 
covers the proteins, therefore, proteins move in accordance with their size in the 
polyacrylamide gel placed in an electric field. The protein molecular weight can 
be estimated based on the migration distance, which varies depending on the 
acrylamide concentration and the protein size. At the same time, we can gain 
information about the purity of the desired proteins and we can also check the 
efficiency of the different purification steps. 
 

  

Figure 5.5. SDS-polyacrilamide gel electrophoresis (PAGE) – separation of proteins 
according to their size. 
 

Two-dimensional electrophoresis (2DE) is an effective method for 
protein separation. This highly sensitive method requires advanced technical 
knowledge and high-purity materials need to be used in the course of the 
process. The first step (first dimension) of this method is the isoelectric focusing 
– proteins are separated by their pI (Figure 5.6.). The second dimension is SDS-
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PAGE – proteins are separated by their size (Figure V-7). The visualization of the 
proteins in the gel is carried out by different staining methods (Figure 5.8.). The 
most frequently used methods are Coomassie, silver and fluorescent staining. 
The 2DE method is suitable for the analysis of whole proteomes and for following 
the qualitative and quantitative changes of proteins, but it is applied most 
successfully in cell cultures analyses. 
 

 

Figure 5.6. Isoelectric focusing of proteins on a pH 3-10 focusing strip. 
 

 

Figure 5.7. Two dimensional electrophoresis. 
 

 

Figure 5.8. The visualization of proteins with different staining methods. 

 
Protein purification by immunoprecipitation (IP) 

Immunoprecipitation is a frequently used technique for the separation of 
proteins from complex mixtures (such as blood plasma or cell extract) (Figure 
5.9.). An antibody binding specifically to the protein makes the isolation and the 
enrichment of proteins possible. Since proteins are in their native conformations, 
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the region (epitope) recognized by the antibody is not necessarily accessible for 
the antibody. In this situation, immunoprecipitation cannot be carried out. (An 
antibody successfully applied in Western blot is not necessarily applicable in IP). 
 

 

Figure 5.9. Immunoprecipitation of proteins. 
 
Protein analysis by Western blot 

Proteins from SDS-PAGE gels can be transferred onto nitrocellulose or 
PVDF (polyvinyl-fluoride) membrane (blotting). Adding the appropriate antibody 
to the proteins immobilized on the membrane we can detect the bound antibody, 
in case the sample contains the desired protein (Figure 5.10.). Proteins are in 
denatured state on the membrane, thus the proper epitopes are accessible for 
the antibodies. A major drawback of the method is that protein detection is only 
possible in the presence of antibodies. 
 

  

Figure 5.10. Protein analysis with Western blot. 
 

Spots or bands containing the proteins separated by gel electrophoresis or 
Western blot are excised and analyzed by mass spectrometry in order to identify 
them (Figure 5.11.). 
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Figure 5.11. The proteomics workflow. 
 
 
Protein quantitation 

Protein quantitation is the determination of the absolute and relative 
amount of proteins in the sample. Quantitation can be carried out by gel-based 
or mass spectrometric methods or by their combination. 

The gel-based method compares two-dimensional gels to each other 
(Figure 5.12.). Since for the proper comparison, a large number of technical 
parallels are needed, thus the introduction of the so-called fluorescence 
difference gel electrophoresis (DIGE) offers an alternative solution. The essence 
of this method is that one of the samples to be compared is labeled by one type 
of fluorescent dye and the other one is labeled by another fluorescent dye. After 
mixing them, the samples are run in the same gel avoiding the need of technical 
parallels.  
 

  

Figure 5.12. The analysis of quantitative and qualitative differences of protein expression 
using two dimensional gel electrophoresis (2DE). 
 

When the gel is ready it is scanned at different wavelengths by a scanner 
suitable for fluorescent stain detection and by the superposition of the images, 
the differences can easily be detected (Figure 5.13.).  
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Figure 5.13. The analysis of quantitative and qualitative differences using difference gel 
electrophoresis (DIGE). 
 
There are various mass spectrometry based methods: 
• Metabolic labeling 

•  SILAC 
•  Chemical labeling 

•  iTRAQ 
•  iCAT – isotope coded affinity tag 

•  Label free quantitation 
•  MRM/SRM  

Metabolic labeling such as SILAC (Stable Isotope Labeling with Amino acids 
in Cell culture) can be primarily applied in cell cultures. In the course of labeling, 
some of the cells are cultured in a medium where some of the essential amino 
acids are replaced by stable isotope bearing ones. After several duplications, cells 
build the ’heavy’ amino acids into their proteins completely so the ’heavy’ and 
the ’normal’ cells can be mixed and analyzed by mass spectrometry (Figure 
5.14.). The advantage of the method is that ’heavy’ amino acids are completely 
built in the proteins providing 100% labeling and it is easy to carry out. Its 
disadvantage is that it is expensive and can only be applied in case of cell 
cultures. 

 

Figure 5.14. Metabolic labeling with SILAC – stable isotop labeling with amino acids in 
cell culture. 
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By chemical labeling, all kinds of biological sample can be labeled but 
the efficiency never reaches 100%. In iTRAQ (isobaric tag for relative and 
absolute quantitation) a labeling tag is applied, which primarily binds to the N-
terminus and to the lysine amino acid residues of the proteins. iTRAQ reagents or 
labeling tags contain a labeling groups (114-118 Da) and a balance group, whose 
mass is chosen so that together with the labeling group it provides identical 
masses (isobar) for the labeling tags (Figure 5.15.). 
 

 

Figure 5.15. The structure of the iTRAQ label. 
 
Samples labeled with the different iTRAQ reagents are mixed; peaks 
characterizing the samples can be detected at the same m.z ratio (their masses 
are the same due to the balance groups), however, in the course of 
fragmentation, from iTRAQ reagents 114-118 Da-sized fragments are generated. 
These fragments can be detected in the course of MS/MS and the area under the 
curve is always proportional to the concentration of the iTRAQ label and thus to 
the amount of the labeled protein (Figure 5.16.). 
 
 
 

 

Figure 5.16. Chemical labeling with iTRAQ (iTRAQ - isobaric tag for relative and absolute 
quantitation) technique. 
 

MRM (multiple reaction monitoring) or SRM (selected reaction monitoring) 
is the special scan mode on triple quadrupoles. Quadrupoles are set in the way 
that the first one lets the parent ion go through only, the third quadrupole is 
permeable only for the proper fragment ion and the second one functions as a 
collision cell (Figure 5.17.). By setting the appropriate values, the so-called ’MRM 
transitions’, specific detection of the desired components becomes possible. The 
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area under the curve of the obtained signal is proportional to the concentration 
of the material which entered the mass spectrometer. This method can be 
successfully applied for the measurement of the concentration of known 
materials. It is widely used in pharmaceutical industry. 
 

 

Figure 5.17. Detection of specific proteins using multiple reaction monitoring (MRM). 
 
Label-free quantitation is a purely mass spectrometric method and does not 
use any labeling tag. The number of MS/MS events occurring in the course of the 
analysis is used for the quantitation: the more MS/MS is taken from a protein, 
the higher the protein concentration is. By proper optimization, this method can 
be successfully used, but its disadvantage is that it can be only applied in the 
case of high resolution instruments (Orbitrap, FTICR-MS). 
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6. The posttranslational modification of proteins and their 
analysis using proteomics methods 

 
After translation, the proteins can be modified and this modification can lead 

to changes in their function, localization or interaction with other proteins.  
These modifications (PTMs) can be reversible (sugar modification, palmitoylation, 
poly-ADP ribosylation, phosphorylation, acetylation, ubiquitination, carboxylation, 
nitrosylation, hydroxylation) or irreversible (prenylation, miristoylation, 
proteolysis, isopeptide bond formation). The modifications can be cotranslational 
(ex. miristoylation, N-glycosylation, hydroxylation) or posttranslational (ex. 
palmitoylation, prenylation, phosphorylation, proteolysis, ADP-ribosylation, 
carboxylation, ubiquitination, acetylation, methylation, hydroxylation). 
 
Sugar modifications of proteins 

The glycosylation can be O- or N- glycosylation. In the course of O-
glycosylation 1-3 sugar units are attached to the hydroxyl groups of Ser, Thr, 
hydroxiproline or hydroxylysine side chains of proteins. This is a posttranslational 
modification occurring mainly in the Golgi cisternae.  
In the course of N-glycosylation a 14 sugar unit containing oligosaccharide is 
added to the nitrogen of specific Asn or Arg side chains. The modification occurs 
in the ER, but the attached sugar unit will be further modified in the ER lumen 
and Golgi cisternae. The target sequence is AsnXaaSer/Thr, where Xaa can be 
any amino acid but proline. It is a co translational modification.  

Contrary to the enzymatically catalyzed glycosylation in the course of 
glycation the sugar units attach to the proteins by a non-enzymatic process 
(Figure VI-1.). The glycated proteins cannot exert their proper function; they 
have important role in uncontrolled diabetes. According to several theories the 
protein loss of function generated by glycation is responsible for ageing.  
 

 

Figure 6.1. Glycation. 
 
Protein phosphorylation and dephosphorylation 

In the course of phosphorylation the kinases attach a phosphate group to 
distinct Ser, Thr and Tyr side chains situated mainly in disordered regions. The 
phosphatases remove the phosphate group. The process is a reversible 
posttranslational modification making possible the rapid control of protein 
function, the turning on or off proteins (Figure 6.2.). 
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Figure 6.2. The modification of proteins by phosphorylation and dephosphorylation. 
 
Lipid modification of proteins 
The lipid modifications can be either prenylations of fatty acid modifications. In 
the course of prenylation C15 (farnesylation) or C20 (geranylation) units are 
attached to SH groups of distinct Cys side chains situated at the C terminus of 
proteins (Figure 6.3.).  
 

 

Figure 6.3. The modification of proteins by prenylation. 
 
The process is catalyzed by farnezyl transferase and geranyl-geranyl transferase 
respectively. The purpose of this irreversible modification is to target proteins to 
membranes. In the course of fatty acid modification, fatty acids are attached to 
distinct amino acids in an enzymatically catalyzed process (Figure 6.4). In the 
course ofIn the course of palmytoilation, palmitic acid is attached to the SH 
group of Cys reisdues. It is a reversible posttranslational modification. In the 
course of miristoylation, miristic acid is attached mainly to Gly residues situated 
at the N terminus of proteins. It is an irreversible co translational modification. In 
both cases, the aim is to help the membrane localization of proteins.  
 

 

Figure 6.4. The modification of proteins by fatty acid modifications 
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Proteolysis of proteins 
Proteolysis is an irreversible posttranslational modification when protease 
enzymes cleave the peptide bonds in defined sites of the proteins. In the course 
of proteolysis the proteins can be degraded completely or only several peptide 
bonds can be cleaved through limited proteolysis (Figure 6.5).  
 

 

Figure 6.5. The modification of proteins by proteolysis. 
 

Proteolytic cleavage plays a central role in the modification of protein 
activity, structure and localization, plays also an important role in several 
biological processes, such as in protein degradation, digestive enzyme activation, 
blood coagulation, signal transduction, rearrangement of the extracellular matrix 
remodeling, polypeptide hormone development, cell invasion, metastasis, viral 
protein processing, etc. Proteolytic cleavage can occur both inside and outside of 
the cell (Figure 6.6.). 
 

 

Figure 6.6. The site of proteolytic cleavage. 
 
Protein carboxylation 

Carboxylation is an irreversible posttranslational modification. In gamma-
carboxylation a carboxyl group is attached to certain Glu side chains of the 
protein. It plays a role in the effective functioning of blood coagulation factors.  
 
 
Protein acetylation 
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Acetylation is a reversible posttranslational modification attaching acetyl 
groups to the lysine side chains of proteins. The controlled 
acetylation/deacetylation of histone proteins has an important role in gene 
expression regulation. The histone acetyl transferase catalyses the acetylation of 
histones making possible the transcription while the histone deacetylase removes 
the acetyl groups inhibiting transcription. 
 
Protein methylation 

Methylation is a reversible posttranslational modification with an important 
role in gene expression regulation. The methyl transferases attach methyl groups 
to the side chains of lysine and arginine residues. 
In many cases, it is not the posttranslational modification itself, but the 
succession of modifications that controls the function of proteins. For example in 
case of histones where the posttranslational modifications control gene 
transcription, the succession of the various posttranslational modifications 
determine the transcription of the given genes (Figure 6.7.). 
 

 

Figure 6.7. The effect of posttranslational modifications on gene transcription. 
 
Protein modification with isopeptide bonds 

The process is controlled by transglutaminases, which catalyze the 
formation of isopeptide bonds between the Gln and Lys side chains of proteins 
(Figure 6.8.). This is an irreversible posttranslational modification playing a role 
in blood clotting and programmed cell death. 

 

  

Figure 6.8. Formation of isopeptide bonds in the transglutaminase catalyzed reaction. 
 
Detection of posttranslational modifications  
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Staining the 2D gels with special fluorescent dyes can be used for the detection 
of PTMs (Figure 6.9.). 
 

 

Figure 6.9. Specific staining procedures used for the detection of posttranslational 
modifications. 
 

ProQ Diamond stains phosphoproteins, while ProQ Emerald stains 
glycoproteins. The excision and analysis of the stained spots by mass 
spectrometry makes the identification of the modified proteins possible. The 
disadvantage of the method is that it does not provide information regarding the 
site of the modification. 

The site of the PTM can be detected by mass spectrometric methods. The 
mass spectrometric detection of PTM is carried out based on the mass shift of the 
tryptic fragment observed in the mass spectrometer. During the analysis, part of 
the PTM stays on the peptide and can be observed in mass spectrometer, this is 
the so-called ’stable PTM’. By contrast, the ’instable PTM’ decomposes in the 
course of the analysis, it does not stay on the peptide and in the mass 
spectrometer it can be observed only indirectly. Phosphopeptides, for example, 
can lose negatively charged phosphate group (79 Da) or neutrally charged 
phosphoric acid (98 Da) in the mass spectrometer when the collision occurs 
(Figure 6.10.). 
 

 

Figure 6.10. The fate of phosphate groups of proteins in the course of mass spectrometry 
analysis. 
 

In precursor ion scan the reconstruction of the phosphopeptide 
precursor ion is carried out (Figure 6.11.); the mass spectrometer is set for 
scanning precursor ions that produce 79 Da fragment ions in the third 
quadrupole in negative mode. 
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Figure 6.11. The study of posttranslational modifications using precursor ion scan.  
 

In neutral loss scan those precursor ions are identified that produce 
fragment ions with mass lower than 98 Da in the third quadrupole (Figure 6.12.). 
 

 

Figure 6.12. The study of posttranslational modifications using neutral loss scan. 
 

The simultaneous application of precursor ion scanning or neutral loss and 
sequencing makes possible the efficient identification of phosphorylated peptides. 
Another effective method for PTM detection is the application of MRM (Figure 
6.13.). 
 

 

Figure 6.13. The study of posttranslational modifications using multiple reaction 
monitoring (MRM). 
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7. The study of protein-protein interactions 
 

The vast majority of proteins function in complexes, therefore the analysis of 
protein-protein interactions can provide a lot of important information, helping us 
to understand the function of proteins. The multitude of proteomic information is 
also easier to interpret by protein networks. Being aware of the different kinds of 
proteins participating in a process is not enough to understand the complex 
biological information. It is necessary to learn the protein modifications, the 
relationships between the different proteins and how these relationships are 
altered by the effect of the modifications. The imaging of protein-protein 
interaction is carried out in the form of protein networks, whereby we can get a 
general idea about the interactions developed by the different proteins between 
each other (Figure 7.1.). 
 

  

Figure 7.1. Protein interaction map. 
 

Both biophysical and biochemical methods are suitable for analyzing the 
interactions. 
Biochemical methods: 
•  Immune precipitation 
•  Pull-down technique 
•  Protein chips 
•  Bimolecular fluorescence complementation 
•  TAP – tandem affinity purification 
•  Yeast two hybrid system 
•  Photo-reactive crosslinking  
•  Chemical crosslinking 
•  SPINE – Strep protein interaction experiment 
•  Phage display 
Biophysical methods: 
•  Dual polarisation interferometry 
•  Static scattering 
•  Dynamic scattering 
•  Surface plasmon resonance 
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•  Fluorescence resonance energy transfer (FRET) 
•  Molecular dynamics 
•  Protein docking 
•  Isothermal titration microcalorimetry (ITC) 
 

In immunoprecipitation selection and identification of proteins in protein 
complexes is carried out by an antibody against a known member of the 
complex. It is an efficient method but it can only be applied if there is a suitable 
antibody against one of the members of the complex (Figure 7.2.). 
 

 

Figure 7.2. Study of protein-protein interactions with co-immunoprecipitation. 
 

Another quite widely used method for studying protein interactions is the 
’pull-down’ technique, which is the combination of immunoprecipitation and 
electrophoresis (Figure 7.3.). First, immunoprecipitation is carried out by an 
antibody against a member of the complex, and then this step is followed by the 
electrophoresis and the western blot of the immunoprecipitate by an antibody 
against the supposed partner. 
 

 

Figure 7.3. Study of protein-protein interactions with pull-down technique. 
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The so-called far-western technique (Figure 7.4.) is a method similar to 
Western blot and gives information about protein interaction between the protein 
immobilized on the membrane and its interaction partner. The interacting protein 
is visualized with the help of an antibody against it. 
 

  

Figure 7.4. Study of protein-protein interactions with far-Western technique. 
 
Analyzing molecular interactions by cross-linking agents 

Cross-linking agents link the protein parts located in spatial proximity to 
each other by creating covalent bonds between them. 
The resulting bond can be: 
• cleavable, ex. produced by dithiobis-sulfosuccinimidyl-propionate (Figure 

7.5.) 
•  non-cleavable, ex. produced by bis-sulfosuccinimidyl-suberate (Figure 7.6.) 
 

 

Figure 7.5. Chemical structure of dithiobis-sulfosuccinimidyl-propionate. 
 
 

 

Figure 7.6. Chemical structure of bis-sulfosuccinimidyl-suberate. 
 

The cross-linked protein products undergo further examinations: 
• Protein isolation and analysis (IP, SDS-PAGE, Western blot, etc.) 
• Direct analysis of proteins by MALDI-TOF mass spectrometer 
 



 

64 The project is funded by the European Union and
co-financed by the European Social Fund.

 

Analyzing protein-protein interactions by photoactive cross-linking 
agents 

It is a relatively novel technique based on the introduction of the special 
’photo-Leu and Photo-Met amino acids into the medium of the cells. Cells build 
special structured amino acids into their proteins and when they are irradiated by 
UV light, cross-links will be created between the interaction partners that are in a 
few Ǻ distances from each other (Figure 7.7.). Cross-linked proteins are isolated 
and subjected to further analyses for identifying the interacting partners. 
 

 

Figure 7.7. The study of protein-protein interactions with photoactive crosslinking agents. 
 
Protein-protein interaction analysis using yeast two hybrid system 

One domain of Gal4 protein is expressed in a fusion form with a protein 
while the other domain of Gal4 is expressed in fusion form with another protein. 
We can see reporter gene (lacZ) activation only if the two proteins interact with 
each other. In this case, the two domains of Gal4 protein come close to each 
other and can activate the lacZ gene (Figure 7.8.). Usually the method is used 
for the identification of interaction partners of a specific protein. In this case, one 
domain of Gal4 is fused with the protein to be analyzed – the bait – and the 
other domain is fused with different peptide sequences resulting from a DNA 
library (genomic or cDNA library) – the prey. The two types of Gal4 protein 
coding plasmids are transformed into bacterial cells and reporter gene activation 
will be seen in those bacteria which contain the interaction partner of the bait 
protein. The interaction partners can be identified through plasmid DNA isolation 
and sequencing.  
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Figure 7.8. The study of protein-protein interactions with yeast two hybrid system. 
 
Detection of protein-protein interactions by protein chips 

Protein chip consists of well-defined proteins immobilized on well-defined 
sites of a glass surface. The sample to be analyzed is applied on the surface of 
the chip and the appropriate proteins bind to the proteins on the surface (Figure 
7.9.).  
 

  

Figure 7.9. Study of protein-protein interactions using protein chips. 
 

Proteins ’caught’ this way are subjected to further examinations in order to 
identify them. The protein chips are often analyzed by surface enhanced laser 
desorption ionization (SELDI) technique where the matrix is sprayed onto the 
surface of the chip (Figure 7.10.). This method is quite useful in scanning kinase 
substrates, studying protein-protein interaction, analyzing biological samples, 
scanning biomarkers etc. 
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Figure 7.10. Study of protein-protein interactions of immobilized proteins on the surface 
of the protein chip using SELDI technique. 

 
 
Phage display technology 

Phage display is a technique in molecular biology which studies different 
proteins/peptides displayed on the surface of the phage in fusion form with 
phage proteins. The first step is the generation of phage libraries: a sequence 
series is attached to the phage gene (usually to p3) coding the surface protein of 
the phage. Due to this step, proteins/peptides with different amino acid 
sequences will appear in fused form on the surface of phages. This system is 
easy to design and provides an opportunity for mapping proteins having different 
features and binding abilities (Figure 7.11.). 
 

  

Figure 7.11. The phage display technology. 
 
Analysis of protein-protein interactions by FRET 

FRET (fluorescence resonance energy transfer) technique is based on the 
observation that when a fluorescent donor molecule gets close (in 1-10 nm 
distance) to an appropriate fluorescent acceptor molecule, the phenomenon of 
FRET takes place and the acceptor molecule emits light. This emitted light can 
bedetected (Figure 7.12.). 
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Figure 7.12. The study of protein-protein interactions with FRET. 
 

Analysis of protein-protein interactions by SPR 
Surface plasmon resonance (SPR) is a biophysical method for protein-

protein interaction analysis (Figure 7.13.). 
 

 

Figure 7.13. Study of protein-protein interactions with surface plasmone resonance. 
 

With Biacore instruments based on the SPR, we can obtain information not 
only about the presence of interactions but we can also gain insight into the 
nature of the interaction, the concentration, kinetics and strength of the binding 
(Figure 7.14.). 
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Figure 7.14. Study of protein-protein interactions with Biacore based on surface 
plasmone resonance. 
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8. Heterologous expression I 
 
Introduction, main expression platforms 
 

(Gene) expression: Application of microbial cultures or plant, insect and 
mammalian cell lines to produce a protein or even metabolites (e.g., antibiotics, 
antifungal drugs, alkaloids) by introducing the necessary gene(s) - and other 
sequences helping the efficient transcription and translation - into the host 
organism.  
Homologous (gene) expression: a gene(s) originated from the host organism is 
(over)expressed. Heterologous (gene) expression: A foreign gene is expressed 
by the host organism. Incompatibility problems commonly occur during 
heterologous expression. 
Expression platform: expression vector + host cells. Structure of a typical 
expression vector is shown in Figure 8.1.  
 

 

Figure 8.1. Common structure of expression vectors 
 
Main expression platforms: 
1. Gram-negative bacteria (e.g., Escherichia coli, Pseudomonas fluorescens) 
2. Gram-positive bacteria (e.g., Staphylococcus carnosus, Bacillus subtilis) 
3. yeasts and methylotrophic yeasts (e.g., Saccharomyces cerevisiae, Pichia 
pastoris, Hansenula polymorpha) 
4. filamentous fungi and dimorphic yeasts (e.g.,. Aspergillus sojae, Sordaria 
macrospora, Arxula adeninivorans, Yarrowia lipolytica) 
5. mammalian cells (e.g.,. CHO, BHK, mouse myeloma cell lines) 
6. plant cells (e.g., tobacco, rice, potato, soybean cell cultures) 
7. insect cells (e.g., Trichoplusia ni, Drosophila melanogaster cell lines) 
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The Eschericia coli expression platform 
 
- the first expression platform 
- the first expression platform used for industrial scale production 
- the most current (prokaryotic) expression platform 

Advantages: cheap and fast production with good yields  
Disadvantages: no protein glycosylation, only periplasmic secretion is possible, 
disulphide bond formation (in the periplasm) is limited, risk of lipopolysaccharide 
(LPS) contamination  
 
1. The expression promoter 

Strong and well-regulated promoters are used; constitutive production of 
heterologous proteins is generally not favorable. E. coli and phage promoters are 
both current.  

Negatively regulated promoters are induced quickly (e.g., E. coli lac 
promoter), but they often have significant basal activity (e.g., E. coli trp 
promoter). Positively regulated promoters are slow, sometimes introduction of 
the regulatory gene into the vector is necessary for efficient induction (e.g., E. 
coli ara promoter), but their basal activity is very low (e.g., E. coli rha promoter).  

The phage promoters offer very strong transcription. Phage T7 gene 10 
promoter is a constitutive promoter and works only with phage RNA polymerase. 
The gene of this polymerase should be introduced into the genome of the host 
cells. If the polymerase gene is equipped with e.g., lac promoter heterologous 
expression can be induced by lactose or IPTG. The λ phage pL promoter is 
negatively regulated by the cI repressor. Introducing a gene encoding a heat 
sensitive variant of this repressor into the vector lets us induce heterologous 
expression by increasing the culturing temperature.  
 
2. Enhancing translation and transcription 
- Introduction of strong ribosome binding sequences (e.g., from the lacZ, atpE 
genes of E. coli or from the phage T7 gene 10 or phage T4 gene 32) directly 
upstream of the start codon.  
- Introduction of transcription termination sequences (e.g., from λ phage Tf 
gene) downstream of the stop codon.  
- Application of appropriate codons. (Replacing rare codons with frequently 
occurring ones, replacing frequently occurring codons with rare ones and using 
strains overproducing the tRNA of rare codons can help the stabilization of mRNA 
conformation and protein production). 
 
3. Strategies for increasing the stability of the recombinant protein as well as the 
efficiency of its folding 
Inclusion body formation is the aggregation of misfolded proteins in the cells. 
Commonly occurs upon strong expression. 
- Production of fusion proteins (chimera proteins) 
Introduction of a glutation-S-transferase gene (from Schistosoma japonicum), 
lacZ, malE genes (from E. coli) as well as His-tag and Flag sequences 
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downstream of the start codon. Advantages: decreasing of inclusion body 
formation by increasing the efficiency of folding, protection of the protein against 
proteolytic degradation, enhancing the initiation of translation, let us develop 
quick and cheap techniques to purify or detect the product. 
- Periplasmic secretion 
Introduction of a signal sequence (e.g., from ompT, ompA outer membrane 
protein genes or β-lactamase genes of E. coli) or the gene of a periplasmic 
protein (e.g., malE gene of E. coli) downstream of the start codon. Advantages: 
decreasing of the inclusion body formation, protection of the protein against 
(intracellular) proteolytic degradation, possibility of disulphide bond formation, 
elimination of N terminal Met is guaranteed, easier purification.  
 
4. Marker genes 
In the case of E. coli antibiotic resistance genes are widely used (e.g., cml - 
chloramphenicol or amp - ampicillin resistance genes). 
 
5. Ensuring the appropriate copy number and stability of the gene  
Replicative vectors: 
- Copy number depends on the origin of replication  
- The stability of the vector (plasmid) is deceased by the RecA recombinase. 
(Introduction of Cer sequences into the plasmid or using recA- hsts is 
advantageous). 
- Copy number can also depend on translation due to RNA I. (Figure 8.2.) 
 

 

Figure 8.2. The role of RNA I and RNA II in the replication of plasmids. 
 

RNA II functions as primer in the course of replication. RNA I, as antisense 
RNA of RNA II, inhibits the replication. The Rop protein is responsible for the 
stability of the RNA I–RNA II complex; deletion of the rop gene results in 
increased copy number of the plasmid. RNA I is able to bind to certain empty 
tRNAs. Therefore, intensive translation can increase the copy number, which 
further enhances the translation resulting in waste production of abnormal 
proteins.  
 
Integrative vectors:  
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They do not contain the origin of replication, or the origin of replication can 
be inactivated (e.g., by heat). Due to homologues recombination, they can be 
integrated into the chosen part of the genome. The successful integration 
guarantees the stability of the vector in the host organism.  
 

 

Figure 8.3. Integration based on levan sucrase selection. 
 

The integration vector contains heat sensitive origin of replication, the 
sucB gene (encoding levan sucrase) and the expression cassette bordered by 
homologue sequences (Figure 8.3.). After transformation, cells containing the 
vector are selected with the marker gene of the expression cassette. At higher 
temperature (the plasmid is unable to replicate) only those cells survive where 
the vector is integrated into the genome. When colonies are transferred to 
sucrose containing medium (levan sucrase produces toxic compounds from 
sucrose) cells containing the sucB gene (single recombination happened) will die 
and only the cells originated by double recombination (no levan sucrase in the 
genome) will survive.  
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9. Heterologous expression II 
 
Heterologous expression in Gram-positive bacteria – prokaryotic 
heterologous secretion  
 

Advantages: Codon usage is different from E. coli, no lipopolysaccharide 
contamination, due to efficient (not periplasmic) secretion the risk of inclusion 
body formation or interference between expression and growth is smaller, 
purification the product is easier. 
Disadvantage: The yields are actually smaller than with the E. coli platform. 
 
Secretion in bacteria 
 
There are two secretory pathways (Sec- and Tat-pathway) in bacteria (Figure 
9.1.).  
 

 

Figure 9.1. Comparison of the Sec and the Tat secretory pathways. Sec-pathway: folding 
after translocation. Tat-pathway: folding before translocation 
 

 

Figure 9.2. Mechanism of the Sec-pathway. 
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Characteristics of the Sec-pathway (Figure 9.2.) 
The signal sequence of the newly synthesized peptide is recognized by the b-SRP 
protein. The complex binds to the b-SRP receptor (ftsY) and is moved to the 
secretion complex. The secA ATPase translocates the peptide via a channel 
formed by the secE, Y and G proteins (this process is supported by the secDF 
and yajC). Finally, the signal peptide is removed by a signal peptidase (SPase). 
The secretion highly depends on how efficiently secA, Y and E recognize the 
secreted protein.  
 
Properties of the Tat-pathway: 
- Uses different signal peptide from the Sec-pathway; and generally does not 
recognize signal peptides of other species.  
- Translocates only properly folded proteins.  
- Only little information is available on its mechanism: The tatB and tatC proteins 
recognize the signal peptide and tatA proteins form a channel (in the present of 
H+ gradient) around the secreted protein and let it move across the membrane.  
When the folding of a protein is not efficient in the extracellular side the Tat-
pathway can be a promising alternative solution.  
 
Advantage of the Sec-pathway: Disulphide bond formation is possible (since the 
extracellular chaperon system is not well-known, thus improving the folding by 
overexpression of chaperons is not possible). 
Advantage of the Tat-pathway: Disulphide bond formation is not possible but 
overproduction of intracellular chaperons can enhance the efficiency of folding. 
 
The Staphylococcus carnosus expression platform 
 
Staphylococcus carnosus is an apathogen, weak proteinase producer Gram-
positive bacterium commonly used for meat fermentation in the food industry. 
 
Parts of the expression platform: 
- host cells: S. carnosus recA- strains 
- origin of replication: generally origin of replication from S. aureus plasmids are 
used (E. coli origin of replication does not work in Gram-positive bacteria).  
- marker gene: resistance marker genes (generally from the E. coli platform)  
- expression cassette (Figure 9.3.) 
 

 

Figure 9.3. Structure of the S. carnosus expression cassette. 
 
Promoter: S. hyicus lipase (constitutive) promoter or S. xylosus xylose operon 
promoter (induced by xylose, repressed by glucose). Signal peptide (SP): from 
S. hyicus lipase gene – it allows very efficient Sec-type secretion. Propeptide: 
from S. hyicus lipase gene – it enhances the efficiency of secretion and protects 
against proteolytic (membrane and cell wall proteases) degradation. (A special 
protease removes it from the mature protein.). Cell wall anchor sequence (CWA): 
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from S. aureus protein A gene or fibronectin binding protein gene. It allows the 
newly synthesized protein to bind covalently to the cell wall (cell surface display). 
 
Yeast expression platforms  
 
Advantages: 
- Protein glycosylation is possible (however, it differs from those in human). 
- Disulphide bond formation is not limited. 
- Secretion to the fermentation broth is possible.  
- Auxotrophic marker genes are widely distributed. 
- There is no lipopolysaccharide contamination. 
- Less unexpected incompatibility problems occur when eukaryotic genes are 
expressed. 
- Almost as cheap and fast systems as the prokaryotic platforms. 
 

 

Figure 9.4. Representative N-glycoside oligosaccharides of Saccharomyces cerevisiae and 
Pichia pastoris. 
 
Yeasts recognize the same sequence to mammalian cells (Asn-x-Ser.Thr) and the 
core oligosaccharide (shadowed area) developed in the ER lumen is also the 
same. Further maturation of oligosaccharides differs from mammals and very 
variable even among yeasts (Figure 9.4.). Due to the long mannan chains typical 
of S. cerevisiae (hypermannosylation) proteins produced in this yeast are 
strongly antigenic. Long mannan chains can also inhibit the proper folding of the 
protein. In Pichia pastoris no hypermannosylation was observed, but the terminal 
α-1,3-mannose (important in human proteins) is also missing.  
 
The Saccharomyces cerevisiae platform – the first eukaryotic expression 
platform  
1. Origin of replication and alternative solutions  
Origin of replication from the 2μm yeast plasmid is used which results in high 
copy number of plasmids. On an industrial scale, fermentations integrative 
vectors are preferred (these vectors are stable among nonselective conditions).  
Increasing the copy number in the case of integrative vectors: 
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- The expression cassette contains several copies of the gene. 
 - S. cerevisiae genome contains 200 rDNA and 400 dDNA (retrotransposon 
DNA). With integrative vectors designed into these sequences several integration 
events happen without affecting the viability of the cells.  
 

 

Figure 9.5. Artificial chromosomes – the alternatives of integration. 
 
Artificial chromosome (Figure 9.5): linear DNA containing telomere and 
centromere sequences. Artificial chromosomes (industrial application is under 
development) are suitable for the expression of large genes, the production of 
complex proteins encoded by more than one gene or for the easy introduction of 
a small gene in several copies into the host organism. 
 
2. Promoters 
Inducible, repressible or constitutive promoters of Saccharomyces cerevisiae or 
their artificial variants are used. E.g.,: acidic phosphatase promoter, alcohol 
dehydrogenase II promoter, alcohol dehydrogenase I promoter, triose-phosphate 
isomerase promoter, galactokinase promoter, methallothionein promoter. 
3. Transcription termination sequences 
The transcription termination sequences and the promoters are generally 
originated from the same gene.  
4. Signal peptide 
The signal peptide of the α-factor (mating protein) is used in most cases.  
5. Marker genes 
Auxotrophic marker genes are widely distributed. 
 
The Pichia pastoris expression platform 
 
Advantages compared to the Saccharomyces cerevisiae platform: 
- Very strong promoters are available. 
- This yeast prefers respiration to fermentation (better conversion rate, no 
ethanol production) 
- No hypermannosylation occurs.  
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1. Origin of replication  
A P. pastoris vectors do not contain yeast origin of replication (integrative 
vectors).  
 
2. Promoters and transcription termination sequences 
- AOX1 (methanol oxidase I) promoter: It can be induced by methanol and can 
be repressed by all the other carbon sources. (In the presence of limited 
methanol the amount of heterologous protein can rich the 30 % of the cell 
proteins, but there is no expression on other carbon sources.) 
- GAP (glycerinaldehide-3P dehydrogenase) promoter: It provides strong 
constitutive expression. 
- FLD1 (formaldehyde dehydrogenase) promoter: Strong promoter, it can be 
induced by methanol or methylamine. It works well on methanol as carbon and 
ammonia as nitrogen source or on glucose as carbon and methylamine as 
nitrogen source.  
 
The transcription termination sequences and the promoters are generally 
originated from the same gene.  
 
3. Marker genes 
Both resistance genes (e.g., kan – geneticin resistance; zeo - zeocin resistance; 
bsd – blasticidin resistance) and auxotrophic marker genes (e.g., his4 - histidinol 
dehydrogenase; arg4 - arginiosuccinate lyase; ade1 –amidoimidazol succino 
carboxamide synthase) are used.  
 
4. Signal peptide 
The signal peptide of the S. cerevisiae α-factor (mating protein) or the P. pastoris 
pho1 (extracellular acidic phosphatase) gene is used in most cases.  
 
5. The host cell 
- mut- and muts (methanol oxidase I and methanol oxidase I and II deficient) 
strains are used since they offer efficient expression (the intensive methanol 
oxidase production does not interfere with the expression and cells do not utilize 
the methanol added as inducer to the medium.  
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10. Heterologous expression III 
 
Heterologous expression in mammalian cells 
 
Advantages: posttranslational modifications are very similar to those in human 
cells. Disadvantages: low yields, long fermentations, expensive technology  
 
1. Cell lines 
Cells growing (relatively) fast and to high density as well as being capable of 
efficient transformation are used (e.g., CHO - chinese hamster ovary – cells, BHK 
- baby hamster kidney – cells, NS0 – mouse myeloma - cells). 
 
2. Promoters and other sequences helping the efficient transcription and 
translation  
- Promoters originated from viruses, mammalian or avian cells can be suitable. 
E.g.,: RSV (Rous sarcoma virus), SV40 (Simian vacuolating virus 40), or human 
CMV (cytomegalovirus) promoters; human ubiquitin C and eIF 4A1 as well as 
chicken β-actin promoters. 
- Polyadenylation site can also be originated from viruses (e.g., from SV40), or 
from mammalian cells (e.g., from the bovine growth factor gene).  
- Introduction of an intron into the cDNA (downstream or upstream of start 
codon) can be beneficial for the stability, maturation, transport and 
translatability of the mRNA. Generally, the first intron of the original gene of the 
applied promoter is used.  
- Signal peptide: The signal peptides of human genes to express generally work 
well in mammalian cells.  
 
3. Marker genes 
Prokaryotic antibiotic resistance genes - antibiotic has a toxic effect even on 
mammalian cells - can be used (e.g., neomycin, puromycin resistance genes), 
however, auxotrophic marker genes (e.g., dhfr - dihydrofolate reductase gene, 
gs – glutamine synthase gene) work better.  
 
4. Integrative, replicative vectors  
Episomal vectors: 
At the moment, they are suitable only for transient expression, which is used for 
testing the construct (vector) and the product.  
Episomal vectors are virus originated vectors and usually consist of: 
- origin of replication from mammalian viruses (e.g., from SV40, BPV – bovine 
papilloma virus)  
- genes needed for the replication of the vector (e.g., SV40 large T antigen, BPV 
E1.E2) 
- MAR sequences for stable nuclear localization of the vector 
 
Integrative vectors: 
They are commonly used for industrial production (Figure 10.1). The probability 
of non-homologous recombination is much higher than that of the homologous 
one. The productivity and stability of the transformants highly depend on the 
location of the expression cassette. Generally, there is no correlation between 
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copy number and the yields. In most cases, integration of one expression 
cassette (containing one copy of the gene) into the genome is the best solution.  
 

 

Figure 10.1. Position-mediated expression enhancement – functionalized cells. 
 
1. Cells are transformed by the construct A. The construct contains: marker gene 
with promoter for checking the transformation; reporter gene with promoter for 
testing the efficiency of the expression (highly depends on the location of the 
construct); FRT3 and FRT5 sequences bordering the two genes (for directing the 
second transformation; these sequences are recognized by the Saccharomyces 
cerevisiae flp recombinase); marker gene (without promoter) for checking the 
second transformation. 2. The best transformant (after a long screening) is 
chosen for the second transformation. This cell is called functionalized cell. 
3. The functionalized cells are transformed with the expression vector (B). This 
vector contains the gene for expression with the appropriate promoter and a 
second promoter bordered by the FRT3 and FRT5 sequences. Due to the double 
recombination mediated by co-transfection of an flb expressing plasmid, the 
expression vector is integrated into the FRT3-FRT5 location of the functionalized 
cells. The second promoter of the expression vector activates the marker gene 
(C) which allows us to isolate the transformants. 
 
Heterologous expression in plant cells 
 
Advantages: 
- almost as cheap as microbial platforms  
- plants have no endotoxins and human pathogen viruses  
- glycosylation (and other posttranslational modifications) is possible; N-
glycoside oligosaccharide side chains of proteins differ from mammals but less 
than in the case of yeasts (Figure 10.2.) 
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Figure 10.2. Representative plant N-glycoside oligosaccharides. 
 
Plants recognize the same sequence (Asn-Xaa-Ser/Thr) to mammalian cells or 
yeasts and the core oligosaccharide (shadowed area) developed in the ER lumen 
is also the same. However, further maturation of oligosaccharides differs from 
mammals. Main differences: plant oligosaccharides contain α-1,3-fucose instead 
of α-1,6-fucose and β-1,2-xylose instead of sialic acid.  
 
1. Cell lines used for production 
They can be originated from Arabidopsis thaliana, Catharanthus roseus, Taxus 
brevica or more frequently from domestic crops (tobacco, alfalfa, rice, tomato 
and in most case from soybean). 
 
2. Transformation with Agrobacterium tumefaciens 
Suitable for transforming shoot cells of Dicotyledonous plants. Virulent strains of 
Agrobacterium tumefaciens contain a plasmid (tumor inducing plasmid, Ti 
plasmid, Figure 10.3.); during the infection, a part of this plasmid integrates into 
the genome of the plant cells. 
 

 

Figure 10.3. Parts of Agrobacterium tumefaciens Ti plasmid. 
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T-DNA: A region bordered by special sequences. This part of the plasmid is 
integrated into the plant cell genome after Agrobacterium infection. It encodes 
genes for auxin, cytokinin and opine biosynthesis. Intensive auxin and cytokinin 
synthesis of the transformed plant cells is responsible for their uncontrolled 
division. This fast growing plant cells supply opines (small molecular weight 
secondary amines) as N and energy source for bacteria. Vir operon: virA (a 
receptor protein; this receptor recognizes the phenolic compounds produced by 
the hurt plant tissue), virG (it activates the vir operon after its phosphorylation 
caused by virA), virB (pilus forming protein; T-DNA enters the plant cell via this 
pilus), virC (T-DNA binding protein; it is responsible for nuclear location of T-DNA 
in the plant cell), virD1 and virD2 (endonucleases, they recognize the bordering 
sequences of the T-DNA and cut it from the plasmid). 
Opine operon: It contains genes for opine catabolism.  
 

 

Figure 10.4. Transformation with Agrobacterium tumefaciens. 
 
The bacterium strain used for transformation contains two plasmids (Figure 
10.4), one carrying the Vir operon and genes required for transformation, the 
other carrying the sequences bordening the T-DNA and the genes to be 
trasduced.  
3. Promoters and other useful sequences  
- Virus, plant and Agrobacterium promoters are used (e.g., CaMV – cauliflower 
mosaic virus - 35S promoter, maize ubi1 – ubiquitin - promoter, rice α-amylase 
promoter) 
- The polyadenylation sites and the promoters are often originated from the 
same gene.  
- Introduction of an intron into the cDNA (downstream or upstream of start 
codon) can be beneficial for the stability, maturation, transport and 
translatability of the mRNA. Generally, the first intron of the original gene of the 
applied promoter is used.  
- Signal peptide: The signal peptides of human genes to express or signal 
peptide from the rice α-amylase or tobacco PR1 gene are used.  
Cell wall represents a strong physical barrier of secretion. Generally proteins, 
smaller than 20 kDa, can diffuse across the cell wall. Beside of the attachment to 
cell wall, proteolytic degradation is another serious problem. By the addition of 
inhibitors (expensive) or gelatin as an alternative substrate of proteinases (not 
efficient enough) as well as by using rise cells (rice cells produce only few 
extracellular proteinases) this problem can be controlled.  
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Heterologous expression in insect cells  
 
According to its advantages and disadvantages these platforms are between the 
yeast and mammalian expression systems: The posttranslational modifications in 
insects are quite similar to those in mammalian cells, the yields are comparable 
with yeast, but the insect platforms are more expensive than the microbial ones 
(but not so much as the expression in mammalian cells).  
 

 

Figure 10.5. Representative insect N-glycoside oligosaccharides. 
 
Insects recognize the same sequence as other eukaryotes (Asn-Xaa-Ser/Thr) and 
the core oligosaccharide (shadowed area) developed in the ER lumen is also the 
same (Figure 10.5). However, further maturation of oligosaccharides differs from 
mammals. The main difference is the lack of sialic acid (but they have α-1,6-
fucose side chain in contrast to plants where N-glycosides contains α-1,3-fucose 
side chain) In contrast to Saccharomyces cerevisiae there is no 
hypermannosylation.  
 
The baculovirus-insect cell expression platform: 
The vector is developed from the circular dsDNA of AcNPV (Alfalfa Looper - 
Autographa californica - baculovirus). The DNA of BmNPV (domesticated silkmoth 
- Bombyx mori - baculovirus) is also suitable for this purpose. 
 
The modified viral genome (bacmid) contains the following non-viral sequences:  
- E. coli origin of replication (shuttle vector). It provides small copy number 
which is essential for proper replication of the vector in the bacterium.  
- kanamycin (or other bacterial) resistance gene 
- LacZα gene and a Tn7 (mini-attTn7) transposon sequence attached to its 5’ end 
(blue-white selection)  
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Expression cassette: cDNA of interest with a strong baculovirus promoter 
(polyhedrin promoter, p10 promoter), polyA site (e.g., from SV40) and with His-
tag or glutathione-S-transferase tag for easy detection and purification.  
 

 

Figure 10.6. Integration of expression cassette into the bacmid. 
 
1. E. coli cells containing the bacmid are transformed by the donor plasmid and 
the helper plasmid (Figure 10.6). The donor plasmid contains the expression 
cassette bordered by Tn7 sequences (Tn7R and Tn7L; recognized by Tn7 
transposase). The helper plasmid encodes the transposase.  
2. Due to the transposase activity the expression cassette (donor plasmid DNA 
bordered by the Tn7 sequences) integrates into the Tn7 target sequence of the 
bacmid. This integration disrupts the lacZ (beta-galactosidase) gene, therefore 
the transformant remains white after X-Gal staining. Virions isolated and purified 
from these cultures are used for high volume and efficient transformation of 
insect cells (Sf or Tn cells from Spodoptera frugiperda - Fall Armyworm - and 
Trichoplusia ni - Cabbage Looper -, respectively) before industrial production.  
 
In the baculovirus-insect cell, expression platform cells must be transformed 
before fermentations. Insect platforms based on stable transformed insect cells 
are under construction for industrial scale extracellular production.  
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11. Protein engineering 
 
Protein engineering – the process of developing new enzymes or other proteins 
with novel or desired functions.  
Strategies and approaches of protein engineering research 
De novo design – it means the design and construction of a completely new 
protein  
Rational design – it is based on planned changes in the gene of the protein 
Directed evolution – it is based on random mutagenesis/recombination of 
gene(s) and selection of the best variants.  
 
De novo design 
To design and construct a synthetic protein using the information on the 3D 
structures of natural protein accumulates and folding rules of proteins (Figure 
11.1) 
 
An amino-acid sequence is designed, which has the planned 3D structure. This 
process is based on the knowledge of sequences of natural proteins with well-
known 3D structures and on the rules and thermodynamics of folding. The rough 
sequences are tested in silico and further changes are made if it is necessary. 
Finally, the protein/peptide is synthesized in vitro or its gene is synthesized and 
the protein is produced by heterologous expression.  
 

 

Figure 11.1. Impact of de novo protein design. 
 
Using de novo protein design, we can develop proteins with completely new 
functions (Figure 11.2). These proteins can be further improved by rational 
design, or directed evolution techniques.  
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Figure 11.2. Structure of a protein developed by de novo protein design.  
 

 

Figure 11.3. Receptor tyrosine kinase (RTK) – mechanism of action. 
 

Ligand binding of a growht factor can help the oligomerization of the 
receptor (Figure 11.3). As a consequence of enhanced oligomeriztion, the 
intacellular kinase domain can easily trans-phosphorylate each-other and may 
promote intracellular signaling by enabling binding of intracellular proteins to the 
phosphorylated regions.  
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Figure 11.4. Synthetic growth factors.  
 
The 3D structures of ligand and receptor can help the design new sequences. 
Using phage display library (or other suitable techniques) new receptor 
recognizing sequences can be easily identified. Oligomerization scaffold: Can be 
a Cys-containing chain which by forming disulphide bridge can bind ligands.  
The coiled-coil domain of the pentameric COMP (cartilage oligomeric matrix 
protein) or the “leucine zipper” of dimeric c-Jun protein can also be used. Linker 
region: Its appropriate length and flexibility is essential for optimal working of 
the synthetic ligand. The best sequences are usually chosen after empirical 
testing of several candidates. 
 
Rational design 
 
To improve the stability, biological activity and other properties of the protein 
small planned changes are made in its gene.  
 
Some routinely realizable changes:  
1. Creating new disulphide bonds to stabilize the structure.  
2. Replacing heat labile Asn and Gln with e.g., Thr or Ile to increase heat stability 
of the protein.  
3. Eliminating Cys residues from the surface (replacing them with e.g., Ser) to 
inhibit the aggregation (formation of intermolecular disulphide bonds).  
4. Altering protease cleavage sites to prevent proteolytic degradation.  
 
The more sophisticated changes need detailed knowledge of the structure-
property relationship.  
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Figure 11.5. Development of receptor-specific peptide hormones. 
 
Human growth hormone can bind both to growth hormone receptor and 
prolactine receptor. Using site directed mutagenesis, scientist thoroughly 
mapped the receptor binding domain of the hormone in order to design receptor 
specific hormone variants (Figure 11.5). A: Substitution of the marked amino-
acids with Ala decreased (●) or increased (○) the receptor binding activity of the 
hormone. B: Substitution of the marked amino-acids with Ala decreased 
prolactine receptor (□) or growth hormone receptor (■) binding activity of the 
hormone. Substitution of certain amino-acids (▲) completely eliminated the 
receptor binding activity of the hormone. Using the collected data, scientists 
designed hormone variants which could bind specifically to only one receptor.  
 
Mutations are created by site-directed mutagenesis. Several well developed 
techniques are known. The most frequently used ones are the PCR based 
methods (Figure 11.6). 
 

 

Figure 11.6. PCR based site directed mutagenesis. 
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The plasmid DNA is amplified in PCR. Using appropriate primers deletion, 
insertion, or point mutation (substitution) can be created. To facilitate ligation 
and transformation phosphorylated primers are used. 
 
Directed evolution  
 

 

Figure 11.7. Directed evolution. 
 

In directed evolution (Figure 11.7) mutations are introduced randomly into 
a gene or homologue genes are randomly recombined. The library developed 
thereby is expressed in an appropriate host and all the proteins produced by the 
transformants are examined. The gene encoding the best protein is further 
mutagenized or recombined with homologue genes and the new versions are also 
tested. These cycles are repeated several times until the property aimed at has 
been developed. 

The main advantage of this technique is that the researcher does not need 
to know the mechanism of the desired activity in order to improve it, it is only 
the gene(s) that should be available. Most of the steps (e.g., the screening of the 
library) can be automated. 

Phage/cell display libraries are commonly used to find the best variants. In 
these techniques, the binding of the mutant/recombinant proteins to antibodies, 
antigens, substrates, ligands, inhibitors, receptors etc. can be tested among very 
different conditions and in the presence of very different compounds. 

Several methods are used for random mutagenesis: error-prone PCR, 
application of degenerate primers, mutator strains as well as using mutagens (pl. 
ethyl methanesulfonate, nucleotide analogues) in vivo or in vitro (in PCR). 

Several methods exist for random recombination: DNA Shuffling (Figures 
11.8-9), CLERY (Combinatorial Libraries Enhanced by Recombination in Yeast), 
StEP (Staggered extension process), ITCHY (Incremental truncation for the 
creation of hybrid enzymes), SHIPREC (Sequence Homology Independent Protein 
Recombination, Exon shuffling) 
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Figure 11.8. DNA Shuffling 1. 
 

Two or more homologues of a gene are digested by the same restriction 
endonuclease. The digested DNAs are mixed and ligated. The randomly ligated 
DNA fragments are cloned into expression vectors.  
 

 

Figure 11.9. DNA Shuffling 2. 
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Two or more homologues of a gene are digested partially by a DNase. DNA 
fragments are randomly reconstructed in PCR. (Primers are not added to the PCR 
reaction therefore complementary homologue sequences function as primers.) 
Primers designed for the original ends of the genes are used to amplify the most 
“meaningful” variants.  
 

 

Figure 11.10. Staggered extension process (StEP).  
 

 

Figure 11.11. Exon shuffling. 
 

 
In StEP Figure 11.10) two homologus genes are amlified by PCR using 

appropriate primers in one reaction (A) using extremely short time for 
elongation. Therefore each cycle produces only short products (B) that can serve 
as primers in the next steps. Due to the homology thay can bind to both 
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templates (C). After sufficient number of amplification steps (D) recombinant 
products are formed randomly (E).  

In exon shuffling (Figure 11.11), domains of homologue genes are 
amplified separately in PCR using a mixture of chimera primers. One part of the 
chimera primer is complementary to the amplified domain, while the other part is 
complementary to the homologue of the neighboring domain. This way, all PCR 
products are mixtures of one domain with several ends. Using these mixtures in 
a PCR reaction without any primers, genes containing domains from different 
homologues can be developed.  
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12. Production of human therapeutic proteins 
 
Biopharmaceuticals  
 

Biopharmaceuticals – compounds produced by using biotechnology, used 
for (human) therapeutic or in vivo diagnostic purposes. They are proteins (e.g., 
antibodies, hormones, enzymes) or nucleotides (DNA, RNA, antisense 
oligonucleotides).  
 
Typical examples of protein biopharmaceuticals:  
- blood factors (e.g., Factor VIII and IX) 
- peptide hormones (e.g., insulin, glucagon, growth hormone, gonadotropins) 
- haematopoietic growth factors (e.g., erythropoietin, colony stimulating factors) 
- tissue plasminogen activator  
- interferons (interferon-α, -β, -γ) 
- interleukines (e.g., interleukin-2) 
- virus vaccines (e.g., vaccines against Hepatitis B virus) 
- monoclonal antibodies 
- tumor necrosis factor 
- therapeutic enzymes (e.g., enzymes helping digestion, DNase I, urate oxidase, 
α-galactosidase) 
 
The two main aims of developing new biopharmaceuticals: 
- Developing medicines for treating diabetes, haemophilia, myocardial infarction, 
various cancers and other diseases, which are the major causes of death in the 
“Western World”.  
- Developing medicines against infectious diseases having global significance 
(e.g., Hepatitis B and C). 
 
Production of human therapeutic proteins: 

Most of them are produced by heterologous expression using mammalian 
cell, insect cell, or less frequently yeast or E. coli platforms. Transgenic animals 
or plants are also applied. 
 
Classical and alternative possibilities for producing human therapeutic proteins: 
 
1. Isolation from the natural source 
- The availability of the natural source is restricted. 
- The natural source usually contains the protein in small amounts; purification is 
difficult. Application of proteins originated from non-human sources is 
problematic due to their high antigenicity.  
- The risk of virus or pathogen contamination is high.  
 
Examples:  
Insulin – isolation from pig or cattle pancreas (they differ from human insulin in 
1 and 3 amino-acids, respectively) 
albumin, Factor VIII – isolation from expired blood plasma  
human growth hormone – isolation from human hypophysis originated from dead 
bodies  
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calcitonin – isolation from ultimobranchial gland of salmon. (Its activity is better 
than that of the human calcitonin, therefore salmon calcitonin is also produced 
by heterologous expression.) 
antivenom antibodies – isolation from blood of animals (rabbit, sheep, goat, 
horse) treated with venom (snake, insect) 
 
2. Production by human tissue cultures  
Very expensive, the culture stability and productivity is often low, the risk of 
virus contamination is high.  
 
3. In vitro peptide synthesis (solid phase peptide synthesis) 
Recently, it is suitable for producing small peptides (e.g., peptide hormones), 
however in the future synthesis of longer peptides/proteins can also be 
economic.  
Examples: vasopressin (9 amino-acids), oxytocin (9 amino-acids), calcitonin (32 
amino-acids) 
 
Production of insulin  
 
Possibilities for production of insulin: 
- In vitro peptide synthesis (not economic due to its 51 amino-acid length) 
- Human cell cultures (β-cell cultures from Islets of Langerhans). It is also 
uneconomical due to the instability and low productivity of these cultures.  
- Isolation from animal (pig, cattle) pancreas. 
- Production with transgenic animals (e.g., cattle, goat, sheep – insulin is 
secreted into the milk). 
- Production with transgenic plants (e.g., Carthamus tinctorius) (It is under 
development.) 
- Using heterologous expression platforms (E. coli or yeast platforms). 
 

 

Figure 12.1. Insulin. 
 

Insulin is a polypeptide consisting of 51 amino-acids (Figure 12.1); the A 
chain (21 amino-acids) and the B chain (30 amino-acids) are connected to each 
other via disulphide bridges. Insulin is produced and stored as a hexamer, while 
the active form is the monomer presented in Figure 12.1. 
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The problem of heterologous expression in E. coli:  
The cDNA of insulin encodes this hormon in preproinsulin form. The 

maturation of the prepro-protein (formation of the three disulphide bridges, 
proteolytic digestion of the proinsulin) is not possible in prokaryotes.  
 
Solution:  
- The A and B chains are produced independently in two E. coli systems. To 
achieve better stability and easier purification, both peptides are produced as β-
galactosidase fusion proteins.  
- The A and B chains are liberated from the fusion protein, then they are reduced 
(to eliminate disulphide bridges if formed), mixed and oxidised (to create the 
three disulphide bonds). 
 
In yeast cells, the formation of the disulphide bonds is efficient; however, the 
proteolytic digestion of proinsulin is not possible. In this case, proinsulin is 
produced and the purified proinsulin is digested in vitro with trypsin.  
 
Protein engineering of human insulin: 
Development of long-acting or rapid-acting products.  
Insulin is produced and stored in hexamer form in the body, however the 
monomer shows only biological activity. Enhancing of the hexamer forming 
property of insulin increases the half-life of this protein in the blood plasma 
(long-acting insulin). In this case, the monomer is slowly but continuously 
liberated from the hexamer presenting at high level in the plasma. Decreasing 
the stability of the hexamers results in a rapid-acting drug. In this case, the 
monomer concentration of the plasma increases very quickly after injection.  
For example: Replacing Asp at position 21 with Gly in the A chain and addition of 
two Arg to the C-terminus of the B-chain (insulin glargine) increases the stability 
of the hexamers. This modified insulin provides stabile monomer concentration in 
the plasma for 24 h. In contrast, replacing Asp at position 3 with Lys and Lys at 
position 29 with Glu in the B chain (insulin glulisine) inhibits hexamer formation. 
Most of this modified insulin presents in the plasma as a monomer, therefore it is 
suitable to enhance rapidly the biological effect of this hormone (Figure 12.2).  
 

 

Figure 12.2. Pharmacokinetic properties of different insulin variants. 
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Insulin glargine: The A chain contains Gly at position 21, and two Arg were 
added to the C terminus of the B chain. 
NPH-insulin: Human insulin formulated with protamine. Insulin detemir: The C 
terminal Thr was eliminated from the B chain and myristic acid was added to the 
new Lys C terminus. 
Insulin glulisine: B chain contains Lys at position 3 and Glu at position 29. Insulin 
aspart: B chain contains Asp at position 28. Insulin lispro: B chain contains Lys at 
position 28 and Pro at position 29. 
 
 
Production of Hepatitis B virus vaccine 

Hepatitis B virus (Figure 12.3) is a member of the hepadnaviridae family 
together with other similar viruses infecting mammals and birds. It is endemic in 
many parts of the world (e.g., in China); there are more than 2 billions who have 
had contact with the virus and there are more than 350 million chronic carriers of 
the virus, most of them in Africa and Asia. 
 

 

Figure 12.3. The hepatitis B virus. 
 

The virion contains a partially double-stranded DNA genome. Its own DNA 
polymerase has reverse transcriptase (RT), RNase (RNAse H) and priming (Pri) 
activity as well. Its nucleocapsid consists of HBc proteins. The outer envelope 
contains three proteins with overlapping sequences (SHBs, MHBs and LHBs). PK: 
Protein kinase from the host organism.  
 



 

96 The project is funded by the European Union and
co-financed by the European Social Fund.

 

 

Figure 12.4. Simplified life cycle of Hepatitis B virus. 
 

The virions gain entry into the host cell probably by endocytosis (Figure 
12.4). After uncoating, the partially double stranded DNA enters the nucleus 
where it makes fully double-stranded DNA and is transformed into covalently 
closed circular DNA (cccDNA), which serves as a template for transcription of 
pregenomic RNA and viral mRNA. Envelope proteins get incorporated into the ER 
membrane and the core proteins bind the pregenomic RNA. After reverse 
transcription of pregenomic RNA to DNA and assembly of the virion, virions 
together with subviral particles (small membrane vesicles containing viral 
envelope proteins) are secreted.  
 
According to its genome sequence, 8 genotypes (A-H) have been identified 
(Figure 12.5).  
 

 

Figure 12.5. Geographic distribution of hepatitis B genotypes. 
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The newly described G genotype has been isolated in the USA and France, 
while the H genotype originates from South and Central-America. 
The active immunization is generally based on HBs-antigenes. (SHBs, MHBs, 
LHBs, HBc-Ag, or combination of HBs and HBc antigenes are also used.) 

Hepatitis B virus cannot be propagated in vitro, therefore HBs-Ag is 
produced by heterologous expression in yeasts (Saccharomyces cerevisiae, 
Hansenula anomala, Pichia pastoris). 
 

 

Figure 12.6. The expression vector of Hansenula polymorpha. 
 

The adw2 and adr type SHBsAg-s are produced by Hansenula polymorpha. 
The vector used for transformation contains the cDNA of the antigen with MOX 
(methanol oxidase) or FMP (formate dehydrogenase) promoter (both are strong 
promoters from H. polymorpha and can be induced by methanol) and with MOX 
transcription termination sequence (Figure 12.6). The vector also contains the 
HARS1 sequence (autonomously replicating sequence of H. polymorpha), the 
URA3 marker gene (orotidine-5'-phosphate decarboxylase gene from 
Saccharomyces cerevisiae complementing uracil auxotrophy) and as shuttle 
vector chloramphenicol resistance gene (chl) and E. coli origin of replication (ori) 
as well. After transformation cells are grown on selective, then on non-selective 
(induction of plasmid loss) and again on selective media. This process is repeated 
several times and finally cells containing the integrated vector at several copies 
(up to 60 copies) can be isolated. These cells produce membrane vesicles 
containing the SHBsAg.  
 
Production of monoclonal antibodies 
 
- using murine (mouse, rat) antibodies – they are less efficient than the human 
antibodies and they are also antigenic.  
- using chimeric or humanized antibodies (murine variable part with human 
constant part) – they are less allergenic but they are less effective as well. (Their 
efficiency can be/should be improved by protein engineering.) 
- Production of human antibodies 
 
The whole antibody or only the Fab region is produced. 
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Advantages of Fab production: small size, simple structure (production even in E. 
coli), strong affinity to antigenes without inducing the immune system. 
 
Production of antibodies:  
- isolation from blood (not typical) 
- production by hybridomas (the classical way) 
- production by transgenic plants, animals or more frequently by heterologous 
expression  
 
Problems of heterologous expression (e.g., production of two chains, making 
disulphide bonds, creating the appropriate 3D structure) and solutions are similar 
to those of the heterologous production of other proteins.  
 
Isolation of the gene: 
- From hybridomas producing the monoclonal antibody  
- From B-cells (finding the gene encoding the desired antibody – phage display 
library) 
- exon shuffling (creating an artificial antibody library and searching for the 
desired antibody by phage display system)  
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13. Production of human therapeutic enzymes 
 
Urate oxidase 
 
The enzyme participates in the degradation of purine bases catalyzing the urate 
– 5-hydroxyisourate conversion (Figure 13.1). 
 

 

Figure 13.1. Urate oxidase (uricase or urate oxygen oxidoreductase). 
 

Degradation of purine basis is part of the normal cellular turnover. It is 
also necessary for dietary ingestion of nucleic acids and it is very important in 
nucleic acid degradation following major cellular trauma (e.g., crushing injuries 
and burns) or following chemotherapy. 

In the absence of urate oxidase cells produce urate (instead of ureate) and 
transport it to the plasma. From the plasma, it is secreted into the urine 
(hyperuricemia). Chronic increase of urate in the plasma is responsible for gout. 
An acute increase in plasma levels (e.g., after chemotherapy) results in acute 
renal failure due to the precipitation of urate in renal tubules.  

Urate oxidase treatment is used for preventing acute hyperuricemia in 
urate oxydase deficient patients in the course of chemotherapy. 5-
hydroxyisourate is instable and form water-soluble allantoin spontaneously. 
Therefore, to prevent acute renal failure it is enough to degrade urate in the 
plasma and urate oxidase does not need to enter the cells  
 
Production of urate oxidase 
 

Generally Aspergillus flavus urate oxidase is used in the therapy. This 
enzyme is produced by heterologous expression platform of Saccharomyces 
cerevisiae. Homologous expression with A. flavus is not suitable due to the 
intensive mycotoxin production. 

 
 
Parts of the expression vector: 
- E. coli origin of replication and amp (ampicillin) resistance gene (shuttle vector) 
- ARS and STB sequences from 2 μm plasmid of S. cerevisiae (ARS – origin of 
replication; STB – sequence responsible for mitotic segregation. The three 
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proteins needed for mitotic segregation are encoded by their own 2 µm plasmid 
of the host cells.) 
- leu2 marker gene with a weak promoter (due to the weak promoter high copy 
number is needed for efficient complementation)  
- A. flavus urate oxidase cDNA with an artificial promoter developed from gal7 
(galactokinase) and adh2 (alcohol dehydrogenase II) promoters (it is repressed 
by glucose and induced by galactose) and with gal7 transcription termination 
sequence. Some codons in the cDNA have been changed empirically in order to 
increase the stability of the mRNA.  
- Signal peptide is not used; the product is accumulated intracellularly. 
(Purification of the enzyme is more complicated but intracellular production 
prevents hypermannosylation, typical for S. cerevisiae.) 
 
- In the first part of the fermentation, cells are grown on glucose (glucose 
represses the heterologous production). After glucose depletion, a fresh medium 
containing ethanol (as carbon source) and galactose (as inducer) is added in a 
fed-batch system In the absence of glucose and in the presence of galactose 
cells accumulate urate oxidase.  
 
Human α-galactosidase 
 

Human α-galactosidase is a lysosomal enzyme. It hydrolyses α-D-
galactoside bonds, which is the first step of the glycolipid degradation. Human α-
galactosidase is a 100 kDa, homodimer glycoprotein. The two protein chains are 
not bound to each other covalently but their structures are stabilized by 
disulphide bridges. The enzyme has three N-glycoside side chains, which are 
essential not only for the stability and the proper folding of the enzyme, but they 
also determine the intracellular localization of the protein.  
 

 

Figure 13.2. Human α-galactosidase. 
 
In the absence of α-galactosidase, glycolipides (mainly globotriaosylceramide, 
GL-3) are accumulated in the lysosomes of many cell types throughout the body. 
GL-3 accumulation in the vascular endothelium results in renal, cardiac, and 
cerebrovascular complications (Fabry’s disease). 
 
The disease can be efficiently treated in most cases by replacing the defective 
enzyme. Thanks to its acidic pH optimum (and the absence of the sphingolipid 
activator protein B) α-galactosidase is not active in the plasma or in the 
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cytoplasma membrane. The oligomannose chains of the enzyme contain 
mannose-6P, therefore cells can take it up from the plasma and transport to 
their lysosomes.  
 
Production of the human α-galactosidase is established by CHO cells using 
bicistronic dihydrofolate reductase expression system. The good producer cell 
lines produce this enzyme extracellularly (after a transient accumulation in the 
lysosomes), which makes the purification process easy and efficient. 
 
Human glucocerebrosidase (acid β-glucosidase, β-D-glucosyl-n-
acylsphingosine glucohydrolase) 
 
 
Human β-glucocerebrosidase is a lysosomal enzyme. It is involved in the 
degradation of glucolipides and catalyses glucosylceramide hydrolysis forming 
glucose and ceramide. 
 

 

Figure 13.3. Human glucocerebrosidase. 
 

The deficiency of its gene results in the accumulation of glucosylceramide 
in macrophages of the reticular endothelial system, which leads to Gaucher 
disease. Manifestations of the disease include hepatosplenomegaly, 
hematological and skeletal abnormalities and are consequence of 
glucosylceramide accumulation in liver, spleen, and bone marrow.  

The disease can be efficiently treated in most cases by replacing the 
defective enzyme. 
 
Production of the enzyme 
Isolation from human placentas 
- 20,000 placentas are needed to treat 1 patient for 1 year 
- Thanks to the human origin, a higher level of host protein impurities is allowed. 
(The co-purified human proteins are not expected to be immunogenic) 
- Due to the hydrophobic character of the enzyme, it is extracted with organic 
solvents, which also decrease the risk of viral contamination. 
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- The oligomannose chains of the enzyme do not contain mannose-6P, therefore 
only few enzyme molecules reach the lysosomes from the plasma. To solve this 
problem, a remodeling of carbohydrates is necessary (a combined 
neuraminidase, β-galactosidase and β-hexoseaminidase treatment proved to be 
efficient).  
 
Heterologous expression 
The production is established by CHO cells using bicistronic dihydrofolate 
reductase expression system. 
- High scale production is possible. 
- Due to the CHO (not human) host cells, a higher level of purity is required. 
- The enzyme produced by CHO cells has different oligosaccharide chains than 
the human enzyme and (luckily) remodeling of these oligosaccharides is not 
necessary.  
 
L-asparaginase 
 
L-asparaginase catalyses the Asn = Asp + NH4

+ hydrolysis. Leukemic cells unable 
to produce Asn, they take it up from the plasma. Decreasing the Asn content of 
the plasma therefore inhibits leukemic cells. (Asn starvation induces apoptosis by 
disturbing the balance between pro- and antiapoptotic processes.)  
 
The L–asparaginases of Escherichia coli, or of Erwinia chrysanthemi (a closely 
related species) are used in the therapy. 
 
Production of the enzyme: 
1. By classical “enzyme fermentation” (E. coli produces high amount of L-
asparaginase among anaerob conditions in the presence of amino-acids as N and 
C sources.) 
2. By homologous expression using E. coli expression platform (Better yields 
even among aerobic conditions)  
 
Due to its high antigenicity, the PEG-modified enzyme is used (smaller 
antigenicity, longer elimination half-life in the plasma).  
 
Human DNase I 
 
Cystic fibrosis is characterized by highly viscous and elastic mucus, especially in 
the lungs where inhaled pathogens are captured. The impaired airway secretion 
clearance promotes infection and inflammation. The inflammatory response is 
characterized by a massive migration of neutrophils into the mucus. DNA 
released from the degenerating neutrophils and pathogens increase the viscosity 
and elasticity of the mucus. 
 
Inhalation of DNase I (as aerosol or dry powder) can efficiently decrease the 
viscosity of the mucus, which is an important part of the therapy.  
 
Production of the enzyme: 
Industrial scale production is established by CHO cells using bicistronic 
dihydrofolate reductase expression system. Thanks to its own signal peptide, 
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human DNase is secreted to the medium, which makes the purification process 
easy and efficient. 
The enzyme contains several Asn and Gln residues which are deaminated easily 
inactivating the enzyme. It causes significant losses in the course of the 
production and purification. To decrease deamination during storage, the pH is 
kept acidic which enhances the aggregation of the enzyme. To inhibit 
aggregation the enzyme solution also contains Ca2+ at appropriate concentration.  
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14. Production of diagnostic enzymes 
 
Glucose oxidase (GOX) 
 

GOX is highly specific to β-D-glucose. It is unable to oxidize α-D-glucose, 
other hexoses or xylose. (In the case of β-D-mannose the enzyme activity is less 
than 3 % of those measured with β-D-glucose.) 
 

 

Figure 14.1. Reaction catalyzed by GOX (glucose oxidase). 
 

 

Figure 14.2. GOX – mechanism of action. 
 

The active enzyme contains a non-covalently bonded FAD (flavoprotein), 
which plays an important role in the catalysis. The enzyme, like several other 
flavoproteins, catalyzes a ping-pong Bi Bi reaction.  

GOX is produced mainly in traditional fermentation. The most important 
industrial species are Aspergillus niger and Penicillium amagasakiense. Gluconate 



Protein Biotechnology 

Identification number: 
TÁMOP-4.1.2-08/1/A-2009-0011 

105

 

(the product of the enzyme) formed in the course of the fermentation process is 
used for making detergents, in the food industry as sequestrant and in medicine  
for treatment of hypocalcemia (Ca-gluconate). Beside of GOX cells produce high 
amount of catalase. (Catalase protects cell from H2O2, the other product of GOX.) 
Catalase can be a valuable side-product but also important as a contaminant of 
GOX.  
 
Molecular biological way of strain improvement: 
- Increasing the copy number of the gene encoding GOX. 
- Inactivation of the proteinase genes (which are active in the course of the 
fermentation). 
- Inactivation of genes responsible for toxin production.  
- Developing pdaA- strains (They have pellet morphology, which improves the 
efficiency of mixing.)  
- Elimination of catalase production is not possible since the formed H2O2 is toxic 
for the cells. (Catalase hyperproducer strains can be valuable because they not 
only tolerate well the toxic H2O2 but also produce a high amount of O2 (from 
H2O2) which enhances the aeration of the cultures (as well as the induction of 
GOX).  
 

 

Figure 14.3. GOX is produced by batch, fed-batch fermentation in submerged cultures. 
 

Medium typically (e.g., in the case of A. niger) contains a huge amount of 
glucose (25-35 w.v %). Glucose functions as a C-source, energy source, inducer 
of GOX and precursor for gluconic acid. Due to the formed gluconic acid, it is 
necessary to add either NaOH or Ca(OH)2 solution to maintain the pH between 
4.5 and 6.5. (This pH range is suitable for the growth of the fungus, for the 
stability and production of GOX and for keeping gluconate in solution.) The 
dissolved oxygen concentration is kept at a high level by intensive mixing 
(turbomixer) and aeration with high pressure sterile air or oxygen. (Oxygen 
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functions as inducer of GOX, it is needed for gluconic acid formation and for the 
growth of the fungus.) The intensive mixing results in enhanced foam production, 
which is why it is important to add antifoam agents and apply foam breakers. 
The efficiency of mixing can be improved by forcing the fungus to grow in 
pelleted morphology.  
 
Alternative solutions for GX production:  
- Homologous expression: GOX- strains are transformed with the GOX ORF 
merged with a constitutive promoter (e.g., Aspergillus nidulans glycerol-
phosphate dehydrogenase – gpdA – promoter). These strains produce a high 
amount of GOX among very different fermentation conditions. In a glucose free 
medium, these strains do not produce a high amount of H2O2, they do not need 
catalase and therefore the gene of catalase can be eliminated. 
- Heterologous expression: Yeast platforms are used. A high amount of catalase 
free GOX can be produced in the course of a short fermentation process.  
 
Application of GOX:  
1. Food preservation – by production of H2O2, or by elimination of O2 (in this case 
GOX and catalase are used together). 
2. Decreasing glucose content of foods.  
3. Production of wine containing decreased amount of ethanol (decreasing 
glucose content of the must); increasing acid.ethanol ratio of wines (production 
of gluconic acid); preservation of wine (elimination of O2)  
4. Improving the properties of dough in bakery (the produced H2O2 forms 
disulphide or other bridges between gluten proteins)  
5. Gluconic acid production with immobilized GOX (bioconversion).  
 
6 Analytical applications 
Production of kits, biosensors for detection of glucose in blood or urine. They are 
suitable for detecting very small amounts of glucose (even 50-100 μM) from very 
small amount of sample (even 5-10 μl) very specifically.  
Kits: The H2O2 produced by GOX oxidizes a compound forming a well detectable 
dye. Biosensor: Electrons from glucose are transferred to an electrode (and not 
to O2) by the GOX. 
Multienzymic biosensors and kits: Beside of GOX they also contain a helper 
enzyme (e.g., invertase, α-glucosidase, β-galactosidase, racemase) therefore 
they are suitable for detecting other glucose containing compounds (e.g., 
sucrose, maltose, lactose, α-glucose).  
 
Galactose oxidase (GAOX) 
 
Beside D-galactose, GAOX can oxidize several other mono-, oligo- or 
polysaccharides as well as primary alcohols to aldehydes. Glucose, L-galactose 
and the secondary or tertiary alcohols are not substrates of the enzyme.  
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Figure 14.4. Reaction catalyzed by GAOX (galactose oxidase). 
 

 

Figure 14.5. GAOX – mechanism of action. 
 

The active enzyme contains Cu2+.Cu+ ion (“non-blue” copper oxidase), 
which plays an important role in the catalysis. The enzyme catalyzes a ping-pong 
Bi Bi reaction.  
 
Traditional production of GAOX: 

The extracellular GAOX producer Fusarium graminearum (Dactylium 
dendroides), Gibberella fujikuroi and G. zeae are used in the industry. In the 
course of the fermentation process, presence of Cu2+ (as a component of the 
active enzyme and also as an inducer) is essential. The production of the enzyme 
depends on the C-source. (Non-repressive C sources are beneficial.) Beside 
classical fermentation, heterologous expression is a good alternative solution for 
efficient production of GAOX.  
 
Application of GAOX:  
- Production of (GAOX containing or multienzymic) kits, biosensors used for 
detecting galactose, galactose containing oligosaccharides (e.g., lactose, 
raffinose, melibiose), galactose containing glycoproteids and glycosphingolipids, 
as well as dihydroxyacetone.  
- Detection of lactose in the food industry.  
- Detection of dihydroxyacetone; detection of galactosein the blood; 
detection.staining of galactose containing glycoproteids and disaccharides (Gal-β-
1,3-Gal-NAc) in the medicine.  
 
 
 
Cholesterol oxidase (ChOX) 
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ChOX catalyzes two reactions: cholesterol → cholest-5-en-3-on (oxidation) 

and cholest-5-en-3-on → cholest-4-en-3-on (isomerization). The enzyme has 
several substrates, all of which have a 3-β-hydroxyl group. 
 

 

Figure 14.6. Reactions catalyzed by ChOX (cholesterol oxidase). 
 
Traditional production of HrP: 

ChOX is produced in submerged cultures in the course of batch.fed-batch 
fermentation. Strains used in the industry are Rhodococcus equi, Nocardia 
cholesterolicum, Streptomyces and Brevibacterium species, as well as certain 
basidiomycetes fungi (e.g., Lentinus edodes, Oudemansiella radicate, Coprinus 
comatus, Auricularia polytricha). 

In the course of the production (Rhodococcus equi), cholesterol serves as 
the main C source and it functions as an inducer as well. In the case of species 
unable to grow on cholesterol as the sole carbon source, the medium also 
contains alternative carbon sources e.g., glycerol (Nocardia cholesterolicum), 
glucose or starch (Streptomyces species). The critical point of fermentation is the 
efficient induction, which depends on the concentration of dissolved cholesterol. 
Therefore, it is beneficial to add Tween 80 or isopropanol to the medium at 
subtoxic concentration. 

In the case of ChOX producing fungi medium contains soybean oil and 
glucose. After glucose depletion, ChOX production is induced by plant steroids 
present in soybean oil.  
 

Production of ChOX by heterologous expression: It is an efficient and 
commonly used method for production of ChOX from pathogenic or other 
“problematic” species or for production of ChOX developed by protein 
engineering.  
 
Application of ChOX: 
- Production of kits or biosensors used for detection of free or total cholesterol 
content of blood. When the aim is measuring the total cholesterol content, the 
kits.biosensors contain both ChOX and cholesterol esterase. 
- Detection of cholesterol in food (checking the cholesterol content of foods). 
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- Application in organic chemistry for semi-synthesis of certain compounds 
(bioconversion). 
 
Horseradish peroxidase (HrP) 
 
HrP is a 44 kDa iron containing hemoproteid from the root of the horseradish 
(Amoratia rusticana).  
 

 

Figure 14.7. Reaction catalyzed by HrP (horseradish peroxidase). 
 

HrP catalyses the following reaction: e- donor + H2O2 = oxidized donor + 2 
H2O. The enzyme can oxidize several e- donors. Oxidation of e- donors causing 
well detectable changes in the color or in the fluorescent activity has significant 
practical importance (e.g., gvajacol – tetragvajacol).  
 
The plant produces several isoenzymes (A-E). Among them, one of the 
isoenzyme C variants is produced in the industry.  
Traditional production: Isolation form roots of cultivated horseradish.  
Alternative solutions:  
- Isolation from GMO plants.  
- Production by horseradish hairy root cell cultures  
- Heterologous expression by insect cell or yeast platforms.  
 
Application of HrP (Figure 14.8): 
- Western Blot, ELISA, ELIFA etc. 
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Figure 14.8. Application of HrP in immunoassays. 
 

HrP is conjugated to (primary or more frequently secondary) antibodies, 
therefore the presence of antigenes can be detected due to thechange in color or 
the fluorescent activity.  
 
- Northen Blot, Southern Blot 

The DNA probe is biotinated (e.g., incorporation of biotin-11-dUTP) and 
the probe bond to the target sequence is detected by streptavidin, a protein 
produced by Streptomyces ovidinii (or by other biotin-binding protein). The well 
detectable signal is formed by HrP conjugated previously to streptavidin.  
 
- Degradation of toxic aromatic compounds with immobilized HrP in the presence 
of H2O2. (e.g., in sewage works). 
 
- Production of biosensors 
 

 

Figure 14.9. Biosensors based on HrP. 
 
HrP can be used for biosensors detecting hydrogen-peroxide or enzymes 
producing hydrogen-peroxide. 
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15. The application of therapeutic proteins. Possible 
administration, perspectives and future possibilities. The 
national and international requirements for protein 
therapeutic products 

 
In protein therapy, the concentration of those proteins is increased whose 

absence or low level leads to diseases. 
In the course of gene therapy, the insertion of the appropriate gene into the 

host genome can be problematic; the vector can induce toxic, immunogenic, 
inflammatory or even tumorigenic processes or can trigger immune responses. 
Some diseases affecting large populations (cardiovascular diseases, tumors) 
have complex pathomechanisms and cannot be associated with only one 
defective gene, thus gene therapy cannot be applied in these cases. 

Contrary to gene therapy in the course of protein therapy a well-designed 
protein in a proper amount is administered into the body and the effect is more 
well-defined. Targeting can be more problematic as the protein may be broken 
down or cleared from the body before its effect can be developed and side-
effects can also appear as it is possible that the therapeutic protein exerts its 
activity not only where it is supposed to, thereby causing  undesired side-effects 
(Figure 15.1.). 
 

 

Figure 15.1. Gene therapy versus protein therapy. 
 
The protein therapeutics can be: 

• Enzymes: digestion enzymes or other enzymes (like urokinase)  
• Clotting factors 
• Therapeutic antibodies 
• Antibody mimetics 
• Vaccines  
• Small peptide-based drugs – peptide hormons like insulin, glucagon 
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Application of enzymes for therapeutic purposes 
Enzymes are used for treating enzyme-deficiencies in the body. In many 

cases the different digestion enzymes (such as trypsin, lipase, and amylase) 
need to be supplemented but supplementation of other enzymes, like urokinase 
after optical surgeries, may also be necessary.  

In the course of enzyme replacement therapy the appropriate enzyme is 
administered intravenously into the patient’s body in high doses. The model of 
the therapy was developed in rats by Mark J. Poznansky and Damyanti Bhardwaj. 
Currently the therapy is available for some diseases, where the deficient or 
defective enzyme is supplemented by the appropriate recombinant enzyme. 
• Gaucher disease – supplementation of recombinant glucocerebrosidase  
• Fabry disease – supplementation of recombinant alpha galactosidase  
• MPS I – Hurller syndrome (mucopolysaccharidosis) supplementation of the 

specific recombinant enzyme  
• MPS II - Hunter syndrome (mucopolysaccharidosis) supplementation of the 

specific recombinant enzyme  
• MPS VI - Maroteaux-Lamy syndrome (mucopolysaccharidosis) 

supplementation of the specific recombinant enzyme  
• Pompe disease – supplementation of human recombinant acidic alpha 

glucosidase  
 
Supplementation of blood coagulation factors 

The supplementation of the proper factors is administrated in the therapy 
of different types of hemophilia. Isolation from concentrated human blood and 
placenta is one method for the production of blood coagulation factors, however, 
large amount cannot be gained, the product can be immunogenic and there is a 
risk for Creuzfeld-Jacobs disease. Therefore, blood coagulation factors applied 
nowadays are recombinant proteins produced in bacteria or in cell cultures. 
These methods make the large-scale production possible, but post-translational 
modifications can vary depending on the applied cell type. 
 
Therapeutic antibodies 

Therapeutic antibodies are a clinically promising group of therapeutic 
proteins. They are successfully used for treating various diseases like different 
tumors, cardiovascular diseases, inflammatory diseases, macular degeneration, 
sclerosis multiplex, viral infections or for preventing rejection following 
transplantations. Radioactive tags, cytokines, immunotoxins, drug proforms, 
liposomes etc. can be bound to therapeutic antibodies. An antibody attached to 
the tumor cell can attract killer cells that destroy tumor cells or if a biotinylated 
radioactive tag is attached to the antibody and it is concentrated on the tumor 
cell surface, it can cause the death of the tumor cell. 
In antibody-dependent cell mediated cytotoxicity (ADCC) therapeutic proteins 
are targeted against the tumor cells. The constant region of the antibody attracts 
the killer cells of the immune system, and they bind to the therapeutic proteins 
via their Fc receptors and kill the cells (Figure 15.2.). 
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Figure 15.2. The mechanism of ADCC. (ADCC – antibody dependent cell mediated 
cytotoxicity). 
 

Her2 – human epidermal growth factor receptor 2 - is a tyrosine kinase 
receptor in the plasma membrane, and plays an important role in cell growth. It 
is proto-oncogene, 15-20 % of breast cancers overexpress Her-2 on their 
surface. Her-2 also appears in ovarian, womb and gastric cancers. By the 
injection of trastuzumab or herceptin - antibody against Her-2 – the antibody 
binds to the surface of Her-2 positive cells and destroys the tumor cells by ADCC 
(Figure 15.3.). 
 

  

Figure 15.3. Administration of antibodies against Her2 in breast cancer. 
 

Antibodies are applied not only in tumor therapies. Antibodies against TNF 
alpha can be used in the treatment of psoriasis, rheumatoid arthritis, Crohn 
disease, spondilitis etc. (Figure 15.4.). 
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Rho(D) immunoglobulin is an IgG anti-D antibody which was applied for 
the first time in 1968. Rh negative mothers who give birth to Rh positive babies 
or had somehow got in contact with Rh positive blood are immunized with this 
antibody. 
 

 

Figure 15.4. Administration of protein therapeutics with TNF alfa inhibitor effect in order 
to suppress the immune system. 
 

Antibody mimetics are a group of organic compounds that are not 
structurally related to antibodies but are able to bind antigens and have similar 
functions to antibodies. Ecallantide is a 60-amino acid polypeptide that 
specifically binds to kallikrein and inhibits its function. It is applied in the 
treatment of hereditary angioedema (HAE) and decreases blood-loss in the 
course of cardiothoracic surgeries.  
 
Application of virus-like particles for immunization purposes 

Virus-like particles usually contain a protein-like part of a virus and are 
able to generate immune responses. They are produced in a recombinant form 
by cell cultures and applied as vaccines following the proper purification steps. 
Vaccines against human papilloma virus (HPV) and hepatitis B are like this. 
 
Small peptide-based drugs - peptide hormone production 

The production of peptide hormones (insulin, glucagon) is carried out by 
protein biotechnological methods.  

In the body, insulin is produced by the beta cells of the pancreas and its 
main function is the regulation of blood-sugar level and the initiation of growth 
signals. In its absence diabetes develops. This can be type 1 diabetes (congenital 
or juvenile diabetes) or type 2 diabetes (adult-onset diabetes). According to 
WHO data in 2000, 2.8% of the whole population suffered from diabetes but 
according to the prognosis by 2030 as much as 5.5% of the whole population will 
have been affected. So far, the insulin supplementation has had a great 
importance and is available for everybody in the form of human recombinant 
products. 
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In the body, glucagon is produced by the alpha cells of the pancreas. It is 
the most important hormone, which elevates blood-sugar level and is used in 
medical practice for the treatment of hyperglycemia. In pharmaceutical industry 
it is produced in recombinant form by E.coli strains. 
 
Requirements for protein therapeutic products 

Regarding protein therapeutic products, the licensing process is the same 
as in the case of drugs the FDA (Food and Drug Administration and EMEA 
(European Medicine Agency) license the marketing. In Hungary, ÁNTSZ and 
OGYI are the institutes in charge. An organization of FDA, the Center for 
Biologics Evaluation and Research is responsible for controlling the production, 
purification, and efficiency of biological therapeutic products. In the case of these 
products, special aspects needed to be taken into consideration, for example 
antigeneicity. Since the vast majority of the products were produced by cell 
cultures, the purity of the protein is not 100 %, the products may contain 
materials originated from bacteria or other species, etc. 

Currently, more than 700 licensed therapeutic protein products are 
registered but only a part of them are in regular application, since in many 
countries users are distrustful of certain products and, instead, use traditional 
drugs in therapy. 






