CIS

A RTTCUL E S

Published on Web 03/24/2010

Protein Aggregation in Crowded Environments

Duncan A. White,"* Alexander K. Buell,* Tuomas P. J. Knowles,* Mark E. Welland,*
and Christopher M. Dobson*"

Department of Chemistry, University of Cambridge, Cambridge, U.K. CB2 1EW, and
Nanoscience Centre, University of Cambridge, Cambridge, U.K. CB3 OFF

Received December 1, 2009; E-mail: cmd44@cam.ac.uk

Abstract: The physicochemical parameters of biomolecules are the key determinants of the multitude of
processes that govern the normal and aberrant behavior of living systems. A particularly important aspect
of such behavior is the role it plays in the self-association of proteins to form organized aggregates such
as the amyloid or amyloid-like fibrils that are associated with pathological conditions including Alzheimer’s
disease and Type Il diabetes. In this study we describe quantitative quartz crystal microbalance
measurements of the kinetics of the growth of amyloid fibrils in a range of crowded environments and in
conjunction with theoretical predictions demonstrate the existence of general relationships that link the
propensities of protein molecules to aggregate with fundamental parameters that describe their specific

structures and local environments.

Introduction

Amyloid fibrils are highly ordered protein aggregates that are
associated both with biological self-assembly and with the
formation of functional structures.* They are best known in
connection with a range of neurodegenerative disorders and
prion diseases as well as with other forms of abnormal behavior
including the deposition within organs such as the liver, spleen,
and heart of large quantities of proteins in various forms of
systemic amyloidoses.?2 It has been shown in a wide range of
studies that the conversion of normally soluble proteins into
amyloid structures can be promoted by nonphysiological solu-
tion conditions such as extremes of temperature or pH or the
addition of nanoparticles.>*®

In aliving cell, however, additional physicochemical param-
eters modulate protein self-assembly, one of the most intriguing
of which isthe effect of macromolecular crowding as the cellular
environment contains many volume-excluding macromolecules
such as proteins, polysaccharides, and lipids. In addition to
specific interactions within this environment, nonspecific effects
can perturb the dynamics of all biochemical processes on which
living systems depend.®” Considerable progress has been made
in understanding the effects of macromolecular crowding on
protein folding, conformation, and function.2~° The aggregation
of proteins, however, is a somewhat more complex process in
that the aggregation propensity of a system is dependent on a
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combination of distinct effects such as sequence, monomer
conformation, nucleation rate, effective protein concentration,
intermolecular interactions, diffusive properties, and the action
of species such as chaperone molecules.***° The magnitude
of such effects is dependent on the physical and chemical
properties of the proteins involved and the macromol ecules that
give rise to crowding. Despite this apparent complexity, we
show here that by combining a biosensor assay with atheoretical
analysis, both of which consider exclusively fibril elongation,
it is possible to identify generic trends that describe well the
response of amyloid growth to crowding as a function of only
afew key parameters characteristic of the protein structure and
the crowded milieu.

Experimental measurements in crowded systems are inher-
ently challenging as the presence of alarge excess of spectator
molecules has the potentia to influence or conceal any signd
from a specific component that is used to monitor a given
reaction. Crowded environments are aso known to modify
profoundly the association of components, for example through
attractive entropic interactions such as the depletion pressure
that results from the entropically favorable overlap of the regions
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surrounding two particles into which cosolutes are unable to
penetrate.®® A consequence of such effects is that the stoichi-
ometry and binding affinity of large reporter molecules to
amyloid structures are susceptible to significant variability, a
problem that is complicated further by recent evidence concern-
ing the limitations of traditional dye-based assays.?® To achieve
guantitative measurements in a crowded environment, therefore,
we have focused in the present study on a label-free measure-
ment approach based on a quartz crystal microbalance (QCM)
assay that has recently been developed as a general method of
monitoring with high accuracy the elongation of amyloid fibrils
consequent upon the addition of their monomeric precursor.?~23

Results and Discussion

QCM Assay. The QCM assay specifically monitors the
elongation of an ensemble of seed fibrils that are attached to a
quartz crystal sensor surface by measuring the increase in mass
associated with the attachment of individual molecules; the latter
resultsin a negative shift in the resonant frequency of the quartz
crystal sensor®* that can be measured to a high level of accuracy.
Crucialy, the fact that multiple measurements can be made on
the same ensembl e of seed fibrils and that stochastic processes
such as nucleation and breakage do not contribute to these
measurements substantially increases the accuracy and repro-
ducibility of this approach relative to traditional solution
methods that monitor the quantity of fibrillar species present
under given conditions.?> Repeated atomic force microscopy
imaging of the sensor surface showed that the lengths of
covalently bound fibrils do not decrease over time scales an
order of magnitude greater than the experiment time. Addition-
ally nucleation events also play no significant role in our
measurements as fibril growth is observed as a linear decrease
in resonant frequency upon exposure to monomeric protein
(Figure 1).

Biosensing Protein Fibril Elongation in Crowded Environ-
ments. A primary advantage of the QCM assay is that measure-
ments of fibril growth may be performed repeatedly on the same
ensemble of fibrils (Figure 1C, G, K, and O); the deviation of
the repeat measurements is typically within 10% of the mean
elongation rate. We describe here the operation of QCM assays
in crowded environments (Figure 1D, H, L, and P).?* Initialy,
protein seed fibrils on the sensor surface are exposed to a buffer
solution, and the resonant frequency does not change as a
function of time (1). Following exposure to a solution containing
amacromolecular cosolute (1), the sensor rapidly adapts to the
increased viscosity?® and a new stable baseline frequency is
obtained. We can at this point verify that there is no binding of
the cosolute to the fibrils or the sensor surface by reverting to
the pure buffer solution (1), following which the resonant
frequency is observed to return to its initial value. A second
exposure to a solution containing inert macromolecules (11”) then
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reproduces the initial viscosity-driven shift in resonant fre-
quency, illustrating the reliability of the biosensor approach.
The system is now ready for amyloid growth measurements
that are achieved by exposing the surface to a solution containing
both soluble protein and inert macromolecules; the addition of
protein monomers to the ends of the surface-bound fibrils can
then be followed in rea time through the associated increase
in surface-bound hydrodynamic mass (I11). Finally, when the
protein solution is replaced with pure buffer, the growth ceases
in the absence of available protein monomers, and the number
of molecules that have attached themselves to the fibrils can be
evaluated as a function of time by calculating the mass change
from the difference in the resonant frequencies before and after
growth (I’ and 1, respectively). A comparison can then be made
with data from analogous measurements of the rate of fibril
elongation in the absence of crowding agents. We find in the
present study that the linear slopes corresponding to the growth
phases within the crowded environment (111) yield growth rates
similar to those obtained from evaluation of the differencesin
the pre- and postgrowth baselines (I’ and 1”), illustrated by the
dashed lines; strongly supporting the validity of the measurements.

Volume Excluding Cosolutes. Having established the accuracy
and robustness of QCM assays under crowded conditions, we
carried out systematic studies of the elongation rates of arange
of proteins as a function of cosolute concentration in the
presence of high molecular weight forms of polysaccharide and
poly(ethylene glycol) (PEG) molecules. Figure 2A shows, as
an example, data for bovine insulin fibrils where the addition
of high molecular weight cosolutes such as dextran (200 kDa)
and PEG (200 kDa) can be seen to accelerate the rate of fibril
elongation despite a concurrent increase in solvent relative
viscosity from 1 to 4.3 mPas in the case of dextran as the
concentration was increased from 0 to 50 mg/mL. To interpret
the significance of these results, we adopted scaled particle
theory?’ to calculate the changes in the thermodynamic activities
of proteins as aresult of the crowded conditionsin terms of the
changes in available volume (see Experimental Section).?® For
example, an insulin molecule placed into a solution of 50 mg/
mL dextran will have an activity coefficient of 1.4, and a protein
fibril with length 50 nm and radius 2.25 nm has an activity
coefficient of 2775.0 under the same conditions, according to
eq 4. If we combine these particlesinto a single elongated fibril,
the activity coefficient rises to 3908.2 and we can relate these
values according to eqs 2 and 7 to give a relative elongation
rate of 1.3.

It is particulary important to note here that scaled particle
theory in the current form predicts only the effects of crowding
on fibril elongation, and to date this model has received only
limited success in the literature in describing accurately data
from solution measurements,?® most likely due to stochastic
contributions from secondary nucleation events such as fibril
breskage.* The QCM assay does not suffer from such stochastic
processes and has the ability to measure directly the elongation
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Figure 1. Amyloid fibril growth measured using the QCM technique. Severa proteins were studied: (A—D) the insulin B-chain, (E—H) bovine insulin,
(I-L) hen egg white lysozyme, and (M—P) human a-synuclein. The first and second columns show tapping mode atomic force microscopy images of the
QCM sensor surfaces before and after exposure to monomeric protein, respectively (Image width, 4 um). The third column demonstrates repeated exposure
of soluble protein to the same ensemble of seed fibrils for each protein system, revealing the reproducibility of the QCM assay; the mean growth rates and
standard deviations are shown for each system. The final column illustrates QCM measurements in crowded environments (1) pure buffer, (I1) buffer and

cosolute, and (I11) buffer, cosolute, and monomeric protein.

of fibrils, making it ideally suited to measurements of the effects
of macromolecular crowding on amyloid fibril growth.

The effect of macromolecular crowding on the rate of fibril
growth is reported here as arelative rate between elongation in
a crowded environment and that in an ideal solution; relative
rates of >1.0 are therefore indicative of enhancement and <1.0
of inhibition. In the current model, the geometry of high
molecular weight cosolutes is approximated as a random array
of rigid rods, the soluble protein molecules are treated as hard
spheres, and the growing amyloid fibrils as rigid spherocylinders
(Figure 2E).%” By taking the characteristic dimensions of insulin
fibril formation in dextran or PEG (monomer radius 1.3 nm,>*
dextran chain radius 0.675 nm,** PEG chain radius 0.22 nm,*
specific exclusion volume of dextran 0.0008 L/g,3* specific
exclusion volume of PEG 0.00084 L/g,* radius of an insulin
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fibril 2.25 nm,*® and the increase in length of a fibril on the
addition of an insulin monomer, A, as 0.47 nm?+%), eq 5 can
be used to perform parameter-free predictions of the relative
rate of insulin fibril elongation, under crowded conditions. The
predictions are found to be in excellent agreement with the
observed data for both PEG (200 kDa) and dextran (200 kDa)
(Figure 2A).

Scaled particle theory may therefore be used successfully to
make parameter-free predictions of the effects of crowding on
amyloid fibril growth, athough it should be noted that large
viscosities prevent measurements under very high cosolute
concentrations in the flow cell of the QCM and that discrep-
ancies in the exact functional forms of the curves may be
explained by viscosity contributions that are neglected in scaled
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Figure 2. Amyloid fibril growth in crowded media composed of high-aspect ratio polymer chains. (A) Relative insulin fibril elongation rate in the presence
of dextran (200 kDa) (blue) and PEG (200 kDa) (orange). Solid lines are parameter-free predictions using eq 5 for dextran (200 kDa) with r, = 0.675 nm>*
and » = 0.0008 L/g and for PEG (200 kDa) with r, = 0.22 nm®® and » = 0.00084 L/g.>® (B) Relative fibril elongation rates for bovine insulin (red), the
insulin B-chain (green), human o-synucelin (blue), and hen egg white lysozyme (orange) in the presence of dextran (200 kDa). Solid lines are fits to eq 5
with A as a free parameter. (C) The increase in fibril length upon monomer addition, A, as a function of the number of amino acid residues fitted with a
linear regression as a guide to the eye; error bars are the standard deviations from the fits in panel B. (D) Relative growth rates as a function of the protein
hydrodynamic radius in the presence of 50 mg/mL dextran (200 kDa). Horizontal error bars represent the variation of protein radius from fully folded (red)
to unfolded (blue),3” and the blue band represents the prediction from scaled particle theory using eq 5 by varying r¢ between 0 and 5 nm in accordance with
AFM images of fibril heights. (E) Schematic representation of the particle geometries used in scaled particle theory illustrating their characteristic dimensions.

particle theory. In addition to parameter-free predictions of
insulin fibril growth, we aso studied several other protein
systems where the increases in fibril length upon monomer
addition, A, were unknown. We then used A as afree parameter
to fit data from the insulin B-chain, a-synuclein, and lysozyme,
(Figure 2B), and found a high degree of correlation between A
and the number of amino acid residues in the polypeptide, which
we have fitted using a simple linear regression as a guide to
the eye, (Figure 2C). This approach is not as direct or accurate
as structural methods such as AFM or EM to determine A, 2%
but it provides substantial evidence that subtle correlations can
still be observed in highly complex environments.

Crucially, scaled particle theory also predicts an increase in
the relative rate of fibril elongation as the effective radius of
the soluble protein precursor molecule increases. To test this
prediction, we explored the effect of a high molecular weight
dextran (200 kDa, at 50 mg/mL) on a series of five proteins of
different molecular weights (Figure 2B). The hydrodynamic radii

of the proteins were calculated from pulsed field gradient NMR
studies of a range of native and denatured proteins.” Experi-
mentally, we found that the rate of amyloid fibril growth was
accelerated for all proteins studied here in the presence of
dextran (200 kDa) and furthermore that there is a good
correlation between the relative rates and the protein hydrody-
namic radii as described by scaled particle theory (eg 5). Our
results also show that the change in activity coefficients of
protein molecules in the presence of cosolutes of amuch larger
size is well captured by the entropic interactions described by
scaled particle theory, which are associated with the changes
in volume available to the reactants and products. By contrast,
changesin the viscosity of the solution do not have a pronounced
influence on the rate of elongation under the conditions studied
here, a finding that is consistent with the notion that the
dynamics of crowding by large polymers are characterized by
time scales larger than those governing the diffusional transport
of the protein monomers.
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Figure 3. Amyloid growth in the presence of a stabilizing osmolyte,
glucose. (A) Relative elongetion rates for five amyloid systems (two natively
folded, three natively unfolded) in the presence of 200 mg/mL glucose.
(B) Hypothesized process for amyloid formation from a natively folded or
unfolded protein, involving an initial increase or reduction in volume of
the polypeptide, respectively.

Osmolytes. A further series of studies of fibril growth was
carried out in the presence of glucose (180 Da), which was found
to have very different effects on the rate of fibril growth of
different proteins, in contrast to the universal acceleration in
the presence of large molecular weight cosolutes discussed
above. Remarkably, as described below, the differential effects
on the fibril growth rates of the different proteins are well
captured by considering, in addition to the relative sizes of the
cosolutes, only a single parameter, namely, the degree of
structure that the precursor proteins possess in their soluble
forms. Scaled particle theory predicts that the relative rate of
fibril elongation will decrease as the radius of the cosolute
molecules decreases. For small cosolutes therefore, entropic
interactions described by scaled particle theory become negli-
gible, and any effects of cosolutes on the fibril growth rate must
stem from other physicochemical phenomena.

Osmolytes, small organic solutes that are found in osmotically
stressed environments, have been reported to stabilize the
compact states of proteins by preferential exclusion of the
osmolyte from the surface of the protein.®® In particular,
the presence of oligosaccharides has been shown to inhibit
aggregation processes that involve an increase in the volume
of a protein from the native state to the aggregation-prone
transition state of the self-association reaction®® (Figure 3C).
In accord with this finding we observe here that fibril growth is
inhibited by the presence of glucose only for proteins that retain
a significant degree of globular structure and hence require a
volume increase associated with the unfolding step prior to
aggregation (e.g., in the present study both insulin and hen egg
white lysozyme (HEWL) at pH 2.0 come into this category)
(Figure 3B). By contrast, for proteins lacking persistent structure
that are expected to have aggregation-prone transition states

(38) Timasheff, S. N. Proc. Natl. Acad. Sci. U.SA. 2002, 99, 9721-9726.
(39) Webb, J. N.; Webb, S. D.; Cleland, J. L.; Carpenter, J. F.; Randolph,
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more compact than the native conformation (e.g., here, PI3K-
SH3 and the insulin B-chain at pH 2.0 and a-synuclein®™ at pH
7.4), an increase in the relative rate of fibril elongation is
observed experimentally in the presence of 200 mg/mL glucose.
On the basis of these findings, it is interesting to note that
previous investigations using fluorescent reporter molecules are
in agreement with our observations that the aggregation of
unfolded polypeptides is accelerated by low molecular weight
cosolutes and osmolytes (such as trimethyl amine N-oxide,
trehalose, and poly(ethylene glycol)),**~* while the aggregation
of proteins that retain a degree of structure under aggregating
conditions is inhibited,?®

We have shown here that the complex effects of macromo-
lecular crowding on the growth of amyloid fibrils can be well
described on the basis of established physical principles using
a combination of osmolytic effects and entropic interactions.
We have shown experimentally that with this framework it is
possible to predict accurately the susceptibility of a range of
proteins with different structural properties to aggregate in
various in vitro environments. These experiments are comple-
mented by theoretical analysisthat predicts exponentia increases
in the rates of self-association reactions with increasing
concentrations of cosolute and with increasing protein radii. If
we consider the rate of addition to an amyloid fibril of a protein
of ca. 300 amino acids that we approximate as a sphere of radius
3.0 nm, eq 6 predicts that the relative rate will increase by a
factor of 15 in the presence of 300 mg/mL of spherical cosolutes,
also of radius 3.0 nm, values characteristic of the cellular
environment.® This ambitious extrapolation neglects al viscosity
contributions that are likely to inhibit the predicted acceleration,
but it is interesting that such an acceleration in rate is greater
than the acceleration of the growth rate observed as the pH is
reduced from 7.0 to 1.6 during the formation of insulin fibrils.*®
The ability to modulate reaction kinetics to such large extents,
therefore, supports the view that macromolecular crowding is
likely to be an important consideration for biochemical reactions
in living systems in genera and for protein aggregation in
particular.” The present study shows that a detailed knowledge
and understanding of the magnitude of these effectsis accessible
using a combination of sophisticated experimental techniques
and quantitative predictions based on the fundamenta physi-
cochemical characteristics of the system.

Experimental Section

Protein Expression and Purification. Wild type a-synuclein
and PI3K-SH3 were produced by overexpression in Escherichia
coli BL21 cells following methods described previously.?>4748
Insulin, the oxidized form of the insulin B-chain, and hen egg white
lysozyme (HEWL) were purchased from Sigma Aldrich, U.K. and
used without further purification.
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Quartz Crystal Microbalance Assay. All chemicals were
purchased from Sigma Aldrich with the exception of methoxy
terminated poly(ethylene glycol) thiol [CH3O(CH,CH,0)sSH]
(Polypure, Norway). QSX 301 Standard Gold quartz sensors (mass
sensitivity coefficient 17.7 ng cm 2 Hz ) were used throughout
(Q-Sense, Sweden). All QCM measurements were made with a
Q-Sense E4 instrument (Q-Sense, Sweden), and all AFM images
with a PicoPlus AFM (Molecular Imaging, AZ).

The method of sensor preparation was varied depending on the
pH required to attach the fibrils while maintaining their stability.
Elementa common to all methods were probe sonication with 3 s
pulses and 3 s rests to produce a uniform distribution of shortened
seed fibrils of approximately 100 nm in length as determined by
AFM, incubation of seed fibril suspensions on the sensor surfaces
carried out in 100% humidity for 1 h, and passivation of all sensors
by incubation with methoxy terminated PEG thiol (0.02%) in the
appropriate buffer for 1 h.

All fibrils were prepared using procedures reported previoudy.
Specificaly, PI3-SH3 fibrils were formed by incubation of a 10
mg/mL solution of the protein in 10 mM HCI at 40 °C for 4 days.
The fibrils were diluted 5 times and activated by addition of
cystamine and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC)?? to final concentrations of 100 and 5 mM
respectively. The fibrils were concentrated and resuspended twice
by centrifugation at 12,0009 for 2 h. The resulting pellet was diluted,
sonicated, and incubated on the sensor as described above.
a-Synuclein fibrils were formed by incubation of 2100 M solution
of a-synuclein in PBS buffer at pH 7.4 and 37 °C with stirring for
4 days, during which time the solution became cloudy. This solution
was then concentrated by centrifugation at 10,0009 for 15 min and
then diluted 20 times and sonicated as above. The seeds were
functionalized with 2-iminothiolane, added to afinal concentration
of 7.3 mM in order to attach them covalently to the gold surface.
Insulin fibrils were formed by incubation of a 10 mg/mL solution
of insulin from bovine pancreas in 10 mM HCI at 60 °C for 4
days, diluted 500 times, and sonicated as above. Insulin seed fibrils
readily bind irreversibly to the gold surface of the sensor without
the need for chemical modification. Hen lysozyme fibrils were
formed by incubation of a 30 mg/mL solution in 10 mM HCI (pH
2.0) at 60 °C for 10 days. The fibrils were activated and incubated
on the sensor as described above for PI3-SH3. Insulin B-chain fibrils
were formed by incubation of a 10 mg/mL solution in 20 mM HCI
(pH 2.0) at room temperature for 7 days. The resulting fibrils in
each case were activated and incubated on the sensor as described
for PI3-SH3.

Rheology. Measurements of high shear plateau solution viscosi-
ties for al cosolute solutions were made on an AR2000 stress
controlled rheometer (TA Instruments, U.K.) at 25 °C with a 40
mm aluminum parallel plate geometry and 100 um gap, recording
at 5 points per decade.

Scaled Particle Theory. Scaled particle theory is used to provide
adescription of the volume fraction available to a particle upon its
introduction into abath of inert cosolute particles. From thisvolume
fraction, the activity coefficients of reactants and products can be
determined and the enhancement factor, I, can be calculated and
used to obtain an elongation rate in crowded conditions relative to
the elongation rate in an ideal solution. Minton has provided a
rigorous thermodynamic background to the problem,?® and this
approach has also been used by Hatters et al.?° According to scaled
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particle theory,?” for the reaction
A + B — (AB)" — AB 1)

where A represents an amyloid fibril, B is the monomeric form of
the protein, and AB is the elongated fibril following monomer
addition, an enhancement factor, I', can be described using activity
coefficients:

_ VAV8
Y(aB)

r

@

where the activity coefficient of each species can be related to the
volume available to it as

y=§a 3

The activity coefficients for a spherical monomer, A, a sphero-
cylindrical seed fibril, B, and an elongated seed fibril, AB, can then
be determined by calculating the volume available to each species
in an inert polymer matrix according to scaled particle theory:*”

] )2
Ya = exp||l+ T vC
L c
[ re A — 1) + 2r;
Ys = exp (1 + —)(1 + —)yc] 4
L C 2rC
[ re Ai) + 2r;
Yap = €Xp (l + r—)(l + T)UC]

These equations may be combined according to eq 2 to give the
length-independent enhancement factor, T

(S I (A B

where r, is the radius of the soluble protein prior to its conversion
into an amyloid state, ry is the radius of the amyloid seed fibril
treated as a spherocylinder, r. is the chain radius of dextran, v is
the specific exclusion volume of dextran (L/g), ¢ isthe concentration
of dextran (g/L), and A is a proportionality constant related to the
increase in fibril length upon addition of one monomer of protein
to the spherocylinderical fibril. A similar equation can be derived
for the same reaction in the presence of spherical cosolutes:

| R S Fl &

The rate constant for the reaction under crowded conditions can
then be described as

k= kT (7)
where kj is the rate constant in an ideal solution.
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