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Desmoglein 3 Order and Dynamics in Desmosomes
Determined by Fluorescence Polarization
Microscopy
Emily I. Bartle,1 Tara M. Urner,1 Siddharth S. Raju,1 and Alexa L. Mattheyses1,*
1Department of Cell Biology, Emory University, Atlanta, Georgia
ABSTRACT Desmosomesaremacromolecular cell-cell junctions that provideadhesive strength in epithelial tissue.Desmosome
function is inseparably linked to structure, and it is hypothesized that the arrangement, or order, of desmosomal cadherins in the
intercellular space is critical for adhesive strength. However, due to desmosome size, molecular complexity, and dynamics, the
role that order plays in adhesion is challenging to study. Herein, we present an excitation resolved fluorescence polarizationmicro-
scopyapproach tomeasure thespatiotemporal dynamicsof orderanddisorderof thedesmosomal cadherindesmoglein3 (Dsg3) in
living cells. Simulations were used to establish order factor as a robust metric for quantifying the spatiotemporal dynamics of order
anddisorder.Order factormeasurements inkeratinocytesshowed theDsg3extracellular domain isorderedat the individual desmo-
some, single cell, andcell population levels compared to a seriesof disordered controls.Desmosomal adhesion isCa2þ dependent,
and reduction of extracellular Ca2þ leads to a loss of adhesion measured by dispase fragmentation assay (l¼ 15.1 min). Live cell
imaging revealed Dsg3 order decreasedmore rapidly (l¼ 5.5min), indicating that cadherin order is not required for adhesion. Our
results suggest that rapiddisorderingofcadherinscancommunicateachange inextracellularCa2þconcentration to thecell, leading
toadownstream lossofadhesion.Fluorescencepolarization isaneffectivebridgebetweenprotein structureandcomplexdynamics
and the approach presented here is broadly applicable to studying order in macromolecular structures.
INTRODUCTION
Many critical cellular functions including nuclear transport,
ATP synthesis, and cell adhesion are orchestrated by large,
multiprotein assemblies (1–3). These macromolecular com-
plexes are defined by their protein composition, architec-
ture, and cellular localization. Importantly, how proteins
are arranged within each complex confers function. This
protein arrangement can be described in two ways: spatial
organization, which defines the location of proteins within
a complex; and orientational organization, which defines
the order or particular arrangement of proteins relative to
one another. Generation of order and disorder is a mecha-
nism central to the assembly, disassembly, and function of
many macromolecular complexes (4–6).

Cell junctions are macromolecular complexes that have
roles in tissue integrity, communication, and barrier func-
Submitted June 13, 2017, and accepted for publication September 21, 2017.

*Correspondence: mattheyses@uab.edu

Emily I. Bartle, Tara M. Urner, and Alexa L. Mattheyses’s present address

is Department of Cell, Developmental, and Integrative Biology, University

of Alabama at Birmingham, Birmingham, Albama

Editor: David Piston.

https://doi.org/10.1016/j.bpj.2017.09.028

� 2017 Biophysical Society.
tion. Desmosomes are epithelial cell-cell junctions that
play a critical role in the skin and heart, where they are
essential for maintaining tissue integrity (7). Disruption of
desmosomal function results in a number of human diseases,
including skin blistering diseases, cancers, and cardiomyop-
athies (8,9). The dynamics of desmosome assembly, disas-
sembly, and the transition between calcium-dependent and
independent adhesion play a central role in many processes
including keratinocyte migration during wound healing,
embryogenesis, disease pathogenesis, and tissue remodeling
(7,10–13).

Structurally characterizing desmosomes presents a chal-
lenge, due to their biochemical intractability, complex
structure spanning two cells, and functional dynamics.
The organization of proteins in the plaque has been deter-
mined by electron microscopy (EM) and superresolution
stochastic optical reconstruction microscopy (14,15).
Through these methods, differences in protein spatial or-
ganization have been correlated with changes in adhesion.
However, the dynamics of desmosome structure, including
protein ordering, as it relates to function are still poorly
understood.
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The desmosomal adhesive junction is symmetrical across
the intermembrane space, with each cell contributing half
the complex. Desmosomal cadherins (desmogleins and des-
mocollins) are single-pass transmembrane glycoproteins
with extracellular domains that interact to form the adhesive
interface (16). This adhesion involves trans-binding through
a strand swap, where a conserved tryptophan is inserted into
a hydrophobic pocket of the opposing cadherin (17,18).
Desmosomal cadherins are characterized by their calcium-
dependent structure, with calcium binding sites between
cadherin repeat domains. The intracellular plaque proteins
create a dense network linking the cadherin cytoplasmic
tails to the intermediate filament cytoskeleton (19). Each
desmosome contains many copies of each of these proteins,
resulting in an overall structure �0.5 mm in diameter (20)
with the plaque extending between 100 and 115 nm
(14,15) into the cytoplasm.

Because cadherins are the proteins responsible for span-
ning neighboring cells, understanding their structure and
organization is central to our understanding of adhesion.
The extracellular domain of the desmosomal cadherins
has largely been hypothesized to be ordered, based on
EM (10,21) and in vitro characterization of individual cad-
herin structure (22). Evidence for order includes the dense
midline seen in EM and the periodicity of electron den-
sities by tomography (10,21,23–25). Taken together, this
suggests that desmosomes are ordered and that the cadher-
ins are potentially arranged in a crystalline-like manner.
However, not all studies reach a similar conclusion and
conflicting results describe the cadherins as a disordered
‘‘tangled knot’’ (26).

One drawback to the methods used to study desmosome
ultrastructure is that they require the use of fixed and pro-
cessed cells or tissue, and therefore cannot capture structural
dynamics. To address this and characterize order of the ad-
hesive interface in living cells, we turned to fluorescence po-
larization. Fluorescence polarization has been used to study
single molecule dynamics (22,27), diffusion (28), binding
events (29,30) and, when combined with microscopy, orga-
nization of biological structures (31–33). Fluorescence
polarization is a powerful tool to study the order and dis-
order of proteins in macromolecular complexes including
yeast septins (34), nuclear pore complex (4,35), MHC com-
plex (36,37), and the cytoskeleton (5,38,39).

Herein, we present an excitation resolved fluorescence
polarization microscopy approach to measure order of the
desmosomal cadherin desmoglein 3 (Dsg3) in living cells.
First, we introduce the approach we developed to address
the question of order versus disorder in desmosomes and
establish the upper and lower bounds on detecting order
with simulations. We then show that the extracellular
domain of Dsg3 is ordered at the single desmosome, single
cell, and population level, in contrast to a series of disor-
dered controls. Finally, we reveal the dynamics of Dsg3 or-
der loss relative to loss of adhesion, demonstrating a direct
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relationship between order and function. Our results confirm
the relevance of cadherin ordering to desmosome structure
and adhesive strength.
MATERIALS AND METHODS

Cell culture

The human immortalized keratinocyte cell line HaCaT (Addex Bio, San

Diego, CA) was cultured in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 2 mM L-glutamine, 10% FBS, 100 U/mL

Pen/Strep, and 2.5 mg/mL Amphotericin B and maintained at 37�C and

5% CO2. For imaging, cells were seeded into eight-well No. 1.5 coverslip

bottom dishes (Ibidi, Madison, WI), transfected, and imaged in supple-

mented FluoroBrite DMEM (Thermo Fisher Scientific, Waltham, MA).

For fragmentation assays, cells were grown to confluence in 12-well tissue

culture plates.
Cloning and constructs

Dsg3-DEA-GFP was cloned using PCR and mutagenesis to insert the EGFP

sequence between residues K499 and L615 of mouse Dsg3 (UniProt:

O35902). Dsg3-link-GFP was cloned with the same methods, with the flex-

ible linker ID(GGGGS)�5TG ligated between the C-terminus of mouse

Dsg3 and N-terminus of EGFP. Desmoplakin-GFP was a gift from Kathleen

Green (Addgene plasmid No. 32227). The GFP was replaced with mCherry

using PCR, to create DP-mCherry. Mem-GFP is EGFP with the N-terminal

palmitoylation motif, LCC. All cloning was performed by the Emory Clon-

ing Core (Emory University) and verified by sequencing.
Dsg3-DEA-GFP ribbon diagram

Diagraming of Dsg3-DEA-GFP was performed in the software ‘‘UCSF

Chimera’’ using Dsg3 (EC1–4) (PDB: 5EQX) and GFP (PDB: 1EMB).

The 18-amino-acid linker (VPDFNENCPSVVLEKMVS) between the

end of PDB: 5EQX (EC4 of Dsg3) and the start of GFP is composed of

the EC4-EC5 Dsg3 linker region and the start of PDB: 1EMB. The linker

secondary structure was predicted using PredictProtein, the PROFphd

method (https://www.predictprotein.org/) (40). The C-terminal of PDB:

1EMB is linked to the amino acids TGMDELYKAAIGLILLGLLMLL

LAPLLLL from Dsg3, where TGMDELYK is part of the EC5 structure

predicted to be a-helical by the same method used above. AAIGLILLGL

LMLLLAPLLLL is the constitutive transmembrane domain of Dsg3, which

PredictProtein correctly identified with the PHDhtm method.

The orientation of the chimeric protein was determined by embedding

the transmembrane domain in a lipid bilayer and orienting EC1 such that

it could engage in trans-binding. GFP was constrained by Dsg3, the plasma

membrane, and the linker locations.
Transfection

HaCaT cells were transfected at 50% confluent using Lipofectamine 3000

(Thermo Fisher Scientific) following manufacturer’s instructions. DNA

concentration was optimized to 70 ng per 1 cm2. Cells were imaged

40–48 h post-transfection.
Calcium switch

For imaging under low Ca2þ conditions, cells were switched from supple-

mented FluoroBrite DMEM (Thermo Fisher Scientific) with �3 mM Ca2þ

to �0.03 mM Ca2þ as described by Wilson (41) while on the microscope

stage.

https://www.predictprotein.org/
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Fluorescence polarization microscopy

Fluorescence polarization microscopy was conducted using a Ti Eclipse

microscope (Nikon, Tokyo, Japan), equipped with a motorized stage,

stage-top incubator to maintain 37�C and 5% CO2 (INUBG2SF-TIZB;

Tokai Hit USA, Bala Cynwyd, PA) and a 60 � 1.49 NA objective. The

488-nm laser (Coherent, Santa Clara, CA) excitation passed through a

cleanup polarizer, half-wave plate, and lens to focus on the back focal plane

(ThorLabs, Newton, NJ). Rotation of the half-wave plate with a motorized

mount (PRM1Z8; ThorLabs) controlled the orientation of the excitation po-

larization. Images were captured with an ORCA-Flash 4.0 v2 CMOS cam-

era (Hamamatsu, Hamamatsu City, Japan). The system was controlled with

the software NIS Elements (Nikon). Images were acquired at 0�, 45�, 90�,
and 135� excitation polarization.
Cell fixation and antibody staining

Fixation and labeling protocols are described in Stahley et al. (15) with a

1-h incubation in primary antibody and 30-min incubation in secondary

antibody. Primary antibody was anti-desmoplakin (DPI/II clone 2.15; Ab-

cam, Cambridge, UK).
Fragmentation assay

Confluent cell sheets were dissociated by incubating with 2 U/mL

Dispase II (Roche, Indianapolis, IN) in DMEM for 35–45 min. The intact

monolayers were then transferred to 1.7 mL Eppendorf tubes. Media was

removed from the cell monolayer and replaced with 500 mL of either

normal (�3 mM Ca2þ) or low (�0.03 mM Ca2þ) media and incubated

for 2–30 min before agitation with an orbital shaker at 350 RPM for

2 min. The fragments were immediately fixed by adding 500 mL 16% para-

formaldehyde and manually counted using a dissection microscope.
Order factor derivation

The probability of excitation of a fluorophore can be expressed as a dot

product between the transition dipole moment, described in a spherical co-

ordinate system by the azimuthal angle a and polar angle b, and the polar-

ization of excitation light in the imaging plane (u). The square of this

product is proportional to the intensity of the fluorophore:

Iu ¼ sin2ðbÞcos2ða� uÞ: (1)

To determine the order factor, we first normalized the data pixel-by-pixel

where Iu is the intensity from an individual pixel Iu ¼ (I0, I45, I90, I135), as

follows:

Inormu ¼ Iu �minðIuÞ
maxðIuÞ �minðIuÞ: (2)

Using the normalized intensities, we then calculated the amplitude of inten-

sity modulation, which we define as the order factor:

Order Factor ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Inorm0 � Inorm90

�2 þ �
Inorm45 � Inorm135

�2q
:

(3)

Data analysis

A custom-order factor image analysis program (Polarized Order Detec-

tion Software) was written in the software MATLAB (The MathWorks,

Natick, MA). Raw images were first corrected for uneven laser illumina-
tion and polarization-dependent intensity changes with the mean of three

correction images, obtained by imaging a fluorescent slide at each polar-

ization (Chroma Technology, Bellows Falls, VT). Processed images were

then corrected for photobleaching using fluorescence decay constants

determined from control experiments with constant excitation polariza-

tion (GFP, 0.003; mCherry, 0.06) (34). Next, a binary mask was

generated to identify desmosomes. Corrected images were masked auto-

matically using a morphological algorithm that first detects punctate ob-

jects with the MATLAB function ‘‘imopen’’ and a median filter. Next,

the binary mask is created using the threshold from MATLAB’s ‘‘gray-

thresh’’ followed by ‘‘bwareaopen’’. In cases of high background vari-

ance, the threshold was set manually. Pixel-by-pixel order factor was

calculated within the binary mask for corrected images using the theoret-

ical relationships described above in Eqs. 1, 2, and 3.
Computational modeling

Using the relationships described above, mathematical modeling was

performed in MATLAB using Monte Carlo method simulations of

Poisson-distributed noise with 100 repeats. To determine the relevant

signal-to-background ratio (S/B) range for simulations, intensity

from pixels outside of the desmosome binary mask were averaged

to calculate background for each image. The pixel signals within

the desmosomal region were averaged to obtain a signal estimate for

each image. The range of modeled signal levels were taken from the range

of experimental values. The three background levels represent an average

background over all data and 1 SD above and below the average.

To determine a threshold above which the order factor can be interpreted

to mean true biological order, we modeled disorder at signal levels taken as

the lowest signal pixel of each image, which represents the most noise-

dominated signal values. The maximum calculated order factor from

each simulation represents the worst-case false positive for order. The

threshold for disorder was set at 2 SDs above the mean of the distribution

of maximum order factors resulting from a disordered system.

We calculated a projected order factor for the time-lapse experiments to

verify that the change in measured order factor in low calcium time course

experiments was not due to protein loss and decreased S/B. First, simula-

tions were conducted at the average S/B levels of every time point. Next,

the order factor pixel values from t0 were matched to a theoretical orienta-

tion. In subsequent simulations, order factor values from these orientations

and experimental signal and background levels were averaged to determine

the theoretical order factor.
Statistics

All statistical analysis was done using GraphPad Prism (GraphPad Soft-

ware, La Jolla, CA). One-way ANOVA was used to test statistical signifi-

cance across multiple experimental conditions (Fig. 3). Two-way

ANOVAs were done on all data comparing two or more experimental con-

ditions across time points (Fig. 5). Two-way ANOVAwith Sidak’s multiple

comparisons was used to determine the significance between experimental

data and projected order at individual time points (Fig. 5 c). Curve fits were

generated using GraphPad Prism’s nonlinear curve fitting functions for the

exponential curves as indicated (Figs. 4 and 5).
Code availability

Code is available upon request.
RESULTS

To investigate protein order in the desmosome adhesive
interface, we selected a representative cadherin from the
Biophysical Journal 113, 2519–2529, December 5, 2017 2521
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seven desmogleins and desmocollins in the family. We
focused on Dsg3 because of its high expression level in
the lower layers of the skin, where it is critical for keratino-
cyte adhesion. This function is highlighted by the skin blis-
tering disease Pemphigus vulgaris, in which adhesion is
weakened by autoantibodies targeted to the extracellular
domain of Dsg3 (42–44).

To create a polarization probe, we needed a fluorophore to
report the orientation of the Dsg3 extracellular domain. We
chose to replace the most membrane-proximal extracellular
anchor (EA) domain of Dsg3 with GFP (Dsg3-DEA-GFP).
We generated a ribbon diagram of the Dsg3-DEA-GFP ecto-
domain based on the crystal structures of GFP (45) and the
Dsg3 extracellular domains 1–4 (EC1–4) (46), the orienta-
tion of the transition dipole moment (m) within GFP (47),
and the secondary structure predictions of the linker regions
(Fig. 1 a). In Dsg3-DEA-GFP, GFP is tethered between the
EC4 domain and the transmembrane domain. This con-
stricted association is essential for the orientation of m,
which will be probed by polarized excitation, to reflect the
protein orientation.

To determine whether proteins are ordered, we must first
set up a coordinate system as a frame of reference in which
to study Dsg3. The orientation of m is defined by the
azimuthal (a) and polar (tilt; b) angles in the microscope co-
ordinate system (Fig. 1 b), where the Dsg3 extracellular
domain will dictate the orientation of GFP. In a single
desmosome, there will be multiple copies of Dsg3-DEA-
GFP within a point spread function. Protein order within
this volume is represented by the average of the transition
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FIGURE 1 Polarization microscopy to study desmosome protein organi-

zation. (a) Shown here is a ribbon diagram of the Dsg3-DEA-GFP chimeric

protein. Dsg3 extracellular domains EC1-4 (purple) and GFP (green) with

the EA domain deletion/GFP insertion sites are indicated by black arrow-

heads and the transition dipole moment (m) by the red double-headed arrow.

(b) The fluorophore transition dipole (m; red arrow) is described by

azimuthal (a) and polar (b) angles in a spherical coordinate system where

x-y is the imaging plane and z is the optical axis. (c) If Dsg3 is ordered, fluo-

rescence intensity will be modulated by the excitation polarization, result-

ing in a sinusoidal curve with an amplitude dependent on the polar angle as

shown for b ¼ 20�, 25�, 30�, and 35�. (d) If Dsg3 is disordered, the fluores-
cence intensity will be constant regardless of the excitation polarization. To

see this figure in color, go online.
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dipole moments and can be measured using excitation
resolved polarized fluorescence microscopy (38,48). If
Dsg3-DEA-GFP is ordered in a single desmosome, the fluo-
rescence intensity will be modulated by the excitation po-
larization (Fig. 1 c). In contrast, if Dsg3-DEA-GFP is
disordered, the intensity will be independent of excitation
polarization (Fig. 1 d).
Theory of protein order in desmosomes

We established the theoretical capabilities of excitation
resolved polarization fluorescence microscopy to distin-
guish between protein order and disorder in desmosomes.
In our approach, images are acquired at four unique exci-
tation polarizations (0�, 45�, 90�, and 135�) (34). To
measure order, we calculate the amplitude of intensity
modulation as a function of excitation polarization, which
we call the order factor (Eq. 3), where Inormu is the intensity
from a single excitation polarization (u) normalized across
all excitation polarizations (see Materials and Methods).
Order factor represents the average dipole orientation
within a pixel.

To determine the impact of experimental variables on
our ability to measure order, we ran Monte Carlo simula-
tions of raw fluorescence intensity data incorporating
photon noise for all possible orientations (a, b) and a
range of S/Bs (Fig. 2 a). These simulations show that or-
der factor for an ordered system depends heavily on tilt
angle (b) and S/B. Order factor at a given S/B was always
maximum when the average dipole is entirely in the imag-
ing plane (b ¼ 90�). The dipole orientation in the imaging
plane (a) has a negligible impact on order factor, and the
calculations represent averages over all a (Fig. S1). To
determine the impact of noise on our ability to measure
order, we examined the distribution of theoretical order
factors across simulations for b ¼ 90�. At the lowest
S/B, where noise is expected to have the biggest
impact, the order factor variance was 0.0023 whereas
the range of the distribution was 0.23 (Fig. 2 b). Both
the range and the variance decreased exponentially as
S/B increased. Taken together, this data demonstrates
the robustness of order factor to photon noise, while illus-
trating the full range of order factors that can be measured
from an ordered system.

Next, we determined the range of order factors likely to
be measured from a disordered system, in which intensity
does not depend on excitation polarization. We ran Monte
Carlo simulations where (I0 ¼ I45 ¼ I90 ¼ I135) and used
our lowest experimentally measured signal levels as inputs
to assess the worst-case signal-to-noise ratio (Fig. 2 c).
These simulations were critical to determine the threshold
at which order and disorder become indistinguishable. We
defined the ‘‘disorder threshold’’ to be 2 SDs above the
mean of this distribution. Order factors below this threshold
(0.2) cannot be distinguished from a disordered system.
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FIGURE 2 Computational modeling and derivation of order factor. (a)

Theoretical average order factor was calculated from Monte Carlo simu-

lations at different S/B levels and b orientations averaged over all a

(background ¼ 1500 photons). The maximum order factor at each S/B

occurs when m is entirely in the imaging place (b ¼ 90�). (b) Range of

order factor (max-min) is given as a function of S/B with varying back-

grounds. (c) Given here is a histogram of data from Monte Carlo simula-

tions of disorder showing the maximum order factor resulting from

experimental signal and background levels. The threshold for distinguish-

ing order from disorder, shown here by the blue dashed line, was set at 2

SDs above the mean of this distribution. Order factors below this

threshold are considered disordered and are shown in cyan on the order

factor heatmap. (d) Shown here is percent of (a, b) orientations with

an order factor less than the disordered threshold as a function of S/B.

(e) Given here is theoretically determined maximum order factor as a

function of S/B (red) and the disorder threshold (blue). To see this figure

in color, go online.
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One consideration is that a subset of ordered systems will
report an order factor below the disorder threshold (cyan on
the order factor heatmap; Fig. 2 a) due to the dependence of
order factor on dipole orientation and S/B. The percent of
(a, b) orientations that have order factors below the disorder
threshold is 25% at the lowest S/B and decreases rapidly
to <1% as S/B increases, regardless of absolute background
level (Fig. 2 d). This means that the number of false nega-
tives or undetectable (a, b) orientations decreases as S/B
improves.

From the above simulation results, we set the theoretical
upper bound on order factors likely to be measured from an
ordered system (red line) and the disorder threshold
(blue line) (Fig. 2 e). Experimental order factors between
the upper bound and the disordered threshold are the result
of an ordered system.
Dsg3 extracellular domain is ordered

After establishing order factor as a metric, we applied this
approach to measure order in desmosomes. We designed
two Dsg3-GFP chimeric proteins: Dsg3-DEA-GFP to mea-
sure Dsg3 order (Fig. 1 a), and Dsg3-link-GFP as a disor-
dered control. In Dsg3-link-GFP, the C terminus was
tagged with a flexible linker followed by GFP, which allows
GFP conformational freedom relative to Dsg3, i.e., the
orientation of GFP does not reflect the orientation of the
Dsg3 ectodomain.

To confirm that Dsg3-DEA-GFP and Dsg3-link-GFP
localize properly to desmosomes, we transfected the con-
structs into HaCaT cells, a human keratinocyte cell line.
HaCaT cells are an ideal immortalized cell line for the
characterization of desmosome structure and function, as
they are nontumorous and are a good model of primary
human keratinocytes (49). The cells were fixed and
labeled with antibodies to the endogenous obligate desmo-
somal protein desmoplakin. To remove soluble, nondesmo-
somal Dsg3, the cells were pre-extracted before fixation
(50). Dsg3-DEA-GFP and Dsg3-link-GFP both colocal-
ized with desmoplakin in punctate structures at cell-cell
borders, indicating proper localization to desmosomes
(Fig. S2).

To determine if the extracellular domain of Dsg3 is or-
dered, we imaged HaCaT cells transfected with Dsg3-
DEA-GFP using fluorescence polarization microscopy
(Fig. 3 a). As expected for an ordered system, the fluores-
cence intensity at cell-cell junctions was dependent on the
excitation polarization. We developed a custom MATLAB
image analysis program to calculate the pixel-by-pixel order
factor using Eq. 3 within a binary mask defining desmo-
somes (Fig. 3 a; Fig. S3). We quantified this data by plotting
the order factor of every pixel in a cell border region of in-
terest (ROI) as a function of S/B. This revealed that 93% of
the pixels fall within the upper and lower bounds for an or-
dered system. A z-stack analysis showed the order factor
was not impacted by focal plane or contributions from out
of focus light (Fig. S4).

Next, we imaged HaCaT cells transfected with the control
probe Dsg3-link-GFP (Fig. 3 b). Although Dsg3-link-GFP
localized to desmosomes, the intensity was not dependent
on the excitation polarization angle, as expected for a disor-
dered system. The order factor was below the disorder
threshold for the majority of the pixels within the cell border
ROI (95%). This indicates that GFP in Dsg3-link-GFP is
disordered, and that desmosomal targeting alone is not suf-
ficient to confer order.

To confirm plasma membrane targeting does not result in
order, GFP with a palmitoylation motif (mem-GFP) was
transfected into HaCaT cells (Fig. 3 c). The intensity of
mem-GFP was not dependent on the excitation polarization,
and the majority of pixels within the ROI fell below the
disordered threshold (99%). This demonstrates that plasma
Biophysical Journal 113, 2519–2529, December 5, 2017 2523
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FIGURE 3 The extracellular domain of Dsg3 is ordered. Shown here are HaCaT cells expressing (a) Dsg3-DEA-GFP and (b) Dsg3-link-GFP. The average

intensity image and individual ROIs (white rectangle) at each excitation polarization are shown. The intensity from a single pixel is plotted as a function of

excitation polarization and fit to the sinusoid (Eq. 1) (solid line). Desmosome order factor is shown as a masked heatmap. Pixel-by-pixel order factor is plotted

as a function of S/B. (c and d) Given here is an average intensity image of the HaCaT cell expressing (c) mem-GFP and (d) GFP. Average intensity and order

factor heatmap are shown for the ROI. The pixel-by-pixel order factor is plotted over S/B. (a–d) Scale bars, 10 mm; ROI scale bars, 2 mm. (e) Shown here is

the mean order factor as a function of mean S/B for individual cells expressing each construct (error bars: SD) compared to the theoretical maximum order

factor (red line) and disorder threshold (blue line). (f) Box plots of cell population order factor; full range (whiskers) are given with the median (line) and 25–

75 percentile range (box). (****p < 0.0001; ns ¼ no significance, by one-way ANOVA.) To see this figure in color, go online.
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membrane targeting is not sufficient to confer order. Finally,
for a well-characterized randomly oriented control, GFP
was transfected into HaCaT cells (Fig. 3 d). There was no
dependence of GFP intensity on excitation polarization,
and the majority of pixels within the ROI were below the
disorder threshold (98%).

We next asked if the single-cell order factors were repre-
sentative of the population. The whole-cell average Dsg3-
2524 Biophysical Journal 113, 2519–2529, December 5, 2017
DEA-GFP order factors cluster within the theoretical
bounds we determined for an ordered system (Fig. 3 e).
This population contained a mixture of cell borders, the
majority between transfected and nontransfected cells
(Fig. 3 a), and some between two transfected cells
(Fig. S5). The order factor of borders between two trans-
fected cells fell within the distribution of those measured
for single transfected cell borders.
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The average order factors for all cells expressing Dsg3-
link-GFP, mem-GFP, and GFP fell below the disorder
threshold, regardless of S/B. We noted a spread in the distri-
bution of mean order factor within the Dsg3-DEA-GFP cell
population, as would be expected for an ordered system
based on our modeling. This variability can be explained
by differences in orientation (a, b) and S/B, but we cannot
rule out additional contributions from biological differences
between cells.

Importantly, when interrogated with the binary question
is the system ordered or disordered, individual cells report
the same answer as the population. The Dsg3-DEA-GFP or-
der factor, 0.38 5 0.11 (n ¼ 29), was significantly larger
than those for the controls Dsg3-link-GFP (0.12 5 0.025;
n ¼ 17), mem-GFP (0.097 5 0.018; n ¼ 17), and GFP
(0.073 5 0.020; n ¼ 11) by one-way ANOVA (Fig. 3 f).
Taken together, these data reveal that the extracellular
domain of Dsg3 is ordered in desmosomes.
FIGURE 4 Dynamics of loss of cell adhesion. (a) Given are representa-

tive images of HaCaT cell sheets after fragmentation assay at indicated

times after calcium switch. Scale bars, 10 mm. (b) Given here is a plot

of the fragment count as a function of time after calcium switch

(mean 5 SD; n ¼ 8). The trendline shows nonlinear (exponential) fit

(R2 ¼ 0.97).
Dsg3 order decreases before loss of cell adhesion

Next, we investigated if Dsg3 order is related to adhesive
function. Desmosome adhesive strength is calcium-depen-
dent and when calcium is depleted from calcium-dependent
keratinocytes, adhesion is disrupted (51). Therefore, we
used a calcium switch assay where the calcium concentra-
tion is reduced from normal (�3 mM) to low (�0.03 mM)
to disrupt desmosome function.

To quantify the average desmosome strength for a cell
population and the dynamics of loss of adhesion, we em-
ployed a dispase cell fragmentation assay. Fragmentation
of a confluent cell sheet resulting from applied mechanical
stress increased with time in low calcium media (n ¼ 8)
(Fig. 4 a). This fragmentation is inversely proportional to
adhesive strength. We quantified the rate of loss of adhe-
sion by fitting the fragment number to an exponential
growth with a rate constant of 15.1 min (R2 ¼ 0.97)
(Fig. 4 b).

We next wanted to establish the baseline dynamics of
desmosome order over the 30-min time frame identified in
the functional assay. To provide an independent marker
for desmosome identification and tracking, desmoplakin-
mCherry (DP-mCherry) was cotransfected into HaCaT cells
with Dsg3-DEA-GFP.

Comparing images from a representative cell at 0 and
30 min revealed that Dsg3-DEA-GFP and DP-mCherry co-
localization, cell morphology, and order factor were stable
when a normal calcium level was maintained (Fig. 5 a).
Desmosome morphology remained unchanged, and individ-
ual colocalized puncta with consistent order factors can
be identified and tracked across multiple time points
(Fig. 5 b). To control for photobleaching that results in a
loss of intensity, and thus a change in S/B, we modeled a pro-
jected order factor based on the order factor at 0 min, Dsg3-
DEA-GFP intensity, and background levels throughout the
time course. The projected order factor accurately predicted
the experimental order factor over the time course, and the
two were not significantly different at each time point by
two-way ANOVA with Sidak’s comparison (p > 0.11)
(Fig. 5 c). The accuracy of this prediction shows that pro-
jected order factor is robust. Pixel-by-pixel order factor re-
mained above the disorder threshold over the 30 min
(Fig. 5 d).

To measure Dsg3 order during loss of adhesion, Dsg3-
DEA-GFP and DP-mCherry were transfected into HaCaT
cells and imaged before and after calcium switch. A repre-
sentative cell shows colocalization of DP-mCherry and
Dsg3-DEA-GFP both before (t ¼ 0 min) and after
(t ¼ 30 min) calcium switch, indicating colocalization was
maintained throughout the experiment (Fig. 5 e). Morpho-
logical changes are apparent when comparing the cell
before and after calcium switch, including cell rounding
and altered junctions (Fig. 5 e; top). After the calcium
switch, Dsg3-DEA-GFP shifted from ordered (t ¼ 0 min)
to disordered (t ¼ 30 min) (Fig. 5 e; bottom).

To more closely examine the dynamics of this process, we
monitored a representative ROI containing a single cell-cell
border (Fig. 5 f). For the first 10 min after calcium switch,
puncta are clearly identifiable at the cell border. In contrast,
by 25 min the cell border has a dramatically different
morphology, although Dsg3-DEA-GFP colocalization with
DP-mCherry remains throughout. In this individual border,
order factor decreased within the first 2 min after calcium
switch, when puncta localization and morphology were
Biophysical Journal 113, 2519–2529, December 5, 2017 2525
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FIGURE 5 Reduction of Ca2þ results in loss of order concurrent with loss of adhesion. (a) HaCaT cells were transfected with Dsg3-DEA-GFP (cyan) and

DP-mCherry (magenta). Cells were imaged before (0 min) and after an exchange of normal Ca2þ media. Shown are intensity and order factor images for

time¼ 0 and 30 min. Scale bars, 5 mm. (b) Shown here is ROI time lapse of Dsg3-DEA-GFP, DP-mCherry, and order factor. Scale bars, 1 mm. (c) Given here

is a plot of Dsg3-DEA-GFP order factor (red; mean5 SD) and the projected order factor (gray; mean5 SD) as a function of time. (d) Shown here is a pixel-

by-pixel order factor plotted as a function of S/B for the ROI over the time course (time progresses from dark to light blue). (e) HaCaT cells were transfected

with Dsg3-DEA-GFP (cyan) and DP-mCherry (magenta). Intensity and order factor images are shown for time ¼ 0 and 30 min after switch from normal

(�3 mM) to low (�0.03 mM) Ca2þ media. Scale bars, 5 mm. (f) Shown here is the time lapse of cell border ROI of Dsg3-DEA-GFP, DP-mCherry, and order

factor showing dynamics after calcium switch. Scale bars, 1 mm. (g) Plot of Dsg3-DEA-GFP order factor (yellow; mean5 SD) and the projected order factor

(gray; mean 5 SD) from the ROI are shown as a function of time. Order factor was fit to an exponential decay (solid line) with the equation y ¼ 0:47e5:5t
�1

(R2 ¼ 0.94). (h) Pixel-by-pixel order factor was plotted as a function of S/B for the ROI over the time course (time progresses from dark to light blue).

(i) Population average and projected order factor were plotted as a function of time. The average Dsg3-DEA-GFP switch to normal calcium (red; n¼ 6 cells)

and average Dsg3-link-GFP order factor after switch to low calcium (blue; n¼ 4 cells) were fit by linear regression (solid lines). The average Dsg3-DEA-GFP

order factor switch to low Ca2þ (n ¼ 8 cells) was fit with an exponential decay y ¼ 0:38e4:5
�t
(R2 ¼ 0.97). To see this figure in color, go online.
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not obviously altered. This decrease in order factor was fit to
an exponential decay with a rate of 5.5 min (R2 ¼ 0.94)
(Fig. 5 g).

Desmosomal Dsg3 level can decrease during disassembly
due to diffusion of the protein in the plasma membrane
or protein recycling through endocytosis, both of which
2526 Biophysical Journal 113, 2519–2529, December 5, 2017
would lead to a decrease in fluorescence intensity and S/B
(7,52,53). As expected during disassembly, projected order
factor decreased over the time course due to the changes
in S/B, although it remained above the disorder threshold
(Fig. 5 g). The experimental and projected order factors
exhibited distinct behaviors, with measured order factor
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decreasing exponentially and more rapidly than the pro-
jected linear decrease, leading us to conclude that there
was a decrease in the order of Dsg3-DEA-GFP as a result
of the calcium switch.

To quantify the transition from ordered to disordered over
time, we plotted pixel-by-pixel order factor over S/B for the
ROI (time progresses from dark to light blue; Fig. 5 h). The
percent of individual pixel order factors below the disorder
threshold increased over the time course from 0% (0 min) to
87% disordered (30 min). We further quantified order factor
on a single desmosome level. This revealed possible hetero-
geneity in order dynamics at early time points between the
desmosomes from a single cell. Loss of order from individ-
ual desmosomes is smooth on the timescale of our experi-
ments (Fig. S6).

To confirm that changes in cell and desmosome
morphology were not dependent on the construct, we imaged
HaCaT cells transfected with Dsg3-link-GFP and DP-
mCherry before and after calcium switch (Fig. S7). Dsg3-
link-GFP colocalized with DP-mCherry at all time points.
Similar morphological changes were observed to those noted
in theDsg3-DEA-GFP transfected cells in the calcium switch
assay. However, as expected, the average order factor was
consistently below the disorder threshold at all time points.

Next, we wanted to determine if order loss followed
similar kinetics in the population as in single cells. For the
control conditions (Dsg3-DEA-GFP in normal calcium
media, n ¼ 6; and Dsg3-link-GFP in low calcium media,
n¼ 4), the average experimental and projected order factors
fit a linear regression (Fig. 5 i), with no significant differ-
ence by two-way ANOVA. These results show that the pop-
ulation order factor was maintained throughout the time
course for each control and fit the theoretical model.

In contrast, the average experimental order factor after
calcium switch for Dsg3-DEA-GFP for a population of cells
decreased exponentially (n ¼ 8). These dynamics were
significantly different from the average projected order fac-
tor at each time point demonstrating that the decrease in or-
der factor reflects a structural change within the desmosome,
not declining S/B. Loss of order was rapid, with a significant
decrease in order factor between t ¼ 0 min and t ¼ 2 min
(p ¼ 0.0003, n ¼ 8; by two-way ANOVAwith Sidak’s mul-
tiple comparison test). To quantify the rate of Dsg3-DEA-
GFP loss of order, the time course for the population of cells
was fit to an exponential with a decay rate of 4.5 min
(R2 ¼ 0.97). The rate of loss of order is faster than the
rate of fragmentation (15.1 min), showing that loss of
Dsg3 order is upstream of the loss of adhesion.
DISCUSSION

Desmosomes play a critical role in the maintenance of tissue
integrity and their dysfunction is implicated in human dis-
eases including cardiomyopathies, skin blistering diseases,
and cancers (54). Therefore, the relationship between desmo-
some structure and adhesive function is of much interest.
There is debate in the field over how the desmosomal cadher-
ins are organized and if the organization of these proteins is
important for adhesive function. Here, we applied fluores-
cence polarization microscopy to study desmosome struc-
ture, and found that the extracellular domain of the
cadherin Dsg3 is ordered in living cells. Furthermore, we
found that order is a dynamic state: order is lost when calcium
is depleted, ultimately resulting in the loss of cell adhesion.

Previous work using EM to study desmosomal cadherins
in the extracellular space has conflicting results. Al-Amoudi
et al. (21,24) found an ordered structure, and hypothesized
the desmosomal cadherins form a repeating array. In
contrast, the less-ordered ‘‘tangled knot’’ described by He
et al. (26) fit many cadherin orientations within a single
desmosome. These differences could be due to several fac-
tors including imaging method, sample fixation, tissue type,
or adhesive state. In the experiments presented here, order is
measured in living cells, eliminating any potential artifacts
due to fixation. Desmosome adhesive state is well under-
stood to be either calcium-dependent or hyperadhesive
(calcium-independent) (10,55). Fluorescence polarization
revealed the Dsg3 extracellular domain is ordered in cal-
cium-dependent cells.

Order factor offers a readout for desmosome structural or-
ganization, but it does not indicate the ultrastructure
conveying the order. A single desmosome is close in size
to the diffraction limit and many copies of Dsg3 in a single
desmosome contribute to an ensemble average dipole orien-
tation. Complete disorganization of dipoles in the x-y plane
will result in an order factor below the disordered threshold.
If all dipoles possess a single orientation (a, b), order factor
is impacted by b (Fig. 1 c) and to a lesser extent by a

(Fig. S1). Interestingly, cadherins could adopt multiple ori-
entations in one desmosome, but still form an ordered array.
Our approach is currently unable to discriminate between a
single cadherin orientation, two or more distinct repeating
orientations, or a circularly symmetric order (1).

Influences on order factor can be grouped into two
categories: experimental and structural. In this work, we
modeled the experimental impacts including signal-to-noise
ratio and background level and showed we can measure or-
der factor with confidence under our experimental condi-
tions. We have also developed methods to distinguish
changes in order factor brought on by structural dynamics
rather than experimental factors (i.e., decreasing S/B from
photobleaching or loss of protein). Several biological fac-
tors could introduce variations in cadherin dipole orienta-
tions (a, b) in a desmosome. These include, but are not
limited to, nanoscale fluctuations in membrane curvature,
trans-binding dynamics, protein wobble, and changes in pla-
que arrangement. These factors would decrease the average
dipole and be detected as a decrease in the order factor.

It has been demonstrated that the tertiary structure of Dsg3
relies on calcium binding between the extracellular domains
Biophysical Journal 113, 2519–2529, December 5, 2017 2527
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(46) to maintain rigidity, similar to the classical cadherins.
Interestingly, this rigidity may not be essential to maintain
adhesion. Molecular dynamics simulations by Sotomayor
and Schulten (56) of classical C-cadherin suggest that
trans-binding could be maintained in the absence of calcium.
Experimentally, Kim et al. (57) used Förster resonance energy
transfer to distinguish two phases of N-cadherin conforma-
tional changes, including a ‘‘sudden, but partial loss’’ of
binding, after removal of calcium.Although desmosomal cad-
herins are similar to classical cadherins, the role of calcium in
the adhesive function of Dsg3 and the direct impact of its loss
on quaternary structure of the complex has been largely unex-
plored. We showed that order decreases within 2 min of
removing calcium, indicating that Dsg3 conformation is cal-
cium dependent in desmosomes. Intriguingly, in this time
frame Dsg3 adhesive function is not yet lost. This difference
in dynamics indicates that loss of order is upstream of loss
of adhesion and supports the molecular dynamics showing
that trans-binding is not calcium dependent (56). Our data
shows there is a loss of Dsg3 order while trans-binding is
maintained, followed by a loss of adhesive function similar
to the two-phase dynamics measure by Förster resonance
energy transfer (57). We propose that loss of cadherin
order in response to calcium depletion leads to a cascade of
events that culminates in the loss of trans-binding and cell
adhesion.

Fluorescence polarization microscopy allows us to quan-
tify structural dynamics in living cells. In contrast, previous
methods for studying desmosome organization were
entirely dependent on static, fixed samples. Implementation
of fluorescence polarization involves a straightforward and
inexpensive modification to an existing fluorescence micro-
scope. The experimental and analysis methods used here do
not depend on the symmetry of the complex or its orienta-
tion within a cell and can be easily applied to other cell
junctions or macromolecular complexes. We believe this
approach to studying desmosome structure will continue
to be invaluable for exploring cadherin order in different
functional states and disruption in human disease.
CONCLUSION

Here we establish order factor as a fast and robust metric for
studying spatiotemporal structural dynamics and adhesive
function of desmosomes in live cells. The order factor can
be determined on an individual desmosome, cell, or popula-
tion level. We anticipate this approach will become a
powerful optical tool for studying the relationship between
structure and function in desmosomes and other macromo-
lecular complexes.
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