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Single-molecule FRET combined with kinetic modeling was
used to monitor the formation, depletion and conversion of
transiently populated oligomeric intermediates during the
course of amyloid fibril formation. The microscopic reaction
steps during amyloid formation as well as their acceleration
and inhibition by extrinsic factors can be described
guantitatively. Accelerating the conversion of toxic oligomers
into more benign fibrillar species can offer an effective
approach to reduce amyloid cytotoxicity.
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Introduction

The aggregation of polypeptide chains into p-sheet rich as

Amelioration of aggregate cytotoxicity by catalytic
conversion of protein oligomers into amyloid
fibrilst

Jie Yang,1*® Alexander J. Dear, 2 © Qiong-Qiong Yao, &2 2° Zhenyan Liu,?
Christopher M. Dobson,§%¢ Tuomas P. J. Knowles, &< Sj wu @ *3° and
Sarah Perrett (& *2P

The aggregation of peptides and proteins into amyloid fibrils is a molecular self-assembly phenomenon
associated with both biological function and malfunction, notably in the context of neurodegenerative
diseases. Oligomeric species formed early in the aggregation process are generally associated with cyto-
toxicity. Extrinsic molecules such as peptides have been found to influence amyloid formation kinetics
and regulate this cellular process. Here, we use single-molecule FRET and bulk assays combined with
global kinetic analysis to study quantitatively the effect of an 8-residue peptide (LQVNIGNR) on fibril for-
mation by the yeast prion protein Ure2. This peptide, which is derived from a segment of the Ure2 prion
domain, forms vesicular assemblies that accelerate fibril formation of Ure2 by promoting conformational
conversion of oligomeric intermediates into fibrillar species in a catalytic manner. This reduces oligomer
longevity and consequently ameliorates cytotoxicity. The LQVNIGNR peptide was found to accelerate
fibril formation of unrelated proteins including Tau and a-Synuclein, suggesting a general ability to cata-
lyse fibrillation. This study provides a general strategy for investigating the microscopic mechanism of
extrinsic factors on amyloid aggregation. This approach can readily be applied to other amyloid systems
and demonstrates that acceleration of oligomer conversion is a promising strategy to reduce amyloid
toxicity.

complex, typically including multiple events such as primary
nucleation and elongation, as well as secondary pathways such
fragmentation and monomer-dependent secondary

amyloid fibrils is not only associated with a series of neurode-
generative disorders including Alzheimer’s disease and
Parkinson’s disease, but is also related to a range of cellular
functions in living organisms." Microscopic reactions under-
lying the assembly process of amyloidogenic proteins are
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nucleation.>"* The oligomeric species populated early in the
process of amyloid fibril formation have attracted great interest
in recent years because such species have been observed to be
significantly more cytotoxic than fibrils.>®” However, the low-
populated, transient and heterogeneous nature of the oligo-
mers makes it challenging to study them by traditional bio-
chemical and biophysical methods. During the past decades,
the development of single molecule fluorescence techniques
offers a powerful approach for exploring the formation and
properties of oligomers, because of their ability to probe the
nature of individual molecular species.® '

Due to the generic toxicity of amyloid oligomers,"® signifi-
cant efforts have been devoted to finding inhibitors of the
aggregation process. Extrinsic factors such as small molecules,
peptides and antibodies have been shown to inhibit the aggre-
gation of many amyloidogenic proteins, including the Af
peptide, o-Synuclein and islet amyloid polypeptide (IAPP)
associated with Alzheimer’s disease, Parkinson’s disease, and
type II diabetes, respectively."* Of these factors, short peptides
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are simple and effective in this regard, especially those derived
from self-recognition regions of amyloidogenic proteins.'*°
However, inhibitors must be present at saturating concen-
tration to achieve stable binding to the target (Fig. 1A); this
may be challenging to attain in vivo. Moreover, the detailed
mechanisms of how these molecules interfere with amyloid
aggregation are still under investigation, and it is not guaran-
teed that a factor that inhibits the overall aggregation process
will also reduce the concentration of toxic oligomeric inter-
mediates of this process. By contrast, some amphiphilic pep-
tides have been reported to accelerate the formation of
amyloid fibrils.*" Unlike inhibition, it is possible for accelera-
tion to be catalytic (Fig. 1B), with the accelerating agent
binding only transiently to the target before being regenerated,
and thus the catalyst is likely to be effective at significantly
lower concentrations. In this paper we show that acceleration
of the appropriate microscopic steps in the aggregation reac-
tion can offer an orthogonal approach to lower the concen-
tration of toxic oligomeric intermediates, that has the advan-
tage of requiring in principle far lower doses of drug than an
inhibition-based approach. We furthermore show how the con-
certed use of single molecule spectroscopy and kinetic analysis
can allow the modulation of individual molecular level pro-
cesses in the formation and depletion of oligomers to be
defined in quantitative detail.

As a model system we focus on the yeast prion protein Ure2,
which is the protein determinant of the prion state [URE3] in
Saccharomyces cerevisiae.”> Native Ure2 consists of a flexible
N-terminal prion domain and a globular C-terminal domain;
the N-terminal domain is responsible for amyloid formation.
In our previous work, we discovered that the amyloid aggrega-
tion of Ure2 begins with the formation of oligomers that are
functionally distinct from Ure2 fibrils, and that subsequently
undergo a conformational conversion into rapidly growing
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Fig. 1 Differing requirements for catalysis vs. inhibition. (A) Inhibition of
oligomers requires stable binding of oligomers such that most of them
become chemically inactive and unable to exert toxic effects. This may
require a high concentration of inhibitor (e.g. antibodies). (B) On the
other hand, catalysis of oligomer conversion to fibrils requires only
enough catalyst to meaningfully increase the flux through the transition
state. Since the transition state is high-energy and therefore rare for
slow oligomer conversion, in principle only substoichiometric concen-
trations of catalyst may be required (e.g. vesicular assemblies of the kind
studied in the present work). O, oligomer; P, product; I, inhibitor, C,
catalyst.
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fibrillar species. We also discovered that these nonfibrillar oli-
gomers are vastly more numerous than those fibrillar species
short enough to be considered oligomeric. We developed a
detailed kinetic model for this phenomenon, which now
makes possible the study of the microscopic reaction steps of
Ure2 aggregation in the presence of acceleratory or inhibitory
factors.”> In the present study, using single-molecule FRET
(SmFRET) and kinetic modelling, we elucidate the way in
which short peptides affect the fibril formation of Ure2. In par-
ticular, we find that the LQVNIGNR peptide promotes Ure2
aggregation by forming vesicular assemblies that result in an
increase in the oligomer conformational conversion rate, k.
The accelerated oligomer conversion to non-toxic fibrillar
species reduces the duration of the oligomer-generating lag
phase in the aggregation process and thus decreases the cellu-
lar toxicity. These findings enhance our understanding of the
interaction between short peptides and amyloid proteins, and
also indicate that the acceleration of oligomer conversion
could be beneficial to cell viability.

Results

Screening the effects of peptides derived from the prion
domain sequence of Ure2

Short peptides can influence fibril formation by amyloid pro-
teins, especially peptides related to self-recognition regions of
such proteins."* These regions generally include amyloido-
genic core sequences, for example residues 20-29 of hIAPP
and residues 17-21 of AP, which have been found to inhibit
fibril formation of the parent protein.">>* In the case of Ure2,
we performed an amyloidogenicity prediction using the
FoldAmyloid algorithm (Fig. S1}). The results indicate that
residues 16-20 (LRQVN) has the highest amyloidogenicity, in
agreement with our previous study showing that the segment
QVNI (residues 18-21) represents a potential amyloid-
initiation region.”> Additionally, a p-sheet-forming region
involving residues 8-12 has also been suggested to be crucial
for fibril formation of Ure2.® Therefore, we designed several
peptides derived from these regions with different lengths and
hydrophobicities (Table S1t) as potential candidates to modu-
late the fibril formation of Ure2.

We tested each of the peptides individually by incubating
them with full-length Ure2 to observe their effects on fibril for-
mation (Fig. S21). Most of the designed peptides have no effect
on the aggregation behaviour, except for the peptide QVSNL,
which slightly prolongs the lag phase of the reaction
(Fig. S2AY), indicating a weak inhibitory effect. The peptide
LQVNIGNR was, however, found to dramatically accelerate the
fibril formation of Ure2 (Fig. 2A and S2Bt), indicating that this
peptide is an accelerator of Ure2 self-assembly rather than an
inhibitor. This finding is in contrast to the previously observed
inhibition effect of fibril core sequences on amyloid proteins
for AP peptide, PrP, o-Synuclein, Tau, IAPP, poly-Q and
insulin.’>2%?”?® The mechanism for these inhibition effects
has been proposed to be a result of the ability of these pep-
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Fig. 2 Kinetics of Ure2 fibril formation in the presence of LQVNIGNR. (A) ThT curves for 5 pM Ure2 in the absence (black) or presence (red) of
40 pM LQVNIGNR. The data shown are the average of three replicates and the error bars represent the SD. (B) and (C) The normalized ThT curves of
5 pM Ure2 with different concentrations of LQVNIGNR were globally fitted to a kinetic model for breakable biofilaments which is described in detail
in the Methods. The concentrations of LQVNIGNR are 0 pM (dark green), 30 pM (purple), 40 pM (pink), 50 uM (cyan), 60 pM (light green), and 80 pM
(orange). Three repetitions were averaged and analyzed for each concentration. (B) Global fitting of the model to the data using a different k,k, but
the same k.k_ for each concentration of LQVNIGNR is able to faithfully reproduce the kinetics. (C) Global fitting with the same k,k, value but
different k,k_ values for each concentration of LQVNIGNR yields misfits. This indicates that LQVNIGNR affects only k,, and not k.. or k_.

tides to bind stably to the similar sequence in the full-length
protein and hinder its self-assembly into highly-ordered
B-sheet structures. The observation that the LQVNIGNR
peptide has the reverse effect when it interacts with the full-
length sequence makes it an interesting system through which
to probe the origin of such effects.

The kinetics of fibril formation by Ure2 in the presence of the
LQVNIGNR peptide

We used kinetic analysis**® to probe the mechanism of the
acceleration effect of LQVNIGNR on amyloid fibril formation
of Ure2. Since Ure2 is a highly stable dimer in solution and the
dimeric unit of Ure2 seldom dissociates during fibril for-
mation,”® we therefore refer to the dimer concentration
throughout this study. Our previous work has demonstrated
that the aggregation of Ure2 is dominated by fragmentation of
mature fibrils.>**° Global fitting of the kinetics of fibril for-
mation measured by ThT fluorescence over a range of initial
Ure2 concentrations yielded the two combined kinetic para-
meters, k,k, and k.k_, where k,, k. and k_ represent the
primary nucleation, fibril elongation and fragmentation rate
constants, respectively.”® To determine which microscopic
reaction steps are influenced by the peptide, we measured the
kinetics of Ure2 aggregation using ThT assays in the presence
of different concentrations of LQVNIGNR (Fig. 2B and C). We
fitted these kinetic curves globally to a fragmentation-domi-
nant model with variable k,k, but fixed k.k_, or with fixed k,k.
but variable k,k_ (see Methods); the former but not the latter
showed a good fit to the experimental data (Fig. 2B and C).
Allowing both k,k, and k,k_ to vary did not improve the quality
of the fit compared to that obtained using fixed k.k_. The
results show that both k. and k_ were unaffected by the pres-
ence of LQVNIGNR, whereas the primary nucleation rate k,
increased with increasing concentration of peptide
(Table S27).

We next investigated the mechanism of the acceleration
effect of LQVNIGNR on Ure2 primary nucleation during fibril
formation. We noted that this peptide was shown previously to

This journal is © The Royal Society of Chemistry 2020

be capable of forming fibrillar aggregates and that preformed
fibrils can promote the aggregate formation of Ure2.”’
Therefore, we investigated the possibility that the aggregation
of LQVNIGNR might promote Ure2 aggregate formation under
our experimental conditions (Fig. 3). Since the ribbon-like
fibrils formed by LQVNIGNR (Fig. 3A) did not stain with ThT
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Fig. 3 The ThT and turbidity measurements of the seeding of Ure2
aggregates by LQVNIGNR. (A) TEM images of aggregates formed by
Ure2, LQVNIGNR, and the mixture of Ure2 and LQVNIGVR taken during
the lag phase (after 1 h incubation) and at the plateau (after 20 h incu-
bation). Black arrows indicate vesicular assemblies. (B) Turbidity assay of
aggregation kinetics of 5 uM Ure2, 40 pM LQVNIGNR ("LQ"), and 5 pM
Ure2 plus 40 pM LQVNIGNR (“Ure2 + LQ"). The data shown are the
average of three replicates. The data are fitted to sigmoidal curves as a
guide to the eye. (C) Kinetic curves derived from ThT measurements for
Ure2 alone, or in the presence of seed fibrils of Ure2 or of LQVNIGNR
("LQ").
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(Fig. S37), we carried out a turbidity assay to monitor the self-
assembly of LQVNIGNR as well as its effect on Ure2 aggrega-
tion (Fig. 3B). The results showed that the lag time of Ure2 or
LQVNIGNR aggregation when incubated individually was
about 4 h, indicating that the peptide does not assemble into
fibrillar species more rapidly than Ure2. When incubated
together, the aggregation was accelerated and the lag phase
decreased to about 2 h, consistent with the ThT assay
(Fig. 3C). Furthermore, addition of 10% fibril seeds (0.5 uM) of
LQVNIGNR did not promote formation of Ure2 fibrils, in con-
trast to the large effects of the addition of Ure2 fibril seeds
(Fig. 3C). In a previous study,” seeding of WT Ure2 by
LQVINGNR was observable when using a 200-fold higher con-
centration (100 pM) of seeds. However, at the seed concen-
tration used here, no change in kinetics was observed
(Fig. 3C). Additionally, we used TEM to observe the species
formed by LQVNIGNR or by the LQVINGNR/Ure2 mixture after
1 h incubation. The TEM images of LQVNIGNR showed no evi-
dence for fibril formation, but showed some vesicle-like clus-
ters, while the LQVNIGNR/Ure2 mixture had already formed
visible protofibrils (Fig. 3A). Taken together, the results indi-
cate that the observed acceleration effect of LQVNIGNR
peptide on Ure2 fibril formation was not caused by a seeding
effect of fibrillar aggregates of LQVNIGNR. To further investi-
gate whether the LQVINGNR vesicles form sequence-specific
interactions with Ure2, or whether the vesicles have a more
general ability to accelerate fibril formation, we tested the
effect of the LQVINGNR peptide on aggregation of the fibril
core segment of Tau protein (N244-F378) and a-Synuclein. The
results show that LQVINGNR vesicles are likewise able to accel-
erate the aggregation of these amyloid proteins (Fig. 4), imply-
ing that LQVINGNR vesicles have a general function as a cata-
lytic surface to promote fibril formation, and do not operate by
a specific interaction or seeding effect.

Combined smFRET and kinetic analysis of the acceleration
effect of LQVNIGNR

Since the primary nucleation of Ure2 was found to be influ-
enced by the LQVNIGNR peptide, and we have previously
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Fig. 4 The fibril formation of other amyloid proteins in the absence or
presence of LQVNIGNR peptide. (A) The fibril core segment of Tau
(N244-F378). The concentrations of Tau-N244-F378 and LQVNIGNR
peptide ("LQ") were 10 pM and 40 pM. (B) a-Synuclein protein (a-Syn).
The concentrations of a-Synuclein and LQVNIGNR peptide ("LQ") were
200 pM and 40 pM.
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developed methods to extricate the rates of individual mole-
cular steps in Ure2 fibril formation (Fig. 5A),>* we therefore
applied single-molecule FRET to detect oligomeric intermedi-
ate species formed during the process of Ure2 fibril formation.
In the previous study of Ure2 oligomerization, confocal
SmFRET experiments were performed by detecting the fluo-

A 'E%E(
® e Kotigo e k \

A
<
k +
. = & = % %+
(3] ka . lk
B .
= 3 =
Zo0.04 * Ure2 Oligomer g
=  LQ+Ure2 Oligomer | =5 J
2 c
£ 0.03 Sa
g =
£ vary ko | & 5
80.02 H
S Q
8 £2
g 0:0 =4 o Ure2 Fibril
3 z o LQ#Ure2 Fibril
20.00 i
o
[ 2 4 6 8 10 12 0 2 4 6 8 10 12
C Time (h) Time (h)
~ 6
= 0.04 o Ure2 Oligomer =
2 X « LQ+Ure2 Oligomer =5 4
0.03 54
vary ky | &
0.02 i g3
8
£2
0.01 8
z 1 . o Ure2 Fibril
©0.00 i 0 * LQ+Ure2 Fibril
s
[] 2 4 6 8 10 12 0 2 4 6 8 10 12
D Time (h) Time (h)
oy 6
g0 © Ure2 Oligomer 3
X ©  LQ+Ure2 Oligomer 35 X
0.03 E 4
G2 vary koligo g 3
@
g2
0.01 S
! o Ure2 Fibril
20.00 i  LQ+Ure2 Fibril
o
o 2 4 6 8 10 12 0 2 4 6 8 10 12

Time (h) Time (h)

Fig. 5 Global fitting of Ure2 oligomer and fibril concentration data to a
multi-step nucleation model reveals that LQVNIGNR accelerates the
conformational conversion of oligomers to fibrils. (A) Scheme of the
kinetic model that was used to describe the multi-step nucleation
process of Ure2 fibril formation. (B)-(D) Global fitting of Ure2 oligomer
and fibril concentration in the presence and the absence of the
LQVNIGNR peptide. Left panels, concentration of AF488/AF647-labeled
Ure2 S53C oligomers throughout the aggregation reaction monitored by
smFRET. Right panels, the bulk aggregation kinetics of 5 pM unlabeled
Ure2 S53C monitored by ThT assay. The smFRET and bulk ThT data in
the absence (blue) or presence (red) of 40 uM LQVNIGNR were globally
fitted to a multistep theoretical model (see Methods). The fitting para-
meter k.k_ was set to be unchanged in the presence or absence of
LQVNIGNR according to the fitting results of Fig. 2. (B) Allowing solely
k. to have a different value in the absence and in the presence of
LQVNIGNR yields reasonable fits. (C) Allowing solely k4 to change and
(D) allowing solely kogo to change upon addition of LQVNIGNR yields
poor fits. This indicates that LQVNIGNR increases the effective rate of
primary nucleation by increasing the rate of conversion k. The data
shown are the average of three independent measurements and the
error bars represent the SD.
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rescence-labeled molecules that diffuse across the focal
volume of the excitation laser beam.>® Here we flowed the
samples into a microfluidic channel when performing the
single molecule fluorescence detection, which greatly
improved the detection efficiency of low populations of oligo-
meric species and shortened the data acquisition time from
2 h to 10 min. We used the variant Ure2-S53C for smFRET
experiments, as fluorescent labelling at this position has been
shown to have no significant influence on fibril formation of
Ure2.”® An equimolar mixture of AF488- and AF647-labeled
Ure2-S53C was incubated to form fibrils. Aliquots were taken
at different time points during aggregation and diluted for
fast-flow SmFRET detection (see Methods). The species con-
taining both AF488- and AF647-labeled Ure2-S53C generated
FRET signals when passing across the diffraction-limited
focus. Since the dimeric unit of Ure2 seldom dissociates or
exchanges during fibril formation,*® the FRET signal can only
be caused by association of Ure2 dimers into oligomers. The
numbers of FRET events were converted into concentrations of
oligomers (see Methods) and plotted as a function of time
(Fig. 5B, left panel). Meanwhile, fibril formation of unlabeled
Ure2 in bulk solution was monitored by ThT fluorescence
under the same incubation conditions as the SmFRET experi-
ments (Fig. 5B, right panel). The SmFRET data show that the
concentration of oligomers rose to its highest level within 4 h
(Fig. 5B, blue data points), which occurred during the lag
phase of fibril formation monitored by ThT fluorescence. The
concentration of oligomers then decreased as Ure2 was seques-
tered into mature fibrils that precipitate and could not be
detected by the confocal smFRET technique. When 40 puM
LQVNIGNR was added, the maximum oligomer concentration
was reached within 2 h and the level of oligomer accumulation
was about 30% lower (Fig. 5B, red data points), a finding con-
sistent with the shortened lag time indicated by the ThT assay.

We recently developed a kinetic model for Ure2 oligomer-
mediated fibril formation, based on data obtained by SmFRET
and ThT assays, that explicitly accounts for the intermediates
in the primary nucleation step and provides additional
insights into the nucleation process of amyloid proteins.?* In
this model, non-fibrillar oligomers are formed through an
initial assembly process, occurring with rate constant Kgjigo,
and subsequently convert into growth-competent fibrillar
species with rate constant k. or dissociate with rate constant
ka. These species can then elongate by addition of native Ure2
with rate constant k,, and fragment with rate constant k_. The
vast majority of detectable oligomeric species were found to be
non-fibrillar; thus, measured Ure2 oligomer concentrations
correspond to those of the non-fibrillar intermediate. In our
previous study,”® we derived an expression for the bulk
primary nucleation rate k, in terms of the oligomer-mediated
fibril formation model rate constants:

ke

kam(0) =0 G ket

where k = /2k k_m(0) and a = koligo m(0)™. In this study,
since fibril elongation and fragmentation were shown to be
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View Article Online

Paper

unaffected by LQVNIGNR, the increase in primary nucleation
must be due either to a decrease in oligomer dissociation, or
to an increase in oligomer formation or conversion.

We globally fitted the combined smFRET and bulk ThT data
using this model to reveal further details of the microscopic
steps that account for the acceleration of k, (Fig. 5B-D). The
bulk ThT data discussed above showed that k. and k_ are
unaffected by the presence of LQVNIGNR (Fig. 2B and C), so
these two parameters were set to be the same in the presence
and absence of the peptide, while kg0, kq and k. were allowed
to vary. The results showed that considering either only k4 or
only kqjigo as a variable gave poor fits to the data (Fig. 5C and D),
while allowing only k. to vary gave a good fit to both the
SmFRET and the ThT data (Fig. 5B). Allowing k. and either kg,
or kq to vary gave only a marginal improvement in fitting quality
and a marginal difference in the values of kg OF kg compared
with those obtained when only k. is variable, indicating that
koligo and kg are not dramatically changed in the presence of the
LQVNIGNR peptide. The results (Table S37) revealed that the
principal effect of LQVNIGNR was a large increase (by an order
of magnitude) in k., suggesting that LQVNIGNR interacts with
Ure2 oligomers to promote their conversion from prefibrillar oli-
gomers to fB-sheet containing fibrillar species, resulting in a
shortened lag phase and reduced accumulation of oligomers.

LQVNIGNR forms vesicular assemblies which influence Ure2
oligomer conformational conversion

Vesicle-like clusters were observed in TEM images of both
LQVNIGNR and LQVNIGNR + Ure2 samples after incubation
for 1 h (Fig. 3A). To further characterize the formation of vesi-
cles, we performed dynamic light scattering (DLS) experiments
to determine the sizes of the species in solution (Fig. 6A and
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Fig. 6 Characterization of vesicles formed by LQVNIGNR. (A) The size
distributions of vesicles formed by LQVNIGNR peptide of different con-
centrations measured by DLS. (B) The average size of vesicles formed by
LQVNIGNR peptide of different concentrations measured by DLS. The
data shown are the average of three independent measurements and
the error bars represent the SD. (C) TEM images of LQVNIGNR ("LQ"),
MQVNIGNR (“MQ"), and RQVNIGNR (“RQ") 40 pM peptide samples; the
scale bars are 1 pm.
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B). The DLS results showed an average size of around 300 to
500 nm, which is consistent with the TEM data (Fig. 6C).
When the concentration of LQVNIGNR reached 20 pM, the size
of the species became uniform (Fig. 6A and B). Thus, the criti-
cal concentration for the formation of homogeneous vesicles
is about 20 pM, as indicated by the DLS results (Fig. 6B). It has
been reported that amyloidogenic proteins, such as PrP and a
fragment of hIAPP (residues 20-29) can assemble into micelle-
like structures that are typically 30 nm in diameter.>*** Our
results showed that the species formed by the Ure2 fragment
LQVINGNR have a larger size of hundreds of nanometers
(Fig. 6), indicating they are vesicle-like clusters. When
LQVNIGNR concentrations were lower than the critical concen-
tration, no significant acceleration effect on the fibril for-
mation of Ure2 could be observed (Fig. S4t), indicating that
the acceleration effect is related to the existence of vesicular
assemblies of LQVNIGNR. We also used TEM to compare
species in the samples of LQVNIGNR, MQVNIGNR and
RQVNIGNR, at a concentration of 40 pM (Fig. 6C). The TEM
images showed that both LQVNIGNR and MQVNIGNR
samples contained vesicular assemblies, although in the latter
sample these could only be seen in a minority of frames and
in much smaller numbers, while such species were not evident
at all in RQVNIGNR samples. As LQVNIGNR is the only one of
these three peptides that has a significant acceleration effect
on Ure2 aggregation (Fig. S2B and Cf¥), this result further sup-
ports the conclusion that the acceleration effect is related to
the ability of the peptide to form vesicles.

Fast oligomer conversion leads to reduced cell toxicity

Growing evidence indicates that amyloid oligomers are the
most cytotoxic species formed during the aggregation of amy-
loidogenic proteins.>®’ Since our analysis above shows that
the oligomers persist for less time in the presence of
LQVNIGNR, the toxic intermediates are expected to accumu-
late less in cells. Thus we performed MTT assays using the
human neuroblastoma cell-line SH-SY5Y to detect the cyto-
toxicity of the Ure2 samples in the presence or absence of
LQVNIGNR during amyloid formation. The MTT results
showed that the samples taken from near the end of the lag
phase of Ure2 aggregation in the presence of LQVNIGNR (2 h)
or without LQVNIGNR (6 h) have similar levels of cytotoxicity
due to the generation of oligomers. In contrast, the cell viabi-
lity at 6 h in the presence of LQVNIGNR is significantly higher
than without LQVNIGNR (Fig. 7), which means the duration of
the cytotoxicity caused by the presence of oligomers is
reduced. This result supports our proposal that the accelerated
conversion of oligomers to less toxic fibrillar species leads to
lower cytotoxicity and may be beneficial for cell growth.

Discussion

Previous studies have demonstrated that specific interfaces
between water and other media such as air, detergent, poly-
styrene and lipids are able to increase significantly the rate of
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Fig. 7 MTT cell viability assays. (A) ThT measurements of Ure2 fibril for-
mation in the absence (black) and presence of LQVNIGNR (red). (B) Cell
viability measured by MTT assay. Human SH-SY5Y cells were treated
with aliquots of the solutions (final concentration 0.5 uM) taken from
the time points indicated in ThT curves. As additional controls, 0.5 pM
native Ure2 or Ure2 fibrils were also used to treat the cells but showed
no significant toxicity. The data shown are the average of three indepen-
dent measurements and the error bars represent the SD. *p < 0.05, **p <
0.01.

amyloid formation.**° Vesicles or small micelles formed by
amphiphilic molecules such as LQVNIGNR can provide such
an interface in solution and influence the aggregation kinetics
of amyloidogenic proteins’®™** by forming hydrogen bonds,
hydrophobic or electrostatic interactions with amyloid
proteins.**™*” Such effects of interfaces are thought to be
related mainly to the promotion of primary nucleation. For
instance, the rate of primary nucleation of a-Synuclein can be
enhanced by three orders of magnitude or more in the pres-
ence of lipid bilayers provided by small unilamellar vesicles.**
Our results not only reaffirm the importance of interfaces in
promoting primary nucleation but also demonstrate that one
of the ways interfaces may achieve this is by increasing the rate
of conformational conversion of oligomers to fibrils. We
propose that the amphiphilic LQVNIGNR peptide may acceler-
ate Ure2 fibril formation by self-assembling into vesicles,
which then provide a surface with which Ure2 oligomers can
interact through non-specific interactions, which in turn cata-
lyses the conversion of Ure2 oligomers into elongation-compe-
tent fibrillar species (Fig. 8). The fact that vesicles formed from
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Fig. 8 A proposed model of the acceleration mechanism of Ure2 fibril
formation by LQVNIGNR. LQVNIGNR forms vesicles that promote the

oligomer conformational conversion step, resulting in acceleration of
the aggregation process to form less toxic fibrillar species.
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LQVNIGNR peptide are also able to accelerate aggregation of
unrelated amyloidogenic proteins (Fig. 4), suggests that it is
the ability of the peptide to form a catalytic surface that is key,
rather than the peptide sequence per se.

There have been examples showing that acceleration of
amyloid fibril formation can decrease the population of toxic
oligomeric species and reduce cytotoxicity.**>* Our results
show that the increased rate of conversion of Ure2 oligomers
to elongation-competent fibrillar species has a negligible
effect on the oligomer half-life (the median survival time for
an individual oligomer), as the rate of disappearance of oligo-
mers remains dominated by the much faster dissociation
process. However, the accelerated formation of new Ure2
fibrils by oligomer conversion results in a shorter lag phase
during which native Ure2 has yet to be significantly depleted.
This shortens the time period during which significant con-
centrations of new oligomers may be assembled and in so
doing indirectly reduces the concentration of oligomers seen
during the aggregation process. In systems where oligomer for-
mation is catalysed by existing fibrils, accelerating oligomer
conversion is expected to have the same effect although for
subtly different reasons. Rather than reducing the lag phase,
this will increase the effective rate of secondary growth pro-
cesses, reducing the period of time during which both native
and fibrillar protein species co-exist in significant amounts,
and so reducing the period of time during which oligomers
are formed.

These results therefore suggest an alternative strategy for
reducing the cellular toxicity caused by amyloid aggregation
under conservation-of-mass conditions: rather than taking the
more common approach of inhibiting amyloid formation to
reduce toxicity, the desired effect may instead be achieved by
accelerating amyloid formation and so reducing the period of
time during which toxic oligomeric intermediates may form.
Clearly, this approach is likely to be most effective when the
acceleration of amyloid formation is not caused by an accelera-
tion in the rate of oligomer formation itself. Although it has
not been explicitly verified precisely how interfaces (such as
those formed by lipids and surfaces) accelerate primary
nucleation of amyloid fibrils, it seems highly likely that an
increase in oligomer formation is usually responsible, given
that heterogeneous nucleation is initiated by interfaces. The
great advantage of the LQVNIGNR peptide studied here is
therefore that it can promote aggregation without promoting
oligomer formation. This new strategy also offers a significant
advantage over traditional inhibition-based approaches. The
acceleration of a reaction step can be achieved with a catalytic
agent that binds transiently to the reactant and is released
upon formation of product. For a slow reaction step such as
conversion, relatively low quantities of catalyst may be
required, since only a fraction of oligomers need interact with
the catalyst at any one time to dramatically boost the conver-
sion rate. By contrast, an inhibitor must remain bound to a
significant proportion of the oligomers (or monomers) to
noticeably reduce the concentration of free oligomers; effective
inhibition therefore always requires maintenance of saturating
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concentrations of inhibitory agent. Where a proposed drug for
the suppression of toxic amyloid oligomers in e.g. neurodegen-
erative diseases is not very bioavailable, is expensive to manu-
facture, is inherently toxic, or does not readily cross the blood-
brain barrier, this advantage may be decisive.

In the present study, the critical assembly concentration
(CAQ) of the LQ vesicle formation is about 20 pM. However,
taking into account the relative sizes of the peptide and the
intact Ure2 protein, the CAC is only 5% of the Ure2 mass con-
centration. Nonetheless, a promising line of future enquiry
might be to develop catalytic vesicles from peptides with far
lower CACs. The potential ways to improve the CAC include
increasing the length of the non-polar hydrophobic residue
tails, introducing other synthetic hydrocarbon tails, and
decreasing the electrostatic repulsion between charged head
groups while keeping the amphiphilic balance of the
peptide.>>** The optimization of the sequence could be rea-
lized with the assistance of molecular simulation. Further,
finding non-vesicular catalysts that have similar effects to the
vesicular catalyst could also lower the concentration required
and present an additional approach. These improvements will
facilitate application of this catalytic strategy in drug
development.

Conclusions

In this study, we have found that the amphiphilic peptide
LQVNIGNR derived from the Ure2 prion domain sequence
forms vesicular assemblies that can accelerate the aggregation
of native Ure2 as well as unrelated amyloidogenic proteins into
insoluble fibrils. Oligomer concentration and fibril mass con-
centration of Ure2 were measured over time by smFRET and by
ThT assay, respectively. Global fitting of these data to a multi-
step kinetic model revealed that this acceleration in fibril for-
mation by LQVNIGNR is achieved by a 10-fold increase in the
conversion rate of pre-fibrillar oligomers to fibrillar species
(Fig. 8). The faster transition from oligomers to fibrils reduces
the amount of toxic intermediates accumulated in cells. These
findings demonstrate the power of combining single molecule
detection with kinetic analysis to investigate factors that influ-
ence the microscopic reactions in amyloid formation, a
method which could be applied in the future to determine the
mechanisms by which other accelerators or inhibitors influ-
ence amyloid formation.

Experimental

Single-molecule FRET measurement of Ure2 oligomerization
under fast flow conditions

Single molecule measurements were carried out using a home-
built confocal microscope as described previously,>*>* except
that the sample was flowed into a microfluidic device instead
of being dropped onto the coverslip. An equimolar concen-
tration (5 uM) of AF647-labeled Ure2 and AF488-labeled Ure2
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were mixed in the presence or absence of 40 pM LQVNIGNR
peptide and incubated in a Fluostar Omega plate reader
(BMGLabtech) at 30 °C under 200 rpm orbital shaking. The
concentrations of Ure2 protein we used throughout this study
refer to dimer concentrations because the lack of dissociation
of the Ure2 dimer during amyloid formation has been demon-
strated previously.”® During the fibril formation process, a 2 pL
aliquot was taken from the well at each time point and diluted
10*fold for smFRET data collection. A 150 pL volume of
diluted sample was sucked into a tip that plugged the inlet of
the microfluidic channel and the sample was pumped with a
flow velocity of 200 pL. ™" h™". Under fast flow conditions, fewer
photons could be detected compared with static conditions
because of the shorter residence time of molecules in the laser
focus. Therefore, the laser power was increased to 1.25 mW to
obtain a better signal-to-noise ratio. Accordingly, the bin time
for data collection was decreased to 50 pus to adapt to the shor-
tened average residence time of fluorescent molecules in the
focus, which is 27 ps under the flow velocity of 200 pL™" h™" as
measured by the fluorescence correlation spectroscopy
described in the ESI (Fig. S5 and Table S4t); 10 photons per
bin for the donor channel and the acceptor channel was set as
the threshold to select the oligomer events. Large particles
that occupy multiple time bins were assumed to be fibrillar
species and were excluded from further analysis of the oligo-
mers.”>® The oligomer burst rate was converted to oligomer con-
centration using donor-labeled soluble Ure2 as the concen-
tration standard. At least three independent experiments were
performed, and the results were averaged.

Bulk kinetic assay and analysis of Ure2 fibril formation

A 150 pL volume of 5 pM Ure2 protein mixed with different
concentrations of peptide (0, 30, 40, 50, 60, 80 uM) sup-
plemented with 5 pM ThT was pipetted into a 96-well clear bot-
tomed plate (Costar). The reaction was carried out in a
Fluostar Omega plate reader (BMGLabtech) under the same
conditions as used in the single-molecule experiments. The
ThT fluorescence was recorded every 15 min with excitation at
450 nm and emission at 485 nm. At least three replicates were
performed to obtain the averaged values and standard devi-
ations. The normalized ThT data for Ure2 aggregation in the
presence of LQVNIGNR peptide were fitted to an analytical
solution of the kinetics of breakable filament assembly.”?°
The evolution of the fibril mass concentration is given in
terms of the rate constants as a double exponential form as
shown:

0

AZ
=1- exp(—@e“ +C e+ —) (1)
Mot

K2

where M(¢) is the concentration of protein in fibrillar form
at time ¢, known as the mass concentration; m, is the total
concentration of Ure2; and the constants, C, and C_, are fixed
by the initial conditions

Cy =%+ (2)
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where A and k are two combined kinetic parameters related to
the primary nucleation rate k,, fibril elongation rate k, and
fibril fragmentation rate k_.

A= \/2k, knm(0)™ (3)

x = \/2k k_m(0) (4)

By fitting either or both of these combined parameters
locally at each peptide concentration instead of globally across
all peptide concentrations, we were able to identify which
mechanistic step is affected by the LQVNIGNR peptide. All
fitting was carried out using the online fitting platform
AmyloFit.>®

Combined bulk ThT and smFRET data analysis

We previously reported a simplified coarse-grained kinetic
model suitable for describing Ure2 fibril formation via oligo-
meric intermediates,> that explicitly includes the oligomer
concentration O(t) as well as the native dimer concentration
m(t), the fibril concentration P(z) and the fibril mass concen-
tration M(t). The rate equations for this model are written as a
master equation:

dp
& = k0(0) + k-M(1) (6)
%4 — 2k m(D)P(2), (7)

and obey the conservation-of-mass relation m(t) + M(t) = m(0).
This model features the new rate constants Kk, (for for-
mation of new oligomers by dimer association), k. (conversion
of oligomers to new fibrils), and k4 (oligomer dissociation). We
also previously developed a customized offline extension to the
fitting platform AmyloFit to numerically fit kinetic data for
M(t) and O(¢) simultaneously to these equations. We carried
out the same procedure in the current paper, using kinetic
data for M(¢) and O(t) collected both with and without a single
concentration of LQVNIGNR peptide. Having determined the
effect of LQVNIGNR on the bulk rate parameters from fitting
ThT data, we could use this information to constrain our fits
and determine its effect on the reaction steps involving oligo-
mers directly. We did so by globally fitting as many parameters
as possible across both datasets, to determine the minimum
set of parameters that need to be varied between datasets to
yield good fits. We identified the reaction mechanisms corres-
ponding to these parameters as the ones being primarily
affected by LQVNIGNR peptide.

Other experimental details including sample preparation,
TEM, DLS, and MTT assay are described in the ESI.}

This journal is © The Royal Society of Chemistry 2020
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