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B I O P H Y S I C S

FLIPs: Genetically encoded molecular biosensors for 
functional imaging of cell signaling by linear 
dichroism microscopy
Paul Miclea1,2, Vendula Nagy-Marková1,2, Robin Van den Eynde3, Wim Vandenberg3, Alina Sakhi4, 
Alexey Bondar1,5,6, Jitka Myšková1, Peter Dedecker3,7, Josef Lazar1,2*

Genetically encoded fluorescent biosensors convert specific biomolecular events into optically detectable signals. 
However, imaging biomolecular processes often requires modifying the proteins involved, and many molecular 
processes are still to be imaged. Here, we present a biosensor design that uses a hitherto overlooked detection 
principle: directionality of optical properties of fluorescent proteins. The biosensors (termed FLIPs) offer an ex-
tremely simple design, high sensitivity, multiplexing capability, ratiometric readout, and other advantages, with-
out requiring modifications to their targets. We demonstrate the sensor performance by real-time imaging 
activity of G protein–coupled receptors (GPCRs), G proteins, arrestins, and other membrane-associated proteins, 
as well as by identifying a previously undescribed, pronounced, endocytosis-associated conformational change in 
a GPCR–β-arrestin complex. In combination with an original tri-scanning linear dichroism confocal microscope, 
FLIPs allow unparalleled imaging of activity of nonmodified, endogenously expressed G proteins. Thus, FLIPs 
establish a powerful molecular platform for imaging cell signaling, allowing numerous future developments 
and insights.

INTRODUCTION
Genetically encoded fluorescent biosensors allow visualizing specific 
cellular processes in living cells, tissues, and animals. Such probes 
are often constructed by fusing a sensing protein to a fluorescent 
moiety [such as a fluorescent protein (FP)], creating a causal con-
nection between the molecular process of interest and the fluores-
cence output (1, 2). Usually, a conformational or structural change 
in the sensing protein is used to modulate one of several modes of 
fluorescence quenching, most often through facilitating (or restrict-
ing) access of water molecules to the fluorophore (e.g., in circularly 
permuted FPs) or through providing (or removing) a suitable exci-
tation energy donor or acceptor [e.g., in bioluminescence resonance 
energy transfer or fluorescence resonance energy transfer (FRET)]. 
The requirement for a sufficiently large conformational change in 
the sensing protein severely limits the number of phenomena that 
can be probed. Furthermore, many such molecular biosensors re-
quire an insertion of a fluorescent moiety into the protein of interest 
(e.g., a receptor protein), leading to potential perturbations in its 
function. Although so-called translocation sensors, responding by 
redistribution of a fluorophore across the cell (3, 4), avoid the need 
for a conformationally switching protein, their responses are slow, 
and their number of targets is limited. Thus, there remains a strong 
need for biosensors that would allow real-time in vivo observations 
of the dynamic functional activity of a wide range of nonmodified, 
endogenously expressed proteins, providing quantifiable, ratiomet-
ric readout while allowing multiplexing.

To try to meet this need, we decided to exploit the well docu-
mented, but seldom used effects of optical directionality of FPs. 
Fluorescent molecules (including FPs) behave like dipole antennas, 
with pronounced directional properties (5, 6). Molecular directional 
properties can cause differences in the rates of absorption of light of 
distinct linear polarizations [linear dichroism (LD)], as well as fluo-
rescence polarization. The two phenomena can report on the mo-
lecular orientation (or orientational distribution) at the time of light 
absorption and emission by the fluorophore, yielding quantitative 
insights into the protein structure and its dynamics not accessible by 
other means. Although observations of these phenomena offer in-
trinsically ratiometric readout, allow multiplexing (due to the need 
for only a single spectral band), and are relatively simple to imple-
ment, they have so far found only niche applications in biological 
microscopy (7–13). This is because the existing biosensors based 
on molecular optical directionality have fundamental drawbacks: 
They modify the proteins of interest (14) and require a specific de-
sign for each application. Furthermore, their responses are usually 
small (15), and efforts at improvements have largely been nonpro-
ductive (8, 15). For optical directionality to become a mainstream 
tool of biomolecular microscopy, these drawbacks would have to 
be overcome.

To address these challenges, we have conceived a class of molecu-
lar probes that we term fluorescence anisotropy and linear dichroism 
probes (FLIPs) (Fig. 1A). A FLIP includes four distinct functional 
components: a fluorescent moiety (i) (such as an FP), bearing at one 
of its termini a flexible linker (ii) and a membrane-targeting moiety 
(iii), and at the other terminus a moiety capable of binding the target 
of the probe (iv). We hypothesized that, in the absence of the probe’s 
target, the FP moiety would adopt a largely random molecular ori-
entation, while, in presence of the target, the orientation of the FP 
with respect to the cell membrane would become restricted. These 
changes in FP orientation could then be easily revealed by observing 
the optical directionality of the fluorescent moiety through observa-
tions of LD (Fig. 1B).
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The exceedingly simple and versatile molecular design promises 
to address all of the abovementioned drawbacks of existing biosen-
sors based on optical directionality. The target molecules do not 
need to be modified in any way. By virtue of its clear molecular mech-
anism of function, simplicity, modularity, and versatility, the FLIP 
molecular architecture provides a single design readily applicable to 
rapid development of biosensors for many distinct molecular tar-
gets. The expected robust, predictable changes in molecular orientation 
of the fluorescent moiety should yield strong observable signatures, 
tunable by targeted modifications to the distinct parts of the sensor 
molecules. FLIPs should benefit from the inherent advantages of op-
tical directionality measurements, namely, a ratiometric readout 
resistant to bleaching artifacts, and the need for only a single spec-
tral channel, allowing to combine FLIPs with other fluorescent 
constructs, including other biosensors. Driven by the high promise 
of the FLIP biosensor design, we set out to investigate its applica-
tions to a range of intracellular molecular processes.

RESULTS
Initial FLIP designs
For our initial attempts, we chose to develop a FLIP that would re-
port on the presence of the activated form of the G protein Gαi1. 
Gαi1 plays an important role in physiology, by transducing signals 
from numerous G protein–coupled receptors (GPCRs) (4). More-
over, Gαi1 signaling had been investigated both by polarization mi-
croscopy (using constructs with an FP inserted into the Gα subunit) 
(8, 14, 15) and other methods, such as FRET or bimolecular fluores-
cence complementation between G protein subunits (2, 16), allow-
ing comparison with the current approach. We chose the peptide 
KB1753, known to bind activated Gαi subunits (16, 17), as the affin-
ity binding moiety. The enhanced green fluorescent protein (eGFP) 
served as the fluorescent moiety, and the hexapeptide Gly-Ser-Gly-
Gly-Ser-Gly as the flexible linker. As membrane anchors (18), we test-
ed the N-terminal palmitoylation signal peptide derived from GAP43, 
the transmembrane domain of the interleukin receptor IL4Rα, the C-
terminal palmitoylation/farnesylation domain of H-Ras, and the C-
terminal farnesylation domain of K-Ras.

To determine whether the four probes (GAP43-eGFP-KB1753, 
IL4R-eGFP-KB1753, KB1753-eGFP-HRas, and KB1753-eGFP-KRas) 
interact with the intended target, we observed their LD (differences 
in fluorescence intensities upon excitation with distinct linear po-
larizations of light) in living human embryonic kidney (HEK) 
293 cells, in the absence and presence of a constitutively active mutant 
of Gαi1 (denoted as Gαi1*). The extent of LD was quantitated as the 
dichroic logratio [log2(r0)], that is, by the logratio of fluorescence 
intensities elicited by light polarized horizontally and vertically 
[log2(Fh/Fv)] in the image, in a section of the membrane with its 
normal oriented horizontally within the image (Fig. 1B) (8, 19, 20). 
Such ideal membrane orientation need not be present in the exam-
ined images, as the value of log2(r0) can be robustly extrapolated 
from almost any section of a membrane with a known orientation 
(19). Positive values of log2(r0) indicate an orientation of the fluoro-
phore’s transition dipole moment (TDM; a “molecular antenna”) 
close to perpendicular to the membrane, while negative values im-
ply a TDM orientation close to parallel to the membrane. Wide dis-
tributions of molecular orientations or orientations centered around 
the so-called “magic angle” (54.7°) yield values of log2(r0) close to 0. 
The results of our LD determinations are illustrated in Fig. 2 and 
figs. S1 and S2 and summarized in table S1. We observed notable 
differences in LD between cells expressing only a probe and those 
coexpressing the probe and Gαi1* for all constructs except GAP43-
eGFP-KB1753. The effect was most pronounced in IL4Rα-eGFP-
KB1753 which, however, showed irregular membrane localization 
(fig. S1). Thus, we selected KB1753-eGFP-HRas for further develop-
ment and testing.

Modifying the length of the flexible linker brought little benefit 
(fig. S2). Extending the linker reduced the effect of Gαi1 presence on 
LD, presumably by increasing the orientational freedom of the eGFP 
moiety while engaged with Gαi1*. Probes with shorter linkers showed 
relatively high LD when expressed alone, and their LD was affected 
only little by presence of Gαi1*. This is consistent with the cell 
membrane proximity restricting the rotational freedom of the eGFP 
moiety and reducing the ability of the construct to bind Gαi1*. 
Thus, we used the original hexapeptide linker in our further studies.

Replacing the eGFP moiety with other FPs (Fig. 2, C and D) re-
sulted in functional sensors that generated a strong LD contrast over 
a range of emission colors. However, the signs and magnitudes of 

Fig. 1. General design of FLIPs and the detection principle. (A) A general struc-
ture of a fluorescence anisotropy and linear dichroism probe (FLIP), consisting of a 
membrane anchor, a flexible linker, a fluorescent moiety, and an affinity binding 
moiety. Upon binding of the affinity moiety to a target, the orientation of the fluo-
rescent moiety changes. This is detectable by observations of LD. (B) Observing 
and quantitating LD, illustrated on a mathematical model of a simplified spherical 
cell. Imaging with two distinct linear polarizations of the excitation light generates 
two fluorescence images (Fh and Fv, obtained with light polarized horizontally and 
vertically in the image, respectively). LD is visualized by coloring the two images 
magenta and green and overlaying (optionally including a color contrast adjust-
ment). For LD quantitation, the membrane area is segmented and the membrane 
orientation in each pixel is described by an angle θ. This yields sine- and cosine-like 
relationships of fluorescence intensities Fh and Fv on θ. To characterize the LD of a 
particular construct, the value of Fh/Fv for θ = 0 (denoted as r0) may be used. How-
ever, it is preferable to use log2(r0) [that is, log2(Fh/Fv) at θ = 0], as log2(Fh/Fv) follows 
a robust, sine-like relationship on θ, permitting the value of log2(r0) to be accu-
rately inter- or extrapolated from log2(Fh/Fv) values for θ ≠ 0 (19). In our previous 
works, log2(r0) was denoted as log2(rmax).
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the contrast could differ between the FPs in unexpected ways. As 
expected, modifying the orientation of the fluorophore with respect 
to the cell membrane by circular permutation of the FP moiety [cps-
fGFP (21) and cpmTurq2 (22)] affected the LD of the respective sen-
sors, both in the absence and presence of Gαi1*. Unexpectedly, some 
FLIPs (namely, KB1753-cpsfGFP-HRas and KB1753-mTurq2-HRas) 
showed higher LD in the absence of Gαi1* than in its presence. 
Some highly similar constructs (KB1753-eGFP-HRas and KB1753-
mTurq2-HRas) exhibited opposite Gαi1*-induced behaviors. A 
particularly notable kind of contrast was observed in KB1753-
cpmTurq2-HRas, which showed opposite signs of LD in the absence 
and in the presence of Gαi1*, allowing simple, unambiguous visual 
identification of different conformational states of the FLIP even 
without LD quantitation. The results obtained in attached cells are 
consistent with our single- and two-photon LD microscopy obser-
vations of cells made spherical by hypotonic treatment (fig. S3), 
which allow determinations of TDM orientations with respect to the 

membrane (table S2) (19). This information currently does not al-
low determinations of orientations of the FP β barrel. However, 
our knowledge of TDM orientations within the FP molecules (6) 
implies divergent FP orientations even between nearly identical 
FLIP (particularly between the eGFP/mTurq2 versions; less so in 
cpsfGFP/cpmTurq2). We attribute the observed idiosyncratic 
behaviors of these constructs to sequence-specific interactions be-
tween the FP moiety and the plasma membrane. In the future, such 
interactions may be exploited in rational development of improved 
FLIPs. Overall, our results demonstrate that FLIPs can deliver useful 
biosensors using a wide range of FPs spanning a broad region of 
the visible spectrum.

Observing activation of Gαi1
We then explored whether the Gαi1* probes could also report on 
the activation and inactivation of nonmodified Gαi1 (Fig. 3). To ensure 
close to equimolar concentrations, we observed cells overexpressing 

Fig. 2. Detecting the presence of a constitutively active mutant of Gαi1 (Gαi1*) by FLIPs and LD microscopy. (A) A HEK293 cell expressing KB1753-eGFP-HRas (top) 
and coexpressing KB1753-eGFP-HRas and Gαi1* (bottom). From left to right: Image acquired using excitation light polarized horizontally; image acquired using excitation 
light polarized vertically; the two preceding images colored magenta and green, respectively, and overlaid; same as in the preceding image, but the coloring adjusted to 
cover the shown range of dichroic ratios (Fh/Fv,), as indicated by the color bar. In cells expressing Gαi1*, the FLIP exhibits pronounced LD. Scale bars, 5 μm. (B) LD of eGFP-
bearing FLIPs containing various membrane anchors and linkers, in the absence and presence of Gαi1*. Means and 95% confidence intervals are indicated. With the ex-
ception of GAP43-eGFP-KB1753, all tested FLIPs exhibit significantly different LD in presence of Gαi1*. (C) Representative LD microscopy images of HEK293 cells 
expressing FLIPs of the KB1753-FP-HRas design, bearing various FPs. Coloring as in (A). Scale bars, 5 μm. Top: Cells expressing the indicated FLIP. Bottom: Cells coexpressing 
the indicated FLIP and Gαi1*. Differences in LD between cells expressing only a FLIP and coexpressing the FLIP and Gαi1* are apparent. Notably, cells expressing KB1753-
cpmTurq2-HRas exhibit LD of a different sign in the absence and presence of Gαi1* (inversion of the magenta-green pattern). (D) LD of FLIPs of the KB1753-FP-HRas de-
sign, bearing different FP moieties. Means and 95% confidence intervals are indicated. Presence of Gαi1* had a significant effect on the LD of all tested FLIPs. Marked 
differences between the distinct FLIPs are apparent. ****P < 0.0001; n.s., not significant.
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a KB1753-based FLIP, as well as nonmodified G proteins Gαi1, Gβ1, 
Gγ2, and the μ-opioid receptor (μOR). Before activation of the recep-
tor, all three tested FLIPs (KB1753-eGFP-HRas, KB1753-cpmTurq2-
HRas, and KB1753-mScarlet-HRas) exhibited LD somewhat higher 
than that of the probes overexpressed alone (Fig. 3). This is likely 
due to basal activity of μOR and other Gi-coupled GPCRs present in 
the cells, as well as to nonspecific binding of KB1753 to the nonacti-
vated form of Gαi1. Upon addition of [D-Ala2, N-MePhe4, Gly-ol]-
enkephalin (DAMGO), a full μOR agonist (23), the LD of all three 
probes quickly changed, in a direction consistent with our observa-
tions of the effects of Gαi1*. Cells expressing KB1753-cpmTurq2-
HRas often changed the sign of LD (LD inversion, or LD “flip”), 
allowing easy visual identification of different functional states of Gαi1.

The responses of all three FLIPs were smaller than those ob-
served in our experiments with Gαi1*, likely due to incomplete ac-
tivation of the Gαi1 pool by μOR. Upon addition of an excess of a 
μOR antagonist (naloxone) (16), the LD of all three FLIPs returned 
to values close to those observed before μOR activation, with resid-
ual responses likely due to continuous presence of DAMGO. The 
kinetics of the observed responses to μOR activation/inactivation 
were in agreement with previous observations (8), suggesting that 
the binding of the FLIP to the activated Gαi1 does not substantially 
affect the G protein activation or inactivation. Our results show that 
FLIPs can be used for real-time single-cell imaging, with subcellular 
resolution, of the activation and inactivation of nonmodified, over-
expressed G proteins, exceeding the abilities of other sensors (2) by 

providing similar or better signal-to-noise, while not requiring that 
the targets be modified.

The ability of FLIPs to image activity of nonmodified G proteins 
led us to investigate whether FLIPs can report on the activity of en-
dogenously expressed G proteins. We tested this possibility by ob-
serving cells overexpressing a Gαi-detecting FLIP and the μOR 
(allowing reliable Gαi activation) but expressing G proteins endog-
enously (Fig. 3D). Our results show that the LD of KB1753-eGFP-
HRas and KB1753-cpmTurq2-HRas changes significantly both upon 
μOR activation by DAMGO and inactivation by naloxone. Unlike 
the other two FLIPs, KB1753-mScarlet-HRas showed no statistically 
significant changes in LD upon activation/inactivation of endoge-
nously expressed Gαi, even after observing more than 50 cells. A 
possible explanation for this result is that the mScarlet moiety, hav-
ing a distinct sequence and structure from the other two FPs, pres-
ents a steric hindrance that lowers the affinity of the KB1753 peptide 
toward its target.

The LD changes observed in cells overexpressing μOR and 
KB1753-eGFP-HRas or KB1753-cpmTurq2-HRas were in line with 
those we observed in cells that also overexpressed Gαi1, Gβ1 and 
Gγ2, but markedly smaller. On the basis of our measurements of LD 
in cells expressing Gαi1*, we estimated that about 15% of the FLIP 
molecules become bound to the endogenous Gαi upon activation. 
In theory, reducing the molar excess of the FLIP over the endoge-
nous Gi might lead to a larger fraction of the FLIP becoming bound 
upon Gi activation and, in turn, to a larger and more easily discernible 

Fig. 3. Imaging activity of Gαi1 by LD microscopy and FLIPs of the KB1753-FP-HRas design. (A to C) HEK293 cells overexpressing the μ-opioid receptor (μOR), Gαi1, 
Gβ1, Gγ2, and the indicated FLIP, imaged before and after addition of a μOR agonist (DAMGO) and after addition of an excess μOR antagonist (naloxone). (A) KB1753-eGFP-
HRas; (B) KB1753-cpmTurq2-HRas; (C) KB1753-mScarlet-HRas. Left: LD microscopy images showing a cell before addition of DAMGO, after addition of DAMGO, and after 
addition of naloxone. All scale bars, 5 μm. Middle: Temporal profile of LD in response to μOR activation and inactivation of the shown cell. Right: LD of cells before activa-
tion, 30 s after addition of DAMGO, and 30 s after addition of naloxone. Changes in LD in response to addition of DAMGO and naloxone are apparent for all three FLIPs. 
(D) LD of HEK293 cells overexpressing μOR and the indicated KB1753-FP-HRas (not overexpressing any G protein), before and after addition of DAMGO and after addition 
of naloxone. Mean values and 95% confidence intervals indicated. ****P < 0.0001; n.s., not significant.
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change in LD. However, because we did not notice any relationship 
between the magnitude of the LD change and the FLIP expression 
level, we believe that the potential benefit of a lower FLIP concentra-
tion is being negated by the relatively low affinity of KB1753 for the 
activated Gαi subunits [dissociation constant (Kd) = ~1 μM] (17). 
Improving the sensitivity of detection of endogenous G protein sig-
naling will likely require increasing the affinity of the FLIP binding 
moiety. Despite the limits imposed by the affinity of KB1753, our 
ability to image activation of nonmodified, endogenously expressed 
G proteins represents, to our knowledge, a first (2) and is likely to 
improve further with future developments.

Observing activation of GPCRs
Encouraged by our success in observing the activity of Gαi1, we ex-
panded the range of FLIP probes to observe the activity of distinct 
GPCRs. The versatility of the FLIP design allowed us to create bio-
sensors based on nanobodies NB33 and NB80, which specifically 
bind the activated forms of the μOR and the β2-adrenergic receptor 
(β2AR), respectively (Fig. 4) (3, 24). Briefly, the LD of NB33-eGFP-
HRas exhibited rapid LD inversion upon addition of DAMGO. The 
response could be reversed by application of naloxone. NB80-eGFP- 

HRas responded to the activation of β2AR (by isoproterenol) by 
rapid, robust LD inversion. The fluorescence intensity in a mem-
brane whose normal is oriented horizontal in the image dropped by 
close to 50% with excitation polarized horizontally (Fh), while rising 
by 50% with excitation polarized vertically (Fv) (fig. S4A). In some 
cases, the LD inversion occurred during an image acquisition, dem-
onstrating short response onset times of ~100 ms (fig. S4B), likely 
limited by agonist diffusion rates rather than by the biosensor kinet-
ics. In contrast, the observed rate of β2AR inactivation by a β2AR 
inverse agonist (propranolol) was on the order of minutes. We rea-
soned that the high binding affinity of NB80 for β2AR [reported to 
be 3 nM for the isoproterenol-activated receptor; (3)] hindered the 
receptor leaving the active conformation. Thus, guided by the known 
structure of the β2AR-NB80 complex (Protein Data Bank ID 3P0G) 
(25), we mutated four amino acids of NB80 that form contacts with 
the active form of β2AR but away from the loop that fits into the 
central cavity of the activated receptor (fig. S5). The resulting FLIP 
(NB80Lite-eGFP-HRas) exhibits optical properties similar to NB80-
eGFP-HRas, including a large, rapid response to β2AR activation, 
but exhibits virtually no affinity for the nonactivated receptor and a 
much faster response to β2AR inactivation than NB80-eGFP-HRas.

Fig. 4. Imaging GPCR activity by LD microscopy and FLIPs. (A) Imaging μOR activity in HEK293 cells overexpressing μOR-IRES-mCherry and NB32-eGFP-HRas. Left: 
A cell observed before stimulation, after μOR activation (by addition of DAMGO), and after μOR inactivation (by addition of naloxone). Middle: Temporal profile of LD 
during μOR activation and inactivation of the shown cell. Right: Values of LD observed in the absence of μOR and in its presence before stimulation, 30 s after activation, 
and 30 s after inactivation (each data point represents a single cell; mean values and 95% confidence intervals indicated). (B) β2AR activity in HEK293 cells overexpressing 
β2AR-IRES-mCherry and NB80-eGFP-HRas; isoproterenol (ISO) and propranolol (PROP) were used for β2AR activation and inactivation, respectively. (C) Imaging β2AR 
activity using NB80Lite-eGFP-HRas. All scale bars, 5 μm. ****P < 0.0001; n.s., not significant.
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Our results demonstrate that FLIPs can be used for sensitive, 
real-time observations of the activity of nonmodified GPCRs. They 
also show that nanobodies can serve as affinity moieties in FLIPs 
while highlighting the importance of a suitable binding affinity of the 
FLIP for its target. In combination with our observations of KB1753-
based probes, our results with NB80-based FLIPs place limits on the 
range of binding affinities suitable for FLIP applications (likely 10 to 
100 nM, depending on the target concentration).

Endocytosis-associated rearrangement of 
GPCR-arrestin complexes
We next aimed to visualize arrestin-mediated signaling. Arrestins 
play an important role in GPCR signal transduction, complement-
ing or competing with signaling by G proteins (26, 27). The roles of 
G proteins and arrestins are compartmentalized, both spatially (cell 
membrane versus endosomes) and temporally (so-called first versus 
second wave of GPCR signaling) (28). Upon GPCR activation, ar-
restins can bind to the receptor’s phosphorylated C terminus (par-
tial engagement) or to both the C terminus and the GPCR’s central 
cavity (full engagement) (29, 30). Partial arrestin engagement might 
allow formation of GPCR–G protein–arrestin supercomplexes, whose 
existence has, however, only been demonstrated with purified, recon-
stituted proteins, under highly favorable conditions (31). In contrast, 
our approach promised real-time observations of arrestin molecular 
interactions in living cells, with subcellular resolution.

To detect interactions of arrestins with GPCRs, we prepared 
NB32-eGFP-HRas (32). This FLIP uses NB32, a nanobody specific 
for activated arrestins bound to the phosphorylated C terminus of a 
GPCR (29, 32). To stimulate arrestin recruitment to a GPCR, we 
used the bradykinin receptor 2 (B2R) (4, 33, 34). Cells overexpress-
ing nonmodified B2R, β-arrestin 1 (βArr1), and NB32-eGFP-HRas 
responded to activation by bradykinin by an increase in LD of the 
probe in the cell membrane (Fig. 5), likely corresponding to the for-
mation of the fully engaged B2R-βArr1 complex. Membrane vesicles 
(endosomes), which formed upon internalization of the activated 
B2R, exhibited LD similar to that observed in the cell membrane of 

the activated cells. Thus, NB32-eGFP-HRas can detect activation of 
βArr1 both in the cell membrane and in endosomes.

To test whether NB32-meGFP-hRas can distinguish between dif-
ferent modes of arrestin binding to activated GPCRs, we prepared a 
βArr1 mutant [βArr1(FLD)], bearing a deletion of the finger-loop 
region. Such deletions have been shown (29) to augment arrestin’s 
partial engagement with GPCRs, reducing the formation of fully en-
gaged GPCR-arrestin complexes. In presence of βArr1(FLD), acti-
vation of B2R leads to an increase in LD of NB32-eGFP-HRas present 
in the cell membrane similar to that observed in presence of non-
mutated βArr1. However, notably, upon internalization into endo-
somes, the LD of the probe undergoes an inversion. This is in contrast 
to the behavior observed with nonmutated βArr1 and likely corre-
sponds to formation of partially engaged complexes of B2R with 
βArr1(FLD).

The endocytosis-associated LD inversion observed with βArr1
(FLD) is robust and highly reproducible and seems to occur irre-
spective of cellular localization (periplasmic/intracellular; Fig. 5A), 
expression levels (weakly/brightly fluorescent; Fig. 5A), or vesicle 
age (nascent/mature). Furthermore, vesicle size (investigated across 
vesicle diameters, 0.5 to 2 μm) has only a minor effect on the ob-
served LD for both the wild-type and mutated βArr1 (fig. S6). The 
slightly smaller LD seen in smaller vesicles is likely due to higher 
inclusion of nonequatorial parts of the vesicles in the acquired im-
ages. Possible causes for the observed conformational change observed 
in βArr1(FLD) include B2R’s interactions with the caveolin-associated 
(35, 36) or clathrin-associated (37, 38) endocytosis machinery, ef-
fects of the endosomal lipid composition (39), pH, membrane cur-
vature (40), or a yet-to-be-identified process occurring during the 
formation of endosomes. Although all of these mechanisms are ex-
pected to act both on B2R-βArr1 and B2R-βArr1(FLD), we could 
only observe rearrangement in the latter. This likely reflects a difference 
between the affinities of B2R and βArr1 versus B2R and βArr1(FLD). 
Because distinct GPCRs are known to exhibit distinct affinities to-
ward arrestins (4), our observations suggest that complexes between 
certain GPCRs and βArr1 (those that are of suitable affinities) might 

Fig. 5. Imaging arrestin signaling by LD microscopy and FLIPs. (A) Observations of NB32-eGFP-hRas in response to arrestin activation/recruitment due to stimulation 
of the bradykinin receptor (B2R) by bradykinin. Images of typical cells overexpressing B2R, NB32-eGFP-hRas, and βArr1 (top row) or βArr1(FLD) (bottom row) are shown. 
From left to right: Before application of bradykinin; 30 min after application of bradykinin; 45 min after application of bradykinin; and a detailed view showing endosomes, 
45 min after application of bradykinin. Scale bars, 5 μm unless indicated otherwise. Cells overexpressing βArr1 and βArr1(FLD) exhibit similar LD responses in the cell 
membrane (CM) but markedly different responses in endosomes (ES) that emerge upon prolonged activation. (B) Quantitative analysis of LD of NB32-eGFP-hRas before 
and after activation of B2R in presence of βArr1 or βArr1(FLD) (mean values and 95% confidence intervals are indicated). ****P < 0.0001; n.s., not significant.
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undergo rearrangement upon internalization, opening a possibility 
of downstream signaling bifurcation between distinct GPCRs. In-
triguingly, the endosomal localization of the observed conforma-
tional transition is consistent with proposed mechanisms (31) that 
involve full engagement of arrestins with GPCRs in the cell membrane, 
followed by partial disengagement upon internalization (possibly 
accompanied by formation of supercomplexes GPCR–G protein–
arrestin), leading to a so-called second wave of GPCR signaling.

Our observations of a previously unseen endocytosis-associated 
rearrangement of a GPCR-arrestin complex demonstrate the impor-
tance of the capacity of FLIPs and LD microscopy to visualize inter-
actions between nonmodified GPCRs and arrestins with subcellular 
resolution. They also illustrate a unique ability to distinguish between 
distinct forms of protein-protein interactions. This ability, combined 
with the fact that the FLIP targets bear no modifications, opens doors 
to revealing hidden aspects of cell signaling, under conditions mark-
edly closer to natural than previously possible.

Generalization of the FLIP concept
To explore the versatility of the FLIP design and a range of applica-
tions, we developed FLIPs containing the RH domain of GRK2 
[known to bind the activated form of Gαq; (41)], nanobody NB35 
[known to bind the activated form of Gαs; (25)]; the C-terminal do-
main of GRK2 [known to bind the Gβγ dimer often released upon 
activation of G protein heterotrimers; (41)], PAK1 [known to bind 
the activated form of the small GTPase RacA; (42)]; as well as a re-
cently developed GP2-derived small affinity protein known (43) to 
bind to the ectodomain of the insulin receptor 1 (IR1) (fig. S7). The 
presence of their respective targets generally increased LD (that is, it 
increased the absolute values of the observed dichroic logratios), 
consistent with lowering the orientational freedom of the fluores-
cent moiety.

These observations illustrate the potential range of FLIP applica-
tions, which include studies of various G proteins (Gαq, Gαs, and Gβγ), 
function of small GTPases (activation of RacA, critical for embry-
onic development), or activity of receptor tyrosine kinases (i.e., the 
insulin receptor IR1, of crucial importance in diabetes). The results 
also show the range of molecules that can serve as binding moieties 
in FLIPs: peptides, nanobodies, and nanobody-like affinity scaffolds 
(such as GP2), as well as the natural binding partners (e.g., GRK2 
and PAK1) of the target proteins. Conveniently, natural binding part-
ners of endogenously expressed targets, by definition, are likely to 
exhibit affinities suitable for observations of targets expressed en-
dogenously. Thus, our results open an avenue to observations of an 
exceedingly wide range of nonmodified, endogenously expressed 
signaling molecules, as long as the imaging setup provides sufficient 
sensitivity of fluorescence detection.

Fast and sensitive imaging of cell signaling dynamics using 
FLIPs and tri-scanning confocal LD microscopy
To investigate the speed and sensitivity limits of FLIP biosensors, we 
implemented LD microscopy on a simplified version of a recently 
developed (44) line-scanning confocal microscope (Fig. 6). In line-
scanning confocal microscopy, the illuminating laser beam is focused 
into a line (rather than a spot), allowing acquisition of an entire confocal 
image by a camera within one sweep of the laser line. Using a single reso-
nant scanning mirror for three separate functions [“tri-scanning” (44): 
scanning the laser beam across the sample, descanning the emitted 
fluorescence before its passage through a confocal slit, and scanning 

the fluorescence across the camera detector chip] eliminates synchro-
nization issues and, therefore, maximizes the usable scanning speed. 
By simultaneous acquisition of a whole image column (1000 pixels) 
at a time, line scanning, in principle, delivers an up to a 1000-fold 
increase in image acquisition speed or sensitivity (44). In our hands, 
tri-scanning provides major improvements in imaging speed (routinely 
10- to 20-fold) over standard point-scanning confocal microscopy, 
while delivering high detection sensitivity, low photobleaching (as 
lower per-pixel illumination intensities lead to lower deleterious 
light absorption by fluorophore triplet states), and an unexpectedly 
little reduction in image quality and resolution (movie S1).

We took advantage of the high image acquisition rate of the tri-
scanning LD microscope, as well as of its low photobleaching, to 
observe the dynamics of the newly developed FLIP biosensors and 
to compare them to corresponding biosensors that respond by trans-
location (Fig. 6 and movies S2 and S3) (3, 24). Briefly, all four inves-
tigated FLIPs responded virtually instantaneously, within a hundred 
milliseconds of addition of a suitable GPCR agonist. In contrast, the 
responses of translocation-based sensors were much slower, reach-
ing their maximum approximately within 15 s. Translocating sen-
sors that relied on NB80 and NB80Lite also developed pronounced 
LD while undergoing prominent translocation to the cell membrane 
(fig. S8 and movie S4). In contrast, translocation sensors using KB1753 
and NB33 showed no detectable LD upon activation, consistent with 
the limited extent of their translocation.

Our results indicate that translocating sensors do not properly 
reflect the dynamics of GPCR activation. Rather, their response rates 
are limited by cytoplasmic diffusion across micrometer distances. In 
contrast, FLIPs, by virtue of their membrane localization, only need 
to diffuse across tens of nanometers, in two dimensions (45). Because 
diffusion times are inversely proportional to the square (in two-
dimensional settings) or even to the cube (in three dimensions) of 
distance, FLIP responses are rapid, and much more accurately re-
flect the dynamics of GPCR activation. Our observations suggest 
that LD microscopy might yield information allowing to distinguish 
between molecular conformations of targets of translocation sen-
sors that is not available from simple observations of the biosensors’ 
cellular localization.

Last, we used the combination of speed and sensitivity provided 
by the tri-scanning microscope to explore the limits of detection 
sensitivity of the FLIP biosensors. We set out to confirm our finding 
(Fig. 3D) that FLIPs could report on the activity of the Gαi expressed 
endogenously in HEK293 cells. For these observations, we chose 
KB1753-eGFP-HRas, thanks to its robust responses to activation of 
overexpressed Gαi1 and longer excitation wavelength than KB1753-
mTurq2-HRas. Markedly exceeding our results achieved with point-
scanning LD microscopy, tri-scanning allowed us to detect LD 
changes consistent both with Gαi1 activation and inactivation by an 
overexpressed μOR, in real time, with subcellular resolution (Fig. 6C 
and movie S5). No changes in LD could be detected in the absence of 
the μOR or in cells expressing a construct consisting of a membrane-
tethered GFP instead of the FLIP (fig. S9). The changes in LD ob-
served by tri-scanning LD microscopy are consistent with those 
measured previously using point-scanning LD microscopy (Fig. 3D). 
The kinetics of activation of endogenous Gαi appear similar to those 
of the overexpressed Gαi1 (Fig.  3A), but with a slower on-rate 
(Fig. 6B), consistent with published evidence against GPCR–G pro-
tein preassembly (15). Thus, we conclude that the combination of FLIP 
biosensors and tri-scanning microscopy achieves the long-sought 
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Fig. 6. Imaging of cell signaling by FLIPs and tri-scanning confocal microscopy. (A) Schematic of the tri-scanning polarization microscope. (B) Comparison of FLIPs 
and translocation-based biosensors. Top row: Imaging of β2AR activation. Left: Images of a cell expressing a FLIP (NB80-eGFP-hRas), acquired before and after β2AR activa-
tion by isoproterenol. Middle: Fluorescence microscopy images of a cell expressing a translocation-based biosensor (NB80-eGFP), before and after β2AR activation. Kymo-
graphs show the time course of biosensor responses (LD or translocation, respectively) in the indicated cell regions. Right: Comparison of kinetics of responses by the two 
types of biosensors. Bottom row: Comparisons of kinetics of responses of FLIPs and translocation biosensors of activation of G protein Gai1 (based on the peptide KB1753), 
μOR (nanobody NB33), and β2AR (NB80Lite). Mean values and SDs are shown, n = 10 cells. (C) Imaging of activity of nonmodified, endogenously expressed Gi. Left: A cell 
overexpressing KB1753-eGFP-HRas and μOR-IRES-mCherry before and after application of a μOR agonist (DAMGO) and after application of an antagonist (naloxone). The 
kymographs show LD of the marked areas. Right: Kinetics of responses of KB1753-eGFP-hRas to activation and inactivation of endogenously expressed Gi (means ± 95% 
confidence intervals, n = 12 cells). Scale bars, 5 μm. ROI, region of interest.
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goal of real-time imaging of the activity of nonmodified, endoge-
nously expressed G proteins with subcellular resolution, making a 
substantial step toward imaging the activity of endogenously ex-
pressed G proteins in response to stimulation of endogenously ex-
pressed GPCRs, ideally by endogenous agonists.

The combination of FLIPs with tri-scanning confocal microsco-
py opens possibilities in imaging of cell signaling. The high speed 
and sensitivity of both the biosensors and the microscopy setup allows 
temporally accurate real-time imaging of fast biomolecular processes, 
even in nonmodified, endogenously expressed proteins, unachiev-
able using traditional sensors and imaging methods.

DISCUSSION
We have developed a previously unexploited way of biosensing by 
taking advantage of the optical directionality of fluorescent mole-
cules. Embodied in the FLIP design, our approach results in a large, 
widely applicable and exceedingly simple class of biosensors that can 
report on numerous scientifically and pharmacologically important 
molecular processes. The biosensors will provide previously inac-
cessible insights into many cell signaling events.

The FLIP design offers a powerful combination of desirable prop-
erties. The approach does not require any modification of the mo-
lecular targets, is sensitive enough to detect even the activity of 
endogenously expressed proteins, and shows subsecond response 
times. The kinetic properties of FLIPs are comparable to the fast bio-
sensors of the GRAB design (46, 47) that rely on insertion of a cpFP 
into a GPCR. While some highly optimized GRABs exhibit larger 
responses (ΔF/F) (48, 49) than FLIPs, FLIPs provide a ratiometric 
readout that allows not only observing dynamic changes but also 
assessing the basal state. The sensitivity of FLIPs, combined with 
their ability to report on function of nonmodified targets, has al-
lowed imaging of activity of an endogenously expressed G protein. 
We have shown that a single FLIP can not only report on the pres-
ence or absence of a target, but, uniquely, it can also distinguish 
among several states of the target, yielding more information than 
other types of biosensors. This ability allowed us to unambiguously 
demonstrate a pronounced conformational change in GPCR-arrestin 
complexes and to show that it occurs specifically in endosomes. Our 
results reveal a previously undescribed event in the mechanisms of 
signaling by GPCRs, an exceedingly large and important class of 
proteins. The ability to perform such observations in living cells, in 
real time, in signaling proteins that have not been modified in any 
way, sets a standard in microscopy imaging of protein signaling.

These abilities are further enhanced by the combination of FLIPs 
with fast tri-scanning LD microscopy and its high speed and sensitivity. 
We have demonstrated the power of the approach by real-time imag-
ing of FLIPs and corresponding translocation-based sensors, as well 
as by imaging the activity of an endogenously expressed Gαi, a break-
through in functional G protein imaging, opening a hitherto unex-
ploited avenue toward imaging G protein activity in physiological 
context. The results demonstrate superior response rates of FLIPs and 
an inability of translocation-based sensors to capture the dynamics of 
the observed molecular processes. Furthermore, translocation alone 
does not allow differentiating between several distinct forms of targets 
the way FLIPs can (e.g., distinguishing between different forms of 
GPCR-arrestin complexes; Fig. 5). However, some translocation-based 
sensors do exhibit LD upon their target binding and might yield 
structural information when observed by LD microscopy.

The FLIP biosensors do also have limitations. LD microscopy re-
lies on the shape of the cell membrane, which can be irregular. How-
ever, as we show (Fig. 6), this does not prevent facile quantitation of 
LD responses. Furthermore, due to the mathematical relationship 
between LD and cell membrane orientation, accurate log2(r0) deter-
minations can be made (19) even using very small suitable sections 
of a cell membrane, which do not need to be ideally oriented. LD of 
a membrane may be affected by the juxtaposition of another cell. 
Thus, to maintain consistency, as well as to avoid agonist/antagonist 
accessibility issues, we used membranes exposed to the medium for 
image analyses. LD microscopy does require the observed features 
to be of large enough size for their outline to be discernible. An-
other apparent FLIP limitation is the requirement for the target to 
be membrane associated. However, our previous work has already 
shown that changes in LD of membrane-tethered constructs can be 
triggered even by cytoplasmic events (8) such as changes in calcium 
ion concentration. Thus, FLIPs should respond by LD changes even 
to binding cytoplasmic targets, because these can also affect the ori-
entation or mobility of the fluorescent moiety. Thus, FLIPs might 
prove to be useful also to studies of cytoplasmic signaling cascades, 
including various kinase and phosphatase activities. However, even 
with cytoplasmic targets, the biosensors will have to be tethered to a 
cellular structure. Last, by binding to their targets, FLIPs might se-
quester the targets from downstream signaling. Nonetheless, choos-
ing a suitable combination of FLIP concentration and binding affinity 
should allow overcoming this drawback. Therefore, FLIPs, in com-
bination with polarization microscopy, present a substantial, widely 
applicable improvement over existing approaches.

To observe FLIPs, various polarization microscopy modalities can 
be used. We prefer imaging FLIPs by LD microscopy, implemented 
on a laser-scanning confocal microscope (19). This implementation 
combines the advantages of optical sectioning, a wide range of de-
tection channels, and relatively (in comparison with fluorescence 
polarization microscopy) low depolarization by the objective lens 
and by the excited FP molecules (15). Nonetheless, it is also possible 
to use FLIPs with fluorescence polarization microscopy (fig. S10). 
Combining FLIPs with various implementations of polarization mi-
croscopy [including wide-field (50), multipoint (51), holographic 
(52), or super-resolution (53)], as well as with a growing range of 
publicly available software tools for polarization microscopy image 
analysis (19, 54–57), promises to allow functional imaging in a wide 
range of biological contexts (58), from single-molecule studies in 
individual organelles or cellular compartments (59) to observations 
in transgenic animals (8) or living tissues. The possibilities are illus-
trated by our implementation of LD microscopy on a tri-scanning 
confocal microscope. The microscope’s imaging speed, sectioning 
ability, and sensitivity combined with the fast and robust responses 
of the FLIP biosensors promise to allow real-time imaging of signal-
ing by nonmodified G proteins and other signaling proteins in living 
tissues or even whole organisms, as well as applications in pharma-
ceutical drug screening and diagnostics.

By being compatible with a wide variety of affinity binders, an-
choring moieties, linkers, and fluorescent molecules (potentially 
including self-labeling proteins), the FLIP design allows rapid devel-
opment of numerous molecular biosensors. Furthermore, by draw-
ing attention to optical directionality of FPs, our results will likely 
inspire other biosensor designs that take advantage of this fundamental 
property of fluorescent molecules. We hope that, in combination with 
tri-scanning LD microscopy and other modern imaging approaches, 
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the FLIP molecular design will ultimately transform polarization-
resolved fluorescence microscopy, a simple, long overlooked optical 
microscopy modality, into a mainstream tool of functional biomo-
lecular imaging, under conditions close to natural.

Apart from illustrating the performance of FLIP biosensors, our 
results also highlight the ability of tri-scanning confocal microscopy 
to accommodate distinct imaging modalities and to elevate the ca-
pacity of fluorescent biosensors. In some ways, tri-scanning eschews 
traditional efforts at maximizing resolution and overall optical per-
fection. Instead, it simplifies the optical design (slightly reducing 
image resolution along the z axis) while providing flexibility, high 
sensitivity, low photobleaching, and speed that rivals or exceeds that 
of spinning disk microscopy. Furthermore, by being accommodat-
ing to a variety of imaging modalities and molecular photophysical 
phenomena, the tri-scan design delivers exceptional qualities for 
molecular biosensing. Thus, we believe that, by virtue of its overall 
simplicity, sensitivity, and versatility, the combination of FLIPs with 
tri-scanning microscopy is just an initial demonstration of a power-
ful, accessible microscopy biosensing platform that will in the future 
allow efficient exploitation of a wide range of photophysical detec-
tion principles (FRET, fluorescence lifetime, photoblinking, photo-
switching, super-resolution, etc.) and biosensor designs, with marked 
impact not only on our basic understanding of cell biology but also 
on pharmaceutical drug development and testing.

MATERIALS AND METHODS
Experimental design
To observe molecular processes of cell signaling, we prepared plas-
mid constructs and transfected them into mammalian cells. We 
then observed the transfected cells by LD confocal microscopy, pro-
cessed the acquired images to obtain quantitative data, and statisti-
cally evaluated the imaging data.

Constructs
The plasmids encoding KB1753-eGFP-HRas and GAP43-eGFP-
KB1753 [both in the pcDNA3.1(+) backbone] were prepared by 
gene synthesis (GenScript). The constructs were designed to allow 
excision of the DNA encoding the affinity binding moiety, the FP 
moiety, and the membrane-targeting moiety by a unique combina-
tion of restriction endonucleases (Eco RI/Xho I, Xho I/Bam HI, and 
Bam HI/Not I, respectively). Other FLIPs were prepared from the 
two starting plasmids by a suitable restriction digestion, followed by 
ligation of the desired DNA fragment, obtained through gene syn-
thesis (GenScript). In some cases, preliminary experiments were 
performed using constructs kindly provided by A. Shukla [plasmids 
containing NB32, βArr1, βArr1(FLD), and B2R] and M. von Zastrow 
(NB33). As FPs, we used eGFP bearing the dimerization-preventing 
mutations A206K, L221K, and F223R. Circularly permuted FPs 
(cpmTurq2 and cpsfGFP) were based on superfolder mTurquoise2 and 
sfGFP2. FLIP targets were cloned into a pcDNA3.1(+) plasmid back-
bone containing either internal ribosomal entry site (IRES)–mCherry 
or IRES-mTurquoise2, allowing identification of target-expressing 
cells by fluorescence of the bicistronically expressed FP, while the 
targets themselves bore no modifications. Constitutively active mu-
tants [Gαi1(Q204L), Gαq(Q209L), Gαs(Q227L), and RacA(Q61L)] 
were prepared by polymerase chain reaction (PCR) mutagenesis. 
NB80Lite was created by introducing mutations H52S, S56G, T57S, 
and N58A into NB80-eGFP-HRas by PCR mutagenesis. Plasmids 

encoding translocation-based sensors were prepared from corre-
sponding FLIPs, by removing the membrane anchor sequences by 
PCR. All FLIP protein sequences are provided in table S3.

Mammalian cell culture
HEK293 cells obtained from American Type Culture Collection, 
passaged less than 15 times, were used throughout. Cells were regu-
larly tested for mycoplasma by Hoechst staining. For imaging, cells 
were plated in 8- or 18-well imaging slides (iBidi) and transfected 
with the desired plasmid (0.5 μg per well) using Lipofectamine 3000 
(Thermo Fisher Scientific) and the manufacturer’s procedure. Cells 
were observed by LD microscopy 1 or 2 days after transfection. Dur-
ing imaging, GPCR agonists (DAMGO, isoproterenol, and bradykinin; 
final concentrations, 10 μM) and antagonists (naloxone and propran-
olol; final concentrations, 100 μM) were added by manual pipetting. 
Agonists and antagonists were purchased from Sigma-Aldrich.

Microscopy
Initial LD imaging was carried out as described previously (8, 19), 
on a customized laser-scanning confocal microscope (Olympus 
FV1200), equipped with a polarization modulator (RPM-2P, Inno-
vative Bioimaging, L.L.C.) alternating the excitation light linear polar-
ization between acquisition of subsequent pixels by the microscope. 
The objective (UApoN340, numerical aperture of 1.15, Olympus, 
Japan) and pixel dwell times of 10 μs were used throughout. Cells 
expressing constructs bearing mTurqoise2 were imaged using 405-nm 
illumination and a 450- to 550-nm emission window. Cells ex-
pressing constructs containing eGFP were imaged using 488-nm 
illumination, and emission at 510 to 610 nm was collected. Cells 
expressing constructs with mScarlet and mCherry were imaged 
using 543-nm excitation; emission at 560 to 650 nm was collected. 
Two-photon LD imaging was carried out as described previously 
(19), using wavelengths of 850 nm (mTurq2), 900 nm (eGFP), and 
1000 nm (mScarlet). For structural analyses, cells were swelled by 
addition of hypotonic medium (Dulbecco’s modified Eagle’s medi-
um diluted 10× in water) before imaging. The resulting images were 
processed and analyzed as described (19), using Fiji and publicly 
available macros for LD image analysis, as well as Polaris+ software 
(Innovative Bioimaging, L.L.C.). Briefly, each raw image (containing 
information on fluorescence intensity acquired with both excitation 
polarizations) was deconvolved into a pair of images, each holding 
information on fluorescence intensity acquired with one polariza-
tion of the excitation light. For LD visualization, the images acquired 
with horizontal and vertical polarization of the excitation light were 
colored magenta and green, respectively, and the color saturation 
was adjusted to match the desired range of LD. To quantitate LD, 
parts of images containing the cell membrane were semiautomati-
cally segmented, and the shape of the cell outline was approximated 
by a spline. For each segmented pixel, the dichroic logratio [log2(r) =  
log2(Fh/Fv)] and membrane orientation (angle θ; slope at the nearest 
point on the spline approximating the cell outline) were determined 
as described previously. The observed log2(Fh/Fv) versus θ data were 
used for determining (by fitting) the value of log2(r0), that is, the 
value of log2(Fh/Fv) in a membrane whose normal is oriented hori-
zontally within the image (θ = 0). The published software tools and 
procedures (19) allowed accurate determinations of log2(r0) even in 
the absence of ideally oriented sections of the cell outline in an 
image. At least 10 cells were observed and analyzed for each con-
struct or combination of constructs, over at least three different 
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weeks. Distributions of the log2(r0) values for a large majority of our 
experiments were normal (according to Anderson-Darling test and 
D’Agostino and Pearson test). To maintain consistency, we treated 
all log2(r0) values as normally distributed.

Fluorescence polarization imaging was carried out using a mod-
ified Olympus FV1200 confocal microscope. For illumination, the 
optical fiber with a collimator was detached from the microscope 
body, and a Glan-Taylor polarizer (GT10-A, Thorlabs) and an ach-
romatic quarter-wave plate (WP140HE, Edmund Optics) oriented 
to ensure circularly polarized sample illumination were placed in the 
laser beam path before the beam was steered into the scanning unit. 
In the detector unit, a dichroic beam splitter assembly was replaced 
by a polarizing beam splitter cube (PBS201, Thorlabs) flanked by sheet 
polarizers (XP42, Edmund Optics; extinction ratio, 9000:1). The ex-
tent of fluorescence polarization was quantified analogously to that 
of LD, by observing the logratio of the two fluorescence intensities 
along the cell outline and determining, by fitting, the value of log2(r0), 
that is, log2(F||/F⊥) at membrane sections oriented horizontally in 
the image (θ = 0).

Fast LD imaging was performed using a simplified design of the 
TriScan line-scanning confocal microscope (44). The microscope 
used a single resonant scanner (SC20, by EOPC, operating at 212 Hz) 
to (i) scan a laser beam through the sample, (ii) descan the fluores-
cence before its passage through the confocal assembly, and (iii) scan 
the fluorescence across the camera sensor. For excitation, the laser 
beam (CellX, Coherent; 405, 488, and 561 nm; typically, 5 mW) was 
passed through a Glan-laser polarizer (GL15-A, Thorlabs) and a po-
larization modulator (1P-FL!Pper, Innovative Bioimaging). After 5× 
expansion and passage through a cylindrical lens (CL; focal length 
f = 250 mm), the beam was reflected by a polychroic mirror (zt440-
488-561-635rpc, Chroma) and the scanning mirror. The beam was 
then relayed through a scan lens (L1, f = 150 mm) and a tube lens 
(L2, f = 175 mm), so that, after passing through the objective lens, 
it would form a line in the focal plane. Fluorescence (after passing 
through lenses L2 and L1) was descanned by the scanning mirror, 
separated from illumination by the polychroic mirror, and steered 
through a confocal assembly (a slit flanked by L3 and L3′, both 
f = 125 mm) back to the scanning mirror. A 30 μm–by–10 mm slit 
(S30LK, Thorlabs) was used in the confocal assembly. Last, the scan-
ning mirror scanned the fluorescence through a camera lens (L4, 
f = 400 mm) onto the detector chip of a camera (iXon 888, Andor). 
All lenses (except for CL) were achromatic doublets with 350- to 
700-nm antireflection coating (Thorlabs). The polarization modula-
tor was triggered by the camera to alternate the polarization of the 
excitation light between acquisition of individual images, acquired 
at 150-ms exposition times. During scanning, laser power was con-
tinuously modulated within each scanning cycle to achieve homo-
geneous sample illumination despite periodic changes in scanning 
angular velocity. LD was visualized and quantitated using ImageJ 
and published polarization microscopy macros (19). At least 10 cells 
were observed and analyzed for each construct or combination of 
constructs, over at least three different weeks.

Statistical analysis
LD imaging data were statistically evaluated as in our previous studies 
(8, 19). Namely, for each experiment, the extent of LD was characterized 
as dichroic logratio [log2(r0)] in at least 10 cells, observed in 3 separate 
weeks. Distributions of the log2(r0) values for a large majority of 
our experiments were normal (according to Anderson-Darling test 

and D’Agostino and Pearson test). To maintain consistency, we 
treated all log2(rmax) values as normally distributed. Experimental 
results were characterized by mean values and standard errors of the 
mean. Statistical significance was assessed by paired or unpaired t tests, 
as appropriate.

Supplementary Materials
The PDF file includes:
Figs. S1 to S10
Tables S1 to S3
Legends for movies S1 to S5

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S5
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