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ABSTRACT: Several models have been proposed to explain the cytotoxicity of Amyloidogenic
AP oligomers. The structural polymorphism of the oligomers can account for the —eplide,
various toxic effects observed. By combining the use of conformation-specific 5 ©| Fibrillar ; -B’
antibodies and single particle tracking techniques, we have investigated the 53

mobility of individual Af1—42 oligomers on the plasma membrane of living S & | Prefibriller Jeap e

cells. Distinct structural types of Af1—42 oligomers were labeled with two
different conformation-specific antibodies. While both types of oligomers
showed a heterogeneous dynamic behavior, their overall mobility was found
to be significantly different. Conversely, we discovered that other amyloid
oligomers sharing a similar conformation but composed of different peptides
(amylin and prion Sup3SNM) display dynamic behaviors comparable to those
found for A1—42 oligomers. This study provides evidence for a link between
the quaternary structure and the membrane mobility of proteins, revealing that

structurally analogous supramolecular assemblies diffuse similarly in cells.

l INTRODUCTION

Alzheimer’s disease (AD) is a highly debilitating neurodegen-
erative pathology characterized by the extracellular deposition in
the brain of fibrillar aggregates consisting predominantly of the
A peptide.' The presence of fibrils is the hallmark not only of
AD, but also of other diseases, such as type II diabetes mellitus. In
the latter, however, the fibrils are composed of the peptide amylin
(also known as islet amyloid polypeptide, IAPP) and are
accumulated specifically in the pancreatic islets.” Amyloid fibrils,
although formed by different peptides and proteins, commonly
display a peculiar structural arrangement of [-sheets disposed
perpendicularly to the main fibril axis.>* An increasing body of
evidence points at oligomeric species (the term oligomer is used
here to describe any nonmonomeric form of an amyloidogenic
protein that is soluble in aqueous solutions and remains in
solution after high-speed centrifugation) that accumulate during
fibril formation as crucial factor of toxicity.®

In particular, several models have been proposed to describe
the mechanisms of neurotoxicity of Af oligomers, including the
alteration of extracellular and intracellular membrane perme-
ability and the interaction with various receptors.® ® However,
regardless of the model considered, the cytotoxic effect inevitably
involves an initial interaction of the oligomers with the plasma
membrane. Although this interaction has been the object of
intense investigation, one point that still needs to be properly
addressed is the dynamic behavior of the oligomers once bound
to the membrane.

The variety of cytotoxic effects ascribed to the oligomers and
associated to the complexity of AD may be attributable to their
polymorphism.”*~'* Several morphologically and structurally
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different forms of similarly sized Af oligomers have been
characterized. A big step forward within this context has been
the production of antibodies able to recognize distinct aggregate
conformations.'*'®

Here, we question the influence of quaternary structure on the
dynamic behavior of different oligomeric assemblies by coupling
a single molecule approach with the use of conformation-specific
antibodies.

B EXPERIMENTAL SECTION

Cell Culture. Human SH-SYSY neuroblastoma cells were obtained
from A.TCC (Manassas, VA) and cultured in 1:1 Dulbecco’s modified
Eagle’s medium (DMEM)/F-12 supplemented with 10% fetal bovine
serum (FBS) and 1.0% antibiotics. Cell cultures were maintained in a
5.0% CO, humidified atmosphere at 37 °C and grown until 80%
confluence. Cells were used for a maximum of 20 passages. H-END
cells were kindly provided by Prof. F. Bussolino (University of Turin,
Italy) and cultured in DMEM containing 10% FBS, 3.0 mM glutamine,
100 units/mL penicillin, and 100 #g/mL streptomycin in a 5.0% CO,
humidified atmosphere at 37 °C.

Oligomers Preparation and Cells Treatment. Af1—42
(A9810) and amylin (D2162) were purchased from Sigma. N-terminal
conjugated Hilyte Fluor 488 Af31—42 (60479) and TAMRA-Af1—42
(60476) were purchased from Anaspec. Amylin, A31—42, A31—42hi488,
or TAMRA-Af31—42 peptides were initially incubated in hexafluoroiso-
propanol (HFIP) at room temperature for 1 h. The HFIP was evaporated
under a gentle stream of N,. Dried peptide aliquots were dissolved in
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anhydrous DMSO to a final concentration of 5.0 mM, diluted into ice-cold
phenol red-free F12 medium to 100 #M and incubated at 4 °C for 24 h
(4 h or 1 month where specified). Alternatively, AB1—42 stock solutions
(2 mM) were prepared by dissolving the lyophilized peptide in 100 mM
NaOH followed by water bath sonication for 30 s. The oligomerization
reaction was initiated by diluting the stock solution in PBS to a final
concentration of 45 uM, pH 7.4, and incubated at room temperature for
24 h'® Sup3SNM samples were a gift from Prof. M. Bucciantini
(University of Florence, Italy) and Prof. R. Melki (CNRS, Gif-sur-Yvette,
France). Sup3SNM was expressed and purified under denaturing condi-
tions as previously described'” and stored at —80 °C in 8 M urea, 20 mM
sodium phosphate, pH 7.5, 150 mM NaCl, and S mM 3-mercaptoethanol.
To achieve assembly, Sup3SNM was dialyzed against the assembly
buffer (20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 5% glycerol, S mM
p-mercaptoethanol, and 10 mM MgCl, ). After dialysis, the protein samples
were incubated at 4 °C for one month at a concentration of 90 uM.
Af1—42, amylin, and Sup3SNM samples were centrifuged for 15 min at
14 000g and the supernatant fraction was transferred to the cell medium to
a final concentration of 10 #M monomer equivalent. Dynamic light
scattering measurements confirm that the size of the oligomers after
centrifugation is <10 nm. Images of large aggregates and fibrils present
before centrifugation are shown in Supporting Information.

Giant Unilamellar Vesicles (GUVs) Preparation. 1-Palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC)/0.0005% lissamine-thodamine
phosphatidylethanolamine (Rh-PE) GUVs (Avanti lipids) were a gift of
Dott. D. Berti (University of Florence, Italy). GUVs were formed in a
60 mM sucrose solution through electroformation.

Single Particle Imaging. Quantum dots (QDs) labeling and live
imaging has been extensively described."® Briefly, living cells or GUVs
were incubated at 37 °C with amyloid oligomers (20 min), then washed
and incubated with primary (20 min) and secondary (10 min) anti-
bodies in phenol red-free Leibovitz’s L-15 medium 10% FBS, followed
by QDs (1 min) in QD binding buffer. GUVs were centrifuged S min at
4000g and the supernatant discarded after each step. Rabbit polyclonal
OC (1:10000 dilution) and I11 (1:2000 dilution), mouse anti-Af3
monoclonal (f-Amyloid DE2B4, Santa Cruz Biotechnology, Inc,
1:100 dilution), mouse anti-amylin monoclonal (Amylin R10/99, Santa
Cruz Biotechnology, Inc., 1:50 dilution), and rabbit polyclonal anti-
Sup3S (gift from Prof. R. Melki, 1:5000 dilution) antibodies were used as
primary antibodies. Biotinylated anti-mouse or anti-rabbit Fab antibo-
dies (Jackson Laboratories and Abcam, respectively) were used as
secondary antibodies at 1:400 dilution. Streptavidin-coated QDs
(Invitrogen) emitting at 655 nm were used at 1:10000 dilution.
Alternatively, anti-mouse F(ab'),-QDs 655 (Invitrogen) were used.
No labeling was observed when cells were incubated in the absence of
oligomers. Cells were monitored with a custom-made wide-field epi-
fluorescence or TIRF microscope equipped with an oil-immersion
objective (Nikon Plan Apo TIRF 60x/1.4S), an argon ion laser
(Reliant 150 Select, excitation line 488 nm), and a heating chamber.
Dichroic FF499-Di01-25 x 36 and emission FF01-655/15-25 (for QDs)
or FF01-530/43-25 (for Af1—42hi488) filters (Semrock) were used. A
total of 250 or 100 consecutive frames were acquired with an integra-
tion time of 80 or 300 ms, respectively, with an intensified charge-
coupled device camera PI-Max (Roper Scientific) using WinView
(PI Acton, Roper Scientific). Recording sessions did not last more
than 30 min.

Single Particle Tracking. Tracking of single QDs, which were
identified by their fluorescence intermittence, was performed with
MATLAB (MathWorks, Natick, MA) using 2 homemade routine that
accounts for blinking in the fluorescence signal.lg*20 In brief, the
method consists of two main steps, applied successively to each frame
of the sequence. First, fluorescent spots are detected by cross-correlating
the image with a Gaussian model of the microscope Point Spread
Function. A least-squares Gaussian fit is applied (around the local

maximum above a threshold) to determine the center of each spot with
a spatial precision of 10—20 nm (depending on the signal-to-noise
ratio). Second, QD trajectories are assembled automatically by linking,
from frame to frame, the centers of fluorescent spots likely from the same
QD. The association criterion is based on the assumption of free
Brownian diffusion and takes into account short blinking events. After
completion of the process, a manual association step is performed, in
which QD trajectories of maximal length are assembled from smaller
fragments separated by longer blinking events that were not taken into
account by the automatic linking procedure. A31—42hi488 clusters and
TAMRA-Af31—42 oligomers were tracked using the Particle Tracker”!
plug-in developed on Image]J software.

Quantitative Analysis of Diffusion Coefficient. Analyses of
mean square displacement (MSD) and initial diffusion coefficient (D)
are reported in the literature.'®*® Briefly, physical parameters can be
extracted from each trajectory (x(t),y( t)) by computing the MSD,**
determined from the following formula:

1 N-—n

Z (Cr—— xi)z + Wit _)’i)z}

—hni=

MSD (ndt) =

where «; and y; are the coordinates of a particle on frame i, dt is the time
between two successive frames, N the total number of frames of the
trajectory and ndt the time interval over which the displacement is
averaged. This function enables the analysis of the lateral dynamics on
short (initial diffusion coefficient) and long (types of motion) time
scales. Different types of motion can be distinguished from the time
dependence of the MSD.** The initial diffusion coefficient (D) is
determined by fitting the initial 2—5 points of the MSD against time
plot with MSD(t) = 4D, _st + b. The cumulative probability C(d) of D
defines the probability that D is inferior to d. The median D value is
found at C = 0.5. We compared cumulative probability distributions and
median instead of mean values because D values were spread over 4
orders of magnitude.

Quantitative Analysis of Velocity. The velocity v of actively
transported particles was determined by calculating the mean displace-
ment (MD) during the acquisition time interval dt:

v=MDdt!

Alternatively, similar v values were obtained by fitting the MSD
against time plot with the equation for directed motion>* MSD(t) =
4Dt + (vt)*.

Internalization Test. The cells were incubated with AS1—42
oligomers and labeled as described above in Single Particle Imaging.
Low pH stripping was then performed 30 min after the final labeling step
with QDs by incubating cells at 2 °C in 0.2 M acetic acid, 0.5 M NaCl, pH
2.2, for 7 min.

Statistical Analysis. Data are expressed as mean = standard error
of the mean (SEM). Comparisons between the different groups were
performed by Student ¢ test or ANOVA followed by Tukey’s post hoc
test. A p-value <0.0S was considered statistically significant.

B RESULTS

Distinct Surface Mobility of Prefibrillar and Fibrillar
AB1—-42 Oligomers. Preformed Af31—42 oligomers were in-
cubated with SH-SYSY neuroblastoma cells (a cell line com-
monly used to study the cytotoxic effects of amyloid oligomers'*)
for 20 min and subsequently labeled with primary antibodies,
secondary biotin-Fab fragments, and streptavidin-coated quan-
tum dots (QDs). We took advantage of structure-specific
primary antibodies to immunochemically label distinct confor-
mations of Af31—42 oligomers concomitantly present in the
same sample, avoiding therefore the necessity to obtain samples
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Figure 1. Heterogeneous dynamic behavior of A31—42 oligomers in human neuroblastoma cells. (A and B) Live imaging of membrane bound fibrillar
and prefibrillar A31—42 oligomers labeled with the conformation-specific antibodies OC (A) and 111 (B), Fab-biotin secondary antibodies and
streptavidin QDs. The bright-field image of the cell is in false color only for chromatic contrast purposes. Cells had been incubated for 20 min with
preformed oligomers. The trajectories of the oligomers interpolated from (A) and (B) are reported in (C). (D) Examples of trajectories showing distinct
types of motion of A31—42 oligomers. Scale bars, 2 um. (E) MSD plot of the green, purple, and orange trajectories analyzed in (D), respectively. The
instantaneous diffusion coefficient D was calculated from the linear fit of the first initial points of the MSD plot. (F) Cumulative probability distributions
of diffusion coefficients from fibrillar (red) and prefibrillar (blue) oligomer trajectories. (G) Quantification of oligomers per cell classified according to
the type of motion inferred from the MSD plot of each oligomer. Mean &= SEM, n > 10 cells. Student t test, p < 103 (***),107% (**),and 5 x 10> (*).

of oligomers with a single morphology and high purity. We used
two different types of conformation-specific antibodies directed
against amyloid oligomers with prefibrillar (I11) and fibrillar
(OC) morphologies. The OC and I11 antibodies have been
previously produced in response to immunization with
AB1—42 fibrils and amylin prefibrillar oligomer mimics,"
respectively. Both antibodies do not recognize the amyloido-
genic monomers. Despite the name, the prefibrillar oligomers
recognized by I11 do not necessarily represent species on the
pathway to fibril formation, but rather represent an alternate
assembly pathway.'® On the other hand, the fibrillar oligomers
may correspond to small pieces of fibrils or fibril nuclei. Both
fibrillar and prefibrillar oligomers have been detected in human
brains affected by AD.'#">* The sizes of AB1—42 oligomers
recognized by OC and I11 overlap broadly (Figure S1). OC and
I11 recognize oligomers in the range of 8 kDa (dimers) up to
250 and 100 kDa,"® respectively. In agreement with previous

12003

observations,'* the fibrillar population is the most represented
(Figure S1) under the main aggregation conditions followed
here (ice-cold F12, see Experimental Section). Nonetheless, the
higher sensitivity of single particle tracking (SPT) technique
allowed us to detect also prefibrillar species. Only individual
oligomers that remained bound to the plasma membrane after
incubation and that were labeled with a single QD (as suggested
by blinking) were considered for the analysis.

Within the time scale of the recordings (~30 s), both
prefibrillar and fibrillar oligomers bound to QDs exhibited most
of the typical dynamic behaviors that have been generally
observed for membrane proteins (Figure 1A—D and Movies
S1—SS in the Supporting Information). The trajectories of the
oligomers were sorted according to their individual mean square
displacement (MSD) against time plot curvature and the oligo-
mers were classified into three types, depending on whether they
mainly followed a confined, Brownian or directed motion

dx.doi.org/10.1021/ja200951f |J. Am. Chem. Soc. 2011, 133, 12001-12008



Journal of the American Chemical Society

Table 1. Diffusion Coefficients of Different Amyloid Oligo-
mers on the Plasma Membrane of SH-SYSY Neuroblastoma
Cells”

oligomers
(primary antibody) Dinedion (um*s™") Ay’ P

AB1-42 (0OC) 9.4 %10 *

1—42 (111 40x107° 27x107' <107?
AB (111)
AB1—42hi488 (OC) 6.5x107*
AB1—42hi488 (111) 13x107°  36x107" <107?
Amylin (OC) 9.7 x107*
Amylin (111) 21x107°  35x10* <107
Prion Sup35NM (OC) 74x10°*
Prion Sup35NM (111) 12x107°  24x107" <107?
AP1—42 (anti-Af1—42) 6.1x10*
Amylin (anti-Amylin) 52x10%  15x10" 16 x 1077
Prion Sup3SNM (anti-Sup35)  91x10*  1.0x10' 12x 10"

“Cells were incubated with distinct oligomers solutions. * Maximum
difference in the cumulative probability of the diffusion coefficient (D) of
distinct amyloid oligomers. The type of oligomer of reference to
calculate the difference for each group is highlighted in bold characters.
 Kolmogorov—Smirnov test p-value calculated using A,,,,, as statistic.
For each condition, 100 < n < 400.

(Figure 1D,E). AB1—42 oligomers that appear to undergo a
directed motion are likely to be part of an intracellular vesicle
(see Supporting Information Figures S2 and S3). A few oligo-
mers (~ 2%) showed also changes from one type of motion to
another (Figure $4).

To explore to which extent a different conformation could
affect the lateral diffusion of the oligomers, we compared the
diffusion coefficients (D) of prefibrillar and fibrillar oligomers
(Figure 1F and Table 1). We found significantly different D value
distributions. The median D of prefibrillar oligomers was 4 times
higher than for fibrillar oligomers. We did not observe significant
changes in the diffusive behavior of fibrillar and prefibrillar
oligomers preaggregated for different times (4 h, 24 h, and
1 month, see Table S1), although the amount of labeled
oligomers was lower for aggregation times shorter or longer than
24 h. In addition, the diffusive trend did not change under
alternative aggregation conditions that enriched the population
of prefibrillar oligomers'® (NaOH/PBS, see Experimental Sec-
tion, and Table S1).

The distribution of oligomers classified according to their type
of motion was found to be significantly different (Figure 1G). A
much higher amount of fibrillar oligomers (75%) appeared to be
confined with respect to prefibrillar ones (50%).

These results show that AB1—42 oligomers display multiple
types of motions, although they appear to be predominantly
confined, and demonstrate that their diffusive features are strictly
dependent on their structural conformation.

The Diffusive Behavior of Amyloid Oligomers Is Inde-
pendent of Their Primary Sequence. In addition to A31—42,
various amyloidogenic peptides and proteins can form oligo-
mers that interact with the plasma membrane and induce cell
death. The conformation-specific antibodies OC and 111 (used
here to discriminate between prefibrillar and fibrillar AZ1—42
oligomers) can also recognize structurally similar motlfs of
aggregates formed by other amyloidogenic peptides."® For this
reason, we used these antibodies to monitor the surface
mobility of oligomers formed by human amylin and the isolated
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Figure 2. Structurally analogous amyloid oligomers but formed by
different peptides display comparable dynamic behaviors. (A and C)
Cumulative probability plots of diffusion coefficients of fibrillar (red)
and prefibrillar (blue) amylin (A) and Sup3SNM (C) oligomers.
(B and D) Quantification of amylin (B) and Sup3SNM (D) oligomers
per cell classified according to their type of motion. Mean &+ SEM, n >
10 cells. Student t test, p < 107 (***) and 102 (**). Note that
in these experiments conformation-specific antibodies were used to
label fibrillar and prefibrillar species. (E) Examples of trajectories of
Af1—42, amylin, and Sup3SNM oligomers labeled with sequence-spe-
cific antibodies, Fab antibodies, and QDs. Scale bar, 2 um. (F and G)
Cumulative probability plots of diffusion coefficients (F) and quanti-
fication according to the type of motion (G) of oligomers labeled with
antibodies specific for Af1—42 (purple), amylin (green), and
Sup3SNM (gray). Mean £ SEM, n > 10 cells. ANOVA followed by
Tukey’s post hoc test, p < 107> (***) and 107> (**).
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NM domain of the yeast prion Sup35 (Sup3SNM). The
interaction of amylin oligomers with the membrane is thought
to be the main factor determining the death of pancreatic -cells
in type II diabetes.” Prion Sup3S$ is not associated to any disease,
but it contains a highly amyloidogenic structural motif and has
been used extensively as a model peptide for studying amyloid
aggregation.'”** In the latter case, the species incubated with
the cells are mostly constituted by a mixture of fragments of
mature fibrils and oligomers (long fibrils as those reported in
Figure S5 were not present in the samples after centrifugation).
We specifically chose this particular assembly state of Sup3SNM
in light of recent results showing that fibril fragments with sizes
comparable to those of amyloid oligomers can bind to mem-
branes and be equally cytotoxic.>®

Prefibrillar amylin oligomers displayed a median D value
2-fold higher than fibrillar (Figure 2A and Table 1). As found
in the case of AB1—42 oligomers, the amount of confined fibrillar
amylin oligomers (95%) was dramatically higher than prefibrillar
(60%) (Figure 2B). The differences in the median D values and
the distribution of Sup3SNM oligomers according to the types of
motion were less pronounced but still significant between
prefibrillar and fibrillar species (Figure 2C,D and Table 1).

Overall, the median D values of prefibrillar or fibrillar oligo-
mers found for A1—42, amylin, and Sup3SNM were compar-
able (Table 1). To strengthen further this result, we carried out
tracking experiments using antibodies specific for each peptide,
in place of those conformation-specific. The analysis of trajec-
tories of anti-A31—42, anti-amylin, and anti-Sup35SNM labeled
species revealed substantially equivalent dynamic behaviors
(Figure 2E—G and Movie S7). The median D values of the
oligomers formed by these different peptides lied in an interval
between 5 and 10 x 10~ * um* s~ ' (Figure 2F and Table 1).
Furthermore, these median D values are comparable to those
found when OC antibodies were used to label the oligomers of
AP1—42, amylin, and Sup3SNM (Table 1). The fraction of anti-
Af1—42, anti-amylin, and anti-Sup3SNM labeled species diffus-
ing randomly on the cell surface does not exceed 25%, while
those confined represent the majority (>65%). The distributions
of these oligomers according to their type of motion are not just
quite similar between them but also to what has been found using
the conformation-specific antibodies (Figure 2G). Nevertheless,
the amount of confined oligomers labeled by sequence-specific
antibodies appears to be lower than that found using the OC
antibody. This result might be explained by considering that in
theory the peptide specific antibodies could recognize both
prefibrillar and fibrillar species.

The similarity between the dynamic features of AB1—42, amylin,
and Sup3SNM found using peptide specific antibodies and the
conformation-specific OC antibody not only indicates that most of
the oligomers bound to the membrane are effectively fibrillar in
structure, but also that structurally similar amyloid oligomers
formed by distinct peptides have similar membrane dynamics.

Additional Factors Affecting the Surface Mobility of A1—
42 Oligomers. QD labeling enables to track Af1—42 oligomers
with high sensitivity and spatial resolution. By contrast, the size of
the antibodies—QD complex could influence the mobility of the
oligomers. In addition, early dynamic events, such as oligomer
clustering, occurring within the dead-time required by the
labeling procedure would be missed with this approach. We
therefore used oligomers formed by A31—42 peptides covalently
linked to TAMRA dye (TAMRA-A31—42) to avoid the labeling
step and thus reduce the dead-time before imaging down to
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Figure 3. Factors governing the lateral diffusion of A31—42 oligomers. (A)
Examples of trajectories showing distinct types of motion of AS1—42
oligomers labeled with TAMRA superimposed over the z projection of a stack
of images acquired using TIRFM. Scale bars, 2 um. (B) The integrated
intensity of individual TAMRA-A31—42 oligomers averaged over time is
plotted against their instantaneous diffusion coeflicient. The low R value of the
linear fit indicates that the data are not correlated. Error bars, SD. (C) Real-time
imaging of an AB1—42 oligomer labeled with anti-A1—42 antibody, Fab
antibody and QD bound to the surface of a synthetic GUV (POPC/Rh-PE).
GUVs had been incubated for 20 min with preformed oligomers. The
trajectory of the oligomer is reported over the z projection of the image stack.
(D) Cumulative probability distributions of diffusion coefficients from
Af1—42 oligomers labeled with TAMRA (orange), or anti-Af31—42, Fabs
and QDs in SH-SYSY cells (purple), H-END cells (brown), and GUVs (gray).
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Figure 4. Schematic representation of oligomer mobility dependence
on conformation. Amyloidogenic peptides can form conformationally
distinct oligomers (fibrillar and prefibrillar) that display different lateral
diffusion on the plasma membrane. The dynamic behavior of fibrillar or
prefibrillar oligomers formed by peptides with different primary se-
quences (A and B) is however comparable.

S min (minimal time of incubation with cells). A total internal
reflection fluorescence microscope (TIRFM) was used to in-
crease the signal-to-noise ratio. The TIRF setup enabled us to
observe the dynamics of oligomers bound to the basal plasma
membrane. The mobility displayed by TAMRA-Af1—42 oligo-
mers and the distribution of their D values (Figure 3A,D, Movie
S8 and Table S2) did not differ significantly from those of
AB1—42 oligomers labeled with QDs. No significant correlation
was found between the mean integrated intensity of the oligo-
mers and their D values (Figure 3B). Since the fluorescence
intensity signal of each tracked oligomer is proportional to the
number of TAMRA-A31—42 peptides forming it, this result
suggests that size is not a major factor determining the mobility of
the oligomers.

To determine whether the confined mobility of AB1—42
oligomers was due to interactions with specific cellular proteins,
we performed SPT experiments similar to those described above
but using synthetic giant unilamellar vesicles (GUVs) and
murine endothelioma H-END cells instead of human neuroblas-
toma SH-SYSY cells. POPC/Rh-PE GUVs were filled with a
sucrose solution, subsequentely diluted in glucose to make them
sink, incubated with preformed A3 1—42 oligomers and finally
labeled with anti-Af31—42 and QDs. Surprisingly, the oligomers
bound to the surface of the GUVs were highly mobile and
technically difficult to track (Figure 3C and Movie S9). We were
nevertheless able to determine D for a statistically sufficient
number of oligomers. The median D value was found to be 1.1 X
10" um® s~ ", approximately 2 to 3 orders of magnitude higher
than in living cells (Figure 3D and Table S2). The dynamic
behavior of the oligomers in H-END cells was substantially
comparable to that observed in SH-SYSY cells, although the
difference between the two cumulative distributions of D re-
sulted to be statistically significant (Figure 3D and Table S2).

These results suggest that the reduced mobility of Af1—42
oligomers is mainly attributable to their interaction with specific
cellular structures, rather than simply to their size.

W DISCUSSION

The most striking finding emerging from our experiments
regards the link between structure and mobility of amyloid

oligomers. Our results demonstrate that amyloid oligomers that
are sharing similar structural features display a common diftusive
behavior on the surface of living cells despite being formed by
distinct peptides (Af1—42, amylin, and Sup3SNM) (Figure 4).
Conversely, differences in structure, even for oligomers formed
by the same peptide, are reflected in significant differences in
mobility (Figure 4). These results are consistent with the
hypothesis of a common mechanism of cytotoxicity for all types
of amyloids."**® Additional specific interactions might never-
theless be involved for each type of amyloidogenic peptide
(indeed, the median D values are not identical) and for each
type of oligomer conformation. Furthermore, for each type of
oligomer conformation, several diffusive behaviors (confined,
directed, and Brownian motion) are observed. This heterogene-
ity of dynamics may reflect different mechanisms of toxicity.

A generic event of binding to the membrane and subsequent
diffusion to more specific targets could take place. However, only
a small fraction of oligomers displayed free mobility, indicating
that the search for specific binding partners through lateral
diffusion rarely occurs. In contrast, the low mobility of the
oligomers could influence the dynamics of more mobile proteins
and lipids that get in contact with them.

The reduced mobility of the oligomers could be determined
by the size of the fluorescent probe or the inherent size of the
oligomers. However, at the scale of nanosized probes as QDs,
the movements of transmembrane proteins are not governed by
the mass of the probe, but are rather dependent on the mem-
brane viscosity, which is 100- to 1000-fold greater than that of the
extracellular medium.*” The procedure of QD-labeling has been
already used to track transmembrane receptors displaying much
higher D values than those observed here for amyloid oligomers.*®
Our data show that the mobility of oligomers formed by peptides
covalently linked to a small dye (~1—2 nm) is comparable to that
of oligomers labeled with antibodies and QDs (>20 nm), clearly
demonstrating that the size of the fluorescent probe is negligible
in our measurements. Moreover, the diffusion is not depen-
dent on the primary antibody used, since our results show that
the observed diffusion properties do not change substantially
when a peptide-specific rather than a conformation-specific anti-
body is used.

To determine to which extent the size of the oligomers could
theoretically influence their diffusion, we considered the con-
tinuum hydrodynamic model proposed by Saffman and
Delbriick.”” The model describes the lateral diffusion of trans-
membrane proteins in a lipid bilayer as cylinders in a thin viscous
sheet. This approximation is commonly used in biophysics to
relate the size of membrane inclusions to their diffusion coeffi-
cients. According to this theory, the diffusion coefficient D of the
cylinders is only weakly (logarithmically) dependent on their
lateral radius (R). Experimental measurements of transmem-
brane proteins mobility in reconstituted lipid bilayers have
shown that the dependence of D on size is better described by
1/R than In(1/R). As proposed by Guigas et al,,* when a scaling
D ~ 1/R?is used to calculate the diffusion of a particle with
R =10 nm the resulting D would be ~10"" um*s™". This theo-
retical D value is exquisitely in agreement with our measurements
on Af31—42 oligomers moving on the surface of synthetic GUVs
(median D = 1.1 x 10~ " um” s~ '). If we consider the cellular
crowding, the theoretical D value would be decreased by an
additional order of magnitude.®’ Nonetheless, the experimental
median D values that we found for amyloid oligomers in cells
range between 10~ * and 10> um® s, 2 orders of magnitude
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lower than theoretically expected. D values close to 10> gm*s ™'

have been measured for membrane proteins as large as the
membrane flagellar basal bodies (3200 kDa).*? By contrast, the
size of AB1—42 oligomers studied here does not exceed 250 kDa
(approximately 2—60 monomers, usually less than 10 nm in
diameter). The blinking behavior often observed in the case of
TAMRA-Af1—42 implies a relatively low number of monomers
forming the oligomers bound to the membrane. All these
considerations, together with the lack of correlation between
the fluorescence intensity of individual TAMRA-Af31—42 oligo-
mers and their diffusion coeflicients, point out that, under the
conditions studied here, size has only a marginal influence on the
confined dynamic behavior of the oligomers. Clustering of A3
oligomers has been proposed to explain the reduced mobility of
the oligomers following binding to the membrane.>> Under our
experimental conditions, however, we did not detect any relevant
event of clustering, except for those oligomers that were inter-
nalized and underwent intracellular transport (a phenomenon
not observed by Renner et al.>*).

Mobile transmembrane proteins usually display D values
(measured from SPT experiments) ranging from 10> to
1 um® s~ ', whereas for slow diffusin§ or less mobile proteins, the
D value lies between 10 * and 10> um” s~ ", Cytoskeleton®***
and extracellular matrix*® have been found to be responsible for
slowing down the dynamics of transmembrane proteins. The
confinement or low mobility of the oligomers, a behavior not
observed in synthetic liposomes, might therefore be due to inter-
actions with elements linked to these cellular structures. Within
this context, evidence shows that amyloid deposits are associated
with glycosaminoglycans, typical components of the extracellular
matrix. Further research is necessary to explain the reduced
mobility of the oligomers.

The results obtained here on the intimate behavior of toxic
oligomers help to improve the general understanding of the basic
mechanisms of amyloid diseases.
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