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Fig. 1 Excitation-emission spectral {ingerprints of CFP, YFP, and CFP-YFP sensitization. (a) Lelt images are fluorescence

images of CFP at 436-nm laser extation and YFP at 470-nm laser extation under different emission filters, right image

is normalized emission spectrum of CFP and YFP; (b) top images are fluorescence images of CFP captured by 510-nm

emission channels under laser excitation at 436 nm and 470 nm wavelengths and YFP captured by 530-nm emission

channels under laser excitation at 436 nm and 470 nm wavelengths, bottom image is normalized excitation spectrum of

CFP and YFP; (c) spectral fingerprints of S;,, S,, and S, scale bar is 10 pm
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Fig. 2 Spectral crosstalk coefficient measurement. (a) Ipppa, »

Ipaoay» and Iynpa, typical fluorescence images of CFP;

(b) Ippon s Ipawmay s and I aapa, typical fluorescence images of YFP; (c¢) statistical histogram of spectral crosstalk

coefficient of at least 30 cells expressing CFP and YFP
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Fig. 3 Predetermining the F¢/Ipppa, ranges of three kinds of cells and measuring G and ¥ factors. (a) Fluorescence
images of C4Y cells and corresponding histogram of F¢/Ipppa, ranges; (b) fluorescence images of C40Y cells and
corresponding histogram of F/I s, ranges; (c) fluorescence images of C80Y cells and corresponding histogram
of F¢/Ippwa, ranges; (d) fluorescence images of cells expressing C4Y, C40Y, and C80Y and corresponding
histogram of F/Ipppas, ranges; (e) calibration line obtained from cells expressing C4Y, C40Y, and C80Y cultured
in one dish and implementation of E-FRET method for measuring the E values of cells
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Fig. 4 Measuring system parameters using C4Y cells. (a) Representative excitation-emission spectral fluorescence images of

C4Y cells; (b) corresponding pixel-to-pixel pseudo-color map and column statistical map of f.; (c) corresponding

pixel-to-pixel pseudo-color map and column statistical map of r¢ ; (d) statistical f. and r values of 100 living cells
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Fig. 5 Quantitative FRET measurements for cells expressing C4Y, C10Y, C40Y, and C80Y under different Rgy.

(a) Fluorescence images of cells expressing C4Y, C10Y, C40Y, and C80Y; (b) corresponding pixel-to-pixel E

pcolor images and R pcolor images; (c) statistical E and R values of cells under R <<3; (d) statistical E and R

values of cells under R >3
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# 1 mExEm-spFRET 1 E-FRET Fi&MASE 5 R0 E MR {4
Table 1 E and R values of cells in Fig. 5 measured by mExEm-spFRET and E-FRET methods

. . E R Reported E
Plasmid Cell Rgy el < (28]
mEXEm-spFRET  E-FRET mExEm-spFRET  E-FRET value(E™)

1 6.86 0. 298 0. 308 1.063 0.989

C4Y 0.299+0. 004
2 2.34 0. 290 0. 316 1.127 0. 867
1 18.82 0.225 0.234 0.821 0.963

Cloy 0.22840.003
2 3.44 0.234 0.248 0. 940 0.936
1 27.69 0. 159 0. 160 0. 966 1. 094

C40Y 0.15840.002
2 6.58 0. 149 0. 149 1.012 1. 079
1 10.809 0.126 0.128 1.017 1. 144

C80Y 0.116=+0. 002
2 6.910 0.118 0.125 1.042 1. 083

%2 mExEm spFRET Fl E-FRET Jr 08 % 3k UM R il FRET 51 FORATIBHY E A1 Re {8 105045
Table 2 Statistical E and R values of the cells expressing four different FRET plasmid measured by mExEm-spFRET
and E-FRET methods

Plasmid Ry E Re
mExEm-spFRET E-FRET mExEm-spFRET E-FRET

cay <3(39) 0.29240.019 0.3134+0.022 1.03440.071 1. 00540. 080
>3(22) 0.29440. 020 0.30240.017 1.01240.077 1.02740.077
Cloy <3(25) 0.226=+0.021 0.22440.028 1.02340.037 0.993+0. 059
>3(19) 0.23740.015 0.24040.018 1.02540.097 1.01640. 096
C10Y <3(23) 0.15540.010 0.1634+0.012 1.086=+0. 039 1.00140.029
>3(28) 0.157+0.011 0.15940.017 1.08540. 089 0.897+0.126
C80Y <3(32) 0.1264+0.018 0.13540.023 0.98940. 045 0.994+0.034
>3(35) 0.12340.016 0.12740.010 1.046+0. 126 1.08340. 151

% 3 mExEm-spFRET Al E-FRET 4k 12 H 12 HH 3 A 10 H 4R EWF AR FRET 2544 Fokz4n iy E # R {51
GiitaE R
Table 3 Statistical E and R values of cells expressing four different FRET plasmid measured by mExEm-spFRET and
E-FRET methods on December 12, March 10

E

Date mExEm-spFRET E-FRET

C4Y CloY C40Y C80Y C4Y CloY C40Y C80Y

December 12 0.29%£0.02 0.23%£0.01 0.16+£0.02 0.12£0.01 0.30£0.03 0.23£0.04 0.16+£0.02 0.1240.02
March 10 0.3240.02 0.2440.03 0.15+£0.02 0.10£0.06 0.3340.02 0.24£0.05 0.1840.02 0.1440.12

R¢

Date mEXxEm-spFRET E-FRET

C4Y C10Y C40Y C80Y Cc4Y CloY C40Y C80Y

December 12 1.0240.07 1.022£0.07 1.0940.06 1.0240.09 1.05£0.05 1.0440.09 0.9940.08 1.07+0.14

March 10 0.9840.08 1.0440.10 1.08£0.09 1.04=£0.16 1.1140.10 1.13£0.13 1.17£0.12 1.2740.53

5 4k A BB, LR REY, EFRET 5§ mExEm-
e SpFRET 75 1% A8 4E 36 38 11 15 1 40 10} i 45 2 B
) 2 38 AN [ A5 8 J5R 9 15 MCF-7 48 Jfd 76 A FRET Ml &, X F A [6 {5 M bb @9 48 i, mExEm-

[ 15 W b ) 45 18 T 23 % i 47 8 & E-FRET M spFRET F A5 E MR RERIBL/NTF 0.1,

mExEm-spFRET BRI &, DLBLIEAY —F 5 k0 4 Ro <3 B}, R MK E {8 (E<C0. 14) JiURE A9 41 il
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H E-FRET FkE2A E HIREXR K 0.16, 53X
R AE I 22 5 K, £ B mExEm-spFRET & #M:4L T
E-FRET J5i% . U HXF E E1KH R KA 4HH .
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Abstract

Objective Acceptor-sensitized 3-cube fluorescence resonance energy transfer (FRET) imaging (also termed E-
FRET imaging) is a popular FRET quantification method in living cells that uses fluorescence intensity. We recently
developed a measurement of calibration factors (termed as mTA-G method) that eliminates the influence of the
emission transmission characteristics of the instrument used on quantitative E-FRET measurement, significantly
increasing the success rate and accuracy of quantitative E-FRET measurement in living cells. Because of its inherent
ability to resolve the excitation-emission spectra of donor and acceptor, as well as donor-acceptor sensitization,
spectral unmixing of simultaneous excitation and emission spectra (mEXEm-spFRET) has been used for quantitative
FRET measurement without the need for additional reference for correcting the excitation crosstalk. We evaluated
the two methods’ robustness by implementing them on a self-assembled quantitative FRET measurement system with
cells expressing different constructs.
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Methods The research methods of this paper are mainly divided into four sections: Cell culture and plasmids
transfection, predetermining spectral crosstalk and spectral fingerprints, measuring calibration factors and system
parameters, superior robustness of mExEm-spFRET to E-FRET method. First, MCF-7 cells were cultured in 6-well
plates. For transfection, cells were separately transfected with four different FRET plasmids using transfection
reagent. Then, living MCF-7 cells separately expressing YFP (Y) and CFP (C) were used to predetermine the
spectral crosstalk coefficients (a, b, ¢ and d) and spectral fingerprints (S, S, and Sg) were shown in Fig. 1 and
Fig.2. Next, calibration factors (G and y) were measured using cells expressing C4Y, C10Y, C40Y, and C80Y
(Fig.3). The cells expressing C4Y were used to measure system parameters ( fs and rg) (Fig.4). Finally, to
evaluate the robustness of mEXEm-spFRET and E-FRET methods, we performed quantitative mExEm-spFRET and
E-FRET measurements respectively for the same cells separately expressing four kinds of plasmids under different
signal-to-noise ratios ( Rsy) on different days (Fig. 5 and Table 3).

Results and Discussion The E and R values of different FRET plasmid in the cells in Fig. 3 measured by
mEXEm-spFRET and E-FRET method were shown in Table 1, respectively. For cells 1 and 2, the E and R values
measured by both methods were consistent with the reported E values and the expected R. values. Still, the E
values measured by E-FRET were generally larger than those calculated by the mEXEm-spFRET method. These
results indicate that both methods are applicable for live-cell FRET measurement. Table 2 shows different constructs’
statistical E and R values in living MCF-7 cells under different Rg . For the cells under Ry >>3, the two methods
obtained consistent FRET efficiency (E) values, but E-FRET obtained smaller donor/acceptor concentration ratio
(R¢) values than the expected for individual constructs; for the cells under Rg <3, the two methods obtained
consistent R values, but the deviation of individual plasmid E values obtained by E-FRET was slightly larger. These
results further demonstrate E-FRET has slightly less robustness than the mExEm-spFRET method, especially for the
cells under a low R¢. We repeated the above measurements on our system on March 10™ and obtained consistent
results with FRET results measured on December 12 by mExEm-spFRET (Table 3). But the R, values of C80Y
obtained by E-FRET were inconsistent with expected values. These results show the superior robustness of mExEm-
SspFRET to E-FRET method especially for the cells with low E (E<Z0.14). Because the fluorescence expression of
YFP is very unstable and easily disturbed by the background (BG) signal, particularly for the cells with low Ry,
resulting in the inaccurate results measured by the E-FRET method. Because of the excellent robustness of mExEm-
spFRET, just as described above, the mExEm-spFRET method still obtained accurate results for the C80Y construct
in the cells with a low Rgy.

Conclusions In this report, we evaluated the robustness of both E-FRET and mExXxEm-spFRET methods by
implementing E-FRET and mEXxEm-spIFRET measurements, respectively, with two excitation wavelengths using the
same cells expressing different constructs under different Rg. For the cells under Rg >3, the two methods
obtained consistent FRET efficiency ( E') values, but E-FRET obtained smaller R values than the expected for
individual constructs; for the cells under Ry\<3, the two methods obtained consistent R values, but the deviation
of individual plasmid E values obtained by E-FRET was slightly larger. E-FRET and mExEm-spFRET methods are
very applicable for live-cell FRET measurement and the superior robustness of mExEm-spFRET to E-FRET method,
especially for the cells with low Rg and E (Ry<<3, E<<0.14).
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