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questions: • how can such a complicated system display a unique (S 0) equilibrium state?

• what is the native state of a given sequence?

• how can folding be so fast?

• what is the effect of mutation? are there other stable conformations? etc…
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The source of all problems: the interactions within proteins are frustrated 

Residual frustration:

• still complicated to predict the N state
• protein marginally stable (   10 kTroom)

• kinetics easily trapped



Ways to answer to the problems of protein folding:

• experiments

• analytical models

• very-simplified models

• simplified models

• x-ray and NMR to obtain the native structure
• calorimetry (Cv, FNU)

• kinetics (fluorescence, CD, deadtime = ms/μs)

• mutations + kinetics to characterize the transition state

• recently, advanced NMR to describe the unfolded state
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Theory of disordered systems to describe qualitatively

the energy landscape.
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Basic features of protein folding (frustration, nucleation, etc.)

Test new ideas

Molecular evolution, protein aggregation, etc.

•Simulating conformational changes on ns/μs timescale of

small proteins (folding/unfolding)

•Optimization algorithms in conformational space (see talk by

Federico Fogolari)



Simplified models

brute-force method: find the properties of a sequence by simulating its dynamics 

• an all-atom model, usually with explicit solvent

• a potential (e.g., Gromos, Amber, Charmm)

• a simulation algorithm (e.g., molecular dynamics

with heat bath)

problem…

10-15 s 10-12 s 10-9 s 10-6 s 10-3 s 1s
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from online Museum of University of Massachussets

C. Levinthal, Scientific American 214, 42 (1966)

"the individual sections do not

bend, but the rotation angles

between sections are

changed  to close the chain

into a circle"



24 unfolding simulations of 200 ps 

at 500K   (implicit solvent)

stochasticity of unfolding trajectories

the protein at the transition state (“folding

nucleus”) displays well-defined contacts

U ‡ N

F



1 μs of villin headpiece

(36 amino acids & 3000 water molecules)

256 cpu on Cray T3E

it took 2 months

no sound kinetic information

(nor thermodynamic…)

see talk by Giovanni Bussi



Folding@home

villin headpiece (36 amino acids), again;

410 trajectories of average length 863 ns.

many independent folding events (parallelization

only on core-duo processors, MPI) 

It contains several projects, the most abitious is long-time folding:

Simulations display non-two-state behaviour

which are not resolved in experiments.



The frontier

• the denatured state 

•large proteins and complexes

• unstructured proteins
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Another philosophy: very simple models

• simplified degrees of freedom

• potential tuned to reproduce some experimental data
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• native state as ground state

        Bij> 0 only if i and j are close in the

native conformation.

(automatically cooperative transition)

• reproduce effects of mutations on the
stability of the native state ( FUN)

       obtain a set of Bij from the FUN

tabulated for each site.
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FUN r=0.76
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Simple results from the model

two-state thermodynamics

effect of mutations

simul

exper



Limelight on the denatured state

10 20
RMSD

DIs the denatured state a random coil?
calculate the “nativeness” q

i
 of the sites in the denatured state

there is a lot of structure in the denatured state, as shown by recent NMR studies
(Klein-Seetharaman et al. Science 2002)

lysozyme



Idea from simple models!   …to inhibit a protein by destabilizing its native state 
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Folding nucleus

use a peptide with the same sequence as such critical segments to block the formation of the folding nucleus.

   D’

FN-D’ = Ffolding - Edock - TSdock( [I] )
Advantages:

• the protein itself suggests its inhibitor

• unlikely to induce resistance



The protein + 3 peptides

are simulated in a box at T=Tf

pN = dRMSD  P(RMSD)
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Conclusions

(just one…)

Computation is important, but thinking is more important.
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