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ABSTRACT Plasma membrane proteins organize into structures named compartments, microdomains, rafts, phases, crowds,
or clusters. These structures are often smaller than 100 nm in diameter. Despite their importance in many cellular functions, little
is known about their inner organization. For instance, how densely are molecules packed? Being aware of the protein compac-
tion may contribute to our general understanding of why such structures exist and how they execute their functions. In this study,
we have investigated plasma membrane crowds formed by the amyloid precursor protein (APP), a protein well known for its
involvement in Alzheimer’s disease. By combining biochemical experiments with conventional and super-resolution stimulated
emission depletion microscopy, we quantitatively determined the protein packing density within APP crowds. We found that
crowds occurring with reasonable frequency contain between 20 and 30 molecules occupying a spherical area with a diameter
between 65 and 85 nm. Additionally, we found the vast majority of plasmalemmal APP residing in these crowds. The model sug-
gests a high molecular density of protein material within plasmalemmal APP crowds. This should affect the protein’s biochemical
accessibility and processing by nonpathological a-secretases. As clustering of APP is a prerequisite for endocytic entry into the
pathological processing pathway, elucidation of the packing density also provides a deeper understanding of this part of APP’s

life cycle.

INTRODUCTION

Biological membranes are flat, two-dimensional sheets
with a hydrophobic core and a hydrophilic surface. Mem-
brane-populating proteins often feature transmembrane
segments (TMSs) that displace lipids from the hydrophobic
core and bulky domains that decorate the hydrophilic sur-
face (1). The area occupied by proteins is difficult to deter-
mine, and as a consequence numbers are available for only
a few systems. For instance, a study employing a strong
electric field to drag proteins to one end of a mitochondrial
inner membrane surface shows that membrane proteins
occupy 40-50% of the total surface area (2). This range
is in line with a study presenting a membrane model of a
synaptic vesicle, which proposes that the bulky parts of
the proteins cover half of the membrane surfaces (3). More-
over, the aforementioned study and a further investigation
of red blood cells determined that the protein’s TMSs
occupy up to a quarter of the hydrophobic membrane
core (4).
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Given the large variety of protein types, when random
protein distribution occurs, two proteins of the same type
must be clearly separated from each other. However, exper-
iments show the contrary, leading to two explanations.
Firstly, the plasma membrane is composed of protein-poor
and protein-rich areas (5,6). In one case, protein-rich areas
were so dense that they covered the complete membrane
surface (7). This phenomenon generates areas into which
proteins are preconcentrated. Secondly, within these areas,
specific segregation mechanisms bring proteins of one
type close together. These structures are known as mem-
brane compartments, microdomains, rafts, phases, crowds,
or clusters, and are often smaller than 100 nm in diameter
(8—11). This nanoscale organization is functionally relevant,
as a plethora of biological processes depend on the localiza-
tion, aggregation, clustering, and/or oligomerization of
membrane proteins (12—16).

One aspect not yet fully understood is the protein packing
density in such structures. Studying this aspect should
be possible by employing super-resolution microscopy tech-
niques like photoactivated localization microscopy (PALM)
and stochastic optical reconstruction microscopy. In fact,
these methods have been used to directly count the number
of molecules present. To give just one example, studying
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T cell receptor (TCR) clustering by PALM suggests that a
TCR microcluster is composed of 7-30 TCR molecules
occupying a circular area with a 35-70 nm radius (17).
However, in this study the TCR was visualized by overex-
pression of CD3 fused to a fluorescent protein, which ex-
cludes the nonfluorescent endogenous CD3 from the
count. Indeed, employing GFP labeling without downregu-
lation of the endogenous, unlabeled protein is common
practice when studying clusters by PALM (for an exception
in Escherichia coli, see Greenfield et al. (18)). Additionally,
one can never be certain that every protein has been counted
due to uncontrollable complications such as misfolding,
denaturation, or premature activation and bleaching of the
expressed fusion protein (19,20). These complications lead
to a systematic underestimation of the packing density.
Moreover, the fusion protein may not behave like the
wild-type protein, particularly when the protein being stud-
ied is small. In this case, the bulky label may not allow pack-
ing as densely as the unlabeled variant. For these reasons,
PALM is a suitable technique for studying relative changes
in molecule numbers per cluster. However, it is not as useful
for investigating the actual number of molecules, which is a
prerequisite for elucidating the protein packing density. Sto-
chastic optical reconstruction microscopy, on the other
hand, requires fluorescent dyes to be introduced by affinity
reagents, such as antibodies. For instance, activated B cell
receptor clusters were visualized with directly labeled F,,
fragments, revealing 30-120 copies of immunoglobulin D
in a spherical radius of 60-80 nm (21). In this approach,
three considerations make it difficult to obtain reliable esti-
mates of the number of molecules per cluster. Firstly, after
one imaging cycle the fluorophore is typically not bleached
and may be resensitized and recounted in a following cycle,
potentially resulting in overestimation. Secondly, the
affinity reagents that are used often possess a variable
amount of dye molecules, making calibration difficult and
overestimation even more likely. Finally, affinity reagents
generally do not reach every epitope in a densely packed
cluster (22-24). In fact, labeling efficiency should correlate
inversely with packing density. Such epitope shielding leads
to a systematic underestimation of the molecule number.

To circumvent the challenge of stoichiometric 1:1 label-
ing and 100% counting efficiency, modeling based on com-
bined imaging and biochemical data has also been applied.
It was estimated that the SNARE protein syntaxin 1A is
concentrated in small nanoclusters of 60 nm diameter, con-
taining ~75 molecules (25). This number is close to values
from two other studies that determined the syntaxin 1A copy
number more directly, either by comparing the intensity of
single GFP molecules to the intensity of a cluster (yielding
50-70 molecules per cluster, taking endogenous proteins
into account) (19) or by PALM (30—40 molecules per clus-
ter, not counting endogenous proteins) (26).

To date, we have just begun to gather information on the
packing density of protein clusters and to understand its
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biological relevance. Here, we address the question of the
molecular packing density of amyloid precursor protein
(APP) crowds. APP is involved in Alzheimer’s disease
(AD), as its processing releases a neurotoxic peptide.
Knowing more about APP crowds would be of interest
because it has been speculated that the clustering process
may modulate APP processing and endocytosis (27,28).

APP has a canonical life cycle that can be described as
follows. Nascent APP traffics from the Golgi apparatus to
the plasma membrane. Here, APP may be processed by plas-
malemmal «-secretases that shed the large N-terminal
ectodomain. Subsequently, y-secretase cleaves within the
membrane anchoring region of the remaining APP stub, pro-
ducing a small, harmless peptide that eventually becomes
released into the extracellular environment. This cleavage
sequence is referred to as the nonamyloidogenic processing
of APP (29,30). However, instead of being processed by
a-secretases at the plasma membrane, APP may be
endocytosed into acidifying vesicles. Here, 8-secretases are
activated in the acidic lumen of the endocytic pathway
(31,32). They cleave APP, thereby generating an N-terminal
ectodomain that is a few amino acids shorter when compared
to the a-secretase cleavage product. As a result, subsequent
cleavage by +y-secretase generates a peptide that is a few
amino acids longer, namely the AD causative neurotoxic
AQ-peptide (this pathway is referred to as amyloidogenic
processing) (33). At present, it remains an enigma how
APP can efficiently escape from «-processing to produce
enough neurotoxic peptides for the development of AD.

One reason may be that plasmalemmal APP is so densely
packed in clusters that the cleavage site is no longer acces-
sible for a-secretases. As an initial step to shed light on this
issue, and to learn more about the packing density of protein
clusters in general, we set out to study the distribution of
APP molecules in the plasma membrane in greater detail.
For this purpose, we employed an established model for
research on neurodegenerative diseases, the human neuronal
SH-SYS5Y cell line.

MATERIALS AND METHODS

Cloning, expression, and purification
of Hisg-APPggs

A bacterial expression vector for human APPg9s (National Center for
Biotechnology Information reference sequence NM_201414) was cloned
starting from a construct described previously (28). APP was amplified
by PCR using primers introducing N-terminal Ndel and C-terminal BlpI
restriction sites flanking the coding sequence of APP for ligation into the
multiple cloning site of the pET-15b vector (Novagen, #69661-3; Merck,
Kenilworth, NJ). The resulting construct had an N-terminal Hise-tag,
followed by a thrombin cleavage site and the APP coding sequence.
ArcticExpress (DE3)RP competent cells (#230194; Agilent Technologies,
Santa Clara, CA) were transformed with the expression vector, plated on
agar plates, and the next day a starter culture was inoculated with bacteria
from a single colony. The starter culture was incubated overnight at 30°C.
The next day, the culture was diluted with lysogeny broth medium to
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ODggo = 0.1. 2 L lysogeny broth medium were grown at 30°C to ODggg =
0.6. The culture was cooled down to 12°C and protein expression was
induced by the addition of 0.25 mM IPTG (#BP1755100; Fisher Scientific,
Hampton, NH). After 16 h of incubation at 12°C, the cells were pelleted by
centrifugation at 4000 x g for 10 min at 4°C, followed by a wash with pre-
cooled phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPO,, 1.76 mM KH,PO,, pH 7.4). The pellet was resuspended
in ice-cold lysis buffer (50 mM NaH,PO,, 500 mM NaCl, 1% Tween-20,
10 mM imidazole, 15 mM @-mercaptoethanol, 1 mM PMSF, 1 mg/mL lyso-
zyme and protease inhibitors (cOmplete Protease Inhibitor Cocktail,
#11697498001; Sigma-Aldrich, St. Louis, MO), pH 8) using 5 mL lysis
buffer per gram wet weight. The solution was incubated for 15 min with
agitation at 4°C before adding DNase I (#M0303; NEB, Ipswich, MA)
and RNase H (#M0297; NEB), followed by incubation for 15 min at
4°C. Then, the solution was sonicated for 1 min on ice at 40% power
(100% cycle; using a Bandelin Sonoplus HD2070 (Bandelin Sonoplus, Ber-
lin, Germany) with a MS 73 probe) and then for 5 min at 40% power (10%
cycle); after a short pause, the last step was repeated. From the almost clear
solution, insoluble material was removed by centrifugation at 10,000 x g
for 30 min at 4°C. To isolate the Hisg-tagged APPgos, Ni-NTA beads
(50% slurry) (Protino, #745400; Macherey-Nagel, North Rhine-Westpha-
lia, Germany) were washed three times with washing buffer (50 mM
NaH,PO,, 500 mM NaCl, 1% Tween20, pH 8), added to the solution
(1 mL of beads per 10 mL of cleared lysate), and the mixture was incubated
overnight at 4°C with agitation. The beads were harvested by centrifugation
at 500 x g for 5 min at 4°C, and the bead pellet was washed four times in an
ice-cold washing buffer, containing increasingly higher concentrations of
imidazole (20, 30, 40, and 50 mM) with each washing step. Beads in
50 mM imidazole containing washing buffer were transferred into a col-
umn. The bound protein was eluted from the beads with 15 mL elution
buffer (50 mM NaH,PO,, 500 mM NacCl, 300 mM imidazole, pH 8), col-
lecting 1 mL fractions. The fraction’s protein content was measured using
the Pierce BCA Protein Assay kit (#23225; Thermo Fisher Scientific, Wal-
tham, MA) following the manufacturer’s instructions. The three fractions
containing the highest protein content were identified and pooled. For dial-
ysis, the solution was transferred into a 10 K molecular weight cutoff Slide-
A-Lyzer Dialysis Cassette (#66380; Thermo Fisher Scientific). Dialysis was
performed in 500 mL PBS with stirring at 4°C for 8 h, replacing the buffer
every 2 h. After supplementing the protein solution with 50% vol glycerol
and 0.05% vol sodium azide, it was stored at —20°C. To determine the APP
protein concentration, the sample was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) (see Fig. S2 for details).
Please note that bacterially expressed APPgos is N-terminally Hisg-tagged
and nonglycosylated. Therefore, in Western blot analysis it runs slightly
higher than cellular nonglycosylated APPgos (lowest band).

Cultivation, harvesting, and counting of SH-SY5Y
cells

SH-SYSY cells were acquired at passage 26 (#CRL-2266; ATCC, Mana-
ssas, VA). They were cultured in DMEM:F12 (#P04-41500; PAN Biotech,
Aidenbach, Germany), supplemented with 10% heat-inactivated fetal
bovine serum (#S0615; Biochrom AG, Berlin, Germany) and 1% peni-
cillin-streptomycin, at 37°C in a 5% CO, atmosphere. The medium was re-
placed every 3—4 days and the cells were passaged by trypsination and
subsequent reseeding (usually diluting them 1:4, but never exceeding a dilu-
tion of 1:10). Cells were never used past total passage 40 and were regularly
tested for mycoplasma contamination (SKU#B50400400; GATC myco-
plasma check, Konstanz, Germany). For harvesting, cells were initially
washed three times in Dulbecco’s phosphate-buffered saline (DPBS)
(#P04-36500; PAN-Biotech) precooled to 4°C. Then, cells were mechani-
cally detached using a cell scraper, followed by collection in ice-cold
DPBS. Cells were pelleted, resuspended in 10 mL of precooled DPBS,
and quantified without further dilution by counting the cells in four
1 mm>-squares of a Neubauer chamber. Alternatively, they were diluted
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1:30 (in duplo) in a cell counting buffer (2% vol fetal bovine serum and
1 mM EDTA in DPBS) and analyzed employing a flow cytometer (Guava
easyCyte 5; MilliporeSigma, Burlington, MA), collecting samples with at
least 10,000 whole cells.

Next, we determined the protein content of the cell suspensions. To this
end, cells were pelleted, resuspended in a radioimmunoprecipitation assay
buffer containing protease and phosphatase inhibitors (#sc-24948, Santa
Cruz, Dallas, TX), precooled to 4°C, and rigorously vortexed. The samples
were rotated for 30 min at 4°C, followed by 10 min sonication in an ice-cold
sonication bath. After centrifugation at 14,000 x g for 10 min at 4°C, the
supernatant was collected and stored at —20°C for further analysis. Protein
content was analyzed using the Pierce BCA Protein Assay kit (#23225;
Thermo Fisher Scientific) following the manufacturer’s instructions. To
obtain more accurate values, each lysate was analyzed three times and values
were averaged. For each lysate, the amount of protein per cell was deter-
mined by dividing the protein concentration by the cell concentration.

Protein quantification by SDS-PAGE in-gel
staining and Western blotting

SDS-PAGE in-gel staining

SDS-PAGE in-gel staining was used to determine the concentration of pu-
rified Hisg-APPgos in relation to a known standard. Nonneutralized 98.4%
pure Albumin Fraction V (#2834; Carl Roth, Karlsruhe, Germany) was dis-
solved in PBS at 200 ug bovine serum albumin (BSA) per mL and a series
of 1:2 dilutions was prepared, down to a concentration of 6.25 ug/mL. The
BSA dilution series and three dilutions of the purified APP were prepared
for SDS-PAGE analysis. The samples were mixed with 4x Lammli buffer
and agitated at 95°C for 10 min. Samples were analyzed using a 10%
polyacrylamide running gel with a 4% stacking gel, mounted in a Mini-
PROTEAN Tetra Cell (Bio-Rad, Hercules, CA), in SDS running buffer
(25 mM Tris, 0.1% w/v SDS, 192 mM glycine, pH 8.3 in ddH,0). When
the samples had left the stacking gel, the voltage was raised from initially
70 to 100 V.

After the run, gels were washed three times in ddH,O for 10 min with
agitation. Then they were stained overnight either with colloidal Coomassie
(0.02% w/v Coomassie Brilliant Blue G-250 (#20279; Thermo Fisher
Scientific) in ddH2O, supplemented with 5% w/v Aly(SO,4);*xH,0
(x ~14—18), 10% vol EtOH, and 2% vol orthophosphoric acid) or with
Fast Green (0.001% w/v Fast Green FCF (#F7252; Sigma-Aldrich) in
ddH,0, supplemented with 30% vol MeOH and 7% vol acetic acid). The
gels were washed three times for 5 min in ddH,O and destained for 1 h
with agitation in destaining solution (10% vol EtOH with 2% vol ortho-
phosphoric acid in ddH,O for colloidal Coomassie gels, and 30% vol
MeOH with 7% vol acetic acid in ddH,O for Fast Green gels). Finally,
the gels were washed again twice for 5 min in ddH,O and imaged using
the 700 nm channel of a Li-Cor Odyssey Classic Imaging System (Li-
Cor Biotechnology, Lincoln, NE), with settings recommended for imaging
of in-gel stainings (resolution: 338.983 um; quality: highest, focus offset:
0.5, intensity: 5 (at 700 nm)). Single bands were quantified using the
“Gel Analyzer” functionality of the ImageJ software. The APP concentra-
tion was calculated with reference to a standard curve generated from the
band intensities of the BSA dilution series.

Western blotting

To determine the amount of APP per SH-SYS5Y cell, we employed Western
blot analysis. Cell lysates were calibrated to their cell concentration and a
determined number of cells was analyzed together with an APP dilution
series (24-3.2 fmol of purified Hisg-APPgos). Preparation of samples and
SDS-PAGE were performed as described above.

After the run, the gels were washed once in ddH,O for 5 min and
subjected to ice-cold Towbin buffer (25 mM Tris, 192 mM glycine, 20%
vol MeOH, pH 8.3 in ddH,O) for 10 min with agitation. Nitrocellulose



membranes (0.2 um pore-size, Roti-NC, #HP40.1; Carl Roth) were also
equilibrated in ice-cold Towbin buffer for 30 min. Transfer was performed
in a Bio-Rad Mini-PROTEAN Tetra Cell with a Mini Trans-Blot Module in
Towbin buffer under constant agitation and cooling at 100 V for 2 h. After
protein transfer, the membranes were washed twice with PBS for 5 min with
agitation. Then, they were blocked with a 1:1 mixture of PBS and Odyssey
Blocking Buffer (#927-40000; Li-Cor, Lincoln, NE) for 1 h with
agitation. Membranes were incubated with an anti-APP (C1/6.1) primary
antibody (#802801; BioLegend, San Diego, CA) diluted 1:3000 in 5 mL
1:1 PBS:Odyssey Blocking Buffer containing 0.1% Tween-20 for either
2-3 h at room temperature or overnight at 4°C (in both cases with agita-
tion). Next, membranes were washed five times in PBS-T (PBS containing
0.1% Tween-20) for 10 min with agitation. For secondary antibody label-
ing, membranes were incubated with goat anti-mouse IRDye 800CW
(#926-32210; Li-Cor) diluted 1:10,000 in 5 mL 1:1 PBS:Odyssey Blocking
Buffer containing 0.1% Tween-20 for 1 h at room temperature with agita-
tion. Finally, membranes were washed three times with PBS-T and twice
with PBS for 5 min with agitation. Bands were detected using the 700
and 800 nm channels of a Li-Cor Odyssey Classic Imaging System with
recommended settings for imaging of Western blot membranes (resolution:
84.674; quality: medium; offset: 0; intensity: 3 (at 700 nm) and 6-7.5 (at
800 nm)). Single bands were quantified as described above. The APP
amount was calculated with reference to a standard curve generated from
the band intensities of the Hisg-APPgos serial dilution. The amount of
APP per cell was calculated by dividing the amount of APP in the lysate
by the number of cells in the lysate.

Each biological replicate was analyzed at least twice on separate Western
blot membranes, and the average was calculated. Moreover, from each
Western blot membrane, 2-3 lysate values were obtained, which were
averaged.

Protein biotinylation

To identify the plasmalemmal APP fraction, the Pierce Cell Surface Protein
Isolation kit (#10230104; Thermo Fisher Scientific) was employed
following the manufacturer’s instructions (using the following buffers
from the kit: “Quenching Solution,” “Lysis Buffer,” “Wash Buffer” and
“Elution Buffer”). Briefly, four T75 cell culture flasks of SH-SYSY cells
grown to 90% confluency were washed twice with DPBS precooled to
4°C. Then, each flask was incubated with 10 mL precooled DPBS supple-
mented with 250 pg/mL Sulfo-NHS-SS-Biotin. The flasks were gently
agitated on a rocking platform for 30 min at 4°C. Afterwards, the reaction
was stopped by the addition of 500 uL “Quenching Solution.” The bio-
tinylated cells were mechanically detached using a cell scraper, pelleted
by centrifugation (1000 x g for 3 min), washed once with 5 mL precooled
TBS, and pelleted again. The cell pellet was resuspended in 566 uL pre-
cooled “Lysis Buffer” with protease inhibitors added (Inhibitor Cocktail
Plus, #3751.1; Roth). For lysis, the cells were incubated on ice over a period
of 15 min, vortexing every 5 min for 5 s. Then another 15 min incubation
period on ice followed, this time applying a 1 s sonication burst at 5% power
(Bandelin Sonoplus HD2070, with a MS 73 probe) every 5 min. The insol-
uble material was removed by centrifugation at 10,000 x g for 2 min at 4°C.
For isolation of the biotinylated material, 500 uL of NeutrAvidin
Agarose beads (50% slurry) were transferred into a spin column. The beads
were washed three times by the addition of 500 uL “Wash Buffer,”
followed by centrifugation at 1000 x g for 1 min. Then, the lysate was
incubated with the NeutrAvidin Agarose beads for at least 1 h at room tem-
perature with end-over-end rotation. Next, the column was centrifuged at
1000 x g for 1 min and the flow-through collected. The column was washed
four times as described above, but using “Wash Buffer” supplemented with
protease inhibitors (Inhibitor Cocktail Plus, #3751.1; Roth). The flow-
throughs from the washes were collected. To elute the bound protein, the
column was incubated with 500 pL “Elution Buffer” containing
66.67 mM DTT for 1 h with end-over-end rotation. The eluate was collected
by centrifugation at 1000 x g for 1 min. A second elution step was
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performed overnight to ensure all bound protein was collected. All fractions
were stored at —20°C until analysis by Western blotting using the anti-APP
(C1/6.1) primary and anti-mouse IRDye 800CW secondary antibodies as
described above. The plasmalemmal APP percentage is defined as: 100%
x “Eluate”/(“Eluate” + “Flow-through” + “Wash 17). Each biological
replicate was analyzed at least twice on separate Western blots, and the in-
dividual values were averaged.

Plasma membrane surface area measurements

SH-SY5Y cells were seeded at low density (5000 cells per cm?) on cover
slips coated with poly-L-lysine (#P1524; Sigma-Aldrich) and cultured for
24 h. They were washed twice with ice-cold DPBS supplemented with
1 mM CaCl, and 1 mM MgCl, (DPBS++) and fixed in ice-cold 1% para-
formaldehyde (PFA) in DPBS++ for 30 min at 4°C. Fixation was stopped
by rinsing once with 50 mM NH,ClI in PBS followed by a 20 min incubation
step under gentle agitation with 50 mM NH4CI in PBS. Then cells were
washed twice with PBS for 5 min with agitation. The cover slips were
mounted in a microscopy chamber containing imaging buffer prepared by
diluting a saturated TMA-DPH (#T204; Thermo Fisher Scientific, Invitro-
gen, Carlsbad, CA) solution 1:10 in PBS. For optical sectioning, a Zeiss
AXIO Observer Z1 inverted microscope with an LSM 710 confocal system
and a LCI Plan-Neofluar 1.3 NA 63 x Imm Corr DIC M27 water objective
was employed. The cells were imaged by exciting fluorescence at 405 nm at
10% laser power and detecting fluorescence from 415 to 464 nm, employ-
ing a pixel depth of eight-bit, a lateral pixel size of 260 nm, axial sectioning
steps of 240 nm, 2x line averaging, and a pinhole size of 45 um. Initially,
the z-image stacks were processed with Imagel; i.e., single cells were crop-
ped to remove residual signals followed by image smoothing (employing
the “Smooth” filter). Using the Imaris three-dimensional (3D) modeling
software (34), 3D cell models were initially created from the optical sec-
tions without thresholding. As a result, pixel interpolation and creation of
voxels occurred. Then, the voxel size was calibrated with reference to the
imaging settings (pixel size and axial steps during sectioning, see above).
Using the “Surface Creation Tool,” each cell was thresholded manually
to find the highest threshold resulting in a surface model in which neurites
remain intact and no holes or disruptions in the cell surface occur. From
such models the values of the cell surface areas were extracted.

Preparation of membrane sheets

All analyzed membrane sheets were prepared from nonoverexpressing
cells, with the exception of the experiment shown in Fig. 3 and Fig. S5,
for which APP-GFP was overexpressed. For overexpression, the
pcDNAG.2-APPgos-emGFP vector (28) was transfected using the Neon
Transfection System (Thermo Fisher Scientific, Invitrogen), with 100 uL
tips containing 1,000,000 cells mixed with 10 ug DNA. A single pulse of
1100 V with a 50 ms width was applied. The electroporated cells were
transferred into cell culture medium without antibiotics, and cells were
seeded at a density of 80,000 cells per cm? by pipetting 500 L menisci
onto poly-L-lysine coated cover slips. Nonoverexpressing cells were seeded
using normal cell culture medium at a density of 60,000 cells per cm?. Cells
were allowed to settle down for 1 h before the additional normal culture me-
dium with antibiotics was added, followed by an incubation of 21-23 h. For
membrane sheet generation, cover slips were washed twice with ice-cold
DPBS-++ and transferred to the middle of a glass petri dish filled with
ice-cold DPBS++. A sonicator tip was positioned directly above the cover
slip at a 5 mm distance, and a 100 ms sonication pulse was applied (15%
power; Bandelin Sonoplus HD2070, with a MS 73 probe) that removes
the upper parts of the cells, leaving behind the intact basal plasma mem-
branes. The plasma membrane sheets were washed once more with ice-
cold DPBS++ before being fixed for 30 min at room temperature with
ice-cold periodate-lysine-paraformaldehyde (PLP) fixative (10 mM so-
dium-metaperiodate, 1% w/v PFA, 75 mM L-lysine, pH 7.4 in DPBS++).
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For Fig. S4, we also fixed with 1 or 4% PFA at 4°C, or with 1% PFA at room
temperature. To stop fixation, the cover slips were rinsed once with 50 mM
NH4CI in PBS and then incubated for 20 min with agitation in 50 mM
NH,CI in PBS. The membrane sheets were washed twice with PBS and
blocked with 2.5% BSA in PBS for 1 h with agitation. Then, the cover
slips were incubated with a 1:200 dilution of the anti-APP (C1/6.1) primary
antibody in 1% BSA in PBS overnight at 4°C. For stochastic labeling, the
antibody was diluted 1:8000, and was omitted for the background control.
The cover slips were washed five times with 0.5% BSA in PBS for 10 min
with agitation. Next, the cover slips were incubated with secondary anti-
body diluted 1:200 in 1% BSA in PBS for 1 h at room temperature. For
stimulated emission depletion (STED) microscopy, donkey anti-mouse
Alexa Fluor 594 (#A21203; Thermo Fisher Scientific) was used. For epi-
fluorescence microscopy, donkey anti-mouse Alexa Fluor 647 (#A31571;
Thermo Fisher Scientific) was used. Afterwards, the cover slips were
washed twice with PBS. For epifluorescence microscopy, they were imaged
immediately. For STED microscopy, the membranes were counterstained
by incubation with 0.5 uM Fast-DiO (#D3898; Thermo Fisher Scientific)
in PBS for 10 min with agitation, followed by washing three times in
PBS for 5 min and mounting on microscopy slides with ~15 uL. ProLong
Gold (#P36930; Thermo Fisher Scientific).

Epifluorescence microscopy on membrane
sheets

Cover slips with membrane sheets were mounted in a microscopy cham-
ber containing imaging buffer with TMA-DPH (see above). Epifluores-
cence microscopy was performed using an Olympus IX-81 inverted
microscope equipped with an ImagEM C9100-13 16-bit EM CCD cam-
era (Hamamatsu Photonics, Shizuoka, Japan), a MT20E illumination sys-
tem (Olympus, Tokyo, Japan), an Apochromat NA 1.49 60x oil objective
(Olympus), and filter sets (from AHF Analysentechnik) for TMA-DPH
(F36-500 DAPI), GFP (F36-525 EGFP), and Alexa Fluor 647 (F46-009
Cy5 ET). Moreover, we recorded with additional 1.6x and 2x magnifi-
cation lenses, yielding a pixel size of 83.33 nm. The lamp power was set
to 23.13% and the acquisition time was 100 ms for both the GFP and
Alexa Fluor 647 channels.

Membrane sheets were analyzed using the software ImageJ. Regions of
interest (ROI) were placed in the membrane counterstain images assuring
unbiased selection of the analyzed areas.

For the analysis of the Pearson correlation coefficient (PCC), the
ROI’s positions were laterally aligned in the green and far red chan-
nels, and the PCC was quantified using an ImageJ macro. The PCC
values were averaged for each experimental day, and the average of
all days was calculated for the final PCC.

For Fig. 3, a single line scan was positioned in the merged images and the
raw intensity profile was plotted for both channels. For both channels a
linear scale for the intensity axes was used, but offset and scaling were
adjusted to enable direct comparison.

For each membrane sheet the standard deviation (SD) of pixel intensities
in the ROI was divided by the background corrected mean pixel intensity of
the ROI, yielding the relative SD. The individual values, collected from 107
membrane sheets recorded from three independent preparations, were then
plotted against the average intensity of the respective membrane sheet
(Fig. S5 B).

To determine the level of APP overexpression above the endogenous
level (Fig. S5 A), overexpressing cells were compared to nonoverexpressing
cells by calculating the background corrected mean intensities from ROIs,
averaging per condition and experimental day.

For the analysis of local maxima, membrane sheets were imaged with
additional 1.6x and 4x magnification lenses, yielding a pixel size of
41.67 nm. The lamp power was set to 57.36%, and from each field of
view 10 images were recorded, each with 100 ms acquisition time. The
10 images were averaged using Image] before the detection of maxima
(for details see below).
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STED microscopy

Cover slips with membrane sheets mounted on microscopy slides were
imaged with a four-channel super-resolution STED microscope (Abberior
Instruments, Goettingen, Germany) at the Life and Medical Sciences imag-
ing facility (University of Bonn). The microscope was equipped with an
easy 3D module, single-photon counting avalanche photodiodes, and an
Olympus IX83 confocal microscope body (Olympus, Tokyo, Japan) with
an UPlanSApo 100x (1.4 NA) objective (Olympus, Tokyo, Japan). For im-
aging of Fast-DiO, we used a pulsed 485 nm laser at 60 uW power with
detection of fluorescence at 500-520 nm. For Alexa Fluor 594, we used a
pulsed 561 nm laser at 60 uW power with detection of fluorescence at
580-630 nm. For de-excitation of Alexa Fluor 594, a pulsed 775 nm deple-
tion laser was employed at 700 mW in two-dimensional mode.

For all images, the pixel size was 15 nm and the pinhole size was 60 um.
Confocal images were recorded with time-gated detection with 78.13 ps
delay and 8 ns gate width. STED micrographs were recorded with 10 line
accumulations and time-gated detection with 1.25 ns delay and 8 ns gate
width.

Analysis of maxima using ImagedJ

As outlined above, for an unbiased analysis, ROIs were placed in the
plasma membrane counterstain images. Turning to the respective APP
channel, a background area devoid of any signal was defined within the
ROIL. Then, single APP maxima were analyzed in the ROIs using a custom
ImageJ macro. The macro recognizes and counts maxima based on the
“Find Maxima” algorithm. A threshold was chosen to eliminate instru-
ment noise. The threshold was three intensity counts for all STED record-
ings (the dynamic signal range was roughly from 0 to 200 counts) and 30
intensity counts for all epifluorescence images (here the dynamics ranged
roughly from 2150 to 11,000 counts). Once maxima were identified, cir-
cular ROIs with a diameter of five pixels were centered on the detected
maxima, measuring the maxima’s mean intensities. Maxima intensities
were corrected for the value of the background area (see above). Addition-
ally, the intensity profiles of the maxima were determined by line scan
analysis. For each maximum, a horizontal and a vertical line scan with
a length of 31 pixels for STED microscopy or 15 pixels for epifluores-
cence microscopy and a width of three pixels (which were averaged)
were placed through the maximum. Intensity profiles of both line scans
(horizontal and vertical) were fitted with a Gaussian function, choosing
the horizontal or the vertical line scan based on fit quality to extract the
full width at half maximum (FWHM). Maxima with fits with an R-squared
value < 0.90 were excluded from the analysis, which accounted for less
than 2% of all maxima in all samples.

For the intensity histograms of maxima in epifluorescence images, max-
ima obtained from all membrane sheets recorded from three experimental
days were pooled. The number of maxima was normalized to the total
plasma membrane area, yielding maxima per um?. The intensity values
were grouped into defined bins with a width of 75 intensity counts, and
for each bin the maxima per um? was determined. Intensity ranges for back-
ground were subtracted from the anti-APP antibody-dependent signals
(Fig. 4 B). Within the histogram shown in Fig. 4 B, the intensity range of
single-labeled structures was estimated by subtracting from the stochastic
labeling the background signals (Fig. S8).

Additionally, for epifluorescence and STED microscopy, the number of
maxima per um?> and the average intensity of the maxima was averaged
per experimental day, from which the mean *= SD was calculated.

For the STED microscopy experiment, the values of the FWHM were
used for a histogram showing the size distribution of crowds. Because
the dynamic intensity range in STED micrographs is very small, the inten-
sity range of single-labeled structures cannot be resolved. For this reason,
after correcting for the background signal, the fraction comprising single-
labeled structures was extracted from the epifluorescence microscopy
experiment.



Molecular model of an APP crowd

The model of full-length APP was generated by linking the following
APP fragment structures (listed from N- to C-terminus) available in the
Research Collaboratory for Structural Bioinformatics Protein Data Bank
(PDB): 35XC (35) (chain B, 2.1 A x-ray structure) (36), 2LOH (chain A,
NMR model 1) (37), ITYT (NMR model 1) (38), 3NYL (2.8 A x-ray struc-
ture) (39), IAAP (chain A, 1.5 A x-ray structure) (40), 3KTM (chain A,
27 A x-ray structure) (41). Gaps between the folded fragments were
modeled by adding the nonresolved regions in a random coil conformation
using PYMOL 1.7 (42). Two additional amino acids on each modeled linker
were used to apply PyMOL’s iterative structural fitting routine based on short
sequence overlaps (these additional amino acids were removed after the fit).
The overall orientation of the protein structure is based on a POPC mem-
brane-inserted model of the combined fragments of 2LOH and 1IYT, which
was automatically rotated according to its hydrophobic belt using the pro-
gram LAMBADA (43). Based on the modeled full-length structure, 27 pro-
teins were placed on a POPC lipid bilayer patch (44) using the GROMACS
5.0.1 molecular modeling package (45). In order to mimic the 77 nm large
protein arrangement in a model, the protein structure was centered in a
box with the dimensions 12.3 x 12.3 nm along the membrane plane (xy).
Seven individual layers i with a different number n of copies of the protein
along the x-vector were generated (n; =2,4,5,7,5, 3, 1). Each APP structure
was randomly rotated by an angle of maximally *+ 10° around the respective
vectors of the membrane plane (X, y) and maximally *360° around a vector
parallel to the membrane normal vector (z). The approximately circular
arrangement of proteins was achieved by combining and shifting the individ-
ual layers along both membrane plane vectors (x, y). The POPC model
bilayer patch was enlarged by copies along the vectors x and y to a dimension
of 90.8 x 90.8 nm and shifted along the membrane-normal z axis according
to the hydrophobic belt of the transmembrane regions of the APP models.
VMD 1.9.2 was used for visualization (46).

RESULTS

At first, we wished to clarify what the surface concentra-
tion of APP in the plasma membrane might be. We began
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by estimating the copy number of APP molecules in SH-
SYS5Y whole-cell lysates by quantitative Western blotting.
SH-SYS5Y cells were nonenzymatically harvested to avoid
proteolysis of extracellular protein domains, which would
affect the large ectodomain of plasmalemmal APP. The
harvested cells were counted by two different methods, us-
ing either a hemocytometer or an automated cell counter
based on flow cytometry. Cells were lysed in a radioimmu-
noprecipitation assay buffer, followed by a standardized
bicinchoninic acid assay to determine the protein concen-
tration. Independent of the counting method, the lysate’s
protein content linearly correlated with the counted num-
ber of cells over a wide range (Fig. S1 A). The amount of
total protein per SH-SYSY cell was 76 pg (Fig. S1 B),
providing a reference for calculating the number of loaded
cells in Western blot analysis from a lysate’s protein con-
centration. Together with SH-SYSY cell lysate, we loaded
an APP protein standard using dilutions of recombinant
human APPgys (Fig. S2). On the membranes, APP was
detected by a widely used antibody that recognizes
APP’s C-terminal domain. The C-terminal domain is
distal to all of the glycosylation sites and is identical in
all APP isoforms and the APP protein standard. Hence,
the antibody detects all isoforms of APP at all maturation
stages. Bands are expected to be detected for immature
and/or mature APPgos, APP,5; and APP;;,. The band
pattern we observed (Fig. 1 A) was in line with previously
published data (47-49). The antibody did not detect any
prominent bands that would indicate APP cleavage prod-
ucts (Fig. 1 A and Fig. S3, A and C). This concurs with
previous reports suggesting that the sequential processing
of APP is fast, meaning that intermediate products reside

FIGURE 1 Copy number of APP molecules on
the cell surface. (A and B) APP molecules per
cell. (A) Western blot analysis of a Hisg-APPgos
dilution series together with technical triplicates of
a SH-SYSY cell lysate are shown. The two major
bands in the lysate correspond to the isoforms
APPgos and APP;s,/770; weaker bands are differen-
tially glycosylated APP species. For the entire blot
see Fig. S3 A. (B) Using the APP standard as
reference, the copy number of APP molecules per
SH-SY5Y cell was estimated to be 106.1 zmol.
Error bars indicate the 95% confidence interval
(n = 18 biological replicates). (C and D) Quantifica-
tion of the plasmalemmal APP fraction. (C)
Western blot analysis of the fractions of the cell sur-
face biotinylation experiment is shown. Cells were
biotinylated at 4°C for 30 min, lysed (“Raw
lysate”), and the lysate was centrifuged, yielding
“Pellet” and “Supernatant”. The biotinylated
material in the “Supernatant” was bound to
NeutrAvidin  Agarose, collecting the “Flow-
through,” followed by four washing steps (“Wash
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1, “Wash 2,” and “Wash 37; the last wash is not shown) and two elution steps with DTT (“Elution” + “Elution 2”). During the experimental
procedure, virtually no APP was lost (Fig. S3 D; for the entire blot see Fig. S3 C). (D) The percentage of plasmalemmal APP was 100% x “Elution”/
(“Elution” + “Flow-through” + “Wash 17), yielding 17.54%. Error bars indicate the 95% confidence interval (n = 11 biological replicates). To see this figure

in color, go online.
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in the cell membrane only very briefly (50). Including all
detected isoforms for quantification, we estimate that an
average cell accommodates 106.1 zmol or ~64,000 APP
molecules (Fig. 1 B). The APP copy number per cell
was comparable over the range of cell passages used in
these experiments (population doubling level was at
most 16; Fig. S3 B) and was thus unaffected by cellular
aging. This seems to be different in a human fibroblast
cell line where after roughly 20 population doublings the
APP level was decreased (51).

In steady state, the bulk of APP is not localized to the
plasma membrane (52). Hence, the next step required is to
determine the fraction of plasmalemmal APP. APP is a sin-
gle-pass transmembrane protein with more than 90% of its
amino acids exposed to the extracellular milieu. This makes
it ideally suited for extracellular biotinylation to elucidate
the fraction of APP protein residing in the plasma mem-
brane. Cells were biotinylated on ice and lysed, followed
by separation of biotinylated- and nonbiotinylated proteins.
Using Western blot analysis, the percentage of biotinylated
APP was determined (Fig. 1 C). The plasmalemmal fraction
constituted 17.5% (Fig. 1 D), indicating that from a total of
106.1 zmol per cell, roughly 11,180 molecules populate the
cell membrane.

A Z-position (4 x 240 = 960 nm between images)

The next parameter required to obtain the cell surface
concentration of APP was the average plasma membrane
surface area of a SH-SYSY cell. To this end, cells were fixed
with ice-cold 1% PFA, a concentration that prevents
blebbing and shrinking artifacts during the fixation process
(53). Cellular membranes were visualized using TMA-DPH.
This dye only fluoresces when it is integrated in a lipid
membrane (54) and its insertion is reversible. Thus, imaging
can be carried out with nonfluorescent TMA-DPH in the im-
aging buffer and bleached dye molecules are replenished by
unbleached ones during the imaging procedure. This en-
sures a relatively constant labeling intensity over the entire
procedure, which involves recording up to 51 images per
stack. It should be noted that TMA-DPH is not plasma
membrane specific, but increases its fluorescence in the
presence of cholesterol, which is found in the plasma
membrane (55). However, the vast majority of membranous
material is located inside of the cell, meaning that in the im-
ages the cell periphery is defined by the weaker fluorescent
signals (Fig. 2 A).

After fluorescent labeling, optical sections from the cells
were taken by confocal microscopy (Fig. 2 A). These sec-
tions were digitally aligned, stacked, thresholded manually
for the cell periphery, and interpolated to acquire 3D models

#20

#25

(9]

N

Surface area (um? x1000)
»

o
>
O
]

<
w

FIGURE 2 SH-SYSY cell surface area. (A) Optical sections of a fixed cell visualized by TMA-DPH are shown. For clarity, only every fifth image of a stack
of 28 images is shown. Scale bar, 10 um. (B) 3D cell morphology reconstructed from the entire image stack. Scale bar, 5 um. (C) From cells reconstructed as
illustrated in (B), we determined the average imaged cell surface area to be 1256 = 254 um? (value is given as mean = SD; n = 3 independent experimental
days with at least 19 cells per experiment). The black arrow in (C) marks the cell shown in (B). To see this figure in color, go online.
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of the cell morphology (Fig. 2 B). The surface area could be
obtained directly from these models. We found that on
average the reconstructed cell surface area was 1256 um?
(Fig. 2 C). This value is potentially an overestimate as light
effects arising from strongly labeled intracellular parts tend
to increase the apparent cell size in the images slightly.

We refer to the microscopically measured membrane
areas as the “imaged” areas, since the methodology gener-
ates a flat projection of the real membrane area, which may
be larger where it is curved or ruffled. 11,180 molecules on a
surface of 1256 um? yield an average plasma membrane sur-
face concentration of 9 APP molecules per imaged wm?.
Please note that the error produced by ignoring membrane
curvature (x = ignored membrane area in umz) cancels
out later when the number of molecules per crowd is calcu-
lated, because the molecule density given in per um? is
divided by the crowd density in per um?, and both times
the unit is actually per (um? + x).

Having found the average surface concentration, we pro-
ceeded to study the structures in which these proteins
appear. Fluorescence microscopy is the standard technique
for studying the distribution of membrane proteins. Visual-
ization can be achieved by targeting the protein of interest
with affinity reagents (such as antibodies or derivatives
thereof, aptamers, or protein-specific ligands) or genetically
by overexpressing the protein fused to a fluorescent protein.
However, overexpression of fusion constructs excludes the
detection of the endogenous proteins. Furthermore, it may
alter the behavior of the protein (e.g., resulting in less effi-
cient clustering). As we are specifically interested in the un-
perturbed situation and need to correlate microscopic to
biochemical data with as few additional corrections as
possible (like normalizing for transfection efficiency), over-
expression of a fluorescent APP fusion construct is not ideal.
Thus, we opted to visualize our protein of interest via con-
ventional primary-secondary antibody labeling, using the
same primary antibody as for the quantitative Western blot-
ting experiments. To evaluate whether the antibody immu-
nostaining correctly reflects the distribution of APP
molecules, we compared the antibody staining pattern to
that of a C-terminally GFP-labeled APP¢ys5 fusion protein.
If the antibody efficiently and specifically recognizes APP
molecules, the patterns of the GFP and the immunostaining
signals should look similar. For these experiments we
performed staining and imaging on plasma membrane
sheets that do not require the use of detergent and allow
for a better signal-to-noise ratio during imaging. Moreover,
to avoid postfixation movement of molecules, which for
some molecules might still occur after standard 4% parafor-
maldehyde fixation (56), we used PLP fixative with a con-
centration of 1% paraformaldehyde. The periodate in the
PLP fixative oxidizes carbohydrates and/or glycoproteins
that interact with polymeric complexes of lysine and form-
aldehyde (57,58). The lysine cross-links may not only
immobilize APP, which is in part glycosylated, but also indi-

APP Packing Density in the Cell Membrane

rectly reduce APP mobility by cross-linking other plasma
membrane glycoproteins. When compared to paraformalde-
hyde fixation alone, more intensity maxima were detected
by immunostaining after PLP fixation, presumably because
of reduced antibody-induced protein patching (Fig. S4).
Fig. 3 A shows both the APP-GFP fluorescence and the
signal arising from its antibody labeling. As a measure of
the similarity between the two signal distributions, we
used the PCC and obtained a value of 0.72 (Fig. 3 B).
Considering the technical limitations of these experiments,
this PCC is very high and suggests almost complete confor-
mity between the signals (please note that previously for a
GFP and a myc double-tagged protein a lower value of
0.63 was obtained (25)). The strong similarity between these
two signals can be appreciated when viewing the two
merged channels or when comparing the two signal traces
measured by a line scan (Fig. 3 B). In conclusion, the
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FIGURE 3 Overlap between APP antibody staining and overexpressed
APP-GFP. (A) On the left, GFP-signal was detected on plasma membranes
generated from APPgos-GFP overexpressing cells; on the right, the corre-
sponding immunostaining fluorescence obtained by APP antibody staining
is shown. Scale bar, 4 um. (B) A zoomed-in view of an overlay from the
bottom parts of the images shown in (A) is shown, with a line scan (dashed
white line) illustrating the high similarity between the GFP- and antibody-
staining signals. Overlap was quantified by calculation of the Pearson cor-
relation coefficient (PCC). The PCC value is displayed in the image as
mean = SD (n = 3 independent experiments with at least 22 sheets per
experiment). To see this figure in color, go online.
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antibody is very well suited for the detection and visualiza-
tion of APP.

It should be noted that the levels of overexpressed
APPg95-GFP exceeded the amount of endogenous APP on
average by 27-fold (Fig. S5 A). Independent from the
expression level, staining was always spotty with a strong
variability in the intensities of single spots in both the
GFP and the antibody channels. In particular at high expres-
sion levels spots appear on top of a uniform background
signal that gets brighter with increasing expression levels
(Fig. S5 B). This can also be seen in the line scan
signal traces in Fig. 3 B, crossing two distinct membrane
areas. In the left area, APP-GFP is present at a higher
level and the aforementioned uniform background signal
is readily visible, in contrast to the right area with less
APP in which the uniform background is less prominent.
This suggests that the weakest spots in the lower right
membrane area may be single APP molecules (or very small
entities such as dimers) only resolvable at low expression
levels.

Hence, under nonoverexpression conditions, at a molecu-
lar density of 9 molecules per ,um2 (see above) and a fraction
of these nine molecules in crowds, the density of non-
crowded molecules is so low that they can be resolved as
single objects, even at diffraction limited resolution. How-
ever, at higher expression levels, noncrowded molecules
are more abundant, come closer to each other, and become
unresolvable, forming a faint uniform fluorescent back-
ground signal. Conversely, this means that the brighter spots
must represent several APP molecules irresolvably close to
each other (i.e., crowded APP).

Additionally, because of the variability of the intensities of
these protein spots, it can be concluded that the number of
molecules in such a protein crowd spans a considerable range.

Next, we performed a detailed analysis of the APP signals
on plasma membranes from nonoverexpressing cells. PLP
fixed membrane sheets were labeled for APP and imaged.
To reduce random noise, we took 10 images in quick succes-
sion that were averaged to one image (Fig. 4). For analysis
we employed an ImageJ algorithm that, after removing re-
sidual instrument noise by thresholding, identifies maxima
and determines their intensity (for maxima distribution see
Fig. S6 A). Aside from the standard immunostaining
(“aAPP”), we prepared two additional samples. Firstly,
to characterize signals that are produced by the secondary
antibody alone (the condition “background”; through
unspecific binding to the sample or the glass cover slip),
we performed the same staining in the absence of primary
antibody. This revealed surprisingly many (Figs. S6 C and
S7 A), yet significantly dimmer maxima (Fig. S7 B). In
the following text, these signals are referred to as back-
ground maxima or background signals. Secondly, we inves-
tigated the intensity of maxima arising from a single
APP antibody. To this end, we labeled APP with highly
diluted primary antibody. Though a crowd provides
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FIGURE 4 Imaging of endogenous APP in the plasma membrane. (A)
The plasma membrane from a nonoverexpressing cell is shown. The left im-
age shows membrane morphology visualized by TMA-DPH staining. The
right image shows APP staining from which an algorithm identified local
maxima with very high sensitivity. Scale bar, 2 um. (B) The histogram
shows the intensity distribution of individual APP maxima obtained after
background signal subtraction. From the intensity range of maxima arising
from labeling by a single primary antibody, we estimate that 34% of the
maxima represent noncrowded APP molecules (red bars). a.u., arbitrary
units. To see this figure in color, go online.

many epitopes for antibody binding, in most cases only
one antibody molecule will bind to it. The subset of labeled
epitopes is chosen randomly; therefore, we refer to this con-
dition as “stochastic labeling” of epitopes (Fig. S6 B). As
expected, these maxima were dimmer than in normally
stained samples but brighter when compared to the condi-
tion omitting the primary antibody.

Therefore, we have three types of intensity maxima in the
imaging data. Firstly, some instrument noise. Secondly,
there are primary antibody-independent background max-
ima. Thirdly, we have the APP antibody-dependent signals
over a broad intensity range.

Fig. 4 shows the intensity histogram corrected for the
APP antibody-independent maxima. Moreover, subtracting
the background maxima from the stochastic labeling, we
identify an intensity range between 300 and 600 counts
(Fig. S8; Fig. 4 B, red bins in the histogram) for singly
labeled APP moieties. This range in Fig. 4 B comprises
34% of all maxima.



Some of the detected maxima may comprise several
nonresolved maxima, though we assume that this number
is very low because of the very low signal density in gen-
eral. However, the diffraction limited resolution, here in
the range of 250 nm, will also increase the size of the ob-
jects. The accuracy of the size measurement is critical as
the area covered by a crowd is, next to the number of mol-
ecules populating it, one of the two key parameters in
determining its packing density. Thus, to address both
the number of maxima per surface area and the size of
said maxima properly, we turned to higher resolving
super-resolution imaging and employed pulsed STED
microscopy with time-gated detection (Fig. 5 A). Images
were analyzed by applying the same algorithm and meth-
odology for background correction as for epifluorescence
microscopy. After subtraction of the background maxima,
a value of 0.5 APP maxima per imaged um? was obtained
(Fig. 5 B).

When background intensity was not corrected for, ~70%
more maxima were detected in epifluorescence images than
in STED images. This suggests that epifluorescence micro-
scopy, as expected, records with a higher sensitivity. After

~

Maxima / um?
o
[}

0.0-

u) ©

N
o

Maxima int. (a.
S

APP Packing Density in the Cell Membrane

background correction, ~20% more maxima were found
in STED images than in epifluorescence images, probably
due to the higher resolution of STED microscopy. In any
case, the number of background corrected, APP antibody-
dependent maxima quantified by the two different imaging
techniques was remarkably similar.

The density of 0.5 maxima per imaged um?, and the
fact that 34% of the maxima are from noncrowded APP
(see above), indicates that 0.17 maxima per ,um2 are
not from APP crowds. Therefore, 0.17 molecules/,um2 X
1256 um?/cell surface = 214 molecules/cell surface are
not in crowds (which equates to ~2%) or conversely,
~98% are present in crowds. Moreover, the average is
27 APP molecules per crowd (for details see Fig. S9). The
number of molecules per APP crowd is not very sensitive
to the estimate of free molecules (see Fig. S9). Additionally,
should APP always be present as dimers, as has been sug-
gested (59-61), the total fraction of crowded APP decreases
only marginally to ~96%. This is associated with a decrease
of 0.5 molecules per crowd.

To determine the size distribution of the APP crowds,
initially background maxima and the estimated noncrowded

FIGURE 5 Density and size of APP crowds. (A)
Antibody labeled APP structures in membrane sheets
imaged with super-resolution microscopy are shown.
On the left, a Fast-DiO stain for illustrating the mem-
brane is shown. In the middle and on the right, APP
imaged at confocal and STED resolution are shown,
respectively. Scale bar, 2 um. (B) Maxima per um? in
the presence (“a«APP”) and absence (“bg”) of pri-
mary antibody are shown. Subtraction of the back-
ground density yields 0.5 APP maxima per imaged
pum>. (C) Background maxima were on average four-
fold dimmer than «APP maxima (which also
include background maxima). Values are given as
means *+ SD (n = 3 independent experiments with
at least 20 membrane sheets per experiment). (D)
For each experimental day, the oAPP maxima
were corrected for the density of the background
signal by eliminating a respective fraction of dim-
mest maxima. The background corrected maxima
were pooled and corrected for the signal fraction ex-
pected for noncrowded APP (see Fig. 4 B), subtract-
ing the dimmest 34% of the maxima. Based on the
FWHM of these maxima, the size distribution
of crowded APP is shown. The average size is
77 £ 8 nm (mean *= SD; n = 231). The numbers
above the bins give a speculative estimate on the mol-
ecules per crowd in the respective size ranges. To
obtain these numbers, with reference to the average
crowd number per cell (surface area x crowd
density = 414 crowds), we calculated how many
crowds of each size were present. Assuming spher-
ical shape and a uniform distribution of molecules
within a crowd, we calculated the surface area occu-
pied by crowds for each size range and from this what
fraction of molecules they would contain. For each
bin, dividing the molecule fractions by the number
of crowds yielded the number of molecules per
crowd. a.u., arbitrary units; bg, background.
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maxima fraction were eliminated (see legend of Fig. 5). For
the remaining maxima the FWHM was plotted as a histo-
gram (Fig. 5 D). As can be seen in the size distribution of
the crowds, most of them are between 65 and 85 nm,
although a few significantly larger entities were also present
(Fig. 5 D). From these maxima, an average crowd size of
77 nm in diameter was calculated. Assuming an average
of 27 molecules per crowd and equal spacing between all
molecules means that every APP TMS is roughly 15 nm
away from its nearest neighbor (Fig. 6). At the height of
the extracellular bulky domains, the space between mole-
cules must be much smaller.

Using the size distribution in the histogram (Fig. 5 D),
and assuming that molecule density is independent from
the crowd size, the smallest APP crowds occurring with fre-
quency contain 20 molecules, the largest 30 molecules, and
crowds with 60 or more molecules are not detected. This is a
relatively narrow range.

DISCUSSION

Here we describe the anatomy of APP crowds in the plasma
membrane of SH-SYS5Y cells. SH-SYSY cells are human
cells with neuron-like characteristics and a widely used
model for studying APP processing.

Roughly 20-30 APP molecules concentrate in a circular
area with a diameter of 65-85 nm. For an average crowd,
this yields a packing density suggesting mean distances be-
tween molecules in the nanometer range (see Fig. 6). How-
ever, for the following reasons we believe that molecular
crowding is even denser and that direct contacts between
APP molecules also occur, perhaps yielding very tight
APP clusters. Firstly, the cell surface is likely an overesti-
mate, whereas the cell surface molecule number is likely
an underestimate, because not all molecules may become
biotinylated. In addition, the average diameter of ~75 nm
is probably an overestimate, as we had to rely on sequential
primary and/or secondary antibody labeling. On these
spatial scales, the size of antibodies is no longer negligible
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and tends to increase the size of the labeled structure (62).
Each of these uncertainties contributes to the underestima-
tion of the packing density. Secondly, APP has been re-
ported to form dimers or to cluster via a small region
within the A@ domain (28,59-61). These interactions would
most likely be retained in the crowd. Thirdly, other mem-
brane-associated proteins, such as the amyloid precursor-
like proteins (52), the a,s-adrenergic receptor (63) and
several members of the low-density lipoprotein receptor-
related proteins (64) have been shown to bind to or colocal-
ize with APP. These proteins are likely filling empty space
in the crowd. Finally, it has been reported that sections
directly adjacent to the TMS form loops and may even be
embedded in the plasma membrane (65). Such a conforma-
tional arrangement compresses the protein backbone in the
axial dimension, which in turn increases the area occupied
near the membrane.

Altogether, the data suggest that the APP crowd is a rela-
tively large and dense structure, occupying a volume that
nearly matches that of a small organelle, such as a synaptic
vesicle.

What might the biological relevance of APP crowding
be? At present, several ideas on the general role of protein
clustering are discussed (12-16). The most obvious pur-
pose of a crowd is to provide a local concentration of com-
ponents for augmented activity (66,67). On the contrary,
shielding of active protein domains has been also suggested
(12,68,69).

With respect to APP crowding, it has previously been
shown that APP aggregation is a prerequisite for endocy-
tosis and amyloidogenic processing (27,28). More efficient
crowding promotes internalization and consequently di-
minishes the possibility of APP processing by a-secretases.
Our model proposes that almost all APP is crowded,
possibly prepared for endocytosis. Hence, APP crowding
contributes to the efficiency of internalization and
thereby indirectly drives amyloidogenic processing. How-
ever, efficient endocytosis may not be the only reason
why crowding favors the amyloidogenic pathway. Tight

FIGURE 6 Molecular crowding in the APP crowds. To exemplify the packing density in an average APP crowd, we used a coarse-grain molecular dy-
namics model from APP and placed 27 full-length APP molecules evenly spaced in a circular lipid bilayer patch of 77 nm in diameter. Full-length
APPgos was modeled based on various available x-ray and NMR structures (see Materials and Methods for details). The upper part of the image corresponds

to the extracellular side. To see this figure in color, go online.
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crowding should also decrease the accessibility for a-secre-
tases significantly.

As crowding could influence APP processing by two
different mechanisms, it is tempting to speculate that the ef-
ficiency of APP crowding in the plasma membrane is a key
regulatory step in preventing APP from being processed by
a-secretases. As has been pointed out, the APP clustering
mechanism opens a new avenue for fighting AD, such as
dissolving clusters by drugs applied from the extracellular
environment, which should direct APP toward the nonamy-
loidogenic processing pathway (28).

The notion of crowding as a key regulatory step is also
supported by genetic studies. Many mutations that cause
familiar AD (70-74), as well as the only mutation known
to protect against AD (75,76), are located exactly in the re-
gion required for APP clustering (28). However, at present it
is unclear whether these mutations affect crowding, process-
ing, or trafficking of the molecule.

The plasmalemmal concentration of endogenous APP, 9
molecules per imaged um?, is very low when compared to
other proteins for which cell membrane concentrations are
known (2000 and 7500 molecules per um? have been re-
ported for syntaxin 1A and SNAP25, respectively (77)).
Howeyver, it should also be noted that SNARESs are abundant
proteins, and, for example, signaling proteins and receptors
presumably are present at much lower concentrations
(78,79). We believe that this low endogenous concentration,
as opposed to highly efficient overexpression of APP, ex-
plains why we observe a 27-fold increase of APP levels
upon overexpression. This could affect the interpretation
of studies on APP processing in which overexpression is
employed, because at these concentrations APP tends to
be less crowded and might be less efficiently endocytosed.
Moreover, such high concentrations may saturate the bind-
ing sites of a-secretases in the plasma membrane, altering
the kinetics of cleavage.

In conclusion, we suggest that the APP crowding is
an important aspect for understanding the life cycle of
APP and should be considered when studying the mech-
anisms involved in APP processing and the development
of AD.
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