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Abstract

Mechanobiology, the study of how mechanical forces affect cellular behavior, is an emerging field
of study that has garnered broad and significant interest. Researchers are currently seeking to
better understand how mechanical signals are transmitted, detected, and integrated at a sub-cellular
level. One tool for addressing these questions is a Forster resonance energy transfer (FRET)-based
tension sensor, which enables the measurement of molecular-scale forces across proteins based on
changes in emitted light. However, the reliability and reproducibility of measurements made with
these sensors has not been thoroughly examined. To address these concerns, we developed
numerical methods that improve the accuracy of measurements made using sensitized emission-
based imaging. To establish that FRET-based tension sensors are versatile tools that provide
consistent measurements, we used these methods, which demonstrate that a vinculin tension
sensor is unperturbed by cell fixation, permeabilization, and immunolabeling. This suggests
FRET-based tension sensors could be coupled with a variety of immuno-fluorescent labeling
techniques. Additionally, as tension sensors are frequently employed in complex biological
samples where large experimental repeats may be challenging, we examined how sample size
affects the uncertainty of FRET measurements. In total, this work establishes guidelines to
improve FRET-based tension sensor measurements, validate novel implementations of these
sensors, and ensure that results are precise and reproducible.
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Introduction:

The effect of mechanical force on cellular behavior is an emerging field of study that has
garnered significant interest from diverse disciplines, including cell biology, biophysics,
cancer biology, vascular biology, and tissue engineering (1-3). Researchers are often
interested in determining which proteins are key to mechanotransduction pathways and how
these proteins transmit and/or detect mechanical cues (4-6). Research in this area has
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predominantly focused on two adhesion structures, namely focal adhesions (FAs) and
adherens junctions (AJs), because they serve as linkages between a cell’s force-generating
actomyosin network and the extracellular environment (4-6). Whereas FAs bind to
extracellular matrix proteins, AJs adhere to receptors on adjacent cell membranes (7). Both
structures involve hundreds of distinct protein types and exhibit mechanosensitivity,
meaning they sense and respond to changes in mechanical loading (4-6).

One tool for studying mechanical load across proteins is a Férster resonance energy transfer
(FRET)-based tension sensor, which enables the measurement of molecular-scale forces
based on changes in emitted light (4, 8-13). The first calibrated, genetically-encoded FRET-
based tension sensor was developed to study vinculin (14), a mechanical linker protein that
localizes to both adhesion structures, and solidified the importance of vinculin in
mechanosensing and migration (14-19). FRET-based tension sensors have since been
readily adopted and engineered into at least 14 different proteins(8), demonstrating the
usefulness and importance of this tool.

With the widespread application of tension sensors to diverse proteins and systems, some
contradictory data has been observed and the lack of clear standards for the accuracy and
reproducibility of these measurements has been noted. In particular, it had been
demonstrated that E-cadherin is under constitutive load in Madin-Darby Canine Kidney
(MDCK) cells (20) and also exhibits spatial gradients in migrating Drosophila melanogaster
border cells (21). Another study, however, failed to observe any E-cadherin loading in D.
melanogastertissues (22), leading the authors to question the reproducibility of
measurements made with tension sensing modules. In this work, we develop a set of
approaches for both determining and increasing the limits of FRET-based tension sensor
accuracy to address these concerns.

FRET involves the non-radiative transfer of energy from a donor fluorophore in the excited
state to a nearby acceptor fluorophore (<10-12 nm separation) in the ground state (23).
FRET increases as the distance between the two fluorophores decreases. Typically, FRET is
often quantified in one of two ways, using FRET index or FRET efficiency (24, 25). FRET
indices have a variety of definitions but are typically semi-quantitative estimates of the
sensitized emission of the acceptor fluorophore due to the excitation of donor fluorophore
(26). These are relative measurements that are device- and setup-dependent, but generally
scale with changes in FRET for single chain sensors containing functional fluorophores (26).
For most single chain FRET-based biosensors, such as activity-based or conformational-
based biosensors, the absolute distance between fluorophores is of less interest than the
relative change of FRET signal within cells or in response to specific treatments (27-29). In
these instances, FRET index is often a suitable metric for measuring the relative magnitude
and dynamics of interactions within a single cell (30). Alternatively, FRET efficiency is a
physical quantification of the fraction of donor excitation events that transfer energy to an
acceptor fluorophore (23). This is a device independent, absolute measurement that is
directly related to the separation distance of the fluorophores, as well as their orientation and
rotational dynamics in some cases (31).
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In FRET-based tension sensors, the physical separation of the fluorophores is a key variable.
In these sensors, two fluorophores capable of FRET are linked by a deformable element and
then inserted between load-bearing domains of a protein to enable the measurement of the
forces transmitted across the sensor (10, 32). In the absence of load, the linker has an
expected characteristic rest length that depends on the flexibility of the linker (33), and the
fluorophore pair is expected to exhibit a corresponding characteristic FRET. When load is
applied, the linker stretches, FRET decreases, and the application of load can be determined
from the FRET signal. While FRET indices can be used to quantify these relative changes
(20, 34), the determination of loads requires the measurement of FRET efficiency (23). The
determination of load also requires the sensor to be calibrated, meaning the relationship
between the applied load and FRET efficiency has been measured or modeled (14, 33).
While there are a variety of instruments for measuring FRET efficiency, they are typically
expensive or require advanced equipment as compared to instruments for measuring FRET
index (35, 36). In addition, there may be other disadvantages associated with instruments
required for measuring FRET efficiency (37). For example, certain techniques, such as
fluorescence lifetime imaging microscopy (FLIM) or spectral imaging, involve high-
powered lasers and less sensitive detectors, which limit both the spatial and temporal
resolution of FRET-based sensors (25, 38, 39).

A suitable, but not often employed, alternative is to determine FRET efficiency using
sensitized emission-based imaging (36, 40). Like FRET index measurements, these
approaches are fast, sensitive, and can be performed on most standard widefield or confocal
microscopes. Compared to FLIM and spectral imaging, this approach is relatively
inexpensive, accessible, and has greater spatiotemporal resolution. Due to the high
resolution of this approach, spatial gradients in protein loading can be visualized within the
cell and sub-cellular structures (33, 41). However, sensitized emission methods require
additional calibration steps, including corrections for spectral bleedthroughs and
determination of two device- and setting-dependent constants (11, 25, 26, 36). Additionally,
it has previously been demonstrated that sophisticated approaches, involving numerical
techniques such as maximum likelihood estimation, are required for accurate estimations of
FRET efficiency in the limit of low signal to noise (42). As a result, the complexities
associated with these steps have often discouraged researchers from pursuing sensitized
emission as a method for determining FRET efficiency, despite its advantages over other
options.

To reduce challenges and improve the accuracy of FRET-based tension measurements made
using sensitized emission, we describe a straightforward and precise numerical technique for
estimating the two critical calibration constants. Furthermore, for measurements with
relatively high signal to noise ratios (e.g. experiments not performed through photon
counting-based methods), we develop an improved numerical approach for the
characterization of FRET efficiency on a per-cell basis and validate this method by
investigating whether fixation, permeabilization, or immunolabeling perturb function of the
tension sensor module. Using the original vinculin tension sensor (VinTS) as an example,
we find that these treatments do not affect the function of this sensor, demonstrating that
FRET-based tension sensors can be combined with immunofluorescence approaches.
Furthermore, we show that our numerical approach enables the detection of small
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differences in FRET efficiency between two similar, yet structurally distinct, FRET
constructs, clearly demonstrating one as the preferred design. Lastly, we demonstrate
guidelines that establish the uncertainty in FRET efficiency measurements associated with a
given sample size, enabling a priori estimates for experimental design in future work.
Together these data establish the usefulness of our numerical approach and affirm FRET-
based tension sensors as robust indicators of the mechanical loads experienced by proteins in
living cells.

Materials and Methods:

Generation of DNA Constructs

Cell Culture

Construction of pcDNA3.1-VinTS, pcDNA3.1-VinTS-1997A, pcDNA3.1-TSMod,
pcDNAS3.1-VinVenus A206K internal, pcDNA3.1-VinmTFP1 internal, and pcDNA3.1-
mMTFP1-GGS2-Venus transient expression constructs has been described previously (14, 33,
41, 43). To create additional control constructs to detect the presence of intermolecular
FRET, pcDNA3.1-VinTS dark mutants were generated from pcDNA3.1-VinTS, in
accordance with previously described methods (44). Specifically, dark mTFP1 and dark
Venus A206K were created by mutating either Y71 or Y66, respectively, to leucine. The
pertinent primers are listed in Supp. Table 1. To create a low FRET construct useful in
calibration approaches (36), pcDNA3.1 mTFP1-TRAF-Venus was constructed using Gibson
Assembly. Specifically, the vector backbone containing mTFP1 and Venus A206K
fluorescent proteins was derived from pcDNA3.1-TSMod, and the TNFa receptor associated
factor (TRAF) domain was isolated from CTV (Addgene #27803) (45). Primers used to
assemble pcDNA3.1 mTFP1-TRAF-Venus in a three-fragment Gibson Assembly reaction
are detailed in Supp. Table 2. To create plasmids appropriate for lentivirus, pcDNA plasmids
were digested with Nrul/Xbal and ligated into pRRL vector that had been digested with
EcoRV/Xbal.

and Expression of DNA constructs

Mouse embryonic fibroblasts lacking vinculin (vinculin —/— MEFs) were generously
provided by Drs. Ben Fabry, Wolfgang Goldman, and Wolfgang Ziegler (46). All MEF lines
were maintained in high glucose Dulbecco’s Modified Eagle’s Medium (D6429; Sigma
Aldrich) supplemented with 10% fetal bovine serum (HyClone), non-essential amino acids
(Gibco), and antibiotic-antimycotic solution (Sigma Aldrich). HEK293-T cells, used for
viral production, were maintained in high glucose Dulbecco’s Modified Eagle’s Medium
with L-glutamine and sodium bicarbonate (D5796; Sigma Aldrich) supplemented with 10%
fetal bovine serum (HyClone) and antibiotic-antimycotic solution (Sigma Aldrich).
Transient transfection of mammalian expression (pcDNA3.1) constructs was achieved using
Lipofectamine 2000 Reagent (Invitrogen) and OptiMEM (Gibco) following the
manufacturer’s protocol. DNA constructs were introduced to vinculin —/- MEFs using
standard lentiviral transduction approaches and cells expressing physiological levels of each
vinculin-based sensor were selected as previously reported (41, 43).

To create cell adherent surfaces appropriate for imaging, glass bottom dishes (World
Precision Instruments) were incubated with 10 pg/ml fibronectin (Fisher Scientific) in PBS
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at 4°C overnight. Dishes were rinsed once with PBS prior to cell seeding. MEFs were
seeded with 25,000 cells per dish. For live imaging, cells were spread in culturing media for
2 hours and then switched to imaging media (Medium 199, Gibco) supplemented with 10%
fetal bovine serum (HyClone) for another 2 hours. For the fixed condition, cells spread in
complete media for 4 hours and were then fixed as described below.

Immunofluorescent Staining

Imaging

For immunofluorescent labeling, cells were fixed with 4% EM grade, methanol-free
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 10 min and then rinsed
with PBS before permeabilization. Cells were treated with 0.1% Triton-X for 5 min and then
rinsed with PBS. Fresh, 2% bovine serum albumin (BSA, Sigma Aldrich) in PBS was used
as blocking buffer for 30 min. Primary vinculin antibody (Sigma V9131, 1:500 in blocking
buffer) was applied for 60 min and then rinsed three times with PBS. Cells were again
blocked for 30 min. Secondary antibody (Thermo Fisher, AlexaFluor 647 goat anti-mouse,
diluted 1:500 in blocking buffer) was applied for 60 min. Cells were then rinsed three times
with PBS. Cells were imaged in PBS.

An Olympus inverted fluorescent microscope (Olympus 1X83, Tokyo, Japan) was used to
image samples. Images were acquired at 60x magnification (UPlanSApo 60X/NA1.35
Obijective, Olympus) and illuminated by a LambdaLS equipped with a 300W ozone-free
xenon bulb (Sutter Instrument, Novato, CA). The images were captured using a SCMOS
ORCA-Flash4.0 VV2 camera (Hamamatsu Photonics, Hamamatsu, Japan). The FRET images
were acquired using a custom filter set comprised of an mTFP1 excitation filter (ET450/30x;
Chroma Technology Corp, Bellows Falls, VT), one of two mTFP1 emission filters
(ET485/20nm; Chroma Technology Corp or FF02-485/20-25, Semrock, Rochester, NY),
Venus excitation filter (ET514/10x; Chroma Technology Corp), Venus emission filter
(FF01-571/72; Semrock) and dichroic mirror (T450/514rpc; Chroma Technology Corp). For
sensitized emission FRET microscopy, three images are acquired to calculate FRET
efficiency (25). These include imaging the acceptor (MVenus excitation, \enus emission),
FRET (mTFP1 excitation, Venus emission), and donor (mTFP1 excitation, mTFP1
emission). We note that live and fixed conditions as well as the two mTFP1 emission filters
yielded different G and k estimates. For each experimental setup, the appropriate calibration
factors were used during the analysis, and equivalent measurements of FRET efficiency
were observed. For imaging AlexaFluor 647, we utilized the Cy5 filters from the DA/FI/TR/
Cy5-4x4 M-C Brightline Sedat filter set (Semrock) and the associated dichroic mirror
(FF410/504/582/669-Di01). Exposure times for imaging of Venus, Teal-Venus FRET, Teal,
and Cy5 were 1000ms, 1500ms, 1500ms, and 1000ms, respectively. The motorized filter
wheels (Lambda 10-3; Sutter Instrument), automated stage (H117EIX3; Prior Scientific,
Rockland, MA), and image acquisition were controlled through MetaMorph Advanced
software (Olympus). For live cell imaging, a constant temperature was maintained across the
sample using an objective heater (Bioptechs, Butler, PA 150819-13) in conjunction with a
stage and lid heater (Bioptechs Stable Z System 403-1926). Live samples were imaged for
no more than 1 hour.
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Correction of Imaging Artifacts and Determination of Spectral Bleedthroughs

Imaging artifacts were identified and corrected as previously described (11). To measure
dark current, approximately 40 images were acquired and averaged in each channel with all
shutters closed. To correct for uneven illumination, approximately 10 images were taken for
each channel on regions of a dish lacking cells or on a separate cell-free dish. Cell-free
dishes were treated the same as the experimental dish and imaged in the same focal plane.
Shade images were determined by normalizing by the maximum intensity of each image and
averaging across the stack of normalized images. Since cells were plated sparsely, the
background intensity of each image was determined by estimating the mode pixel intensity
of each image, following corrections for dark current and uneven illumination. To correct for
three-dimensional offsets caused by chromatic aberrations and minute hardware
misalignments, 500 nm diameter microspheres (Fluoresbrite YG and TetraSpeck) diluted in
PBS were incubated on glass-bottom dishes overnight to permit evaporation. After
adsorption, dishes were washed three times in PBS and imaged in PBS. After leveling the
dish in the stage holder, Z-stacks of 21 images (100nm step size) were acquired. For
Fluoresbrite YG beads, donor and FRET channels were imaged. For TetraSpeck beads,
acceptor and FRET channels were imaged. Approximately 10 stacks were acquired for each
bead type. Custom MATLAB (Mathworks) software was used to perform 3D registration of
channels.

To measure spectral bleedthroughs, vinculin =/- MEFs were transfected with either soluble
mTFP1 or Venus and imaged in acceptor, FRET, and donor. Prior to estimating
bleedthroughs, all images were corrected for anomalies due to dark current, uneven
illumination, background intensity, and chromatic aberrations as described above and
elsewhere (11). Donor bleedthrough (dbt) is the amount of donor emission captured in the
FRET channel, and cross-talk is the amount of donor excited and captured by imaging the
acceptor channel. Acceptor bleedthrough (abt) is the amount of acceptor directly excited
during FRET imaging, and cross-talk is the amount of acceptor excited and captured by
imaging the donor channel. For our system, bleedthroughs do not depend on intensity and
cross-talk between the channels is negligible. To determine abt, pixels of similar acceptor
intensity were binned for each construct, and the corresponding FRET intensity pixels for
each bin was averaged. A linear curve was then fit to the relationship between mean FRET
intensity and acceptor intensity. The slope of this fit provided an estimate of abt. The same
procedure was used to calculate dbt.

Calculation of FRET Efficiency from Sensitized Emission

FRET was detected through measurement of sensitized emission (36) and calculated using
custom written code in MATLAB (47). All analyses were conducted on a pixel-by-pixel
basis. Prior to analysis, all images were corrected for dark current, uneven illumination,
background intensity, and chromatic aberration as described in the previous section. To
correct for spectral bleedthrough in experimental data, pixel-by-pixel FRET corrections were
performed according to the equation:

Fc=1f—dbt*1dd—abt>k1aa 1)
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where £ is the corrected FRET image, /ris the intensity in the FRET-channel, /,;is the
intensity in the donor-channel, and /,, is the intensity in the acceptor-channel.

Through imaging donor-acceptor fusion constructs of differing, but constant, FRET
efficiencies, it is possible to calculate two proportionality constants that enable the
calculation of FRET efficiencies for any single-chain biosensor (36). The G factor is
calculated as:

where A indicates the change between two donor-acceptor fusion proteins.

The k factor is calculated as

L+~
k=—dd1 9 @3

aa

With these two proportionality constants, it is possible to calculate both FRET efficiency (E)

and the relative concentration of donor and acceptor fluorescent proteins % in a sample:

F
<
G

E= 7 4)

Idd + <
FC
D) _lats g
AR

aa

To empirically calculate the G factor, distributions of acceptor-normalized corrected FRET
(Fc/152) and acceptor-normalized donor (lg4q/l55) Were compiled from all pixels for each
construct (GGS2 and TRAF) for a single experiment. Relevant pixels were isolated by
manual cell masking. The mean, median, and mode of F¢/l5, VS. 14g/135 Was determined for
GGS2 and TRAF. The G factor was calculated as the slope of the line connecting each set of
points, which stems from equation (2). A single day of imaging GGS2 and TRAF yields a
single estimate of the G factor, and a total of four independent experiments were conducted.
The data from the four independent experiments were also used to estimate the k factor as
defined in equation (3). The k factor was calculated pixel-by-pixel, and the distribution of
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the pixels for each construct (GGS2 and TRAF) was compiled. The k factor was estimated
using either the mean, median, or mode of these distributions.

All symbols used in these calculations have been summarized in Supp. Table 3.

Automated Image Analysis

Custom written MATLAB (Mathworks) software was used for all image analysis. To
identify single cells on an image, closed boundaries were drawn by the user based on the
unmasked acceptor channel image. Information outside cell boundaries was discarded. For
VinTS and VinTS-1997A images, FAs were identified in the acceptor channel, which is
proportional to sensor concentration. Specifically, the FAs were segmented using the water
algorithm, as previously described (14, 33, 41, 43, 48). The result of the FA segmentation
was output as a binary mask, which was then applied across all images resulting from FRET
analysis for visualization of data.

For each cell, FRET efficiency was characterized using the mean of the bootstrapped mode,
a metric previously validated for characterizing biological data (49). Per common
bootstrapping techniques (50), pixels within a cell were randomly sampled with replacement
and the sample mode was estimated using the half-range mode algorithm (49). This step was
reiterated 1,000 times to generate a distribution of the estimated mode for each cell’s FRET
efficiency. The mean of this distribution, referred to as the mean of the bootstrapped mode,
was used to characterize FRET efficiency for each cell. For TSMod, only pixels isolated by
manual cell masking were sampled. For VinTS-1997A and VinTS, pixels masked by both
focal adhesion masking and manual cell masking were sampled. The sample size
corresponded to the number of pixels within each analyzed cell. Note, the mean of the
bootstrapped mode provides a single data point for each cell’s FRET efficiency. An
analogous procedure was conducted to determine the donor-per-acceptor value for each cell.
Cells with a donor-per-acceptor value smaller than 0.5 or greater than 1.5 were excluded
from subsequent analysis. In comparing populations of cells, common statistical techniques
were used to compare each population of data points (Figs. 4-6).

Analysis of FRET Efficiency Uncertainty

Statistics

To estimate the uncertainty of FRET efficiency measurements based on the experimental
sample size, we randomly drew samples from our large datasets. This approach assumes that
the complete dataset, consisting of hundreds of cells, accurately reflects the true distribution
of the underlying population. Specifically, at each sample size (1-150 cells), the data was
randomly sampled with replacement from each population, and the sample mean was
calculated for a total of 10,000 iterations per sample size. Thus, a distribution of the sample
mean was generated for each sample size. The uncertainty was defined as the width of the
95% confidence interval of this distribution for each sample size.

Statistical analyses were performed using the software JMP Pro 13 (SAS, Cary, NC) or
RStudio (Version 1.0.136). Comparisons of data with equal variances, as determined with
Levene’s test, were analyzed with an ANOVA and, if necessary, Tukey’s HSD tests. Datasets
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with unequal variances were analyzed with the non-parametric Welch’s ANOVA and, if
necessary, Games-Howell tests. A pvalue of p < 0.05 was considered statistically
significant.

Code Availability

All code is available upon request.

Results:

Converting measurements of sensitized emission to FRET efficiency

A key step in the use of sensitized emission methods to quantify FRET efficiency for single-
chain biosensors is the determination of four calibration factors (36, 40). The first two are
used to correct for the bleedthrough of emission of the donor and acceptor fluorophores into
the FRET channel. These two corrections are commonly used in the context of FRET
indices (24, 25), and methods for their determination are relatively standard (11, 30). The
third factor, typically termed G, represents a ratio of the acceptor emission in the FRET
channel to the amount of donor emission in the donor channel for equimolar concentrations
of excited donor and acceptor fluorophores, such as the case for single chain biosensors (36,
51). These three parameters are used to convert sensitized emission images, taken in the
donor, FRET, and acceptor channels, into FRET efficiency. The fourth factor, k, represents
the fluorescence intensity ratio between the donor and acceptor, at equimolar concentrations,
in the absence of FRET (36). This parameter can be used to calculate an estimate of the ratio
of the concentrations of the donor and acceptor, which enables measurements of fluorophore
stoichiometry. For single-chain biosensors, the ratio should be unity. Notably, all calibration
factors are fluorophore-, instrument-, and setting-dependent (36).

G and k can be determined with a single imaging setup and do not require FLIM or another
technique to provide further information (36). To do so, two constructs with two different,
but constant, FRET efficiencies are separately expressed in cells and imaged. The difference
in FRET between the two constructs, due to the differences in their linker lengths, should be
as wide as possible to improve the estimation(36). In this work, constructs consisted of
mTFP1 and Venus (A206K), which correspond to the FRET pair used in VIinTS (14). These
fluorophores were chosen due to their improved brightness and photostability (52, 53), as
compared to other genetically encoded fluorescent proteins, and suitability for FRET (54).
To create a high FRET construct, the short flexible linker 2x(GGSGGS), which we denote as
GGS2, was utilized (33). To create a low FRET construct, a derivative of tumor necrosis
factor alpha (TNFa) receptor associated factor (TRAF) was used as has been done
previously (36, 43, 45). The constructs mTFP1-GGS2-Venus and mTFP1-TRAF-Venus were
separately expressed in vinculin =/— mouse embryonic fibroblasts (MEFs). Cells were
imaged according to the details in Materials and Methods. Following acquisition of
sensitized emission images, the donor (l44), bleedthrough-corrected FRET (F), and acceptor
(135) images were used to calculate acceptor-normalized corrected FRET (F¢/l,,) and
acceptor-normalized donor (I44/155) intensities (Fig. 1A-B), which are used to estimate G.
We later confirmed that GGS2 and TRAF resulted in significantly different FRET
efficiencies as expected (Supp. Fig. 1).
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To identify single cells in an image, closed boundaries were manually drawn based on the
unmasked acceptor channel image. Information outside cell boundaries was discarded.
Previous work using this method estimated the G and k factors using a cell-averaged
approach (43). This approach, however, was sensitive to outliers and required user-defined
selection criteria to reproducibly estimate the calibration factors. Therefore, we sought a
robust, unbiased approach for precisely estimating the calibration factors required for
calculating FRET efficiency from sensitized emission.

numerical approach for determining calibration factors

Because microscope calibrations, such as spectral bleedthrough corrections, are measured
pixel-by-pixel (11), we reasoned that a pixel-based approach might provide a precise,
automated method for estimating the sensitized emission calibration factors. A sample
density plot of all pixels, compiled from a single experiment, of acceptor-normalized
corrected FRET (F./l,,) versus the acceptor-normalized donor (lgg/l54) is shown for GGS2
and TRAF (Fig. 1C). The data from both constructs is non-Gaussian and skewed toward the
origin, suggesting the mean, median, and mode are likely to yield different values (55).
Therefore, we examined which metric of the distribution average led to the most robust
estimation of the calibration factors. While calculating the mean and median is
straightforward, various methods exist to approximate the mode of a continuous distribution
(49). Here, the half-range mode algorithm(56) was used because it does not require user
input, such as bin size specification, and has previously been established as a suitable
method for analyzing biological data (49). The half-range mode algorithm is an iterative
process whereby a dataset is split into two groups based on the midpoint of the dataset’s
range (Supp. Fig. 2). The group with more points is identified and subsequently split based
on the midpoint of its range. This process of estimating smaller intervals continues until only
two points remain. The estimated mode is equal to the mean of these two points. For each
experiment, the distribution average was determined for both GGS2 and TRAF using the
mean, median, and mode. Then for each metric, the slope of the line connecting the two data
points provided an estimate of G. Estimates of G were separately measured across four
independent experiments (GGS2: n = 207 total cells; TRAF: n = 152 total cells), and the use
of the three metrics to estimate G were compared (Fig. 1D).

Although statistical tests could not detect differences between the results of the various
methods, the mode-based calculation of the G-factor (mean = 2.10, se = 0.026) was the most
precise. In comparison, the mean- (mean = 2.61, se = 0.377) and median-based (mean =
2.29, se = 0.132) approaches both had significantly larger standard error (Fig. 1D).
Comparison of these calculations to our previously published cell-averaged method (43)
(mean = 2.25, se = 0.155) demonstrates that the mode-based estimation provides similar
results to our previous approach without the need for user-defined exclusion criteria used in
the previous work.

Using the refined estimate of G (2.10), the data pertaining to mTFP1-GGS2-Venus and
mTFP1-TRAF-Venus was further analyzed to calculate the k factor (Fig. 2A) according to
equation (3) described in the Materials and Methods. The distributions of the k factor for
both GGS2 and TRAF were compiled from all pixels across a single experiment and appear
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non-Gaussian (Fig. 2B). To determine which metric provides the most precise estimation of
k, the distribution average was characterized using the mean, median, and mode. Across four
independent experiments, this analysis yielded eight estimates of k for each of the three
metrics. The comparisons (Fig. 2C) show that the three metrics, as well as the cell-averaged
approach, provide estimates that are nearly equivalent.

Together, these results demonstrate that the mode is a precise, robust metric to estimate the
calibration factors for sensitized emission-based FRET efficiency measurements and does
not require user-determined exclusion of outliers. We note that these approaches are more
critical in the determination of G than k. We speculate this difference exists because the
calculation of G involves interpolating data from multiple constructs, whereas k can be
determined from a single construct. Thus, G may be more sensitive to outliers, and the mode
provides a robust quantification of the key distributions.

characterization of FRET efficiency within a cell

Next, we tested whether a mode-based approach could better characterize FRET efficiency
within a single cell. To begin, we examined a construct, specifically an unloaded tension
sensor module (TSMod), that is expected to exhibit a single, normally distributed FRET
efficiency. When TSMod is expressed in the cytosol of vinculin —/- MEFs, a characteristic
FRET efficiency of approximately 28.6% has previously been observed (43). To characterize
a cell’s FRET efficiency distribution, we examined the mean, median, and mode. Due to the
limited number of pixels per cell, however, we also tested whether bootstrapping would
reduce the potential effect of noise, as recommended elsewhere (49). We note bootstrapping
is a commonly used method for estimating properties of a statistic, such as the mean,
median, or mode (50). Briefly, a sampling distribution of the statistic is determined by
randomly resampling the data, and the bootstrap estimate of the parameter is the mean of the
statistic from the bootstrapped samples (57). See Materials and Methods for additional
details on this analysis. Comparison of over 400 cells individually characterized using the
mean-, median-, and mode, both with and without bootstrapping, demonstrates that using the
bootstrapped mode results in a population average that most closely matches the estimate
from previous work (43) but without the use of user-defined exclusion criteria (Fig. 3).
These findings demonstrate that, across a large population of cells, the bootstrapped mode
provides an accurate, robust characterization of a cell’s FRET efficiency distribution.

tension sensor modules are insensitive to fixation

To begin to leverage the enhanced accuracy of the mode-based characterization, we chose to
more thoroughly examine whether FRET-based tension sensors are compatible with
traditional molecular biology techniques. While FRET-based tension sensors have been used
extensively in live cells, it would be useful to combine them with other molecular assays,
such as immunofluorescence (58) or proximity ligation assays (59), but these techniques
commonly involve cell fixation and membrane permeabilization.

Fixation is known to have context-specific effects on fluorophores, as certain fixation
protocols can quench fluorophores or significantly alter FRET measurements (36, 60-64).
Common fixation protocols use paraformaldehyde (PFA) or methanol to physically cross-
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link the constituents of the cell. Methanol, however, is inherently incompatible with FRET-
based tension sensors because it leads to the denaturation of fluorescent proteins (64). Thus,
vinculin =/-= MEFs expressing cytosolic TSMod (Fig. 4A) were imaged either live or
following EM-grade PFA fixation (Fig. 4B—C). Analysis of hundreds of cells expressing
TSMod demonstrate that the population’s mean FRET efficiency of TSMod under live and
fixed conditions is comparable at 28.4% and 28.7%, respectively (Fig. 4L). These more
accurate mode-based characterizations suggest that fixation with PFA does not inherently
compromise the module’s fluorophores or separation distance when it is expressed in cells.

Protein-incorporated tension sensor modules are insensitive to fixation

We next determined if fixation affects the tension sensor module when it is incorporated into
a protein such as VinTS, which consists of TSMod inserted between its head and tail
domains. As VinTS bears actomyosin-generated forces and fixation could affect the
actomyosin network, an unloaded control was first used to isolate the effects of fixation on
TSMod when it is incorporated into vinculin and localized to FAs. The vinculin mutation
1997A, which decreases vinculin’s binding affinity to actin (15, 65), was used to generate the
unloaded control, denoted VinTS-1997A (Fig. 4D). Previous work has shown that VinTS-
1997A experiences no loads in live cells (41). The mean FRET efficiency of VinTS-1997A in
live and fixed vinculin —/— MEFs (Fig. 4E-F) is 28.5% and 27.9%, respectively (Fig. 4L).
Therefore, fixation does not appear to affect protein-incorporated, FA-localized TSMod in
the absence of load.

VinTS (Fig. 4H) was next examined to determine whether fixation affects the actomyosin
network or TSMod in the presence of load. In vinculin =/ MEFs expressing VIinTS (Fig.
41-J), the population’s mean FRET efficiency for live and fixed conditions has values of
20.5% and 21.3%, respectively (Fig. 4L). Thus, our mode-based characterization suggests
that FRET-based tension sensors are compatible with this fixation protocol.

FRET-based tension sensors are unperturbed by a common immunofluorescence protocol

As fixation alone has limited applications, we examined the compatibility of VinTS with
immunofluorescence, used to detect the abundance and localization of proteins or specific
post-translational modifications. A typical immunofluorescence experiment requires the
completion of several steps: fixation, permeabilization, blocking, and immuno-labeling.
Since none of these steps individually are useful, we examined if FRET efficiency of VinTS
is changed at the end of an indirect immunofluorescence protocol. Permeabilization and
blocking were conducted with Triton-X and 2% BSA due to their widespread use. VinTS
was immunolabeled using a vinculin primary antibody, as we reasoned the close proximity
was most likely to reveal complexities such as possible interactions between the antibody
and tension sensor. To minimize intermolecular FRET between the tension sensor and
fluorescently-labeled secondary antibody, Alexa Fluor 647 was chosen because its excitation
spectra has minimal overlap with Venus’ emission spectra. To isolate effects on the sensor
itself and alterations in the actomyosin cytoskeleton, VinTS-1997A (Fig. 4G) and VinTS
(Fig. 4K) were separately probed. For VinTS-1997A and VinTS, the population’s mean
FRET efficiency is 28.0% and 21.1%, respectively (Fig. 4L). These values demonstrate that
this immunofluorescence protocol does not significantly affect VinTS measurements.
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Measurable differences in intermolecular FRET controls

Sample size

To assess the sensitivity of mode-based FRET characterization, we sought to distinguish
differences in FRET signals between two similar, but structurally unique, FRET constructs.
Specifically, we examined two common pairs of constructs used to measure intermolecular
FRET. The first pair of constructs, termed internal controls, consist of vinculin with either
mTFP1 or Venus in place of the tension sensor module (Fig. 5A) (14). The second set of
constructs, termed dark mutant controls (Fig. 5B), consist of VinTS with a point mutation
that disrupts the fluorescence of either the acceptor or donor (44). The dark mutants were
generated as described in the Materials and Methods. Either the internal controls or the dark
mutant controls were expressed, imaged, and analyzed (Fig. 5C-D). However, to accurately
estimate the amount of intermolecular FRET occurring in VinTS, it is necessary to have both
physiological expression levels and equimolar expression of the two constructs which make
up each control pair. To overcome this technological challenge, cells with an acceptor
intensity approximately half that of VinTS-expressing cells were selectively imaged. Further,
equimolar expression of the two constructs was achieved by examining cells with a donor-
per-acceptor ratio between 0.5 and 1.5. For both construct pairs, little intermolecular FRET
is observed as expected (Fig. 5E). However, the internal controls (n = 24 cells, N =3
independent experiments) exhibit a FRET efficiency that is statistically different from the
dark mutants (n = 31 cells, N = 3 independent experiments). Thus, with a relatively small
sample size, a difference in FRET efficiency of approximately 4% is distinguishable. These
results suggest that the internal controls over-estimate the degree of intermolecular FRET
that may occur in VinTS. This disparity is likely due to the structural differences in the two
control pairs. The dark mutants are likely better controls because they more closely mimic
the structure of VinTS.

affects uncertainty of FRET efficiency measurements

In recent FRET-based tension sensor studies (66—72), sample sizes have ranged from tens to
hundreds, and statistics have been done on data that varies in length scale from sub-cellular
structures to whole cells. Therefore, we investigated how sample size, specifically the
number of cells analyzed, affects the uncertainty of FRET efficiency measurements. We
focused on whole cell measurements so sensors that localize to the cytosol as well as FAs
could be compared. We simulated experimental sampling to approximate the uncertainty,
defined as the width of the 95% confidence interval of the sample mean, for a given sample
size. Further details can be found in the Materials and Methods.

First, we examined data from live and fixed cells expressing TSMod. The curves pertaining
to these conditions closely align, demonstrating that fixation does not alter the uncertainty of
FRET measurements (Fig. 6A). Next, we evaluated the performance of TSMod, VinTS-
1997A, and VinTS under live conditions (Fig. 6B). TSMod exhibits the least uncertainty at
all sample sizes, and VinTS exhibits the most. This suggests that both incorporation of
TSMod into a protein and being subjected to load may increase the uncertainty of FRET
measurements. Thus, the uncertainty may also be dependent on the conditions experienced
by the cells and/or cell-to-cell heterogeneity. Looking closer at these results, the uncertainty
of TSMod is 1.9% and 1.1% when looking at 30 or 100 cells, respectively. Likewise, the
uncertainty of VinTS is 3.1% and 1.7% for 30 and 100 cells, respectively. This demonstrates

Cytometry A. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gates et al.

Page 14

that extra care should be taken when evaluating FRET-based tension sensor datasets of small
size and small changes in tension. For our experimental setup, this analysis demonstrates
that differences in roughly 1-2% FRET efficiency can be distinguished at large sample sizes.
Differences smaller than this, however, appear unresolvable. This analysis serves as a
valuable gauge and could be used as a rough indicator for when small samples are not
indicative of population statistics. We suggest that researchers should use these insights and
similar analyses to guide their own experimental design for studies involving FRET-based
tension sensors.

Discussion:

Building on the previously established methods of using sensitized emission to calculate
FRET efficiency (36, 40), this work described approaches for minimizing and quantifying
variability in FRET calculations. To reduce the variability of FRET efficiency calculations,
we first developed numerical methods to accurately calculate the necessary calibration
factors. Our results demonstrated that a mode-based analysis of two control constructs
exhibiting high and low FRET, termed GGS2 and TRAF, respectively, provided the most
precise estimate of the G and k calibration factors. A similar mode-based approach was
incorporated into the analysis of FRET-based tension sensors to increase the reliability and
consistency of characterizing the molecular loads experienced by vinculin. While the
intention of this paper was to improve FRET measurements of VinTS, our previous work has
already validated the function of this sensor (14, 33, 41, 43). Notably, recent modeling
efforts have described the effects of the rotational mobility of the fluorophores and the
flexibility of the linker (33). The described mode-based approach was found to be less
susceptible to noise and outliers than the mean-based approach which is most commonly
used to characterize FRET-based tension sensor measurements (14, 20, 44, 66, 73).
Although it was not explored in this work, the skewness in the FRET efficiency
distributions, specifically for the cytosolic sensors, could be an interesting topic to explore.
At this time, it is difficult to pinpoint a single mechanism for the skewness of the data from
FRET-based biosensor experiments. Slight changes in the folding or functionality of a subset
of the sensors, the localization of sensors within different sub-cellular compartments, or a
variety of other variables could lead to changes that would affect the FRET. For this reason,
we have chosen to focus on accurately estimating the mode of the FRET distributions,
which, at sufficiently high signal to noise, is an accurate quantification of FRET.
Furthermore, we note that demonstrating that previously developed control constructs (14,
43) report the expected FRET efficiency is a simple and powerful means to ensure that
experimental conditions are achieving a sufficient signal to noise.

Using our robust characterization method, we further demonstrated that VinTS is
unperturbed by several processing steps associated with immuno-labeling, namely fixation,
permeabilization, blocking, and antibody labeling. This is significant because it suggests that
future researchers can simultaneously measure molecular loads and conduct ancillary tests
on the same sample. This type of insight will likely lead to a significant improvement in our
understanding of mechanobiology and mechanosensitive processes (74). For example, one
could examine how adhesion composition or signaling changes in response to load.
However, we note that these results may not be generally applicable. Similar evaluations are
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still necessary for FRET-based tension sensors used in other proteins and likely for VinTS if
it is used in cells within different mechanical microenvironments, such as in 3D cell culture.
It should also be noted that /n vivo analyses, which are limited in sample size, may benefit
from FLIM-based approaches because they don’t require as many control constructs (75).

The sensitivity of the new method was tested by comparing the FRET efficiency of two
similar, yet structurally distinct, intermolecular FRET controls. In addition to detecting a
small difference in FRET efficiency between the two controls, we found that vinculin
internal controls may over-estimate the amount of intermolecular FRET occurring in cells
expressing VinTS. This demonstrates that dark mutants are a more appropriate
intermolecular FRET control because they are nearly identical to the structure of the tension
sensor itself. We also note that the cytosolic sensors, which include GGS2, TRAF, and
TSMod, are unlikely to undergo intermolecular FRET because their acceptor intensity, an
indication of concentration, is approximately equivalent to or less than the vinculin-based
constructs. Previously, we had also shown that the FRET efficiency of cytosolic sensors is
independent of sensor concentration at or below the observed expression levels (33).

Since the number of samples are often limited for complex biological experiments, we
examined how sample size affects the uncertainty in our estimation of a population’s mean
FRET efficiency. For all constructs, we found that small sample sizes (< 30 cells) were
associated with high uncertainty. As sample size increased, uncertainty reduced to an
apparent limit of approximately 1-2% FRET efficiency. This suggests that differences below
this amount are indeterminable. Furthermore, it emphasizes the benefits of rationally
designed sensors that are optimally tuned for particular force regimens (33). We also
discovered that uncertainty is dependent on experimental conditions or molecular loading.
To obtain the large sample sizes required for this analysis, we used stable, as opposed to
transient, expression of constructs. Although stable expression permits the selection of
construct expression levels via cell sorting, there is a risk that homologous recombination
may occur due to the sequence similarity of commonly used fluorescent proteins (76). To
avoid homologous recombination, stable expression should be reserved for tension sensor
modules consisting of fluorophores derived from different species, such as the mTFP1-
Venus module used here, or sequences that have been codon-scrambled (76, 77).

To summarize, we showed that mode-based approaches improve the accuracy of both the
microscope calibrations needed for sensitized emission-based FRET measurements as well
as the measurement of a cell’s average FRET efficiency. Additionally, we provided estimates
that enable a priori estimates of the number of measurements needed to achieve a desired
accuracy. These mode-based methods demonstrate VinTS measurements are compatible
with immunolabeling techniques such as fluorescence co-localization and proximity ligation
assays, suggesting other sensors may also be compatible with these commonly-used and
powerful approaches. This opens the door for a host of possible experiments that could help
researchers better understand the underlying mechanisms of mechanotransduction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(A) A cytosolic module consisting of mTFP1 (blue) linked to Venus (yellow) via a glycine-

glycine-serine repeat (GGS2), which results in high FRET due to the short linker length. (B)
A cytosolic module consisting of mTFP1 (blue) linked to Venus (yellow) via a derivative of
tumor necrosis factor alpha (TNFa) receptor associated factor (TRAF), which results in low
FRET due to the long linker length. Localization of the constructs in vinculin —/-= MEFs is
shown in the acceptor channel (l,5). The corresponding acceptor-normalized corrected-
FRET (F/l,5) image and acceptor-normalized donor (144/155) image are shown with pseudo-
coloring. (C) Heatmap of Fc/l54 VS. 14g/la pixel data used to estimate the G factor. Data
comes from all pixels segmented by cell masks for GGS2 (n = 74 cells) and TRAF (n = 39
cells) from a single experiment. Triangles, squares, and circles used to denote the mean,
median, and mode, respectively, of each population, and the slope of the black dashed line
corresponds to the estimation of G based on the mode. (D) Comparison of the four methods
used to estimate G. Methods include a previously described cell-averaged approach (43) and
our newer pixel-based approach using the mean, median, or mode. Data and error bars are
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the mean and standard error, respectively, from four independent experiments. Due to
unequal variances as determined by the Levene’s test, Welch’s ANOVA was used and a
statistically significant difference in means was not found.
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(A) Sample acceptor images of vinculin —=/— MEFs expressing either GGS2 or TRAF and the
associated cell-masked, pseudo-colored images of the calculated k factor. Scale bars are
25um. (B) Histogram of pixel data corresponding to either GGS2 (blue, n = 74 cells) or
TRAF (orange, n = 39 cells) from all cells in a single experiment. (C) Comparison of the
four methods used to estimate k. Methods include a previously described cell-averaged

approach
error bars

(43) and our pixel-based approach using the mean, median, or mode. Data and
are the mean and standard error, respectively, from both constructs across four

independent experiments. Following a Levene’s test, an ANOVA did not find statistically
significant differences in the means.
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Figure 3.

Comparison of different methods to characterize FRET efficiency in live, TSMod-expressing
vinculin =/= MEFs. For each cell, the FRET efficiency was characterized from either the
mean, median, or mode, with and without bootstrapping. Data and error bars are the mean
and standard error, respectively, of the entire cell population (n = 454 cells, N = 11
experiments). Dashed line represents a published FRET efficiency value of 28.6% for
unloaded mTFP1-(GPGGA)g-Venus (TSMod) (43).
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(Ag; The tension sensor module (TSMod) consists of two fluorophores separated by a
flagelliform linker sequence (GPGGA)g. Localization and estimated FRET efficiency of
TSMod in (B) live and (C) paraformaldehyde-fixed vinculin —/— MEF cells. (D) The actin-
binding vinculin tension sensor mutant (VinTS-1997A) consists of TSMod inserted after aa
883 of vinculin and a point mutation at aa 997. Localization and estimated FRET efficiency
of VinTS-1997A in (E) live, (F) paraformaldehyde-fixed, and (G) vinculin
immunofluorescently-labeled vinculin —/= MEFs. (H) The vinculin tension sensor (VinTS)
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consists of TSMod inserted after aa 883. Localization and estimated FRET efficiency of
VinTS in (1) live, (J) paraformaldehyde-fixed, and (K) vinculin immunofluorescently-
labeled vinculin —/—= MEFs. FRET distributions of all sample images are provided in Supp.
Fig. 3. (L) Mean FRET efficiency of TSMod (live, n = 454, N = 11; fixed, n = 378, N = 11),
VinTS-1997A (live, n =161, N = 11, fixed, n = 50, N = 2; Vinculin IF, n = 272, N = 5), and
VinTS (live, n =173, N = 13; fixed, n = 164, N = 6; vinculin IF, n = 98, N = 3) under various
conditions. Following a Levene’s test, differences between (a) TSMod and VinTS-1997A
and (b) VinTS was determined by a Welch’s ANOVA and Games-Howell Test. Error bars
represent one standard error.
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Figure5.
(A) Internal vinculin intermolecular FRET controls contain Venus or mTFP1 inserted at aa

883. (B) VinTS dark intermolecular FRET controls contain point mutations on either Venus
or mTFP1 that disrupt the fluorescent properties of the fluorophore. (C) Localization of
internal vinculin constructs co-expressed in a vinculin —/= MEF. (D) Localization of VIinTS
dark constructs co-expressed in a vinculin —/— MEF. The corresponding masked FRET
efficiencies are also shown. (E) Difference in the mean FRET efficiency of vinculin internals
and VinTS darks determined by t-test (p = 0.0014). Error bars are one standard error.
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Figure 6.
(A) Uncertainty in the estimation of the population’s mean FRET efficiency as a function of

sample size for TSMod expressed in live (n = 454) and fixed (n = 378) vinculin —/- MEFs.
For each sample size, the uncertainty is the width of the 95% confidence interval of the
mean’s distribution, which arises from the simulated experimental sampling explained in the
Materials & Methods. (B) The same analysis was performed on data from live vinculin —/-
MEFs expressing either TSMod (n = 454), VinTS-1997A (n = 161), or VIinTS (n = 173).
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