


◘ Protein folding and aggregation

● Generalities

● Universality vs natural selection
the case of random hetero-polymers

● Folding vs aggregation
the case of the Prion protein (PrP)
and the role of Cu

● XAS (NMR, EPR) experiments
data analysis and EXAFS theory 

● QM calculations
DFT and Car-Parrinello dynamics



Protein is a complex 
(and complicated) systemMany degrees of freedom

protein: ~ 300 a.a.'s x 10 atoms = ~ 3000 atoms 3 to 4 times more
solvent: ~ 1000 atoms “active” electrons

Large range of folding times
from μsec's to sec's

too fast for an exhaustive search
the Levinthal's paradox

too slow for a straight descent to absolute minimum

Interaction is not short-range
choice of a phenomenologically acceptable potential in MD
a Q.M. treatment (DFT, Car-Parrinello) is often needed

Free-energy landscape looks very corrugated
many hierarchically organized local minima, separated by high barriers 

System is not living at thermodynamic equilibrium
flux of energy and matter

Even single mutations matter
though not always



The CFTR gene is found at the q31.2 locus of chromosome 7, is 230 000 base pairs
long, and creates a protein that is 1,480 amino acids long. The most common mutation, 
ΔF508 is a deletion (Δ) of three nucleotides that results in a loss of the amino acid
phenylalanine F at the 508th position on the protein. This mutation accounts 
for two-thirds of CF cases worldwide and 90 percent of cases in the United States,
however, there are over 1,400 other mutations that can produce CF.

There are several mechanisms by which these mutations cause problems with the 
CFTR protein. ΔF508, for instance, creates a protein that does not fold normally and 
is degraded by the cell. Several mutations, which are common in the Ashkenazi Jewish
population, result in proteins that are too short because production is ended prematurely. 
Less common mutations produce proteins that do not use energy normally, do not 
allow chloride to cross the membrane appropriately, or are degraded at a faster rate 
than normal. Mutations may also lead to fewer copies of the CFTR protein being produced.

Even a single mutation
(deletion) can be fatal

Cystic Fibrosis

The protein cannot be crystallized.
No full resolution of the critical 
a.a. 508 region → simulations?

http://en.wikipedia.org/wiki/CFTR_(gene)
http://en.wikipedia.org/wiki/Locus_(genetics)
http://en.wikipedia.org/wiki/Chromosome_7
http://en.wikipedia.org/wiki/Base_pair
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/%CE%94F508
http://en.wikipedia.org/wiki/Phenylalanine
http://en.wikipedia.org/wiki/United_States
http://en.wikipedia.org/wiki/Protein_folding
http://en.wikipedia.org/wiki/Translation_(genetics)


We expect numerical approaches to be difficult
● Which atoms are going to be bound? 

structure of the potential is not a priori known (QM)  

● Force computation time grows like NxN
two-body potential

● The system is very heterogeneous
the problem is not  “embarassingly” parallel

● Dynamics time step is of the order of a femptosec
the system can be followed for very short times

● The system gets easily trapped in metastable states  
the exploration of the system phase-space is far from ergodic

● Energy may not be a good label of the states of the system 
states with largely different 3D-structures can have similar energies
states with only slightly different 3D-structures can have very different energies



Countless number of approaches

Geometrical approaches
Simulated annealing
Molecular Dynamics
Monte Carlo simulations
Simulated tempering and variations thereof 
Multi-canonical simulations
Effective free-energy profile evaluation
...

Systems with discretized degrees of freedom 
String of beads
Detailed atomistic description

with effective interaction potentials
with ab initio potentials

... 

Different levels of description



Self-interacting random hetero-polymers

Iori Marinari
Parisi Struglia

♦ The complexity of the system is encoded in a certain 
amount of randomicity of the Hamiltonian
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♦ The system is brought to equilibrium at β=1/kBT 
under the Boltzmann probability distribution ∝ exp [-βH]

…
beads



♦ During the evolution the shape of the chain is continuously 
monitored and various interesting features are revealed 

Coil (open) δ >> ρ, λ
Unshaped globule δ ≥ λ
Frozen well-shaped structures δ < ρ, λ

∼ folding?
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I. ε = 0, no randomicity homo-polymer

● phase transition at A ≈ 2
coil (open)    un-shaped globule (closed)

P(δ2) peaked at     large δ2 small δ2

II. ε ≠ 0, some random interaction hetero-polymer

● new phase beyond a critical εc > A 
well-shaped globule (∼ glassy phase in SG ?)

P(δ2) is endowed with a lot of structure

Main result
Sufficiently random hetero-polymers generically fold

Speculation Perhaps (all the) other a.a. sequences do not fold. 
Do they rather aggregate? 



Homo-polymer, ε = 0
globular phase A = 3.8

9

2.8
δ2

δ2

Homo-polymer, ε = 0
open phase A = 1.6 δ2

E-
2
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Peaks macroscopically different 
folded states

Not δ-functions many (only) 
microscopically different states

Macrostates are very long living 
(see next figures)

Hetero-polymer, ε > εc
“folded” phase



Few metastable states
which reappear after 
millions of MC steps

12000.0 x 1036000.0 x 103

Monte Carlo time
reference 

configuration
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Comments
● In the ”folded” phase the situation displays analogies  

with what one finds in the glassy phase of SG

● Many long living, hierarchically organized states 
at sufficiently large randomicity (frustration)

● Very long (actually not well defined) correlation times 
(stretched exponentials: ∝ exp [- (t/τ)α], α<1, “aging”) 

● Complexity of protein folding is reflected in the 
NP-completeness of SG 

● Can one make the SG analogy more stringent and useful? 

● Perhaps yes, taking inspiration from results 
in K-sat problem theory

- Random K-sat problems can be mapped to SG 
- Alg’s borrowed from SG can help solving Random K-sat problems 

in polynomial time with probability ∼1
- Can a random protein be folded in polynomial time? 

● Should we instead move to a more reductionist point of view?

SG

Random 
K-sat

Random 
proteins



K-sat problems and SG
● K-sat problem: M constraints among N boolean variables, p1, p2, …, pN

● Constraint: clause among K variables (or their negation, ¬)

e.g.  (p1 ∨ ¬p2) ∧ (p2 ∨ p3) ∧ (¬p1 ∨ ¬p3) Conjuntive Normal  
[p1 = t, p2 = t, p3 = f]  or  [p1 = f, p2 = f, p3 = t] Form (CNF)

● K ≥ 3 ⇒ NP-complete problem

K-sat problems Spin systems

- pi = true/false - spin ⇒ σi +1/-1
- clause among a set of pi - interaction among a set of spins
- negated / non-negated variables - coupling J = -1 / +1
- clauses satisfied / violated - energy = 0 / 1
- # of violated clauses - total energy H
- 2N possible ansatz’s - s = 1, 2, …, 2N possible states

P(σ,β) ∝ exp [-βH(σ)]

- minimal # of violated clauses - minimum of H SM at β → ∞ (T = 0)
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Random K-sat problem: building the a-th clause, Ca (a = 1, 2, …, M) 

1) pi1, pi2, …, piK (K ≥ 3) are picked up with uniform probability 
among the N variables p1, p2, …, pN

2) variables pi1, pi2, …, piK are randomly negated

Spin Glass: building the a-th interaction term, Ea (a = 1, 2, …, M) 

1) σi1, σi2, …, σiK (K ≥ 3) are picked up with uniform probability 
among the N variables σ1, σ2, …, σN

2) coupling is Ja = Ji1 Ji2 … JiK with Jir = -1 or Jir = +1, according 
to whether pir was randomly negated or not.

Some interesting result

1) Emergence of a phase transition as N → ∞, 
at a critical value of α = M/N

2) Methods developed in SG theory can be used to solve 
hard K-sat problems (cavity method, decimation alg., …)

3) The average random (not the worst) case can be solved 
in polynomial time with probability ∼1

Mézard Monasson
Parisi Zecchina



α = = M/N

N

many variables
few clauses

under-constrained
⇓

SATisfiable

not so many variables
compared to # of clauses

over-constrained 
⇓

UNSATisfiable

Hardest problems 
around αc ≈ 4.3, 
where SAT propositions 
tend to become UNSAT

Phase transition 
the jump becomes sharper
as N gets larger

Mitchell Levesque Selman
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A test case: Prion Protein - PrP 

(A bit of phenomenology)

 PrP is a cell membrane glycoprotein (highly expressed in the central  
nervous system of many mammals), whose physiological role is unclear


 It is, however, known to selectively bind copper, Cu 


 Mature PrP has a flexible, disordered, N-terminal (23-120) and a globular 
C-terminal (121-231) 


 Misfolding of PrP is held responsible for brain plaque formation and the 
development of Transmissible Spongiform Encelopathies (TSE)


● The N-terminal domain contains four (in humans) copies (repeats) of the 
octa-peptide PHGGGWGQ, each capable of binding Cu


● Experiments, more specifically, indicate that the Cu binding site is located  
within the HGGG tetra-peptide


● Cu seems to play a crucial role


● Cries for (Car-Parrinello) ab initio simulations

Quantum Chemistry 
in the BO approx


K. Wilson

● Folding vs

aggregation



• Alzheimer’s disease 


 

• Transmissible Spongiform Encephalopaties (TSEs)


	  in humans: Creutzfeldt-Jakob Disease 

	 	 	 sporadic 

	 	 	 familial 

	 	 	 iatrogenic 

	 	 	 variant

	 in sheeps: Scrapie 

	 in cattle: Bovine Spongiform Encephalopathy


• Parkinson’s disease; Dementia with Lewy bodies


• Amyotrophic Lateral Sclerosis


• Huntington’s Disease


in vivo diagnosis by Positron Emission Tomography, PET

• Transmissible Spongiform Encephalopaties (TSEs)


	  in humans: Creutzfeldt-Jakob Disease 

	 	 	 sporadic 

	 	 	 familial 

	 	 	 iatrogenic 

	 	 	 variant

	 in sheeps: Scrapie 

	 in cattle: Bovine Spongiform Encephalopathy

post m
ortem

 photom
icrograph of an histological section of the brain tissue



DISEASE AGGREGATING PROTEINS

Alzheimer’s disease Amyloid β-peptide 

Transmissible Spongiform Encephalopathies Full-length prion protein or fragments

Hereditary cerebral haemorrhage with amyloidosis Amyloid β-peptide or Cystatin C

Parkinson’s disease; dementia with Lewy bodies α-Synuclein

Frontotemporal dementia with parkinsonism Tau

Type II diabetes Amylin

Medullary carcinoma of the thyroid Procalcitonin

Atrial amyloidoses Atrial natriuretic factor

Amyotrophic lateral sclerosis Superoxide dismutase

Huntington’s disease Long glutamine stretches within proteins

Primary systemic amyloidosis Intact immunoglobulin light chains or fragments 

Secondary systemic amyloidosis Fragments of serum amyloid A protein

Familial amyloidotic polyneuropathy 2 Fragments of apolipoprotein A1

Senile systemic amyloidosis Wild-type transthyretin and fragments

Familial amyloidotic polyneuropathy 1 Mutant transthyretin and fragments 

Familian Mediterranean fever Fragments of serum amyloid A protein

Haemodialysis-related amyloidosis β2-Microglobulin

Finnish hereditary amyloidosis Fragments of mutant gelsolin 

Lysozyme amyloidosis Full-length mutant lysozyme

Insulin-related amyloid Full-length insulin

Fibrinogen α-chain amyloidosis Fibrinogen α-chain variants



How do we go about such a complicated problem?


1) Hints from physiological/biological/biochemical data   à	 PrP accumulated data 


2) Make a working hypothesis and/or a model                 à	 The role of Cu

    for misfolding or aggregation


3) Test it against appropriately designed experiments 	   à 	 EXAFS experiments 


4) Phenomenological interpretation of EXAFS data         à 	 EXAFS theory 


5) Go to an atomic description to check 4) and                à 	 Ab initio calculations

    interpret the model  


	      At this point, if you think you have understood something


6) Devise (?) an anti-aggregation strategy	 	    à	  Test it in vivo 


7) Most probably 	 	 	 	 	    à   need to go back to 
2)



BoPrP (bovine)

α-helices = green
β-strands = cyan, 
non-regular secondary structure = yellow

flexible disordered "tail" (23-121) = yellow dots

HuPrP (human)

α-helices = orange
β-strands = cyan 
non-regular secondary structure = yellow,

flexible disordered "tail" (23-121) = yellow dots

We start with some data



C-terminal part

X-ray crystallography Speculative



X-crystallography of the HGGGW-Cu+2 complex

Nδ(His)

Peculiar binding to the backbone through 
deprotonated N from G1 and G2

O(G2)

O(H2O)

Trp side-chain 
parallel to the 

equatorial plane, 
possibly keeping 

water in site

Burns, et al. Biochemistry 41:3991 (2002) 

His

Cu2+
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SR spans the electromagnetic spectrum 

from infrared (IR) to X-ray radiation 

 The higher the electron kinetic energy

the narrower the emission cone 

radial acceleration 

(e.g. deflection by a magnet) 


Lorentz force

F = e v x B

	 	 	  	 charged (electrons) 

Synchrotron Radiation (SR)   	 accelerated 	             particles

	 	 	 	 relativistic (E = γ mc2) 

SR is always emitted in the 

forward direction 


and is observed in a narrow cone 

tangentially to the orbit

● EXAFS experiments



Synchrotron Light Sources of the World

1. Advanced Light Source (ALS), Berkeley, California

2. Advanced Photon Source (APS), Argonne, Illinois

3. ALBA Synchrotron Light Facilty (formerly Laboratorio de Luz Sincrotrón), Vallés, Spain

4. ANKA Synchrotron Strahlungsquelle, Karlsruhe, Germany 

5. Australian Synchrotron, Melbourne, Victoria

6. Beijing Synchrotron Radiation Facility (BSRF), Beijing

7. Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung (BESSY), Berlin

8. Canadian Light Source (CLS), Saskatoon, Saskatchewan

9. Center for Advanced Microstructures and Devices (CAMD), Baton Rouge, Louisiana

10. Center for Advanced Technology (INDUS-1 and INDUS-2), Indore, India 

11. Cornell High Energy Synchrotron Source (CHESS), Ithaca, New York

12. diamond, Rutherford Appleton Laboratory, Didcot, England  

13. Dortmund Electron Test Accelerator (DELTA), Dortmund, Germany

14. Electron Stretcher Accelerator (ELSA), Bonn, Germany

15. Elettra Synchrotron Light Source, Trieste, Italy

16. European Synchrotron Radiation Facility (ESRF), Grenoble, France  

17. Hamburger Synchrotronstrahlungslabor (HASYLAB) at DESY, Hamburg, Germany

18. Institute for Storage Ring Facilities (ISA, ASTRID), Aarhus, Denmark

19. Laboratoire pour l'Utilisation du Rayonnement Electromagnétique (LURE), Orsay, France 

20. Laboratório Nacional de Luz Síncrotron (LNLS) Sao Paolo, Brazil

21. MAX-lab, Lund, Sweden 

22. National Synchrotron Light Source (NSLS), Brookhaven, New York

23. National Synchrotron Radiation Laboratory (NSRL), Hefei, China 

24. National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan, R.O.C

25. National Synchrotron Research Center (NSRC), Nakhon Ratchasima, Thailand

26. Photonics Research Institute, National Institute of Advanced Industrial Science and Technology (AIST)

27. Photon Factory (PF) at KEK, Tsukuba, Japan 

28. Pohang Accelerator Laboratory, Pohang, Korea

29. Shanghai Synchrotron Radiation Facility, (SSRF),

30. Siberian Synchrotron Radiation Centre (SSRC), Novosibirsk, Russia 

31. Singapore Synchrotron Light Source (SSLS), Singapore

32. SOLEIL Synchrotron, Saint-Aubin, France

33. Stanford Synchrotron Radiation Laboratory (SSRL), Menlo Park, California

34. Super Photon Ring - 8 GeV (SPring8), Nishi-Harima, Japan

35. Swiss Light Source (SLS), Villigen, Switzerland

36. Synchrotron Radiation Center (SRC), Madison, Wisconsin

37. Synchrotron Radiation Source (SRS), Daresbury, U.K.

38. Synchrotron Ultraviolet Radiation Facilty (SURF III) at NIST, Gaithersburg, Maryland

39. UVSOR Facility, Okazaki, Japan

40. VSX Light Source, Kashiwa, Japan

April 2005 
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photon intensity + 
spectral width + 
focussing conditions =

brightness
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Experimental setting

 

• radiation is directed by optical elements to the monochromator

• monochromator selects the desired wavelength of the spectrum 

• the radiation is directed to the sample



Hard X-ray photons ⇒ λ ~ inter-atomic distances in crystals

 Radiation absorption ⇒ photo-electric effect  

 


	 Ek = hν – E0 


	 Ek = kinetic energy of the emitted photo-electron

	 hν = energy of the photon 

 	 E0 = electron binding energy * 

	              *characteristic of the specific material and bound state of the electron

extracted photo-electron  leaves 
behind a positively charged 

state

⇓ 


holes in the inner shell are filled 
by electrons from outer shells 


⇓

emission of photons 


(fluorescence) 

or further electrons from outer 

shells (Auger electrons)

])(exp[0 dEII kµ−=



● The absorption coefficient, µ,  decreases monotonically 

   with the incident photon energy, hν

● When hν = E0 = photo-ionization energy of an inner electron 

   of the absorbing atom (edge energy*), µ sharply increases.  


● It then decreases monotonically soon after the edge

E0

electronic wave function

* K-edge: ionization of 
innermost electrons 

   L-edges: less strongly 
bound electrons

XAS spectrum from an isolated atom 

(e.g. mono-atomic gas)



electronic wave function

interference

XAS spectrum from a non-isolated atom 

(e.g. a diatomic molecule )

● In a multi-atomic system µ doesn’t decrease monotonically 

  after the edge, rather it has an oscillating behaviour


● The absorber (red dot) emits an outgoing spherical wave  

   (the ionized electron, photo-electron) 

 

● The scatterer (green dot) acts as diffusion center of the backscattered wave,  

   which interferes (in phase or out-of-phase) with the outgoing wave 

absorption 

coefficient, µ
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EXAFS analysis of Cu++ site geometry in 
Prion peptide complexes
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Cu++ equivalence

  E                     E/N

S1 1 0.5                     0.5
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S3a

S3b
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2.0                     0.5
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EXAFS data: Single and Multiple Scattering contributions

                      Fitted curves are within data fluctuations

S1 S4

S1

S4

His’s are identified 

from their typical 

MS contributions

S2

S3



Model interpretation of EXAFS data analysis
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IV
KI
J)H
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1 His

PHGGGWGQ

Intra-octarepeat

Cu : octarepeat = 1:1

2 His

Inter-octarepeat

PHGGGWGQ

PHGGGWGQ

Cu : octarepeat = 1:2

In the actual experimental

situation no aggregates form

M1

M1

M2

M2



Extracting structural information from EXAFS data

aσµ ∝
=µ

=aσ

absorption coefficient

absorption cross section

( )ωεωαπσ Nirfa
22 ˆ4 !

" ⋅= Fermi’s golden rule

photon frequency
density of photo-electron final state
polarization vector of incidente radiation

ω

( )ωN

ε̂

irfM fi
!
⋅= ε̂ matrix element describing the electron transition 


	 |i > : initial bound state

	 |f > : final “free” state 
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Data                               are expressed and analyzed in terms of ])(exp[0 dkII µ−=

● EXAFS theory



Initial, |i>, and the final states, |f>, are eigenfunctions of the Hamiltonian

( )rV
r
Ze

m
H +−∇=

2
2

2

2
!

( )rVThe potential          is (most often) evaluated 

in the so-called muffin tin (MT) approximation

In the interstitial regions 

the potential is set to a constant

The MT potential consists of 

non overlapping spherical regions 



fiMComputing the transition matrix element,
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n=1, l=0  eigenfunction of hydrogen atom

❑ Electron initial state: one neglects V 


The Schrödinger equation for the innermost (K) electron is
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r
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m
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 H0 is the free Hamiltonian, V is the potential due to the presence of scatterers

❑ Electron final state: one neglects the Coulomb potential 


The Schrödinger equation for the outgoing electron is



Iterative solution: let’s write restkf +=

k wave function of a free electron of momentum

!
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= exp

and satisfies the equation
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● Stopping the expansion after the first term 

   (single scattering events), one gets 
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atomic absorption contribution

(isolated atom) 

oscillations of the EXAFS signal
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● Including further terms 

   (multiple scattering events), one gets 



In Single Scattering approximation (                 )

Boland Crane Baldeschwieler, JPC 77, 142 (1982)
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Ni, Ri, σi  are fit parameters



Single scattering approximation

Information on type, number and mean distance of scatteres

BUT

Light atoms: C, O and N

|f(k,π)|

k (Å)-1

Copper ligands in the Prion peptide

oxigen

nitrogen

Need Multiple Scattering

terms in σa to disentangle

C,O and N contributions



Need to know 


	 ● the position of atoms in the vicinity of Cu, as the 

  	    whole analysis of EXAFS data rests on this knowledge 


	 ● which are the actual metal ligands  


	 ● how the rest of the peptide is structurally organized


Ab initio calculations are necessary 


	 ● Quantum Mechanics to determine the atomic force field

	     (in the Born-Oppenheimer approximation) 


	 ● Electrons are dealt with by DFT (Density Functional Theory)

	 	 - Schroedinger equation is solved à la Kohn-Sham


	 ● Atoms are treated classically 


	 ● Car-Parrinello simulations especially useful 

	 	 - Atomic Molecular Dynamics

	 	 - Some dynamics helps in understanding stability



The DFT method


STEP 1

	 Decoupling of atomic and electronic dof’s (νA’s << νel’s ⇒ BOA)


STEP 2

	 At fixed atomic coordinates, compute the electronic ground-state 

	 w.f. with the help of DFT (Schroedinger eq ⇒ Kohn-Sham eq’s) 

	 

STEP 3 

	 “Optimize” atomic coordinates to adapt them to the 

	 currently computed inter-atomic potential 


STEP 4 

	 Iterate STEP 2  and STEP 3 until you get consistency 


The Car-Parrinello idea


	 Update atomic coordinates while solving Kohn-Sham eq’s

	 	 Faster convergence ⇒ CPU-time 

	 	 Control over configuration stability 

	 	 Atomic and KS eq’s are made to both look Newtonian (2nd order in time)



In Formulae

Starting point is the Schroedinger equation
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STEP 1

	 BO Molecular Dynamics

( )

 }]R{ },r[{|}r{  
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Ψ=Ψ
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Ψ=Ψ

+ΨΨ∇−=•

Atoms move classically in the 

Quantum Mechanical potential 

generated by the electrons living

in their ground-state w.f., Ψ0

Difficulties

Schroedinger eq. should be solved over and over again at each atomic MD step


Contributions of excited states should be taken into account 


One does not really know how to solve the electronic Schroedinger eq. 



A useful approximation is Hartree-Fock


    ● Ψ0 is written as a Slater determinant (Pauli principle)

       of Ne single particle trial w.f.’s, {ψi(ri)}


    ● The latter are determined by minimizing the total 

       electronic energy


     ● He
HF is a one-body Hamiltonian 


     ● which depends non-locally and non-linearly on all {ψ}
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STEP 2


DFT à	   provides a way to systematically map the many-body problem 

	   (with electron self-interaction, W)


	   into a single-body problem (without electron self-interaction, W) 


DFT à	   is based on the Hohenberg-Kohn (Phys. Rev 136 (1964) 864) à


Theorem	 

	  “There exists a one-to-one mapping between the set of UA potentials

	    and the set of (admissible) ground-state electronic densities” 


Lemma 1

	    Since UA fixes He à Ψ0 is in turn a unique functional of n, hence of UA


	 	 	 	 	 HK mapping
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Lemma 2 


	 is a well-defined, universal functional of the (admissible) electronic density 
]n[|WT|]n[]n[F HK Ψ+Ψ=•

Lemma 3

	 The functional 


	  1) attains its minimum when                    , i.e. when the electronic density 

	      equals the value which is in correspondence with UA in the HK mapping

	  2) at the minimum it equals the total electronic energy
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Corollary

	 We can compute the ground-state electronic density, hence 

	 all the ground-state observables, from the minimum equation


	 except that we do not know the HK-functional, FHK


	 Kohn and Sham have proposed a way to go around this problem
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The Kohn-Sham equations

◘ The key observation is that the HK mapping exists, even if we set the 

    electronic self-interaction term to zero in all the above equations, W ≡ 0


   - in this situation the many-body electronic Schroedinger equation 

     separates into N decoupled one-body equations


   - furthermore for any given electronic density, n,  there exists a uA
NSI


     such that one can represent n as the sum of the moduli square of 

     the solutions of the one-body Schroedinger equation 
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Kohn-Sham equations



◘ We are done if we can find the relation between uA and uA
NSI


   - Ψ0 is exactly the Slater determinant of the {ϕi}


   - the NSI HK-functional is simply the kinetic energy 


   - and satisfies the equation


◘ We now rewrite                                                    in the form 


◘ Minimizing            and using equations (♥) and (♣), we get    
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◘ Inserting back uA
NSI in the KS equations one ends up with 


	 - formally identical to the HF equations, but for 

	 - εi are Lagrange multipliers enforcing < ϕi | ϕj > = δij


◘ On the solution the total energy reads 


	 - it is a function of the atomic positions 

	 - it plays the role of inter-atomic potential in MD simulations


◘ We need an expression for             and 


	 - for the Free Electron Gas


	 

	 - LDA / GGA / … 
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STEP 3 à STEP 4

	 “Optimization” of atomic coordinates can be achieved in various ways


	 1) Solve the classical eqs of motion 


	    but, need to know EHK[{R}] for all values of {R}


	 2) Solve simultaneously classical eqs of motion for atoms 

                 and the KS eqs for electrons                  


           It can be elegantly done by introducing the effective Lagrangian


          {R} and {ϕ} are Lagrangian coordinates, n(r) = Σi ϕi*(r) ϕi(r) and
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- Rather than the minimum equation (♠), we get for the electronic w.f.,

  the 2nd order equation in the (fictitious) time


- A unique time step for atomic MD and KS eqs, Δt ≈ femtosecond 


- We need to solve the KS eqs by adiabatically lowering 

  the electronic “kinetic energy”

	 ● “total electronic energy” is (almost) conserved 

	 	 we have a Lagrangian system

	 	 little energy transfer between atoms and electrons


	 ● by progressively lowering Te à 0, the system will end 

                in the minimum of the “potential”

	 ● where the force, hence the acceleration is zero 

εi eigenvalues 
of Λij

0 =



● Quantum ESPRESSO is an initiative of the DEMOCRITOS National 
Simulation Center (Trieste) and of its partners.

● In collaboration with
– CINECA, the Italian National Supercomputing Center in Bologna
– Ecole Polytechnique Fédérale de Lausanne
– Princeton University
– Massachusetts Institute of Technology
– Many other individuals…

● Integrated computer code suite for electronic structure calculations and 
materials modeling at the nanoscale 

– Released under a free license (GNU GPL)
– Written in Fortran 90, with a modern approach
– Efficient, Parallelized (MPI), Portable

● Suite components
– PWscf (Trieste, Lausanne, Pisa): self-consistent electronic structure, structural 

relaxation, BO molecular dynamics, linear-response (phonons, dielectric 
properties)

– CP (Lausanne, Princeton): (variable-cell) Car-Parrinello molecular dynamics

CP dynamics is implemented in a number of codes, 
among which Quantum ESPRESSO and CPMD

http://www.cpmd.org/http://www.quantum-espresso.org/



●  Car-Parrinello variable-cell molecular dynamics with Ultrasoft PP’s.
●  Developed by A. Pasquarello, K. Laasonen, A. Trave, R. Car, 
      N. Marzari, P. Giannozzi, C. Cavazzoni, G. Ballabio, S. Scandolo, 
      G. Chiarotti, P. Focher.
●  Verlet dynamics with mass preconditioning
●  Temperature control: Nosé thermostat for both electrons and ions, 
      velocity rescaling
●  Variable-cell (Parrinello-Rahman) dynamics
●  Damped dynamics minimization for electronic and ionic minimization
●  Modified kinetic functional for constant-pressure calculations
●  “Grid Box” for fast treatment of augmentation terms in Ultrasoft PP’s
●  Metallic systems: variable-occupancy dynamics
●  Nudged Elastic Band (NEB) for energy barriers and reaction paths
●  Dynamics with Wannier functions

The Quantum-ESPRESSO Software Distribution



Cu(+2)


O


N


C


H

A - Initial Cu(+2) HG(-)G(-)G configuration

A first principle study 

of the Cu-HGGG interactions


A - the monomer

B - the dimer

Furlan, La Penna, Guerrieri, 
Morante, GCR, JBIC 12(4) 
(2007) 571



B - Initial 2 x [Cu(+2) HG(-)G(-)G] configuration

Cu(+2)


O


N


C


H


V = (15 A)3

[HG(-)G(-)G]1

[HG(-)G(-)G]2

[Cu(+2)]1

[Cu(+2)]2
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no Cu à no binding
Cu bonds with Gly and His are 

dynamically formed and destroyed

Cu


O


N


C



A first principle study of the 
influence of pH on the 

geometry of the Cu binding 
site in the 


HGGG + H(Im) peptide

Furlan, La Penna, Guerrieri, Morante, GCR, JBIC



System 4, S4:	 Cu2+(HisG1G2G3)   + Im + 92  (H2O)

System 1, S1:	 Cu2+(HisG1
−G2

−G3) + Im + 83  (H2O)

PIm

System 2, S2:	 Cu2+(HisG1G2
−G3)  + Im + 105  (H2O)

H1PIm

System 3, S3:	 Cu2+(HisG1
−G2G3)  + Im + 92  (H2O)

PH2ImH1PH2Im

H1PH2: both Gly1 and Gly2 protonated

P: both Gly1 and Gly2 deprotonated

H1P: only Gly1 protonatedPH2: only Gly2 protonated



Nδ of isolated imidazole → N(Im)

N(Im)

Nδ of His → N(His)
N(His)

N of first Gly → N(G1)

N(G1)

N(G2)

N of second Gly → N(G2)

O(G2)

Carbonil O of second Gly → O(G2)

Atom <d> (Å) σ (Å)

N(Im) 2.07 0.08

N(His) 2.10 0.10

N(G1) 2.01 0.08

N(G2) 2.01 0.08

O(G2) 3.80 0.30

line of “coordination sphere”

S1: HisG1
-G2

-G3 + Im



Nδ of isolated imidazole → N(Im)

N(Im)

Nδ of His → N(His) N(His)

N of first Gly → N(G1)

N(G1)

N(G2)

N of second Gly → N(G2)

O(G2)

Carbonil O of second Gly → O(G2)

Atom <d>(Å) σ (Å)

N(Im) 2.20 0.20

N(His) 2.00 0.10

N(G1) 3.00 0.40

N(G2) 1.96 0.07

O(G2) 2.20 0.10

S2: HisG1G2
-G3 + Im



Nδ of isolated imidazole → N(Im)

N(Im)

Nδ of His → N(His)
N(His)

N of first Gly → N(G1)

N(G1)

N(G2)

N of second Gly → N(G2)

O(G2)

Carbonil O of second Gly → O(G2)

Atom <d>(Å) σ (Å)

N(Im) 2.01 0.07

N(His) 1.99 0.07

N(G1) 2.00 0.10

N(G2) 4.10 0.30

O(G2) 4.70 0.40

S3: HisG1
-G2G3 + Im



Nδ of isolated imidazole → N(Im)

N(Im)

Nδ of His → N(His)
N(His)

N of first Gly → N(G1)

N(G1)

N(G2)

N of second Gly → N(G2)

O(G2)

Carbonil O of second Gly → O(G2)

Atom <d> (Å) σ (Å)

N(Im) 1.95 0.08

N(His) 1.95 0.08

N(G1) --- ---

N(G2) --- ---

O(G2) --- ---

S4: HisG1G2G3 + Im



Atom

S1 

HisG1

-G2
-G3

S2 

HisG1G2

-G3

S3 

HisG1

-G2G3

S4 

HisG1G2G3

<d> σ <d> σ <d> σ <d> σ

N(Im) 2.07 0.08 2.20 0.20 2.01 0.07 1.95 0.08

N(His) 2.10 0.10 2.00 0.10 1.99 0.07 1.95 0.08

N(G1) 2.01 0.08 3.00 0.40 2.00 0.10 --- ---

N(G2) 2.01 0.08 1.96 0.07 4.10 0.30 --- ---

O(G2) 3.80 0.30 2.20 0.10 4.70 0.40 --- ---

4N 3N1O 3N 2N

3N 2N

Imidazole ring is always in Cu coordination sphere

independently of Gly’s protonation state

Gly2 protonated →

low coordination number

BUT...

3N1O



Gly protonation state and Imidazole binding

Is the dimeric (two octarepeats) compound 

more/less stable than the monomeric one?

Compute energies of products of the virtual chemical reactions:

5. PIm → P + Im

4. H1PIm → H1P + Im → H+
1 + P + Im

3. PH2Im → PH2 + Im → H+
2 + P + Im

2. H1PH2Im → H1PH2 + Im → H+
1P + H+

2 + Im → H+
1 + H+

2 + P + Im

P: both Gly1 and Gly2 deprotonated

H1P: only Gly2 deprotonated

PH2: only Gly1 deprotonated

H1PH2: both Gly1 and Gly2 protonated

1. H1PH2Im → H1PH2 + Im → H+
1 + PH2 + Im → H+

1 + H+
2 + P + Im

A stability study



Two types of Conclusions

we have seen the power of using CP-MD 

in combination with DFT optimization

“unstable” structures can be 
recognized and, if needed, 

discarded

Methodological



“unstable” structures can be 
recognized and, if needed, 

discarded

Methodological

we have seen the power of using CP-MD 

in combination with DFT optimization

Two types of Conclusions



The presence of the extra His stabilize the Cu peptide complex 

⇑


The binding energy decreases with the number of deprotonated Glycines

⇓


The energy of the complex where both Gly’s nitrogens are 

deprotonated, P, is very near to that we find for the 


crystallographic configuration

Multiple Histidine coordination can occur in the

presence of deprotonated Glycines


⇓

The hypothesis that low copper concentration favors 

inter-repeat binding is confirmed
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VI. Conclusions and outlook



Conclusions

Very many difficult problems


But there is hope to successfully attack some of them


Extremely exciting research field 


An arena where biology, mathematics, physics, computer science meet


Amazing experimental methods are being developed


Fantastic applications are in view


New positions are foreseeable!	



Conclusions

Very many difficult problems


But there is hope to successfully attack some of them


Extremely exciting research field 


An arena where biology, mathematics, physics, computer science meet


Amazing experimental methods are being developed


Fantastic applications are in view


New positions are foreseeable!	

Outlook?



Thank you all for listening!

But for today
	 	 	 	 Outlook


This is not the end. 


It is not even the beginning of the end.

 

But it is, perhaps, the end of the beginning 


