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THE PROTEIN FOLDING PROBLEM

(ΤΟ ΠΡΟΒΛΗΜΑ ΑΝΑΔΙΠΛΩΣΗΣ ΤΩΝ 

ΠΡΩΤΕΙΝΩΝ)

ΜΗΧΑΝΙΣΜΟΙ

 ΠΡΟΒΛΕΨΗ/ ΥΠΟΛΟΓΙΣΜΟΙ 

ΠΡΩΤΕΪΝΙΚΩΝ ΔΟΜΩΝ 

 ΕΦΑΡΜΟΓΕΣ

(Protein structural dynamics)



Hierarchy of protein structure





ΑΝΑΔΙΠΛΩΣΗ ΤΩΝ ΠΡΩΤΕΙΝΩΝ

& Ο “ΚΩΔΙΚΑΣ” ΤΗΣ ΑΝΑΔΙΠΛΩΣΗΣ

• Anfinsen, δεκαετία 1960’s: H πολύπλοκη 

τρισδιάστατη δομή των πρωτεΐνικών 

μορίων κωδικοποιείται αποκλειστικά 

στις αλληλουχίες των αμινοξέων τους 

και οι πολυπεπτιδικές αλυσίδες 

διπλώνουν αυτόνομα. 

• https://youtu.be/pZee0XCCqH4

• Η διαλεύκανση του “κώδικα” που 

ελέγχει την διαδικασία αναδίπλωσης –

”δεύτερο μέρος του γενετικού 

κώδικα”-, ήταν και είναι μια από τις 

μεγαλύτερες προκλήσεις της μοριακής 

βιολογίας. 

https://youtu.be/pZee0XCCqH4


ΤΟ ΠΕΔΙΟ ΤΗΣ ΑΝΑΔΙΠΛΩΣΗΣ ΤΩΝ 

ΠΡΩΤΕΙΝΩΝ ΣΗΜΕΡΑ

• Πολυάριθμες θεωρητικές/υπολογιστικές και πειραματικές 

μελέτες της αναδίπλωσης πρωτεϊνών έχουν προχωρήσει 

σημαντικά πιο πέρα από τα ευρήματα του Anfinsen. 

• Στο ζωντανό κύτταρο, η αναδίπλωση συμβαίνει σε ένα 

σύνθετο περιβάλλον, και σε ορισμένες περιπτώσεις μπορεί 

να αποτύχει οδηγώντας σε λάθος αναδίπλωση, ή σε 

σχηματισμό συσσωματωμάτων ή αμυλοειδών ινών. Οι 

περιπτώσεις αυτές σχετίζονται με μια σειρά σοβαρών 

ασθενειών, πχ αρκετών νευροεκφυλιστικών ασθενειών. 

• Η μελέτη της αναδίπλωσης πρωτεϊνών αποτελεί βασικό 

τομέα της μοριακής βιολογίας, της βιοϊατρικής έρευνας και 

της βιοτεχνολογίας.



Important issues (1):

Folding in vivo vs. folding in vitro



Protein Folding vs. Protein 

Association

• Folding: a) Spontaneous Acquisition of 3D-structure 

and the capacity to form higher-order structures b) 

Spatial arrangement of polypeptide chain backbone

• Association: Formation of stoichiometrically and 

spatially well defined quaternary structure of 

oligomeric & multimeric proteins



Important issues (summary)

• Thermodynamic vs. kinetic control of folding

• Unique protein structure vs. a dynamic, 

fluctuating system (breathing motions etc)

• Role of water & amino acid properties



ΟΙ ΣΦΑΙΡΙΚΕΣ ΠΡΩΤΕΪΝΕΣ 

ΕΙΝΑΙ ΟΡΙΑΚΑ ΣΤΑΘΕΡΕΣ

Folded & unfolded proteins:

The polypeptide has 

considerable conformational 

flexibility



Requirements for the folded state



ΕΝΕΡΓΕΙΑΚΟΙ ΠΑΡΑΓΟΝΤΕΣ ΣΤΗΝ 

ΑΝΑΔΙΠΛΩΣΗ

Η χαμηλότερη 

ελεύθερη 

ενέργεια 

αφορά την

native 

διαμόρφωση?

Προκύπτουν 

λάθος 

συμπεράσματα 

από 

ενεργειακούς 

υπολογισμούς?



ΚΙΝΗΤΙΚΟΙ ΠΑΡΑΓΟΝΤΕΣ ΕΙΝΑΙ 

ΣΗΜΑΝΤΙΚΟΙ ΓΙΑ ΤΗΝ ΑΝΑΔΙΠΛΩΣΗ 

Cyrus Levinthal estimation: 1048 yrs for the folding process to search 

all possible conformations for a 150 aa protein with1 ps steps (age of 

the universe 13.7x109 yrs!).

→ folding pathways (μονοπάτια αναδίπλωσης) ?



Requirements for folded state

• For a protein to fold, the folded state must be 

kinetically accessible and have lower free energy than 

the unfolded state. Free energies are determined by all 

the physical interactions that take place within the 

molecule and the solvent plus entropic 

considerations.



Stability data and association enthalpies may be deduced directly from calorimetry.

Frequently refolding studies are very informative; agreement of thermodynamic/

kinetic data?



Refolding experiments

Circular Dichroism



Denaturants & folding by altering 

the environment

Guanidinium chloride, urea:

they solvate almost equally

all parts of the protein



Energetics of folding

Highest stability (lowest ΔG) at about 5oC; pH is 

important for the  stability of the folded state because 

most proteins are ionized.



ΟΙ ΕΥΠΛΑΣΤΕΣ ΣΦΑΙΡΕΣ (MOLTEN GLOBULES) 

EINAI ΕΝΔΙΑΜΕΣΑ ΤΗΣ ΠΟΡΕΙΑΣ 

ΑΝΑΔΙΠΛΩΣΗΣ



ΤΟ “ΘΑΨΙΜΟ” ΤΩΝ ΥΔΡΟΦΟΒΙΚΩΝ ΟΜΑΔΩΝ 

ΕΙΝΑΙ ΚΡΙΣΙΜΟ ΒΗΜΑ ΣΤΗΝ ΑΝΑΔΙΠΛΩΣΗ



ΑΠΛΑ & ΠΟΛΛΑΠΛΑ ΜΟΝΟΠΑΤΙΑ 

ΑΝΑΔΙΠΛΩΣΗΣ

ΛΥΣΟΖΥΜΗBARNASE



ΣΧΗΜΑΤΙΣΜΟΣ ΣΩΣΤΩΝ S-S ΔΕΣΜΩΝ ΚΑΤΑ 

ΤΗΝ ΔΙΑΔΙΚΑΣΙΑ ΑΝΑΔΙΠΛΩΣΗΣ



OΡΙΣΜΕΝΑ ΕΝΖΥΜΑ ΥΠΟΒΟΗΘΟΥΝ ΤΟΝ 

ΣΧΗΜΑΤΙΣΜΟ ΣΩΣΤΩΝ S-S ΔΕΣΜΩΝ ΚΑΤΑ ΤΗΝ 

ΑΝΑΔΙΠΛΩΣΗ



ΙΣΟΜΕΡΙΩΣΗ ΚΑΤΑΛΟΙΠΩΝ ΠΡΟΛΙΝΗΣ ΚΑΙ 

ΤΑΧΥΤΗΤΑ ΠΡΩΤΕΙΝΙΚΗΣ ΑΝΑΔΙΠΛΩΣΗΣ

ΚΥΚΛΟΦΙΛΙΝΗ (ΠΡΟΠΥΛΟ-

ΠΕΠΤΙΔΙΚΗ ΙΣΟΜΕΡΑΣΗ)

Isomerization of proline residues can be 

the rate-limiting step in protein folding



Pro-isomerization

• Τhe U N equilibration

fits a 2 state-model on

thermodynamic

criteria, while the

kinetics of the U→N

transition show higher

complexity requiring

more than two species

4 Pro, with Pro93 & Pro114 

are cis in the native state



Disulfide bonds increase protein stability



Stabilizing the dipoles of α-helices increases 

stability



The folded state has frequently a 

flexible structure



Flexibility of the folded state is 

essential for function



Structural Dynamics

• Biological life depends on motion, and this manifests itself in proteins that display 

motion over a formidable range of time scales (femtoseconds to micro- or 

milliseconds. 

• Outstanding challenge: a quantitative understanding of the linkages among protein 

structure, dynamics, and function. 

• These linkages are becoming increasingly explorable due to conceptual and 

methodological advances. BUT: the research questions in the field are becoming 

increasingly complex (e.g. the mechanistic understanding of high-order interaction 

networks in allosteric signal propagation through a protein matrix). In analogy to 

the “protein folding problem”, the way forward lies in the successful integration of 

experiment and computation, while utilizing the rapid expansion of sequence and 

structure space.

• Looking forward, the future is bright, and we are in a period where we are on the 

doorstep to, at least in part, comprehend the importance of dynamics for biological 

function.



Structural Dynamics



Structural Dynamics



Πρωτεϊνικές αλληλουχίες

Σε μια περίοδο πάνω από 3 δισεκατομμύρια χρόνια μια 
μεγάλη ποικιλία από μόρια πρωτεϊνών έχει εξελιχθεί για 
την εκτέλεση των πολύπλοκων λειτουργιών των 
κυττάρων και οργανισμών. Πιστεύεται ότι αυτά τα 
μόρια έχουν εξελιχθεί από τυχαία μετάλλαξη των 
γονιδίων και φυσική επιλογή εκείνων των προϊόντων 
τους που έχουν αποκτήσει κάποια λειτουργική υπεροχή 
σε σχέση με την επιβίωση των οργανισμών. Με την 
έλευση της μοριακής γενετικής και των τεχνικών 
κλωνοποίησης και εισαγωγής γονιδίων, μπαίνουμε 
τώρα σε μία εποχή γενετικής εκμετάλλευσης της 
πληροφορίας που περιέχεται στις αλληλουχίες άλλων 
οργανισμών, σε βαθμό που ήταν αδιανόητο μόλις 50 
χρόνια πριν. 



Exploring the sequence/structure space &

the protein folding problem

The size of the protein sequence space is 

astronomical

The known protein structure 

space is limited



ΟΜΟΛΟΓΕΣ ΠΡΩΤΕΪΝΕΣ ΕΧΟΥΝ 

ΣΥΝΤΗΡΗΜΕΝΟΥΣ ΔΟΜΙΚΟΥΣ ΠΥΡΗΝΕΣ ΚΑΙ 

ΜΕΤΑΒΛΗΤΕΣ ΠΕΡΙΟΧΕΣ ΣΤΡΟΦΩΝ



Η ομολογία αλληλουχιών αμινοξέων υποδηλώνει 

ομοιότητα στην δομή και στις λειτουργίες



Συντηρημένα πρότυπα στις πρωτεϊνικές αλληλουχίες: 

ομοιότητα στην δομή και στις λειτουργίες 



H πρωτεϊνη HrcQb από το Type III εκκριτικό σύστημα 

των φυτοπαθογόνων (P. syringae)



Many different amino acid sequences give 

similar 3D-structures
For a 150 aa domain,

there are 20150 or

roughly 10200 possible

sequences, of which 1038

members can be

extracted that have less

than 20% aa sequence

homology. Assuming

that 1 out of a billion

sequences folds, we are

left with 1029 folded

possible proteins.

However there are only

~1000 topologically

different domain

structures, which means

that there are 1026 side-

schain arrangements

with less than 20%

homology that give

similar polypeptide

folds.



Protein Folding, PSSPs & Protein Design

Η γνώση μιας τριτοταγούς δομής πρωτεΐνης είναι αναγκαία 
προϋπόθεση για τον ανασχεδιασμό της λειτουργίας της για 
διάφορες βιοτεχνολογικές εφαρμογές. 

Το πρόβλημα της επιτυχούς πρόβλεψης/ μοντελοποίησης της 
αναδίπλωσης των πρωτεϊνών με δεδομένα από την 
αλληλουχία των αμινοξέων της, αποτελεί διαχρονικά κεντρικό 
θέμα για την ταχεία πρόοδο της πρωτεϊνικής μηχανικής και 
για τον σχεδιασμό πρωτεϊνών. 



In vitro methods of obtaining the detailed 

structure of proteins include

X-ray crystallography, nuclear magnetic 

resonance spectroscopy

and electron micrography. Although these 

methods are accurate, they are time-consuming 

and costly. Due to these disadvantages, 

innovative approaches to predict protein

structures, such as machine learning, have 

become the panacea. 

In the early years, Lim (1974) proposed a 

method that utilized the physicochemical

characteristics of amino acids to predict protein 

structure.Later, a similar approach was also 

proposed in Ptitsyn and Finkelstein

(1983). Additionally, prediction attempts using 

sequence patterns and statistical analysis have 

also been thoroughly investigated in the early

years of PSSP.



Protein Folding & Protein Structure 

Predictions(PSSPs)
• Ever since Kendrew et al. (1958, 1960) and Perutz et al. (1960) determined the first 

structures of proteins using x-ray crystallography around 1960 (for which they 

received the shared Nobel Prize (1962)), researchers have been attempting to 

understand the protein folding problem. By 1988, it was realized that the PSSP 

problem would require researchers to move away from traditional computing onto 

newer ways of computation (Rooman and Wodak, 1988; Kneller et al., 1990). 

• Hence, machine learning techniques such as ANN were explored. Fig. 4 is a graph 

that represents the accumulation of the efforts made in improving PSSP with NN 

over the past 3 decades.



Prediction of protein structure from sequence 

may exploit our knowledge of molecular forces 

and evolution 

Computational methods proceed along two complementary paths 

that focus either on the physical interactions in the protein 

structure or the evolutionary history.

Physical interactions heavily integrate our understanding of 

molecular driving forces (thermodynamic/ kinetic simulations 

or statistical approximations. 

Evolutionary considerations provide constraints on protein 

structures derived from the bioinformatics analysis of the 

evolution history of proteins, homology to known structures 

and pairwise evolutionary correlations.



Prediction of protein structure from sequence is a major 

scientific problem

(Physical interactions, Evolutionary history)

• Complex task

• Frequently enormous computing time required

• Inverse protein folding problem (which sequence patterns are 

compatible with a specific fold?)/ Threading techniques



Knowledge of secondary structure is frequently 

necessary for the prediction of tertiary structure

• Modelling tertiary structure from the amino 

acid sequence alone is for many aa sequences 

an unsolved problem

• Global tertiary structure imposes frequently 

local secondary structure



Secondary structure prediction methods benefit from 

multiple sequence alignments of homologous proteins

Several prediction methods for secondary structure of proteins have 
been proposed (most frequently used: Chou & Fasman, GOR, Lim)

All 3 methods assign 1 out of 3 states to each residue

Applied to a set of homologous proteins, the predictive power is higher 
(underlying assumptions: scaffold more conserved than a.a. sequence) 
(best prediction accuracies based on homologies ~72% on the average)

Goal: classify each residue as alpha, beta or coil.

Assumption: Secondary structure of a residue is determined by the amino acid 

at the given position and amino acids at the neighboring ones.



Chow-Fasman algorithm

Chow, P.Y. and Fasman, G.D. Biochemistry (1974)

Statistical approach based on calculation of statistical 

propensities of each residuum to form an α-helix or β-

strand

Low accuracy (~50%) (accuracy of current methods 

>75%).



GOR
Consider window of 17 positions and see how the conformation of 

the central residuum depends on this residuum and its 18 neighbors 

(8 in each direction).

Ideally one would consider all possible combinations of these 

neighbors. This is impossible: would require collecting statistics for 

2017 sequences.

Instead assume the central residue depends on its neighbors but the 

neighbors are independent on each other

Implementation :Statistical information derived from proteins of 

known structure is stored in three (17X20)matrices, one each for α, 

β, coil



Structure Predictions

• Model building by homology

• Prediction of loop regions (main chain 

conformations cluster in sets of similar 

structures)

Data base of loops



Secondary structure prediction 

methods



Artificial Neural Network (ANN) methods

Wardah et al., https://doi.org/10.1016/j.compbiolchem.2019.107093

• Traditional computing involves human-written instructions in a computer program. 

On the contrary, artificial intelligence allows a system to modify or write new 

instructions for itself. One approach of this latter style is through the use of ANNs. 

This concept is derived from the working patterns of the biological neurons in the 

brain. Just as the millions of neurons in the brain collectively execute the cognitive 

processes, ANNs are fashioned in a similar way to carry out  intelligent 

computation.



Artificial Neural Network (ANN) methods

• An ANN is a network created by at least 2 layers of neuron-like processing units. 

The initial layer is called the input layer as it introduces input variables into the 

network. The final layer is the output layer, which may contain units for carrying 

out output classification. For networks that contain more than 2 layers, the 

remaining inner layers are called the hidden layers. A shallow network is one that 

ideally contains none or one hidden layer. On the other hand, deep network refers to 

a network of artificial neurons comprising many hidden layers. Evidently, deep 

NNs have been highly successful in solving complex problems (Bianchini and 

Scarselli, 2014).



Artificial Neural Network (ANN) methods
• Inside an ANN, complex matrix computations take place throughout the inner 

layers. A standard ANN generally accepts a set of input values in the form of 

vectors containing feature-values (example x0, x1, x2, …, xn). Each unit (neuron) 

that is part of the following layer assigns a designated weight (and other parameters 

such as bias) to the input, which produces some output. In supervised learning, the 

real corresponding output is also supplied to the algorithm during training. If the 

produced output does not match the real output for that particular input, the weights 

get adjusted automatically through an algorithm of choice. In large networks with 

high dimensionality like those for the protein structure prediction problems, 

backpropagation is often used for adjusting weights. Backpropagation refers to the 

method of revisiting the previous layers and adjusting weights so that the calculated 

output is closer to the actual expected output 



Neural network methods
Inside an ANN, complex matrix computations take place throughout the inner layers. A standard

ANN generally accepts a set of input values in the form of vectors containing feature-values

(example x0, x1, x2, …, xn). Each unit (neuron) that is part of the following layer assigns a

designated weight (and other parameters such as bias) to the input, which produces some output. In

supervised learning, the real corresponding output is also supplied to the algorithm during training.

If the produced output does not match the real output for that particular input, the weights get

adjusted automatically through an algorithm of choice. In large networks with high dimensionality

like those for the protein structure prediction problems, backpropagation is often used for adjusting

weights. Backpropagation refers to the method of revisiting the previous layers and adjusting

weights so that the calculated output is closer to the actual expected output



Artificial Neural Network methods



A Structure-Prediction-Miracle?
(…AlphaFold 2 means that predicting a protein structure from sequence will be, for 

all practical purposes, a solved problem…)

A Machine Learning Approach:  

Alphafold 

Jumper et al., Highly accurate protein structure 
prediction with AlphaFold, Nature | Vol 596 | 26 
August 2021 | 583

Protein structure predictions focus on 
either the physical interactions or the 

evolutionary history of a protein

The Delphi oracle in Greece



AlphaFold



AlphaFold

AlphaFold takes the amino acid sequence and convert it into an image for an artificial 

intelligence algorithm to translate it into another image representing the structure of 

the protein. 

INPUT AND OUTPUT: Multiple Sequence Alignments  and DISTOGRAMS







Machine Learning vs Experiment

AlphaFold
1b6q

1gmg1rop 1gmg: Formation of transient S-S bridges upon folding



APPLICATIONS



Mutants with cavities



Mutants with cavities



Mutants with cavities



Protein folding studies of recurrent 

tertiary motifs

Amprazi et al., PNAS (2014)

Kefala et al., IJMS (2021)

α-helical 

bundles



Novel protein folds have been engineered 

Applications: Scaffolds for protein 

engineering and new biomaterials

Arnittali et al, Int. J. Mol. Sci. 
2021



Accessing remote regions of protein sequence space: 

Backwards reading the sequences of α-Helical Bundles

Parent 

protein

Retro 

protein



Probing Protein Folding with Sequence-Reversed 

α-Helical Bundles



Πρωτεϊνικές αλληλουχίες & Βιοτεχνολογία

Στην Βιοτεχνολογία διακρίνουμε δύο βασικές κατευθύνσεις που 
αξιοποιούν τις σχέσεις μεταξύ δομής-αμινοξικής αλληλουχίας-δομής 
στις πρωτείνες: την πρωτεϊνική μηχανική, δηλαδή την μεταλλαγή του 
γονιδίου μιας υπάρχουσας πρωτεΐνης σε μια προσπάθεια να 
τροποποιήσουμε την λειτουργία της με ένα προβλέψιμο τρόπο, και τον 
σχεδιασμό πρωτεϊνών, που έχει τον πιο φιλόδοξο σκοπό να σχεδιάσει 
de novo μια πρωτεΐνη που να εκτελεί μια επιθυμητή λειτουργία. 



Structural design

Programmable meganucleases via helical scaffolds



A heart of ice: Engineering of 

antifreeze proteins based on helical 

bundles
Antifreeze proteins are a class of proteins
that adsorb to the surface of ice crystals
to prevent their growth

Inspired from Maxi protein which
prevents the blood of winter flounder
(Pseudopleuronectes americanus) from
freezing, an effect of its water-filled core.
This water structure sticks outside the
protein, where it appears to bind to ice.
Science 343, 795–798 (2014)



B) The autocatalytic hydroxylation of 

the Cα atom

Arnaouteli et al., JBC 

2015

Polysaccharide deacetylases (PDAs) from B.cereus and B.anthracis

2-Hyp3-Hyp 4-Hyp

Collagen



• All these enzymes share a universal conserved region called polysaccharide deacetylase

domain (according to the Henrissat classification). All five members of this family catalyze the

hydrolysis of either N -linked acetyl group from N -acetylglucosamine residues (chitin

deacetylases, NodB and peptidoglycan N -acetylglucosamine deacetylases), or O -linked acetyl

groups from O -acetylxylose residues (acetyl xylan esterases, xylanases).

• Peptidoglycan modification, specifically N -deacetylation, is a highly efficient strategy used

by pathogenic bacteria to evade innate host defenses. For example, de- N -acetylation of

peptidoglycan GlcNAc confers resistance to lysozyme, an exogenous muramidase, upon several

bacterial species, such as S. pneumoniae, Bacillus cereus, L. monocytogenes, Lactococcus lactis

and Helicobacter pylori.

Peptidoglycan N-deacetylation 
occurs at N-linked acetyl groups 
of GlcNAc or MurNAc (coloured 
in red)



Polysaccharide 
Deacetylases 
catalyze the 
hydrolysis 
of N-linked 

acetyl group

N-Acetyl Glucosamine

N-Acetyl Muramic Acid

Gram +ve

Edited from 
Quora

Edited from 
Wikipedia

Edited from 
biologydictionary.net

Make bacteria invisible
to the immune system

11 x

Cell Wall



A new form of hydroxyproline (2-Hyp) is a frequent 

occurrence in active sites of PDAs and is associated 

with conserved sequence motifs

Kokkinidis et al,  Adv. Prot. 

Chem. Struct. Biol., 2020



• The origin of the –OH group of 2-Hyp is molecular oxygen. 

• The Pro→2-Hyp conversion is autocatalytic , highly specific, and occurs partially. 

• Pro Cα hydroxylation is functionally intertwined with the deacetylation reaction, the two processes 

share the same active site and one key/catalytic (Asp) residue. 

• The introduction of the additional –OH group in the active site via the Pro→2-Hyp conversion 

represents an active site maturation event which enhances  10x the deacetylation activity. 

Pro Cα-hydroxylation is an active site maturation

process

Fadouloglou et al, JACS, 2017

Extent of the autocatalytic Cα-

hydroxylation in other systems?



Pseudoenzymes from B.cereus & B.anthracis
(Two deaths followed by resurrection)

Rolling back evolution (?): Α triple

mutant (motif 1 restored, cavity

“filled” with Arg), is “resurrected”

(as PDA) with self-hydroxylation &

deacetylation activity

Ba3943: Motif 1 is corrupted and

a sizeable cavity is located in the

interior of the protein. No

deacetylation/ Cα hydroxylation

activities



(cpm)



•Thank you



ΕΡΓΑΣΙΑ

Knowledge about protein structure 

incorporated in AlphaFold

Jumper et al., Nature | Vol 596 | 26 August 2021 

| 583

• 3 pages max
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