Direct evidence of amyloid precursor-like
protein 1 trans interactions in cell-cell
adhesion platforms investigated via
fluorescence fluctuation spectroscopy
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ABSTRACT The amyloid precursor-like protein 1 (APLP1) is a type | transmembrane protein
that plays a role in synaptic adhesion and synaptogenesis. Past investigations indicated that
APLP1 is involved in the formation of protein-protein complexes that bridge the junctions
between neighboring cells. Nevertheless, APLP1-APLP1 trans interactions have never been
directly observed in higher eukaryotic cells. Here, we investigated APLP1 interactions and
dynamics directly in living human embryonic kidney cells using fluorescence fluctuation spec-
troscopy techniques, namely cross-correlation scanning fluorescence correlation spectros-
copy and number and brightness analysis. Our results show that APLP1 forms homotypic
trans complexes at cell-cell contacts. In the presence of zinc ions, the protein forms macro-
scopic clusters, exhibiting an even higher degree of trans binding and strongly reduced
dynamics. Further evidence from giant plasma membrane vesicles suggests that the
presence of an intact cortical cytoskeleton is required for zinc-induced cis multimerization.
Subsequently, large adhesion platforms bridging interacting cells are formed through
APLP1-APLP1 trans interactions. Taken together, our results provide direct evidence that
APLP1 functions as a neuronal zinc-dependent adhesion protein and allow a more detailed
understanding of the molecular mechanisms driving the formation of APLP1 adhesion
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INTRODUCTION

The amyloid precursor protein family members APP (amyloid pre-
cursor protein), APLP1 (amyloid precursor—like protein 1), and APLP2
(amyloid precursor-like protein 2) are type | transmembrane pro-
teins with a crucial role in synaptogenesis and brain development
(Coulson et al., 2000; Muller et al., 2017). Cleavage of APP via vari-
ous secretases (e.g., the o-, B-, and y-secretases [Vassar et al., 1999;
Selkoe, 2001; Eggert et al., 2004; Li and Stdhof, 2004]) leads to the
release of soluble protein fragments, including the AB-peptides
found in amyloid plaques in the brains of Alzheimer’s disease pa-
tients (Blennow et al., 2006). APP family proteins have been shown
to be involved also in neuron differentiation, neurite outgrowth, and
synaptic plasticity (Heber et al., 2000; Wang et al., 2009; Weyer
et al, 2011; Tyan et al., 2012; Shariati and De Strooper, 2013). All
three proteins are pre- and postsynaptically expressed and up-reg-
ulated during postnatal development (Schilling et al., 2017).
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Among the three proteins, APLP1 is predominantly expressed in
the CNS and has the highest surface expression (Kaden et al., 2009).
Recent results from coculture assays suggested that APLP1 expres-
sion has synaptogenic activity on primary cortical neurons (Schilling
etal., 2017). Further, we recently reported that metal ions, especially
zinc, affect APLP1 oligomerization (Mayer et al., 2014) and trigger
the assembly of cis dimers into large protein clusters at the plasma
membrane (PM) and their enrichment at cell-cell contact sites
(Mayer et al., 2016). Using a cell-substrate adhesion assay, we
showed that zinc enhances adhesion of cortical neurons to immobi-
lized APLP1 ectodomains. This evidence, together with results from
cell-aggregation experiments and biochemical studies, supports
the hypothesis that APLP1 can form homo- or heterotypic trans mul-
timers mediating cell-cell interaction (Soba et al., 2005; Kaden
et al., 2009). However, direct evidence for APLP1 trans interactions
in living cells and the role of zinc in modifying these molecular inter-
actions have not been investigated yet.

Here, we address this issue by applying fluorescence fluctua-
tion techniques, namely scanning fluorescence correlation spec-
troscopy (sFCS) and cross-correlation number and brightness
(ccN&B) analysis, to quantify APLP1 dynamics and protein—protein
interactions directly in living cells. Both techniques are based on a
statistical analysis of fluorescence fluctuations caused by the diffu-
sive motion of fluorescent molecules through the focal volume of a
confocal microscope and can provide quantitative information
about protein—protein interaction (Digman et al., 2008; Ries et al.,
2009; Hilsch et al., 2014; Bobone et al., 2017). Whereas sFCS is
particularly suitable for measuring diffusive dynamics in the PM
(Ries and Schwille, 2006), N&B analysis can map molecular ag-
gregation in space (Digman et al, 2008; Hilsch et al., 2014;
Bobone et al., 2017). Using these techniques with two spectrally
distinct fluorescent labels allows us to probe interactions among
different species via cross-correlation analysis of the signals mea-
sured in two spectral channels (Schwille et al., 1997; Bacia et al.,
2006; Digman et al., 2009; Machan and Wohland, 2014). We show
that APLP1 undergoes trans homo-multimerization and a conse-
quent reduction in mobility at cell-cell contacts. Also, we demon-
strate that zinc induces the formation of large, APLP1-rich adhesion
platforms characterized by strong protein—protein trans interac-
tions. Finally, we provide evidence that the cellular cytoskeleton is
crucial for APLP1 cis and trans clustering and, as a consequence,
for APLP1-mediated cell-cell adhesion. Our data shed light on the
molecular basis of APLP1-APLP1 interaction and provide direct evi-
dence that this protein functions as a zinc-dependent cell-cell ad-
hesion receptor.

RESULTS

APLP1 partially interacts in trans at cell-cell contact sites
Previous studies hypothesized that APLP1 is involved in trans interac-
tions between neighboring cells (Soba et al., 2005; Kaden et al.,
2009; Mayer et al., 2016). However, whether such interactions involve
APLP1 on one side directly or indirectly interacting with APLP1 on the
adjacent cell (rather than, e.g., APLP1 interacting exclusively with
other proteins) remains unclear. To investigate the existence of
APLP1-APLP1 trans interactions, we specifically monitored the pres-
ence of homotypic trans complexes. We transiently expressed
APLP1-yellow fluorescent protein (APLP1-YFP) or APLP1-mCardinal
(APLP1-Card) in human embryonic kidney (HEK) cells. In both cases,
the fluorescent labels were fused to the intracellular side of the pro-
tein to avoid interference with the extracellular binding domains
(Baumkotter et al., 2012). The two cell populations were mixed 4 h
after transfection. On these mixed samples, we performed two-color
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sFCS measurements at contacts between APLP1-YFP- and APLP1-
Card-expressing cells, where the proteins are colocalized and have a
mostly homogeneous distribution (see, e.g., the continuous arrow in
Figure 1A). To avoid cross-talk interferences, we excited and de-
tected the two spectral channels sequentially. It is worth noting that
the large distance between the fluorophores (~50-100 nm) would
not allow fluorescence energy transfer measurements.

From sFCS measurements, we calculated the auto-correlation
function (ACF; green [YFP] and red [Card] data points in Figure 1B)
and cross-correlation function (CCF; blue data points in Figure 1B)
of the fluorescence fluctuations and fitted a two-dimensional diffu-
sion model to the data (green, red, and blue curves). From the am-
plitude ratios of the three curves, we obtained the relative cross-
correlation, which is a measure of the correlation of fluorescence
fluctuations in the green (APLP1-YFP) and red (APLP1-Card) chan-
nels. Relative cross-correlation varies between O (i.e., no red-green
complexes) and 1 (i.e., highest number of red-green complexes).
The decay times of the ACFs provide information about diffusion
dynamics of APLP1s in the membrane (discussed in the next para-
graph). It is worth noting that in order to maximize the fluorescence
fluctuation signal, cells with the lowest detectable protein expres-
sion were selected.

sFCS analysis revealed a positive cross-correlation between fluo-
rescence fluctuations in the two spectral channels, that is, evidence
of codiffusion of YFP- and Card-labeled APLP1 (Figure 1, B and C).
The average relative cross-correlation of 0.45 + 0.21 (mean * SD,
n =17 cells from three independent measurements; Figure 1C) is
~50% of the maximum relative cross-correlation detected for com-
plete binding (0.96 + 0.18, mean + SD, n = 14 cells from three inde-
pendent measurements; Supplemental Figure S1), as verified with
a myristoylated-palmitoylated-mCardinal-YFP (myr-palm-Card-YFP)
tandem construct as a positive cross-correlation control. As a nega-
tive control, we examined junctions between one cell expressing
myr-palm-YFP and one expressing myr-palm-Card. In this case, we
found a much lower relative cross-correlation (0.08 + 0.10, mean +
SD, n =17 cells from three independent measurements; Figure 1C
and Supplemental Figure S2).

To estimate the stoichiometry of APLP1 complexes, we calcu-
lated the molecular brightness from sFCS data at cell-cell con-
tacts. After a normalization using the molecular brightness of a
monomeric standard (see Materials and Methods), the normal-
ized brightness provides a direct measurement of protein multi-
merization state (e.g., a normalized brightness value of 1 indi-
cates the presence of monomers, a value of 2 indicates the
presence of dimers, and so on). For APLP1-YFP, we obtained a
normalized brightness distribution centered around 3.0 + 2.9
(Figure 2D, median * SD, n = 17 from three independent mea-
surements). Note that sFCS brightness analysis cannot resolve
mixtures of multimers with different sizes but, rather, provides an
average multimerization value. In conclusion, these data indicate
that small APLP1 oligomers (on average, trimers) on one cell
membrane interact in trans with other small APLP1 oligomers in
the facing membrane. It is worth noting that our technical ap-
proach cannot exclude the presence of other PM components in
the observed trans complexes. Therefore, it might be also possi-
ble that APLP1 trans interactions are mediated by other, yet un-
identified, proteins. Furthermore, the measured average cross-
correlation value suggests that there is a significant fraction of
APLP1 on each side of the junction that is not involved in trans
interactions. In a simplified scenario in which only one APLP1 mul-
timeric species is present and all APLP1 is fluorescent, ~45% of
the protein would be part of trans complexes.

Molecular Biology of the Cell
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FIGURE 1: APLP1-YFP and APLP1-Card interact in trans at cell-cell contact sites. (A) HEK cells
expressing APLP1-YFP (green) or APLP1-Card (red). Yellow arrows represent sFCS line scans
(solid arrow, two-color scan at cell-cell contact; dashed arrow, one-color scan outside junction).
Scale bar is 5 pm. (B) Representative correlation functions and fit curves for two-color sFCS
analysis of APLP1 at cell—cell contacts. Red, ACF in red channel (APLP1-Card); green, ACF in
green channel (APLP1-YFP); blue, CCF calculated for both spectral channels. Fit curves (solid
lines) were obtained from fitting a two-dimensional diffusion model to the data. (C) Relative
cross-correlation from two-color sFCS measurements of APLP1-YFP and APLP1-Card mixed cells
(n=17 cells, three independent samples). Cross-correlation values for myr-palm-Card-YFP
tandem-expressing cells, measured under the same conditions, are shown as positive control for
cross-correlation (“positive,” n = 14 cells, three independent samples; see also Supplemental
Figure S1). Cross-correlation values for mixed cells expressing myr-palm-YFP and myr-palm-
Card, measured under the same conditions, are shown as negative control for cross-correlation
("negative,” n =17 cells, three independent samples; see also Supplemental Figure S1).

(D) Representative ACF for APLP1-YFP from one-color sFCS measurement outside junction and
fit (solid line) of a two-dimensional diffusion model. (E) Diffusion coefficients of APLP1 at cell-cell
contacts (n = 26 cells, four independent samples) and outside junctions (n = 17 cells, three

protein composition, underlying cytoskel-
eton) between cell-cell contacts and other
regions of the PM, we monitored the dif-
fusion of myr-palm-YFP (associated to the
PM inner leaflet [Engel et al., 2010]) and
GPI-YFP (glycosylphosphatidylinositol-an-
chored YFP, associated to the PM outer
leaflet [Scolari et al., 2009]). We found no
difference in diffusion coefficients of ei-
ther construct between the two regions of
the PM (D ~1 pm?/s; see Supplemental
Figure S3). Thus, the reduction in APLP1
diffusivity in cell-cell contacts seems to be
due to specific interactions involving the
protein.

Zinc induces formation of APLP1
clusters at cell-cell contacts with
reduced diffusivity and enhanced

trans interactions

Recently, we found that physiological con-
centrations of zinc in the micromolar range
trigger the formation of APLP1 multimers
and their enrichment at cell-cell contact
sites (Mayer et al., 2014, 2016). We hypoth-
esized that these multimers may involve
APLP1 trans interactions and act as cell—cell
adhesion complexes. To clarify the effect of
zinc on APLP1 trans interactions, we per-
formed two-color sFCS experiments after
a 20-min incubation of the samples with
50 pM ZnCl,. After zinc addition, we ob-
served a strong colocalization of APLP1-YFP
and APLP1-Card at cell—cell contact sites

independent samples) calculated from ACF-derived diffusion times of APLP1-YFP. Error bars
represent mean + SD Asterisks indicate statistically significant differences with ***p < 0.0001

determined with Welch's two-sided t test.

Diffusion of APLP1 within cell-cell contact sites moderately
decreases in the absence of zinc
If APLP1 is involved in specific interactions bridging two facing cells,
reduced protein dynamics might be expected at cell-cell contacts
(Trimble and Grinstein, 2015). To quantify the diffusion coefficient of
APLP1 in living cells, we performed sFCS measurements within and
outside junctions in HEK cells expressing APLP1-YFP and/or APLP1-
Card (see, e.g., the two arrows in Figure 1A). We did not observe
significant differences between the dynamics of APLP1-YFP and
APLP1-Card and, therefore, restricted our analysis to APLP1-YFP.
From the decay times of the ACFs (Figure 1, B and D), we calculated
the diffusion coefficients in both PM regions, as described in Materials
and Methods. Briefly, diffusion times were obtained by fitting a two-
dimensional diffusion model to the ACF shown, for example, in
Figure 1, B and D. Typical observed diffusion times for APLP1-YFP
were ~50 ms outside junctions and ~100 ms within junctions. Through
calibration of the size of the observation volume, we were able to
obtain diffusion coefficients (D). As shown in Figure 1E, we found a
significant reduction of APLP1 diffusion in cell-cell contacts (Dapip1 =
0.09 + 0.06 pm?/s, mean = SD, n = 26 cells from three independent
samples) compared with noncontact areas (Dapp1 =0.25£0.09 um?/s,
mean £ SD, n= 17 cells from three independent samples).

To verify that the reduction in mobility is not induced by, for
example, differences in membrane organization (e.g., lipid or
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and the formation of large protein clusters
within ~2 min (see, e.g., Figures 2A and 3B
and Supplemental Figure S4).

We performed sFCS measurements
across these clusters for ~10 min on several cell—cell junctions and
obtained the corresponding correlation functions (Figure 2B), that is,
two ACFs for APLP1-YFP (green) and APLP1-Card (red) and a CCF
(blue) between the two channels. As anticipated, correlation func-
tions showed large decay times of ~10 s and low signal-to-noise ra-
tios at large correlation times. The data noise, caused by the ex-
tremely slow diffusion and limited acquisition times, prevented a
quantitative analysis of protein dynamics. Thus, diffusion coefficients
could only be estimated to be on the order of 102 pm?/s (i.e., ~100-
fold reduction compared with diffusion in the absence of zinc). On
the other hand, we were able to calculate the cross-correlation val-
ues from the fluorescence fluctuations in both channels at short cor-
relation times (i.e., the leftmost points of the CCF in Figure 2B, blue
data points and line). The measured average relative cross-correla-
tion of 0.8 £0.3 (mean = SD, n= 17 cells) is ~35% higher than the one
measured before zinc treatment (Figure 2C) and close to the maxi-
mum cross-correlation measured on myr-palm-Card-YFP tandem-—
expressing cells (0.96 + 0.18, mean + SD, n = 14 cells from three in-
dependent measurements; Supplemental Figure S1). This indicates
that most of APLP1 is involved in trans interactions. In a simplified
example in which only one APLP1 multimeric species is present and
all APLP1 is fluorescent, ~80% of the protein would be part of trans
complexes. Note that, because of the presence of photobleaching,
the measured relative cross-correlation might be slightly lower than
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We analyzed several junctions of mixed
cells expressing APLP1-YFP and APLP1-
Card in the absence of zinc (see, e.g.,
Figure 3A) or in the presence of 50 uM
ZnCl, (see, e.g., Figure 3B). After selecting
the pixels corresponding to these junc-
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tions as regions of interest, we calculated
the single-channel normalized brightness
and B values pixel-wise and pooled the
results from all measured junctions in his-
tograms for the brightness of APLP1-YFP
- (Figure 3, G and H, normalized as de-
scribed in Materials and Methods) and B,
(Figure 3, D-F).

In both experimental conditions (i.e., no
zinc or 50 uM ZnCl,), we measured a posi-
tive average value for the B of the pixels
corresponding to cell-cell contacts com-
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Zinc induces formation of slow APLP1-YFP/APLP1-Card clusters at cell-cell contacts
showing enhanced trans interactions. (A) HEK cells expressing APLP1-YFP (green) or APLP1-
Card (red) 20 min after incubation with 50 uM ZnCl,, The yellow arrow represents a typical
two-color sFCS line scan across a protein cluster in the cell-cell junction. Scale bar is 5 um.

(B) Representative correlation functions and fit curves for two-color sFCS measurements
according to a two-dimensional diffusion model (see the text for details). Red, ACF in red
channel (APLP1-Card); green, ACF in green channel (APLP1-YFP); blue, CCF calculated between
the two spectral channels. (C) Cross-correlation values from all measurements (three
independent experiments) for zinc-treated APLP1 cells (17 cells), nontreated cells (17 cells), and
cells expressing myr-palm-Card-YFP tandem (14 cells; see also Figure 1) as positive control for
cross-correlation. Asterisks indicate statistically significant differences with ***p < 0.001
determined with Welch’s two-sided t test. (D) Brightness of APLP1-YFP with and without zinc,
calculated from sFCS measurements in cell—cell contacts (normalized to myr-palm-YFP

brightness). Error bars represent mean + SD.

the real one and, therefore, the reported values are to be considered
low estimates.

We also calculated the brightness of APLP1 clusters from sFCS
data and found a strong increase in brightness upon zinc addition
compared with values measured without zinc (Figure 2D). The mea-
sured values are in the range of ~10-50 monomers per cis multimer,
that is, up to ~100 APLP1 monomers in a whole protein cluster
across the cell junction.

The large APLP1 clusters observed at cell-cell contacts have a
typical size of ~10-10° nm. Thus, sFCS (i.e., scanning in a line
pattern with diffraction-limited thickness) captures only a portion
of the clusters. To monitor APLP1 trans interactions along the
whole contact region, we performed ccN&B because this method
can map molecular aggregation in space (Digman et al., 2008,
2009; Hilsch et al., 2014; Bobone et al., 2017). This analysis pro-
vides single-channel brightness and cross-correlation brightness
values (Bo), pixel by pixel. The normalized single-channel bright-
ness value is a direct indication of the multimeric state of a fluo-
rescent protein complex. The normalization procedure is per-
formed exactly as already described for sFCS. B, values are a
measurement of the interaction between spectrally distinguished
molecules. B, values distributed around 0 indicate the absence
of fluorescence fluctuation cross-correlation, that is, the lack of
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pared with a negative control (Figure 3,
D-F). Without zinc, we determined an aver-
age B, of 0.068 + 0.004 (mean + SEM, n=
18 cells from three independent measure-
ments). After zinc addition, we observed an
increase of B, to 0.266 + 0.006 (mean +
SEM, n = 19 cells from three independent
measurements). The negative control sam-
ple consisted of mixed cells expressing ei-
ther myr-palm-YFP or myr-palm-Card and
was observed under the same acquisition
conditions as those used for observation of
the other samples. The B, distribution ob-
tained in this case had a mean value of
0.022 + 0.002 (mean + SEM, n = 26 cells
from three independent measurements).

The normalized brightness histograms of APLP1-YFP at cell—cell
contacts show a shift from brightness values corresponding to small
oligomers in the absence of zinc (Figure 3G, distribution peak ~2) to
large multimers in the presence of zinc (Figure 3H, range of ~10-
60), in good agreement with sFCS brightness data. Thus, we con-
clude that zinc enhances the formation of APLP1 clusters at cell-cell
contacts. These clusters appear to be stabilized by protein trans
interactions.

Zinc does not induce APLP1 multimerization in giant plasma
membrane vesicles (GPMVs)

The appearance of large APLP1 clusters upon zinc addition raises
the question of whether further cellular components are involved in
APLP1 interactions and cluster formation. Considering the putative
role of APLP1 trans clusters as adhesion complexes, the cortical actin
cytoskeleton underlying the membranes is of particular interest. To
unravel its role in APLP1 clustering, we investigated APLP1 interac-
tions in cytoskeleton-free, yet native, membrane systems (Schneider
etal., 2017). We produced GPMVs from APLP1-YFP-expressing cells
and measured the diffusion coefficient and molecular brightness of
APLP1-YFP with sFCS in the absence and presence of zinc ions. In-
terestingly, upon zinc addition, the lateral organization of APLP1 in
the vesicular membrane remains homogeneous (Figure 4, A and B).

Molecular Biology of the Cell



-

APLP1 1 ZINC

# pixels
# pixels

L 0
0 20 40 60 8 100 10 0 20 40 60 80 100

Normalized Brightness Normalized Brightness

FIGURE 3: Two-color ccN&B analysis reveals trans interactions among APLP1 molecules in
zinc-induced macroscopic clusters. (A) Fluorescence image frame extracted from a ccN&B image
stack of a typical contact area between APLP1-YFP- and APLP1-Card-expressing cells.

(B) Fluorescence image frame of APLP1-YFP/APLP1-Card contact area acquired 20 min after zinc
incubation. (C) Image frame from ccN&B image stack measured on myr-palm-YFP/myr-palm-
Card cell—cell contact (negative control). (D-F) Cross-correlation brightness (B..) histograms of
all examined pixels and cells in the context of ccN&B analysis of cell-cell contacts in APLP1
samples without zinc (D; n = 18 cells from three independent measurements), with zinc

(E; n=19 cells from three independent measurements) and in myr-palm-YFP/myr-palm-Card
control sample (F; n = 26 cells from three independent measurements). Vertical red lines
correspond to B = 0. (G, H) Normalized brightness histograms of APLP1-YFP in the absence

of zinc (G) and after 20 min ZnCl; incubation (H), measured at APLP1-YFP/APLP1-Card junctions.
Normalized brightness histograms were obtained from the analysis of the same cells and
regions of interest used for the calculation of B... Inset in G shows a magnification in the

normalized brightness range of -2 to 10.

In both conditions, we measured the same average diffusion coeffi-
cient for the protein in the membrane, that is, 2.1 + 1.3 pm?%/s (me-
dian + SD, n = 33 GPMVs from three independent measurements)
with zincand 2.1 + 1.1 ym?/s (median + SD, n= 33 GPMVs from three
independent measurements) without zinc (Figure 4C). A more de-
tailed analysis reveals also that APLP1 diffusion is comparable to the
monomeric reference myr-palm-YFP in GPMVs, whereas it is much
slower in cells (outside junctions): Dpyrpaim-vre/ DapLpi-yrp is 5+ 1 in
cells (Figure 1E and Supplemental Figure S3), whereas the corre-
sponding value measured in GPMVs is 1.5 + 0.7 (Figure 4C).

To determine the oligomerization state of APLP1 in the GPMVs,
we measured the brightness of myr-palm-YFP in GPMVs on the same
day and normalized the measured APLP1-YFP brightness to that
value. As shown in Figure 4D, the average normalized brightness of
APLP1is 1.9 + 1.4 (median + SD, n = 33 GPMVs from three indepen-
dent measurements) in the absence of zinc and 2.0 + 2.3 (median *
SD, n = 33 from three independent measurements) in the presence
of 50 uM zinc ions. These data indicate that the protein forms, on
average, cis dimers in GPMVs independent of the presence of zinc.

APLP1 does not interact in trans at contacts of cells

and GPMVs

The experiments on GPMVs described in the preceding para-
graph focused on the role of the cytoskeleton in influencing APLP1
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cis interactions and macromolecular clus-
tering. To extend these experiments to
trans interactions and adhesion, we per-
formed measurements on GPMV-cell con-
tacts, both in the presence and absence of
zinc. GPMVs produced from APLP1-YFP-
expressing cells were mixed with APLP1-
Card-expressing cells (see Materials and
Methods for details), and vesicles in contact
with fluorescent cells were analyzed. (Note
that an analogous experiment carried out
by mixing GPMVs containing APLP1-YFP
and GPMVs containing APLP1-Card could
not be performed because stable contacts
between GPMVs were observed only very
rarely.) In the absence of zinc, we observed
a homogeneous distribution of APLP1 in
the contact area, both in GPMVs and in
cells (Figure 5A). Upon zinc addition, we
observed rapid clustering of APLP1 only at
the PM of intact cells but no change in the
homogeneous distribution of APLP1 in
GPMVs. We observed neither an enrich-
ment of APLP1-YFP nor the formation of
APLP1-YFP/APLP1-Card clusters at the
GPMV-cell contacts (see Figure 5B). To
quantitatively probe APLP1 trans interac-
tions at GPMV-cell contacts, we performed
two-color sFCS measurements across these
contacts in both the presence and absence
of zinc. Figure 5 shows the ACFs and CCFs
obtained from the analysis of fluorescence
fluctuations before (Figure 5C) and after
(Figure 5D) the addition of 50 pM ZnCl,.
The amplitudes of the obtained curves
were used to calculate relative cross-corre-
lations, as described in the preceding
paragraphs. In both cases, we detected no
significant cross-correlation of the GPMV and cell signal, that is, no
correlated dynamics of APLP1-YFP and APLP1-Card at GPMV-cell
contact sites. As shown in Figure 5E, the relative cross-correlation
values obtained in the absence (0.07 £ 0.05, mean £ SD, n= 6 cells
from three independent measurements) and presence (0.05 + 0.09,
mean + SD, n =12 cells from three independent measurements) of
zinc were in the range of the values obtained for the negative con-
trol in cell-cell measurements (0.08 + 0.10, mean + SD, n=17 cells
from three independent measurements; Supplemental Figure S2
and Figure 1C). Thus, we conclude that APLP1 trans interactions
are not detectable at contacts between GPMVs and cells, indepen-
dently from the presence of zinc. The analysis of ACFs shown in
Figure 5, C and D, also yields normalized brightness and diffusion
times (and diffusion coefficients) for APLP1 at the contacts between
cells and GMPVs in the absence and presence of zinc. Tables 1 and
2 show a summary of the obtained results and include those re-
ported in the preceding paragraphs as well. In the absence of zinc,
we observed a reduction of APLP1 (in GPMVs) dynamics at cell-
GPMYV junctions, similar to what we observed in cell-cell junctions.
Interestingly, dynamics of APLP1 in cells were not affected in this
case. In the presence of zinc, we observed only a 30% reduction in
APLP1 diffusivity in GPMVs (Figure 5F). The observed decrease in
protein dynamics is very small compared with that observed in cell
membranes under the same conditions. Similarly, we observed
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directly in living HEK cells. This specific cel-
lular model was chosen based on earlier
studies (Mayer et al., 2014, 2016) demon-
strating that zinc-mediated multimerization
at the PM occurs similarly in HEK and neuro-
nal cells. Furthermore, HEK cells do not ex-
press endogenous APLP1 (Lorent et al.,
1995; Su et al., 2004). As a consequence,
APLP1 multimers contain only fluorescent
APLP1 molecules, and their stoichiometry
can be correctly characterized by fluores-
cence fluctuation analysis.

Cross-correlation sFCS and N&B analysis
indicate the presence of trans binding of

C ns D ns small APLP1 cis oligomers (i.e., APLP1-YFP/
“ e ” 19 f ' APLP1-Card complexes), as evidenced by

g = the data in Figures 1C and 3D. It is worth not-

_ ¢ N £ - ing that the techniques used in this work de-
2 ALl ;‘;? . tect the formation of (cis or trans) complexes
E 44 i1 :: b ° by quantifying the codiffusion of its compo-
a 2 % 5 - nents. It cannot be excluded, in general, that
24 AT E el such complexes also include proteins other
A:A 2 % than APLP1. Nevertheless, brightness mea-

0 . . . 0 . surements clearly indicate that the observed
APLP1  APLP1+Zn myr-palm APLP1 APLP1 +Zn cis oligomers contain, on average, approxi-

APLP1-YFP oligomerization and diffusion in GPMVs are not affected by zinc. (A) A
GPMV forming from an APLP1-YFP-expressing HEK cell. Yellow arrow represents an sFCS line

mately three APLP1 monomers (see Figures
2D and 3G). Notably, APLP1 trans binding

scan across the GPMV. (B) A GPMV forming from an APLP1-YFP-expressing HEK cell incubated =~ @PPears to be incomplete, that s, a consider-
with 50 uM ZnCl, for 20 min after 45 min of incubation with NEM (see Materials and Methods). able fraction of APLP1 proteins forms exclu-
(C) Diffusion coefficients measured for APLP1-YFP (before and after incubation with zinc) and sively cis oligomers and does not interact
myr-palm-YFP in GPMVs. (D) Normalized brightness values measured for APLP1-YFP in GPMVs  with other APLP1 molecules in the neighbor-
before and after incubation with zinc. Values are normalized to the average brightness measured ing cell. The existence of intermolecular in-
for myr-palm-YFP in GPMVs under the same conditions. Data are pooled from 33 GPMVs teractions involving APLP1 occurring specifi-
measured in three independent experiments. Error bars represent mean + SD. “ns” indicates no cally at cell—cell junctions is also corroborated

statistically significant differences were determined with Welch's two-sided t test.

only a modest increase in APLP1 (in GPMVs) multimerization in
cell-GPMV junctions compared with the increase observed for cell-
cell junctions under the same conditions (see also Figures 2D, 3, G
and H, and 5@G).

Finally, in order to further investigate the possibility that the actin
meshwork is involved in APLP1 multimerization, we stained filamen-
tous actin in cells expressing APLP1-Card using Lifeact-green fluo-
rescent protein (Lifeact-GFP; Riedl et al., 2010). Our results (Supple-
mental Figure S5) indicate that the presence of zinc induces
accumulation of filamentous actin at cell-cell junctions, in proximity
of APLP1 trans clusters.

DISCUSSION
APP and its paralogues APLP1 and APLP2 have an important role in
nervous system development and associated pathologies (Vassar
etal., 1999; Coulson et al., 2000; Selkoe, 2001; Eggert et al., 2004;
Li and Sutdhof, 2004; Blennow et al., 2006). Various studies pro-
posed that APLP1 acts as a homotypic neuronal adhesion receptor
(Soba et al., 2005; Kaden et al., 2009; Mayer et al., 2016; Schilling
et al., 2017) although, until now, little evidence of protein—protein
trans interactions (i.e., among proteins from two different cells at a
junction) has been provided in living cells (Soba et al., 2005; Kaden
et al., 2009).

In this study, we addressed the mechanisms of multimerization
and the diffusion dynamics of APLP1 with experimental assays that
allowed us to specifically probe cis and trans interactions of APLP1
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by our diffusion measurements. We found a
significantly reduced mobility of APLP1 at
cell—cell contacts compared with other areas of the PM (Figure 1E), in
good agreement with previously published fluorescence recovery af-
ter photobleaching data (Kaden et al., 2009).

Recent studies indicated a crucial role of metal ions, predomi-
nantly zinc and copper, in driving the oligomerization of APP family
proteins (Baumkétter et al., 2014; Mayer et al., 2014; Wild et al.,
2017). Zinc ions binding to the extracellular domain of the protein
induce multimerization of APLP1 and enrichment of these multimers
at cell-cell contact sites (Mayer et al., 2014, 2016). Nevertheless, the
role of zinc in specifically promoting APLP1 trans interactions in a
junction between living cells had not been directly proven yet. For
this reason, we performed experiments on mixed-cell populations
expressing two differently labeled APLP1 constructs in the presence
of zinc. We observed a rapid formation of large protein platforms at
cell-cell contact sites containing APLP1 from both neighboring cells
(see Figures 2A and 3B and Supplemental Figure S4). Two-color sFCS
measurements indicated remarkably slow dynamics for these APLP1
clusters (i.e., 1073 pm?/s, which is 100-fold lower than APLP1 without
zinc), probably because of their size. Furthermore, we detected a
cross-correlation significantly higher than that measured in the ab-
sence of zinc (Figure 2C). Using a complementary approach (i.e.,
ccN&B), we found once more a cross-correlation significantly higher
than that measured in the absence of zinc (Figure 3, D and E) or for
a negative control sample featuring no trans interactions (Figure 3F).
Thus we conclude that zinc enhances, at least indirectly, the forma-
tion of APLP1 trans complexes along cell-cell contacts. On the basis
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APLP1 does not interact in trans at GPMV-cell contacts independently from zinc.
(A, B) A GPMV containing APLP1-YFP in contact with an APLP1-Card-expressing HEK cell
before (A) and after (B) 20-min zinc incubation. Yellow arrows represent a two-color sFCS line
scan across the contact area. Scale bar is 5 pm. (C, D) Representative correlation functions and
fit curves for two-color sFCS measurements without (C) and with (D) zinc. Red, ACF in red
channel (APLP1-Card in cell); green, ACF in green channel (APLP1-YFP in GPMV); blue, CCF
calculated between the two spectral channels. Correlation curves (solid lines) were obtained by
fitting a two-dimensional diffusion model to the data. (E-G) Cross-correlation values (E),

brane proteins spatially (Kusumi et al., 1993;
Kusumi and Sako, 1996; lino et al., 2001;
Fujiwara et al., 2002; Saha et al., 2015).
Given the size and putative role of APLP1
clusters as adhesion platforms, it might be
possible that the cellular cytoskeleton is in-
volved in APLP1-APLP1 interactions. There-
fore, we investigated APLP1 diffusion and
oligomerization in cell-derived GPMVs, a
cytoskeleton-free, native membrane model
system (Sezgin et al., 2012; Schneider et al.,
2017). To our surprise, we did not find any
zinc-induced alteration of APLP1 localiza-
tion, diffusion, or brightness. Both before
and after zinc treatment, APLP1-YFP was ho-
mogeneously distributed in GPMVs. Of in-
terest, APLP1 normalized brightness mea-
sured via sFCS was ~2, indicating the
presence of APLP1 cis dimers on average in
both the presence and absence of zinc. This
value is in line with previous measurements
of APLP1 cis oligomerization in cells using
N&B (Mayer et al., 2016) and biochemical
studies (Mayer et al., 2014) and indicates
that zinc does not have a significant effect
on APLP1-APLP1 interaction in this specific
model. Furthermore, we observed that
APLP1 diffusion in the PM is significantly
slower than a model inner leaflet-associ-
ated protein (myr-palm-YFP). On the other
hand, APLP1 and myr-palm-YFP dynamics
are very similar in GPMVs, suggesting that
APLP1 interacts with the cytoskeleton in in-

diffusion coefficients in GPMVs (F; normalized to APLP1 average value), and normalized
brightness of APLP1-YFP in GPMVs (G) from all GPMV-cell contact measurements (six cells
without and 12 cells with zinc in three independent experiments, shown as mean + SD).

of a brightness analysis (Figures 2D and 3H) deriving from both
sFCS and cross-correlation analysis, we found that these complexes
can consist of up to =50-100 APLP1 monomers interacting in
trans through the junction.

Several studies on various cell-cell interactions show that adhe-
sion and signaling of transmembrane receptors are closely linked to
the cytoskeletal organization underneath the membrane (Nelson,
2008; Mui et al., 2016). The cytoskeleton also strongly affects lateral
distribution and dynamics of membrane constituents (lipids, pro-
teins), for example, by restricting the free diffusion of transmem-

Cell PM Cell—cell
APLP1 0.25+0.09 0.09 +0.06
APLP1 + Zn (~102-1073) ~1073
myr-palm-YFP 1.3+£04 1.3+£0.3
GPI-YFP 1.1+0.3 1.1+0.3

tact cells (Figure 4C). These observations
support the possibility that APLP1 dynamics
and lateral interactions are influenced by
the stable actin mesh via, for example, a
corralling mechanism (see, e.g., the “picket fence” model [Kusumi
et al., 2012]). This putative specific interaction between cytoskele-
ton and APLP1 (e.g., via the YENPTY motif, see Guénette et al.
[2017] and Sosa et al. [2017]) appears to be required for zinc-in-
duced cis oligomerization to occur.

The results we presented so far are in full agreement with the
model we have previously proposed, according to which, in gen-
eral, zinc ions mediate APLP1-APLP1 interactions. Nevertheless, it
is not yet clear whether zinc mediates both cis and trans interac-
tion via the same molecular mechanism. To investigate this issue,

Cell-GPMV Cell-GPMV
GPMV (GPMV side) (cell side)
21+1.1 1.04 +£0.23 0.30£0.11
21+1.3 0.7+0.3 N/A
32113 N/A N/A
N/A N/A N/A

Diffusion coefficients (D [um?/s)] were measured by analyzing the decay of sFCS ACFs outside cell—-cell junctions, within cell-cell junctions, in free-standing GPMVs,
and in junctions between cells and GPMVs. In the latter case, values are provided for APLP1-YFP in GPMVs (GPMV side) or APLP1-Card in cells (cell side). Measure-
ments were performed also in the presence of 50 uM ZnCl; (see the text) and for model membrane-associated proteins myr-palm-YFP and GPI-YFP. Values are

shown as mean + SD.

Summary of diffusion coefficients measured via sFCS.
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Cell-GPMV
Cell PM Cell—cell GPMV (GPMV side)
APLP1 N/A 30+29 1.9+1.4 1.8+1.2
APLP1 + Zn N/A 21+ 20 20+23 67

Normalized APLP1-YFP brightness was measured by analyzing sFCS ACFs out-
side cell-cell junctions, within cell-cell junctions, in free-standing GPMVs, and in
junctions between cells and GPMVs. In the latter case, values are provided only
for APLP1-YFP in GPMVs (GPMV side). Measurements were also performed in
the presence of 50 uM ZnCl; (see the text). Values are shown as median + SD.

TABLE 2: Summary of normalized brightness values measured via
sFCS.

we produced mixed samples of GPMVs and cells and probed
APLP1 trans interactions at GPMV-cell contact sites using two-
color sFCS. This experiment aimed at verifying whether zinc can, in
general, also promote trans interactions between small cis oligo-
mers and large cis multimers (or, alternatively, whether large cis
multimers are required on both cells). In contrast to the case of
cell-cell contacts, we detected no significant cross-correlation be-
tween the fluorescence signals from APLP1 in GPMVs and in cell
membranes, also in the presence of zinc (Figure 5E). Also, no spa-
tial colocalization of large protein domains was observed. In more
detail, we observed zinc-induced APLP1 clustering in cells, as ex-
pected from the previous results, whereas APLP1 in the neighbor-
ing GPMV remained homogeneously distributed, featuring only a
minor reduction in diffusivity and a modest increase in brightness
compared with those observed in intact cell membranes (see Ta-
bles 1 and 2). It must be noted, however, that GPMVs differ from
PMs not only in the absence of cytoskeleton, but also in terms of
lipid composition and transmembrane asymmetry (Sezgin et al.,
2012). On one hand, these factors might also affect protein dy-
namics and protein—protein interaction. On the other hand, previ-
ous studies (Guénette et al., 2017; Sosa et al., 2017) and the direct
observation of filamentous actin enrichment at the sites of zinc-in-
duced APLP1 clustering (Supplemental Figure S5) support the
possibility that the cytoskeleton plays an important role in APLP1-
APLP1 interactions.

Taken together, our results indicate that zinc promotes the for-
mation of large APLP1 cis multimers in the presence of an intact
cytoskeleton. Nevertheless, the absence of trans interactions be-
tween large cis multimers and small cis oligomers in the presence
of zinc suggests that the metal does not directly mediate such
trans interactions. We propose, therefore, that zinc promotes first
the formation of large cis multimers (see Figure 6). Subsequently,
interactions between facing cis multimers are established and
likely stabilized by the large free energy gain derived from muiltiple
and concurrent APLP1-APLP1 trans interactions. In agreement with
this model, trans interactions involving small cis multimers can oc-
cur but appear weaker and/or transient in the absence (Figures 1C
and 3D) or presence (Figure 5) of zinc. This model is also supported
by recent observations indicating that zinc binding is mediated by
the E2 domain of APLP1 (Mayer et al., 2014), whereas trans interac-
tions occur via the E1 domain (Stahl et al., 2014).

On the basis of previous measurements (Mayer et al., 2014,
2016), we argue that the results we obtained for HEK cells might be
transferable and highly relevant also in the context of cell-cell inter-
action in the nervous system in vivo. In more detail, it was shown
that APLP1 forms clusters along the soma and dendritic PM of rat
hippocampal neurons in the presence of zinc (Mayer et al., 2014). In
addition, we previously observed zinc-enhanced cell adhesion of
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cortical neurons on a substrate printed with immobilized APLP1
ectodomain (Mayer et al., 2016). Finally, a very recent study shows
that APLP1 is pre- and postsynaptically expressed in brain tissue
and up-regulated during postnatal development coinciding with
synaptogenesis (Schilling et al., 2017). According to the model pre-
sented in this work, the formation of large cis complexes (caused by
the presence of zinc ions and supported by the actin cortex) is re-
quired for the establishment of stable APLP1-APLP1 trans interac-
tions and, therefore, might enable APLP1 to function as a synaptic
adhesion molecule in vivo.

MATERIALS AND METHODS

Cell culture

HEK cells from the 293T line (ACC 305; DMSZ, Braunschweig,
Germany) were cultured in DMEM with the addition of fetal bovine
serum (10%) and L-glutamine (1%) and passaged every 3 d and no
more than 10 times. Mycoplasma contamination tests and mor-
phology tests were performed every 3 mo and 2 wk, respectively.
All solutions, buffers, and media used for cell culture were pur-
chased from PAN-Biotech (Aidenbach, Germany). For one-color
experiments and measurements involving the myr-palm-Card-YFP
tandem, 6 x 10° cells were seeded in 35-mm dishes (CellVis,
Mountain View, CA) with optical glass bottoms 24 h before trans-
fection. For cell-mixing experiments, cells were seeded in a six-
well plate (Eppendorf, Wesseling-Berzdorf, Germany) with 8 x 10°
cells per well.

Plasmids and cloning

The APLP1-YFP (Mayer et al., 2014) and mCardinal-N1 (Chu et al.,
2014) plasmids were used to clone the APLP1-Card plasmid. The
mCardinal-N1/-C1 constructs were gifts from Michael Davidson
(Florida State University; Addgene plasmids no. 54590 and 54799).
APLP1 insert was amplified using custom-designed primers and a
standard PCR protocol, digested by Xhol and Agel Fast Digest En-
zymes (Thermo Fisher Scientific, Darmstadt, Germany), and ligated
to the digested mCardinal-N1 vector with T4 DNA Ligase (Thermo
Fisher Scientific, Darmstadt, Germany). Myr-palm-YFP (myris-
toylated and palmitoylated peptide fused to YFP) was a gift from
Andreas Herrmann (Humboldt Universitaet zu Berlin). It encodes the
amino acid sequence MGCIKSKRKDNLNDDEPPVAT derived from
the N-terminus of the Lyn kinase (Engel et al., 2010). A monomeric
YFP was first obtained from pEYFP-N1 (Addgene plasmid no. 2689)
including the A206K mutation in order to reduce any tendency to
build homodimers (von Stetten et al., 2012). The myristoylation/pal-
mitoylation sequence was then subcloned into the multicloning site
of mEYFP-N1 (Engel et al., 2010). GPI-YFP, also containing the
A206K mutation, was a gift from Roland Schwarzer (Gladstone Insti-
tute, San Francisco; Schwarzer et al., 2014).

The myr-palm-Card plasmid was cloned using a modified mCar-
dinal-C1 vector. First, a Scal restriction site was inserted into the
mCardinal-C1 vector by using the QuickChange protocol. Second,
the myr-palm peptide was amplified from the myr-palm-YFP plas-
mid using custom-designed primers. After digestion with Nhel and
Scal, the peptide was ligated to the digested mCardinal-C1 vector.

To clone the myr-palm-Card-YFP plasmid, YFP was amplified
from myr-palm-YFP using custom-made primers. YFP insert and
myr-palm-Card vector were digested with Hindlll and Kpnl, and
the products were ligated using the T4 DNA Ligase. CD86 was
amplified from CD86—enhanced green fluorescent protein (a kind
gift from Richard J. Ward, University of Glasgow; Zakrys et al.,
2014) using custom-made primers, digested with Kpnl and Agel
restriction enzymes, and ligated with the digested mEYFP-N1

Molecular Biology of the Cell



For GPMV-cell contact measurements,
blebbing of APLP1-YFP-expressing cells
was induced for 45 min in NEM buffer. After
incubation, most of the GPMVs were still at-
tached to adherent cells. Cells were washed
/ once in HEPES buffer and detached in 150

PM
?
2+
weak L‘)
interaction hindered dynamics
e 2
PM

\\\\ interactions

pl HEPES buffer by pipetting and gentle
shaking. The resulting 150-pl suspension
was added to the center of a dish containing
APLP1-Card-expressing cells  previously
washed with HEPES buffer. To increase the
number of GPMVs and thus the probability
of finding GPMVs and cells in contact, GP-
MVs from two dishes were pooled and
added to one cell dish. After 10 min of initial
settling, HEPES buffer was added to a final

multiple

FIGURE 6: Model for APLP1-APLP1 interaction in the presence of zinc and formation of APLP1
cell-cell adhesion platforms. In the absence of zinc, only small cis oligomers are present. Trans
interactions among protein complexes across cell-cell junctions are weak. Our data regarding
protein diffusion suggest the existence of possible interactions between APLP1 and cortical

volume of 2 ml per dish. Imaging was
started 30 min after mixing to allow GPMVs
to settle down. When zinc was required,
50 pM ZnCl, was added after settling and
incubated for 20 min before imaging.

actin network (red). The exact nature of such interaction has yet to be identified. In the presence

of physiological zinc concentration (and an intact cortical actin cytoskeleton), APLP1 cis

oligomers coalesce into large cis multimers (~10-50 molecules, figure not drawn to scale). Such
protein clusters interact strongly across the cell junction, possibly because of the establishment
of multiple APLP1-APLP1 trans interactions. It might be possible that unknown proteins (green)

are also included in APLP1 multimers.

vector using the T4 DNA Ligase, thus obtaining CD86-YFP. Se-
quences of all vectors were verified by DNA sequencing (LGC
Berlin, Germany). Lifeact-GFP was a kind gift from the Eggeling
Lab (Oxford University; Schneider et al., 2017).

Preparation for microscopy experiments

For one-color measurements, cells were transfected 16-20 h before
the experiment using between 250 ng (myr-palm-Card/-YFP) and
1 pg (APLP1-Card/-YFP) plasmid per dish. Plasmids were incu-
bated for 20 min with 2.5-4 pl Turbofect (Thermo Fisher Scientific,
Darmstadt, Germany) per dish and 50 pl serum-free medium ac-
cording to the manufacturer instructions and then added dropwise
to the cells. For cell-mixing experiments, cells were washed 4 h after
transfection with phosphate-buffered saline (+/+) and detached by
gentle shaking using 50 pl trypsin EDTA. Then, cells were resus-
pended in 2 ml medium by pipetting up and down, mixed, and
seeded on new dishes.

For measurements of APLP1 multimerization, culture medium
was replaced by 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (10 mM HEPES, pH 7.1, containing 135 mM NaCl,
6 mM KCl, and 5.5 mM glucose) after two washing steps with the
same buffer. When zinc was required, the buffer was supplemented
with 50 pM ZnCl,. Microscopy was performed after 20 min of incu-
bation in zinc-containing buffer at room temperature.

GPMV preparation

GPMVs were produced following the N-ethylmaleimide (NEM)
protocol (Sezgin et al., 2012). Briefly, cells were washed twice
and incubated for 45 min in NEM buffer (2 mM NEM, 10 mM
HEPES, 150 mM NaCl, 2 mM CaCl,, pH 7.4) at 37°C. Afterward,
the NEM buffer was replaced by the HEPES buffer used for all
imaging experiments. For sFCS measurements, blebs that were
still attached to cells were selected to avoid out-of-focus move-
ment or drift.
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Confocal microscopy imaging

Confocal imaging, sFCS, and ccN&B mea-
surements were performed on a Zeiss
LSM780 system (Carl Zeiss, Oberkochen,
Germany) using a 40x, 1.2 numerical aper-
ture waterimmersion objective. Samples
were excited with a 488-nm argon laser (YFP fluorophore) or a
561-nm diode laser (Card fluorophore). For one-color measurements,
fluorescence was detected between 499 and 695 nm, after passing
through a 488-nm dichroic mirror, using GaAsP detectors. For two-
color measurements, fluorophores were excited and detected se-
quentially for different regions of the spectrum. Excitation and detec-
tion light were separated using a 488/561-nm dichroic mirror. YFP
fluorescence was detected between 499 and 695 nm, and mCardinal
fluorescence was detected between 570 and 695 nm.

sFCS

For one-color sFCS measurements, a line scan of 128 x 1 pixels
(pixel size 160 nm) was performed perpendicular to the membrane
with a 472.73-ps (for GPMV measurements) or 945.45-ps scan time
(for cell measurements). Typically, 250,000-300,000 lines were ac-
quired (total scan time ~2—4 min) in photon counting mode. Laser
powers were adjusted to keep depletion due to photobleaching
below 50%. Typical values were ~0.7 pW for cell measurements and
~1.8 uyW for GPMV measurements. For two-color measurements, a
scan time of 1890 ps was used for both channels, that is, sequential
scans with 945.45 ps per channel. In the absence of zinc (faster
APLP1 dynamics), ~0.7-uW (488-nm) and ~3-pW (561-nm) laser
powers were used. In the presence of zinc (and thus much slower
APLP1 dynamics), a 5-ms break in between each complete scan
was introduced, and 100,000 scans were acquired with laser pow-
ers of ~0.35 pW (488 nm) and ~1.5 pW (561 nm). To maximize the
fluorescence fluctuation signal, cells with the lowest detectable
protein expression were selected. Scanning data were exported as
TIFF files, imported, and analyzed in MATLAB (MathWorks, Natick,
MA) using custom-written code. sFCS analysis follows the proce-
dure described in Ries and Schwille (2006). Briefly, all lines were
aligned as kymographs and divided into blocks of 1000 lines. In
each block, lines were summed up column-wise, and the x position
with maximum fluorescence was determined. This position defines
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the position of the membrane in each block and is used to align all
lines to a common origin. Then, all aligned line scans were aver-
aged over time and fitted with a Gaussian function. The pixels cor-
responding to the membrane were defined as the pixels that are
within £2.5 6 of the peak. In each line, these pixels were integrated,
providing the membrane fluorescence time series F(t). When
needed, a background correction was applied by subtracting the
average pixel fluorescence value in the cytosol multiplied by 2.5 ¢
(in pixel units) from the membrane fluorescence, in blocks of 1000
lines (Dérlich et al., 2015). To correct for depletion due to photo-
bleaching, the fluorescence time series was fitted with a two-com-
ponent exponential function, and the previously introduced correc-
tion formula was applied (Ries et al, 2009). For two-color
measurements, the alignment and correction procedure was inde-
pendently performed for each channel. Finally, ACFs (G,t,) and, in
the case of two-color experiments (g = green channel, r = red
channel), CCFs (Ggoss) Were calculated as follows:

(SF(03F(t+ 1)
Gauo (%) =" 5 a2
Geross (1) = (8Fg(t)3F (t + 1))

(Fg(t)XF(t)

where 8F =F (t)—(F(t))andi=g,r.

A model for two-dimensional diffusion in the membrane and a
Gaussian focal volume geometry was fitted to the ACFs (Ries and
Schwille, 2006):

1 < -1/2 < -2
G(t):N(Haj (1+—Td52j

To calibrate the focal volume, point fluorescence correlation
spectroscopy (FCS) measurements with Alexa 488 and rhodamine B
dissolved in water at 50 nM were performed. In the fitting routine,
the structure parameter S was fixed to the value determined in the
calibration measurement (typically around 5). For one-color mea-
surements, the particle number N and diffusion time 14 were ob-
tained from the fit. Diffusion coefficients (D) were calculated using
the calibrated waist of the focal volume, D = ®3 /414. The molecular
brightness was calculated by dividing the mean count rate by the
particle number determined from the fit, B=(F(t))/N. For two-color
measurements, all correlation functions were used to fit the diffu-
sion model described above. Relative cross-correlation values
were calculated from the amplitudes of the ACFs and CCFs:

Gcross (0) Gcross (O)
max ,
G246 (0) " Ghuo (0)

where Geross (0) is the amplitude of the CCF and Gl (0) is the
amplitude of the ACF in the ith channel (i = r, g). Diffusion coeffi-
cients and brightness values were calculated from the obtained fit
parameters of the ACFs. Average diffusion coefficients and bright-
ness values in the text are provided as mean or median (in the case
of strongly skewed data distributions) = SD from all measured cells
or GPMVs.

ccN&B analysis

ccN&B experiments were performed as described in Digman et al.
(2009) with a modified acquisition mode. Briefly, 100 images of 512 x
512 pixels were acquired per measurement using a 74-nm pixel size
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and 6.3-us pixel dwell time sequentially for the two detection chan-
nels (switching channel every line). Laser powers were maintained
low enough to keep bleaching below 10% of the initial fluorescence
signal (typically ~0.7 pW for 488 nm and ~3 pyW for 561 nm). For
measurements in the presence of zinc, a 5-s break was introduced
between each frame (in order to account for the slow dynamics of
APLP1 clusters). CZI image output files were imported into MATLAB
using the Bioformats package (Linkert et al., 2010) and analyzed us-
ing a self-written script. Before further analysis, pixels corresponding
to cell—cell contacts were selected manually as regions of interest.
Frames were aligned to the first frame by maximizing the spatial cor-
relation between subselections in consecutive frames, averaged
over both channels, as a function of arbitrary translations (Trullo
et al., 2013). Brightness values (in both spectral channels and cross-
correlation brightness) were calculated as described in Digman et al.
(2008, 2009), and a boxcar algorithm was applied to filter extraneous
long-lived fluctuations (Hellriegel et al., 2011; Mayer et al., 2016).
Pixels with count rates >2 MHz were excluded from the analysis to
avoid pile-up effects. To further calibrate the detector response, we
measured the brightness on a reflective metal surface in each chan-
nel. The thus-obtained brightness-versus-intensity plot (which should
be constant and equal to O for all intensity values) was used to correct
the actual experimental data (Digman et al., 2008). Brightness and
cross-correlation data are presented as histograms displaying values
of all pixels corresponding to cell-cell contacts. Final values are pro-
vided as average or median (in the case of strongly skewed data
distributions) cross-correlation brightness + SEM.

Brightness calibration and fluorophore maturation
The molecular brightness, that is, the photon count rate per mole-
cule, is used as a measure of the multimerization state by calibration
with the brightness of a monomeric reference. This analysis is often
based on the assumption that all fluorophores within a multimer are
fluorescent. However, fluorescent proteins can undergo dark state
transitions or be in a nonmature, nonfluorescent state (Chen et al.,
2010). This issue has been reported in particular for red fluorescent
proteins (Hendrix et al., 2008) and can be noticed in different ampli-
tudes of the fluorescence ACF of tandem dimers (Foo et al., 2012).
We have observed that the ACF amplitude for the Card channel is
typically much higher than that of YFP in two-color sFCS measure-
ments of a myr-palm-Card-YFP tandem control (Supplemental
Figure S1). We attribute this effect to a lower maturation probability
of Card compared with YFP. Therefore, to maximize the dynamic
range of the brightness analysis, we restricted our analysis to YFP.
To estimate the maturation probability of YFP, we designed a
myr-palm-YFP-YFP tandem and measured its brightness using sFCS
and N&B. We found a normalized brightness of ~1.6 for the dimer,
which corresponds to a maturation probability p,, of =60%. We used
this value to normalize all brightness data of APLP1-YFP (sFCS and
N&B) using the transformation

Bo.app
—_— B
normalized brightness = 1+—
Pm

where Bj, app is the measured apparent molecular brightness and By
is the molecular brightness of a monomer (e.g., myr-palm-YFP). The
transformation formula was derived assuming a binomial probability
distribution for the fluorescence of the n fluorescence units in an
n-mer. The normalized brightness indicates then the true oligomeric
size of the complexes. This calibration procedure was applied to
both sFCS and N&B measurements.
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Code availability
MATLAB custom-written code is available upon request from the
corresponding author.
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