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Biomolecular assemblies govern the physiology of cells. Their func-
tion often depends on the changes in molecular arrangements of
constituents, both in the positions and orientations. While recent
advancements of fluorescence microscopy including super-resolution
microscopy have enabled us to determine the positions of fluoro-
phores with unprecedented accuracy, monitoring the orientation of
fluorescently labeled molecules within living cells in real time is chal-
lenging. Fluorescence polarization microscopy (FPM) reports the ori-
entation of emission dipoles and is therefore a promising solution.
For imagingwith FPM, target proteins need labeling with fluorescent
probes in a sterically constrained manner, but because of difficulties
in the rational three-dimensional design of protein connection, a
universal method for constrained tagging with fluorophore was
not available. Here, we report POLArIS, a genetically encoded and
versatile probe for molecular orientation imaging. Instead of using a
direct tagging approach, we used a recombinant binder connected to a
fluorescent protein in a sterically constrained manner that can target
specific biomolecules of interest by combining with phage display
screening. As an initial test case, we developed POLArISact, which spe-
cifically binds to F-actin in living cells. We confirmed that the orienta-
tion of F-actin can be monitored by observing cells expressing
POLArISact with FPM. In living starfish early embryos expressing
POLArISact, we found actin filaments radially extending from cen-
trosomes in association with microtubule asters during mitosis.
By taking advantage of the genetically encoded nature, POLArIS can
be used in a variety of living specimens, including whole bodies of
developing embryos and animals, and also be expressed in a cell
type/tissue specific manner.

fluorescence microscopy | fluorescence polarization | actin | starfish |
mitosis

Many biomolecules function as molecular assemblies such as
protein complexes, nucleic acids, and lipid bilayers. Their

function often depends on the changes in molecular arrangements
of their constituents, for example, conformational changes during
movement of molecular motors along cytoskeletons (1–3), rota-
tion of F1-ATPases (4), and bending/extending of integrins (5, 6).
Molecular orientation is the key information to study the rela-
tionship between such mutual changes of molecular arrangements
and their function. Fluorescence microscopy has been widely
used to study the structures and the dynamics of biomolecules in
living cells, but monitoring the orientation of fluorescently la-
beled molecules in living cells is challenging even with the latest
fluorescent microscopy including super-resolution approaches.
Fluorophores, such as fluorescent proteins and organic com-
pound dyes, emit fluorescence by radiating dipoles. The light
emitted from a single dipole is fully polarized along the dipole

axis. Therefore, when fluorescent labels are rigidly bound to
molecules, the orientation of molecules can be monitored by an-
alyzing the polarization state of the fluorescence. Fluorescence
polarization microscopy (FPM) has been used for this approach
(1–9) and is especially useful for detecting the presence of orderly
assembled biomolecules and changes in their arrangements
(10–12). In addition, FPM can report molecular orientations at a
single-molecule level even in living cells when target molecules are
labeled at proper density (3, 7). Super-resolution FPM methods
have also been recently reported (13–16).
Despite such promising advantages and advancements in

methodology, FPM has not been widely used in biomedical re-
search because of the difficulties in the rotationally constrained
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labeling of target molecules with fluorescent proteins. To monitor
the molecular orientation, a target molecule and a fluorescent pro-
tein must be rigidly connected so that the orientation of the target
and that of the dipole of the fluorophore are sterically fixed. For
many cases, intensive screening of the linkage was required for each
target molecule since there was no universal method for constrained
tagging due to difficulties in the rational three-dimensional design of
protein connection. A novel, more versatile and easier approach is
therefore imperative for expanding the application of FPM.
For this purpose, we have developed a versatile molecular ori-

entation probe, named the Probe for Orientation and Localization
Assessment, recognizing specific Intracellular Structures of interest
(POLArIS). POLArIS is a high-affinity recombinant binder rigidly
connected to a fluorescent protein. The recombinant binder can be
screened by phage display to specifically target biomolecules of
interests. Thus, POLArIS can tag biomolecules of interest with
fluorescent proteins in a rotationally constrained manner. As a
proof of principle, we developed a POLArIS that specifically binds
to F-actin (POLArISact) and demonstrated that POLArISact re-
ports the orientations of actin assembly in living cells. Moreover, by
observing starfish embryos expressing POLArISact, we found an
F-actin–based subcellular architecture that associates with the mi-
crotubule aster during mitosis, which had not been previously
reported, demonstrating that POLArISact is useful for detecting
ordered structures made of actin filaments in living cells.

Results
Constrained Tagging of a Recombinant Binder, Adhiron, with Circularly
Permutated Superfolder Green Fluorescent Protein (GFP). Most of the
successful constrained tagging approaches used the direct con-
nection of the C-terminal α-helices of target molecules to the
N-terminal 310 helix of GFP (8–11). To develop POLArIS, we
sought a recombinant binder protein that has an α-helix available
for tagging with GFP. We found that Adhiron [the nomenclature
was later changed to “affimer” (17)], a small protein (∼12 kDa)
with a consensus sequence of plant-derived phytocystatins (18),
has an α-helix at its N terminus lying on top of four anti-parallel β
sheets (Fig. 1A). Two variable peptide regions are inserted be-
tween anti-parallel β sheets (Fig. 1A) to create binding sites for a
molecule of interest. Phage display screening is generally used for
selecting Adhirons that specifically bind to target molecules (19,
20). We chose specific three Adhirons (Adhiron-6, 14, and 24; for
simplicity, we call them Ad-A, B, and C, respectively) that were
reported to bind to F-actin in vitro as our initial test case.* The
dissociation constant (Kd) of these Adhirons for F-actin was
reported to be less than 0.5 μM, indicating that they bind to
F-actin with a higher affinity than both Lifeact (Kd = 2.2 μM) (21)
and UtrCH (Kd = 19 μM) (22). To connect the N-terminal α-helix
of Adhiron to the 310 helix of GFP, we used a circularly permu-
tated version of superfolder GFP (sfGFP) recently developed in
our laboratory (Fig. 1A), which has the 310 helix at its C terminus
and emits fluorescence as bright as the original sfGFP (9) (here-
inafter simply called cpGFP). After the elimination of the end of
N terminus that does not form α-helix, exposed terminal helices of
Adhiron and cpGFP were connected with the EAAAK linker
(L5). This linker was reported to form an α-helix (23). We made
variations of Adhiron–cpGFP fusion constructs with extended
α-helix linkers (L1-4), truncated α-helix linkers (L6-9), and con-
structs without any linkers (L10 and 11) (SI Appendix, Fig. S1 A
and B). No serious steric hindrance (e.g., collision of main and/or
side chains) between cpGFP and Adhiron connected by candidate
linkers was presumed by UCSF Chimera (24) inspection for all
fusion proteins (Fig. 1B shows an example for cpGFP-Ad-A L5).

Screening and Characterization of POLArIS Candidates for F-Actin. To
test the binding selectivity of Adhirons to F-actin in mammalian
cells, we made Adhirons connected with cpGFP via flexible
linker (flex controls, SI Appendix, Fig. S1 A and B). As shown in
SI Appendix, Fig. S1C, exogenously expressed flex controls for
cpGFP–Ad-A and C were colocalized with F-actin labeled with
phalloidin-Atto565 in fixed HeLa cells. In contrast, cpGFP–Ad-
B flex showed significant background fluorescence in cytoplasm
and nucleus (arrows in SI Appendix, Fig. S1C), and therefore we
did not test Ad-B–based constructs for further analyses. Other
cpGFP–Ad-A and C constructs (L1-11) showed colocalization
with F-actin stained with phalloidin-Atto565 in HeLa cells,
similarly to the cells expressing their corresponding flex controls
(SI Appendix, Fig. S1D).
Next, we evaluated the anisotropy of the fluorescence for

cpGFP–Ad-A/C constructs in living HeLa cells expressing each
construct by fluorescence polarization analysis using two-axis
FPM (Fig. 1C). In this FPM setup, fluorescent molecules are
excited with isotropically polarized light-emitting diode illumi-
nation, and the emitted fluorescence is split into two orthogonal
polarization orientations, namely 0° (horizontal) and 90° (verti-
cal) (9). For the analysis, horizontal and vertical components are
pseudocolored with green and magenta, respectively. The
brightness of each pseudocolor of actin filaments represents the
degree of the anisotropy of fluorescence. We found that six Ad-
A–based constructs, namely L5-10, showed high brightness of
green and magenta color on actin filaments running horizontally
and vertically, respectively, in the image plane. The orientations
of fluorescence polarization for these constructs were parallel to
the axes of the actin filaments.
To quantitatively analyze the anisotropy of fluorescence of the

constructs, we observed the anisotropy of fluorescence at the cortex
of prometaphase-arrested HeLa M cells expressing each construct.
We defined the polarization value, PV, for evaluation of the degree
of anisotropy of fluorescence. In brief, the mean fluorescence in-
tensity of a small rectangular region of interest enclosing vertical
cortex in the cross-section of a mitotic cell in both vertical polari-
zation and horizontal polarization images was measured and nor-
malized, and the difference between the values were divided by the
sum (see SI Appendix, SI Materials and Methods and SI Appendix,
Fig. S2A for details). cpGFP–Ad-A L5 and 10 showed higher PV
values (the absolute value of PV > 0.2) than those of other con-
structs (Fig. 1D and SI Appendix, Fig. S2B). These results were
further confirmed by the analysis using the instantaneous Fluo-
PolScope (7), which reports the absolute two-dimensional orien-
tation of fluorescence polarization (SI Appendix, Fig. S2 C and D).
Next, we determined the absolute polarization orientation and

the anisotropy of fluorescence (polarization factor) of single
cpGFP–Ad-A L5 and L10 particles bound to F-actin in vitro. The
polarization factor varies from zero (isotropic) to one (fully aniso-
tropic) depending on the inclination angle of the dipole with respect
to the focus plane and three-dimensional (3D) wobble of the probe
[see a previous report (7) for more details]. The probes with a high
polarization factor and a small variance in the polarization orien-
tation histograms are preferable for studying the 3D architectural
dynamics of actin filaments, such as the actin network in lamelli-
podia during the retrograde flow. Fluorescence polarization of
cpGFP–Ad-A/C particles sparsely bound to actin filaments was
analyzed using instantaneous FluoPolScope (Fig. 1 E and F). Alexa
Fluor 488 Phalloidin (AF488-phalloidin), which is known to show
high anisotropy of fluorescence when bound to F-actin filaments
(7), was used for comparison. The polarization factor for
cpGFP–Ad-A L5 was higher than that of L10, similarly to that of
AF488-phalloidin. The distribution of the orientation histogram
obtained for L5 was as narrow as that of AF488-phalloidin, while
the orientation histogram for L10 showed broader distribution
(Fig. 1E). We could observe the local orientation and the dynamics
of the actin network during the retrograde flow in the lamellipodia

*A. Lopata et al., Biophysical Society 60th Annual Meeting, February 27–March 2, 2016,
Los Angeles, CA.

2 of 12 | PNAS Sugizaki et al.
https://doi.org/10.1073/pnas.2019071118 POLArIS, a versatile probe for molecular orientation, revealed actin filaments associated

with microtubule asters in early embryos

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 3
, 2

02
2 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019071118/-/DCSupplemental
https://doi.org/10.1073/pnas.2019071118


www.manaraa.com

of Xenopus tissue culture cells expressing cpGFP–Ad-A L5 (Movie
S1). Thus, we found cpGFP–Ad-A L5 as the best orientation probe
for monitoring the orientation of F-actin in vitro and in living cells
and hereinafter call it POLArISact.

Structure Determination of POALrISact. The structure of POLArISact

was determined at 2.5-Å resolution by X-ray crystallography
(Fig. 1G). We used the T57S mutant (residue 57 in cpGFP cor-
responds to residue 65 in the original avGFP) of POLArISact

because we could not obtain the crystal of original POLArISact

protein suitable for structure determination, possibly because of
the peptide bond cleavage known as “backbone fragmentation”
during chromophore formation or maturation (25) (for details, see
SI Appendix, Fig. S3). No apparent difference was reported in the
structure and orientation of chromophores of avGFP and S65T-
avGFP (26), and therefore the T57S mutant is supposed to have
the same structure as that of the original POLArISact.
Remarkably, the 310 helix at the C terminus of cpGFP was reor-

ganized to an α-helix (Fig. 1 B and G). The new α-helix was con-
tinuously linked to the N-terminal α-helix of Ad-A to form a long
α-helix, thereby achieving the constrained tagging. Ligand-binding
loops (282SSVPHWWWT290 and 316RDPNMIFKI324 in Protein
Data Bank ID: 7C03) and cpGFP were distantly located, and
therefore linked cpGFP is unlikely to interfere with the binding of
Ad-A to actin filaments. The longitudinal axis of the chromophore
was positioned almost perpendicularly to the long axis of the con-
necting α-helix (Fig. 1 G, Inset).

POLArISact Preferentially Binds to F-Actin In Vitro and in Living Cells.
To investigate the binding property of POLArISact for F-actin,
we performed the cosedimentation assay with F-actin. We found
that POLArISact binds to F-actin with about 1:1 stoichiometry
and with a dissociation constant (Kd) of 0.32 ± 0.18 μM (Fig. 2A
and SI Appendix, Fig. S4A). Pull-down experiments indicated
that POLArISact has a clear preference for F-actin to G-actin, as

its binding to G-actin was undetectable in the assay (Fig. 2B and
SI Appendix, Fig. S4B).
The intracellular localization of POLArISact was reinvestigated

by costaining with phalloidin-Atto565 in fixed cells using a high-
magnification objective lens instead of the low-magnification lens
we had used for the screening (SI Appendix, Fig. S1D). The
striking resemblance between their localization (Fig. 2C) proved
the specific binding of POLArISact to F-actin in cells.
Next, we expressed POLArISact in living LLC-PK1 cells and

compared its localization with exogenously expressed actin (ACTB),
Lifeact, UtrCH, or F-tractin. The distribution of POLArISact was
most similar to that of UtrCH (Fig. 2D). POLArISact showed a
clearly lower cytoplasmic/nuclear background than ACTB, Lifeact,
or F-tractin (Fig. 2D). As far as we have tested, POLArISact labels
all F-actin structures that can be labeled by other F-actin probes,
except F-actin networks in lamellipodia with a moderate affinity
(Fig. 2E). These results demonstrate that POLArISact can be used
as an excellent F-actin marker in living cells. It is worth noting that
all cell lines we tested, including HeLa, HEK293, LLC-PK1, and
Jurkat, grew as normally as the cells without expressing POLArISact

unless POLArISact was overexpressed (Fig. 2F shows an example
of HeLa).

Fluorescence Polarization Analysis of F-Actin in Living Starfish Oocytes
by Using POLArISact. We observed the fluorescence polarization of
POLArISact in living starfish oocytes to test if the probe reveals
assembly dynamics of actin in the physiological condition of living
cells. Drastic and dynamic changes in F-actin organization have
been reported during maturation and fertilization of starfish oo-
cytes (27–32). We expressed POLArISact in starfish oocytes by
microinjection of messenger RNA (mRNA) and monitored their
early development processes with two-axis FPM.
First, we focused on the F-actin dynamics during the breakdown of

the germinal vesicle (GV) (Fig. 3A and Movie S2). Before GV
breakdown, almost no fluorescence of POLArISact was observed on
the GV membrane (Fig. 3A, 0 min). GV breakdown started ∼30 min
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Fig. 1. Design of POLArIS and development of
POLArISact. (A) Schematic of the circular permutation
of sfGFP to create cpGFP, and fusion of cpGFP and
Adhiron with a linker. NT and CT mean N terminus
and C terminus, respectively. (B) Modeling of cpGFP-
Adhiron (L5) structure with UCSF Chimera. (C) Two-
axis FPM images of HeLa cells expressing cpGFP–Ad-
A/C constructs. Horizontal and vertical components
are shown in green and magenta, respectively. (Scale
bar: 10 μm.) (D) PVs of indicated cpGFP–Ad-A con-
structs are shown by boxplots with mean values
(cross marks). Statistics: Student’s t test with Šidák
correction. **P < 0.01. n = 10. (E) In vitro evaluations
of cpGFP–Ad-A L5/L10 by particle analysis with in-
stantaneous FluoPolScope. Histograms of the polar-
ization factor (Left) and polarization orientation
(Right) for AF488-phalloidin (Top), cpGFP–Ad-A L5
(Middle), and L10 (Bottom). Orientation at 0° and
±90° indicates the polarization orientation of the
particle is parallel and perpendicular, respectively, to
actin filaments. (F) Representative images of instan-
taneous FluoPolScope analysis of cpGFP–Ad-A L5. (F,
Top) Fluorescence image. (Scale bar: 1 μm.) (F, Bot-
tom) Polarization orientations. The length of bars
represents the polarization factor. Yellow bar: po-
larization factor = 0.5. (G) The crystal structure of
POLArISact (T57S). Magenta two-way arrow: pre-
sumed orientation of the dipole of cpGFP (depicted
according to ref. 70).
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after 1-methyladenine treatment. POLArISact-labeled F-actin abruptly
appeared on the GV membrane with no apparent fluorescence po-
larization (5.5 min). When the GV started to shrink, we observed the
fluorescence polarization signal of POLArISact as shown in the
pseudocolor images of the GV membrane with green color in top/
bottom regions and magenta in right/left (8 min). The transient ac-
cumulation of F-actin on the nucleoplasmic side of the GVmembrane
was previously observed during the initial phase of the GV breakdown
called F-actin shell (27, 31). F-actin shell was reported to have two
components: actin filaments running parallel to the GV membrane,
forming a “base” of the shell, and filopodia-like spikes that protrude
perpendicularly to the GV membrane from the base (31). Actin fil-
aments running in the optical plane mainly contribute to the ensemble
fluorescence polarization detected by FPM. Thus, the fluorescence of
POLArISact bound to actin filaments of the base is supposed to have
the polarization orientation parallel to the GV membrane, while the
orientation of fluorescence polarization from spikes is supposed to be
vertical to the GV membrane (schematics in insets in the top row, 5.5
and 8 min). The apparent absence of fluorescence polarization (5.5

min) during the initial phase of the GV breakdownmight be caused by
the cancellation of fluorescence polarization originated from
POLArISact bound to actin filaments in the F-actin shell (inset, 5.5
min), as the base and spikes were observed as distinct structures only
with high-resolution imaging such as confocal laser scanning micros-
copy (CLSM) (27). The green color in top/bottom regions of GV and
magenta in right/left (8 min) indicates the strong fluorescence polar-
ization of the structures, suggesting that basal network is the dominant
component of F-actin network stained with POLArISact (inset, 8 min).
This is consistent with the previous reports (27, 31) showing that the
actin spikes were transient structures.
Subsequently to the disappearance of the F-actin shell, a

meshwork-like F-actin network (30, 32) was observed with fluores-
cence polarization of POLArISact (Fig. 3A, 20 min, arrowheads). The
fluorescence signal was gradually weakened with time (34.5 min).
Following the process of GV breakdown, the polar body (PB) was

extruded (Fig. 3B and Movie S3). POLArISact signal began to be
enriched on the cortex near the animal pole (Fig. 3B, 0 to 2 min,
arrow). The PB appeared at the animal pole immediately after the

ACTB

Merged

Merged

POLArISact

POLArISact

POLArISact

PO
LA
rI
S
ac
tPO
LA
rI
S
ac
t

+
B
F

actin
probe

(mScarlet)

phalloidin-Atto565 Merged

F-tractin Lifeact UtrCH UtrCH

D

F

E

G-actin F-actin

bea
ds

bea
ds

6xH
is-s
fGF
P

6xH
is-s
fGF
P

6xH
is-

PO
LAr
IS
act

6xH
is-

PO
LAr
IS
act

A
5

POLArISact
Ad-A

sfGFP
4

4 6 8 10
Total ( M)

0

0.2

00:00
(hh:mm) 12:30
A
B

C

E F

D

*
*

*
*

*

*

19:45 20:30 21:15 22:45 24:00 28:45 30:00

0.4

0.6

0.8

NS

p=0.00148
p=0.00210

NS

NS

NS

B
ou
nd
(
M
)

B
ou
nd3

2

2

1

0
0

B

C

Fig. 2. Properties of POLArISact as an F-actin probe.
(A) Plots of the mean values in cosedimentation as-
says with F-actin were shown for Ad-A (gray), sfGFP
(green), or POLArISact (red) with error bars showing
SDs. Data were from three independent experi-
ments. (B) The mean values of the bound fraction in
pull-down assays were shown for G- or F-actin with
the error bars showing SDs. P values were calculated
by applying Šidák multiple comparison correction to
Student’s t test. Data were from three independent
experiments. Gray circles indicate the values of indi-
vidual experiments. (C) High-resolution images of
fixed HeLa cells expressing POLArISact stained with
phalloidin-Atto565. (Scale bar: 20 μm.) (D and E)
Comparison of the localization of POLArISact with
ACTB and other F-actin probes tagged with mScarlet
in living LLC-PK1 cells. Compared with ACTB,
F-tractin, and Lifeact, POLArISact showed a lower cy-
toplasmic signal (D). Localization of POLArISact was
similar to that of UtrCH (D), with a relatively lower
affinity to F-actin in lamellipoidia (E). (Scale bars: 50
μm.) (F) Live-cell time lapse-imaging of HeLa cells
transfected with POLArISact plasmid. Cells A and B in
mitosis at time 0 (soon after transfection) divided
into cells C and D and E and F, respectively, and then
expressed POLArISact (time 12:30). The order of ex-
pression level was: F > E > C > D. While cells C, D, and
E divided successfully, cell F failed to divide and
died forming blebs (time 30:00). Asterisks indicate
cells in mitosis; arrowheads indicate blebs. (Scale
bar: 50 μm.)
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F-actin accumulation (2 min, arrowhead). POLArISact signal rapidly
decreased while half of the PB appeared on the membrane (5 to 6.5
min) and disappeared as the PB extrusion completed (8 to 20 min).
In Fig. 3B, the fluorescence polarization signal of POLArISact at the
PB extrusion site was clearly observed as a magenta color by two-axis
FPM, indicating that actin filaments are aligned parallel to the di-
vision plane. This is consistent with the proposed model of the
contractile ring formation during the PB extrusion (28).

Next, we monitored the F-actin dynamics associated with
fertilization (Fig. 3 C–E). We found that a bright POLArISact

signal appeared on the cell surface where sperm entered
(Fig. 3C, 0 min). From there, an actin-based structure grew into
the egg (2 to 8 min), similarly to the previous observations as-
sociated with fertilization (29). The strong fluorescence polari-
zation was detected with FPM, indicating that this structure was
composed of bundles of well-aligned actin filaments. The tip of
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Fig. 3. FPM observation of GV breakdown and PB extrusion and fertilization of starfish oocytes expressing POLArISact. (A) Time-lapse images of two-axis FPM
of starfish oocytes expressing POLArISact during GV breakdown. Time 0 is just before the breakdown, ∼30 min after 1-MA addition. Regions marked by white
dashed line boxes are magnified in the Bottom (enlarged). An arrow indicates the “F-actin shell”. Arrowheads in Bottom row indicate actin filaments with
clear polarization in the meshwork (green: horizontal, magenta: vertical). Two-way arrows in insets in the top row schematically indicate supposed orien-
tations of fluorescence polarization of POLArISact bound to local F-actin structures (magenta, the base of the shell; green, spikes) in regions marked by black
dashed line boxes. In Bottom, the background signal was subtracted for the better presentation of actin meshwork. (B) Time-lapse images of starfish oocytes
expressing POLArISact during the PB extrusion with two-axis FPM (Top) and bright-field view (Bottom). Arrowheads indicate the PB and arrows indicate
contractile ring-like F-actin, respectively. (C) Time-lapse two-axis FPM images of a starfish oocyte expressing POLArISact during fertilization. Arrows indicate
actin bundles associated with fertilization. (Scale bars: 25 μm (A), 50 μm (B and C).) (D) Time-lapse fluorescence microscopy images of starfish oocyte
expressing POLArISact (green) with Hoechst staining (magenta) during fertilization. Areas enclosed by yellow boxes in the Left are magnified in the Right. In
some Right, the background signal was subtracted for better visibility. After fertilization (1.5 min), sperm DNA (arrows) was positioned at the tip of the actin
bundle until it stopped moving (3 to 13 min). The actin bundle was gradually depolymerized (9.5 to 13 min) and finally disappeared (20 min). Interestingly,
after the extension of the actin bundle, the sperm DNA and the egg DNA (arrowheads) were closely apposed (9.5 to 20 min), as if the sperm DNA was
conveyed to the egg DNA by the extension of the actin bundle. (Scale bars: 50 μm (Left), 25 μm (Right).) (E) Plots of the length of actin bundles over time in
different colors for each oocyte (n = 8). Actin bundles typically extended perpendicularly to the cell surface and reached about 40 μm deep. The schematic
shows the trajectory of the actin bundle in each egg and the outline of the same egg, with the same color as that of the plot graph. (Scale bar: 50 μm.)
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the bundle, typically reaching about 40 μm from the surface
membrane (Fig. 3E), had been connected to the sperm nucleus in
the cytoplasm until the nucleus stopped moving in the cytoplasm
(Fig. 3D and Movie S4), which was reminiscent of actin-based
motilities of bacterial pathogens (33). From these observations,
we confirmed that our two-axis FPM setup using POLArISact can
distinguish F-actin assemblies from randomly oriented F-actin
accumulations in living starfish eggs and zygotes.

Formation of Radially Extended Actin Filaments during Mitosis in
Zygotes and Blastomeres of Early Starfish Embryos. We next ob-
served F-actin dynamics during early development of starfish
embryos. Unexpectedly, we found the strong fluorescence polari-
zation of POLArISact observed as the green (horizontal)/magenta
(vertical) cross patterns appeared in pseudocolor images during
the first cleavages (Fig. 4A, second and third rows, and Movies S5
and S6). The presence of the cross patterns was further examined
by using the differential images of horizontal/vertical polarization
(Fig. 4A, fourth row). Two small cross patterns appeared near the
center of the zygote (Fig. 4A, 20 min) and rapidly expanded and
reached the cell surface before the ingression occurred (24 min).
The cross patterns persisted during the cleavage (39 to 56.5 min)
and disappeared when the cleavage finished (59 min). We also
observed similar structures in the blastomeres repeatedly in
cleavages after the two-cell stage (Fig. 4B and Movies S7 and S8).
Of note, the cross pattern also appeared using UG3, the probe of
F-actin for FPM that we recently reported (SI Appendix, Fig. S9 B
and C). However, the pattern was not distinct, probably due to
UG3’s low fluorescence polarization (9).
For the quantitative analysis of the changes in the local distri-

bution of the cross patterns, we deduced the center of the cross
pattern from the differential polarization image by image analysis,
set concentric circular shells around the deduced center of the
cross pattern, and plotted the autocorrelation as the circular shell
is rotated around the center (see SI Appendix, SI Materials and
Methods for details). A cross pattern should result in high auto-
correlation when rotated by π (peak) and low autocorrelation
when rotated by π/2 or 3π/2 (troughs). The amplitude (the dif-
ference between the peak and the troughs) becomes higher when
the cross pattern is more evident. The analyses clearly showed the
dynamic appearance and disappearance of cross patterns during
cleavages (Fig. 4A, bottom row, indicated with “auto-corr”).
The observation above implies the appearance and disappear-

ance of actin filaments radially aligned from two centers in a wide
3D range during the cleavages. To confirm the presence of radially
aligned actin filaments, we observed fixed embryos with conven-
tional CLSM. As fixatives based on paraformaldehyde (PFA) or
PFA in combination with glutaraldehyde (GA) (SI Appendix, SI
Materials and Methods) failed to preserve these F-actin structures
in dividing starfish embryos (SI Appendix, Fig. S5), we used the
recently reported glyoxal fixation (34). Although fluorescence of
POLArISact was diminished by glyoxal fixation, two-axis FPM
observation of phalloidin-Atto565 staining in a fixed POLArISact-
expressing embryo showed the characteristic cross pattern as we
had observed in live starfish embryos with POLArISact (Fig. 4C,
Left three panels). Using CLSM, radially extending actin filaments
were certainly visible in the same embryo (Fig. 4C, Right). The
observation of the similar radial distribution of F-actin in embryos
without injection of POLArISact mRNA (Fig. 4D) excluded the
possibility of artifacts caused by the expression of POLArISact.
We next compared the distribution of F-actin and microtubules

in a fixed starfish embryo expressing POLArISact during the first
cleavage (Fig. 5A). CLSM observation revealed numerous actin
filaments extended from two points. Staining microtubules with
α-tubulin antibody indicated that these two points were centro-
somes. Similar distributions of F-actin and microtubules were also
observed during the third cleavage (Fig. 5B). Compared with

microtubule-based asters, F-actin staining seemed to have a more
intricate that is, “fluffy” texture. From these observations, we
named this structure as FLARE (FLuffy And Radial actin-aster
associated with mitosis in Embryo). To our best knowledge, no
report has demonstrated the presence of this structure made of
F-actin in vivo.

Dynamics of FLARE Is Tightly Associated with that of Microtubule
Aster. We next carried out live-cell observation of FLARE with
microtubules visualized with mCherry-tagged Enconsin microtubule-
binding domain (EMTB-mCherry) (35) (Fig. 5C and Movies S9 and
S10). With EMTB-mCherry, microtubule asters were observed as
widespread staining of mCherry rather than radially aligned micro-
tubules (Fig. 5C, contours of asters were indicated by white dashed
lines). FLARE and microtubule aster appeared at the same time,
expanded at a similar speed, and disappeared simultaneously. Before
cleavage initiation, EMTB-mCherry fluorescence was concentrated
around two points corresponding to centrosomes (indicated by as-
terisks, see Fig. 5D for details). EMTB-mCherry fluorescence was
also detected between centrosomes, which corresponds to a mitotic
spindle. Very weak and tiny cross patterns of FLARE were observed
around centrosomes (Fig. 5C, 0 min). Concentrated fluorescence of
EMTB-mCherry gradually became faint and spread as the cross
patterns of FLARE expanded (8 min). The front of the expanding
EMTB-mCherry fluorescence and the cross pattern of FLARE
reached cell surface at 12 min and stayed during the cleavage (16 to
20 min). When the division finished, mCherry fluorescence was lo-
calized only at two centers, indicating that astral microtubules were
depolymerized (36 min). Similarly, the cross patterns of FLARE
became very weak and small at this time point. These synchronized
dynamics of microtubules and F-actin were also observed in the later
cleavages of the same embryo and all observed embryos coexpressing
POLArISact and EMTB-mCherry that we observed (SI Appendix,
Fig. S6).

Dynamics and Maintenance of FLARE Are Microtubule Dependent. As
described above, FLARE is very similar to microtubule asters in
their dynamics and the distribution. To test possible interactions
between FLARE and microtubule aster, we carried out pharma-
cological experiments. First, we used cytochalasin D, the actin
polymerization inhibitor (SI Appendix, Fig. S7). Treatment of a
starfish embryo with cytochalasin D resulted in the loss of FLARE
formation, while microtubule aster still showed the repeated dis-
and reappearance, indicating that microtubule aster dynamics is
not dependent on FLARE.
Next, to examine if the microtubule aster plays a role in the

formation and/or the maintenance of FLARE, we treated starfish
embryos with microtubule polymerization inhibitor nocodazole
(NCZ) at different time points. When NCZ was added to the
embryos immediately after microtubule asters started to extend,
both microtubule asters and FLARE stopped expanding (Fig. 6A,
NCZ, 0 to 1 min). EMTB-mCherry fluorescence and FLARE
polarization gradually disappeared (2 to 11 min), and the embryo
failed to complete the cleavage (18 to 46 min). Thereafter, cleav-
ages did not occur, and neither the microtubule aster nor FLARE
reappeared in the same embryo. These observations indicate that
the expansion of the microtubule aster is a prerequisite for the
FLARE formation. Next, we treated an embryo with NCZ after
microtubules sufficiently extended throughout the cytoplasm
(Fig. 6B and Movie S11). In this case, microtubule aster was
depolymerized outwardly from its center, and the fluorescence
polarization of FLARE disappeared simultaneously (Fig. 6B, 1′45″
to 4′45″), indicating that the maintenance of FLARE requires the
integrity of astral microtubules. These results demonstrate that both
the formation and the maintenance of FLARE depend on the dy-
namics of microtubules and the integrity of the microtubule aster.
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FLARE Formation Is Not Arp2/3 Complex Dependent. Arp2/3 protein
complex and formin family proteins are known as major actin
nucleation factors (36, 37). We attempted to determine which
factor is responsible for the formation of FLARE by pharmaco-
logical inhibition of the activity of Arp2/3 complex and formins
with CK666 (38) and SMIFH2 (39), respectively. Since SMIFH2
turned out to be impermeable to fertilization envelopes (SI Ap-
pendix, Fig. S8A), we microinjected SMIFH2 under the elevated
fertilization envelopes and perfused SMIFH2 directly to embryos
(SI Appendix, Fig. S8B). We unexpectedly found that not only
actin but also microtubules lost their dynamics (10 to 30 min), and

embryos failed to divide (40 to 90 min) in the presence of
SMIFH2 (SI Appendix, Fig. S8B). This implies that SMIFH2 might
have nonspecific side effects in starfish embryos in addition to the
specific inhibition of formin, so we could not determine if formin
family proteins are involved in the formation of the FLARE in our
preparations.
When embryos were treated with CK666 immediately after the

first cleavage (Fig. 7), subsequent cleavages did not occur, but mi-
crotubule aster showed repeated disappearance and reappearance,
confirming that CK666 specifically inhibited Arp2/3-dependent ac-
tin nucleation and thereby prevented embryos from dividing without

A

B

C D

Fig. 4. Organization and dynamics of FLARE during starfish embryo cleavages. (A) Time-lapse images during the first cleavage of a starfish embryo
expressing POLArISact with fluorescence microscopy (the top row) and two-axis FPM (green/magenta in second and third rows and differential in the fourth
row). Cross marks in the third row indicate the centers of the green/magenta cross patterns. The bottom row shows the 3D plots of the rotational auto-
correlation analyses of green/magenta cross patterns. Light blue circles (annotated as cent for center) and light green circles (annotated as peri for peripheral)
in differential images indicate circles of minimum and maximum diameters used in the autocorrelation analyses. Z-axis shows the normalized autocorrelation.
(Scale bar: 50 μm.) (B) Time-lapse two-axis green/magenta FPM observation of a starfish embryo expressing POLArISact from the first to the seventh cleavage.
FLARE could not be recognized after the fifth cleavage because of the out-of-focus fluorescence from blastomeres that were overlapped with in-focus
blastomeres in the z-axis direction. Time 0 was set arbitrarily to the frame in which FLAREs were clearly visible during the first cleavage. (Scale bar: 50 μm.) (C)
Green/magenta (Left), differential (Middle Left, with circles of min/max diameters used in autocorrelation analyses), 3D plot of rotational autocorrelation
analysis (Middle Right) of two-axis FPM, and a CLSM (Right) image of phalloidin-Atto565 staining of a glyoxal-fixed starfish embryo expressing POLArISact in
the second cleavage. Images of FPM and CLSM were taken from the same region with almost the same z-axis planes of the same embryo. (Scale bar: 25 μm.)
(D) CLSM image of phalloidin-Atto565 staining in a noninjected embryo during the third cleavage. Regardless of POLArISact expression, actin filaments of
FLARE were observed in fixed starfish embryos. (Scale bar: 25 μm.)
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affecting microtubule dynamics. FLARE also appeared and dis-
appeared repeatedly, indicating that Arp2/3 is not essential for the
FLARE formation.

Discussion
Our previous studies on the cytoskeletal dynamics (40, 41) have
led us to focus on fluorescence polarization techniques, as the
polarized fluorescence microscopy might detect the initial phase
of polymerization even when the polymerized cytoskeletal pro-
tein molecules cannot be detected as filaments. Through the
years of our trials to use FPM to analyze the dynamics of cyto-
skeletal proteins, we noticed that the biggest challenge was the
difficulty in tagging each protein of interest with a fluorescent
protein in a rotationally constrained manner. Designing more

versatile and affordable methods were required for the con-
strained tagging of any biomolecules of interests with fluorescent
labels. We have achieved this task by using a small recombinant
binder protein Adhiron/affimer as a scaffold to connect target
molecules with circularly permutated sfGFP. As described in this
report, we established a versatile tool, POLArIS, taking advan-
tage of Adhiron/affimer that can be screened through phage
display for any specific target molecules of interest. There are
many Adhirons/affimers reported, targeting a variety of specific
biomolecules (19, 20, 42–48) from laboratories, and the pro-
duction service is commercially available. The two-axis fluores-
cence polarization imaging is a robust system for mapping
fluorescence anisotropy with the aid of commonly used software
for image analysis (NIS-Elements Advanced Research from

C

A B

D

Fig. 5. Comparisons of the distribution and dynamics of FLARE and microtubule asters. (A and B) CLSM images of F-actin (phalloidin-Atto565) and micro-
tubules (anti-α-tubulin staining) in glyoxal-fixed starfish embryos expressing POLArISact in the first (A) and the third (B) cleavages. In the schematic, filaments
of actin (red) and microtubule (green) were manually traced from microscopic pictures (A, Bottom Right). (Scale bars: 100 μm (A), 20 μm (B).) (C) Time-lapse
green/magenta (second and third rows) and differential (fourth row, with circles of min/max diameters in autocorrelation analyses) two-axis FPM images of
the first cleavage of a starfish embryo expressing POLArISact and EMTB-mCherry. The top row shows vertical polarization images of EMTB-mCherry. Cross
marks (third row) indicate centers of green/magenta cross patterns. The bottom row shows 3D plots of autocorrelation analyses of FLARE. Centrosomes are
shown by asterisks (see D for details). Contours of microtubule asters are shown by dashed lines. In POLArISact images, the background signal was subtracted
for a better presentation of cross patterns. (Scale bar: 50 μm.) (D) Schematic of the arrangement of spindles and centrosomes in the panel of C, 36 min. Larger
asterisks indicate centrosomes nearer the objective lens. Asterisks with the same color indicate centrosomes in the same blastomere.
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Nikon and ImageJ). We expect that POLArIS will help a broader
range of biomedical researchers to use fluorescence polarization
techniques without any difficulties in the constrained tagging not
only for proteins but also for nucleic acids or lipids.
Here, by using POLArISact as the first POLArIS example of

POLArIS series, we show that POLArISact can report the orien-
tation and localization of F-actin in living cells. The observations of
starfish eggs and embryos expressing POLArISact revealed a pre-
viously unidentified highly ordered F-actin–based architecture,
FLARE. We did not find such ordered structures with conven-
tional fluorescence microscopy, but with POLArISact, radially ori-
entated actin bundles extending from centrosomes were visible by
their polarized fluorescence. This is reminiscent of Inoué’s first
visualization of mitotic spindle dynamics in living cells using a
polarizing microscope in the late 1940s, which could not have been
achieved with conventional microscopic techniques for living cells
(49, 50). While the association of actin filaments with spindle

microtubules have been reported in several mammalian oocytes
(51–53) and Xenopus embryonic epithelial cells (54, 55), to our best
knowledge, the presence of radially aligned actin filaments that
extend toward the cortex in association with growing astral mi-
crotubules in living cells has not been reported previously. Besides
the use of a fluorescence polarization technique, one of the most
plausible reasons that FLARE has been left unidentified until to-
day was the effect of fixatives. We found that glyoxal is one of the
best fixatives for actin filaments in FLARE. Indeed, immunos-
taining of glyoxal-fixed neurons with anti-β-actin antibody showed a
significantly brighter staining than that of PFA-fixed neurons (34).
Recently, in Xenopus egg extract, the formation of radially aligned
actin filaments around centrosomes were observed (56). It would
be interesting to see if actin filaments form FLARE-like structures
in eggs/embryos of Xenopus and other species during cleavages
in vivo.

A

B

Fig. 6. FLARE dynamics is disrupted by inhibiting polymerization of microtubules. (A and B) Time-lapse two-axis FPM observation of dimethyl sulfoxide
(control) or nocodazole-treated embryos expressing POLArISact and EMTB-mCherry in the fourth (A) and the third cleavages (B). (A) Top rows show vertical
polarization images of EMTB-mCherry (asterisks indicate centrosomes, dashed lines indicate contours of microtubule asters), middle rows show differential
FPM images of POLArISact with circles of min/max diameters used in autocorrelation analyses, and bottom rows show 3D plots of autocorrelation analyses of
FLARE. N/A means that no center of the cross pattern was identified in our search algorithm. The drug was added at time 0. (Scale bar: 50 μm.) (B) Left columns
show vertical polarization images of EMTB-mCherry (asterisks indicate centrosomes), middle columns show differential FPM images with circles of min/max
diameters used in autocorrelation analyses, and right columns show 3D plots of autocorrelation analyses of FLARE structures. N/A means that no center of the
cross pattern was identified in our search algorithm. The drug was added after at least one astral microtubule reached the cell surface (time 0). A silicone
immersion 40× objective lens and a 1.5× intermediate magnification lens were used to visualize microtubule filaments (arrowheads). (Scale bar: 25 μm.)
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The actin filaments that extend from centrosomes toward cell
cortex in mitosis may imply an actin-based physical connection
between the cell cortex and centrosomes and/or the mitotic spin-
dle. The mechanism of cytokinesis initiation, for example, how the
cleavage plane is determined and how furrow ingression is in-
duced, has been actively studied and is still one of the fundamental
questions remain to be solved in cell biology. This is especially
enigmatic in large cells such as eggs, since the mitotic spindle,
which is believed to provide positional cues to induce contractile
formation and furrowing, is far away from the cell cortex. While
astral microtubules have been thought to have central roles in
these pathways (57–59), roles of F-actin are currently known to be
only at the cell cortex (60). Since the existence of actin filaments
associated with astral microtubules has not been recognized until
now, it would be fascinating to test if FLARE is involved in the
signal transduction in cytokinesis initiation and/or other processes
related to cytokinesis.
The mechanism of the FLARE formation is currently unknown.

Centrosomes isolated from Jurkat cells formed radial F-actin array
in vitro (61), which resembles FLARE, and actin filaments were
found to be localized around centrosomes in HeLa and Jurkat
cells (62, 63). Moreover, radially extended actin filaments from

centrosomes were observed in HeLa cells during the forced exit of
mitosis after prometaphase arrest with S-trityl-L-cysteine (62).
Actin nucleation activity of centrosomes in these examples re-
quires Arp2/3 complex. However, we found that FLARE forma-
tion was not affected by Arp2/3 inhibition. Thus, it is likely that
FLARE is intrinsically different from these F-actin related struc-
tures around centrosomes in cultured human cells.
Some of fluorescently labeled phalloidin probes (7) and SiR-

actin (64) can be used to monitor the fluorescence polarization of
F-actin. Their live-cell applications are limited to specific biolog-
ical preparations where these organic compounds can be delivered
to cytoplasm (for example, isolated cells and monolayered culture
cells). Fluorescently labeled phalloidin has been commonly used
as an F-actin probe, but its strong F-actin stabilizing effect is not
suitable for physiological studies in living cells where the activity of
actin assembly/disassembly is essential. The successful application
of POLArISact to study the dynamics of the actin cytoskeleton
during early development of starfish eggs and embryos strongly
suggests that POLArISact is a promising alternative to fluorescent
phalloidin for F-actin studies in living cells.
We compared POLArISact with other widely used F-actin

probes to find its excellence. In fixed cells, the localization of

Fig. 7. FLARE formation and dynamics are independent of the actin nucleation by Arp2/3. Time-lapse two-axis FPM observations of dimethyl sulfoxide
(control) or CK666-treated starfish embryos expressing POLArISact and EMTB-mCherry. Drugs were added immediately after the first cleavage completed (time
0). Top rows show vertical polarization images of EMTB-mCherry (asterisks indicate centrosomes, dashed lines indicate contours of microtubule asters), middle
rows show differential FPM images of POLArISact with circles of min/max diameters used in autocorrelation analyses, and bottom rows show 3D plots of
autocorrelation analyses of FLARE. N/A means that no center of the cross pattern was identified in our search algorithm. (Scale bar: 25 μm.)
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POLArISact was indistinguishable from that of phalloidin staining,
which is currently thought to be the most reliable marker for F-actin.
When observed in living cells, the cytoplasmic background signal
from POLArISact was apparently lower than that of Lifeact or
F-tractin and as low as that of UtrCH. We recently reported UtrCH-
based F-actin probes for FPM, namely UG3 and UG7, can be used
for orientation monitoring of F-actin with FPM (9). Similarly to
POLArISact, UG3 and UG7 are genetically encoded and the ori-
entations of their fluorescence polarization are both parallel to the
actin filament, but their polarization factor in living cells (<0.1) (9)
was substantially lower than that of POLArISact (∼0.3, SI Appendix,
Fig. S2C). We expressed UG3 in starfish oocytes and found that the
fluorescence polarization on the actin meshwork upon GV break-
down was substantially weaker than that of POLArISact (SI Appen-
dix, Fig. S9A). In addition, it was very difficult to recognize FLARE
with FPM during cleavages by using UG3 (SI Appendix, Fig. S9 B
and C), probably due to UG3’s low fluorescence polarization. To-
gether, these results demonstrate that at present, POLArISact is the
best tool for monitoring F-actin dynamics with FPM.
Using recent super-resolution techniques such as stimulated

emission depletion (STED) and localization microscopy tech-
niques (e.g., photoactivated localization microscopy/stochastic
optical reconstruction microscopy), we can observe single actin
filaments, and therefore their orientations are observed even in a
dense actin network. However, the time resolution of STED is
supposed to be sometimes too low to follow the dynamic changes
in actin organization when observing large objects, for example,
whole cross sections of starfish eggs. Phototoxicity and photo-
bleaching caused by STED imaging will also be problematic for
long-period time-lapse imaging. The time resolution of localiza-
tion microscopy techniques is low, and single-molecule imaging of
this kind is very difficult when observing deep structures in large
specimens. Therefore, we consider that POLArISact is useful for
orientation imaging of actin filaments in many situations.
Since polarization is one of the most fundamental properties

of light, POLArIS is expected to open a new avenue to various
fluorescent spectroscopic applications such as, but not limited to,
high throughput screening (65), super-resolution (13–16), reso-
nance energy transfer (66, 67), and fluorescence correlation (68,
69). By taking advantage of the genetically encoded nature,

POLArIS has the potential of supporting broader applications of
fluorescence polarization techniques to a variety of cell types,
species, and many types of specimens such as developing em-
bryos and whole bodies of animals. Furthermore, POLArIS can
be expressed in a cell type/tissue-specific manner when combined
with specific promoters.

Materials and Methods
Experimental materials and method details for cell culture, starfish egg
preparation and drug treatment, plasmid construction, protein purification,
crystallization and structure determination, structural modeling, pull-down
assay, cosedimentation assay, plasmid introduction into cells, fixation and
staining of cultured cells and starfish eggs/embryos, in vitro F-actin labeling,
fluorescence microscopy, FPM, and data analysis are described in SI Appendix,
SI Materials and Methods.

Data Availability. All data are included in the manuscript and supporting in-
formation. Plasmids for POLArISact expression, cpGFP-Ad-A flex expression, and
mRNA production of POLArISact are available from Addgene (164971 at https://
www.addgene.org/164971/, 165044 at https://www.addgene.org/165044/, and
164970 at https://www.addgene.org/164970/, respectively). The ImageJ plugin
for FLARE analysis can be found in Gitlab at https://gitlab.com/mkwnana/s4firp.
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