
Protein folding
How does a protein fold to its native conformation?
Protein folding is not a random process

Protein folding pathways: a one-way process
Takes less than a few seconds, because via directed pathways 
As protein folds, conformational stability increases sharply

(free energy decrease)

A hypothetical protein folding pathway

Efficient folding is also important

Proteins have evolved to have efficient folding
pathways as well as stable native conformations
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5-1000 ms

Formation of local segments
of secondary structure

Hydrophobic collapse



Side chain packing A few seconds

Molten globule
(protein folding intermediates)

Protein appear to fold in a hierarchical manner, 
with small local elements of structure forming 
and then coalescing to yield larger elements, 

which coalesce with other such elements to form yet larger elements, etc.



Folding funnel
Energy-entropy diagram for protein folding

High entropy, disordered state
Unfolded
Many possible conformations
(high entropy)

Minor clefts & gullies
Temporarily trapped
Overcome uphill free energy



Comparison of experimentally determined (native) and predicted (model) folds of polypeptides

Protein structure prediction
Homology modeling: based on sequence homology of determined protein structure 
Threading: computational technique based on the known protein structure
Ab initio (from the beginning): moderately successful



Structure of a designed protein through computational calculation

protein design
The great challenge of getting the polypeptide to fold to the desired conformation

Designed
FSD-1

Native
Zinc-finger



Molecular chaperones



Mechanism of protein disulfide isomerase

reoxidized

Rearrangement 
of disulfide bond

Initial formation
of disulfide bond



Molecular chaperones
Essential proteins that bind to unfolded and partially folded polypeptide chains

to prevent the improper association of exposed hydrophobic segments
that might lead to non-native folding as well as polypeptide aggregation
and precipitation

Especially important for multidomain and multisubunit proteins

Heat shock proteins (Hsp)

Several classes 
Hsp70 family: in both prokaryotes and eukaryotes

function in association with Hsp40 (cochaperones)
prevent premature folding: initial role
unfold & refold for membrane transport

chaperonins: large multisubunit proteins
Hsp90 proteins: mainly involved with signal transduction proteins
many are ATPases

Hsps (ATP-dependent), small HSPs, cochaperones



X-ray structure of GroEL
homopolymer of 14 subunits (549-residues forming three domains)
D7 symmetry of hollow cylinder (inner diameter ~45 A)
constriction in the center (no passage between the rings)

(side-view) (top-view)

Chaperonins
consists of Hsp60 and Hsp10
GroEL & GroES: in E. coli, the best characterized 

3 domains
Apical
Intermediate
Equatorial



X-ray structure of GroES (top-view)
heptamer with C7 symmetry



X-ray structure of the GroEL-GroES-(ADP)7 complex

Cis-ring

trans-ring



enlarged cavity
Hydrolyzed ATP
Enclose at least 70 kD

Cα-backbone structure

7 ADPs



Reaction cycle of the GroEL/ES chaperonin
Hydrophobic patch

Hydrophilic env

at least
24 folding cycles

What kinds of proteins are folded?
20~60 kD proteins
>2 αβ domains mainly consists of β sheets  
Misfolded or kinetically trapped



Disease caused by protein misfolding
Alzheimer’s disease
amyloid plaques= amyloid β proteins (Aβ): fibrils of a 40~42 residues

a fragment of a 770-residue membrane proteins-Aβ precursor protein (βPP)
multistep proteolytic process involving β- and γ-proteases

Aβ fibrils are neurotoxic even before their deposition in amyloid plaques



http://www.biologie.uni-duesseldorf.de/Institute/Physikalische_Biologie/Research/Topics/Alzheimer_diagnosis



A protein called tau stabilizes the microtubules when phosphorylated, and 
is therefore called a microtubule-associated protein. In AD, tau undergoes 
chemical changes, becoming hyperphosphorylated; it then begins to pair 
with other threads, creating neurofibrillary tangles and disintegrating the 
neuron's transport system.





Electron micrograph of a cluster of partially proteolyzed prion rods

Prion diseases: transmissible spongiform encephalopathy (TSEs)

Proteinaceous infectious agent that lacks nucleic acid
Scrapie (sheep, goat)
Bovine spongiform encephalopathy (BSE or mad cow disease)
Kuru (human) 
Creutzfeldt-Jakob disease (CJD) (human)



209 amino acids: glycosylated and transmembrane domain
PrPc (cellular) PrpSc (scrapie)



Prion protein (PrP) conformations

flexible N-terminal residues (23-121)

autocatalytic

PrPc PrPSc

PrPSc



A model, based on X-ray fiber diffraction measurements, of an amyloid fibril

Amyloidoses
mutant forms of normally occurring proteins
amyloid fibrils are beta sheet structures
extension of partial beta domains

Under the appropriate conditions
almost any protein can be induced to aggregate

It seems likely that protein folding pathways have
evolved not only to allow polypeptides to assume
stable native structures but also to avoid forming
interchain H bonds that would lead to fibril
formation



Three different proteins, (a) prion protein, (b) cystatin C and c) transthyretin, with three different 
three-dimensional structures which are known to form amyloid fibres in vivo. On the right is a 
proposed model for the structure of an amyloid fibril. 



Recent progress in understanding Alzheimer's β-amyloid structures 
TIBS Volume 36, Issue 6, June 2011, Pages 338–345

Figure 4. Structural models of Aβ fibrils. Previous structural models deviate significantly for the most highly resolved Aβ fibril 
structures, which were obtained by cryo-EM. Hence, the latter encompass a different peptide assembly. (a,b) Structural models 
assuming a U-shaped peptide fold; side views and top views shown; only residues 9–40 modeled. (a) Three Aβ(1–40) molecules per 
cross-sectional layer [29]. (b) Two Aβ(1–40) molecules per cross-sectional layer [24]. (c,d) Cryo-EM structure of an Aβ(1–40) fibril 
(0.8 nm). (c,d) side views, (e) cross-section. Images in (c,e) are superimposed with a β-sheet model, which is derived from these cryo-
EM data, and highlights the peptides forming the cross-β regions in yellow or blue (the lines are not meant to imply continuous β-
strands over their entire length; these regions might instead contain several shorter strands). Images in (a–c) and (e) are displayed with 
the same scale.



Self-propagating cycle of proteostasis 
decline in disease and aging

Trends in Cell Biology. Volume 24, Issue 9, p506–514 (2014)



Extracellular amyloid plaques (white arrows) and intracytoplasmic neurofibrillary tangles (yellow arrows) are the pathological 
signature of Alzheimer's disease. Intracytoplasmic aggregates are typically present in the neurons of people affected by Parkinson's 
disease and amyotrophic lateral sclerosis. Intranuclear inclusions of huntingtin are observed in Huntington's disease patients and 
extracellular prion amyloid plaques that are located in different brain regions are present in some cases of transmissible spongiform 
encephalopathy. In spite of the different protein compositions, the ultrastructure of these deposits seems to be similar and composed 
mainly of a network of fibrillar polymers (centre). Nature Reviews Neuroscience 4, 49-60 (January 2003)

Cerebral aggregates in neurodegenerative diseases



Nature (2011) 475:324-332




