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Protein folding  ribonuclease A 



Protein folding Anfinsen experiment



The thermodynamic hypothesis 



The thermodynamic hypothesis 



Energy landscapes

Single well defined 
energy minimum Locally

Higher energy 
metastable states Change in conditions



https://www.youtube.com/watch?v=gFcp2Xpd29I



Some Proteins Undergo Assisted Folding

• chaperone proteins = 
facilitate correct folding 
pathways or ideal 
microenvironments
– Hsp70 = bind to 

hydrophobic regions
– chaperonins = 

required for the 
folding of proteins 
that do not fold 
spontaneously



Pathways Involved in Proteostasis

• proteostasis = continual 
maintenance of the active 
set of cellular proteins 
required under a given set 
of conditions 



Bovine pancreatic trypsin inhibitor, BPTI. 



Physical and structural characteristics of misfolded 
proteins 



Misfolded proteins: multiple pathways to disease 



dynamics of a protein 



Motion in protein dynamics

Int. J. Mol. Sci. 2020, 21, 2713; doi:10.3390/ijms21082713 



Institut de Biologie Structurale

https://www.ibs.fr/


The order parameter 

The order parameter S2 is obtained from 15N relaxation data
It ranges from 0 (rapid unconstrained motion) to 1 (complete rigid body motion)



protein dynamics 

phenylalanine 

tyrosine



Thermostable Proteins

DNA polymerase from the thermophilic bacterium Thermus aquaticus  80 °C  PCR

Structural adaptations

Sequence adaptations 
 

thermophile is an organism that thrives at relatively high 
temperatures, between 41 and 122 °C



Thermostable Proteins-Structural adaptations 
η προσαρμογή γενικά έχει ως αποτέλεσμα την αύξηση της δομικής ακαμψίας των πρωτεϊνών, διατηρώντας 
παράλληλα την τοπική ευκαμψία των λειτουργικά σημαντικών περιοχών

Microorganisms 2018, 6(4), 97; https://doi.org/10.3390/microorganisms6040097

https://doi.org/10.3390/microorganisms6040097


Thermostable Proteins-Sequence adaptations 
αύξηση των μη πολικών αμινοξέων, ειδικά των υδρόφοβων και των υπολειμμάτων Pro που συμβάλλουν 
στις υδρόφοβες αλληλεπιδράσεις·

αύξηση των φορτισμένων αμινοξέων, ειδικά των υπολειμμάτων Arg και Glu που συμβάλλουν στις ιοντικές 
αλληλεπιδράσεις·

αύξηση των αρωματικών αμινοξέων, ειδικά των υπολειμμάτων Tyr που συμβάλλουν στις αλληλεπιδράσεις 
κατιόντων-π

μείωση των υπολειμμάτων Met και των μη φορτισμένων πολικών υπολειμμάτων, τα οποία είναι 
θερμοσταθερά αμινοξέα.

Στο άλλο άκρο, τα ψυχρόφιλα (δηλαδή οι οργανισμοί που ζουν σε θερμοκρασίες κάτω των 20 °C) πρέπει να 
περιέχουν πρωτεΐνες και ένζυμα προσαρμοσμένα στο κρύο, τα οποία απαιτούν ένα σύνολο 
χαρακτηριστικών που είναι κατά κάποιον τρόπο αντίθετα με αυτά που παρατηρούνται στις θερμόφιλες 
πρωτεΐνες. 



functional evolution

Οι θερμοφιλικές πρωτεΐνες  αποτελούν μια αποτελεσματική 
και αποδοτική λύση στο πρόβλημα που θέτει η ταυτόχρονη 
διαχείρηση της λειτουργίας των πρωτεϊνών και η διατήρηση 
της σταθερότητάς τους. 

Η λειτουργικότητα και η σταθερότητα είναι πράγματι 
αλληλένδετες, η σταθερότητα προάγει την εξελικτικότητα

η αυξημένη σταθερότητα των θερμοφιλικών πρωτεϊνών 
καθιστά πράγματι αυτό το είδος πρωτεϊνών ένα μοναδικά 
αποτελεσματικό σκελετό για την εξέλιξη της λειτουργίας των 
πρωτεϊνών.

Οι θερμοφιλικές πρωτεΐνες θα είναι πιθανώς ο σκελετός 
επιλογής για τους μηχανικούς πρωτεϊνών του μέλλοντος.



Energy landscape of different folded structures of protein.

Protein Sci 2020 Apr 11;29(7):1559–1568. doi: 10.1002/pro.3859

https://doi.org/10.1002/pro.3859


metastable structure



metastable structure

Hemagglutinin, part of viral coat



Nature volume 583, pages 150–153 (2020)

Structural transitions in influenza haemagglutinin at membrane fusion pH

  .HA fusion intermediates      Surface representations of HA fusion intermediates

https://www.nature.com/


 Structural rearrangements of HA fusion intermediates



metastable structure



metastable structure

Modular domain organization of LDL receptor 
family members In LRP1, the four clusters of 
complement-type repeats are numbered I – IV. 
 



metastable structure

Physiological Reviews 88(3):887-918

https://www.researchgate.net/journal/Physiological-Reviews-1522-1210?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0


structure conservation



sequence alignment
 Chymotrypsin



Protease



Human neutrophil elastase

Bovine chymotrypsin

sequence alignment



sequence alignment

dihydropyrimidone inhibitor



sequence motif



sequence motif



sequence motif



evolution of proteins
Evolution of cyt c



structure conservation

Protease B
Streptomyces griseus

β-trypsin
Bovine



homologous recombination



homologous recombination
Chronic Myeloid Leukemia



homologous recombination
Chronic Myeloid Leukemia



insertion and deletions-antibodies



Antibodies

Genes & Immunity volume 22, pages 205–217 (2021)

https://www.nature.com/gene


Diversity of antibodies



Antibody specificity 



b-lactamases 

transpeptidase enzymes (also known as Penicillin Binding 
Proteins; PBP
Glycosyltransferases (GT), which exist as either separate 
subunits, or tightly associated with transpeptidases 
(e.g. as is the case for PBP-2) create covalent bonds between 
adjacent sugar molecules NAM & NAG



b-lactamases 

transpeptidase enzymes (also known as Penicillin Binding Proteins; PBP
Glycosyltransferases (GT), which exist as either separate subunits, or tightly associated with transpeptidases 
(e.g. as is the case for PBP-2) create covalent bonds between adjacent sugar molecules NAM & NAG



b-lactamases 
Penicillin                Cephalosporin         (1-methyl) Carbapenem



gene duplication

33% of the genes in Haemophilus influenzae have arisen from gene 
duplications 
88% of the Saccharomyces cerevisiae genome 
98% of the human genome  



Evolutionary relationships of reaction center proteins 

Photosynth Res (2015) 126:111–
134 



Evolutionary relationships of reaction center 
proteins 

Photosynthesis Research
https://doi.org/10.1007/s11120-021-00857-9



modification of duplicated genes

pyruvate dehydrogenase

TCA
1. generate metabolic intermediates 
2. produce energy 

succinyl-CoA 
synthetase 



Mechanisms



survive in extremely cold weather



modification of duplicated genes
Anti freeze proteins

Thr-Ala-
Ala 

psychrophilic proteins have 
decreased disulphide bonds
decrease of net charge in helix-dipole structures
decrease in protein-solvent interactions
decrease in the number of hydrogen bonds at domain interfaces 
a general decrease in the number of hydrophobic interactions 
within the core of the protein



structurally characterized AFPs

The protective function of AFPs benefits from their properties which include ice plane affinity, thermal hysteresis, 
ice recrystallization inhibition [ and transiently binding an organism to ice 



Effect



gene sharing 

The lens proteins need to have three properties:
 
they should be soluble enough to create a 
solution of high refractive index

they should remain soluble and transparent 
throughout the life of the animal

they should be nontoxic in their new location and 
concentration. 



γ crystallin



gene sharing 

In crocodiles and some birds, ε crystallin is identical to lactate 
dehydrogenase and even retains enzyme activity

δ2 crystallin, found in all birds and reptiles, is identical to 
argininosuccinate lyase

δ1 crystallin, for example, represents a gene duplication of the 
δ2 crystallin/argininosuccinate lyase gene with mutations to 
make it inactive as an enzymε



Convergent and Divergent Evolution

Unrelated proteins can perform the same function  (convergent evolution), 
sometimes using the same mechanism – sometimes using different 
mechanisms



Alpha/beta hydrolaseTrypsin Subtilisin CheB methylesterase

Convergent Evolution



Convergent Evolution



Convergent Evolution



Divergent Evolution
Related proteins can perform different functions – divergent evolution

Pyridoxal 5′-phosphate (PLP)-dependent aromatic L-amino acid decarboxylase (AAAD) family enzymes play 
important roles in channeling various aromatic L-amino acids into diverse downstream  specialized metabolic 
pathways.

10806–10817 | PNAS | May 19, 2020 | vol. 
117 | no. 20 



10806–10817 | PNAS | May 19, 2020 | vol. 
117 | no. 20 



substrate selectivity 

The CrTDC active-site 
pocket



Promiscuous enzymes 
Promiscuous enzymes that catalyze two different 
reactions 
The use the same active site for catalyzing both reactions. 



Promiscuous enzymes 



Promiscuous enzymes 

This protein is homologous to a number of serine proteases that are involved in protecting the cell 
against attacking bacteria, but it has lost its protease activity and instead binds to 
lipopolysaccharide on the bacterial cell wall, forming a bridge that activates recognition and attack 
by the immune system 



moonlighting proteins 

Moonlighting proteins that have two or more quite different 
functions:

In most cases, the second function is not enzymatic. 



aconitase 



Genes Associated with Iron Metabolism Are 
Translationally Regulated in Animals
Iron is a key component of many important proteins, including 
hemoglobin and cytochromes.

However, iron is also capable of generating destructive reactive 
oxygen species, so iron transport and storage must be carefully 
regulated.

Important proteins in iron metabolism are transferrin, a blood 
protein that transports iron; transferrin receptor, a membrane 
protein that binds iron-rich transferrin and facilitates its entry 
into the cell; and ferritin, an iron-storage protein in the cell.

Ferritin mRNA contains a stem-loop structure in its 5′ 
untranslated region called the iron response element (IRE).

In the absence of iron, the protein IRE-binding protein (IRP) 
binds to the IRE and prevents translation.

When present, iron binds the IRP, causing it to dissociate from 
the IRE and thereby allowing translation to occur.

Ferritin mRNA



Genes Associated with Iron Metabolism Are 
Translationally Regulated in Animals

Transferrin-receptor mRNA
Transferrin-receptor mRNA also has several IREs, located in the 
3′  untranslated region.

When little iron is present, IRP binds to the IRE, allowing the 
mRNA to be translated.

When present, iron binds to the IRP, causing it to dissociate 
from the transferrin-receptor mRNA. Devoid of the IRP, the 
receptor mRNA is degraded.

IRP is an active aconitase that requires iron and undergoes a 
conformational change when not bound to iron; therefore, it 
can serve as an iron sensor.





Proteins began in an RNA world 
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