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Terbium-Based Time-Gated Forster Resonance
Energy Transfer Imaging for Evaluating Protein-
Protein Interactions on Cell Membranes

Stina Lindén,? Manish Kumar Singh,”®? K. David Wegner,® Marie
Regairaz,® Frangois Dautry,® Frangois Treussart,” and Niko Hildebrandt*?

Fluorescence imaging of cells and subcellular compartments is an essential tool to
investigate biological processes and to evaluate the development and progression of
diseases. In particular, protein-protein interactions can be monitored by Forster
resonance energy transfer (FRET) between two proximal fluorophores that are
attached to specific recognition biomolecules such as antibodies. We investigated the
membrane expression of E- and N-cadherins in three different cell lines used as model
systems to study epithelial to mesenchymal transition (EMT) and a possible detection
of circulating tumour cells (CTCs). EMT is a key process in cancer metastasis, during
which epithelial markers (such as E-cadherin) are down-regulated in the primary
tumour whereas mesenchymal markers (such as N-cadherin) are up-regulated, leading
to enhanced cell motility, intravasation, and appearance of CTCs. Various FRET
donor-acceptor pairs and protein recognition strategies were utilized, in which Lumi4-
Tb terbium complexes (Tb) and different organic dyes were conjugated to several
distinct E- and N-cadherin-specific antibodies. Pulsed excitation of Tb at low repetition
rates (100 Hz) and time-gated (TG) imaging of both the Tb-donor and the dye-acceptor
photoluminescence (PL) allowed efficient detection of the EMT markers as well as
FRET in the case of sufficient donor-acceptor proximity. Efficient FRET was observed
only between two E-cadherin-specific antibodies and further experiments indicated
that these antibodies recognized the same E-cadherin molecule, suggesting a limited
accessibility of cadherins when they are clustered at adherens junctions. The
investigated Tb-dye FRET systems provided reduced photobleaching compared to the
AlexaFluor 488-568 donor-acceptor pair. Our results demonstrate the applicability and
advantages of Tb-based TG FRET for efficient and stable imaging of antibody-
antibody interactions on different cell lines. They also reveal the limitations of
interpreting colocalization on cell membranes in the case of lacking FRET signals.

Introduction

Circulating tumour cells (CTCs), i. e. cells in the bloodstream originating from a solid tumour, are currently actively studied as
a potential source of information on the tumour, its genetic alterations, and its response to treatment.' One major difficulty is to
identify CTCs since they are present at a very low abundance in comparison with white blood cells (typically 10~ — 10°°). For
tumours of epithelial origin, which constitute the major types of cancer, it is assumed that cells cannot efficiently egress from
the tumour unless they undergo an epithelial to mesenchymal transition (EMT), which reduces the strength of cell-cell
interactions and endow them with migratory capacities (Figure 1A).> One of the hallmarks of EMT is the replacement of E-
cadherin (epithelial marker) by N-cadherin (mesenchymal marker) at the surface of cells. Cadherins are transmembrane proteins
that play a crucial role in cell-cell interactions, mostly through the organization of adherens junctions made of dynamic patches
of these molecules.®> Within a patch, molecules are organized through cis interactions between cadherins (i. e. between
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molecules in the same membrane) and trans interactions (i. e. between molecules on apposed membranes).* While classical
cadherins mediate homophilic interactions, heterophilic interactions between E- and N-cadherin have been observed in vitro
and in some cases in vivo.” However, it is unclear how E- and N-cadherins are distributed in the cell membrane when they are
coexpressed. By itself, the expression of N-cadherin cannot be used to detect CTCs since hematopoietic cells also express the
protein. On the other hand, relying solely on E-cadherin expression would bias the study in favour of purely epithelial cells,
which are unlikely to be the most aggressive ones. The only FDA-approved test for CTC detection (Cell Search from Johnson
& Johnson)® relies on the expression of epithelial markers and detects fewer cells than an assay that enriches in CTC on the
basis of their larger size compared to most hematopoietic cells (ISET from Rarecells)’. While during development EMT seems
to be a toggle between two states, cancer cells behave in a less clear cut manner and can simultaneously express epithelial and
mesenchymal markers.>!° Indeed, we have observed that some tumour cells lines express both E- and N-cadherins, in
agreement with recent publications.!" Being able to detect cells coexpressing E- and N-cadherins would allow to monitor the
presence of cells that are likely to be more relevant to the metastatic process than purely epithelial cells.

While the detection of E- and N-cadherin expression with antibodies coupled to two distinct fluorophores should in
principle allow the identification of cells with an intermediate epithelial / mesenchymal phenotype, such an approach cannot
provide any information about the E/N cadherin distances and their possible interactions in clusters. Alternatively, one can
combine immunolabeling with Forster resonance energy transfer (FRET) to reveal with a high specificity the presence of the
two molecules in close proximity. FRET is a non-radiative energy transfer from an excited donor to a proximal (ca. 1 to 20 nm)
ground-state acceptor and requires spectral overlap of donor emission and acceptor absorption.'?'> Thus FRET could produce
an ideal signature of E/N-cadherin clustering if the two molecules were close enough to each other in the cell membrane. Many
donor-acceptor pairs using organic dyes, metal complexes, nanoparticles, fluorescent proteins, and other fluorophores are
available for FRET experiments.'®'” In a typical cellular imaging setup for the analysis of protein-protein interactions the donor
and acceptor fluorophores are conjugated to two different biological recognition molecules (antibodies in most cases),?* 2!
which are specific for the two interacting proteins. Once the antibodies bind to their protein targets, donor and acceptor can
interact by FRET, which can be detected by quenching of the donor photoluminescence (PL) and/or sensitization of the
acceptor PL.**?* One major drawback of conventional dyes and fluorescent proteins is their susceptibility to photobleaching,**
27 which makes long excitation and emission cycles almost impossible and causes difficulties in FRET analysis due to donor
and/or acceptor bleaching. Because changes in donor and acceptor PL intensities and/or lifetimes are used for FRET analysis,
alterations due to photobleaching can strongly interfere with the analysis of FRET signals. Luminescent nanoparticles, such as
semiconductor quantum dots (QDs), can overcome photobleaching problems.””-?® However, their relatively large sizes
compared to biomolecules may perturb biological function and although QDs allow for relatively large Forster distances (R,
donor-acceptor distance at which the FRET efficiency is 50 %)*° and high FRET efficiencies in case of direct attachment of
dyes to water-soluble uncoated QDs,*® the often applied thick polymer or lipid-based surface coatings result in increased donor-
acceptor distances.*!"*?

An alternative approach consists in using time-gated (TG) or time-resolved (TR) imaging with lanthanides, taking
advantage of their long PL lifetimes (in the ps to ms range). Such imaging techniques involve pulsed excitation at low
repetition rates (Hz to kHz range), which leads to fewer excitation-emission cycles per unit time than for fluorophores with
short (ns range) PL lifetimes, such as organic dyes, and therefore to a reduced photobleaching. Moreover, PL detection can be
performed several microseconds after the excitation pulse when autofluorescence of other components (e.g. endogenous
fluorophores in biological samples, in particular in tissues)’* >’ has already occurred and therefore significantly reduce
background signals. TG and TR microscopy approaches with long-lived fluorophores were already developed more than 20
years ago>® 3’ but they have never become standard imaging tools. Technological advances and improved lanthanide-based
fluorophores have led to a recent revival of time-gated imaging, which includes applications on standard wide-field

microscopes equipped with pulsed UV excitation sources and time-gated cameras,*>*?

time-gated scanning luminescence using
optical choppers and PMT detection,*® time-gated orthogonal scanning automated microscopy (OSAM),* which was also
applied for multiplexed imaging using upconversion nanocrystals,*’ and pinhole shifting lifetime imaging microscopy (PSLIM)
and temporal sampling lifetime imaging microscopy (TSLIM) for the use on conventional confocal laser scanning microscopes
in both TG and TR imaging.*® Apart from detection of only the lanthanide PL, FRET from lanthanide donors to different dye
acceptors has also been demonstrated in several spectroscopy and imaging studies.*>*

Here, we present an extensive TG-FRET imaging investigation of different model cell lines, which express E-cadherin,
N-cadherin, or both, using immunostaining with luminescent Tb complexes (Tb) as FRET donors and various organic dyes as
FRET acceptors to demonstrate the usability of TG-FRET imaging for the detection of protein-protein interactions at the cell
membranes. Moreover, we also show the limitations of FRET imaging to interpret these interactions when no FRET signal is

detected.
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Results and discussion
E- and N-cadherin expression in the different cell lines.

The main goal of our biological study was to distinguish between a simple coexpression of E- and N-cadherins (Figure 1 B and
D) and cadherin clustering at the FRET-imaging scale of ca. 1 to 10 nm (Figure 1 C and E). For this purpose we investigated
three tumour-derived cell lines: MCF-7 (from a breast carcinoma) expressing only E-cadherin, A549 (from a lung carcinoma)
expressing E- and N-cadherin, and M4-T (from a melanoma) expressing only N-cadherin. MCF-7 was selected to evaluate the
performance of our TG-FRET imaging system. We expected to be able to detect FRET between two E-cadherins for the MCF-7
cells because it was reported that E-cadherins at adherens junctions are packed in a quasi-crystalline structure with a mean
distance between molecules of ca. 7 to 8 nm,*> *® Flow cytometry experiments (Figure S1 in the ESI) confirmed the expression
of E-cadherin but not N-cadherin at the cell membrane of MCF-7 cells. A549 cells were selected due to their ability of
expressing both E- and N-cadherin as confirmed by confocal microscopy (Figure 2) and flow cytometry (Figure S2 in the ESI).
The confocal microscopy images clearly show coexpression of both cadherins on the cell membranes but as the spatial
resolution is diffraction-limited they do not allow a determination of the E-N cadherin distances. Because most dye acceptors
were used to label N-cadherin-specific antibodies we selected the purely N-cadherin expressing M4-T cells to compare Tb-to-
dye FRET to dye-to-dye FRET for an evaluation of background fluorescence suppression and photobleaching.
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Figure 1: Schematic presentations of EMT (A, cells in epithelial (), intermediate (II) and mesenchymal (lll) state) and the distinction between E-
cadherin and N-cadherin coexpression (B and D) and E/N-cadherin clustering (C and E) by TG FRET using Tb-donor antibody (green) excitation
(magenta arrow) and dye-acceptor antibody (orange) emission (orange arrow). D: When E- and N-cadherins are not in a close distance (>20 nm)
UV-excitation of the immunostained cells leads to long-lifetime Tb PL (green), a strong nano- to microsecond autofluorescence (brown) and a weak
short-lived (nanoseconds) acceptor PL. E: Clustering of E- and N-cadherins brings the Tb-donor and dye-acceptor in close proximity, which causes
Tb-to-dye FRET. As the FRET efficiency nerer depends on the PL decay times of the pure Tb-donor (tp) and the one of the Tb-dye donor-acceptor
pair (tpa) by nerer = 1 - (toa/tn), FRET leads to millisecond Tb and dye emission (light green and orange, respectively) that is shorter than the pure
Tb PL decay time. TG detection of the FRET quenched Tb-donor PL and FRET-sensitized dye-acceptor PL intensities several microseconds after

the excitation pulse leads to specific PL signals for E/N clustering.

Figure 2: Confocal images of A549 cells, which coexpress E-cadherin (A, FITC dye) and N-cadherin (B, AlexaFluor594 dye). The overlay image (C)
shows colocalization (indicated by the white pixels) with Mander’s overlap coefficients of M1 = 0.95 (fraction of AF594 pixels overlapping FITC
pixels) and M2 = 0.48 (fraction of FITC pixels overlapping AF594 pixels) but does not contain any information about the E-N cadherin distances

(E/N cadherin clusters). Scale bars correspond to 20 pm.
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Antibody-fluorophore conjugates and FRET properties.

FRET imaging studies using immunostaining with donor and acceptor antibodies require many control experiments to allow
determination of the origin of the different donor and acceptor PL signals as well as decreased PL signals, which can possibly
occur due to insufficient staining or too large donor-acceptor distances (no FRET) caused by the protein expression levels
and/or the FRET antibodies. We tested many different antibodies for efficient E-and N-cadherin targeting and selected those
with the best selectivity to be combined with the Tb-complex Lumi4®-Tb>’ as FRET donor and different dyes as FRET
acceptors. Some of the antibodies were readily available as dye-conjugates whereas others were conjugated in-house (cf.
experimental section). It should be noted that despite its strong and well-known susceptibility to photobleaching FITC is still a
frequently applied dye for fluorescence immunostaining because many antibody-FITC conjugates are commercially available.
Figure 3 shows the different combinations of primary and secondary antibodies with Tb and various dyes for specific
recognition of E- or N-cadherin and the resulting FRET pairs. E-cadherin was selected to be stained with Tb donor antibodies
for studying both E-to-E and E-to-N cadherin FRET experiments between Tb and dye antibodies. Accordingly, one type of goat
polyclonal and one type of mouse monoclonal primary antibodies were conjugated with Tb and AlexaFluor 568 (AF568) and
secondary antibodies were labelled with Tb (anti-goat), Alexa Fluor dyes AF488, AF568, AF594, or FITC (anti-goat and anti-
mouse). For N-cadherin (acceptor protein) a mouse monoclonal primary antibody was conjugated with AF568, AF647, or FITC
and the same dye-conjugated anti-mouse antibodies as for E-cadherin staining were used as secondary antibodies. The various
combinations led to two different Tb-dye FRET pairs for TG imaging of E-cadherin expression on MCF-7 cells, five different
Tb-dye FRET pairs for TG imaging of E- and N-cadherin expression on A549 cells, and one dye-dye FRET pair for steady-state
(SS) imaging of N-cadherin expression on M4-T cells.

The chemical and photophysical properties of Lumi4-Tb and its advantages as Tb FRET donors have been discussed in
detail elsewhere.>* > ® Briefly, they consist of unpolarized emission and extremely long excited-state lifetimes of 2.6 ms
(Figure S1 in the ESI), which justify the orientation factor approximation of &*=2/3, and multiple and well-separated PL
emission bands, which allow FRET to several different dyes for spectral multiplexing. The absorbance and emission spectra of
Tb and the different dyes are shown in Figure 4. Using the spectral overlap of Tb donor emission and the dye acceptor
absorbance, the Forster distances were calculated by equation 1,

Ry = 0.02108 (1k*®pn~*))'/6 nm (1)
where &% = 2/3 is the orientation factor between the Tb emission and dye absorption transition dipole moments, ®p, = 0.75 is the PL quantum
yield of the central Tb-ion, n = 1.33 is the refractive index of the aqueous buffer, and J (in M"'em 'nm?) is the spectral overlap integral as
defined by equation 2,

J = [Ip(A) ea(®) 2* d2 2
where /. p®) (with i1 p(A) = 1) is the intensity normalized emission of Tb and g4(A) is the molar absorptivity (or extinction coefficient) of the
dye. The R, values of the different Tb-dye FRET pairs are in the 5 to 6 nm range (Figure 4), which should provide a maximum detectable
distance of approximately 10 to 12 nm (2xR;).>*
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Figure 3: Overview of available Lumi4-Tb and dye antibody conjugates, cell lines, and FRET pairs used for PL imaging experiments in our study. The black box on
the bottom shows the different antibodies that were available as polyclonals and/or monoclonals.
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Figure 4: PL emission spectrum of Tb (black in A and B) and absorbance (A) and PL emission (B) spectra of FITC (magenta), AF488 (blue), AF568
(green), AF594 (red), and AF647 (brown, molar absorptivity spectrum in A multiplied by 0.4 for better visibility of all spectra). Forster distances of
the different FRET pairs were calculated using equations 1 and 2: Ro(Tb-FITC) = 4.9 nm, Ro(Tb-AF488) = 4.9 nm, Ry(Tb-AF568) = 6.1 nm, Ry(Tb-
AF594) = 5.9 nm, Ro(Tb-AF647) = 5.9 nm, and Ry(AF488-AF568) = 6.2 nm.

TG imaging for evaluating TG-FRET and E/E cadherin clustering on MCF-7 cell membranes.

To demonstrate the efficiency of TG Tb-to-dye FRET for imaging protein-protein interactions, we first performed a series of
experiments on MCF-7 cells. Fixed cells were incubated for 3 h with primary antibodies against E-cadherin and for an
additional 2 h with secondary antibodies. The cells were then washed and mounted on microscopy slides for imaging. As shown
in Figure 5A, TG imaging of MCF-7 cells targeted with both polyclonal Tb- and dye-labelled primary antibodies led to
efficient FRET (positive TG dye signals upon Tb excitation). Similar experiments were performed with secondary Tb and dye
antibodies, which also led to bright FRET signals (Figure 5B and Figure S4 in the ESI) and very good evidence for efficient
Tb-to-dye FRET.
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Figure 5: Investigation of E/E cadherin clustering in MCF-7 cells by Tb-to-dye FRET. For better clarity, positive signal images have green frames

whereas negative signal images have red frames. A: Time-gated (TG, 0.01 - 2.51 ms after excitation pulse) and steady-state (SS, excited at
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520+14 nm) images in the Tb detection channel (Tb, 542410 nm) and the AF568 detection channel (AF568, 607+5 nm) using polyclonal primary Tb
and AF568 antibodies resulted in positive TG Tb, SS AF568 and TG AF568 (FRET) PL signals, which could be caused by antibody-protein
recognition on the same or different E-cadherins (top or bottom scheme, respectively). B: Similar results as in A were found when using unlabelled
polyclonal antibodies against E-cadherin and Tb and AF568 (left) or FITC (right) secondary antibodies, which offers again two possible binding
scenarios (top and bottom scheme, respectively). C: Using monoclonal Tb and AF568 primary antibodies leads to efficient costaining but no FRET
signal (TG AF568) due to too large distances (> ca. 12 nm) between Tb and AF568 antibodies (scheme). D: For a verification of efficient TG Tb-to-
dye FRET Tb primary antibodies and AF568 secondary antibodies (against the Tb primaries) were used for immunostaining. Efficient costaining as
well as FRET due to antibody-antibody recognition (scheme) are clearly visible in the TG Tb, SS AF568, and TG AF568 PL images, respectively.
Control experiments using only primary Tb antibodies showed that the TG AF568 signal is not caused by spectral crosstalk from the Tb PL (Figure
S7 in the ESI)..

As shown in the schemes of Figures SA and 5B, such positive FRET signals may arise from binding of the two antibodies to
either the same protein (E-cadherin or primary antibody) or to two different ones. To reveal which binding scenario was
responsible for the FRET signals we performed a series of control experiments. Time-resolved spectroscopy using unlabelled
primary E-cadherin antibodies and secondary Tb and dye antibodies in solution (without any cells) showed that several
secondary antibodies could bind to the same primary antibody, which was evidenced by FRET-sensitization of the dye acceptor
secondary antibodies by the Tb donor secondary antibodies (Figures S5 and S6 in the ESI). We further prepared Tb- and dye-
labelled monoclonal antibodies against E-cadherin. In contrast to the polyclonal antibodies, which can bind to different epitopes
of E-cadherin and therefore enable multiple-antibody binding to the same E-cadherin, monoclonal antibodies are specific
against the same epitope, which strongly reduces the possibility of multiple-antibody binding to the same E-cadherin. Despite
very bright Tb and dye antibody staining on the same cells, no FRET was detected (Figure 5C). Taking into account the
expected distances of ca. 7 to 8 nm between clustered E-cadherins at adherens junctions (vide supra), this result was somewhat
unexpected. A possible explanation for the lack of FRET is the unavailability of two different clustered E-cadherins for
efficient antibody recognition. Such steric hindrance does not exist for unclustered E-cadherins or E-cadherins located on cell
surfaces outside of cell junctions, where the density of molecules is much lower. Therefore multiple polyclonal antibody
binding to the same E-cadherin or primary antibody (and FRET) becomes possible (top schemes in Figures SA and B), whereas
the monoclonal antibodies can bind only to single E-cadherins, which are separated by distances beyond the FRET range
(scheme in Figure 5C).

Despite the limitations of our FRET analysis to quantify the distances between E-cadherins in fixed MCF-7 cells, the
successful TG-FRET imaging experiments for FRET donor and acceptor antibody binding to the same protein (E-cadherin or
primary antibody) clearly demonstrate the feasibility of efficient protein proximity detection using TG Tb-to-dye FRET
microscopy. This was further confirmed by efficient FRET on the MCF-7 cells between Tb-labelled primary antibodies and
dye-labelled secondary antibodies (Figure 5D).

TG imaging for evaluating E/N cadherin clustering on A549 cell membranes.

For the different TG-FRET imaging experiments to study E- and N-cadherin co-expression, the immunolabelling was
performed similarly to the one of MCF-7 cells. Figure 6 (and Figures S8 to S10 in the ESI) shows TG and SS images of
various antibody combinations for FRET immunostaining. Independent of the applied combination of Tb- and dye-labelled
antibodies, A549 cells showed positive PL signals for both E-cadherin (TG Tb signals) and N-cadherin (SS dye signals)
immunostaining, with a clear membrane localization and some intracellular signal. Despite this double protein expression,
FRET from Tb to dyes (TG dye signals) could not be observed in any of the various antibody combinations. Taking into
account the results from the MCF-7 cell imaging, the absence of FRET was certainly caused by too long distances between the
Tb and dye antibodies. From the biological point of view the lack of FRET signals prevents any quantification of colocalization
and/or clustering. Nevertheless, different qualitative interpretations are possible. First, E- and N-cadherins may not be
coexpressed in clusters, which would result in E-N cadherin distances beyond the maximum detectable FRET distance of ca. 10
to 12 nm. Second, clustered E- and N-cadherins may be in such a close proximity that efficient binding of the antibodies in E/N
clusters is not possible (or at least very inefficient). Third, the antibodies may be able to bind to the cadherins but the antibody-
protein recognition sites place the two antibodies at a distance beyond the detectable FRET range.

Dalton Discussion XX This journal is © The Royal Society of Chemistry 2014
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Tb (TG) AF568 (SS)  AF568 (TG)

Figure 6: TG (0.01 - 2.51 ms after excitation pulse) and SS (excited at 520+14 nm) images in the Tb detection channel (Tb, 542+10 nm) and the
AF568 detection channel (AF568, 607+5 nm) of different FRET-pair antibody combinations to detect a possible E/N cadherin clustering. Costaining
of Tb-antibodies (against E-cadherin) and AF568-antibodies (against N-cadherin) is clearly visible in the TG Tb and SS AF568 PL images. However,
no FRET signal (TG AF568 signal) is detected, which shows that Tb-donor and dye-acceptor are not in close (< ca. 12 nm) proximity. For better
clarity, positive signal images have green frames whereas negative signal images have red frames. Control experiments using FITC, AF647, AF488,
and AF594 antibodies against N-cadherin as acceptors and different primary/secondary antibody combinations led to the same results (Figures S8
to S10 in the ESI).

Comparison with steady-state dye-to-dye FRET imaging using N-cadherin expression on M4-T cell membranes.

Apart from short-lived autofluorescence background of the cells as one possible disadvantage of SS imaging, many dyes are
prone to photobleaching, which limits their application for imaging cellular processes on longer time scales. During initial TG-
FRET imaging experiments, in which we recorded first Tb-TG, then dye-SS and the dye-TG images we discovered a significant
decrease of the dye PL intensity during the acquisition of the SS images. We therefore adapted our acquisition series and
always took the TG-images (of both Tb and dyes) before the SS images, which significantly improved the TG-dye image
acquisition. It should be noted that different dyes provide different photostabilities and that the conditions of the cell medium
may be optimized by deoxygenation or the addition of different chemicals. However, the selection of matching FRET pairs, the
varying availability of selective antibodies conjugated with different dyes, and a possible sensitivity of the cells to chemical
treatment (in view towards live cell or in-vivo imaging) usually limit the possibilities to achieve a fully optimized system. We
therefore decided to perform a comparison of Tb-to-dye FRET imaging and dye-to-dye FRET imaging under similar conditions,
which implied to use the same acceptor dye AF568 and identical staining procedures. To also match the Forster distance to the
Tb-to-dye system we selected the AF488-AF568 donor-acceptor pair with a Forster distance of approximately 6.2 nm."”

The fluorescence images of M4-T cells in Figure 7A show SS AF568 PL signals upon AF488 excitation at
438+12 nm. This wavelength range is not optimal for AF488 excitation but it was selected to avoid any significant direct
AF568 excitation (Figure 4A), which is an important requirement for SS FRET experiments to distinguish between direct and
FRET-sensitized acceptor PL. Although the most efficient FRET scenario of direct primary-secondary antibody binding (cf.
Figure 5D) provided the brightest PL signal (Figure 7A II), unconjugated primaries (Figure 7A III), AF568 primaries (Figure
7A 1), AF568 secondaries (Figure 7A IV), AF488 secondaries (Figure 7A VI), and both FRET secondaries (Figure 7A V, with
lower PL intensity than the non-FRET images IV and VI) also provided more or less strong PL signals in the AF568 detection
channel upon AF488 excitation. Such unwanted PL background signals impede the analysis of FRET because they cannot be
distinguished from the FRET signals. In addition to background PL, photobleaching is very problematic for both measurements
over long time periods and the quantitative analysis of FRET. Figure 7B shows a series of images of photobleaching of the
AF488- and AF568-labelled antibodies against N-cadherin in M4-T cells. Both AF488 (upon AF488 excitation) and AF568
(upon AF568 excitation) show strongly decreased PL intensities within only three image acquisition cycles. Similar bleaching
was found in M4-T cells that were stained with only one of the antibodies (AF488 or AF568, Figure S11 in the ESI). The
necessity to image donor and acceptor PL on the same cells in a serial manner (unless image splitters for the simultaneous
detection of two colours are used) further complicates a precise evaluation of dye-to-dye FRET because the acceptor PL images
contain a convolution of donor photobleaching and FRET sensitization by the photobleached donor (Figure S12 in the ESI). It
should be noted that the use of a different cell line (M4-T) and the detection of only N-cadherins does not allow a direct
comparison with the TG Tb-to-dye FRET images taken on A549 and MCF-7 cells using E- and N-cadherin immunostaining.
Nevertheless, the similar experimental conditions demonstrate the problematic PL background and photobleaching issues in
dye-to-dye FRET imaging and underline the efficiency of TG Tb-to-dye FRET imaging with high signal-to-background ratios,
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stable PL intensities, and high photostability over longer measurement times compared to standard SS imaging with organic

dyes.
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Figure 7: A: SS images of different combinations of AF488 donor antibodies with AF568 acceptor antibodies on M4-T cells were recorded in the
AF568 PL emission channel upon excitation of AF488 (438+12 nm, no significant direct excitation of AF568). Although the two possible AF488-
AF568 FRET combinations (Il and V) led to positive PL signals, the dye-dye FRET pair could not provide clear evidence for FRET because direct

excitation of AF568 (I and V), spectral crosstalk of AF488 PL in the AF568 detection channel (VI), and autofluorescence of immunostained cells
without any dyes (Ill) also led to positive PL signals. Control experiments using specific excitation of only AF488 antibodies and AF568 antibodies
confirmed that both dye-labelled antibodies were bound to the cell membranes (Figure S12 in the ESI). B: Strong photobleaching (three serial
image acquisitions from top to bottom) of both AF488 (excitation via 438412 nm and detection via 522+6 nm transmission filters, 100 ms acquisition
per image) and AF568 (excitation via 54210 nm and detection via 607+5 nm transmission filters, 350 ms acquisition per image) with both dye-
labelled antibodies against N-cadherin or with only one type of each dye-labelled antibody (Figure S11 in the ESI).

Conclusions

In this study we have shown that TG Tb-to-dye FRET microscopy can be an efficient imaging tool for the analysis of protein-
protein interactions. In particular, the strong reduction of short-lived PL background from sample autofluorescence and direct
acceptor excitation and of donor spectral crosstalk in combination with low excitation repetition rates and reduced photobleaching
provide significant advantages of Tb-to-dye FRET analysis compared to conventional dye-to-dye systems. Concerning A549 cells
used as a model of membrane E- and N-cadherin co-expression for a possible distinction of CTCs, we could not detect FRET
using immunostaining with Tb and dye antibody conjugates. There are two main interpretations of these results: i) although E-and
N-cadherins colocalize at distances that cannot be accessed with diffraction-limited optical resolution (Figure 2), they are in fact
separated by distances larger than our FRET range (max. 12 nm), ii) the dense packing achieved in adherens junctions does not
allow antibody binding to adjacent molecules. This second possibility is supported by the absence of FRET between two E-
cadherin molecules in MCF-7 cells although in culture these cells have extensive cell-cell contacts through adherens junctions. In
spite of the numerous studies on cadherins there is only one conclusive report of FRET between two cadherins,® which is based
on the expression of engineered N-cadherins that contain fluorescent proteins inserted in the second extracellular domain next to
the dimerization domain. Notably, this approach was designed to circumvent the issue of accessibility by using genetically
modified cells expressing the fluorescent reporters. Moreover, when the fluorescent protein was inserted in a domain proximal to
the membrane the FRET efficiency was greatly reduced, which illustrated that the packed cadherins are in an extended
conformation in agreement with the large distance between the two membranes of the apposed cells at adherens junction (15 to
30 nm)*. Although our TG-FRET study could unfortunately not provide conclusive results concerning the clustering of E- and/or
N-cadherins on the membranes of different cell lines, efficient FRET between Tb and dye antibodies bound to the same target (E-
cadherin or primary antibody) demonstrated the advantages of TG Tb-to-dye FRET in comparison to dye-to-dye FRET using the
well-known AF488-AF568 FRET-pair for cellular imaging. We believe that these results will be even more relevant for FRET
imaging in tissues, which suffer from significantly higher autofluorescence background, and that TG Tb-to-dye FRET can serve to
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efficiently image protein-protein interactions via immunolabeling with antibodies that are able to target complementary epitopes at
distances below ca. 12 nm.

Experimental

Cell culture and immunofluorescence labeling for confocal microscopy. Cells were cultured on glass coverslips at the bottom of 12-well
plates for 48 h in Dulbecco's Modified Eagle Medium (DMEM-Glutamax, Life Technologies) with 10 % FBS and antibiotics (Penicillin-
Streptomycin, Life Technologies) at 37 °C and 5 % CO,. Then cells were fixed with 3 % formaldehyde. Formaldehyde was removed and the
wells were rinsed with 1M glycine, followed by two washes with blocking solution (10 mM HEPES with 2 % Fetal bovine serum, FBS) and
a final incubation with the blocking solution for 30 min at 37 °C. After removal of the blocking solution, 60 pL of either 1/100 (anti-E-
cadherin) or 1/200 (anti-N-cadherin) dilution of the primary antibodies (see references below) in HEPES were added. The coverslips were
then rinsed three times with HEPES and exposed for 1 h at 37 °C to 60 pL of the fluorophore-labelled secondary antibodies at 1/100 dilution
in HEPES. Slides were mounted with Fluoromount-G (ref. 0100-01Southern Biotech, Alabama, USA).

Cell culture and immunofluorescence labeling for time-gated imaging. Cells were grown on coverslips for 48 h in DMEM (Sigma-
Aldrich) supplemented with 10% FBS, 2 mM L-glutamine (Life Technologies) and antibiotics (1x Anti Antibiotic-Antimycotic, Gibco) at
37 °C with 5 % CO,. The cells were fixed in 4 % formaldehyde in PBS and rinsed with a 1 M glycine solution. The cells were blocked for
30 min with 2 % FBS in PBS. The samples were then incubated with antibody solutions at 37 °C (primaries 3 h, secondaries 2 h) for the
appropriate experiment (see antibodies below), rinsed with PBS, and mounted on microscopy slides using Fluoro-Gel (Electron Microscopy
Sciences). Primary antibodies: Anti-E cadherin goat polyclonal (ref. AF648, R&D Systems, Minneapolis, USA), anti-N Cadherin [8C11]
antibody (ref. ab19348, Abcam, Cambridge, UK), pan Cadherin Antibody (3F4) (ref. HO0000999-M01, Novus Biologicals). Secondary
antibodies: donkey anti-goat IgG-FITC (ref. sc-2024, Santa Cruz Biotechnology Inc., Dallas, USA), Alexa Fluor™ 594 Donkey Anti-Mouse
IgG(H+L) (ref. A-21203, Life Technology, USA), Alexa Fluor 488 Donkey Anti-Mouse IgG (H+L) (ref. A-21202 Life Technology, USA),
Donkey Anti-Mouse IgG H&L (FITC) preadsorbed (ref. ab7057 Abcam).

Antibody conjugation. Primary and secondary antibodies, (AF648 from R&D Systems, H00000999-MO01 from Novus Biologicals, ab19348,
ab7120 and ab7056 from Abcam) were labelled with amine-reactive dyes (Alexa Fluor 568 NHS ester and Alexa Fluor 647 NHS ester from
Life Technologies and NHS-Fluorescein from Thermo Fisher Scientific) or TbL4 (Lumi4®-Tb-NHS, Lumiphore), both in concentration
excess to the antibody solutions, in 100 mM Carbonate buffer at pH 9.0. The mixtures were incubated while rotating at 25 rpm (Intelli-
Mixer, ELMI) for 5 h at room temperature. The samples were purified using 30 kDa filter centrifugal devices (Amicon Ultra 0.5 mL filters)
and stored in 100 mM Tris-HCl buffer, pH 7.2.

Confocal laser-scanning immunofluorescence microscopy. Cells were imaged using a TCS SP2 inverted microscope (Leica
Mikrosysteme, Wetzlar, Germany) using a 63%/1.32 NA immersion oil objective. LCS MicroLab (Leica) and ImageJ (National Institute of
Health, USA) softwares were used for acquisition and image processing respectively. FITC dye was excited with the wavelength 488 nm line
of an argon laser; FITC selected detection range was 520-540 nm. AF594 dye was excited with the wavelength 543 nm line of a helium-neon
laser, and the selected detection range was 610-650 nm. The exposure time was 5 ps/pixel for all scans.

Steady-state (SS) and time-gated (TG) widefield immunofluorescence microscopy. Cells were imaged using an inverted microscope
(Olympus IX71). For steady-state fluorescence images the samples were excited using a mercury lamp (X-Cite 120Q, Lumen Dynamics) and
images acquired with a scientific CMOS camera (PCO). For time-gated images the samples were excited from on top by a pulsed laser at
100 Hz (Spectra-Physics), triggering an ICCD camera (PI-MAX3, Princeton Instruments). The settings for acquisition were kept at 10 us
delay, 2.5 ms gatewidth, 400-800 gates/exposure and gain 100. Image processing was done using ImageJ (National Institute of Health, USA,
http://imagej.nih.gov/ij/).
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