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“Post Evolutionary™
Diseases

[Nature 418, 729-730 (2002)]

Clinical Syndrome Fibril subunit
Alzheimer’s disease 1-40 or 1-42 fragment of AP protein

Transmissible spongiform Full-length or fragments of prion protein
encephalopathies

Reactive systemic amyloidosis Fragment of amyloid A protein
Type Il diabetes mellitus Islet amyloid polypeptide (IAPP)

Senile systemic amyloidosis Wild-type transthyretin
Hemodialysis-related amyloidosis  Full-length, wild-type f2-microglobulin

What 1s the common colecular growth mechanism, 1f any?



Current Problems of Interest (to us)
Role of secretases (Drug Targets) in metabolic processing of APP into Ap
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Cleavage & products

Mutant

Once cleaved how does AS associate?
Kinetics of oligomer formation, Growth of fibrils

Toy model + AS + Sup35 (Yeast prions)



Outline of the Talk

» Fluctuations in the Monomers & Implications

" Growth of monomers and Nucleation (?)

= NMolecular events 1n the addition of monomers
to fibrils (role of water Key)

Protein Misfolding Consequences



Relation to monomeric folding: Comfortational Diseases

Unfolded states

Hyeon and dt
Biochemistry (05)

Monomer can misfold to
multiple conformations

Structural variations in
the CBAs imprinted in
Competing oligomers and fibrils
Basins of Attraction

(CBA) b

Native Basin of Attraction
(NBA)




Scenarios for AGgregation

(dt, D Klimoy and B Dima, Curr. Opin. Struct. Biol,, 2003)

Example 1 n Mammalian
TTR \ ;\/ Prions
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Towards a AP Inspired Toy Model

Double-layer (two)
protofilaments (A3, )

Strands (8-turn-3)
Perpendicular to fibril
axis

Tycko and company (NI

1)



A 4 Structural Model (Tycko)

b V40 V36 132 K28

Y10 H14 K16 F20



Toy Model (Is the fibril structure encoded 1in monomer
spectrum) Prot Sc1 2002; JCP 2008
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Monomer has 8 beads

# of sequences = 43
(amylome)

# of conformations on
cubic lattice = 1,841




Structure of “protofilament™ + “fibril™
Single and double layer
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Interplay of E,_and E

k2
Temperaure

a: Monomers parallel
b: Monomer alternate
¢: Double layer

d: No fibril compact

Optimal growth temp
Tep, = (107 - 10M74

Largest n about 9

Seeding speeds up fibril
rate formation



Growth rate depends on N population Py,”
Depends on sequence
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Lifshitz-Slyazov Growth Law
Supersaturated solution
J. Phys. Chem. Solids (1961)
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Heterogeneity of N* determines polymorphism?
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N* and Fibril monomer

b V40 V36 82 K28
sab 0. Tycko PNAS (02)

Y10 H14 K16 F20 Reddy JPCB (09)
(3) D23-K28 +
Kirschner-Straub
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Free energy “spectra™ for AB(10-35)
Tarus, Straub & dt JACS (2006)
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D23-K28 salt bridge enhances fibril rate
by 1000 (Meredith + Tycko)

Desolvation (water dehydration)
a free energy barrier to form N* in WT

Distinct N*

States could

Grow 1nto
Difterent

Fibrils.. Monomer
Spectra “encode”
The distinct strains




Cascade of events in protein aggregation
(no chaperones, crowding..)

%% Assembly-
Folded protein
competent
/ conformations
@ @ =
Ollgumer Each step 1s complex

Unfr::lded protein
With multiple time scales
& large conformational
@ Changes with substantial

Docked stage Locked stage Docked stage Critical nucleus hE:t ero geneity !

Q.
% — — Single molecues...

Locked stage  Protofibril Amyloid fibril

Protein
synthesﬁ




Schematic View of Dock-L.ock Process
Template = existing fibril

Ap Munumer_ AB “Docking” Conformational
Ready to Deposit (reversible) Transition Lee-Maggio (2000)
. “' " «| Wetzel (2004
‘n_ \__ -\ What are the
Molecular
Events?

Role of water?

AB “Locked” 2nd Ap monomer
(irreversible) “Docking” Legend

o MD simulations

o N “I1 e ) i U Af, .4, Oligomers

® 1 ApRomim] Addition of
_ = | Sup35 (7-13) gD
(a id)
#4 #5 5 AB3s.40 & AB3;4,10

fibrils




Growth of oligomers & Fibrils

MD simulations
All, (5, oligomers

Addition of

Sup335 (7-13) pD
Allzsqo & Alls; 0
Fibrils

Starting structures
From atomic coordinates
(E1senberg & company)

All atom representation

Thermodynamics: Replica
Exchange (implicit solvent)

Dynamics: MD
Simulations explicit water..



Monomer addition to ALl 5, oligomers
Nguyen & L1 PNAS (2007)

ABis22 T [ABg.22ln1 © [AP1622], (M =2...5)

Y

Random Coil Preformed : :
Simulations get

difficult to carry out
for n bigger than 5

AD (Deposition diseases) oligomers
are neurotoxic with plaques being end product
discovered 1n autopsy
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Oligomer
assembly

Insert AB,s.,, monomer

(AB)n1 + A8 & (AB),

n=4 5 and6

MD simulations in water
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Hydrophobic and
charged residues
stabilize oligomers
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Principle of Amyloid
Self-assembly (PASA)

Anti-parallel registry satisfies
Hydrophobic and charged

interactions



Trimer Structure
from MD

Antiparallel p} sheets

Monomer is Random Coil
Negligible « or p content

Structure: Interaction
Driven

DKlimov & dt
Structure 11, 295 (2003)




Al s, trimer forms antiparallel
structure

Q0Ls 1 1 | L [ T T 1 | L 1

Proc. Natl. Acad. Sci.
“1_' 104, 111 (2007)
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Trimer undergoes substantial

conformational fluctuations
(Fluid-like)

Most stable

Energy Landscape
PCA



Ordered oligomer fluctuates greatly to
accommodate added monomer

g;i};i! P, = nematic order parameter
il MY = 1.5(cos?8 - 1)

% la)

3

AP,(n) (fluctuations in nematic
parameter) decreases as n
Increases

(AB)s + AB — (AB)s

Oligomers are fluctuating Nematic
droplets!




Interior 1s dry, few hydrogen bonds, stabilized by
side chain contacts
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B(1)

Br1)

Oligomers grow by a multistage

Simplified as (Dock-Lock) mechanism
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" Ordered oligomers
orientationally melt but retain
[]-strand content

" Dock-Lock mechanism 1s
be sequence independent.
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Estimating Oligomer Formation Time
Scale (C-dependent)
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Multiple Assembly Pathways
Random coil monomers add
fast (rate « contact area)

7(n) (MFPT) from F(P,)
Using Kramers theory

7(n) ~ exp(8 G(n))

n > n 7(n) diffusion
limited

n ~ (6-8) Using Kramers + naive
nucleation theory



Picture of Oligomer growth

Nucleated Conformational Conversion (NCC)

Mobile
Oligomers

O - O . O . O . .

Serio...|.Lindqust Science (2
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(N ),



Diffusion-limited growth: concentration dependence
(no prayer of computing SAGI)

Smoluchowski Theory of association
(preformed fibril stationary)

kG Anao exp(-BAGi )/(7?0 T T’cc —i_kHT’cCZ)
ke . C (small C)
kg . C/(1+ 0C) (moderate C)

kg . 1/C (large C)

Fit Experiments to C dependent k.,



Dynamics of locking of a monomer to
a growing fibril

Molecular events 1n the growth of fibrils Peptides from

Sup35 and AS peptides

Preformed fibrils (E1senberg and company)
add an “unstructured” peptide

Role of water 1n creating a dry interface



X-ray Structure of a Fibrillar Peptide

Crystal structure of a 7-
residue peptide from Sup3 3
prion (7-13) (David Eisenberg)
shows that the peptides
stack parallel

GNNQONY

From Prion Domain;
Sheets antiparallel
Dry interface

“Steric Zipper”

Full inter digitation
H-bonds




Locking of GNNQQNY & Role of Water
All Atom MD Simulations

R ——— - Greyr ShEEt

Wet Interface

—Dry Interface

“Disordered”
~ monomer

Dock Process 1s rapid



Growth by docking 1s dynamically highly cooperative!
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Dvnamics of Ordering at residue level
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Assembly Heterogeneity: Every event 1s

special!
Tyr’ backtracks
Tyr’ locked

N3Q*Y 7 lock rest
misassembled;

g’ GNNQOQNY
“backtracks”

| GLNe o (C-term melts)
U N il g lh! _ [ e before in registry
s i lockin
/ 100 Em/?! 4 g
Time (n

Similar to folding
Of Interlukin

Gosavi & Onuchic




Comparing Sup35 and A3

Rapid drying transition
Greater fluctuations

Stability compromised

Seguence affects
energetics and growth
kinetics
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Contrasting ordering of Sup35 and A} addition

P, = nematic order
parameter

P, = 1 implies

ordering commensurate

with underlying fibril

Sup35 P, pinned at 1:

AQ fluctuations even
after locking
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Sup35 and A3 peptide addition

(b)




Drying of strand-strand interface coincides
with amyloid growth
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Dynamics of water expulsion (Sup35)

(b)
Desolvation
coincident

“f with locking
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Two 1d water wires mediate Sup335 protofilament assembly
(Govardhan Reddy 2010)
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are needed to see this picture.




Water dynamics in AP fibrils
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Considerable fluctuations
In water after monomer locks
compared to Sup35

Sheet assembly occurs
by a drying step abruptly



Drying transition between hydrophobic plates
similar to AP} fibril growth
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