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Abstract The central mechanism for the transmission of
the prion protein misfolding is the structural conversion of
the normal cellular prion protein to the pathogenic mis-
folded prion protein, by the interaction with misfolded prion
protein. This process might be enhanced due to the homo-
dimerization/oligomerization of normal prion protein.
However, the behaviors of normal prion protein in the
plasma membrane have remained largely unknown.
Here, using single fluorescent-molecule imaging, we
found that both prion protein and Thyl, a control
glycosylphosphatidylinositol-anchored protein, exhibited
very similar intermittent transient immobilizations lasting
for a few seconds within an area of 24.2 and 3.5nm in
diameter in CHO-K1 and hippocampal neurons cultured for
1- and 2-weeks, respectively. Prion protein molecules were
immobile during 72% of the time, approximately 1.4x
more than Thyl, due to prion protein’s higher immobiliza-
tion frequency. When mobile, prion protein diffused 1.7x
slower than Thy1. Prion protein’s slower diffusion might be
caused by its transient interaction with other prion protein
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molecules, whereas its brief immobilization might be due to
temporary association with prion protein clusters. Prion
protein molecules might be newly recruited to prion protein
clusters all the time, and simultaneously, prion protein
molecules in the cluster might be departing continuously.
Such dynamic interactions of normal prion protein mole-
cules would strongly enhance the spreading of misfolded
prion protein.

Keywords GPI-anchored receptor * Prion protein * Thyl -
Cluster - Diffusion - Single fluorescent-molecule imaging
and tracking

Abbreviations

ACP Acyl-carrier protein

DIV Days in vitro

GPI-AR  Glycosylphosphatidylinositol-anchored receptor

PrP Prion protein

PM Plasma membrane

STALL  Stimulation-induced temporary arrest of lateral
diffusion

TALL Temporary arrest of lateral diffusion

Introduction

In recent years, various membrane proteins and lipids in the
plasma membrane (PM) have been found to undergo tem-
porary entrapment or immobilization in meso-scale (a few
nm ~ a few 100nm) domains [1-8]. Importantly, the
occurrences of such transient anchorages are not limited to
raft-associated molecules. Non-raft molecules often exhib-
ited temporary immobilization/entrapment in meso-scale
domains and molecular clusters in the PM [3, 5, 9].
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Sahl et al. [3] found that fluorescently-labeled sphingo-
myelin and phosphatidylethanolamine (with a hydrophobic
ATTOG647N dye in the headgroup), which both turned out
to behave like non-raft lipids according to Sezgin et al. [10]
including the same authors, exhibited alternating periods of
rapid diffusion and transient cholesterol-dependent entrap-
ment/anchorage in areas of ~6 nm in diameter, with average
trapping times of ~15 and <4 ms, respectively, at ~23 °C in
the PM of living PtK2 cells (70 and 30% entrapments over
all of the trajectory lengths, respectively). In contrast,
Honigmann et al. [5], using the same ATTO647-
sphingomyelin (a non-raft lipid probe), found that the
immobilization of the sphingomyelin analog in domains
with sizes smaller than 80 nm in diameter, and in the time
scale of ~10 ms in the PM of PtK2 cells, was not due to the
presence of raft-based nanodomains, but to alternative
interactions that are perhaps based on the sphingosine
backbone structure.

Transient entrapment/anchorage might be critically
linked to the biological functions of membrane receptors
and other signaling molecules and to the formation of signal
transduction platforms in the PM [1, 2, 11-13]. Suzuki et al.
[1, 2] reported that upon the engagement or colloidal gold-
induced cross-linking of physiological levels of CD59, a
glycosylphosphatidylinositol-anchored receptor (GPI-AR),
CD59 clusters containing an average of about five CD59
molecules underwent alternating periods of slow diffusion
(1.2-s lifetime) and actin-dependent temporary immobili-
zation called “Stimulation-induced Temporary Arrest of
Lateral. diffusion” (STALL) (0.57-s lifetime) in areas of
~50 nm in diameter (20-40% of the entire trajectory length).
Each CD59 cluster continually recruits molecules of the
Src-family kinase Lyn, with a residency time of ~0.2s.
Gai2, a subunit of a trimeric G protein, was also transiently
recruited to CD59 clusters (~0.13-s lifetime), triggering the
binding of the CD59 cluster to a cortical actin filament, i.e.,
the STALLing of the CD59 cluster (perhaps due to the
Gai2-mediated activation of Lyn, which is almost always
located in the cluster). The recruitment of Gai2 and Lyn
depended on both protein—protein and raft-lipid interac-
tions. Furthermore, PLCy2 molecules were transiently
(~0.25 s) recruited from the cytoplasm to CD59 clusters
exclusively during its STALLing periods, to produce IP3,
followed by Ca*" mobilization. These results suggest that
CD59 clusters undergoing STALL may be a key, albeit
transient, platform for transducing the extracellular GPI-AR
engagement signal to the intracellular IPs—Ca”" signal, via
PLCy2 recruitment.

Transient entrapment in meso-scale protein clusters and
domains might also be critically linked to pathological
processes, such as the development of prion diseases.
Mammalian prion diseases involve the aggregation of
misfolded prion protein (PrP), a GPI-AR. The central
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mechanism for the transmission of the PrP misfolding is the
structural conversion of the normal cellular PrP to the
pathogenic misfolded PrP, by the interaction with misfolded
PrP [14]. Furthermore, it was proposed that the aggregation
of misfolded PrP may proceed from many different pre-
cursors, which might include normal PrP [15]. Therefore, if
normal PrP molecules tend to be temporarily immobilized at
PrP clusters, it would become an important mechanism for
the very fast spreading of misfolded PrP [16].

Indeed, all of the GPI-ARs examined previously,
including Thy1, CD59, DAF, and GFP-GPI, were found to
frequently form transient homodimers, which work as units
for raft organization and function, with lifetimes on the
order of 0.2s [11]. Furthermore, PrP and Thyl reportedly
formed larger clusters, but quite independently [17, 18].
The immunoelectron microscopy assay with monovalent
immunogold labeling revealed that the clusters of the
two proteins mostly existed in separate domains on the
neuronal cell surface: 86% of PrP was clustered in domains
lacking Thyl, although 40% of Thyl had a few
molecules of PrP associated with it. Only 1% of all clusters
contained appreciable levels of both proteins (>3 immu-
nogold labels for both). If these two molecules form clusters
primarily by raft-lipid interactions, then such separate
clustering would not be possible [19-21]. Therefore, the
immunoelectron data suggest that even normal PrP tends to
form homo-oligomers due to interactions of PrP’s protein
domain (the raft-lipid interaction is less involved, because
Thy1-Thyl and Thy1-PrP clustering occur infrequently).

Meanwhile, our knowledge about how GPI-ARs undergo
temporary immobilization/anchorage in the PM before
ligation-activation is quite limited. In HeLa cells, ~20%
(time fraction against the entire length of observed trajec-
tories) of a GPI-AR, Thy1, was found to undergo temporary
immobilization in the PM, which was about the same time
fraction of temporary immobilization observed for trans-
ferrin receptor molecules transiently trapped in clathrin-
coated pits [22].

Therefore, the goals for the present research were to
reveal whether the non-engaged PrP and Thyl undergo
distinctively different temporary entrapment behaviors in
the PM, and to determine whether the behaviors are dif-
ferent in neurons (because both PrP and Thyl are endo-
genously enriched in neurons) and in cell lines derived from
non-neuronal cells (CHO-K1 cells). Furthermore, neurons
undergo dramatic changes during the first 2 to 3 weeks in
culture, in terms of their structures and neuronal activities
[23-26]. Therefore, in the present study, we comprehen-
sively examined the dynamics of non-engaged PrP and
Thyl and their immobilization/anchorage/entrapment
behaviors in the PM using single fluorescent-molecule
tracking [22, 27, 28]. We compared their behaviors in
the PM of primary cultured hippocampal neurons from
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new-born rats for 1 and 2 weeks in vitro (7-8 and 14 days
in vitro [DIV]) with those in the PM of CHO-K1 cells.

Materials and Methods
Plasmid Construction

The cDNA encoding ACP-PrP was constructed by fusing
the cDNA for the signal sequence of PrP (22 amino acids)
to the cDNA encoding the ACP-tag protein (Covalys),
which was subsequently fused to a 69 base linker (23 amino
acids, with the sequence LDLIEGRGIPRNSRVDAG-
QASNS), and then to the cDNA encoding PrP (cloned from
mouse brain). The cDNA encoding ACP-Thyl was con-
structed by fusing the cDNA for the signal sequence of
Thy1 (19 amino acids) to the cDNA encoding the ACP-tag
protein (Covalys), which was subsequently fused to a 63
base linker (21 amino acids, with the sequence
LDLIEGRGIPRNSRVDAGQAS), and then to the cDNA
encoding Thyl (cloned from rat brain).

Cell Culture, Transfection, and Fluorescence Labeling

CHO-K1 cells were grown in Ham’s FI12 medium
(Sigma-Aldrich), supplemented with 10% fetal bovine
serum (Sigma-Aldrich). The cells were transfected with the
cDNA encoding ACP-PrP or ACP-Thyl using Lipofecta-
mine 2000 (Invitrogen), according to the manufacturer’s
recommendations. Cells were plated on the glass bottoms
(12-mm-& coverslips) of 35-mm-& glass-base dishes
(Iwaki) and cultured under a 5% CO, atmosphere at 37 °C.

Hippocampi from newborn Wister rats were isolated and
dissociated within 24 h after birth, as described [24]. As a
result, DIV approximately matches the age of a newborn
rat. However, the developmental processes in vitro may be
different from those in vivo. Neurons were cultured on the
glass bottoms (12-mm-& coverslips) of 35-mm-& glass-
base dishes (Iwaki). The cover glass was precoated with
poly-L-lysine (Sigma-Aldrich). To facilitate the growth of
neurons, rat Type-I astrocytes (~3.0 x 10* cells/dish) were
grown at the rim of the cover glass, to entirely surround it,
for 1-2 days in Dulbecco's modified Eagle's medium
(Sigma-Aldrich) containing 15% fetal bovine serum, before
the initiation of the neuronal culture. Before plating the
neurons, they were transfected with the cDNA encoding
ACP-PrP or ACP-Thyl by electroporation (Amaxa
Nucleofector, Lonza), resuspended in minimum essential
medium containing 5% fetal bovine serum, 2% B27 sup-
plement (Sigma-GIBCO), and 0.5 mM glutamine, and then
plated on the glass-bottom part of the culture dish at den-
sities of 1.4—1.8 x 10° cells/cm? (due to electroporation, not
all cells were alive). After culturing the cells under a 5%

CO, atmosphere at 37°C for 24h, DL-amino-5-
phosphonovaleric acid (Sigma-Aldrich) was added at a
final concentration of 5 uM. The neurons were further cul-
tured for an additional 6-7 days or 13 days (7-8 or 14 DIV,
respectively). All of the microscopic observations of neu-
rons were conducted using these 7-8 or 14 DIV hippo-
campal neurons, and called 1- and 2-wk neurons,
respectively, in this report.

ACP-PrP and ACP-Thy1 expressed in the PMs of CHO-
K1 cells and hippocampal neurons were fluorescently
labeled by incubating the cells with 50 nM ATTO594-CoA
(custom synthesized from ATTOS594-maleimide [ATTO-
TEC GmbH] and CoA-SH [Covalys] by Shinsei Kagaku)
and phosphopantetheine transferase (Covalys) at 37 °C for
5 min, followed by washing. Microscopy observations were
performed in HBSS containing 2mM PIPES (CHO-
K1 cells) or in ACSF containing 10 mM HEPES (neurons),
buffered at pH 7.4.

Due to the following very rough estimates of the
expression levels, we believe that ACP-PrP and ACP-Thyl
in 1- or 2-wk neurons are not overexpressed. The mean
number of Thyl molecules per TRI4 neuroblastoma cell is
approximately 2.25 x 10° [29], whereas Thyl is ~10-fold
more abundant than PrP in the whole brain [18]. Assuming
that 1- and 2-wk neurons express endogenous PrP and Thyl
at concentrations averaged over the whole brain, and that
their expression levels of endogenous PrP and Thyl are
similar to those in TRI4 neuroblastoma cells, we estimate
that the neuron we used expresses about 20,000 PrP and
200,000 Thy!l copies/cell. Meanwhile, under our observa-
tion conditions, 5-10% of ACP-PrP and ACP-Thyl mole-
cules were expected to be fluorescently labeled, and we
observed under the microscope the cells that exhibited
0.19-0.27 single-molecule fluorescent spots/um?. This
suggests that the maximal expression levels of ACP-PrP
and ACP-Thy1 in 1- and 2-wk neurons were 5.4 molecules/
um? in the cell body (soma) region of the neuron. Although
it is difficult to correctly evaluate the surface area in the cell
body region, we assume that it is like a disk of 10 um in
diameter, which will have a surface area of ~160 um>. We
further assume that this represents 1/10 of the entire cell
surface, providing an entire surface area of ~1600 um>
(probably close to the maximal evaluation). These estimates
give a copy number of ACP-PrP and ACP-Thy1 molecules
in a single cell of ~9000 (probably close to the maximal
estimate), which is very approximately about half the
number of endogenous PrP and ~5% of the number of
endogenous Thyl in a neuron.

When the behaviors of PrP and Thyl after homo-
crosslinking them were observed in 1-wk neurons, we
employed the following strategy. First, instead of the ACP-
tag, we attached the Halo-tag to PrP and Thyl at the same
locations, and the expressed Halo-PrP and Halo-Thyl
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molecules were labeled with tetramethylrhodamine (TMR).
We observed if and how the dynamics of these molecules
were modified by the addition of polyclonal anti Halo-tag
antibodies (Promega, G928A), which would crosslink Halo-
PrP and Halo-Thyl molecules probably at similar levels
(the expression levels of these two molecules were main-
tained quite similar to each other). In these experiments,
switching of the tag protein from ACP to Halo was neces-
sary due to the availability of good antibodies to Halo but
not those to ACP.

Single Fluorescent-Molecule Imaging

Molecules fluorescently labeled with ATTO594, located on
the bottom PM (which faces the coverslip), were observed
at 37°C, using a home-built objective lens-type total
internal reflection fluorescence microscope, based on an
inverted microscope (Nikon, ECLIPSE Ti-E), as described
previously [22, 30, 31]. The bottom PM was locally illu-
minated with an evanescent field (15 um diameter; 100X,
1.49 NA objective lens, 400x total magnification). The
fluorescence images of ATTO594 were projected onto the
two-stage microchannel plate intensifier (C8600-03;
Hamamatsu Photonics), coupled to a specially designed
CMOS sensor-based camera (Photron, Tokyo, Japan) by
way of an optical-fiber bundle, operated at a frame rate of
125 Hz (a time resolution of 8 ms). The recording duration
was generally between 4 and 10s (500-1250 frames).

Single Molecule Tracking Analysis and ‘“Temporary
Arrest of LateraL diffusion (TALL)” Detection

For the analysis of single-molecule trajectories, all of (and
only) the fluorescent spots that existed in the first recorded
frame were tracked. The fluorescent spots that could be
detected for at least 26 frames (at least for 208 ms or
25 steps in the trajectory) were used for further quantitative
analysis [32, 33]. The trajectories were obtained using in-
house software [34, 35].

The occurrences of TALLs were detected in single-
molecule tracking trajectories, using the algorithm devel-
oped by Sahl et al. [3], with the parameter set (the most
relevant parameter here was the threshold duration, which
was set to 25 frames or for 200 ms) used previously [22].
The application of these parameters to the computer-
generated simple-Brownian trajectories obtained by using
the diffusion coefficients of 0.37 and 0.90 um?/s, which
were the minimal and maximal median diffusion coeffi-
cients found for molecules during the mobile periods in the
present study, revealed that the false TALL events repre-
sented 0.03-6.9% of the total length of the Brownian
trajectories.

@ Springer

Results

Both PrP and Thyl Exhibited TALL, Repeated
Transient Immobilization

All microscope observations were conducted at 37 °C, and
all statistical examinations were performed using the Mann-
Whitney U-test. Both PrP and Thyl were conjugated with
the ACP-tag protein at their N-termini (ACP-PrP and ACP-
Thyl, respectively) at the cDNA level. Hetz et al. [36]
showed that the PrP conjugated by GFP at PrP’s codon 25
was functional in terms of PrP trafficking in Neuro2A cells.
We inserted the tag protein ACP between PrP’s codons 22
and 23. Therefore, we consider that the ACP-PrP molecules
are functional, although it is not a proof. CHO-K1 cells and
primary neurons cultured on coverslips of glass-base dishes
were transfected with the appropriate cDNAs, and then
ACP-PrP and ACP-Thy1 expressed on the cell surface were
covalently labeled with the ATTO594-conjugated acyl-CoA
ligand. Using a home-built TIRF microscope [37], we
imaged ATTO594-labeled ACP-PrP and ACP-Thyl at the
level of single molecules, at an observation frame rate of
125 Hz (time resolution of 8 ms). In the present research, all
of the observations were conducted for molecules existing
in the basal PM of CHO-K1 cells and that of the cell body
(soma) of primary—cultured hippocampal neurons obtained
from new-born rats cultured for 7-8 DIV and 14 DIV (1-wk
and 2-wk neurons, respectively). For concise presentation,
ACP-PrP and ACP-Thyl will simply be called PrP and
Thy1, respectively, in the present report unless otherwise
specified.

Typical single-molecule images and trajectories of PrP
and Thy1 are shown in Fig. 1. We believe that ACP-PrP and
ACP-Thyl in 1- or 2-wk neurons are not overexpressed: the
expression levels of ACP-PrP might be about half that of
endogenous PrP, whereas those of ACP-Thyl might be
~5% of those of endogenous Thyl. See Materials and
Methods (Cell Culture, Transfection, and Fluorescence
Labeling). Single molecules of PrP and Thyl were found to
generally undergo thermal diffusion, but notably, they fre-
quently became temporarily immobilized. Such events of
temporary immobilization have previously been observed,
and they were called “Temporary Arrest of Lateral. diffu-
sion (TALL)” (we use this term, because we previously
introduced the term Stimulation-induced TALL or STALL).
TALLs were detected by using the algorithm developed by
Sahl et al. [3], with slight modifications (see Materials and
Methods). TALLs were detected in the CHO-K1 cells and
the hippocampal neurons.

Single-molecule trajectories were classified into three
different categories: (1) the all-time mobile category, (2) the
mobile + TALL category, representing trajectories includ-
ing both the mobile and the TALL periods, and (3) the
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CHO-K1 cells

Fig. 1 Typical snapshots of
single fluorescent-molecule
images of ACP-PrP and ACP-
Thy1 labeled with ATTO594,
and their trajectories in the PMs
of CHO-K1 cells and 1- and 2-
wk hippocampal neurons in
culture. PrP undergoes frequent
TALL events, more often than
Thyl, and during the mobile
periods, PrP diffusion is
generally slower than Thyl
diffusion

all-time immobile category. The trajectories that were The TALL trajectories (the immobile part of category 2)
classified into the all-time mobile category and the mobile  and the all-time immobile trajectories (category 3) were also
parts of the trajectories that were classified into the mobile pooled as trajectories of immobile periods, for the following
+ TALL category were pooled, for analysis as the trajec-  reason. Under the conditions where the entire observation
tories of mobile periods. period for each view field (500-1250 frames or 4-10s in
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the present research) is substantially longer than the pho-
tobleaching lifetime of the employed fluorescent dye (138
frames or 1.10 + 0.037 s for ATTO594 employed here), the
distributions of the durations of TALL events and all-time
immobile events will be the same, following the kinetics of
km + kphotobleaching (Where ky; represents the kinetic constant
for the transition from the immobile state to the mobile
state, and Kphorobleaching T€Presents the kinetic constant for
photobleaching. As this kinetics can be written as the simple
sum of Kyt + Kphotobleaching, the distributions of the durations
of TALL events and all-time immobile events become the
same). This means that the all-time immobile trajectories
found here were apparently-all-time-immobile molecules.
Namely, they simply represent the molecules that were
immobile (undergoing TALL) at time O and became pho-
tobleached before resuming diffusion. Therefore, the TALL
trajectories (immobile parts of the trajectories in category 2)
and the all-time immobile trajectories (category 3) were
pooled as the trajectories of immobile periods in the present
research (Some molecules that were immobile for much
longer periods might exist, and would appear to be all-time
immobile molecules in the present observation, without
exhibiting TALL events. However, we did not find any such
molecules that exhibited much longer all-time immobile
durations).

Note that we did not detect any sign of hop diffusion at
this observation rate [38, 39]. This is because the present
observation frame rate (125 Hz) was too slow to detect hop
diffusion. Previously, hop diffusion was observed at frame
rates of 40,000 and 50,000 Hz, which are faster than the
present rates by factors of 320—400 [33, 34, 40].

PrP Exhibited Larger Time Fractions of Immobile
Periods than Thy1l

The time fractions of the mobile and immobile periods of PrP
and Thyl are shown in Fig. 2. Surprisingly, even in CHO-K1
cells, PrP was immobile (all-time immobile + TALL periods;
in the following part, we use the term “immobile” in the sense
of all-time immobile + TALL immobile) more than 50% of
the time. The time fraction of Thyl immobility was 29%,
which is consistent with the immobile time fraction pre-
viously found in HeLa cells (~20%; [22]).

The time fractions of the mobile periods (and thus the
immobile periods) for 1- and 2-wk neurons were not sig-
nificantly different (for both PrP and Thy1), and therefore,
the data for 1- and 2-wk neurons were combined (Fig. 2,
bottom figure). Importantly, in more than 70% of the entire
durations of the trajectories obtained here, PrP was immo-
bile in 1+ 2-wk neurons. Even Thyl exhibited a 52%
immobile time fraction in neurons. However, in all cell
types examined here, PrP always exhibited statistically
significant larger immobile time fractions than Thyl (by a
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Fig. 2 The time fractions of the mobile and immobile (all-time
immobile + TALL) periods for PrP and Thyl. The time fractions of
the mobile periods (and thus the immobile periods) for 1- and 2-wk
neurons were not statistically significantly different (for both PrP and
Thy1), and therefore, the data for 1- and 2-wk neurons were combined
in the bar graph shown at the bottom. The large time fraction (72%) of
the PrP immobile periods in 1 + 2-wk neurons is notable. In all cells,
PrP exhibited fewer mobile periods than Thyl. Further details of the
time fraction data are shown in Table |

Table 1 The time fractions of the mobile and immobile (all-time
immobile + TALL) periods of PrP and Thyl. The difference in the
mobile fractions between CHO-KI1 vs. 1+ 2-wk neurons was
statistically significant, with P values of 0.0026 for PrP and 0.0037
for Thyl (P values obtained by the Mann-Whitney U-test)

Cells/ Time fraction = SEM P value Total Number
molecules (%) of PrP examined  of cells
vs. Thyl period (s) (n)
(mobile
fraction)

Immobile Mobile

CHO-K1 cells

PrP 539+3.6 46.1+3.6 <0.001 364.9 23
Thyl 28.8+4.7 T71.2+4.7 266.1 18
1-wk neurons

PrP 71.1+34 289+34 0.023 165.6 10
Thyl 485+8.2 51.5+82 54.0 5
2-wk neurons

PrP 71.8+5.6 282+5.6 0.037 72.5

Thyl 548+44 452+44 112.3

1 + 2-wk neurons

PrP 714+28 28.6+28 0.0017 238.1 15
Thyl 51.7+45 483+45 166.3 10

factor of 1.9 in CHO-K1 cells and 1.4 in 1 4 2-wk neurons).
Furthermore, both molecules exhibited higher immobile
time fractions in 1 + 2-wk neurons, as compared with those
in CHO-K1 cells. More detailed quantitative data are
summarized in Table 1.
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Fig. 3 The distributions of the effective diffusion coefficients in the
time scale between 16 and 32 ms (D™, 6-32ms) Of single individual PrP
and Thyl trajectories (left and right columns, respectively). The tri-
angles and the numbers next to them represent median values (in um?/

The occurrences of such high time fractions of immobile
periods are quite unusual among various membrane-
integrated molecules in the PM. Transmembrane proteins,
such as transferrin receptor [35] and GPCRs [27, 41, 42]
located outside coated pits, as well as phospholipids and
gangliosides [13], exhibited transient immobile periods, but
their time fractions are less than 5%.

Effective Diffusion Coefficient of PrP Is Smaller than
that of Thyl by a Factor of 2.1-4.5

The distributions of the diffusion coefficients of single
individual PrP and Thyl trajectories, obtained for the time
scale between 16 and 32ms (D ¢ 3oms), are shown in
Fig. 3. As described in the Materials and Methods, since the

s). The numbers in parentheses indicate mean values. P values
represent the results of the Mann-Whitney U-test. Further details of the
D ¢ 3>ms data are shown in Table 2

diffusion coefficient for each molecule was calculated by
using the distances of all possible pairs of the molecules’
coordinates in each trajectory between (x;, y;) and
(Xitn» Yien), Where i indicates the ith point in the trajectory
and n=2, 3, and 4 (molecular step sizes for the time
intervals of 16, 24, and 32 ms), this diffusion coefficient for
each molecule represents an average diffusion coefficient
over the entire trajectory, including both the mobile and
immobile periods. Therefore, such an average diffusion
coefficient is wuseful to estimate the rate for
long-term, long-range diffusion (4 X D ¢ 3oms X [time
interval] describes the size of the 2D area covered by the
molecule during a given time interval), and thus is termed
the “effective” diffusion coefficient (D™} 3oms).
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Table 2 The effective diffusion coefficients in the time scale between
16 and 32ms (De“m_nms) of single individual PrP and Thyl
trajectories. The difference between 1-wk vs. 2-wk neurons was
statistically insignificant for both PrP and Thyl (using the Mann-
Whitney U-test), and therefore, the results are combined at the bottom
of this table. The difference between CHO-K1 vs. 1 + 2-wk neurons in
D\ ¢ 3oms Was statistically significant for PrP (P < 0.001), but not for
Thy1 (P =0.93). P values in the table are for comparing PrP and Thy1
in the same cell type, and show the results of the Mann-Whitney U-test

Cells/ Median Mean + SEM P of PrP Number of
molecules (pmzls) (umzls) vs. Thyl events (n)
CHO-K1 cells

PrP 0.27 0.36 +0.020 <0.001 331

Thyl 0.56 0.55 +0.029 197

1-wk neurons

PrP 0.11 0.30 +0.028 <0.001 176

Thyl 0.46 0.62 +0.073 63

2-wk neurons

PrP 0.11 0.23 +0.037 <0.001 74

Thyl 0.52 0.56 +0.048 99

1 + 2-wk neurons

PrP 0.11 0.28 +0.023 <0.001 250

Thyl 0.50 0.58 +£0.041 162

In all of the cell types employed here (CHO-K1 and
1- and 2-wk neurons), the Deffl 6-32ms Of PrP is significantly
smaller than that of Thyl. The differences were approxi-
mately a factor of 2.1 in CHO-Klcells and a factor of 4.5 in
1- and 2-wk neurons. No significant difference was found
between 1- and 2-wk neurons, and thus their results were
combined (Fig. 3, bottom boxes with yellow highlighting).
PrP in 1+ 2-wk neurons exhibited significantly smaller
D ¢ 3o, as compared with that in CHO-K1 cells, by a
factor of 2.5 (comparison of median values). Meanwhile,
the diffusion of Thyl did not show any sign of variations
for the different cell types. These results suggest the
abnormal homo-protein and hetero-protein interactions of
PrP in neuronal cells. Further details of the data are pro-
vided in Table 2.

Characteristics of Individual Immobilization Events

Next, we examined the durations of the individual immobile
events (observed for each single molecule). The raw data
(Tons) are summarized in Table 3a. Comparing PrP and
Thyl in the same cell type, the immobile durations were
quite similar to each other: ~0.7s in CHO-KI cells and
0.8~1 s in 1- and 2-wk neurons (the durations exhibited by
PrP and Thyl were statistically significantly different only
in 2-wk neurons, but the difference was small). The dif-
ferences in the immobile and mobile durations of PrP and
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Thy1 among the three cell types were complex, and will not
be discussed in this report.

The raw lifetime (z.,s) obtained from the experiments
listed in Table 3a represents both the rate at which the
molecule transits from immobile to mobile states and the
rate of photobleaching, in the relationship of 1/z,s =1/
Timmob 1 1/Tphotobleachingv where Timmob and Tphotobleaching
represent the (correct) duration of the immobile period and
the photobleaching lifetime, respectively. Using the nota-
tion of ky and kphotobleaching described in the text to explain
the three trajectory categories, 1/Timmob =km and 1/7pno10-
bleaching = Kphotobleaching (KM Tepresents the kinetic constant
for the transition from the immobile state to the mobile
state, and kphotobleaching Tepresents the kinetic constant for
photobleaching). Therefore, 1/7,,s can be written as ky; +
Kkphotobleaching- NOte that even when we measured the dura-
tion of all-time immobile molecules from time O until the
time of photobleaching, it includes the rate of the transition
from the immobile state to the mobile state.

Under our observation conditions, Tphotobieaching Was 1.10
+0.037s or 138 frames for ATTO594 employed in this
study. Therefore, the correct immobile lifetime (z;;mep) can
be obtained from the raw lifetime, using the equation 1/
Timmob — 1/Tobs_l/Tphotob]eaChing O Timmob = 1.10 X Top/
(1.10—74ps). Timmob Values are summarized in Table 3a.

Comparing PrP and Thyl in the same cell type, the
immobile durations were quite similar to each other in
CHO-K1 cells and 1-wk neurons, with a mean 7,0, ~1.8 s
in CHO-K1 cells and a mean z;,,op~4.4 s in 1-wk neurons
(mean of PrP and Thyl). By some unknown reasons, the
Thyl data obtained in 2-wk neurons included large varia-
tions and/or errors (10.41+15.02s). This is probably
because a 7., value (0.99 s) was quite close to the photo-
bleaching lifetime (1.10s). Therefore, we cannot make any
conclusions from the Thyl data obtained in 2-wk neurons
(our Thyl data contained occurrences of several very long
anchorage events, which increased the mean 7. Such very
long anchorage events might be induced by large variations
in the developmental stages of each cell at around 14 DIV,
and/or by Thyl interaction with astrocyte o,p; integrin,
which might start occurring at around 14 DIV [43].
Therefore, here, we decided to simply report what we
observed, without interpretation). Meanwhile, a 7jnmob
value of 2.8 (£1.4) s was obtained for PrP in 2-wk neurons,
which is quite comparable to a 7jynme, Value of 4.7 (£2.2) s
for PrP in 1-wk neurons.

The sizes of the immobile sites were evaluated. During
the immobile periods, the molecules still exhibited a jitter-
ing motion (true motion + apparent motion due to limited
single-molecule localization precisions, but without mac-
roscopic diffusion). The coordinates of these positions
during an immobile period were fitted by a 2-dimensional
Gaussian function, and the standard deviation was adopted
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Table 3 The durations of the individual immobile (a) and mobile (b) events (observed for each single molecule). P values are for comparing PrP
and Thyl (in terms of the duration of each period of the immobile and mobile states) in the same cell type, and show the results of the Mann-
Whitney U-test. The differences in the immobile and mobile durations of PrP and Thyl among the three cell types were complex, and will not be

discussed in this report

a. The durations of immobile states

Duration of each
immobilaiton event (zops)
(Mean + SEM [s])

Cells/molecules

P for PrP vs. Thyl

Duration of each immobilation
event after correction for
photobleaching (zimmob)
(Mean + SEM [s])

Number of events (n)

CHO-K1 cells

PrP 0.67 +0.053 0.98
Thyl 0.69 + 0.090

1-wk neurons

PrP 0.89 +0.076 0.56
Thyl 0.87 +£0.19

2-wk neurons

PrP 0.79 +£0.12 0.018
Thyl 0.99+0.14

1.74 £0.36 289
1.84 +0.65 131
4.69+2.20 133
4.11+4.29 31
275+1.43 67
10.41 £ 15.02 62

b. The durations of mobile states

Duration of each
mobile event
(Mean + SEM [s])

Cells/molecules P for PrP vs. Thyl

Duration of each mobile event
after correction for photobleaching
(Mean + SEM [s])

Number of events (n)

CHO-K1 cells

PrP 0.45+0.032 <0.001
Thyl 0.70 +0.053

1-wk neurons

PrP 0.30 +0.026 0.0064
Thyl 0.46 +0.070

2-wk neurons

PrP 0.28 +0.041 <0.001
Thyl 0.52 +0.052

0.75 +0.091 381
1.91£0.41 252
0.41 +£0.049 158
0.79 £0.21 59
0.38 +£0.074 70
0.99+£0.19 97

as the radius of the immobile sites (Table 4). The radii were
50 nm in CHO-K1 cells and 39 nm in neurons. To obtain
these values, all of the results obtained for PrP and Thy1 in
CHO-K1 cells and those obtained in 1 4 2-wk neurons were
combined, because no statistically significant differences
were detected between PrP and Thy1 in any cell types and
between 1- and 2-wk neurons.

Meanwhile, the localization precision of single
ATTO594 molecules bound to the cover glass was 37.3 +
0.49 nm in radius (SD of the 2D Gaussian function; 24.6 +
0.47 and 28.0 £ 0.51 nm in horizontal and vertical direc-
tions of the camera, respectively). Therefore, the actual
anchorage domain size can be obtained by subtracting the
localization precision from the measured radius of immo-
bilization site, providing 24.2+2.0 and 3.5+2.4nm in
diameter in CHO-K1 cells and neurons, respectively
(Table 4).

These results clearly indicated that the differences found
in the mobile vs. immobile time fractions and the effective
diffusion coefficient Deff16_32ms between PrP and Thyl and
between CHO-K1 and neurons were not due to the prop-
erties of each immobilization event (with certain reserva-
tions due to the Thyl’s Tjnmeb results in 2-wk neurons).
Therefore, next we examined the diffusion coefficient dur-
ing mobile periods and the frequency of TALL occurrences
(duration of each mobile period).

Diffusion Coefficient during Mobile Periods of PrP Is
Smaller than that of Thyl by Factors of 1.5-1.7

The distributions of the diffusion coefficients in the time
scale between 16 and 32ms during the mobile periods
(D™ ¢_30ms) are shown in Fig. 4. Interestingly, even dur-
ing the mobile periods, D™ ¢_3oms of PrP is smaller than
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Table 4 The size (Gaussian radius) of the sites for immobilization.
Note that no statistical difference was detected between PrP and Thy1
in all three cell types. Since no statistical difference was detected
between 1- and 2-wk neurons, the overall average of all TALL events
in neurons is shown at the bottom of this table. The differences in the
sizes of the immobilization sites between CHO-K1 cells and 1 + 2-wk
neurons was significant (P < 0.001). The sizes shown in this table
include a single-molecule localization precision of 37.3 +0.49 nm in
2D (see the main text). The actual sizes of the anchorage sites can be
obtained by subtracting this precision value. They are 12.1 + 1.0 and
1.7+ 1.2nm in radius (24.2 +£2.0 and 3.5 +£2.4nm in diameter) in
CHO-K1 cells and neurons, respectively

Cells/
molecules

Gaussian radius;
final results

Number of
immobile and

Gaussian radius;
detailed results

(Mean + SEM TALL events (Mean + SEM
[nm]) (n) [nm])
CHO-K1 cells
PrP 48.6+1.1 289 49.4 +0.89
Thyl 512+1.5 131
1-wk neurons
PrP 379+ 1.6 133 374+15
Thyl 35231 31
2-wk neurons
PrP 419+2.4 67 41.0+1.6
Thyl 40.0+2.2 62
1 + 2-wk neurons
PrP 393+14 200 39.0+1.1
Thyl 384+1.8 93

that of Thy1 by a factor of 1.5 in CHO-K1 cells and 1.7 in
1 4+ 2-wk neurons (since no statistically significant differ-
ence in D™ 3, was found for 1- and 2-wk neurons,
their results were combined). The reason for this difference
between PrP and Thyl is not clear. We suspect that ACP-
PrP has a higher propensity to form transient homodimers
with non-labeled endogenous PrP, as compared to the
propensity of ACP-Thyl to form transient homodimers
with non-labeled endogenous Thyl. In fact, Suzuki
et al. [11] previously found that all of the GPI-ARs they
examined, including Thyl, CD59, DAF, and GFP-GPI,
frequently form transient homodimers with lifetimes on the
order of 0.2 s, which work as units for raft organization and
function.

If such transient homodimers occur in the PM, then the
diffusion coefficient would be reduced, due to “oligomer-
ization-induced trapping” [44]; i.e., the residency times of
dimers and oligomers within the PM compartments
(induced by the actin-based membrane skeleton and the
transmembrane proteins bound to it) would be prolonged
relative to those of monomers, because the hop probabilities
of dimers and oligomers are reduced [39].

Furthermore, using immunoelectron microscopy, Briig-
ger et al. [18] showed that PrP forms homo-clusters that
occur quite independently from another GPI-AR, Thyl. If
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the fluorescent ACP-PrP we observed here became asso-
ciated with PrP clusters, then it might become immobilized
if the PrP cluster is immobile or exhibit slow diffusion if the
PrP cluster is undergoing slow diffusion.

The cell dependence was quite curious. The D™ ¢ 3oms
values of PrP were the same in both CHO-K1 and 1 + 2-wk
neurons. In contrast, the D™ ¢ 3oms values of Thyl were
greater in 1 + 2-wk neurons than in CHO-K1 cells, by 23%.
Further detailed data are provided in Table 5.

The distributions of the diffusion coefficients of PrP and
Thyl during immobile periods are shown in Fig. 4. How-
ever, since the diffusion coefficients calculated for immo-
bile periods (D™ ¢ 3>ms's) are dominated by the noise
(single-molecule localization precision) and jittering
motion, they are simply presented for the purpose of
ascertaining that the immobile periods determined by the
TALL detection method used here (essentially by the
method developed by Sahl et al. [3]) were correct. Indeed,
the D™™® . . values were much smaller than the dif-
fusion coefficients during the mobile periods (D™ 16 3oms)-

The D ¢ 3oms value (effective diffusion coefficient
averaged over both mobile and immobile periods) of Thyl
was greater than that of PrP, by a factor of 2.1. This could
be mostly explained by the 1.5x longer mobile time frac-
tion coupled with the 1.5x greater D™ 3>ms. Likewise,
the 4.5x greater D} 3. of Thyl, as compared with that
of PrP, in 1 + 2-wk neurons could be explained by the 1.7 X
longer mobile time fraction coupled with the 1.7x greater
D™ ¢ 3o reasonably well.

Individual Mobile Periods of PrP are Shorter than
Those of Thyl by a Factor of 1.9-2.6, Indicating
More Frequent Occurrences of TALL Events

Next, we examined the durations of the individual mobile
periods. The results are summarized in Table 3b. Impor-
tantly, the average duration for each mobile period of PrP
was shorter than that of Thyl by a factor of 1.9~2.6 (values
after the correction for photobleaching). Considering the
result that the average durations for each immobile period
were the same for both PrP and Thyl, this result for each
mobile period indicates that the greater time fraction of the
immobile period of PrP, as compared to that of Thyl, is
primarily due to the shorter individual mobile periods
(rather than longer durations for individual immobile peri-
ods); i.e., the more frequent occurrences of TALL events of
PrP.

Discussion

Both PrP and Thyl exhibited intermittent transient immo-
bilization events. Each immobilization event lasted for a
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Fig. 4 The distributions of the diffusion coefficients in the time scale
between 16 and 32 ms during the mobile periods and immobile periods
(D™ 6_30ms and D™ o o . respectively) of single individual PrP
and Thyl molecules (left and right columns, respectively). P values
represent the results of the Mann-Whitney U-test. The distributions of

few seconds, with an immobilized area size of 24.2 and 3.5
nm in CHO-K1 and neurons, respectively. In 1+ 2-wk
neurons, PrP molecules were immobile for 72% of the time
(which is the same as 72% of the molecules were immobile
at any given moment), whereas the immobile time fraction
for Thyl was 52%. These time fractions were 54 and 29%
for PrP and Thyl, respectively, in CHO-K1 cells.

The occurrences of such high time fractions of immo-
bilized periods and short periods of individual immobili-
zation events were both quite unexpected in the PM.
Briigger et al. [18] reported immunoelectron microscopy
results suggesting that each PrP cluster might consist of at
least several PrP molecules, and that many PrP clusters exist
in the PM. Furthermore, they reported that the domains
containing Thy1 clusters also tend to contain PrP, whereas
the domains of PrP clusters essentially lack Thyl mole-
cules. Even when PrP clusters contain Thyl, it is only

D'mm°b16_32ms are shown only for reference purposes, because the

results are likely dominated by variations of the noise level for indi-
vidual fluorescent spots in each image frame (single-molecule locali-
zation precisions). Further details of the D™ ¢ 1o data are shown in
Table 5

associated with their peripheral regions, suggesting the
stronger molecular interaction of PrP as well as the
enhanced interaction of PrP clusters. Taken together with
the present results, PrP molecules tend to transiently interact
with other PrP molecules, undergoing slower diffusion than
Thyl, and with PrP clusters, perhaps becoming transiently
entrapped in or associated with PrP clusters, and thus
undergoing temporary cessation of lateral diffusion. The
PrP clusters themselves would be dynamic, and their con-
stituent PrP molecules might be newly recruited to and
associated with PrP clusters all the time, and simulta-
neously, the constituent PrP molecules might be con-
tinuously departing from the PrP clusters (Rouvinski et al.
[45] demonstrated the misfolded PrP was present in the PM
in the form of strings or webs that remain stable for long
periods. Our data cannot address the result described by
Rouvinski et al., but our results suggest a possibility that the
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Table 5 The diffusion coefficients in the time scale between 16 and
32 ms during the mobile periods (D™ _32ms) of single individual PrP
and Thy1 trajectories. The difference between 1-wk vs. 2-wk neurons
was statistically insignificant for both PrP and Thy1 (using the Mann-
Whitney U-test), and therefore, the results are combined at the bottom
of this table. The difference in De“.16_32mS between CHO-K1 vs. 1 + 2-
wk neurons was statistically significant for Thyl (P <0.001), but not
for PrP (P =0.91). P values in the table are for comparing PrP and
Thy1 in the same cell type

Cells/ D™ s D™ s P of PrP Number

molecules median mean + SEM  vs. Thyl of events
(um?/s) (um?/s) (n)

CHO-K1 cells

PrP 0.47 0.57+0.021 <0.001 256

Thyl 0.69 0.68 + 0.026 180

1-wk neurons

PrP 0.56 0.61 +0.037 0.0012 98

Thyl 0.84 0.88 +0.069 49

2-wk neurons

PrP 0.37 0.50 +0.063 <0.001 39

Thyl 0.90 0.85 +0.045 73

1 + 2-wk neurons

PrP 0.50 0.58 +0.032 <0.001 137

Thyl 0.85 0.86 +0.038 122

constituent misfolded PrP molecules in string or web
structures might be undergoing rapid exchanges with those
in the bulk PM). Thyl would have similar tendencies, but
its homo-interactions would be weaker than those between
PrP molecules.

Meanwhile, it should be noted that the residency lifetime
of PrP molecules in PrP clusters and the size of PrP clusters
(possibly domains made of PrP clusters) are not very dif-
ferent from those of Thyl. However, the frequency of PrP
becoming entrapped in (associated with) the PrP clusters
(domains) is substantially higher than that of Thyl existing
in (or with) the Thyl clusters (and the domains formed by
Thyl clusters), suggesting higher on-rates (faster associa-
tion kinetics) of PrP-PrP binding than Thy1-Thy1 binding.
Consistently with these observations, preliminary experi-
ments of homo-crosslinking PrP or Thyl by the addition of
primary antibodies (Halo-PrP and Halo-Thyl were
fluorescently-labeled with TMR and they were crosslinked
by anti Halo antibodies; Halo-tagged proteins exhibited
virtually the same diffusion properties as ACP-tagged pro-
teins) showed that anti Halo antibody-induced crosslinking
increased the immobile time fraction of Thyl more exten-
sively than that of PrP. This result suggests that PrP is
already quite well immobilized by PrP homo-interactions
under control conditions, whereas Thyl, which exhibited
more mobile fractions under control conditions, could be
induced to become more immobile.
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The propensities of PrP to form transient oligomers and
clusters might be the basis for the rapid transmission of
pathogenic misfolding, from misfolded PrP to normal PrP.
Goold et al. [16] previously demonstrated that prion infec-
tion of cells is rapid occurring within 1 min of prion
exposure, and that the PM is the primary site of prion
conversion. How can such fast spread of infection on the
cell surface be induced? The present results indicate that, if
misfolded PrP could associate with PrP oligomers, it would
lengthen the interaction time between misfolded PrP and
normal PrP by a factor of a million or more, due to the
prolongation of the interaction durations perhaps from less
than microseconds to a few seconds, greatly increasing the
opportunity for infection to be established. The dynamic
association (the short lifetime of the PrP clusters) would
allow the movement of PrP from cluster to cluster, further
enhancing propagation of the infection on the cell surface.
Therefore, we propose that, due to the ability and fast
kinetics of dimer and oligomer formation by normal PrP,
the interaction of misfolded PrP with normal PrP might be
greatly enhanced, inducing the rapid propagation of PrP
misfolding in the PM. Although we are currently not
equipped to perform experiments using misfolded PrP to
test this proposal, we set the basis for future studies
examining this hypothesis.
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