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Proteins: many length scales and functions

* Multiple environments: solution, membranes, surfaces...

« Many functionalities
— Solution: catalysis, recognition, signals, pigments...

— Membranes: channels, energy transduction, light harvesting,
signaling...

> 10 nm



Theory and Design of Proteins (and Self-Organizing Macromolecules)

eMethods for probabilistic protein design
e|nput:
—-Target tertiary and quaternary structure
-Features, e.g., well-packed, hydrophobic interior
—Atomistic energy functions
—Physical, synthetic and functional constraints on sequences
eQutput: Site-specific probabilities of the amino acids for a given structure
¢ Advantages:
el arge structures and diversity
¢ Application to de novo protein design and combinatorial design
e Transferable to nonbiological systems
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Sequence design: search methods

Simulated annealing
‘ Monte Carlo methods

..GKAVHL... Genetic
...GKALHIL... algorithms
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Pruning methods —

(dead end elimination) \

Fix target structure U Folded
Vary sequence state

S. Mayo (Caltech), H. Hellinga (Duke); D. Baker (UW Seattle); T. Alber (UC Berkeley), P. Kim, B. Tidor, A. Keating
(MIT); P. Harbury (Stanford); J. Desjarlais (Xencor); C. Floudas (Princeton); L. Lai (Beijing); S. Takada (Kyoto)...



Thermodynamic analogy

Thermodynamic ensemble Sequence ensemble
Q=no. configurations {2=no. sequences

N,V,E
o(X)— O - l w;(a) %

Apply methods from statistical thermodynamics to estimate probabilities
(effective thermodynamic quantities: T, E, S...)

« Solve for probabilities w;(a) subject to constraints on sequences

— Self-consistent field methods based on entropy maximization
H. Kono and J. G. Saven. J Mol. Biol.,. 306: 607-627 (2001).
J. Zou and J. G. Saven, J. Mol. Biol., 296: 281-294 (2000).

« Sample sequences and count frequencies of amino acids

— Efficient (biased with replica exchange) Monte Carlo methods
X.Yang and J. G. Saven, Chem. Phys. Lett., 401: 205-210 (2005).
J. Zou and J. G. Saven, J. Chem. Phys. 118: p. 3843—-3854 (2003).




Self-consistent, entropy maximization

Sequences are not enumerated
Solve for probabilities w;(a): a = amino acid state, i = position in sequence
Maximize subject to physical and synthetic constraints on sequences: E;, T,

—Constrain effective energies E; (low energy sequences for target structure)

—Other possible constraints:
« Pattern amino acids: hydrophobic inside, hydrophilic outside
» Specify identities and/or conformations of functionally important residues

Viw(a)})=S-BE, -B.E,—...—Af, - A [, — ..
S = —Ezwi(a)lnwi(a)

Ei=E ({ a}) =L oldea ({a}) Atomic potential energy

Ly =L uion ({a}) Solvation energy

dV
w(a)

=0, and E, =(E )
i | sequence H. Kono and J. G. Saven. J Mol. Biol.,. 306: 607-627 (2001).
J.Zou and J. G. Saven, J. Mol. Biol., 296: 281-294 (2000).






Local average energy

Energy of sequence (a,, E (1) 2)
A yeey@y ) = a)+ a.a,
..., Ay) In structure (@ v 2 y (@) E v a,a;)

i<j

Local energy of a at site i

e.(a)=7"(a)+ Eym(a,aj)

e(a)=(e.(a) =y V(@) + Y ¥y (a.a)wa,)

Average OVEer sequences



Atomistic Models of Proteins

« Amino acid and side chain conformation
* “Energy”

Atomic interactions (AMBER)
Solvation (Hydrophobic effect)
[Kono & Saven, J. Mol. Biol, 306:607 (2001)]

Discrete conformational Ala——— —

states for amino acids Arg— < — rotamer

(rotamers) Asn __ states

Dunbrack & Cohen, Protein Sci., 6:1661 (1997) —
w(a,r")

o/ g

w.(a) = E w.(a,r")



Relative entropy: SH3 domain

- 57 residue protein
-Allow all amino acids at each position
-Compare with multiple sequence alignment
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Designing protein complexes with
nonbiological cofactors

Groups of
Michael Therien, William DeGrado,
& J. Saven



Protein complexes with nonbiological cofactors

» Cofactors confer function to proteins
— e.g., Heme (oxygen binding, catalysis)

CH; <
« New function and materials: proteins containing PPIX-Fe
nonbiological cofactors A ARAINA
— Controlled cofactor environment AR AL AV
. 2 AV A
— Controlled protein assembly NINYNANN)
0CH2COOH
12+ O
= @ DPP-Fe
. 0]
- near IR emitters CH,COOH

- large molecular hyperpolarizability (NLO)
- long lived charge separated states
(M. J. Therien)




The equation of the helical coiled-coll

A Oryst, (1983, 6, 443
The Fourler Transform of a Coiled-Coil

By F. L C Cwiox
The Medical Besoarch Cownedl Unit for the Stady of he Nolccaler Stracture of Bidlggied] Sysiema,
The Cavendiah Loboroiory, Cambridge, Faglond

(Neccived 14 Morch 1903)

The Pourier trazsforos are given for & contineoss aoied 20il, snd for & set of stoms spasel &
regvine mtervals along o codled coil. The nature of the sclution s briefly discussad.
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Crick predicted the structural
topology of the coiled-coil
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Porphyrin




Porphyrin + His




Porphyrin + His + Thr + tetrameric backbone




Porphyrin + His + Thr + tetrameric backbone + sequence




Designed protein binds nonbiological Fe-porphyrin cofactor
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Computationally designed tetra-a-helical has
target structure and protein selectively binds

DPP-Fe.
Helical peptide (CD)
Helicity increases upon addtion of cofactor (CD)

DPP-Fe Asymmetry about cofactor (CD in Soret band)
@ Correct MW (Gel filtration; HPLC)
5 Selective binding to nonbiological cofactor

"CH,COOH

F. Cochran, W. Wang, V. Nanda, S. Wu, W. F. DeGrado, J. G. Saven, M. J. Therien, JACS, 2005, 127, 1346-1347



Tetramer to single chain protein

o

Tetramer Single-Chain
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Gretchen M. Bender, Andreas Lehmann, Hongling Zou, Hong Cheng, H. Christopher Fry, Don Engel, Michael J. Therien, J. Kent Blasie,
Heinrich Roder, Jeffrey G. Saven, and William F. DeGrado, J. Am. Chem. Soc., 2007. 129: 10732-10740.



Selective binding of nonbiological Zn-porphyrin to
designed a-helical A,B, hetero-tetramer
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C. Fry, A. Lehmann, J. Saven, W. DeGrado, M. Therien. J. Am. Chem. Soc. (2010)



Tailoring protein to NLO cofactor: RuPZn

Build helical
bundle

Build loops to arrive at
Single chain

Computational design
of sequence



Designed proteins are helical and bind cofactor
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Shift in Q band as cofactor binds
Titration has correct stoichiometry
Ky~ 30 nM, 1 uM
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