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Membrane composition and lipid to protein ratio
modulate amyloid kinetics of yeast prion proteint

Arnab Bandyopadhyay, Achinta Sannigrahi* and Krishnananda Chattopadhyay = *

Understanding of prion aggregation in a membrane environment may help to ameliorate neurodegenerative
complications caused by the amyloid forms of prions. Here, we investigated the membrane binding-induced
aggregation of yeast prion protein Sup35. Using the combination of fluorescence correlation spectroscopy
(FCS) at single molecule resolution and other biophysical studies, we establish that lipid composition and
lipid/protein ratio are key modulators of the aggregation kinetics of Sup35. In the presence of a zwitterionic
membrane (DMPC), Sup35 exhibited novel biphasic aggregation kinetics at lipid/protein ratios ranging
between 20:1 and 70:1 (termed here as the optimum lipid concentration, OLC). In ratios below (low lipid
concentration, LLC) and above (ELC, excess lipid concentration) that range, the aggregation was found to
be monophasic. In contrast, in the presence of negatively charged membranes, we did not observe any
bi-phasic aggregation kinetics in the entire range of protein to lipid ratios. Our results provide a mechanistic
description of the role that membrane concentration/composition-modulated aggregation may play in

rsc.li/rsc-chembio neurodegenerative diseases.

Introduction

Prion proteins are involved in several fatal and transmissible
neurodegenerative diseases, including transmissible spongi-
form encephalopathies, human Creutzfeldt-Jacob disease and
sheep scrapie, in which they have been shown to transmit their
misfolded shape onto normal variants."™ On microscopic
examination, the brains of patients with prion disease typically
reveal characteristic histopathologic changes, consisting of
neuronal vacuolation and degeneration.””® In humans, a con-
formational change of the prion protein between its non-toxic
PrP°€ and a toxic PrP* form is believed to be responsible for the
disease pathology.””® PrP*® contains the significant beta sheet,
which facilitates the formation of highly insoluble aggregates.'®""
These aggregates are partially resistant to proteolytic digestion.">**
It is known that amyloidogenic proteins can populate numerous
structurally distinguished amyloid forms or strains with distinct
phenotypes.*>'® However, little is known about the structural
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morphology of the diverse amyloid conformers formed under
different environmental conditions.

There are several prion-like proteins that exist in different
fungi including yeast."” Previous studies suggested that aggre-
gation of Sup35 prion protein may form functional beneficial
amyloids for yeast since interaction of prions causes heritable
traits."® Although these yeast prion proteins are not infectious
to humans, they carry the same transmissible phenotype as
human prion protein. With human prions, an infectious disease
propagates through a self-sustaining modification in the struc-
ture of a normal protein within the cell, seemingly without the
help of any nucleic acid."® With yeast prions, a similar mecha-
nism yields a new heritable metabolic state, seemingly without a
change in any nucleic acid. In addition, the yeast Sup35 protein
contains a human prion-like domain.”® A conformation change
similar to human prion protein between the PrP® and PrP5¢
forms has also been found with Sup35 and the proposed
mechanism of the propagation of Sup35 aggregation has been
found to be identical to that of mammalian prion protein.*!**
Hence, Sup35 has been used extensively and widely as a model
protein to study the mechanism of the prion disease.*®

Because of the presence of glycosylphosphatidylinositol
(GPI)-anchor, human prion proteins are often found associated
with lipid membranes.>*™° It is well acknowledged that lipids/
membranes induce the aggregation of human prion proteins.>*
Whatley et al. have shown that the vacuolation in nerve cells is
drastically increased during prion aggregation, which further
emphasizes the effect of membrane environments towards the
aggregation of prion protein.>” Fei Wang et al., found that the
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PrP-lipid interaction can be initiated by electrostatics, which
can be followed by hydrophobic interactions."* They show that
the protein-lipid interaction can convert full-length R-helix-rich
PrP to a PrP*“-like conformation under physiological conditions,
supporting the relevance of lipid-induced PrP conformational
change to in vivo PrP conversion. Similar to its human counter-
part, yeast protein Sup 35 and its interactions with lipids have
also been studied. For example, Ganusova et al. and Chernova
et al. have shown that lipids/membranes play a role in the
aggregation of Sup35 inside yeast cells.”®*° It has been shown
by different research groups that Sup35 may propagate as a prion
in mammalian cells and the presence of GPI anchoring facilitates
aggregate propagation between N2a cells, resembling mammalian
prion behaviour.?*?

Here, we report a detailed study on the aggregation kinetics
of Sup35 protein in the presence of model phospholipid
vesicles using FCS and other biophysical methods. FCS offers
a sensitive and convenient method to study biomolecular
diffusion under single molecule resolution. In this study, we
chose physiologically relevant lipids, DMPC or 1,2-dimyristoyl-
sn-glycero-3-phosphocholine and DMPS or 1,2-dimyristoyl-sn-
glycero-3-phospho-L-serine, since these are the most abundant
components of the membranes of synaptic vesicles.>* We chose
the phospholipid DMPC (14:0 saturated, transition tempera-
ture ~24 °C), since it exists in the fluid phase at the physiolo-
gically relevant temperature of 37 °C.>* We understand that the
use of different chain lengths of the unsaturated and saturated
lipids is not ideal, and the same chain length should be used
for better comparison.®® Therefore, we used DMPS lipid for
studying the effect of a negative lipid component. Our work
showed a noble mechanistic pathway of Sup35 aggregation,
which is greatly modulated by the lipid concentration and
composition.

Our results suggest that at a particular lipid/protein ratio
(defined as OLC, optimum lipid concentration from now on)
the aggregation kinetics followed an interesting biphasic pattern.
In contrast, the aggregation profile of Sup35 attained the mono-
phasic nature when the aggregation occurred in the presence of
high (ELC, excess lipid concentration) and low lipid/protein
ratios (LLC, low lipid concentration). The kinetics is mono-
phasic, also in the absence of lipid. The presence of a negatively
charged membrane also showed the monophasic aggregation
kinetics of Sup35.

Results
The model structure of Sup35NM

For the present study, we used the NM region of Sup35NM
protein, which has been shown by in vivo and in vitro studies to
govern the prion status of the protein.?®37~3°

This NM domain is responsible for the formation of toxic
amyloid structures after a lag phase.>**° Since the understanding
of the lipid binding site would require structural insights of the
protein, we developed a model structure using its sequence
homology with structurally known prion proteins including that
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Fig. 1 Structural modelling of Sup35NM. This model structure provided
the best confidence score from the I-TASSER analyses. The structure of
the NM region of Sup35NM has been given. The palindromic sequence
stretch>’[QKQQKQ]** in the NM region of Sup35NM has been marked in
blue.

from S. pompe (Fig. S1A, ESIT) and humans (Fig. S1B, ESIt). For
the model generation, we used a composite approach through
iterative threading assembly refinement (ITASSER) of the Zhang
lab server. This method combined threading, ab initio modelling
and atomic level structure refinement methods, and the model
with the best confidence score was accepted as the optimum
structure (Fig. 1).

We validated the model structure using a number of com-
putational methods. Ramachandran plot analysis (https://swift.
cmbi.umen.nl/cgi//PictureCGI.py) showed that all residues in
the model occupied the generously allowed region. In the
generously allowed region, 70% of the residues were found
inside the favoured region (Fig. S1C, ESIT), while the rest were
predominantly turns, loops and disordered. In addition to the
Ramachandran analyses, we also used the proSA algorithm
(https://prosa.services.came.sbg.ac.at/prosa.php) to study the
overall quality of the model (Fig. S1D, ESIt), using which we
compared the Z score of the present model against all other
experimentally determined structures available in the current
PDB database. Z score represents the deviation of total energy
of the structure with respect to an energy distribution derived
from random conformations. The NMR and X-ray crystal struc-
tures in Fig. S1D (ESIt) are shown using dark and light blue
colours respectively, while the black dots represent the pre-
dicted model of Sup35NM. We observed that the Z score value
of the predicted model was located well within the region of
structures determined by X-ray methods. The plot of the local
model quality predicted by the proSA program by plotting
energies vs. amino acid sequence over the window of 40
residues and 10 residues showed that the energy values of all
residues in our predicted model are under zero (Fig. S1E, ESIT).
We estimated that the model structure would contain approxi-
mately 25% alpha helix and 2% beta sheet, while the rest would
be random coil/disordered. It has been previously shown that
the short prion recognition elements within the N-terminal
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domain (N), termed as the head and tail may form homotypic
intermolecular contacts. While both regions undergo nuclea-
tion, the head region is known to acquire the productive
interactions first.*!

Interaction of Sup35NM with lipid vesicles

To obtain a preliminary understanding of the membrane bind-
ing affinity of Sup35NM, we used a computational method using
the OPM (orientation of protein in membrane) server. Using the
model structure as its input, the OPM server calculated the free
energy of membrane binding to be —3.6 kcal mole " (Fig. 2A).
The calculation predicted that the sequence stretch between 130
and 143, which is mostly a flexible loop region, would potentially
be the membrane interacting region. We observed an average tilt
angle of 53° between the membrane surface and the interacting
stretch of the protein (Fig. 2A). Interestingly, we found in this
sequence stretch of Sup35NM the presence of a polar palindro-
mic sequence stretch"*’[QKQQKQ]"**, which may have an impor-
tant role to play. We noted that a hydrophobic palindromic
sequence stretch’’JAGAAAAGA]'"™ in the human prion protein
is found to be a key motif for membrane binding and aggrega-
tion progression.

To investigate experimentally the membrane binding, we
resorted to fluorescence correlation spectroscopy (FCS). For
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FCS experiments, we labelled the N-terminal of Sup35NM using
Rhodamine Green (Rho-Sup35NM). Fig. 2B shows a typical
correlation function, which was obtained from FCS experi-
ments using 10 nM Rho-Sup35NM in an aqueous buffer at
pH 7.5. In the absence of lipid, the correlation function was fit
to a model containing a single diffusion component, and the
goodness of the fit was established using the randomness of
the residual distribution. Using the value of diffusion coeffi-
cient (D) obtained from FCS, we determined the experimental
value of 1y (7,exp) for Rno-Sup35NM to be 18.5 A. We compared
the value of ryy ¢, With the theoretical value of ry; (7 theo), Which
we calculated using the Hydropro** by inputting the model
structure of Sup35NM and observed the hydrodynamic radius
of Sup35NM to be 16 A.

In the presence of zwitterionic (DMPC) and negatively
charged (DMPS) SUVs, the correlation functions were fit using
a model of two diffusing components in which the rapidly
diffusing fast component represented the unbound monomeric
protein, while the slow component would be the membrane
bound protein. In the presence of different concentrations of
DMPC SUVs, the values of ry corresponding to the fast (mono-
meric protein, 18.5 A) and slow (membrane bound, 140 A)
components remained constant (Fig. 2C). In contrast, as we
increased SUV concentrations, we observed an increase in the
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Interaction of Sup35NM with lipid vesicles. (A) OPM (orientation of protein in membrane) server to calculate the free energy of membrane binding

of Sup35NM. Lipid interacting (or membrane inserting) region of the modelled protein is highlighted in red. The lipid interacting residues of Sup35 are 134,
137-138, and 143. (B) Correlation function obtained from FCS experiments using 10 nM Rho-Sup35NM in an aqueous buffer at pH 7.5. Inset shows the
residual distribution with respect to time. (C) ry values for both components, which remained constant throughout the concentration range of DMPC
SUVs. (D) The increase in the fraction/ratio of the membrane bound form of Sup35 with increasing concentration of lipid, the black line for protein
binding to DMPC vesicles only and the red line for protein binding to phospholipid vesicles composed of DMPC and DMPS (50 :1).
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fraction of the membrane bound Sup35NM (slow component)
with a decrease in the fraction of the free monomer (fast compo-
nent) (Fig. 2D). The increase in the fraction/ratio of the membrane
bound form of Sup35 with increasing concentration of lipid is
shown in Fig. 2D, where the black line represents protein binding
to DMPC vesicles only and the red line represents protein binding
to phospholipid vesicles composed of DMPC and DMPS (50:1).
We used a sigmoidal fitting function to fit the dependence of
these fractions with DMPC concentrations to determine the values
of association constant (K, ~ 2.7 x 10> M~ "). It was observed
that the presence of a negatively charged component (DMPC:
DMPS 50:1), significantly increased the membrane binding
affinity (K, =6 x 10° M™).

We used far UV CD to investigate the change in protein
secondary structure as a result of membrane binding.** Far UV
CD experiments show double minima at 208 nm and 222 nm
suggesting an alpha helical structure (Fig. 3A). In the presence
of DMPC vesicles, CD data suggested a decrease in helical
structure (Fig. 3A). In the presence of negatively charged
vesicles (DMPS/DMPC 50:1), the helical content of Sup35NM

decreased further. Far UV CD data were complemented

by measuring FT-IR. From the carbonyl (C=O) stretching
1
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1649-1656 cm ™', disordered (1644 cm™'), and turns and loops
(1665-1672 cm ™), we calculated the percentages of secondary
structures (Fig. 3B). We found from the FT-IR data that
Sup35NM contained a 35% alpha helical structure, which was
similar to the helical contents determined from the model
structure (25%). Similar to what was observed with far UV CD,
FT-IR analyses suggested a decrease in helical content (to 22%),
as DMPC vesicles were added (Fig. 3C). The alpha-helical
content of Sup35NM was found to be about 19% in the presence
of a lipid vesicle composed of DMPC/DMPS 50: 1 (Fig. 3D).

Aggregation kinetics of Sup35NM in the absence and presence
of a membrane

We subsequently studied the effect of the interacting membrane
on the aggregation kinetics of Sup35NM. For the initial assess-
ment of the aggregation kinetics, we used the fluorescence
intensity enhancement of Thioflavin T (ThT). ThT is known to
bind to protein aggregates with cross beta structure giving rise to
a large increase in its fluorescence intensity.** In the absence of
membranes, the aggregation kinetics did not show any signifi-
cant extent of lag phase, suggesting the possibility of the seeded
aggregation. Although the ThT fluorescence assay showed that
Sup35NM aggregation kinetics reached the saturation phase at
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Fig. 3 Membrane binding leads to a change in Sup35NM structure. (A) Far UV-CD spectra of Sup35NM in the absence and presence of lipids. FTIR
spectra of the amide-| region of C—=0 vibrational frequency of Sup35NM in (B) the absence of lipid, (C) the presence of DMPC and (D) the presence of
phospholipid vesicles composed of DMPC and DMPS (50 : 1). The concentration of Sup35 protein was 20 uM and the concentration of lipids was 5 uM for
the FT-IR studies. The color-coded regions signified different conformational states of the protein. Red region indicates the beta-sheet conformation;
yellow region belongs to the disorder conformation, whereas the green region stands for the alpha helical structure.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2021, 2, 592-605 | 595


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cb00203h

Open Access Article. Published on 05 Hlakola 2021. Downloaded on 2024-10-02 01:27:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Chemical Biology

~54 hours, we continued the experiment for more than
150 hours to observe the saturation phase of aggregation. Glover
et al. have recently carried out extensive characterization of
Sup35NM aggregation kinetics using Congo red assay with
different concentrations of the protein. They found that the
aggregation kinetics became faster as the concentration
increased. We found that our aggregation kinetics was somewhat
slower than the kinetics they observed using a similar
concentration.'® There are three main differences in the experi-
mental conditions between the present and those of Glover et al.:
(a) the probe: while we used ThT fluorescence, Glover et al.
measured aggregation kinetics using Congo red, (b) the protein
stock: we used protein stock freshly prepared for our measure-
ments, while Glber et al. used diluted protein from stored stocks.
In addition, while we used dialysis to remove the small molecule
aggregates, Glover et al. used column chromatography using a
Q-sepharose fast flow column and (c) the assay conditions: for
the present assay we used 20 mM sodium phosphate buffer in
contrast to Glover et al., who used potassium phosphate as their
buffer of choice. We are currently trying out different experi-
mental conditions to understand the roles of these and other
contributing factors towards Sup35NM aggregation.

Since ThT fluorescence has small dependence on lipid
concentrations (Fig. S4, ESIT), suitable background correction

A

15000
10000

5000 =

Fluorescence intensity

T T
100 200

od

Time, hours

a
=3
=3
=3
1

10000

5000

—0:1
—80:1
—90:1
—100:1

Fluorescence intensity

T
100 200

Time, hours

od

View Article Online

Paper

was used for each time point of aggregation kinetics carried out
in the presence of lipids. The concentration of Sup35 protein
used for the experiments was 30 pM. In our work, low lipid
concentration or LLC refers to a lipid concentration below
300 uM (or lipid to protein ratio of 10:1). The optimum lipid
concentration or OLC was between the lipid concentrations of
600 uM and 2100 pM (or between lipid to protein ratios of 20: 1
and 70:1). The excess lipid concentration was above 2400 pM
to 3000 uM (or between lipid to protein ratios of 80:1 and
100:1). We have grouped these lipid concentrations based on
their abilities to modify the aggregation landscapes of the
Sup35 protein. At a certain lipid concentration range, the
aggregation landscape of Sup35 attained a novel bi-phase
pattern, so we labelled it as the optimum lipid concentration.
Below and above this optimum concentration, the aggregation
landscape was mono-phasic, so we labelled them as low lipid
concentration range and excess lipid concentration range.

In the presence of low lipid to protein ratio (LLC condition),
we observed a slight increase in the rate of aggregation (the
exponential increase started at an earlier time point). Interestingly,
the extent of aggregation (as measured by the intensity of ThT
fluorescence at the saturation phase) remained similar in both
conditions (Fig. 4A). In the presence of high lipid to protein ratios
of DMPC (OLC condition), both the rate and extent of Sup35NM
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Fig. 4 Thioflavin T fluorescence assay showing aggregation of Sup35NM in the absence and presence of lipid vesicles. (A) At LLC of DMPC. (B) Increase
in the rate and the extent of Sup35NM aggregation with increase of DMPC concentration at OLC. (C) Rate of aggregation was slightly increased with a
concomitant sharp decrease in the extent of aggregation in the presence of ELC of DMPC. (D) Aggregation kinetics in the presence of a negatively
charged lipid membrane (DMPC : DMPS, 50:1 and lower ratios) and by maintaining the L/P ratio at 50 : 1.
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aggregation increased as the concentration of SUVs increased
(Fig. 4B). More importantly, we found that in these ratios, the
aggregation kinetics consisted of two sigmoidal phases. At an ELC
condition of DMPC, the rate of aggregation was slightly increased
with lipid concentration with a small change in the extent of
aggregation. In these ratios, the aggregation kinetics became
mono-phasic again (Fig. 4C). Subsequently, we studied the aggre-
gation kinetics in the presence of a negatively charged lipid
membrane (phospholipid vesicles composed of a mixture of
DMPC and DMPS in the ratio of 50:1). Surprisingly, it was found
that the aggregation kinetics followed a monophasic character in
the entire range of L/P ratio (Fig. 4D).

We then complemented ThT aggregation data using FCS.
For the FCS experiments, we used 10 nM labelled protein in the
presence of excess unlabelled Sup35NM for the aggregation to
occur. We used three different lipid-to-protein ratios (0:1, 50: 1
and 100:1) of DMPC SUVs. A lipid to protein ratio of 0:1
represents the absence of lipid. In the absence of lipids,
correlation functions at different incubation times were fit to
a sum of two components using the following Scheme 1:

P (monomer) (T, m) _’. P-P (Aggregates, Tp, age) (Two component diffusions model, am+aag=1)

Scheme 1

In this scheme, the monomeric protein (denoted by P) would
form aggregates (denoted by P-P) and the correlation function
data could be analyzed by a two component model with the
diffusion time of tp y for the monomer (with amplitude of ay)
and of 1 age (amplitude of a,,,) for the aggregates, respectively.
As expected, ay + Gage = 1. Similar terminology and parameter
notations are used subsequently for Schemes 2 and 3 below.

Please note that P-P in the above equation indicates a multi-
molecular aggregate, and not necessarily a dimer. Since FCS data
analyses required multiple components and the number of
components varied for different conditions, we determined the
values of average diffusion times (tp,y) from individual compo-
nents using eqn (5). Fig. 5D shows the variations of tp ,, with
time in the absence of lipids. The values of 1p 5, increased with
incubation time following sigmoidal aggregation kinetics.

P (Monomer) (tp,m, am))+ L (free Lipids, toL)+ PL (Protein-Lipid, to,r-L) (Two components
diffusions, am + aage=1)

|

P-P (Protein Aggregates, p,Age, age) + L (t0,L) (TWo components diffusions, aagg+ ap-p-L =1)

"l

P-P-L (Aggregates bound to lipids, Top-p-L, ap-p-L)

Scheme 2

P-L (TD'p,L) — (P—L)n (TD(P—L)n) + P-P’-L (TDP,P,L)’

Scheme 3

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Comparing the aggregation kinetics monitored by ThT fluores-
cence and FCS, we noted that they did not superimpose. Although
the kinetics measured by both methods saturated approximately
at similar hours, ThT monitored kinetics is hyperbolic, while the
FCS monitored one is sigmoidal (Fig. S5, ESIT). In order to get
further insights into this difference, we have plotted in Fig. 5G,
the fractional population of the monomer (P) and (P-P) aggre-
gates with respect to incubation time. As observed in Fig. 5G, the
amplitude of the aggregated component increased in a sigmoidal
fashion, while that of the monomer decreased. The data suggest
that the difference (hyperbolic in ThT fluorescence vs. sigmoidal
in FCS, Fig. S5, ESIt) comes from a relatively small fraction of ThT
active aggregates at the beginning of the aggregation kinetics.
Further studies would be needed to further characterize the
nature of these early aggregates.

Under OLC conditions of DMPC (lipids to protein ratio of
50:1), the correlation functions were initially fit to a two-
component diffusion model. Under this condition, the variation
of the amplitude of the aggregated component with incubation
time followed two-phase aggregation kinetics (Fig. 5E), the trend
of which was similar to that observed with ThT fluorescence. We
used the following equation scheme (Scheme 2) to analyse the
FCS data obtained under this condition.

We can ignore 11, because the lipid is not labelled and hence
free lipid would not contribute to the correlation function. In
this condition (OLC), the protein remained mostly free at the
zero time point and at room temperature, and hence tpp;, can
also be ignored. The first part of Scheme 2 assumes the for-
mation of protein-protein aggregates, which binds to the lipid in
the second part. The component analyses from the FCS fit show
the decrease in the amplitude of the monomeric protein as the
amplitude of an intermediate aggregate species (P-P) formed.
The amplitude of the intermediate decreased with time, as a
final aggregated species (P-P-L) started forming (Fig. 5H).

In contrast, in the presence of high DMPC concentration
(ELC condition of DMPC, lipids to protein concentration of
100:1), we did not see any variation in the amplitude of the
aggregated component with incubation time. As a matter of
fact, the correlation functions obtained in this condition were
fit optimally using a single component, and the amplitude of
this component remained unaltered with incubation time
(Fig. 5I). The following Scheme 3 was used to analyse the FCS
data for this condition.

The species (P-L), indicates the possibility of combining
several protein-lipid complexes, which do not seem to be
happening. The species P-P’-L is also an aggregated protein
species, which is bound to lipid molecules (see Scheme 2
above). Since FCS data are fit to only one component diffusion
model, the analyses suggest that the species P-L (monomeric
protein bound to lipid) and P-P’-L (a protein aggregate bound
to the lipid) have similar values of 4. This condition is satisfied
when a fibril-like aggregate is wrapped around a large lipid
molecule, in which condition there would not be much differ-
ence between a lipid bound monomer and a lipid bound
aggregate. In the next section, we used AFM to validate this
possibility.
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Fig. 5 FCS data showing aggregation of Sup35NM in the absence and presence of lipid vesicles. The G(t) was plotted with time as shown in A, B and C.
The average diffusion time of the protein aggregates were plotted with time as shown in D, E and F. The relative populations or amplitudes of fast
(monomer) and slow (aggregates) with respect to time were elucidated from their amplitudes as shown in G, H and |. In G and H black, red and blue lines
show the populations of protein monomers, protein—protein aggregates and membrane bound protein aggregates, respectively. In |, the red line shows
the population of membrane-bound protein aggregates in figure A, B and C, the insets show the residual distribution of the fitted curves.

We used AFM to substantiate the above FCS analyses in the
absence and presence of membranes.*” Control DMPC SUVs
showed a round-shaped morphology of the diameter ~180 nm
(Fig. 6A and L in Scheme 2 above). In the absence of the
membrane, Sup35NM (P in Scheme 1) formed aggregates of
elongated fibrillar shape (Fig. 6B and P-P in Scheme 1). The
average length of Sup35NM fibrils was found to be ~2.5 pm
with a height of 3.4 nm (Fig. 6B). In the presence of DMPC
under the OLP condition, AFM images at the first plateau
(~100 hours) (Fig. 6C) suggested the coexistence of few frag-
mented fibrils (P-P) along with intact lipid vesicles (L). AFM
images at the second plateau (~200 hours) clearly show the
association of the vesicles with the fibrillar aggregates forming a
“curved-branched” morphology (Fig. 6D). Similar morphology of

598 | RSC Chem. Biol., 2021, 2, 592-605

Sup35NM aggregates were observed in the presence of negatively
charged vesicles (DMPC:DMPS, 50:1) at the saturation level
(~100 hours) of aggregation (Fig. 6E). The average size/length of
Sup35NM aggregates was found to be ~1.8 um in the presence
of a membrane (15 nm in height). At the ELP conditions, tiny
fragmented Sup35 fibrils associated with lipid vesicles were
observed. AFM imaging showed spherical species of free lipid-
like particles (Fig. 6F), which were bound onto protein aggregates.

Aggregate-induced toxicity in mammalian cells

Subsequently, we studied the toxicity profiles of Sup35NM
aggregates. SH-SY5Y cells were incubated for 12 h with Sup35NM
aggregates (aggregates formed at 200 h of incubation). An MTT
assay was performed under the treatment of Sup35NM

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Morphological features of Sup35NM aggregates studied by atomic force microscopy (AFM). (A) DMPC SUVs were observed as “round balls”.
These lipid vesicles are marked by the white circle. (B) Sup35NM aggregates looked like elongated fibrils in the absence of lipid vesicles. (C) Coexistence
of small Sup35NM fibrils and intact DMPC lipid vesicles imaged at the first plateau (100 hours) of the aggregation curve of lipid to protein ratio of 50 : 1.
(D) Curvy and branched fibrillar structures of Sup35NM aggregates were found to protrude around the lipid vesicles when incubated with DMPC SUVs
(L/P, 50 :1) for 200 hours. (E) AFM image of Sup35NM in the presence of negatively charged membrane, (DMPC : DMPS, 50 : 1) by maintaining the L/P ratio
at 50, showed curvy and branched fibrillar structures, which protruded around the lipid vesicles at 100 hours. (F) Existence of a crowd of DMPC lipid
vesicles associated with tiny fragmented fibrils was imaged at L/P 100:1 at 200 hours.

aggregates formed in different lipid/protein ratios (0:1, 50:1
and 100:1) of DMPC vesicles. Three different concentrations of
each aggregate sample were used for the assay to trace the dose-
dependent cell viability (Fig. S2A, ESIT). The error bars represent
the standard deviation. A slight reduction in the cell viability
(89% viability) was observed, while the cells were treated with
only lipid vesicles. The viable cell population was found to be
higher for the treatment of the aggregates in the absence of
membrane (lipid/protein ratio of 0: 1), than that in the presence
of membrane in the lipid/protein ratio of 50:1. In contrast, cell
viability was found to be the highest after treatment with
aggregates that were formed in the presence of membrane with
a lipid/protein ratio of 100:1. For each ratio, a successive
decrease in the viable cell population was observed with an
increase in the concentration of aggregates. The presented
results suggest that there was a nice correlation between the
cellular toxicity and the lipid/protein ratio, with a DMPC L/P ratio
of 100: 1 being the least toxic and an L/P ratio of 50: 1 having the
highest toxicity toward the mammalian cells.

These experiments were further complemented by calcein
release assay using a dye entrapped model membrane system.

© 2021 The Author(s). Published by the Royal Society of Chemistry

A calcein release assay suggested the fast release and rupture of
the membrane by the aggregates formed in the presence of a
membrane at the L/P ratio of 50:1 (release 83%), (Fig. S2B,
ESIt). The rate and extent of dye release was significantly
dropped when entrapped vesicles were treated with aggregates
formed in the presence of membrane at the L/P of 100:1
(release 60%), whereas Sup35NM aggregates formed in the
absence of DMPC SUVs showed intermediate release and
rupture of the membrane (release 72%). It may be mentioned
that the toxicity experiments have been carried out in mamma-
lian neuroblastoma cell lines and these experiments do not
represent viability measurements in yeast.

Discussion

Our representation of the OLC condition, where two transitions
depict protein aggregation followed by binding, is a minimal
model that supports the presented FCS, AFM and lipid binding
data. However, we do not rule out the possibility of the
phenomenon, where under the optimal lipid concentration,
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a fraction of the monomer-protein molecules can bind to
vesicles instantly, even before 100 hours. Due to pore formation
on the membrane, this would be a slow process, thereby desta-
bilizing the fibril formation. Over time some of the membrane
vesicles will fuse resulting in more stability and creation of a
larger surface area that would then allow further fibrillation to
take place supporting the biphasic observation. While this
process is silent towards the spectroscopic and imaging char-
acterization described in the present work, this may have impor-
tant implications in the observed toxicity in mammalian cells
under the OLC conditions. Fig. 7 shows the scheme of Sup35NM
aggregation in the presence of various concentrations and
compositions of lipid vesicles. Sup35NM binds both to the
membrane (membrane binding regime) and to itself (self-
association regime). A lipid to protein ratio of 0: 1 is a convenient
example of a boundary condition of the self-association regime,
in which membrane binding is completely absent. AFM images
of Sup35NM aggregates in the absence of a membrane looked
like elongated fibrils. Next, the conditions with lipid to protein
ratios of 50:1 and 100:1 (where the membrane was present)
were convenient examples, which showed that the membrane
binding regime and aggregation regimes modulated each other
depending on the lipid to protein ratio. At a lipid to protein ratio
of 100: 1 with DMPC vesicles (ELC condition), where there was
an excess amount of lipids, the AFM image showed the existence
of a crowd of lipid vesicles associated with tiny fragmented
fibrils. However, at a lipid to protein ratio of 50:1 for DMPC
vesicles (OLC condition), AFM analysis unveiled that a stretch
consisting of oligomers was formed initially, which got elongated
on the surface of the DMPC vesicles exhibiting curvy and
branched fibrillar structures, which were found to protrude
around the lipid vesicles. We performed ITC experiments and
found that the binding isotherm showed greater binding affinity
for protein-protein interactions in comparison to Sup