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We utilize a cost-effective frequency-domain fluorescence lifetime imaging microscope to
measure the phase lifetime of mTFP1 in mTFP1-mVenus fluorescence resonance energy
transfer (FRET) constructs relevant to the VinTS molecular tension probe. Our data were
collected at 15 modulation frequencies w/2n selected between 14 and 70 MHz. The
lifetime of mTFP1 was tp = 3.11 £ 0.02 ns in the absence of acceptor. For modulation
frequencies, w, such that (w-1p) < 1.1, the phase lifetime of mTFP1in the presence
of acceptor (mVenus), 75, was directly related to the amplitude-weighted lifetime 723

inferred from the known FRET efficiency (EtF“FJfEr) of the constructs. A linear fit to a plot of
(a) . rdf’A) vs. (w-t24) yielded a slope of 0.79 =+ 0.05 and intercept of 0.095 £ 0.029

(R? = 0.952). Thus, our results suggest that a linear relationship exists between the

apparent E,?%FET based on the measured phase lifetime and EEE{ET for frequencies such

that (w- ) < 1.1. We had previously reported a similar relationship between Efpe,
and EtFrgeEr at 42 MHz. Our current results provide additional evidence in support of this
observation, but further investigation is still required to fully characterize these results.
A direct relationship between z;"and 24 has the potential to simplify significantly data
acquisition and interpretation in fluorescence lifetime measurements of FRET constructs.

Keywords: fluorescence lifetime, imaging microscopy, live cell assays, fluorescence resonance energy transfer,
frequency domain, mTFP1

INTRODUCTION

Forster (or fluorescence) resonance energy transfer (FRET) is the non-radiative transfer of
excitation energy from a donor fluorophore to an acceptor chromophore [1]. FRET occurs when the
donor and acceptor are within close proximity, typically on the order of 1-10 nm, and depends on
the inverse of this distance raised to the sixth power. The efficiency of energy transfer also depends
on the physical optical properties of the two fluorophores, the alignment of their dipole moments,
and the extent of overlap between the donor’s emission spectrum and the acceptor’s absorption
band. FRET has important applications for measurements made in the biological sciences where
one seeks to detect and characterize protein interactions. In addition, a multitude of biological
sensors based on FRET have been designed to track cellular function, including intracellular
changes to calcium, enzyme activation, or molecular tension [2]. We are interested in mechanical
forces, which play an important role in the structure and function of a cell. For this reason, it is
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important to investigate methods by which these forces can be
measured. One method of measuring forces in cells is through
the use of the vinculin tension sensor (VinTS), which consists
of the tension module TSMod inserted between vinculin’s head
and tail [3]. TSMod itself consists of the fluorescent protein
variants mTFP1 and mVenus acting as a donor-acceptor FRET
pair connected by an elastic linker. The FRET efliciency between
mTFP1 and mVenus can be related to the distance between the
two fluorophores, and therefore, the tension force that the elastic
linker is experiencing [3]. This measurement requires measuring
absolute FRET efficiency as opposed to a relative FRET index.

Several techniques exist to measure FRET efficiency in living
cells, including methods based on intensity measurements,
such as the sensitized emission method [4], and fluorescence
lifetime imaging microscopy (FLIM), including frequency-
domain and time-domain techniques [5, 6]. The sensitized
emission method, which can be achieved on a conventional
epifluorescence microscope, utilizes intensity measurements in
three channels, and requires calibration of the instrument
to calculate FRET efficiency based on these measurements.
In contrast, FLIM requires measuring the lifetime of the
donor in a single imaging channel and does not rely
on intensity calibration. FRET efficiency is obtained from
the measured lifetimes of the donor in the presence and
absence of the acceptor. Nonetheless, FLIM requires specialized
instrumentation to resolve fluorescence lifetime. In addition,
in the case of FRET sensors, data interpretation can be
complex owing to the fact that FRET samples do not exhibit
a single exponential decay. Thus, the FRET efficiency is
given by the amplitude-weighted average lifetime of multi-
or, more typically, bi-exponential decays. Fit-free techniques,
which do not rely on fitting a multi-exponential decay
model to the lifetime data, have been developed to interpret
FLIM-FRET data. One example is the elegant phasor plot
technique [7-12]. Methods incorporating deep learning and
artificial intelligence to process lifetime data have also been
demonstrated [13]. While powerful, the complexity of these
methods and their reliance on costly instrumentation still present
a barrier for the dissemination of FLIM-FRET measurements
in biology.

In a recent study, we measured FRET efliciency by utilizing
a cost-effective frequency-domain FLIM instrument operating at
a single modulation frequency of 42 MHz [14]. We suggested
that the apparent FRET efficiency obtained from phase lifetime
measurements could be directly related to true FRET efficiency,
which is given by the amplitude-weighted average lifetime, and
that such a relationship could be used as a calibration curve to
circumvent the need to fit a multi-exponential decay model to
the data. In this study, we further, investigate the relationship
between apparent FRET and true FRET for different choices
of modulation frequencies. We measure the lifetime of the
donor fluorophore mTFP1 at several modulation frequencies.
We also measure the phase lifetime of mTFPl in FRET
constructs consisting of the mTFP1-mVenus FRET pair linked
by peptides of various lengths relevant to the molecular tension
probe, VinTS.

METHODS

Sample Preparation

Immortalized baby mouse kidney (iBMK) cells [15, 16]were a
gift from Dr. Eileen White at the Rutgers Cancer Institute of
New Jersey and were cultured on glass coverslips and maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen)
supplemented with 10% fetal bovine serum (FBS; Gemini), 100
U/ml penicillin and 100 pg/ml streptomycin (Invitrogen). The
cells were maintained at 38°C in 8.5% CO,. The cells were
transfected as described previously [17]. For imaging, each
coverslip with the attached cells was mounted on a homemade
stainless-steel slide, and the growth medium was switched to
Leibowitz L15 medium (Invitrogen) supplemented with FBS
and penicillin/streptomycin as above. The imaging medium
contained no phenol red. The cells were imaged between 24
and 48h after transfection. Imaging was conducted at room
temperature and room air.

The cells expressed either mTFP1 [18] or one of the following
constructs consisting of mTFP1 and mVenus tethered by linkers
of increasing lengths: mTFP1-(GGSGGS);-mVenus (6 amino
acids), mTFP1-(GGSGGS),-mVenus (12 amino acids), mTFP1-
(GPGGA)g-mVenus (TSMod, 40 amino acids), and mTFP1-
TRAF-mVenus (229 amino acids [19]). The constructs will
herein be referred to as GGSI1, GGS2, TSMod, and TRAF,
respectively. We also note that TRAF typically forms a trimer
[19]. TSMod was obtained from Addgene (TS module Plasmid
# 26021). All the other plasmids were generously provided by
Dr. Brenton Hoffman’s laboratory at Duke University [4, 20].
The plasmids were amplified in DH5a competent Escherichia
coli. DNA purification was carried out using NucleoBond® Xtra
Midi endotoxin-free (Takara Bio USA, Inc.) according to the
manufacturer’s instructions.

Image Acquisition and Analysis

Fluorescence intensity and lifetime were acquired on a custom-
built point scanning frequency-domain FLIM instrument, which
was previously described in detail and utilizes sinusoidally
modulated laser excitation [14]. Here, fluorescence intensity
and phase lifetime images of mTFP1 were acquired using a
laser diode with 450 nm excitation sinusoidally modulated at
manually selected frequencies ranging between 14 and 70 MHz
(Supplementary Table 1). The fluorescence signal was filtered by
a 40 nm emission bandpass centered at 479 nm and measured
with a photomultiplier tube. We had previously established that
the fluorescence emission of mVenus in this acquisition channel
is negligible. The microscope was fitted with a Nikon 40X dry
objective with NA = 0.75. The excitation power was 20-23 pW
at the sample. The images consisted of 1,024 x 1,024 scanned
points with a dwell time of 6.8 s per point. The instrument’s
phase offset was subtracted using a calibration sample of known
lifetime as previously explained [14]. For this, we used a sample
of Coumarin 6 (Sigma-Aldrich # 546283, ~0.1 mM) dissolved in
100% ethanol (lifetime of 2.5 ns [21]) sandwiched between a glass
slide and a coverslip using an adhesive well (Secure-Seal Spacers,
Thermo-Fisher). The thickness of the sample was 0.12 mm. At the
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point. The cells were manually segmented.

FIGURE 1 | Representative images of iBMK cells expressing mTFP1 and the FRET constructs mTFP1-TRAF-mVenus, mTFP1-TSMod-mVenus,
mTFP1-(GGSGGS),-mVenus, and mTFP1-(GGSGGS)1-mVenus acquired at 450 nm excitation with emission centered at 479 nm. (A-E) Fluorescence intensity in
arbitrary units (a.u.). (F=J) Corresponding fluorescence lifetime images (color scale in ns). All images are captured with 1,024 x 1,024 points and 6.8 ps dwell-time per

(GGSGGS),

(GGSGGS),

beginning of every experiment, the calibration was performed at
each of the modulation frequencies used during data acquisition.
Once calibration is completed, the instrument measures at each
image pixel, the phase difference, ¢, between the sinusoidally
modulated excitation and emission signals and calculates the
sample’s phase lifetime (or apparent lifetime) from [5]:

capp _ 20(P) _ tan(9)

o  2-7-f M

Tp =

o is the laser modulation frequency in rad/s; f is the frequency in
Hz. Before analysis, the images were preprocessed by removing
pixels with intensity signal below 0.02 intensity counts and for
which an accurate measurement of lifetime cannot be made
reliably. We also removed pixels with lifetime above 5 ns from the
analysis. Finally, the images were manually segmented to ensure
that the analysis was limited to the regions containing cells.

The measured phase lifetime is equal to the true lifetime of the
fluorophore when the fluorescence can be modeled as a single
exponential decay. This is expected to be the case for mTFP1
[18]. In contrast, the lifetime of mTFP1 within a FRET construct
in presence of the mVenus acceptor is expected to exhibit more
than one exponential decay [5]. The amplitude-weighted lifetime
denoted here as 724 is given by Equation 4.30 in [5]. If the FRET

ave

efficiency Efy% is known, then the amplitude-weighted lifetime

may be inferred from Equation 4.31-4.32 in [5]:

. .[DA
ave

By =1- @)
D

7p is the lifetime of the donor fluorophore in the absence of
the acceptor fluorophore. Our donor is mTFP1, and our donor-
acceptor FRET pairs are GGS1, GGS2, TSMod, and TRAF. In

this paper, the FRET efliciency of all constructs was measured
independently in our laboratory using the sensitized emission
method with the calibration technique described previously in
Menaesse et al. [17] These measurements gave (mean =+ standard
deviation of N = 3 experiments) EZFYEET = 0.567 & 0.021 (n =
64 images) for GGS1, 0.524 £ 0.01 (n = 90 images) for GGS2,
0.285 £ 0.006 (n = 90 images) for TSMod, and 0.044 =+ 0.01
(n = 90 images) for TRAF (Supplementary Note 2). Each value,
together with the value of 7p, may be used to obtain 24 for
each construct (Supplementary Table 3). We also define here the
“apparent” FRET efficiency, E;pR%T, obtained from the measured

phase lifetime of the construct, ‘ré?A, using the following equation:
DA
app - _
Eppgr =1— 3)
D

P4 is the measured phase lifetime (apparent lifetime) of the

donor fluorophore in the FRET construct while it is in the
presence of the acceptor fluorophore. For a given modulation
frequency w, Equations 2, 3 may be re-written as:

(@ 708) = (1 = Efifgr) - (@ - D) (4)
and
(a) : rj,”‘) =(1—E? ) (- ). (5)

Thus, we are able to compare directly the measurement of ‘L’¢DA

and E;‘%T made in our FLIM system to 7% and Eii¢. measured

by the intensity-based sensitized emission method. Unlike 724,

which is expected to remain the same to the extent that the FRET
efficiency of a given construct remains the same, rd’?A and E;%ET

Etrue
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FIGURE 2 | Fit of ¢ = tan™" (2xf - 7p) to data from cells expressing mTFP1 at
15 different modulation frequencies. The measured phase, ¢, is obtained from
Equation 1. The best fit yielded 7p = 3.1143 4 0.017 ns (x? = 0.0699).

are expected to change as a function of modulation frequency [5].
We therefore expect a priori that T4 = r¢DA.

RESULTS

Representative images depicting the measured lifetime and
intensity of each of the FRET constructs are shown in Figure 1.
An estimate of fluorescence lifetime (z4), was obtained from
the mode (most frequent value) of the fluorescence lifetime
distribution for each imaged field of view. We report the
mean and standard deviation of 74 across N independent
experimental repeats. Details of this analysis may be found in
Supplementary Note 3. The measured fluorescence lifetime of
mTEP1 expressed in the absence of mVenus, 717, was converted
to measured phase using Equation 1 and plotted as a function
of modulation frequency (Figure2). A fit of (w-1p) to the
measured phase as a function of modulation frequency yielded
7p = 3.11 4 0.02ns (2 = 0.0699) for mMTFP1. The phase lifetime
measurements made for the four FRET constructs at the different
modulation frequencies are listed in Supplementary Table 4. At
f = 42.1875 MHz, we obtained (mean = standard deviation of
n images) 74 =1.72 + 0.12 (N = 5) for GGS2; 2.13 + 0.13 ns
(N = 4) for TSMod, and 2.59 £ 0.08 ns (N = 4) for TRAF. In
addition, we measured here ‘cq?A = 1.44 £ 0.07 ns (N = 3) for
the GGS1 construct at 42.1875 MHz. Our results corroborate our
previous values for TSMod and TRAF [14]. However, the mean
GGS2 lifetime at 42.1875 MHz was 0.2 ns longer compared to our
previous data.

To investigate the effect of modulation frequency on lifetime
and FRET efficiency, we used tp = 3.11 ns and the known

true FRET efficiencies to obtain the expected lifetime 724

of the constructs using Equation 2 (Supplementary Table 3).
As explained in the Methods section, the FRET efficiency of
the constructs was obtained independently using the intensity-
based sensitized emission method. A relationship between TfA

DA
Tave

by plotting (w . rgA) vs. (w - t0%) in Figure 3A. Figure 3A also

measured at each frequency and is obtained for all constructs

ave

includes a plot of (a) . 1:¢TFP> vs. (w - tp) for mTFP1. The results

in Figure 3A suggest that a linear relationship between rd?A and
24 holds for all constructs up to (w - tH2)| Gos1 = 0478 for

GGS1 or @ = 353.429 - 10%rad/s (f = 56.25 MHz). Beyond this
modulation frequency, (w . r¢DA) begins to deviate significantly

from this linear relationship, especially for the GGS1 and GGS2
constructs, which have short linkers and high FRET efficiency.
Referring this value back to the constant lifetime of mTFP1, this
frequency limit may be re-defined as (w - tp) = 353.429 - 3.11 -
1073 = 1.11. A linear fit to the datapoints collected at frequencies
up to and including 56.25 MHz is shown in Figure 3B. The slope
and intercept of the fit are 0.79 (95% confidence interval % 0.05)
and 0.029 (95% confidence interval £ 0.031), respectively (R2
=0.952).

As expected from Equations 4, 5, a similar relationship

should be obtained if we plot [(I—E;%%T)-(w-m)] vs.

[(1 — Efpir) - (w- ‘L'D)] where E;I;‘;T is calculated using
Equation 3 with tp =3.11 ns and the measured phase lifetimes
(Supplementary Table 4), while E{2¢. . is based on the intensity-
based FRET efficiency measurements of the constructs made
independently (see Methods). In Figure4 we plot E;‘;{;T vs.
Eise.. for modulation frequencies up to and including 56.25
MHz. We note that for mTFP1, a non-zero intercept was taken

)

as , and results from the fluctuations in mTFP1

lifetime measured at each frequency. A linear fit is obtained
at each modulation frequency (Figure4 top inset). As the
modulation frequency increased, so did the y-intercept of the
line of fit. However, the slope of the line of fit was consistently
around 0.65, no matter the modulation frequency. The best fits
occurred for modulation frequencies between 35 and 49 MHz
with an R? > 0.97. In comparison, the slope of the linear fit in
Figure 3B was 0.79. However, the difference between the slopes
of Figures 3B, 4 is within experimental error.

DISCUSSION

In this report, we use frequency-domain FLIM to measure
the phase lifetime of mTFP1 expressed alone or within
mTFP1-mVenus FRET fusion constructs at different modulation
frequencies. To calibrate our set up we used the 2.5 ns lifetime
of Coumarin 6 in ethanol previously reported by Sun et al.
[21] using frequency-domain FLIM. With this calibration value,
the lifetime of Coumarin 6 in methanol (2.29 ns) was in close
agreement with reported values [22] (Supplementary Figure 3).
Still, variations in the measured lifetime of Coumarin 6 exist.
For example, a lifetime of 2.4 ns was reported for Coumarin
6 in ethanol using time-domain FLIM [22]. Thus, a systematic
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FIGURE 3 | (A): Relationship between (a) . rgA) and (w - 72°) for all FRET constructs. For mTFP1, we plotted (w . rfp) vs (w - 1p). For each frequency w, t5* (or

rf P) is the measured phase lifetime at that frequency. The average lifetime was calculated using the known FRET efficiency of the constructs measured independently
with the sensitized emission method, ©p = 3.11 ns, and Equation 2. The arrow denotes the point at which the data for GGS1 and GGS2 begin to deviate from a linear
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TP vs. (w - 1p) for mTFP1, up to and including a modulation

error on the order of 0.1 ns may be attributed to the reference
lifetime of the calibration sample. Such an error, however, would
not affect the nature of the relationships in Figures 3,4.

A fit to the phase modulation data for mTFP1 between 14 and
70 MHz yielded a lifetime of tp = 3.11 =+ 0.02 ns (Figure 2),
which is slightly lower than the previously reported lifetime
of 3.2 ns for mTFP1 in buffer [18]. In living cells, published
measurements of mTFP1 yielded a lifetime of 2.98 ns based on
a single exponential decay [3], phase and modulation lifetimes
of 2.7 and 2.8 ns, respectively [23], or 2.65 £ 0.12 ns in the
cytosol and 2.61 £ 0.11 ns in the nucleus based on a single
exponential decay [24]. In that study, a bi-exponential model
yielded a better fit to the data. However, the difference between
the values of 7; and 1, obtained from the bi-exponential fits was
<0.1 ns (77 = 2.60 ns, 7, = 2.67 ns in the cytosol, and 71 = 2.61
and 1, = 2.64 ns in the nucleus) [24]. Taken together, published
reports point to the fact that mTFP1 lifetime is monoexponential.
A double exponential fit to our data in Figure 2 results in two
indistinguishable lifetimes (71p = top = 3.088e—9 ns, a;: 0.5,
%%: 0.0683) (Supplementary Figure 4) and corroborates those
previous results.

Our results for the FRET constructs suggest that for
modulation frequencies such that (w-tp) < 1, the behavior
of the measured phase lifetime of mTFP1 as a function of
average lifetime was close to linear (Figure 3B). As explained in
Methods, the average lifetime was determined using Equation 2
and the FRET efficiency measured separately with the intensity-
based sensitized emission method. Based on the relationship in
Figure 3B, we hypothesize that the apparent FRET efficiency,
E;R%T, may be linearly related to Efif.. for frequencies, w, such
that (w-7p) < 1.1 orf < 56.25 MHz for our mTFP1-mVenus

FRET constructs. These relationships are empirical and require
further theoretical characterization. We had previously observed
this linear behavior at f = 42 MHz [14]. Here, we show
that such a relationship may hold at additional frequencies
chosen such that (w-tp) < 1.1. Within this range, a linear
fit to the experimental relationship between E;%ET and EXe.
at each modulation frequency resulted in slight differences in
slope that are within the measurements experimental error,
while the intercept varied with fluctuations in mTFP1 lifetime
measurements. These differences in slope and fluctuations in the
measured lifetime of mTFP1 may explain the difference between
the slope of the linear fits in Figures 3B, 4. We also note here
that the choice of frequency in frequency-domain FLIM can
be based on a “best” frequency determined to optimize lifetime

resolution and given by a)iest (1; f) = % [7]. Thus,

(wpest - Tp) = 1.17 and slightly exceeds the value of ~1.1 under
which the linear relationships shown in this study would hold.
This, however, suggests choosing the higher frequencies within
our range of (w - p) < 1.1 is expected to lead to a more precise
characterization of the relationship between E;%ET and Epe. .
For (w-tp) < 1.1, the relation between E;%:-T and
Ei%¢. may be used as a calibration curve to convert the

measured phase lifetime at a single modulation frequency to
a measurement of FRET efficiency and therefore, circumvent
the need for fitting lifetime data to bi- or multi-exponential
decay models or the need for more complex interpretation of
the phase and demodulation data. Applications of frequency-
domain FLIM in FRET experiments have extensively relied
on the relationship between the phase and demodulation of
the emission signal. Data fitting techniques applied to the
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Slope Intercept
Frequency 95% Confidence | 95% Confidence
(MHz) Slope Intercept Interval Interval R?
14.0625 0.66 0.062 +/-0.34 +/- 0.124 0.923
21.0938 0.64 0.090 +/- 0.23 +/- 0.086 0.960
28.1250 0.66 0.090 +/- 0.26 +/- 0.095 0.955
35.1563 0.65 0.115 +/-0.19 +/- 0.070 0.974
42.1875 0.68 0.124 +/-0.16 +/- 0.058 0.984
49.2188 0.63 0.154 +/-0.19 +/- 0.071 0.972
56.2500 0.61 0.162 +/- 0.20 +/- 0.075 0.967

0.6

T

0.5]

o
~

.
N

14.0625 MHz
® 21.0938 MHz
28.1250 MHz

=
RN
[

35.1563 MHz

% 42.1875 MHz

L ® 49.2188 MHz

0 K ® 56.2500 MHz

1 " 1 n 1 i L n 1 " " i 1

0 0.2 0.4 0.6

true
EFRET

FIGURE 4 | Relationship between £702; and Ef42, for the protein constructs at each modulation frequency. £252, was calculated at each modulation frequency using

the measured t24, tp = 3.11 ns, and Equation 3. For mTFP1, a non-zero intercept was taken as (1 - rJFP(w)/rD), and results from the slightly different mTFP1

¢
lifetime measurements, rd,TFP, that were made at each frequency While the slopes related to each modulation frequency are similar, the intercepts generally increase

with increasing modulation frequency. Exact parameters of these linear fits are found in the top inset.

phase and demodulation measurements have been used to  tested here. Therefore, we expect to be able to determine
infer the fractional contributions of bi-exponential decays  VinTS FRET efliciency in an unknown sample using the
using single [25-27] or multiple [28] modulation frequencies. = measured phase lifetime at a single modulation frequency and
Phase and demodulation measurements have also been used  the E;‘ET vs. Efte.. relationship as we had previously suggested
to follow “FRET trajectories” by locating individual image  [14]. However, FRET sensors that operate outside this range

pixels on the phasor plot to infer a FRET index [7-12]. By  or that have a different donor-acceptor pair would need to

comparison, a direct relationship between E;%%T and Ejpe.  be recalibrated.

has the potential to simplify significantly acquisition and Deviations in the relationship between Efx¢.. based on the
interpretation of FLIM-FRET data. Our studies are specifically  gensitized emission method and E;%%  based on FLIM could
relevant to the vinculin tension sensor, VinTS, which consists  pe due to the presence of unpaired donors or errors in the
of TSMod inserted between the head and tail of vinculin [3].  calibration of E#%... We had previously estimated the fraction

We expect TSMod to stretch in the range of FRET efficiencies  of paired donors to be 1-1.03 or close to 1 in our constructs
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(Supplementary Note 2 in [17]). This is achieved by choosing
an acceptor (mVenus) with short maturation time [29, 30] and
observing cells at least 24 h post-transfection. Furthermore, the
value of Ergyog = 0.286 that we used to find the calibration
factor G to infer Ef}¢. (See Supplementary Note 2) is based
on the value reported by Gates et al. obtained with an error of
0.015 after pixel-based measurements from several hundred cells
[4]. Such an error would result in <0.13 uncertainty in the G
factor. We believe that a more significant source of variation in
Errer values is the variation in the local cellular environment
and biological variations across different cells. A limitation of our
studies was, therefore, the use of a single global value of Ef%¢..
measured in a separate set of cells and taken as representative
of all the pixel data for a given construct. As such, we did not
compare the relationship between E;‘;{;T and Ef}¢.. on a same-
cell or even on a same-pixel basis. Still, our current results provide
additional evidence to further investigate the validity of the linear
relationships suggested by our data and the frequency regime in
which they apply.
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