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Abstract

Protein folding is a single most important process in biology whose complexity within living cell has been appreciated. Any 
deviation from the predetermined folding pathways might lead to the formation of ‘non-native’ conformations. Furthermore, 
mutations cause misfolded, non-functional form of proteins to accumulate. In spite of the tremendous progress made in the 
area of protein engineering, we can not reliably predict structural motifs in proteins from their amino acid sequence alone. 
Thus the real challenge is to work out the guidelines that might enable to predict how a protein would fold.
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Introduction

‘Amino acid sequence of a protein determines its unique 
three dimensional structure’ – this was demonstrated in 
1973 by Anfinsen [1] and has since been confirmed many 
times. For example, formation of a cleft (active site) in an 
enzyme or of a particular three-dimensional (3D) structure 
in a hormone or receptor is possible only when the protein 
acquires its folded structure. However, we do not know 
how a given portion of a polypeptide undergoes α-helical 
folding while another part acquires β-structure and yet some 
portion remains unstructured. Subsequently, how these 
ordered conformations interact with each other to form a 3D 
structure. Thus, how do enzymes or proteins, unaided by any 
other cellular component, acquire their functional structure 
is a vital issue whose resolution is the first necessary step in 
gaining a meaningful understanding at a molecular level.

The purpose of this article is not to review all the 
experimental results and theoretical treatments which have 
already been described earlier [1-7], but to focus attention 
primarily on relatively recent developments which can 
provide information on the possible mechanism of protein 
folding and on the physical constraints that are likely to 
govern (i) the stability of the native protein structure, (ii) 
in directing the correct folding of certain proteins and (iii) 
inherited disorders due to defective dynamics of protein 

folding.

The Problem of Protein Folding

The folding of a polypeptide chain from a linear random 
state to an ordered structure is the final step of protein 
synthesis. Each protein acquires its 3D structure in an 
autonomous way according to specific sequential order of 
amino acids in the protein chain. The mechanism, by which 
the final structure acquires, is still an enigma. Since specific 
sequence of amino acids alone can satisfy the requirements 
for correct folding to attain its functional entity [1] and 
if so, the alternation in a sequence should change the 
character (structure and function) of a protein but excessive 
substitution in the amino acid sequence showed that there 
is no change in the properties of certain proteins [2]. The 
problem is that the rules governing the folding process i.e. 
the relationship between some groups of amino acids and 
certain final structural arrangements are not yet known. 
Therefore, guessing is not the way to predict a structure for 
a given sequence of amino acids. Although three dimensional 
structures of a number of proteins have been determined by 
X-ray methods, a statistical analysis of these structures has 
not been successful in developing predictive rules to relate 
amino acid sequence to 3D structures [3]. Thus the ‘protein-
folding problem’ is one of the central mysteries in protein 
chemistry for the last 5-6 decades [3,4].

https://doi.org/10.23880/ijbp-16000176


International Journal of Biochemistry & Physiology
2

Agarwal SK and Singh S. Protein Folding or Misfolding: A Problem and its Consequences. Int J 
Biochem Physiol 2020, 5(1): 000176.

Copyright© Agarwal SK and Singh S.

Theories of Protein Folding

The existing theories of protein folding mechanism 
have been developed over the past several years. These 
are ‘thermodynamic control’ and ‘kinetic drive’. After the 
discovery by Anfinsen, it is commonly accepted that the 
tertiary structure of a protein is determined by the relative 
free energies of all its possible conformations [1], and if it 
is true then the folding process must be started from one of 
the large number of possible conformations of the protein 
molecule. This implies further that there are enormous 
numbers of folding pathways, yet the end product i.e. the 
native state (lowest free energy) is the same. Thus, there is 
no path restriction in the thermodynamic control of protein 
folding. However, this has been ruled out due to the fact 
that the random search for the thermodynamically stable 
conformations is a process too slow to account for refolding 
of proteins in a few seconds [5]. Therefore, the arguments 
goes in favor of kinetic drive of protein folding which says 
that only a small fraction of all the possible conformational 
states (intermediates) are analyzed on the way to the 
native structure. In other words, the protein folding is path 
dependent and it is governed by kinetic considerations [6-
9]. Overall, the existence of intermediates in the folding 
pathways of a polypeptide is widely accepted.

Folding of Polypeptide Chains and their 
Constraints

Although the molecular information to attain the final 
biologically active native structure is contained in the primary 
covalent structure of the protein [1,2], the driving force to 
attain the desired structure mainly arise from intramolecular 
non-covalent segment-segment interaction and also the 
interaction of the constituent amino acid residues with the 
surrounding solvent medium [10]. In fact a protein molecule 
becomes stable when it exists under conditions similar to 
those for which it was selected, the so called native state or 
physiological state. To work out this crucial phenomenon, a 
number of workers studied the unfolding-refolding reaction 
of several proteins including enzymes in vitro [8,9,11] as it is 
not possible to study the folding process during the synthesis 
of a protein in the ce1l. From the hierarchy of protein 
structure one might expect the folding of nascent peptide 
chain occurs as a co-translational events involving short 
range, nearest neighbor (formation of secondary structure 
as first step) and long range interactions (formation of super 
secondary and tertiary structures as a series of subsequent 
steps). These interactions are possible because of the unique 
structural organization of each amino acid. However, the 
contribution of individual amino acids towards the stability 
of a protein as a function of environmental conditions is not 
yet known and thus may be a challenging task for a modern 
protein chemist.

Nucleation-Directed Protein Folding

A protein molecule acquires native structure within few 
minutes or even less, probably through ‘nucleation’ which 
dramatically reduces the number of searches for native 
protein structures [12-14]. Wetlaufer and his group provided 
experimental evidences after observing rapid regeneration 
of enzymatic activity from inactive reduced lysozyme in a 
mixture of reduced and oxidized glutathione [13,15]. The 
rate limiting step in the regeneration process was neither 
thiol oxidation nor disulphide reshuffling, but the folding of 
the protein itself. Moreover, the existence of independently 
folded distinct structural regions (domains) in several 
globular proteins having a single polypeptide chain and 
the continuity of protein chain within them suggest that 
the nucleation may occur independently in separate parts 
of protein molecules [13]. This has confirmed by the study 
that the NH2-terminal segment of chicken ovomucoid has a 
far higher rate of refolding than the fragments obtained from 
other regions of the polypeptide chain [9]. A nucleation site 
(8-18 amino acid residues) represents short segment(s) of 
a protein chain having a tendency to form a ‘native format’ 
and its formation greatly hastens the self-assembly of the 
protein. The nucleation process may be accomplished by 
the formation of a specific pocket of non-polar amino acid 
residues which is stabilized by hydrophobic interactions. 
Besides the involvement of all range interactions, hydrogen 
bonding also begins to contribute significantly to the stability 
of the nucleation site [12-15].

Factors Involved in Protein Folding

Thermodynamic stability of proteins depends on 
environmental conditions and even under the most 
favorable condition the folded native state is stabilized only 
by about 5-15 kcal/mole [16,17]. Thus the environment 
(solvent medium) plays a major role and believed to be the 
driving force in the final step of protein folding because the 
intramolecular non-covalent interactions themselves are 
modulated by the properties and composition of solvent 
medium. Hence, the parameters like pH, ionic strength, 
temperature and presence of specific ligands such as metal 
ions, cofactors or prosthetic groups are important factors 
on which the stability of a protein depends. For example, 
ovomucoid, an egg white protein, showed single step 
transition (N↔D) on heat-induced unfolding at pH 7.0 but 
it was resolved in two-step transition (N↔X↔D) at pH 5.0 
[9]. Similarly, the presence of heme is known to facilitate the 
refolding of hemoglobin chains to their native conformation 
[18]. Likewise, a cofactor might be required exclusively 
for the folding and assembly of an enzyme without being 
necessary for the function of the native protein. It is therefore 
apparent that the stable (folded) conformation of protein is 
the result of the simultaneous interactions of the constituent 
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amino acid residues of the protein polypeptide chain with 
each other as well as with the environment in which they are 
present.

Role of Inclusion Bodies and Molecular 
Chaperones

The inclusion bodies generally represent the non-
functional protein aggregates generated within cells 
under physiological conditions due to covalent damage or 
modifications, mutation and the change of environment 
[19,20]. The formation of inclusion bodies is the result of 
intracellular protein folding which is somewhat different 
from the self-assembly leading to the formation of active 
native proteins. The mechanism of inclusion body formation 
is not yet completely understood, it is, however, certain that 
‘non-native’ interactions between the constituent amino 
acid residues and their environment are the primary cause 
of this vital phenomenon [19]. On the other side, molecular 
chaperones is one of the most essential protein factors that 
facilitate folding, assembly and targeting of nascent chain 
in vivo and prevent aggregation in refolding assays in vitro 
[20-22]. Although the precise mechanism of chaperone 
action is not yet known, they are believed to recognize 
the features present in incomplete folded polypeptide 
chains providing the time needed for folding interactions 
to drive the functional, native structure. Among three 
groups of molecular chaperones, nucleoplasmins involve in 
nucleosome assembly while chaperonins are active in DNA 
replication, protein transport, assembly and protein folding. 
GroEL, an E.coli chaperonin, binds to a peptide of rhodanese, 
a mitochondrial protein whose in vitro refolding is greatly 
enhanced by addition of GroEL with GroES and ATP [21,22]. 
Bip-hsp 70 class representing heat-shock proteins are 
known to be crucial in processes like protein transport and 
assembly within endoplasmic reticulum and mitochondria. 
The elucidation of 3D structure of a chaperone protein, 
namely Pap D from E. coli, has revealed that its polypeptide 
chain folds into two immunoglobulin type domains that 
are homologous in sequence to the human lymphocyte 
differentiation antigen Leu-1/CD 5 [17].

Defective Dynamics of Protein Folding

The protein misfolding causes varieties of diseases 
by ‘loss-of-function’ mutation (due to improper folding, 
degradation or localization) and disorders resulting from 
‘gain-of-function’ mechanism (mutation that cause a toxic 
novel function, dominant-negative mutation and amyloid 
accumulation) [23].

Many cellular degradation systems like ERAD or 
autophagy have play important role in preventing the 
accumulation of non-functional misfolded proteins. For 

example, cystic fibrosis initiated by the mutation, is mainly 
caused due to the deletion of a Phe residue at position 508 in 
cystic fibrosis transmembrane conductance regulator (CFTR), 
a plasma membrane chloride channel. This mutation results 
the protein to be misfolded and targeted for degradation but 
due to the disrupted function of the chaperone system, the 
mutant CFTR is escaped from the degradation mechanism. 
Upon knockdown of AHA1, a co-chaperone that, together 
with HSP 90, alters the maturation of CFTR, ‘CFTR Phe508’ 
is not only more stable, but partially functional [24]. Another 
related illustration of this category of protein-folding disease 
is “Gaucher’s disease” [25] which are caused by a range of 
mutations in β-glucosidase, lysosomal enzyme having a 
role in metabolism of the lipid glucosylceramide [26]. For 
the second fact (totally devoted to the proper trafficking 
of proteins into subcellular localization), it is essential 
that the proteins must be properly folded. However due to 
mutations, the correct folding of proteins is destabilized 
and leads to improper localization. A dysfunction can arise 
via loss of function of the protein at its appropriate location 
and secondary by gain-of-function toxicity if it stores in an 
incorrect location [23]. A mutated α-1 antitrypsin, a secreted 
protease inhibitor, leads to emphysema in a recessive loss-
of-function manner and liver damage in a dominant gain-of-
function manner [27]. 

Another mode of protein misfolding is that result a 
disease through dominant-negative mechanism, which 
occurs when a mutant protein antagonizes the function of 
the wild-type (WT) protein, causing a loss of protein activity 
even in a heterozygote [23]. In case of epidermolysis bullosa 
simplex, an inherited connective tissue disorder, mutant 
forms of the keratin proteins KRT5 and KRT14 lead to 
severe blistering of the skin in response to injury [28]. Other 
canonical instance of dominant-negative mutations that 
involve protein misfolding and affect individuals to disease 
is the homotetrameric transcription factor p53 [29]. One of 
the most common genetic alterations seen in cancer is due to 
mutations in p53 [23]. An example of gain of toxic function 
is apolipoprotein E (APOE), a lipid transport molecule. At 
least one copy of the APOE4 allele is found in 65-80% of 
individuals with Alzheimer’s disease [30]. Amyloidogenic 
(insoluble fibrous protein aggregates) proteins lead the 
problem in amyloid-related diseases which are classified 
on the basis of presence of similar toxic conformations. 
The formation of such protein conformations can lead to 
neurodegenerative disorders like AD, Parkinson’s disease 
and Huntington’s disease [31].

Conclusion

The magic of folding of a protein molecule from 
structureless random state to an ordered structure 
represents a complex process and several factors involved in 
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this purposes are still yet to be well resolved to work out the 
guidelines which can explore the fundamental questions of 
protein folding, structure and function, and synthesis of new 
proteins for medical and industrial applications. It can simply 
be defined that initiation of folding start from nucleation site, 
followed by long range interactions and then rearrangement 
for functional identity. The possibility of the involvement of 
pro-sequences in the protein folding process can’t be ruled 
out. The role of the environment, molecular chaperones and 
their action, the cause and mechanism of inclusion bodies 
formation, possible ways to avoid their formation, the causes 
of improper folding (misfolding) leading to certain disorders 
and other factors on protein folding are some of the areas 
where protein chemists will find themselves engaged in the 
years.
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