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Biological molecules:
Order, Disorder, Chaos

... A physicist's paean to proteins



Introduction



Mycoplasma mycoides
bacterial cell,
David S. Goodsell watercolor
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Form ever follows function - Louis Sullivan (1896)












Order






The protein folding problem

Villin, 36 amino acids, ~10 us




Biosynthesis of amino acids
(glycolysis and in the citric acid cycle (eek!))
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Polymerization of amino acids
(protein translation)




The protein folding problem

Villin, 36 amino acids, ~10 ps
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3K9l Space Group: P6122
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Crystalline order

AGmtuJ v AIIJ:taI Pe ITAS’It&E < 0



Crystalline order

?
AGgtqr = AHpiq — TAS 401 <0

AHgiq 2 0 (e.g., +155 kJ/mol for Hemoglobin C)
ASzia <0 (e.g., -100 to -300 J/mol-K)




Crystalline order
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Disorder



Disorder

protein dynamics

Two proofs...



Proof 1
biochem







Proof 2
physics



Protein dynamics

In stlico
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Ubiquitin (76 residues, 1231 atoms) 5ps
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Protein dynamics

In crystallum



Protein disorder via
diffuse X-ray scattering

(irony... study disorder by imposing crystalline order)



\ Lead
Crystalline solid screen

““‘-‘-ﬁ Spot from incident beam

\\ Spots from diffracted X-rays
™~ Photographic plate

X-ray
tube
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10,000-
40,000 volts




Bragg scattering =

TMO0875, pdb 1022 -




Bragg Scattering

F(S) = [m " px)e* S dr = Fg)(S)

I(8) =|F(8)*



(x)
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Isn’t the fuzzy photo
often exactly what we need?

- Ludwig Wittgenstein (1953)



non-Bragg “diffuse” Scattering

Fe) = [ " p(x)e¥™ ST dr = Fl|(S)
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CL5873A, pdb 3K9I
LIS



Atomic displacements are “liquid-like”
exponentially correlated with correlation length(s) y
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Yinternal = 6-8 A

Faltaous, M, Ahmed, A., Clarage, J. Diffuse X-ray scattering from a

putative protein binding protein 3K91, (in preparation)
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Chaos



Laplace (1776)
VS.
Poincare (1903)



Lyapunov exponent A

8(t) = J,e?’
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Ubiquitin (76 residues, 1231 atoms) 5ps
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Chaotic divergence in atomic coordinates over time
(x—coordinate of N atom in MET—1. Initial é = 0.001 A)







Exponential Divergence of Two Trajectories in Ubiquitin
(Initial 6 = 0.001 A)




Log Plot of Divergence of Two Trajectories in Ubiquitin
(Initial 6 = 0.001 A)

1/(0.11 ps)




Chaotic divergence in atomic coordinates over time
(z—coordinate of O atom in H20. Initial 6 = 0.001 A)

A=2.25ps! =1/(0.44 ps)




State space portraits

(1)
21(t)
21(t)
3 (t)






Bui, J., Romo, T., Clarage, J. Visualizing chaos in proteins using state-space portraits. (in preparation)
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MISC...



non-Ergodicity

Structural: only small fraction of all

possible protein sequences sampled
in biosphere (Kauffman).

Dynamical: protein lifetimes less than
needed to fill out attractor
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