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E. coli 0.6 µm3

1000  40 kDa proteins per second
15,000 ribosomes
1000*400/15000=27 a.a. per ribosome per second
1000 GroEL
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Proteasomes

Two families of molecular chaperone:Two families of molecular chaperone:

• DnaK/DnaJ/GrpE (or hsp70) family: 
bind to growing polypeptide chains 
while they are being synthesized by 
ribosomes and prevent premature 
folding (co-translational)

• Chaperonin family (GroE chaperonin): 
assist correct folding at a later stage 
(post-translational)
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GroEL: cylindrical structure ;
two heptameric rings of ~57 kDa subunits

GroES: ;dome-shaped; heptameric ring of 
10 kDa subunits
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ATP and GroES binding

Functional cycle Functional cycle 
of of chaperoninschaperonins

The functional cycle of chaperonins. (a) On the left is GroEL, with 
high
affinity for non-native protein and, on the right, GroEL–ATP, with l
affinity for non-native protein. ATPase activity sets up cycles of 
binding
and release. A, apical domain; E, equatorial domain. (b) ATPase cy
with GroEL, GroES (ES) and folding protein substrates.
GroEL–GroES–ADP is the acceptor state for non-native protein.
Subsequent ATP and GroES binding will encapsulate the protein.
GroEL–GroES–ATP is the folding-active state. GroES binding
alternates between rings and GroES release is stimulated by ATP
binding to the opposite ring. Acceptor states are shown in dark gr
and release states in light grey. The substrate is black and the
second
substrate in the full complex (b) is pale grey.

GroEL: cylindrical structure ;
two heptameric rings of ~57 kDa subunits

apical

equitorial

GroES: dome-shaped; heptameric ring of 
10 kDa subunits

Low affinity to nonnative 
protein in the presence of ATP

ATP 
comes to 
another 
ring

ATP and 
GroES
come, 
encapsulte
protein

Protein release

folding
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E. coli trigger factor Peptidyl-prolyl isomeraseRibosome-binding site

Co-translational
folding

lysozyme
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Predicted structure of the 20S proteasome from the methanoarchaeon
Methanosarcina thermophila.  The image is an atomic model based on the 
crystal structure coordinates of 20S proteasomes from Thermoplasma
acidophilum and yeast.  The active sites involved in peptide bond 
hydrolysis are indicated in red.  

NATURE | VOL 426 | 18/25 DECEMBER 2003 p-895

Protein degradation and protection
against misfolded or damaged proteins
Alfred L. Goldberg
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First report of protein refolding in vitro

Anson and Mirsky
Alkali-denatured hemoglobin spontaneously recover its 
biological properties when the pH is returned to 
neutrality.

Anson, M.L. and Mirsky, A. E. (1925) J. Physiol. 60, 50-67.
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RenaturationRenaturation of of 
unfolded, unfolded, 
denatured denatured 

ribonucleaseribonuclease

The amino acid sequence of 
a polypeptide chain contains 
all the information required 
to fold the chain into its 
native, 3D structure.

C. Anfinsen, 
1972 Nobel 
Laureate

Anfinsen, C. B., Haber, E., Sela, M. and White, F. H. (1961) 
Proc. Natl. Acad. Sci. USA 47, 1309-1314. 

Structure and Mechanism in protein science
Alan Fersht
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Unfolding temperature Tm:
∆G(T) = ∆H(T) – Tm∆S(T) ≈ 0,  for T ≈ Tm

The transition from one conformation to another could be 
rapid or slow even if the two conformations are of 
comparable energy, depending on the heights of the barrier 
connecting the two conformational states in phase space

N U

TS
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Protein folding theory

Protein with 100 amino acid residues

Assume 2 conformations for each residue

1030 possibilities

107 years of random searching

Are there pathways for Are there pathways for 
protein folding?protein folding?

C. Levinthal, J. de Chim. Phys. 65, 44 (1968).

Unfolded

Native
K.A. Dill & H.S. Chan, Nature Struct. Biol. 4, 4 (1997).

Levinthal Paradox:

How do proteins find the native “needle” in the conformational 
“haystack” in milliseconds when the free energy bias toward the 
native state is so small?
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Folding models:

Framework model 
Hydrophobic collapse mode 
Nucleation condensation model
Funnel model
……………
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Q=ratio of native contact

Peter Leopold and Jose 
Onuchic introduced the 
protein folding funnel 
approach to the problem. 
(PNAS 1992)

Protein Folding Funnel

Rugged energy landscape with 
kinetic traps, energy barriers, 
pathways to the native state.  
Folding can be multi state
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Yeh & Rousseau (2000) Nature Structural Biology 7, 443-445.

Table 1. Methods used to investigate protein folding and aggregation 
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Continued

Free Energy

Unfolded state

Transition state

Folded state

?

Measuring protein stability…….
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Two state model
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Free Energy

Unfolded state

Transition state

Folded state

?

Measuring folding & unfolding rate…….

?
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Stopped Flow: how does itStopped Flow: how does it
work?work?

Under pneumatic drive activation, 
the two small volumes of solutions 
are driven from high performance 
syringes through a high efficiency 
mixer. 
The resultant mixture passes 
through a measurement flow cell 
and into a stopping syringe.
Just prior to stopping, a steady 
state flow is achieved.
As the solution fills the stopping 
syringe, the plunger hits a block, 
causing the flow to be stopped 
instantaneously. 
Using appropriate techniques, the 
kinetics of the reaction can be 
measured in the cell. 

Standard stopped flow schematic

Mixer
Cell

Stopping
Syringe

A B

Excitation

Fluo.

DRIVE
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A(t) =ΣAi exp(-kit) + A∞

where A(t) is the amplitude of the change at time t, A∞ is 
the amplitude at infinite time, Ai is the amplitude at zero 
time of phase i, and ki is the rate of phase i.  

Chevron plot
警員佩戴的山形(V形)臂章
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StoppedStopped--flow fluorescence flow fluorescence 
results in the refolding of results in the refolding of 

cytochromecytochrome cc

Burst phase

Colón et al., Biochem., 1996
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For 1-cm window length, 10 m/s flow rate
observation time = 0.01/10 = 0.001 s = 1 ms
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Hydrogen exchangeHydrogen exchange

• Structural information from kinetic 
data
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When NH exchanges slower
It folds faster (and P higher)

P (Protection factor)
= kint/kex
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Timescales of experiments for Timescales of experiments for 
studying protein foldingstudying protein folding

Bieri and Kiefhber, Biol. Chem., 1999
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Schematic diagram of the pressure-jump apparatus
Jacob et al. Biochemistry 38, 2882-2891
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CO flash photolysisCO flash photolysis
• Reduced [Fe(Ⅱ)] cytochrome c is strongly destabilized in the 

presence of CO, which preferentially binds to the heme iron 
in the unfolded state.  The photodissociation of CO by a short 
laser pulse initiates folding because the CO-free protein is 
much more stable at the same solvent condition

PhotoreductionPhotoreduction of the of the cytochromecytochrome cc

hemeheme (rapid electron transfer)(rapid electron transfer)

• Pascher et al. studied the folding of cytochrome c by using 
various photoreductants to inject an electron into the heme
of unfolded ferricytochrome c titrated with 2.3 to 4.6 M 
GuHCl at pH 7 and 40 ℃ to produce unfolded 
ferrocytochrome, which then converted to the folded protein


