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Polypeptide phase behaviour
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Buell AK, Intern. Rev. Cell. Mol. Biol. 2017
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Structure of the talk

1) The energy barriers of amyloid fibril and peptide crystal growth

2) Mechanistic insight into autocatalytic secondary nucleation of
a-synuclein amyloid fibrils.

3) Microfluidics and microcapillary experiments for the study of
biomolecular interactions
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The mechanism of amyloid fibril formation

e = @ monomer Amyloid fibril formation from
soluble protein is a multi-step
— 5 amyloid fibril process, involving steps of
AR
K Ke nucleation,
T Q0 - 000
e
GIII + & T I growth

and proliferation

We have devised experimental strategies that allow to determine the rate
constants of the individual steps.

Buell et al., Essays in Biochemistry 2014

6" December 2018 Microfluidics for Synthetic Biology and Health Applications Slide 4



The mechanism of amyloid fibril formation

e = @ monomer Amyloid fibril formation from
soluble protein is a multi-step
— 5 amyloid fibril process, involving steps of
A
K Ke nucleation,
T Q0 - 000
@
I + @ T JIIIJI growth
off

and proliferation

We have devised experimental strategies that allow to determine the rate
constants of the individual steps.

Buell et al., Essays in Biochemistry, 2014
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Quartz crystal microbalance measurements

of amyloid fibril growth

a) 1 H = liquid phase 2 liquid phase
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The resonant frequency decreases
and the dissipation increases when

the aggregates grow.

N o

Surface-bound seed aggregates can be
repeatedly incubated with soluble protein

-

Growth Rate [ng/(cmzmin)]

and the rate of change of frequency, and & :
hence the growth rate, can be very ' 4
accurately measured. | SEEEEEREEN
Time [min] Repeat number
Knowles et al., PNAS 2007 .
Buell et al., J. Phys. Chem. B. 2010 T.he rate of freqyency change is
Buell et al., Meth. in Mol. Biol., 2012 h|gh|y reproducible upon repeated

exposure to monomer.
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Fundamental features of amyloid fibril growth
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Buell et al., Angew. Chem. Int. Ed. 2012 Buell et al., Phys. Rev. Lett 2010
If the rate of fibril growth is measured at The aggregation rate as a function of
different temperatures, the enthalpy of monomer concentration shows
activation can be determined from an saturation (‘Michaelis-Menten-like'),
Arrhenius plot. due to the finite incorporation rate.
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Arrhenius analysis of amyloid fibril growth
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Decomposing the free energy barriers
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1D projection of complex trajectory,
involving many degrees of freedom

Results of the systematic kinetic analysis of amyloid fibril elongation:

- A H*%is unfavourable in all cases (and correlates with structure and size of monomer)
- AS* is favourable in all cases (and correlates with hydrophobicity of monomer)

- AG* is strongly compensated

Buell et al., Phys. Rev. Lett., 2010
Buell et al., Angew. Chem. Int. Ed., 2012
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Self-assembly of diphenylalanine

Diphenylalanine is a central
motif of the AB peptide.

el

Monomer

Reches and Gazit, Science 2003, 300, 625-627

Diphenylalanine and its derivatives form a variety of self-

- assembled structures with remarkable properties: hollow
cores, piezo-electric, optical waveguide, intrinsic
fluorescence, spheres with metallic stiffness, ...

Nanospheres Nanotubes

}
AGg t=-3.2 kJ mol!
AH=- 21 kJ mol

AS=-83J mol™ K

AGin=-16.3 kJ mol™

Boc-FF structures undergo
Ostwald ripening.

Levin and Mason et al., Nat. Comm. 2014
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Microfluidics for the study of peptide assembly

Pipette tip = Seed crystal
3 suspensmn

Sample population
injected into cha’nnel

7 S~<ppMs

Glass

C) ’ Monomer solution

Flow :/

= 4 In a microfluidic flow reactor,
the growth of seed crystals is
monitored. The peptide concen-
tration and hence the chemical
potential can be kept constant
or varied as desired.

Observation
region

Mason et al., JACS, 2016

6" December 2018 Microfluidics for Synthetic Biology and Health Applications Slide 11



The concentration-dependence of FF crystal growth
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a sub-linear concen-
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 of the growth rate.
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Significant radial growth is only observed
at higher concentrations.
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In a crystal, even growth is a nucleated
process, explaining the higher concen-

tration dependence.

Mason et al., JACS 2016
Buell et al., Phys Rev Lett 2010
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The temperature-dependence of FF crystal growth
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The temperature dependence of the growth rate needs to be corrected for the increased
solubility at higher temperatures and hence the reduced driving force of assembly.
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The mechanism of amyloid fibril formation

e = @ monomer Amyloid fibril formation from
soluble protein is a multi-step
— 5 amyloid fibril process, involving steps of
AR
K Ke nucleation,
T Q0 - 000
e
GIII + & T I growth

and proliferation

We have devised experimental strategies that allow to determine the rate
constants of the individual steps.

Buell et al., Essays in Biochemistry, 2014, 56, 11-39
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The spreading of disease pathology

Alzheimer disease: tau Alzheimer disease: amyloid-p

Brettschneider et al., Nature Reviews Neuroscience 2015

The systematic spreading of the pathology through the CNS is one of the striking
features of neurodegenerative disorders, suggesting the existence of a fibril
amplification process.

6" December 2018 Microfluidics for Synthetic Biology and Health Applications Slide 15



What is secondary nucleation?

Homogeneous nucleation

Proposed secondary nucleation for
sickle haemoglobin:
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Ferrone, Hofrichter and Eaton, JMB 1985
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Cohen, Linse, Knowles and Dobson et al., PNAS 2013
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a-synuclein
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Fusco et al., Nature Comm. 2014 Buell et al., PNAS 2014

a-synuclein is disordered in solution but adopts a-helical structure upon binding
to phospholipid membranes.

a-synuclein can form a variety of oligomeric structures (on and off-pathway to
amyloid fibril formation), as well as a range of amyloid structures (“strains”),
depending on the solution conditions.
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pH-dependent secondary nucleation
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At neutral pH, a-synuclein fibrils grow, but do not proliferate under quiescent
conditions. At mildly acidic pH, the fibrils show autocatalytic amplification.
Buell et al., PNAS 2014
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QCM experiments at different pH values
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There are two modes of monomer binding to fibrils, and their relative proportion
and reversibility is pH-dependent.

Monomer is able to bind to fibril ends (high affinity) and to the fibril surface (lower
affinity). The former leads to growth, the latter to secondary nucleation.

Gaspar et al., Quart. Rev. Biophys. 2017

6" December 2018 Microfluidics for Synthetic Biology and Health Applications Slide 19



Secondary nucleation as mechanism
for the spreading of aggregates?
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Hypothesis: secondary nucleation lies “ Fibril
at the heart of the spread of disease
pathology in (some) amyloid disorders @® monomer

transmission
by unknown
mechanism

conversion af monomer pool invasion of healthy corversion of monomer pool
through growth and secandary cell by aggregate through growth and secondary
nucleation nucleation

primary nucleation of
aggregate

Buell AK, Intern. Rev. Cell. Mol. Biol. 2017

Secondary nucleation provides a plausible mechanism by which protein aggregates
can amplify and spread in vivo.
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Microcapillaries for the study of
biomolecular phoretic mobilities

. Dligomers

Fibrils
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Thermophoresis in glass micro-
capillaries and microfluidic free-flow
electrophoresis can be used to quantify
the thermophoretic and electrophoretic
mobilities of protein aggregates.

Wolff et al., Sci. Rep. 2016
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Microcapillaries for the study of
biomolecular interactions
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Microscale thermophoresis (MST) in glass capillaries can be used to quantify
ligand binding to protein oligomers and amyloid fibrils.

Wolff et al., Sci. Rep. 2016
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Microfluidics for the study of
biomolecular interactions

a-synuclein fibrils  a-synuclein + NbSyn87
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Differences in diffusion coefficient can be
exploited for the identification of interactions
between biomolecules and supramolecular
protein aggregates.

Outlets <8

Zhang et al., ChemBioChem 2016
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Microfluidic diffusional sizing

Microfluidics offers a platform for measuring binding between biomolecules
through changes in diffusional behaviour.
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Only laminar flow is present, i.e. no turbulent mixing.

Mass transport orthogonal to flow direction only through

diffusion.

Arosio et al., ACS Nano 2015
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a-synuclein binding to lipid vesicles
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Label-free microfluidic diffusional analysis

& Comventional labe Hbased measurements Lakent labelling
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6" December 2018 Microfluidics for Synthetic Biology and Health Applications Slide 26



The labelling chemistry
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The Fluidity One instrument

fluidity GBS

This device allows to determine the
L concentration and average size of
.- ) protein samples simultaneously from
a few microlitres of solution.
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Applications of the Fluidity One

Example: biophysical and biochemical analysis of

patient-derived light chain proteins
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Summary

The self-assembly and aggregation of peptides and proteins

has relevance in biological function and malfunction as well as
In biotechnology.

Microfluidics represents a powerful platform for the study and
control of biomolecular interactions and assembly phenomena.
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Come to Copenhagen!
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Start of new research group in April 2019

PhD and postdoc positions available!
Topics: Biophysics of biomolecular assembly in disease and function

Microfluidics experts (and those who want to become one) needed!
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