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27Inhomogeneous broadening and red-edge effects have been detected on a highly mobile system of fluorescently
28conjugated mAbs targeted to cell surface receptors. By exploiting site-selective spectroscopy and the character-
29istic loss of homo-FRET on increasing excitation and decreasing emission wavelengths, contributions of physical
30rotation and homo-FRET to the depolarization of fluorescence anisotropy have been separated. Absolute homo-
31FRET efficiency has been determined by ratioing two anisotropies: a homo-FRET-sensitive one, which is excited
32at the absorption main band and detected at the long wavelength region of emission, and a homo-FRET-
33insensitive one, which is excited at the long wavelength region of absorption and detected at the short wave-
34length region of emission. Because the anisotropies are simultaneously detected in a unified detection scheme
35of a dual T-format arrangement, the method is applicable for the real-time tracking of dynamical changes of
36physical rotations and proximities. The utility of the method is demonstrated in the context of the MHCII mole-
37cule and the heavy and light chains of the MHCI molecule, a system of three receptors with well-characterized
38closemutual proximities. Although themethod is presented for a flow cytometer, it can also be realized in a fluo-
39rescence microscope capable for dual-laser excitation and dual-anisotropy detection.

40 © 2015 Published by Elsevier B.V.
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45 1. Introduction

46 Homo-energy transfer (homo-FRET) is an important phenomenon
47 for detecting and quantifying receptor clusters in the 1–10 nm inter-
48 receptor separation range by using a single type of fluorophore [1–9].
49 Generally it is measured through its depolarizing effect exerted on the
50 fluorescence anisotropy. Because possible rotational Brownian-motion
51 of the fluorophores could also contribute to depolarization of anisotro-
52 py, homo-FRET can most readily be detected for systems possessing
53 highly restricted rotational mobility on the nsec time-scale, e.g., differ-
54 ent kinds of visible fluorescent proteins (VFPs) [1,10,11]. In the more
55 general case of fluorophores having substantial rotational mobility, a
56 common way of separating the effects of homo-FRET and rotational
57 motion is changing the concentration offluorophores by either applying
58 different amounts of dyes for labeling or by photobleaching [12,13]. The

59limitations of these approaches are that they require multiple samples
60and/or they are not reversible precluding real time monitoring of
61dynamic processes when both proximity and mobility can change
62simultaneously. Additionally photobleaching may be applied mainly in
63microscopy rather than flow cytometry due to the required high light
64doses. A reversible way of depressing homo-FRET may be absorption
65saturation, but this may require high illumination intensities which
66may interfere with life processes [14].
67Aiming at the generalization of the approach set out by A. Squire
68et al. [10] – who measured homo-FRET between practically immobile
69VFP chromophores – for systems having larger degree of rotational
70mobility than VFP, we propose an alternative method for the isolation
71and the optimization of the detection of homo-FRET. It is accomplished
72by exploiting the characteristic wavelength dependencies of homo-
73FRET, i.e., the absorption red-edge and emission blue-edge effects [11,
7415–20], shown in the presence of inhomogeneous broadening.
75Inhomogeneous broadening is the phenomenon when the molec-
76ular energy levels become distributed due to different interaction
77strengths with the local environment, such as solvent shells, protein
78and lipid milieus. Because the energy levels of different molecules are
79affected differently, this broadening is called inhomogeneous, in con-
80trast to the homogeneous broadening when the energy levels of all
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81 molecules are affected the same fashion (e.g., vibrational- or termal-
82 broadening, velocity- or Doppler-broadening, natural-broadening of
83 spectra). While the deeply lying energy levels are occupied by the
84 most strongly interacting particles, the upper lying levels are occupied
85 by theweakly interacting ones. In themethod called site photoselection,
86 it is possible to monitor only a specified subpopulation of the total one
87 at custom according to the strength of interaction with the envi-
88 ronment. This is achieved with narrow-band light sources tuned in
89 wavelength to the energy of the subpopulation in interest. Specific,
90 environment sensitive “2-state” dyes working on these principles
91 have developed recently for monitoring fluidity gradients in mem-
92 branes, membrane surface potential, dipole potential, and lipid phase
93 transitions (“potential and fluidity probes”, “polarity dyes”) [17–19].
94 Because FRET is governed by the spectral overlap between absorption
95 and emission spectra, molecular rendering according to energy levels
96 introduces directionality in FRET, implying energy migration in the
97 direction of decreasing energy (Fig. 1, Panel A) [20]. The absorption
98 red-edge effect – discovered by G. Weber in 1960 [16] – and the emis-
99 sion blue-edge effect are consequences of this general principle, and
100 they refer to failure of FRET due to the depletion of energy acceptors
101 and donors for FRET, respectively (Fig. 1, Panel B).
102 Concerning first the absorption red-edge effect, elimination of the
103 effect of rotational depolarization may be attempted by ratioing two
104 anisotropy values simultaneously measured at the maximum and at
105 the long wavelength edge of the absorption spectrum (red-edge), the
106 latter anisotropy being dependent only on rotation, while the former
107 being dependent on both homo-FRET and rotation. The emission coun-
108 terpart of this phenomenon, called the blue-edge effect, also exists:
109 While the anisotropy detected at the maximum of the emission spec-
110 trum is affected by both rotation and homo-FRET, the one detected at
111 the short wavelength emission edge (blue-edge) is affected by only
112 rotation, thereby offering another possibility for the elimination of the
113 effect of rotation by ratioing two appropriate anisotropies. By combin-
114 ing these two effects for increasing efficiency, we aimed to separate
115 rotation and homo-FRET by sequentially photoselecting a subpopula-
116 tion sensitive mainly to rotation, accomplished with red-edge excita-
117 tion, blue-edge emission, and another one equally sensitive for both
118 rotation and homo-FRET, accomplished with main-band excitation,
119 red-edge emission, in a flow cytometer. Besides the spectral heteroge-
120 neity, and directionality in FRET however, heterogeneities in other
121 spectral characteristics such as fluorescence lifetime and rotational
122 correlation time, may also arise, which can be taken into account in a
123 calibration procedure.
124 We first demonstrate the existence of the red-edge effects for the
125 surface-tethered dyes. Then we show the feasibility of a hybrid ap-
126 proach which takes into account both the aforementioned red-edge
127 and blue-edge effects for an efficient separation of the depolarizing
128 effects of homo-FRET and rotation in flow cytometric dual-laser dual-
129 anisotropy homo-FRET determinations in clusters of the MHCI and
130 MHCII molecules. These are two important cell surface immune recep-
131 tors vital in the initiation of T-cell mediated immune responses [4,21].
132 The receptors were labeled with fluorescently stained mAbs. Practical
133 questions such as sensitivity of the method to the strength of homo-
134 FRET, the dye's tethering motion, and segmental flexibility of the dye-
135 docking protein moieties have been addressed by applying different
136 types of fluorophores such as Alexa Fluor-488 (A488) and the highly
137 mobile xFITC, a dye with a 7-atom spacer, for staining the Fab portions
138 as well as the whole versions of mAbs at different dye/protein labeling
139 ratios. The significance of the approach is that it enables the separation
140 the depolarizing effects of homo-FRET and rotational motion, i.e., it en-
141 ables the simultaneous estimation of proximity and rotational mobility
142 of receptors by using only a single cell sample in steady state conditions.
143 The fact that the extent of rotational motion can be estimated besides
144 FRET may gain special importance, because it may offer the feasibility
145 for the estimation of orientation factor (κ2) and consequently the dis-
146 tance from the measured homo-FRET efficiencies [22–24].

Fig. 1. Cartoons explaining how inhomogeneous broadening induces directed FRET
migration. Panel A: Illustration of the mechanism for FRET directionality. A dye
with absorption spectrum ab0 (blue) and emission spectrum em0 (red) transfers
energy with larger probability to dye with absorption spectrum at longer wave-
lengths like ab2 (green) than to those with absorption spectrum at shorter wave-
length like ab1 (violet), due to the larger spectral overlap for FRET. While the
overlap between em0 and ab2 is larger than the overlap between em0 and ab0 with
the green portion (with apex c2), the overlap between em0 and ab1 (violet area
with apex c1) is smaller than the overlap between em0 and ab0 with the blue portion
(with apex c0). This leads to net energy migration in the direction of decreasing
energy levels, like water flows from the hills towards the walleys [16,20]. The emis-
sion spectrum em0 is shifted to the right as compared to ab0 due to the Stokes-shift.
The emission spectra belonging to absorption spectra ab1 and ab2 are not indicated.
Panel B: Energy level diagrams for the potential FRET donors (left) and acceptors
(right) from an ensemble of a given type of dye. The different solvent microenviron-
ments introduce energetic heterogeneity in the dye population by splitting up a
single energy level (the middle one at yellow) into a set of sublevels (3 new levels
above and under the middle one). The rainbow-colored contour to the right of the
energy ladders represents the population distribution on the energy levels. Direc-
tionality in FRET is introduced by the fact that – due to the Stokes-shift, which is
not indicated for easiness – overlap integral is larger for those acceptor levels
which lie under the donor level from which FRET starts out [16,20] (see also
Panel A). A consequence is that FRET predominantly happens towards acceptors of
energy levels lower than for the donor leading to a FRET-correlated red shift of the
emitted light. For the same reason, the potential acceptor subpopulations for FRET
directed from the lower lying donor levels, i.e., at the red-edge, are severely restrict-
ed, and manifested in the loss of FRET. Similarly, when selectively monitoring the
blue-emitting dyes, i.e., at the emission blue-edge, these species can be potential
FRET acceptors only for the very few donors lying upwards in energy, implying a cor-
responding loss of FRET. Our method is based on an optimal choice of a FRET sensitive
(absorption at the main-band and detection at the red) and an insensitive (absorp-
tion at the red-edge and detection close to the blue-edge) anisotropy channel. Deter-
mination of an absolute homo-FRET efficiency may be possible by the elimination of
the dependence on rotation by ratioing the two anisotropies, whenever they have
equal sensitivities for the rotation.
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147 2. Materials and methods

148 2.1. Cell line

149 The Kit-225-K6 cell line is a human T cell with helper phenotype
150 and with an IL-2 requirement for its growth [25]. Cells were cultured
151 in RPMI-1640medium supplementedwith 10% fetal calf serum, penicil-
152 lin and streptomycin. To the Kit-225-K6 cells 20 U/ml recombinant
153 interleukin-2 (IL-2) was also added in every 48 h.

154 2.2. Monoclonal antibodies

155 The production and specificity of monoclonal antibodies (mAbs)
156 applied in the experimental procedures have been described earlier
157 [26,27]. MAbs W6/32 (IgG2aκ) and L368 (IgG1κ) developed against a
158 monomorphic epitope on the α2, and α3 domains of the heavy chain
159 and the β2-microglobulin of MHCI, respectively; mAb L243 (IgG2aκ)
160 against MHCII, DRQ5 □α were kindly provided by Dr. Frances Brodsky
161 (UCSF, CA). Additional mAbs used in spectrofluorimetricmeasurements
162 were: MEM85 (IgG2b) anti-CD44, and OKT3 (IgG2b) anti-CD3. These
163 mAbs were prepared from supernatants of hybridomas and were puri-
164 fied by affinity chromatography on protein A-Sepharose.

165 2.3. Preparation of Fab fragments

166 Fab fragments of the purified antibodies were prepared by papain
167 digestion at an antibody/enzyme (w/w) ratio of 100, at 37 °C for 4–
168 12 h [28]. The digestion products were subjected to ion-exchange chro-
169 matography on DEAE-Sephacel (Pharmacia). The Fab fragments eluted
170 in the flow-through fraction were freed of undigested IgG and of the
171 Fc fragments. Control of the digestion and Fab purification was carried
172 out by SDS/PAGE, enzyme immunoassay, and size-exclusion chroma-
173 tography on Sephacryl S-100 or analytical ultracentrifugation (Beckman
174 Model E).

175 2.4. Fluorescent staining of antibodies

176 Aliquots of the proteins for fluorescence conjugation were labeled
177 with 6-(fluorescein-5-carboxamido)hexanoic acid, succinimidyl
178 ester (xFITC) (Molecular Probes, Eugene, OR) or the Alexa-Fluor
179 488 (A488) as the donor (and acceptor) dyes. xFITC has a large ampli-
180 tude tethered motion (segmental mobility) because it contains a
181 7-atom aminohexanoyl spacer (“x”) between the fluorophore and
182 succinimidyl ester moieties. Kits provided with the dyes were used for
183 the conjugation. Detailed labeling procedure of the mAb was described
184 earlier [29,30]. Dye-per-protein labeling ratios for the A488-conjugated
185 whole L243, L368, and W6/32 mAbs (Fabs) were 2.4 (0.47), 3.16 (1.1),
186 and 1.8 (0.85), respectively. Labeling ratios for xFITC-conjugated L243,
187 L368 and W6/32 whole mAbs (Fabs) were 4.9 (1.0), 3.9 (1.95), and
188 3.71 (0.71) respectively. Labeling ratios of additional mAbs used in
189 spectrofluorimetric “free A488-mAb” experiments were: 1.64, 2.41,
190 and 3.92 for W6/32, OKT3, and MEM85 respectively. These values
191 were separately determined for each labeled aliquot in a spectropho-
192 tometer (Hitachi U-2900, NanoDrop ND-1000). The labeled proteins
193 retained their affinity as proven by competition experiments with iden-
194 tical, unlabeled ligands.

195 2.5. Labeling of cells with mAbs

196 Freshly harvested cells were washed twice in ice cold PBS (pH 7.4),
197 the cell pellet was suspended in 100 μl of PBS (106 cells/ml) and labeled
198 by incubation with ~10 μg of dye-conjugated mAbs for 40min on ice in
199 the dark. The excess of mAbs was at least 30-fold above the Kd during
200 incubation. To avoid possible aggregation of the dye-conjugated mAbs,
201 they were air-fuged (at 110,000 g, for 30 min) before labeling. Special
202 care was taken to keep the cells at ice cold temperature before FRET

203measurements in order to avoid unwanted aggregations of cell surface
204receptors or receptor internalization. Labeled cells were washed twice
205with ice cold PBS and then fixedwith 1% paraformaldehyde. In the titra-
206tion experiments using the A488-L243, A488-L368, and A488-W6/32
207mAbs, the final concentrations in μMwere 0.6, 0.4, and 0.5, respectively.

2082.6. Determination of expression levels of receptors

209The relative expression levels of receptors on Kit-225-K6 cells were:
210MHCI, 100 ± 13.3%; MHCII, 76.6 ± 8.6%, where the 100% level means
211(1.0–1.5) × 106. The number of binding sites was determined from the
212mean values of flow-cytometric fluorescence intensity histograms of
213cells labeled to saturation with the dye-conjugated mAbs (Scatchard-
214analysis). Themean fluorescence intensities were converted to the num-
215ber of binding sites by calibration with fluorescent microbeads having
216known number of fluorescent dyes (Quantum™ Alexa-Fluor 488 MESF,
217Bangs Laboratories, Inc.). They were also used for the calibration of the
218forward angle light scattering (FSC) signals in the determination of size
219of Kit-225-K6 cells, which is 13–14 μm.

2202.7. Spectrofluorimetry of labeled cells, free dye and free mAbs

221Fluorescence polarized spectra, fromwhich anisotropy spectra were
222computed, have been recorded with a Fluorolog (Jobin Yvon-Spex)
223spectrofluorimeter with 5-nm slit widths. In experiments with free
224dye and free mAbs glycerol (spectroscopic grade, Sigma-Aldrich) has
225also been added in 33% and 67% volume fractions (v/v) to the free dye
226or mAbs dispersed in PBS. Spectral recordings have been taken up at
227room temperature. Anisotropies shown on Fig. 4s in the Supporting
228information have been computed by averaging anisotropy spectra on
229the 570–600 nm spectral range.

2302.8. Flow cytometric dual-laser dual-anisotropy measurements

231Cell-by-cell basis correlatedmeasurements of the polarized intensity
232components – from which the total intensities and anisotropies are
233calculated – were carried out in the “dual T-format” arrangement [31]
234depicted in Fig. 2. It was realized in a modified FACStarPlus flow
235cytometer (Becton-Dickinson) equipped with single-laser excitation
236facility (Stabilite 2017 Ar+-laser, Spectra-Physics Inc. Mountain View,
237CA, USA), with the laser operating in the “single line” mode set to each
238of the wavelengths 457.9, 476.5, 488, 496.5 and 514.5 (nm) for record-
239ing titration plots like the ones in Fig. 3. For measuring absolute homo-
240FRET efficiency, forwhich dual-laser excitation is required, the laserwas
241operated in “all lines” mode containing all the above wavelength in
242a single beam. After introducing into the flow cytometer through a
243polarization rotator – ensuring determination of the G-factor – the
244laser beam was deviated with 90° and subsequently split into colors
245by a Pellin–Broca prism (a kind gift of Prof. Zsolt Bor, Institute of Optics
246and Optical Engineering, Szeged, Hungary) mounted into the exciting
247path of the flow cytometer, before reaching the main focusing lens L1
248in Fig. 2. The beam-pair for excitation could be chosen at custom with
249a suitable pair of pinholes cut into a metal sheet and by adjusting the
250delay-time (30 μs in Fig. 2) between the collected fluorescence signals
251in the cytometer's electronic console. The green (FRET-insensitive)
252and red (FRET-sensitive) components of totalfluorescencewere separat-
253ed by an LP 550 dichroic mirror (DM in Fig. 2, manufactured by Ferenc
254Kárpát at the Central Physics Research Institute, Budapest, Hungary)
255and subsequently were fed via two band-path filters (HQ535/25 for sig-
256nal I1, and HQ 640/120 for signal I2, AF Analysentechnik, Tübingen) into
257two broadband polarization beam splitter cubes (10FC16PB.3, Newport)
258with green and red sensitive photomultipliers (Hamamatsu) at their
259output ports defining the 4 polarized intensity channels (I1h, I1v, I2h,
260I2v). For the determination of the G-factor of each fluorescence channel,
261the originally vertical polarization direction of laser light is rotated
262by 90° with a Fresnel double rhomb-polarization rotator (Broadband

3L. Bene et al. / Biochimica et Biophysica Acta xxx (2015) xxx–xxx

Please cite this article as: L. Bene, et al., Dual-laser homo-FRET on the cell surface, Biochim. Biophys. Acta (2015), http://dx.doi.org/10.1016/
j.bbamcr.2015.02.001

http://dx.doi.org/10.1016/j.bbamcr.2015.02.001
http://dx.doi.org/10.1016/j.bbamcr.2015.02.001


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

263 Polarization Rotator, Model PR-550, Newport) positioned between the
264 laser and the cytometer for both the “single-line” and “all-lines” excita-
265 tion modes.

266 2.9. Computation of total intensities and anisotropies

267 Four polarized intensities have been detected for each signal channel
268 [31,32]: Ii,vv, Ii,vh, Ii,hv, and Ii,hh, with the first index i designating the sig-
269 nal channel (i = 1, 2), the second and third ones referring to the polar-
270 ization direction of the exciting laser light and that of the fluorescence,
271 respectively (Fig. 2). The signals with the horizontal excitation are de-
272 tected after the vertical excitation by rotating the polarization direction
273 with 90°. After subtracting the corresponding background intensities
274 measured on the unlabeled cells from the polarized intensities, the cor-
275 rection factors Gi (i = 1, 2) balancing the sensitivities of vertical and
276 horizontal fluorescence channels, the total fluorescence intensities Ii,
277 and the fluorescence anisotropies ri were calculated as follows:

Gi ¼ Ii;hv=Ii;hh; ð1Þ
279279

280

Ii ¼ Ii;vv þ â ψð Þ � Gi � Ii;vh; ð2Þ
282282

283

ri ¼ Ii;vv−Gi � Ii;vh
� �

=Ii: ð3Þ

285285

In the above expression for the total intensities Ii (i = 1, 2) a nu-
286 merical correction for the high aperture fluorescence collection was
287 carried out according to T. M. Jovin [4,32] by using the term â(ψ) ≡

2881 + cos ψ ⋅ (1 + cos ψ)/2, where â(ψ) assumes a value of 1.72 for our
289numerical aperture of NA = 0.6, and ψ stands for the half angle of
290the detected light cone. The anisotropy and total intensity values were
291computed on a cell-by-cell basis from the correlated Ii,vv and Ii,vh inten-
292sities with predetermined values of the Gi factors as input parameters.
293Based on Eq. (2) the rcorr aperture-corrected anisotropy can be written
294as the function of the r uncorrected one as follows: rcorr ≡ 3 ⋅ r/
295{1 + â(ψ) + r ⋅ [2− â(ψ)]}.
296Themeanvalues offluorescence anisotropy and total intensity histo-
297grams measured on the dye-labeled cells (~104) were further used for
298the calculation of the absolute homo-FRET efficiencies T0, T, and the
299homo-FRET enhancements η, the most important resulting quantities
300of themethod. The generation and subsequent analysis offlow cytomet-
301ric histograms (such as those on Figs. 8–10) and 2-dimensional correla-
302tion plots (dot-plots) of total fluorescence intensities, fluorescence
303anisotropies, and homo-FRET efficiencies were performed by a home-
304made software specialized for flow cytometric data analyses called
305Reflex, written by G. Szentesi [32] Q6, freely downloadable from http://
306www.biophys.dote.hu/research.htm, and http://www.freewebs.com/
307cytoflex.htm.

3083. Theoretical results

3093.1. Homo-FRET enhancement factors measured on receptor-trimers

310If the intensities and anisotropies of samples singly labeled by
311mAbs {mAbx, mAby, mAbz} are denoted by Ix, Iy, Iz and rx, ry, rz (Fig. 3,

Fig. 2.Optical layout of dual-laser homo-FRET and detected signals. The beam of an Ar+-laser in “all lines”mode – only two excitation colors are displayed for convenience – is fed into the
cytometer through a “Fresnel double-rhomb” polarization rotator (PR) and a “Pellin-Broca prism” serving for a 90° achromatic beam deflection and beam-separation according to colors.
The fluorescence is collected by a lens (L2), directed after the long-path filter (LPF) by a dichroic mirror beam-splitter (DM) towards the polarization beam-splitter cubes (PBS1, PBS2),
which together with the respective band-pass filters (BPF1, BPF2) realize the “green (1st)” and “red (2nd)” anisotropy channels. “Single-laser line” and “dual-laser line” operations are
realized by manual setting the laser resonator for a chosen wavelength, and by cutting the fluorescence spots activated by the unnecessary laser lines by mechanical obscuration
(a pair of appropriately positioned pinholes), respectively. In the illustration from the 5 main visible laser lines only the 488 nm- and 514.5 nm-ones are indicated, which realize the
main-band and red-edge excitations for the A488 and xFITC dyes.
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312 Panel A) then the intensity weighted average of anisotropy for the
313 sample doubly-labeled with mAbx and mAby:

rxy ¼ Ix � rx þ Iy � ry
� �

= Ix þ Iy
� �

; ð4Þ

315315 with similar equations for rxz and ryz of the mAbx–mAbz, and mAby–
mAbz pairs. The intensity weighted average of anisotropy for the

316 sample triply-labeled with mAbx, mAby, and mAbz can be computed
317 analogously:

rxyz ¼ Ix � rx þ Iy � ry þ Iz � rz
� �

= Ix þ Iy þ Iz
� �

: ð5Þ

319319

For the triply-labeled sample another intensity weighted anisotropy
320 (“grand-average”) can be definedwith the intensities Ixy, Ixz, and Iyz and
321 anisotropies rxy, rxz, and ryz of the doubly-labeled samples:

rxyz ¼ Ixy � rxy þ Ixz � rxz þ Iyz � ryz
� �

= Ixy þ Ixz þ Ixy
� �

: ð6Þ

323323

Pair-wise homo-FRET enhancement factor (ηxy) is defined as the
324 relative decrease of the average anisotropy introduced by the proximity
325 of mAbx and mAby as compared to the average of the respective singly-
326 labeled ones (rxy):

ηxy ¼ 1−rxy=rxy; ð7Þ

328328 where rxy is the measured anisotropy of the mAbx–mAby – potentially
interacting – pair. Triple-wise homo-FRET enhancement factor (ηxyz)

329is defined analogously as the relative decrease of the average anisotropy
330introduced by the mutual proximity of mAbx, mAby, and mAbz as com-
331pared to the average of the singly-labeled ones (rxyz):

ηxyz ¼ 1−rxyz=rxyz; ð8Þ

333333where rxyz is themeasured anisotropy of themAbx–mAby–mAbz triplet.
Differential homo-FRET enhancement factor (dηxyz) is defined analo-

334gously as the relative decrease of the average anisotropy of the triply
335labeled samples as compared to the average of the doubly-labeled

336ones (rxyz):

dηxyz ¼ 1−rxyz=rxyz: ð9Þ
338338

3.2. Absolute homo-FRET efficiency determination

339Because of the possible homo-associations of the different receptor
340kinds, the initial values of anisotropies may already be influenced by
341homo-FRET which is not reflected in the above described homo-FRET
342enhancement values. Absolute homo-FRET efficiencies reflecting both
343the initial homo-FRET and its enhancement will be defined next, as
344the ratios of two anisotropies measured in homo-FRET sensitive (r2)
345and insensitive (r1) channels. Our starting point is a factorizing out the
346two anisotropies in terms of the depolarization factors [22–24] for rota-
347tion and FRET (drot,i, dt,i i = 1, 2) (Fig. 4) and the zero-time limiting
348(starting) anisotropy r0:

ri ¼ r0 � drot;i � dt;i: ð10Þ

350350

In Eq. (10) the same r0 is used for both detection channels, because
351processes taking place on time scales much shorter than the fluores-
352cence lifetime (e.g., psec-torsional rotations) are responsible for its
353value. Values of r0 can be determined in the steady state by recording
354donor Perrin-plots in the presence of quenching or FRET, or in the
355time-domain by anisotropy FLIM (rFLIM). As to the geometric meaning,

Fig. 3.Cartoon of a receptor trimerwith themeasured quantities. Logical scheme of homo-
FRET measurements in receptor trimers. The encircled numbers designate the receptors
with the Ix, Iy, and Iz intensities and rx, ry, and rz anisotropies measurable after singly
labeling with the respective mAbs. The Ixy, Ixz, and Iyz intensities and the rxy, rxz, and ryz
anisotropies can be measured after pair wise labeling with the respective mAbs. The Ixyz
intensity and the rxyz anisotropy can be measured after triply labeling with all the mAbs.
The homo-FRET enhancement factors ηxy, ηxz, and ηyz are defined in terms of the relative
decreases of the pair wise anisotropies as compared to the intensity weighted averages of
the respective anisotropies of the singly labeled samples. The homo-FRET enhancement
factor ηxyz is defined in terms of the relative decrease of the triple anisotropy as compared
to the intensity weighted average of the anisotropies of the three singly labeled samples.
The differential homo-FRET enhancement factor dηxyz is defined in terms of the relative
decrease of the triple anisotropy as compared to the intensity weighted average of the
pair wise anisotropies of the three doubly labeled samples.

Fig. 4. Cartoon of Soleillet's cones. Panel A: At red-edge excitation the two factors deter-
mining the anisotropy r1 are the rotations taking place at times scale much shorter than
that for fluorescence decay and slower rotations to which orientational cones of θ0 and
θrot half-cone angles are associated. The quick rotations described by θ0 determine the
initial anisotropy r0. The net orientation cone is obtained as the convolution of the cones
for the two rotations. Panel B: At themain-band excitation, for anisotropy r2, the previous
orientation cones should be extended with that for homo-FRET, described by the θt half-
cone angle. The net orientation cone is obtained as the convolution of the two cones for
rotation and that for homo-FRET. Depolarization factors (d0, drot, dt) can be assigned to
the cones, the product ofwhich gives the net depolarization for the case of axial symmetry
and independence.
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356 the rotational and FRET depolarization factors can be traced to the half-
357 cone angles θrot and θt in Fig. 4:

drot ¼ 3 � cos2 θrotð Þ−1
h i

=2; ð11Þ
359359

360

dt ¼ 3 � cos2 θtð Þ−1
h i

=2: ð12Þ

362362

After introducing the rotational strengths σi defined in terms of the
363 lifetimes τi and the ϕrot,i rotational correlation times (i = 1, 2) – called
364 also “rotational efficiencies” – as

σ i ≡ τi=ϕrot;i; ð13Þ

366366 as a 2nd form, the rotational depolarization factors can also bewritten in
terms of the rotational strengths:

drot;i ¼ 1= 1þ σ ið Þ: ð14Þ

368368

The 2nd form of depolarization factors for homo-FRET is defined
369 analogously, with the Ai (i = 1, 2) “normalized rate constants” for
370 homo-FRET:

dt;i ¼ 1= 1þ Aið Þ; ð15Þ

372372 where Ai is defined as

Ai ¼ kt;i � τi: ð16Þ

373 Bywriting Eq. (10) for 2 arbitrary detection channels (1, 2), it can be
374 seen that in themost general casewe have only 2measured parameters
375 (r1, r2) and 5 unknowns: the r0 limiting anisotropy, supposedly the
376 same for the two channels, the τ1/ϕrot,1 and τ2/ϕrot,2 “normalized rota-
377 tional rates” (“rotational efficiencies”), and the A1 and A2 “normalized
378 homo-FRET rate constants” in the two channels. In contrast to the
379 identity of the r0 limiting anisotropy in the two channels, these latter
380 quantities are supposedly different from each other because the two
381 channels represent different photoselected microenvironments of the
382 fluorophores characterized by different strengths of interactions. To
383 proceed, however, we assume that both the ratio of the normalized
384 rotational rates and the ratio of homo-FRET rates are constants known
385 from previous calibrations or assumptions, e.g., an assumption on the
386 level of residual homo-FRET in the homo-FRET insensitive channel.
387 We introduce the spectral correction factor β taking into account the
388 difference in the σi (i = 1, 2) “rotation strengths”

β≡ 1þ σ2ð Þ= 1þ σ1ð Þ; ð17Þ

390390 and the γ factor comparing the homo-FRET levels in the two channels

γ≡ A1=A2: ð18Þ

391 By comparing Eq. (16) for β with Eq. (13) we can see that β can
392 also be expressed with the rotational depolarization factors (drot,i, i =
393 1, 2) as follows:

β ¼ drot;1=drot;2: ð19Þ

395395

By using Förster's formula connecting the FRET rate constant and
396 lifetime product – i.e., Ai according to Eq. (16) – to the characteristic
397 Förster distances R0,i and the inter-chromophore distance R, written
398 for signal channel i as:

Ai ¼ R0;i=R
� �6

; ð20Þ
400400

γ can be expressed with the ratio of the R0-s for the two channels:

γ ¼ R0;1=R0;2

� �6
: ð21Þ

402402

By assuming known values of the β and γ spectral corrections, and
403using the definition of the homo-FRET efficiency in channel 2, designat-
404ed as T,

T ¼ A2= 1þ A2ð Þ; ð22Þ

406406after taking the ratio (r2/r1) of the two anisotropies factorized according
to Eq. (10), T can be expressed with the correction factors and the

407anisotropy ratio as follows:

T ¼ 1−β � r2=r1ð Þ= 1−γð Þ: ð23Þ
409409

By introducing the uncorrected homo-FRET efficiency T0 obtainable
410from Eq. (22) for the ideal case of identical rotational strengths in the
411two channels (β = 1) and complete absence of homo-FRET (γ = 0) in
412the homo-FRET insensitive channel,

T0 ¼ 1−r2=r1; ð24Þ
414414

T can be cast in the alternative forms as expressions of β, γ, and T:

T ¼ T0 � γþ 1−T0ð Þ � 1−βð Þ½ �= 1−γð Þ þ T0; ð25Þ 416416

417

T ¼ 1−βð Þ þ β � T0½ �= 1−γð Þ: ð26Þ
419419

By inspecting Eqs. (23), and (25) the correction factors β and γ

420always increase the value of the homo-FRET efficiency – i.e., T N T0 –

421whenever the β b 1 and γ N 0 relations hold. Because complete lack of
422homo-FRET in the insensitive channel cannot be guaranteed, small
423positive values can be expected for γ expressing the degree of residual
424homo-FRET. As to β, because in the FRET insensitive channel the
425fluorophore–environment interactions are expected to be larger than
426in the FRET sensitive channel, implying also smaller lifetime and larger
427rotational correlation time in this channel, the validity of the β b 1
428relation can be expected on the basis of Eq. (17).
429After expressing the absolute homo-FRET efficiencies T1 and T2
430(T2 = T) with the corresponding Ai parameters similarly to Eq. (21),
431the FRET depolarization factors dt,i can be expressed in terms of Ti:

dt;i ¼ 1−Ti: ð27Þ

433433

In the 1st detection channel when T1=0 – i.e., dt,1=1 according to
434Eq. (26) – in the knowledge of r0 the rotational depolarization factor
435drot,1 can be expressed from Eq. (10) (written for i = 1) as:

drot;1 ¼ r1=r0; ð28Þ

437437which can be solved for the rotational correlation time ϕrot,1 in the
knowledge of τ1 (Eqs. (13), (14)). Alternatively, by considering the

4382nd detection channel in Eq. (10), drot,2 can also be expressed in a sim-
439ilar way with the known parameters r0 and T2 (T2 = T):

drot;2 ¼ r2= r0 � 1−Tð Þ½ �; ð29Þ

441441where Eq. (27) was also used for expressing d2,t in terms of T.

3.3. Calibration of homo-FRET efficiency

442Theβ and γ spectral correction factors can be determined by record-
443ing fluorescence anisotropy as the function of changing fluorophore
444concentration, i.e., via recording homo-FRET titration Perrin-plots. On
445the cell surface this condition can be realized by applying a gradually
446increasing concentration series of the labeling mAbs. After plotting
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447 the reciprocal anisotropy as the function of degree of saturation p –

448 probability of receptor occupation, the fraction of binding sites occupied
449 by ligands –, defined as the fluorescence intensity referenced to that at
450 saturation, i.e., p ≡ I(c)/Imax, a fairly linear curve results, the linear fitting
451 of which makes possible the separation of the effects of rotational
452 motion and homo-FRET on anisotropy. The point of this procedure is
453 in that it effectively eliminates the need for negative control sample
454 of zero homo-FRET, because by gradually decreasing the cell surface
455 concentration of thefluorophores the zero homo-FRET condition is real-
456 ized at the limiting case when c → 0 even if the labeling ratio of ligand
457 is larger than unity, i.e., the need for a zero-FRET negative control is
458 replaced by a limiting procedure.
459 The analytical form of the fitting function can be obtained by taking
460 the reciprocal of the anisotropy as factorized out according to Eq. (10)
461 [4,34], by also taking into account the definitions of the drot and dt depo-
462 larization factors formulated in Eqs. (14), and (15):

1=r pð Þ ¼ 1=r0 þ 1=r0
� �

� A � p; ð30Þ

464464 where r′ –meaning the homo-FRET free anisotropy – has been defined
as

r0 ≡ r0= 1þ σð Þ: ð31Þ

466466

According to Eq. (30) r′ can be obtained as the reciprocal intercept
467 (1/intercept) and A as the ratio of the slope and intercept (slope/
468 intercept) of the fitting straight line. By carrying out this procedure
469 in both the FRET sensitive (2nd) and insensitive (1st) channels the
470 β and γ factors can be obtained as the ratios of the corresponding r′
471 and A quantities, respectively, according to the defining Eqs. (17), and
472 (18). Although the maximum local fluorophore concentration dictated
473 by the receptor number and the labeling ratio and other factors are in-
474 volved in the A quantity for each mAb, it drops out from γ because of
475 ratioing, consequently γ depends only on the fluorophore properties.

476 3.4. Connection between homo-FRET enhancement and absolute efficiency

477 The main use of the homo-FRET enhancement factors lies in that
478 they can be regarded as a clear measure of the degree of proximity of
479 neighboring receptors because by ratioing the depolarizing effects of
480 rotation and homo-FRET on the individual ligands cancel in the formu-
481 lae, albeit reducing sensitivity to the receptor proximities. Only the dif-
482 ferential homo-FRET effect due to the receptor proximity remains.
483 Amongst the factors limiting their application is that in cases ofmultiple
484 receptor labeling chance for quenchingby dimdye complexes increases,
485 consequently the fluorescence lifetime reduces and the induced hyper-
486 polarization partly counteracts the depolarizing effect of homo-FRET.
487 Another limit can arise at large dye-per-ligand labeling ratios, when
488 the depolarizing effect of homo-FRET may effectively be restricted to
489 the ligand itself (“homo-FRET confinement”) thereby reducing sensitiv-
490 ity to the receptor proximities.
491 In contrast to the homo-FRET enhancements, homo-FRET efficiency
492 reflects homo-FRET between receptors and also on the individual
493 ligands. Nevertheless, FRET efficiency enhancements can also be formed
494 similarly to the above homo-FRET enhancements (percentile anisotropy
495 reductions). Differential FRET efficiency (δT) can be defined as an abso-
496 lute increase in FRET efficiency due to the proximity of two (or more)
497 receptors, andmeasured as the absolute difference between the FRET ef-
498 ficiency measured on the multiply labeled (labeled with both mAbx and
499 mAby) sample (Txy) and the intensity weighted average efficiency of the

500 singly labeled ones (T), labeled with either mAbx or mAby labels (T):

δT ≡ Txy−T; ð32Þ

502502where Txy and T are written as

Txy ¼ 1−r2;xy=r1;xy; ð33Þ
503

504

T ¼ I1;x � Tx þ I1;y � Ty
� �

= I1;x þ I1;y
� �

: ð34Þ

506506

(Although these FRET efficiencies are not corrected with β and γ,
507from here on in this section the subscript zero indicating this fact is
508neglected for the sake of transparency. Additionally all results of this
509section remain valid also for the corrected FRET efficiencies.)
510First, by introducing the homo-FRET enhancements ηi for channel i
511(i = 1, 2) according to Eq. (7),

ηi ≡ 1−ri;xy=ri; ð35Þ

513513

with ri,xy the anisotropy of the sample doubly labeled with both species
514x and y, and the average anisotropy ri defined as

ri ≡ ri;x � Ii;x þ ri;y � Ii;y
� �

= Ii;x þ Ii;y
� �

; ð36Þ

516516

and by eliminating ri,xy (i = 1, 2) in Eq. (33) for Txy with the help of
517Eq. (35), Txy assumes the form

Txy ¼ 1−r2=r1 � 1−η2ð Þ= 1−η1ð Þ: ð37Þ

519519

Then, bywriting the individual FRET efficiencies Tx and Ty in terms of
520anisotropies according to Eq. (24) as

Tx ¼ 1−r2;x=r1;x; ð38Þ

522522

and

Ty ¼ 1−r2;y=r1;y; ð39Þ

524524

Eq. (34) transforms into

T ¼ 1−r2=r1: ð40Þ
526526

After plugging the expressions of Eq. (37) and Eq. (40) for Txy and T
527into Eq. (32), by exploiting the approximation that the “inner average”
528equals “outer average”, i.e.,

r2=r1 ≈ r2=r1; ð41Þ
530530

and by exchanging r2=r1 with T via Eq. (40), δT translates into its final
531form readily amenable for interpretation:

δT≈ 1−T
� �

� η2−η1ð Þ= 1−η1ð Þ: ð42Þ
533533

According to Eq. (42) the differential FRET efficiency δT approxi-
534mates well the difference in the homo-FRET enhancements for small
535average FRET efficiencies (T≈ 0) and small homo-FRET enhancements
536(η1 ≈ 0) in the insensitive channel.

5374. Experimental results

5384.1. Dispersion of homo-FRET titration curves

5394.1.1. Qualitative description: operation of red-edge effects on the cell

540surface

541Because the red-edge effects were originally discovered for systems
542of high rigidity and viscosity (colored plastics, glasses), the main con-
543cern for a possible application refers to the mere existence of these
544effects in the highly mobile systems of fluorophores targeted by mAbs
545to cell surface receptors. As a 1st type of experiment, homo-FRET was
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546 modulated by systematically changing the amount of fluorophore-
547 conjugated mAbs bound to the MHCI and MHCII receptors – key recep-
548 tors of adaptive immunity responsible for the presentation of foreign
549 antigens on the infected target cells to the T-cell receptors (TcRs) of
550 the killing and helper cells – having a substantial degree of homo-
551 association [4,21]. Apart from demonstrating the red edge effects on
552 the cell surface, thesemeasurements have also been utilized for calibra-
553 tion purposes, to determine the β and γ correction factors (Eqs. (17),
554 (19)) necessary for the accurate determination of absolute homo-FRET
555 efficiency T.
556 Anisotropies offluorescence excitedwith the visible lines of the Ar+-
557 ion laser were simultaneously measured at the green (535/35, mean/
558 width of transmission in nm) and red (640/120) emission channels
559 (r1, r2) in the flow cytometer (Fig. 5, Panels A, B). The following features
560 of the data are notable: (i) Both the green (r1) and red (r2) anisotropies
561 substantially decreasewith increasing concentration of the label at exci-
562 tation wavelengths smaller than the excitation maximum (457.9, 476.5
563 and 488 in nm) with the largest effect observed at 457.9 nm, indicating
564 the operation of homo-FRET at these excitations. (ii) A remarkably

565smaller degree of drop was observed at the excitation maximum
566496.5 nm and no drop at all was observed at 514.5 nm, close to the
567red-edge. (iii) The intensity ratios I2/I1 increase in parallel with the
568drop of the corresponding r2/r1 curves (Fig. 5, Panels C, D) indicating a
569red shift in the emission spectrum proportional to the degree of
570homo-FRET. (iv) Although the starting values of the green and red an-
571isotropies are practically the same, red anisotropies drop more steeply
572than the green ones, implying that sensitivity of the red anisotropy for
573homo-FRET is larger than that of the green one. That red anisotropy is
574more sensitive to homo-FRET than the green anisotropy is also shown
575by that the r2/r1 ratio drops with increasing surface concentration of
576the fluorophore (Fig. 5, Panel D).
577In addition to the I2/I1 total intensity ratio, the [I2/I1]rel and the [I2vh/
578I1vh]rel quantities – analogues of logarithmic derivatives – (Fig. 5,
579Panels E, F)were also computed. [I2/I1]rel refers to I2/I1 ratios normalized
580to that special I2/I1 ratio belonging to the smallest fluorophore concen-
581tration. [I2vh/I1vh]rel designates an analogue quantity but computed
582from the horizontally polarized intensity components instead of the
583total intensities. This quantity is a more sensitive indicator of homo-

Fig. 5.Dispersion of homo-FRET titration curves according to the color of exciting light. Panels A, B: Drop of anisotropy r1 and r2with increasing degree of saturation of the receptorMHCII
labeled with the dye-conjugated mAb L243 for the main lines of the Ar+-laser. “Degree of binding site saturation” has been defined as the ratio of fluorescence intensity measured at the
givenmAb concentration and the plateau value obtained at saturation. Values 535 and 640 refer to the detected 535±17.5 and 640±60 bands. Panels C, D: Relative intensities (I2/I1) and
relative anisotropies (r2/r1) as functions of the relative saturation. Panels E, F: [I2/I1]rel refers to the I2/I1 ratio normalized to the value belonging to the smallest fluorophore concentration,
[I2vh/I1vh]rel designates an analogue quantity but computed from the horizontally polarized intensity components instead of the total intensity (with the excitation and emission wave-
lengths in parantheses). This quantity is a more sensitive indicator of homo-FRET than either the pure I2/I1 or the r2/r1 ratio alone, the anisotropy and total intensity being contained in
such a manner that the effects of reducing anisotropy and increasing I2/I1 ratio add together: Ivh ∝ (1 − r) ⋅ Itot. The curves report that homo-FRET can be more sensitively detected
in the red channel than in the green one. Furthermore, excitations below 476.5 nm are more favorable for FRET than above it. Absolute homo-FRET efficiency can be calculated the
most accurately in the 488/640, and 514.5/535 measuring conditions, which are the most and the least sensitive to homo-FRET. Trend lines are drawn for guiding the eye. Means of 3
determinations are plotted with SEM under 10% for each data point (not indicated).
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584 FRET than either the I2/I1 or the r2/r1 ratio alone, the anisotropy and total
585 intensity being contained in such a manner that the effects of reducing
586 anisotropy and increasing I2/I1 ratio add together.
587 As a summary, homo-FRETmonotonously decreases with increasing
588 excitation wavelength and is effectively cut at already the excitation
589 maximum. These observations imply the strong modulation of overlap
590 integral with the changing excitation wavelength, which suggests a
591 slow relaxation of the excited state. The slow relaxation rate is also im-
592 plied by a value of 0.4 for the lifetime-per-rotational correlation time
593 ratio (τ/ϕrot) observed by us earlier [32] and now by rFLIM (see in the
594 Supporting information). A quantitative comparison of the I2/I1 ratios
595 as the function of excitation wavelength demands a correction to the
596 different sensitivities of the detection channels (“α-factor”) belonging
597 to the different wavelengths [36].

598 4.1.2. Quantitative description: determination of correction factors for

599 homo-FRET

600 For a more quantitative description of the above properties of the
601 titration curves, least-squares linear fitting analyses – detailed in the
602 “Supporting information” – of the reciprocal anisotropy vs. degree of
603 binding site saturation curves plotted from anisotropy data of Fig. 5
604 for the MHCII receptor, and pertinent data on the light and heavy
605 chain components of the MHCI receptor (not shown) has also been
606 carried out to determine the β and γ correction factors in the spirit
607 of Eq. (30). The outcomes of the linear fitting procedure carried
608 out for each excitation wavelength – 457.9, 476.5, 488, 496.5 and
609 514.5 (nm) – are the homo-FRET free anisotropy (r′) reflecting only
610 rotation and the A quantity describing the strength of homo-FRET
611 [4,34]. By inspecting the relevant figure composed from these data it
612 can be that: (i) While the homo-FRET-related quantity A increases
613 with reducing excitation wavelength for all the three receptors in both
614 emission channels, the slope of increase is much larger for the red
615 than for the green channel. (ii) The slopes of increase of A are approxi-
616 mately the same for the different types of receptors indicating that the
617 wavelength dependence of the A parameter is characteristic to the
618 fluorophore rather than to the receptors. (iii) As to the wavelength de-
619 pendence of the anisotropy r′, apart from the statistical fluctuation it

620stays constant at the same level for both the green and red channels
621for each receptor. The variability regarding receptor type is supposedly
622due to different segmental flexibilities of the dye.
623To reduce measurement error the computation of the β factor
624has been carried out with r′ values averaged over all wavelengths
625(β = r1′/r2′, Eq. (17)). For the same reason, and because the wavelength
626dependence of A turned to be fairly linear, the determination of the γ

627factor have been carried out with the corresponding A values read
628off from the fitting trend lines – 514.5 nm in the green for A1, and
629488 nm in the red for A2 – instead of the primarily observed data points
630(γ=A2/A1, Eq. (18)). The resulting correction factors, which have been
631subsequently used for the computation of T and δT in Tables 1, 1s and 2s,
632are the following (in the formβ(%)/γ(%) for typemAb, each from3pairs
633of titration plots): 100.0 ± 12/5.8 ± 12.0 for L243, 94.5 ± 2.5/7.3 ± 1.2
634for L368, and 96.0 ± 15.4/13.0 ± 2.9 for W6/32.

6354.2. Homo-FRET enhancement factors for receptor trimers

636In our 2nd type of experiments for demonstrating the red-edge
637effects, components of a receptor trimer in close proximitywere labeled
638individually and simultaneously with the fluorophore-conjugated
639ligands (whole mAbs and their Fab fragments). The advantage of this
640kind of a homo-FRET system lies in its inherently large signal-to-noise
641ratio and in the possibility for a rather straightforward quantitation of
642homo-FRET. Pair wise (triple wise) homo-FRET enhancement factors
643ηxy, ηxz, and ηyz (ηxyz) are defined as the relative decrease of anisotropy
644of the doubly (triply) labeled samples rxy, rxz, and ryz (rxyz) compared
645with the intensity weighted average of the corresponding single-
646labeled ones rxy, rxz, and ryz (rxyz) (Eqs. (4)–(9), Fig. 3). These quantities
647differ from zero only when the mutual proximity of two (three) differ-
648ent types of receptors enables new extra pathways for the homo-FRET
649between the fluorophores of the different labels. Remarkable is that,
650because of the ratioing, the effect of a possible rotational motion drops
651out, and the homo-FRET enhancement values reflect real homo-FRET
652changes. Differential homo-FRET enhancement (dηxyz) is defined by
653comparing the anisotropy of the triply labeled sample (rxyz) with the

t1:1 Table 1

t1:2 Fluorescence anisotropies (r1, r2), homo-FRET enhancements (η1, η2) and anisotropy ratio-based absolute homo-FRET efficiency (T) for theMHCII-β2m-MHCI h.c. receptor trimer labeled
t1:3 with A488-conjugated mAbs on the surface of Kit-225-K6 cells.

t1:4 Alexa Fluor-488-conjugated whole mAbs Spectral
correction
factors (%)

Anisotropies (%) Homo-FRET parameters

t1:5 Enhancements (%) Efficiency (%)

t1:6 Uncorrected Corrected

t1:7 mAbx
a Epitopex mAby

a Epitopey mAbz
a Epitopez βb γb r1

c r2
c η1

d η2
d T0

e δT0
e Tf δTf

t1:8 Part A, single-labeled

t1:9 L243 MHCII, DRα – – – – 100.0 5.8 13.9 ± 0.5Q1 g 11.9 ± 0.5 – – 12.4 ± 3.8 – 13.2 ± 4.1 –

t1:10 – – L368 β2m – – 94.5 7.3 15.5 ± 0.5 13.9 ± 0.5 – – 9.9 ± 1.1 – 16.1 ± 1.1 –

t1:11 – – – – W6/32 MHCI, h.c. 96.0 13.0 15.9 ± 1.3 14.2 ± 1.5 – – 10.4 ± 2.4 – 16.1 ± 2.7 –

t1:12
t1:13 Part B, double-labeled

t1:14 L243 MHCII, DRα L368 β2m – – 98.0 6.4 14.9 ± 0.1 12.1 ± 0.1 −2.7 ± 1.4 5.5 ± 1.4 18.8 ± 0.1 7.3 ± 2.8 21.9 ± 0.2 7.7 ± 3.0
t1:15 L243 MHCII, DRα – – W6/32 MHCI, h.c. 98.5 8.6 15.1 ± 0.3 12.1 ± 0.7 −3.4 ± 4.3 6.4 ± 1.1 20.2 ± 3.0 8.3 ± 4.6 23.4 ± 3.5 8.8 ± 4.9
t1:16 – – L368 β2m W6/32 MHCI, h.c. 95.0 10.1 15.6 ± 0.8 13.1 ± 0.6 −0.1 ± 2.6 6.1 ± 1.6 15.9 ± 0.2 5.5 ± 0.8 22.1 ± 0.2 5.8 ± 0.9
t1:17
t1:18 Part C, triple-labeled

t1:19 L243 MHCII, DRα L368 β2m W6/32 MHCI, h.c. 97.0 8.2 15.5 ± 0.4 12.1 ± 0.5 −4.3 ± 0.9 7.9 ± 2.1 21.9 ± 1.5 10.6 ± 2.9 26.2 ± 1.7 11.1 ± 3.0

t1:20 The values designate averages and their associated standard errors (SEM) for 3 measurements.
t1:21 a Dye/protein labeling ratios of the mAbs: LA488–L243-mAb = 2.4, LA488–L368-mAb = 3.16, LA488–W6/32-mAb = 1.8.
t1:22 b Correction factors have beendetermined according to Eqs. (17), (18), (30), and (31) for eachmAb. Correction factors for themAbi–mAbjpairs (i, j= x, y, z) and themAbx–mAby–mAbz
t1:23 triplet are intensity weighted averages of the factors for the corresponding individual mAbs.
t1:24 c Anisotropies r1 and r2 have been measured in the homo-FRET insensitive (514.5 nm-excitation, 535 nm emission) and sensitive (488 nm-excitation, 640 nm emission) channels,
t1:25 respectively.
t1:26 d Homo-FRET efficiency enhancements η1 and η2 have been computed as relative anisotropy reductions due to the introduction of a 2nd label as compared to the intensity weighted
t1:27 average anisotropy of the corresponding single-labeled samples (Eqs. (7), (8)).
t1:28 e Absolute homo-FRET efficiency T0 was computed as the relative difference between the homo-FRET sensitive (r2) and insensitive (r1) anisotropy: T0 ≡ 1 − r2/r1. δT0 means the ab-
t1:29 solute difference between the homo-FRET efficiency of the multiply (doubly or triply) labeled samples and the intensity weighted average for the corresponding singly-labeled samples.
t1:30 f Spectral corrections have been made according to Eq. (23).
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654 intensity weighted average of the doubly labeled ones (rxyz). This value
655 is different from zerowhenever triplets of the receptors are present. Be-
656 cause the possible homo-associations of thedifferent receptor kinds, the
657 initial values of anisotropies can already be influenced by homo-FRET
658 which is not reflected in the aforementioned homo-FRET enhancement
659 values. Absolute homo-FRET efficiencies reflecting both the initial
660 homo-FRET and its enhancement will be defined later, via the ratio of
661 two anisotropies measured in different emission channels, in a favor-
662 able one, and in an unfavorable one for FRET.

663 4.3. Dispersion of homo-FRET in A488-mAb trimers

664 Pair wise and triple wise homo-FRET were measured in the system
665 comprised of the light and heavy chains of the MHCI molecule (L368
666 anti-β2m, W6/32 anti-MHCI h.c.) and the MHCII molecule (L243 anti-
667 DRα). The same signals were detected as for recording the homo-FRET
668 titration curves above. Inspecting the data (Fig. 6), the following state-
669 ments can be made: (i) The red anisotropies (r2) are all systematically
670 smaller than the corresponding green ones (r1), and show a larger de-
671 gree of modulation concerning both excitation wavelengths and the
672 number of labels (Fig. 6, Panels A, B).When their dependence on excita-
673 tion wavelength is considered they both show a systematic increase
674 with increasing excitation wavelength. (ii) Accordingly, the homo-
675 FRET enhancement factors calculated from the red anisotropies are all
676 larger than those calculated from the greenones (Fig. 6, Panels C, D). Ad-
677 ditionally both enhancement factors increase steadilywith reducing the
678 excitation wavelength, in accordance with a larger degree of modula-
679 tion of the anisotropies as the function of the number of labels at the
680 shorter wavelengths. (iii) The I2/I1 ratio is increased by increasing the
681 number of the applied mAbs in a degree larger at the shorter wave-
682 lengths (Fig. 6, Panel E). (iv) The behavior of the r2/r1 ratio is consistent
683 with the behavior of the r2 and r1 anisotropies (Fig. 6, Panel F):With in-
684 creasing excitation wavelength the r2/r1 ratio increases, meanwhile
685 showing less modulation at the larger wavelengths when the number
686 of labels is considered. Pertinent data on A488-Fab trimers and xFITC-
687 mAb trimers are shown in Figs. 1s, and 2s in the Supporting information.

6884.4. Spectrofluorimetric detection of red-edge effects

6894.4.1. Fluorescence spectra recorded on cells triple-labeled with A488-mAbs

690conform the presence of red-edge effects

691According to Fig. 7, Panel A, practically no difference can be seen be-
692tween the peak positions of emission spectra I(λ) recorded at excitation
693wavelengths under 505 nm. However the significant shift of 6–7 nm in
694emission spectrum observed at 514 nm-excitation suggests that a sub-
695stantial degree of static inhomogeneous broadening should be behind
696the observed red-edge effects. Anisotropy spectrum r(λ) seems to be
697more sensitive to the excitation wavelength than the emission spec-
698trum I(λ) (Panel B), the anisotropy spectrum being substantially en-
699hanced already at the 505 nm-excitation. This observation is in good
700linewith also the flow cytometric observationswhen the r2/r1 anisotro-
701py ratio was more significantly modulated by the changing excitation
702wavelength than the I2/I1 intensity ratio (Figs. 5, 6, 1s, 2s). The remark-
703able decrease in r(λ) anisotropy spectrum with increasing emission
704wavelength suggests the operation of the blue-edge effect. Also this
705decrease seems to be larger at the shorter excitation wavelengths
706when homo-FRET is favored. On Panels C and D spectra are shown
707after divisionwith those recorded at 514.5 nm. Pertinent spectra record-
708ed for the xFITC-mAb trimer are shown in Fig. 3s in the Supporting
709information.

7104.4.2. Red-edge effects on free dyes and free mAbs

711Additional controlmeasurements have been carried outwith a spec-
712trofluorimeter in free solution condition in cuvettes on A488 dyes and
713A488-conjugatedmAbs having different dye-per-protein labeling ratios
714in the presence of different amounts of glycerol to modify rotational
715mobility. On free dyes in a concentration not enough to show any
716homo-FRET although the zero anisotropiesmeasured at 488 and 514 ex-
717citation wavelengths in the absence of glycerol turned into successively
718larger ones with increasing amount of glycerol, they remained equal
719with each other, indicating the absence of any homo-FRET also in the
720presence of glycerol. However on freemAbs added in amounts to repro-
721duce the bulk dye concentration of the free dye solution finite albeit
722small anisotropies have been observed even in the absence of glycerol

Fig. 6.Dispersion of homo-FRET in A488-mAb trimers. Pair-wise and triple-wise homo-FRET weremeasured in the system comprised of the light and heavy chains of the MHCImolecule
(L368,W6/32wholemAbs) and theMHCII molecule (L243mAb). L designates the dye-per-protein labeling ratio of the mAbs. The same signals were detected as for recording the homo-
FRET titration curves of Fig. 1. Panels A, B: r1 and r2 are the anisotropies detected in the green and red channels. Panels C, D: The corresponding pair-wise homo-FRET enhancement factors
areη1, and η2. The differential enhancement factors are dη1, and dη2. Panels E, F: Ratios of total intensities (I2/I1) and of anisotropies (r2/r1). Note that the I2/I1 intensity ratio goes through a
maximumat 488 nm. Absolute homo-FRET efficiency can be calculated themost accurately in the 488/640, and 514.5/535measuring conditions, which are themost and the least sensitive
to homo-FRET, respectively. Means of 3 determinations are plotted with error bars indicating SEM for each data point. Pertinent data on A488-Fabs, and xFITC-mAbs are shown in Fig. 1s,
and 2s in the Supporting information.
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723 which showed also a dependence on excitationwavelength. By increas-
724 ing the amount of glycerol, although the anisotropies steadily increased,
725 the difference experienced at the two excitations reduced. An interest-
726 ing observation, which is also another indication of the presence of
727 homo-FRET, is that while the absolute anisotropies showed a steady
728 decrease with increasing labeling ratio of the mAbs their relative differ-
729 ences with respect to the excitation wavelength – the FRET-related
730 [1− r2(488)/r1(514)] quantity – showed an increase.
731 These results indicate that nano-scale clustering of dyes at the same
732 bulk concentration where no homo-FRET were observed on free dyes
733 gave rise to homo-FRET which manifested itself an excitation wave-
734 length and labeling ratio-dependent homo-FRET. That the difference
735 of anisotropies measured at the two wavelengths decreased with in-
736 creasing amount of glycerol we explain with a decreased strength of
737 homo-FRET due to the decreased rotational mobility and consequently
738 a decrease in orientation factor for FRET. On the details of these experi-
739 ments and data please see the Supporting information.

740 4.5. Computation of absolute homo-FRET efficiency

741 The depolarizing effects of rotation and homo-FRET were separated
742 by applying Soleillet's orientation cones and the associated depolariza-
743 tion factors (Fig. 4, Panel B, Eqs. (10)–(29)). The anisotropy can be
744 written as the product of the initial anisotropy (r0) and the depolariza-
745 tion factors (drot, dt) taking into account the different interactions
746 leading to depolarization of anisotropy (Soleillet's theorem) [22–24].
747 The formalism is strictly valid only for isotropic and independent inter-
748 actions, and for axially symmetric orientation distributions. Absolute
749 homo-FRET efficiencies (T0, T) were computed based on the Soleillet's
750 theorem. In the ideal and simplest case when the r0 limiting anisotropy
751 and the τ/ϕrot ratio is at least approximately the same in the two
752 detection channels, furthermore the extent of homo-FRET in the red-
753 edge excitation/blue-edge emission channel (channel 1) is negligible
754 (T1 ≈ 0) – meaning in the language of correction factors β = 1, γ =
755 0 – the uncorrected homo-FRET efficiency (T0) can be calculated. After
756 factorizing out the r1 and r2 anisotropies and taking their ratio the initial
757 anisotropies and the rotational depolarization factors will be cancelled,
758 leading to Eq. (24). This value has also been proven to be a minimum of
759 homo-FRET efficiency in the non-ideal cases characterized by different
760 rotational strengths (β b 1) and a non-vanishing residual homo-FRET
761 (γ N 0) in the insensitive channel, i.e., T0 b T. This implies that even in
762 the lack of a detailed knowledge of the two detection channels – i.e., un-
763 known β and γ – the simple FRET measure of T0 given simply by an

764anisotropy ratio can always be considered as a lower estimation of the
765real FRET efficiency.
766As a computational example for the absolute homo-FRET efficien-
767cies, the receptor trimer system of the MHCII, β2m, and the MHCI h.c.
768receptors is considered in Table 1. Here T0 and T designate the absolute
769homo-FRET efficiencies computed from the primarily measured r1 and
770r2 anisotropies according to Eqs. (23), (24) and δT0 and δT their respec-
771tive changes as defined in Eq. (32). The β and γ spectral correction
772factors taking into account that (i) lifetime rotational correlation time
773ratios may not be equal in the sensitive and non-sensitive channels
774(β), and (ii) the homo-FRET may not be perfectly vanishing in the
775non-sensitive channel (red-edge) (γ) have been computed in advance
776from the intersections and slopes of reciprocal anisotropy-surface con-
777centration titration Perrin-plots (Eq. (32)) by the algorithm detailed in
778the theoretical part and in the Supporting information.
779According to Table 1 Part A, all r2 anisotropies of the singly labeled
780samples are systematically smaller than the corresponding r1 anisot-

781ropies giving rise to a ~10% T0 FRET efficiencies (T0 = 10.9 ± 0.8%),
782which increase upon correction (T = 15.1 ± 0.6%). A trivial advantage
783of the absolute homo-FRET efficiency is the capability for measuring
784homo-FRET already on the singly labeled samples. Concerning sensitiv-
785ity of T to the corrections, β seems to affect T more sensitively than γ.
786These T0 and T values report on substantial homo-associations of the
787A488 dye even when single mAbs have been used for labeling the
788cells. A portion of the homo-association is explained by the multiple-
789labeling of the individual mAb molecules – i.e., labeling ratios higher
790than unity –, another portion by the substantial homo-associations of
791the MHCII and MHCI receptors expressed at high levels (~106, ~1.5 ×
792106, respectively) on the cell surface.
793The resulting values in Part A have been further usedwith the corre-
794sponding intensities (not shown) to compute the pair-wise and triple-
795wise intensity averages – of β, γ, r1, r2, T0, and T for the computation
796of η, δT0, and δT – necessary in Parts B and C as input parameters.
797From Part B we learn that, while upon the simultaneous application of
798two different ligands r2 systematically decreases, and r1 stays steadily
799at the single labeled values. This is consistent with homo-FRET operat-
800ing in themain band and vanishing at the red-edge. This same informa-
801tion can be obtained in an alternative quantitative form by computing
802the homo-FRET enhancements η1 and η2, which are clear indicator of
803the cluster sizes. Accordingly, while η1 computed from r1 stays steadily
804close to zero (η1 = −2.6± 0.9%), η2 computed from r2 assumes values
805significantly different larger than zero (η2 = 6.5 ± 0.5%), albeit by not
806much. As to the smallness of the η2 values, lifetime reduction upon
807multiple labeling may occur, which may counteract the depolarizing
808effect of homo-FRET (see also the part on rFLIM in the Supporting
809information). By ratioing the corresponding r2 and r1 anisotropies,
810T0 (and T) have been obtained, which are substantially larger than
811the values (T0 = 18.3 ± 1.3%) belonging to the singly labeled samples

812(T0 = 10.9 ± 0.8%). Actually the T0 (and T) values – or rather the rate
813constants computed as T0/(1 − T0) – are approximately the sum of
814those for the corresponding singly labeled sample values. By taking
815also the increments in T0 and T (δT0, δT) analogous to the η-s, we see

816that they (δT0 = 7.0 ± 0.8%) are very close to the corresponding
817η2 − η1 differences (8.1 ± 1.0%), informing us on the fulfillment of
818the law laid down in Eq. (42). The very small deviations between the
819corresponding δT0 and δT values inform us about a large degree of toler-
820ance of these quantities to the corrections with β and γ due to linearity
821of the formula defining T in terms of these quantities. Homo-FRET
822values of Part B measured on mAb-pairs report on an appearing excess
823homo-FRET, as compared to the single-mAbs, being each value of T0
824(and T) larger than the average T0 (and T) for the corresponding indi-
825vidual mAbs (δT0 = 7.0 ± 0.8%). This behavior is explained by the
826fact that these receptors are substantially associated with each other.
827The largest T0 (and T) obtained by labeling all the three receptors, in

828Part C (T0 = 21.9 ± 1.5%), reports on the existence of triplets of these

Fig. 7. Fluorimetric spectral recordings on samples triple-labeled with A488-mAbs. Panels
A, B: Emission and anisotropy spectra (I(λ), r(λ)) parameterized with the excitation
wavelength (with a 5-nm slit width). The significant shift of 6–7 nm in emission spectrum
observed at 514 nm-excitation suggests that a substantial degree of static inhomogeneous
broadening should be behind the observed red-edge effects. Panels C, D: Spectra normal-
ized to those at 514-nm excitation. Pertinent spectra for xFITC-mAbs are shown in Fig. 3s
of the Supporting information.
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829 receptors as expected based on the pair wise associations demonstrated
830 in Part B. Accordingly the differential increments η2 and δT0 are the
831 largest in this case (η2 = 7.9 ± 2.1%, δT0 = 10.6 ± 2.9%).
832 To reveal the properties of the above quantities concerning dif-
833 ferences in dye tethering motion and antibody arm (Fab) flexibilities
834 we carried out analogue experiments also with Fab fragments instead
835 of whole mAbs, and xFITC dye instead of A488. The pertinent data
836 are shown in Tables 1s and 2s in the Supporting information. With
837 these systems we observed essentially the same trends as for the
838 A488-mAbs, implying that the results on the relative proximities
839 yielded by our anisotropy ratio-based methodology are essentially
840 label independent.
841 In addition to informing us about the same trends as by the case
842 of whole mAbs, these data emphasize the utility of the homo-FRET
843 efficiency for classifying homo-FRET on the single labeled samples
844 made apparent by a clear dependence of the T0 and T efficiencies on
845 the labeling ratio of the ligands, supported by the following observation:
846 Comparing all the T0 and T values globally for the A488-Fab (Table 1s)
847 and xFITC-mAb (Table 2s) cases with those for the A488-mAb case
848 (Table 1), a clear dependence on the labeling ratio can be noticed: The
849 FRET efficiencies are the smallest for A488-Fab case (T0 = 10.4 ±

8501.5%, L = 0.8 ± 0.2), medium for the A488-mAb case (T0 = 14.6 ±
8510.8%, L = 2.5 ± 0.4) and the largest for the xFITC-mAb case (T0 =

85220.2 ± 0.9%, L = 4.2 ± 0.4). Interestingly, considering the homo-FRET
853enhancements (η) or the differences in the homo-FRET efficiency (δT0,
854δT) the reversed order can be notified: These “differential” quantities
855are the smallest (δT0 = 4.0 ± 1.2%) for the largest labeling ratios
856(xFITC-mAb), and larger for the smaller ones (δT0 = 7.9 ± 1.5% for

857A488-mAb, δT0 = 6.8 ± 0.5% for A488-Fab). The implication of this
858observation is that sensitivity of homo-FRET to receptor clustering is
859inversely proportional to the initial size of dye clusters on the ligands
860themselves dictated by their labeling ratio.

8614.6. rFLIM on receptor trimers

862As an independent control for equipment, the above experiments
863on the receptor trimers have been done also on a polarized fluorescence
864lifetime imagingmicroscope working in the frequency domain (rFLIM).
865In addition to the phase and modulation lifetime information relative
866anisotropy (η = δr/r), modulation amplitude (δYac/Yac), and “differen-
867tial tangent” (δtan(ΔΦ)/tan(ΔΦ)) of the multiply labeled samples as

Fig. 8.Representativeflowcytometric dot-plots andhistogramsmeasured on the receptor trimerMHCII-β2m-MHCIh.c. singly labeledwith the indicatedA488-Fabs. Panels A, C, E: Anisotropy
ratio (r2/r1) vs. intensity ratio (I2/I1) scatter-plots. The gradual decrease of r2/r1 with increasing I2/I1 is an indication of increasing homo-FRET. Panels A, C, E: Absolute homo-FRET efficiency
T0 distributions computed with the r1 and r2 distributions. Pertinent statistical data are found in Table 1s, Part A, Supporting information.
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868 compared to the pertinent single labeled intensity averages have been
869 computed. In addition to proving the presence of homo-FRET between
870 the labels and justifying the trends found with flow cytometry, the
871 data also shed light a reduction of lifetime (~5–10%) upon increasing
872 the number of labels. This lifetime reduction – supposedly due to an
873 increased rate of FRET towards dim dye complexes – mitigates the
874 depolarization of homo-FFRET and tends to reduce the magnitudes of
875 relative anisotropy changes (η). Please see the details and data in
876 Tables 3s, and 4s in the Supporting information.

877 4.7. Flow cytometric dot-plots and histograms measured on the receptor

878 trimer multiply labeled with A488-Fabs

879 Representative anisotropy ratio (r2/r1) vs. intensity ratio (I2/I1),
880 intensity (I1, I2) dot-plots, and computed T0 histograms are shown in
881 Figs. 8–10 for the single-, double- and triple-labeled cases, respectively,
882 of theMHCII–β2m–MHCI h.c. receptor trimer. The r2/r1 vs. I2/I1 dot-plots
883 demonstrate the directed migration FRET amongst the heterogeneous
884 sites. The gradual decrease of the anisotropy ratiowith increasing inten-
885 sity ratio is due to that fact that FRET happens towards the lower energy
886 sites. According to Figs. 8–10 Panels A, C, and E, and Fig. 10 Panel A, the

887r2/r1 vs. I2/I1 dot-plots sensitively change as the number of applied
888labels increases. While I2/I1 increases, r2/r1 decreases with increasing
889number of applied labels, the smallest effect being observed on the
890singly labeled samples (Fig. 8 Panels A, C, E) and the largest one on
891the triply labeled one (Fig. 10 Panel A). An interesting feature is that
892the slope of the fitting trend line shows a systematic decrease as the
893number of labels is increased, an offset property supposedly due to
894the fact that the receptors are already homo-associated when they are
895singly-labeled with the Fabs. In Figs. 8–10 also shown are the corre-
896sponding homo-FRET efficiency histograms (T0). At the first site it is
897clearly visible that the width of the T0 distribution strongly depends
898on the signal-to-noise ratio: being largest on the single-labeled samples
899(Fig. 8) and the smallest on the triple-labeled one (Fig. 10). Additional
900useful representations are the r1 vs. I2/I1 and the r2 vs. I2/I1 dot-plots
901(Fig. 10, Panels C, D). Remarkable feature is that while r2 decreases
902steadilywith increasing I2/I1, r1 shows a little increase. A possible reason
903can be that with red shifting the emission spectrum (increase in I2/I1)
904the absorption is also shifted towards longer wavelengths implying a
905reduction in homo-FRET and a concomitant increase in anisotropy r1,
906i.e., a further manifestation of the red-edge effect. If now the anisotropy
907ratio r2/r1 is plotted against the I1 and I2 intensities (Fig. 10, Panels E, F),

Fig. 9.Representativeflow cytometric dot-plots andhistogramsmeasured on the receptor trimerMHCII-β2m-MHCI h.c. doubly labeledwith the indicatedA488-Fabs. Panels A, C, E: Anisotropy
ratio (r2/r1) vs. intensity ratio (I2/I1) scatter-plots. The gradual decrease of r2/r1with increasing I2/I1 is an indication of increasing homo-FRET. Panels A, C, E: Absolute homo-FRET efficiency T0
distributions computed with the r1 and r2 distributions. Pertinent statistical data are found in Table 1s, Part B, Supporting information.
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908 thenwhile a reduction in r2/r1 can be seenwith increasing I2, practically
909 no change can be seen with increasing I1.

910 5. Discussion

911 5.1. Red-edge effects with tethered fluorophores

912 Although originally it has been described for fairly viscous and rigid
913 media, we observed the operation of inhomogeneous broadening and
914 the associated red-edge effects for highly mobile tethered dyes. The
915 existence of this phenomenon in this situation suggests a long-lasting
916 stability of the solvent microenvironments around the fluorophores,
917 i.e., environmental relaxation times falling on the scale of fluorescence
918 lifetime or longer. This observation is in good accordance with the
919 previously reported ~0.4 rotational strength (τ/ϕrot) of the tethered
920 dyes – implying a 10-nsec rotational correlation time (ϕrot) for a 4-
921 nsec lifetime (τ) – observed with FRET-resolved donor anisotropy mea-

922 surements [35], which has also been conformed with rFLIM (τph=φrot =

9230.42 ± 0.04, as computed from data on single labeled cells in Tables 3s,
924and 4s in the Supporting information). The existence of inhomogeneous
925broadening also implies that homo-FRET does not exist in the strict sense
926of the word even for chemically identical dyes, because the unavoidable
927environmental heterogeneity endows themwith spectral heterogeneity
928unless the environmental relaxation time is much smaller than the fluo-
929rescence lifetime. Site-selective spectroscopy offered the opportunity for
930the optimization of the excitation and detection conditions for establish-
931ing a homo-FRET sensitive and an insensitive detection channel [18]. The
932two main characteristic spectral manifestations of inhomogeneous
933broadening exploited in the optimization are that homo-FRET is favored
934for main-band excitation and red-edge emission, and suppressed for
935red-edge excitation and blue-edge emission. After establishing the FRET-
936sensitive and insensitive channels accordingly – 488 nm excitation/
937640 nm emission, and 514 nm excitation/535 nm emission – we were
938able to separate the rotational and FRET-contributions to the depolariza-
939tion of fluorescence anisotropy by dropping out the rotational com-
940ponent via ratioing the anisotropies of the two detection channels.
941However, the homo-FRET efficiency T0 defined this way (Eq. (24)) can

Fig. 10. Representative flow cytometric dot-plots and histogramsmeasured on the receptor trimerMHCII-β2m-MHCI h.c. triply labeledwith the indicated A488-Fabs. Panel A: Anisotropy
ratio (r2/r1) vs. intensity ratio (I2/I1) scatter-plot. The gradual decrease of r2/r1 with increasing I2/I1 is an indication of increasing homo-FRET. Panel B: Absolute homo-FRET efficiency T0
distribution computed with the r1 and r2 distributions. Panel C: Green channel anisotropy (r1) vs. intensity ratio (I2/I1) scatter-plot. Panel D: Red channel anisotropy (r2) vs. intensity
ratio (I2/I1) scatter-plot. Panel E: Anisotropy ratio (r2/r1) vs. green channel intensity (I1) scatter-plot. Panel F: Anisotropy ratio (r2/r1) vs. red channel intensity (I2) scatter-plot. Pertinent
statistical data are found in Table 1s, Part A, Supporting information.
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942 be considered only as an approximation, because it rests on the assump-
943 tion of identical τ/ϕrot ratios (“rotation strengths”) in the two channels
944 and zero residual FRET in the insensitive channel. For correcting these
945 shortcomings the spectral correction factors β and γ have been intro-
946 duced (Eqs. (17), (18)) in the definition of another, the “true” homo-
947 FRET efficiency T (Eq. (23)), based on linear fitting of the reciprocal
948 anisotropy vs. surface concentration Perrin-plots (Eq. (30)). Nevertheless,
949 the usefulness of the T0 is stressed by the fact that it can always be con-
950 sidered as a lower approximation of the true homo-FRET efficiency –

951 i.e., T0≤ T – also in those caseswhenβ andγ are not known and T cannot
952 be computed.
953 The elaboration of this method was substantially inspired by the
954 publication of A. Squire et al. [10]. They called the attention for the
955 possibility for separating the rotational and FRET contributions to the
956 depolarization of anisotropy by utilizing red-edge absorption and illus-
957 trated the method with visible engineered proteins (VFP-s). Our inten-
958 sionwas to generalize their approachby (i) choosing amuchwider class
959 of labels – such as surface tethered dyes – possessing also a substantially
960 larger degree of tetheringmotion compared to VFP, which is practically
961 immobile, (ii) taking into account not only the absorption red-edge,
962 but also the emission blue-edge effect for optimization of homo-FRET
963 suppression and detection, (iii) giving a theoretically firm basis for the
964 separation of effects of homo-FRET and rotation by factorizing anisotro-
965 py according to Soleillet's theorem [22–24], (iv) constructing an optical
966 scheme which enables a “simultaneous” – up to the 30-μs delay-time
967 of the green and blue laser lines in the flow cytometer, Fig. 2 – detection
968 of the two anisotropies, which is necessary for a real-timemonitoring of
969 receptor dynamics.

970 5.2. Calibration of absolute homo-FRET determination

971 An important feature of our absolute homo-FRET efficiency determi-
972 nation is that it does not require a calibration of the different sensitivi-
973 ties of the green and red channels, i.e., the problem of finding the best
974 “α-factor” for FRET is avoided [36] here. This problem is eliminated
975 by the fact that two anisotropies are compared, which are absolute
976 quantities being computed with intensity ratios. However, for the
977 accurate FRET-efficiency calculation – according to Eq. (24) for T0 –

978 the knowledge of the lifetime-rotational correlation time ratio in the
979 two detection channels or at least their approximate equality is re-
980 quired, besides the condition that homo-FRET should be zero in the
981 insensitive channel. For a refinement of our methodology, we checked
982 these properties for our mAbs, and determined the β and γ quantities
983 (see Fig. 5s in the Supporting information) describing the relative rota-
984 tional strengths and homo-FRET rates in the two detection channels.
985 We found β to be close to unity (β N 94%), and γ to be close zero
986 (γ b 13%), independently of the type of the dye-carrier ligand and its
987 labeling ratio, indicating that the A488-mAb systems are close to the
988 ideal at the 488 and 514.5 nm excitation wavelengths.
989 According to direct lifetime measurements of the same mAbs with
990 FLIM, the near equal rotational strengths manifested in β close to
991 unity is corroborated by also the observation that the lifetimes mea-
992 sured in the red and green channels are approximately equal with
993 each other (see Fig. 6s in the Supporting information).

994 5.3. Homo-FRET efficiency and enhancement

995 Absolute homo-FRET efficiency T0 (and T) is distinct from the homo-
996 FRET enhancement factors (η2) introduced earlier with the receptor
997 trimers (Fig. 3). Although, the pair-wise and triple-wise homo-FRET-
998 enhancements η2 shown in Fig. 3 give the same results qualitatively,
999 they are only relative values and they cannot be used for describing
1000 homo-FRET on the single-labeled samples. While the homo-FRET en-
1001 hancement factors (η2) represent the change of homo-FRET efficiency
1002 caused by the application of a 2nd label (mAb, Fab), T0 represents the
1003 total homo-FRET efficiency, i.e., the amount of homo-FRET before a

10042nd label (“starting homo-FRET”), plus the homo-FRET increment
1005caused by binding of a 2nd label. Alternatively, η2means the differential
1006change in absolute homo-FRET efficiency caused by the introduction of
1007a 2nd label: η2 ≈ T0 (after 2nd label) − T0(before 2nd label), see also
1008Eqs. (32), and (42).

10095.4. Intensity ratio-based homo-FRET efficiencies

1010In addition to the anisotropy-based absolute homo-FRET efficiencies
1011(T0, T), the observation that homo-FRET leads to a gradual shift of emis-
1012sion wavelength to the red (Figs. 5, 6) may offer another possibilities
1013for characterizing homo-FRET: An intensity-based quantity E1 may
1014also be introduced. E may be defined as the relative change between
1015the I2 and I1 intensities when the main-band (2nd channel) and the
1016red-edge (1st channel) excitations are compared:

E1 ≡α � I2=I1−1; ð43Þ

10181018whereα is a correction factor taking into account the different sensitiv-
ities of the detection channels [36]. As a kind of calibration, α can be

1019fixed by making equal the two FRET efficiencies defined according to
1020Eqs. (24), and (43). This approach is supported by the observation
1021that the r2/r1 ratio is approximately a linearly decreasing function of
1022I2/I1 (Figs. 8–10) leading to approximately the same α values indepen-
1023dently of the receptor for a given optical adjustment of the cytometer.
1024By computing the means of histograms of the α quantity defined as

α≡ 2−r2=r1ð Þ= I2=I1ð Þ; ð44Þ

10261026we obtained: 0.65 ± 0.006, for the 7 samples displayed in Figs. 8–10.
Besides α histogram linear fitting of the r2/r1 vs. I2/I1 correlation dia-

1027grams could be used.
1028Alternatively, another quantity E2 can also be defined as a relative
1029change of the Ired/Igreen intensity ratio (like the I2/I1 ratio on Figs. 5, 6,
1030and 1s, 2s in the Supporting information) when the main-band (2nd
1031channel) and the red-edge (1st channel) excitations are compared
1032(“differential intensity red shift”):

E2 ≡ Ired=Igreen
� �

1
= Ired=Igreen
� �

−1: ð45Þ

10341034

This quantity does not need calibration, the cost of which is the need
1035for 2 extra detection channels: green detection at the main band
1036(Igreen,2), and red detection at the red-edge (Ired,1).

10375.5. Applicability of the method

1038This methodology enables the possibility for a quick –minute level –
1039assessment of an otherwise only hardly accessible parameter, the
1040absolute homo-FRET efficiency as freed from rotation effects in flow
1041condition. Doing this in a single measuring act, the method is capable
1042for real-time monitoring of receptor dynamics manifested in changing
1043proximities and rotational mobility by using only a single type of dye.
1044This same information can also be assessed by controlling fluorophore
1045concentration via changing the amount of dye-tagged ligands for label-
1046ing of receptors, photobleaching and photon-saturation of the dye [4–9,
104712–14]. However, these latter possibilities demand multiple samples,
1048longer exposition times, or high illumination intensities precluding
1049the real-time observations in living conditions in a flow cytometer.
1050They aremost suitable formicroscopic applications.With this approach,
1051we focused to flow cytometry, because this is the platform for a
1052multiparametric quick assessment of cell-by-cell level correlations
1053between parameters as diverse as inter-receptor proximities, receptor
1054mobilities, ion concentrations, andmembrane potential [40,41]. Amongst
1055the outstanding properties of flow cytometry is its high statistical preci-
1056sion, making possible investigations on weakly expressed receptors on
1057very small cell populations, consequently the early diagnosis of diseases.
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1058 Apart from flow cytometry, the method can also be applied in fluores-
1059 cencemicroscopes capable for dual-anisotropy detection, e.g., via a quad-
1060 rant image splitter making possible separation of light according to color
1061 and polarization. Furthermore, other types of receptors, not necessarily
1062 expressed on the cell surface and dye-targeting ligands other than
1063 mAbs could also be applied.
1064 As to the utility of fluorophores, the major requirement is the high
1065 enough r0 limiting anisotropy – in addition the natural requirement
1066 for the small Stokes-shift for the large spectral overlap – to ensure ade-
1067 quate dynamic range for reduction of anisotropy due to homo-FRET.
1068 Further requirements are a substantial rotation on the time-scale of
1069 fluorescence and a tendency for inhomogeneous broadening. For non-
1070 rotating, stiff chromophores – such as engineered visible proteins –

1071 this method is meaningless, albeit these systems are amongst the best
1072 candidates with respect to the detectability of homo-FRET. A large
1073 class offluorophores conjugatable to carriers, with chromophore groups
1074 directly exposed to the environment, amongst which the polarity dyes
1075 having large environmental sensitivity, seems to be amongst the best
1076 candidates because these have both rotational freedom and inhomoge-
1077 neous broadening. Quantumdotsmay also be applicable, although their
1078 environmental sensitivity could be smaller due to shielding by a capping
1079 layer. As to studies of mosaicism of the lipid bilayer, morphology of
1080 membrane domains may be monitored by measurement of homo-
1081 FRET between e.g., the DPH, or BODIPY dyes [42], which may possess
1082 substantial rotational mobility besides homo-FRET.
1083 Another advantage of the ratio-based homo-FRET determination
1084 may be that it is free from lifetime artifacts. Detecting that homo-FRET
1085 could be hindered by a concentration and intensity dependent lifetime
1086 reduction as observed by us – see the lifetime values in Tables 3s,
1087 and 4s as function of labeling ratio and the number of ligands added
1088 together and in [36] – and by others for dyes [42–45], and recently by
1089 Nedbal et al. for VFP [46]. Supposedlyweakly fluorescing dye associates,
1090 “dim complexes” are behind this observation, which may reduce life-
1091 time by self-quenching. This may increase fluorescence anisotropy,
1092 and mitigate the depolarizing effect of homo-FRET. This may explain
1093 that we observed rather modest homo-FRET enhancements (~10–
1094 15%) for the pairs of the receptor trimer [4] for which much larger
1095 hetero-FRET efficiencies (~20–30%) were observed earlier. In the
1096 present formalism based on anisotropy ratio, however, this effect
1097 drops out, because both the numerator and de-numerator are inflated
1098 by the same way.
1099 As to the technical realization of the method, the main requirement
1100 is to ensure simultaneously the negligible homo-FRET and the high
1101 enough fluorescence signal at the red edge. By inspecting the homo-
1102 FRET rate curves for the 2nd fluorescence channel (A2) – the red curves
1103 of Fig. 5s Panels A–C–E in the Supporting information –we can see that
1104 the homo-FRET rate at the red-edge (514.5 nm) is practically zero. This
1105 implies that the homo-FRET insensitive signal can also be measured
1106 in the same, red fluorescence channel in which the sensitive one is
1107 measured, depending on the signal level dictated by biological and tech-
1108 nical factors such as receptor expression level and light intensity for
1109 excitation.

1110 6. Conclusion

1111 Red-edge effects have been demonstrated for the highly mobile
1112 mAb-tethered dyes targeted to membrane receptors. By exploiting
1113 site-selective spectroscopy, FRET-sensitive and insensitive channels
1114 have been established, whichmade possible an absolute determination
1115 of homo-FRET efficiency by ratioing the fluorescence anisotropies mea-
1116 sured in the two channels. Although accurate determination of absolute
1117 homo-FRET efficiency requires – besides the high-enough limiting an-
1118 isotropy r0 – a careful control of spectral characteristics such as relative
1119 homo-FRET rates (γ-factor) and relative rotation strengths (β-factor)
1120 on the actual FRET-sample, the homo-FRET efficiency T0 computed
1121 with a simple ratio of the anisotropies in the homo-FRET-sensitive and

1122insensitive channels serves as a minimum for the true homo-FRET effi-
1123ciency even in the lack of this spectral information. Based on the fact
1124that the two anisotropies simultaneously detected, the method may
1125be exploited in real-time monitoring of dynamical processes like
1126conformational changes where both rotational mobility and inter-dye
1127proximity can equally be affected. Although the method has been
1128demonstrated in the context of flow cytometry it can be realized also
1129in microscopes equipped with dual-laser excitation and dual-channel
1130anisotropy detection facilities.
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