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Introduction

Abstract. Spectral measurement of fluorescence resonance energy transfer (FRET), spFRET, is a widely used
FRET quantification method in living cells today. We set up a spectrometer-microscope platform that consists of
a miniature fiber optic spectrometer and a widefield fluorescence microscope for the spectral measurement of
absolute FRET efficiency (E) and acceptor-to-donor concentration ratio (Rc) in single living cells. The micro-
scope was used for guiding cells and the spectra were simultaneously detected by the miniature fiber optic
spectrometer. Moreover, our platform has independent excitation and emission controllers, so different excita-
tions can share the same emission channel. In addition, we developed a modified spectral FRET quantification
method (mlux-FRET) for the multiple donors and multiple acceptors FRET construct (mD ~ nA) sample, and
we also developed a spectra-based 2-channel acceptor-sensitized FRET quantification method (spE-FRET).
We implemented these modified FRET quantification methods on our platform to measure the absolute E and
Rc values of tandem constructs with different acceptor/donor stoichiometries in single living Huh-7 cells. © 2015
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.3.037008]

Keywords: resonance energy transfer; quantitative fluorescence resonance energy transfer measurement; spectral unmixing; living
cells; miniature fiber optic spectrometer; fluorescence microscopy; multiple donors and multiple acceptors fluorescence resonance
energy transfer construct.

Paper 140779R received Nov. 25, 2014; accepted for publication Feb. 16, 2015; published online Mar. 20, 2015.

cell applications of FRET." FRET quantification is very impor-

Fluorescence resonance energy transfer (FRET) has become an
important tool for the analysis of intracellular biological proc-
esses' and biological sensor applications.> Recent publications
have shown that a multiple acceptors-based FRET technique
has the potential to characterize the functions of multiprotein
complexes in living cells and the spatial conformation of macro-
molecules on a scale larger than 10 nm.>* Multiple acceptors
interacting with the same donor increase the probability of FRET
even without a change in molecular distance and thus lead to high
transfer efficiency.” For example, FRET constructs with one
donor and 10 acceptors can be used to determine distances as
long as 20 nm.® It was found that the amount of energy transfer
observed in constructs with multiple acceptors (1D ~ nA, “D”
denotes donor molecule and “A” denotes acceptor molecule,
n represents the number of acceptors in the FRET construct) is
significantly greater than the FRET efficiency predicated from the
sum of the individual donor to acceptor transfer rates, indicating
that either an additional energy transfer pathway exists when
multiple acceptors are present or the theoretical assumption on
which the kinetic model prediction is based is incorrect.”
Although FRET microscopy has become an important
tool for monitoring intracellular biological processes, the con-
tamination of spectral crosstalks, including donor emission
crosstalk and acceptor excitation crosstalk, restricts the live
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tant for the quantitative comparison between different laborato-
ries and/or cells with different expression levels of fluorescent
proteins (FPs).®!! Fluorescence lifetime imaging microscopy
(FLIM), acceptor photobleaching (PbFRET), and acceptor-sen-
sitized emission (SE-FRET) methods have been developed for
FRET quantification.® FLIM and PbFRET methods cannot pro-
vide the information about acceptor-to-donor concentration ratio
(Rc), and the long measurement time and irreversible destruction
of photobleaching make the two methods incompatible with time-
lapse live cell applications.®'*'*

SE-FRET method, the most widely used approach for
dynamic live cell FRET applications,® includes 3-cube-based
methods such as E-FRET and spectral unmixing method
(spFRET).*"!1:15-1% The nondestructive nature (in contrast to the
popular PbFRET technique) and the sensitivity even at high
acquisition speed (in contrast to the fluorescence lifetime imag-
ing) make E-FRET the method of choice for measurements over
extended periods of time.® spFRET is based on the axiom that
the net fluorescence spectrum is defined by the linear super-
position of the spectra for each fluorophore in the sample.'
Lux-FRET, a representative spFRET method developed by
Wlodarczyk et al.,'” can resolve both the apparent FRET effi-
ciency (Egp,) and Rc for the FRET sample in the presence
of free donors and acceptors.'' Both E-FRET and Lux-FRET
methods require at least three reference samples separately
expressing donor-only, acceptor-only, and donor-acceptor
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tandem construct for calibrations, and all experiments for refer-
ences and FRET samples must be performed under the same
measurement conditions.”!'>”

E-FRET can be implemented on widefield and confocal
microscopes.>*° Considering the stability of widefield micro-
scopes and the low cost, E-FRET is generally implemented on
widefield microscopes.”!>2! However, it is generally difficult
to choose an appropriate optical filter as a donor emission channel
to selectively collect donor emission, a requirement of an E-FRET
method,”'® for some FPs pairs such as green fluorescent protein
(GFP) and yellow fluorescent protein (YFP).?> FRET quantifica-
tion in single living cells by spFRET is generally implemented on
a confocal microscope with spectral detectors (Zeiss 510 META,
Zeiss 710/780, Olympus FV 1000/1200, Leica TCS SP2/5/8, and
Nikon A1).!! There are two spectral acquisition modes for con-
focal microscopes:* (1) synchronization acquisition of multiband
spectra with about 10-nm spectral resolution,'** which is useful
for multispectral imaging of rapid processes in living cells.”
However, fewer data points may limit the accuracy when spec-
trally unmixing signals from the FRET sample;®> (2) time-
lapse acquisition of multiband spectra with about 2-nm spectral
resolution,”® which needs a long detection time.

In this report, for the first time, we combine a miniature fiber
optic spectrometer and a widefield fluorescence microscope to
perform spectral measurement of FRET quantification in single
living cells. This platform has two specialties: (1) independent
excitation and emission controllers; (2) simultaneous micro-
scopic imaging and spectral detection. In addition, we devel-
oped a modified spFRET method, mlux-FRET, for quantifying
the multiple donors and multiple acceptors system (mD ~ nA
construct, m represents the number of donors in the FRET
construct) in the presence of free donors and acceptors and
a spectra-based 2-channels E-FRET (spE-FRET) method for
quantifying the mD ~ nA FRET construct. Finally, we imple-
mented these modified FRET quantification methods on our
platform to measure the absolute FRET efficiency (E) and
acceptor-to-donor concentration ratio (R¢) of tandem constructs
with different acceptor/donor stoichiometries in single living
Huh-7 cells.
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2 Experimental Setup

Figure 1(a) depicts the schematic of this platform which consists
of a widefield fluorescence microscope (Axio Observer, Carl
Zeiss, Oberkochen, Germany) and two detection channels: a
spectral detection channel and a CCD imaging channel. The
excitation light source is a metal halide lamp (X-Cite 120, Carl
Zeiss, Oberkochen, Germany), and its intensity can be attenu-
ated in five discrete steps (TC1, transmission controller) (7| =
0%, 12.5%, 25%, 50%, and 100%), and another neutral density
filters’ controller (TC2) with six discrete steps (7, = 2%, 20%,
40%, 60%, 80%, and 100%) can be used for the same purpose.
Collimated light from the lamp first transmits through an exci-
tation controller (EC) with three filters. In our study, two exci-
tation bandpass filters of BP 405/20 (Ex405 nm) (BP 405/20x
Exciter, Chroma) and BP 436/20 (Ex436 nm) (BP 436/20, Carl
Zeiss, Oberkochen, Germany) were installed in the No. 1 and
No. 2 positions, respectively, and the No. 3 position is empty.

An objective (40 X /1.3 NA oil) is used to focus the illumi-
nation light into the sample, and emission is collected through
the same objective and sent back into the same dichroic mirror
(DM) and a long-pass (LP) filter. We chose here a primary DM
of FT 455 (455DCLP Dichroic, Chroma) and an emission LP
filter of LP 455 (455DCLP Dichroic, Chroma) as emission con-
trol. Fluorescence reflected by the mirror first passes through a
detection controller (DC), and then through a cooled CCD cam-
era (AxioCam MRm, Carl Zeiss, Oberkochen, Germany) and/or
a miniature fiber optic spectrometer (QE65 Pro, Ocean Optics,
Florida). The DC has three detection modes: (1) microscopic
imaging by CCD channel that operates as a guidance for finding
the cells; (2) spectral detection by spectrometer channel;
(3) simultaneous microscopic imaging and spectral detection.
For our spectrometer-microscope platform, the EC is indepen-
dent of the emission controller, thus we can get two different
combinations of excitation and emission filters by adjusting
EC, which is very important for the rapid measurement of
two excitation wavelengths-based spFRET methods.

The miniature fiber optic spectrometer (QE65 Pro) is a com-
pact and flexible system without moving parts, and can be
readily connected to a widefield microscope with an interfacing

600

IS
o
1<)

Count (a.u)

N
o
o

0 . oty -
520 540 560 580 600 620
Emission wavelength (nm)

(b)

Fig. 1 (a) Optical setup. CCD: CCD imaging channel; spectrometer: spectrometer detection channel;
TC1: transmission controller1; TC2: transmission controller 2; EC: excitation controller; DM: dichroic mir-
ror; LP: long-pass filter; DC: detection controller with three modes: reflector mirror (1), empty (2), and
beam splitter mirror (3). (b) Count spectra of a living Huh-7 cell expressing YFP-Bax at different positions
(inset figure) with 500-nm excitation. White circle area: the detection area of the spectrometer. Scale bar:

10 pum.
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connection type C. The detector used in QE65 spectrometer is a
back-thinned, 1044 x 64 element CCD array, and the spectral
detection range is 221.705 to 1015.805 nm. Each count(4) at
the emission wavelength A recorded by singe column pixels
(64 pixels) of the QE65 spectrometer is related to the photons
from about a 0.761-nm wavelength range. In our study, the
diameter (d) of the fiber (QP600-2-UV-VIS, Ocean Optics,
Florida) is 600 gm.

The effective imaging area of a CCD camera with a pixel
resolution of 692 x 520 (2 x 2) is about 5.988 x 107 ym? and
the corresponding imaging sample area is about 1.46x 10* ym?.
We first installed the same two CCD cameras on the two detec-
tion channels to collimate them using a standard fluorescence
sample, and then replaced one CCD camera with the interfacing
connection type C of the spectrometer. The detection area (S) of
the spectrometer is: S=x(d/2)*=2.826x10° um? correspond-
ing to the 68.99 ym? of the sample area. Figure 1(b) showed
the count spectra of a Huh-7 cell expressing YFP-Bax at
different positions (inset figures) with 500-nm excitation.
When the cell was centered in the CCD channel, the corre-
sponding fluorescence intensity collected by the spectrometer
was the maximum, indicating that the detection area of the
spectra channel concurs with the middle of the CCD imaging
channel.

In our experiments, fluorophores were excited by 405 or
436 nm (T =T X T5 = 12.5% X 20% = 2.5%) excitation. We
alsoused a500nm (T =T X T, = 50% X 100% = 50%) exci-
tation with the combination of an excitation bandpass filter of
BP 500/25 (Ex500 nm) (BP 500/25, Carl Zeiss, Oberkochen,
Germany), primary DM FT 515 (BP 500/25, Carl Zeiss,
Oberkochen, Germany), and emission bandpass filter of BP
535/30 (BP 535/30, Carl Zeiss, Oberkochen, Germany) to
bleach the acceptor. The fluorescence intensity is collected in
the spectra range of 460 to 620 nm.

3 DNA Constructs and Cells
3.1 Reagent and Plasmids

Cerulean, Venus-kras, and YFP-Bax plasmids were purchased
from Addgene Company (Cambridge, Massachusetts). The
FRET-standard constructs, including Cerulean-32-Venus (C32V,
Addgene plasmid 29396), Cerulean-5-Venus-5-Cerulean (CVC,
Addgene plasmid 27788), Venus-5-Cerulean-5-Venus (VCV,
Addgene plasmid 27788), and Venus-5-Cerulean-5-Venus-6-
Venus (VCVYV, Addgene plasmid 27789), were kindly provided
by the Vogel lab (National Institutes of Health, Bethesda,
Maryland).

|

3.2 Cell Culture and Transfection

Huh-7 cells, a human hepatocellular carcinoma cell line, were
obtained from the Department of Medicine, Jinan University,
Guangzhou, China. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Grand Island, New York) con-
taining 10% fetal calf serum (FCS; Sijiqing, Hangzhou, China)
at 37°C under 5% CO, in a humidified incubator. For transfec-
tion, cells were cultured in DMEM containing 10% FCS in a 35-
mm glass dish with a density of 4 x 10* cells/ml at 37°C under
5% CO, in a humidified incubator. After 24 h, when the cells
reached about 70% to 90% confluence, plasmid was transfected
into the Huh-7 cells for 24-48 h. Turbofect™ (Fermentas Inc.,
Glen Burnie, Maryland) was used as a transfection reagent.

3.3 Statistical Analysis

Results are expressed as mean & SD. Data were analyzed by
repeated measures ANOVA with parametric methods using the
statistical software SPSS 18.0 (SPSS, Inc., Chicago, Illinois).
Throughout the work, P values less than 0.05 were considered
to be statistically significant.

4 FRET Quantification Methods

Throughout the paper, count i(1) denotes the measured count
spectrum recorded by the spectrometer at specific measurement
conditions, and the superscript number i denotes the excitation
wavelength A'; subscript capital letter X denotes the experimen-
tal sample (“D” denotes the donor sample; “A” denotes the
acceptor sample, and space denotes the FRET sample).

4.1 milux-FRET: Modified lux-FRET Theory

With two excitation wavelengths, lux-FRET can simultaneously
measure the absolute E and R¢ of the FRET samples including
D ~ A FRET constructs and free donors and acceptors.'"!” In
addition, for the time-invariant and uniform acceptor/donor
ratio such as the tandem construct sensors, after an initial spec-
trally resolved dual-excitation calibration, the user can perform
repetitive single-excitation wavelength measurements to quan-
tify E at high temporal resolution.''” Here, we developed a
modified lux-FRET method, mlux-FRET, to measure the abso-
lute E and R of the FRET samples including mD ~ nA FRET
constructs, free donors, and acceptors. Considering an FRET
sample containing mD ~ nA FRET constructs, free donors,
and free acceptors, the emission spectra should be a linear com-
bination of five contributions from the free donor, the donor in
mD ~ nA FRET constructs, the free acceptor and the acceptor in
mD ~ nA FRET constructs including direct excitation and sen-
sitized emission:

v o [ T ) Ebpen (D] + ehQpep(ymlmD ~ nAl)(1 ~ E) + e 0pea(2)A
count'(4) = f(4) { e One mmD ~ ] 1 ehOnes (iymimD ~ nAJE) o } M

where f(4) is the transfer factor of the spectrometer from fluo-
rescence intensity to count at the emission wavelength 4; E is the
FRET efficiency of mD ~ nA FRET construct; I’ is the illumi-
nation intensity at A’ excitation; 5'(4) is the detection efficiency
of the instrument used; €}, and ¢/ are the extinction coefficients
of the donor and acceptor at A’ excitation; Qp, and Q4 are the
quantum yields of the donor and acceptor; e (4) and e, (1) are
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the spectral fingerprints of the donor and acceptor normalized to
unit area; [D] and [A] are the concentrations of free donors and
acceptors in the FRET sample; [mD ~ nA] is the concentration
of mD ~ nA constructs.

Sorting these terms in Eq. (1) according to those with emis-
sion characteristics of the donor and acceptor, respectively, we
obtain
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count'(4) = f(A)I'n'(4) <+ (n + mE i) [mD ~ nA])

_ DI+ (m—mE)[mD ~nA]) i

(4) +

([A] + (n + mE—D) (mD ~ nA])

epQpep(A)([D] + (1 = Eym[mD ~ nAJ) + &y Qe (2)([A] )

count;™ (1), 2

- [ Dret ] unty,

where county* (1) and count{™ (1) are the reference count
spectra obtained from cells separately expressing donors with
concentration [D™] and acceptors with concentration [A™],
respectively, under the same measurement conditions as the
FRET samples:

county (1) = F(A)I'el, Qpn' (A)ep(A)[ D™, 3)

count;"™ (1) = f(A)I'e}, Qan'(A) e, (A)[A™]. “)

We define two apparent relative donor and acceptor concen-
trations, respectively, as follows:

[D] + (m — mE)[mD ~ nA]

5 = , 5
[Dref] ( )
o [A]+(n+mE£bf/ei\)[mD~nA]’ ©)
[A™]
and Eq. (2) becomes:
count (1) = &'counti® (1) 4 a’count’ ™ (1). @)

We can obtain the corresponding excitation ratio (r*) at A/
excitation from the reference measurements [Eqs. (3) and (4)]

rCX,i CountlDref (j’) QA eA (/1) — i [Dret] (8)
count; (1) Qpep() 4 [A™T]’

Considering two different excitation wavelengths, Eqs. (5)
and (6) represent three independent equations [since Eq. (5)
does not rely on the extinction coefficient ratio y' = &, /€, ].
From Egs. (5), (6), and (8), we can obtain the apparent efficiency

(Eqpp) and Re:
m{mD ~ nA] Aa
Efp =E = , 9
fo (D] Aré' + Aa ©)
n[mD ~ nA| Aa n
Ef,=FE =R —, 10
fA [ l] TC alrex.Z _ a2rex,l m ( )
[At] 1 alrex,2 _ a2rex,1
Re = (5= o a7+ aa an
[D ] RTC A}"(s + Aa

where [A"] and [D'] are the concentrations of total acceptors and
donors; fp and f, are the fractions of the donors and acceptors

[ Aref ]

[
tandem construct with a known acceptor/donor stoichiometry,
Aa=a? —a' and Ar = p*2 — px1 17

In fact, the lux-FRET method proposed by Wlodarczyk et al.
has the same Efp and Rc equations as Egs. (9) and (11) except
that the Ef, equation is different from Eq. (10) and is given

aslll

(D~ A Aa
[At] = RTC alrex.Z _ 052 ex,l’

Efy=E (12)

7

where [D ~ A] is the concentration of the D ~ A pair.

4.2 spE-FRET: Spectra-Based 2-Channel E-FRET
Method

Based on the measured count’(4) (i = 1, 2) spectra at two differ-
ent excitations, we developed a spectra-based E-FRET method,
spE-FRET, to calculate the E and R values. E was calculated as
follows:

B count’SE(1,)
~ count"SE(2,) 4+ G(4,,4,) - count! (4,)

. 13)

where G(41, 4,) is a calibration factor under the emission wave-
lengths of A, and A,; count’ (4;) is the measured count value at
2; emission wavelength with A" excitation; the superscript SE
denotes the sensitized acceptor fluorescence count, and
count!SE(1,) = count' (4,) —
-count! (1,)] = d[count! (1,) — b - count? (4, )],
(14)

a[count?(4,) —c¢

where a, b, ¢, and d are the crosstalk correction coefficients
obtained by using donor-only and acceptor-only samples as
follows:

a = count (1) /count? (4,)
b = count), (1) /count? (1,)
¢ = count? (4,)/counth (1)
d = count},(1,) /counth (4;), (15)

where the subscript capital letter denotes the sample (“D”
denotes donor-only sample and “A” denotes acceptor-only sam-
ple). Once these coefficients are determined, all subsequent
experiments must be performed under the same measurement
conditions. The calibration factor G under this measurement
condition can be obtained by using a donor-acceptor tandem
construct as follows:

count"SE(1,) — count!-SE-Post(},)

participating in the FRET complexes, respectively, and the G(Ay, 4y) = ot : , (16)
calibration factor Rpc = [D™]/[A™f] can be obtained using a count' P**!(4;) — count' (4;)
Journal of Biomedical Optics 037008-4 March 2015 « Vol. 20(3)
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where the superscript “post” denotes the corresponding
emission count values after selectively photobleaching partial
acceptors.

We can also measure R¢ as follows:

B count’(4,) - R (a7
[D']  count!(4;) + count"SE(1,)/G’

R - A

where R is the calibration factor for R¢, and R = (count!(4,) +
count!S£(1,)/G) /count®(4,) can be obtained using a tandem
construct with a 1:1 acceptor-donor stoichiometry under the
same measurement conditions. '’

5 Results and Discussion

5.1 Spectral Fingerprints of Venus and Cerulean in

Living Huh-7 Cells

In order to use our platform to measure the spectral fingerprints
of Cerulean [ep(4)] and Venus [e,(4)] in living Huh-7 cells, we
first used a standard lamp to calibrate the instrument. Calibration
was performed with a halogen tungsten lamp calibrated by a
spectrometer (QE65 Pro, Ocean Optics, Florida) that was cali-
brated by a standard light source (LS-1-CAL, Ocean Optics,
Florida). Figure 2(a) showed the reference spectrum [E(1)] of
the halogen lamp directly measured by the calibrated QE65 Pro
spectrometer, the spectrum [county,,,(4)] of the halogen lamp
obtained by our spectroscopic widefield fluorescence micro-
scope, and the corresponding spectral sensitivity calibration
curve: K(A) = E(4)/county,,,(4). The same K(4) curves were

obtained at an interval of 3 months [Fig. 2(b)], demonstrating
the stability of the spectrometer-microscope platform.

Figure 2(c) showed the spectra of a representative living
Huh-7 cell expressing Cerulean (upper two lines) and the cor-
responding background from cells without expressing FPs
(lower two lines), showing that the autofluorescence and back-
ground were very low. The mean spectra from cells without
expressing FPs under the same measurement conditions were
subtracted from the measured fluorescence spectrum. Although
436-nm excitation excited Cerulean more effectively [Fig. 2(c)],
the normalized spectrum [Fig. 2(d), black line] was the same as
the normalized spectrum with a 405-nm excitation [Fig. 2(d),
dashed line], and this spectrum was used as the spectral finger-
print [ep(4)] of Cerulean. Similarly, the normalized spectrum of
Venus in living Huh-7 cells with 436-nm excitation was used as
the spectral fingerprint [e4(4)] of Venus [Fig. 2(e)]. In reality,
ep(A) and e, (1) were obtained from at least 15 living cells.

Although the measured count(4) of Cerulean decreased with
the decreasing exposure time, normalization showed the same
count() spectra (data not shown), indicating that the exposure
time of spectrometer did not influence the spectral fingerprints.
The shortest exposure time of spectrometer is 8 ms, and in this
report, the exposure time is 50 ms.

The stability of the platform is very important for FRET
quantification in living cells. Some FRET quantification meth-
ods need to calibrate the instrument setup.”!®!> For example,
three external references are required to determine the instru-
ment setup calibration factor (G) for the E-FRET method”"
and the sp-RET method needs to rigorously calibrate the spectral
response of the complete optical setup.'® Although some FRET

a b c
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Fig. 2 Spectral fingerprints of Cerulean [ep(4)] and Venus [e4(4)] inside living Huh-7 cells. (a) Spectral
sensitivity calibration curve K (1) of the spectrometer-microscope platform. (b) Spectral sensitivity cali-
bration curves K;(1) and K,(4) measured at intervals of 3 months. (c) Spectra of a representative
cell expressing Cerulean and the corresponding background from a cell without expressing fluorescent
proteins. Scale bar: 10 um. (d) Normalized emission spectra of Cerulean inside living cells from at least
15 cells. (e) Same as (c) except for Venus. Scale bar: 10 um. (f) Same as (d) except for Venus from at

least 15 living cells.
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quantification methods do not need to calibrate the optical setup,
the correction coefficients for removing spectral crosstalks also
depend on the stability of the instrument.'"!®!7 A]l SE-FRET
and these
correction coefficients are intrinsic to the given fluorophores and
optical setup as well as the illumination."1%!7227 In reality, the

methods need complicated crosstalk correction,” ' 1319

fluorophores and illumination light are very stable.**"*” There-

fore, once these correction coefficients and calibration factors are

predetermined for a given choice of fluorophores and instrument,

it is not necessary to measure them for every experiment with

a steady-state FRET instrument,'-%!%1921:27

Although our spectrometer-microscope platform is very sta-
ble over at least 3 months [Fig. 2(b)], periodic calibration con-
sistently improves the fit quality and the reliability of the
measurements. In reality, calibration of the optical setup is very
easy, and the normative calibration can be completed in a few
minutes. Since the EC is independent of the emission controller,
we, here, detected the two spectra at 405- or 436-nm excitation
with the same emission channels. Therefore, we used the same
calibration curve to correct the measured spectra with different
excitations, which is contrary to the sp-RET method proposed
by Levy et al.!”

In fact, the calibration step [Fig. 2(a)] is not mandatory.
Spectral fingerprints of the donor [e;(1)] and acceptor [e4(4)]
are independent of instrument and illumination, thus they
can also be obtained by using other instruments such as a
spectrofluorometer.'” Moreover, once ep(4) and e4(1) were
determined, we did not need to measure them for every experi-
ment in the specific cell line. In order to insure the accurate
measurement of total donor and acceptor emissions, the acquis-
ition range should overlap well with their emission spectra. The
spectral ranges chosen in this study fulfill this requirement,

covering ~96.3% and ~96.8% of the Cerulean and Venus emis-
sion spectra, respectively [Figs. 2(d) and 2(f)].

5.2 Implementation of mlux-FRET for Measuring

the E of C32V in Living Cells

To use mlux-FRET to measure the E of C32V in living cells, we
first measured four reference emission spectra of the Cerulean-
only sample and the Venus-only sample, respectively, with two
different excitations, and then measured two emission spectra of
the C32V sample at the two different excitations under the same
measurement conditions. Figure 3(a) showed the images of cells
separately expressing Cerulean and Venus with 405-nm (4') and
436-nm (1?) excitations, respectively, and the reference spectra
inside the living cell indicated by the red circles count}, (1)(C}),
count}; (4)(C}) and count? (1)(C%), count? (4)(C3) were shown
in Figure 3(b). Excitation ratios were determined from the above
spectra as: r**! = 2.29 [Fig. 3(c)] and r**? = 1.21 [Fig. 3(d)],
using quantum yield values of donor and acceptor, Qp = 0.62
and Q, = 0.57.%® Figure 3(e) showed the images of representa-
tive cells expressing C32V under the same measurement condi-
tions as Fig. 3(a), and the spectra and mlux-FRET unmixing
(black line) for the live cell indicated by red circles were shown
in Figs. 3(f) and 3(g). The estimated parameters were a! = 8.69,
a® = 6.20, and §' = 5.35. Substitute m/n = 1, r*', &', and &
values into Egs. (9) to (11) to obtain £ = 29.77% and Ryc =
0.445. The statistical results from at least 13 cells expressing
C32V were E(E = Efp = Ef4) = 28.67 £0.95% and Ryc =
0.442 £+ 0.008.

In reality, we must be very careful when obtaining the refer-
ence spectra of Venus with 405-nm excitation due to the very
low extinction coefficients of Venus at 405 nm [Fig. 3(a)].
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Fig. 3 Implementation of mlux-FRET on the spectrometer-microscope platform for measuring the E of
C32V construct inside single living Huh-7 cells. (a) Images of cells separately expressing Cerulean and
Venus with 405- or 436-nm excitation. Scale bar: 10 um. (b) Emission count spectra of Cerulean and
Venus inside the living cell indicated by the red circles in (a). (c) and (d) Calculation of excitation ratios
re*i. (e) Image of cells expressing C32V with 405- or 436-nm excitation under the same measurement
conditions as the Cerulean-only or Venus-only sample in (a). Scale bar: 10 um. (f) and (g) Spectral
unmixing of C32V with 405-nm (e) or 436-nm (d) excitation.

Journal of Biomedical Optics

037008-6

March 2015 « Vol. 20(3)



Chai et al.: Miniature fiber optic spectrometer-based quantitative fluorescence. ..

(a) C32v C32v
Ex405 nm Ex436 nm

=

5}

&

2L

: - -
o

St

~

=

B}

&

2

FQ - -
2

o

~

—
O
-

(Ex405 nm)

Count (a.u)

400 c32v L eeES00nm g 1000

ll » E
4800

300 } Fan §
i)
820 530 50 20500 T
200 |- ---Pre bleach —
—Post bleach{400 =
<
0ors 20 &
Ei2105 nm o
($]

520 560 600

Emission wavelength (nm)

480
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470.883 nm and A,: 530.452 to 531.223 nm.

Although we can use strong 405-nm excitation to excite Venus,
this strong illumination significantly bleached the Venus in
C32V (data not shown). Therefore, we must choose cells
expressing a high level of Venus as a reference. Although
Wlodarczyk et al. used 458- and 488-nm excitations to perform
lux-FRET for ECFP-EYFP pair,'” it is very hard to use a 488 nm
laser line to excite Cerulean or ECFP,'® which was confirmed by
the fact that the r**2 (488-nm excitation) was 0.02, which is
much less than the r**! = 2.29 (458-nm excitation).'” For 458-
and 488-nm excitations, an alternative choice is to use GFP as a
donor and YFP or Venus as an acceptor for the implementation
of mlux-FRET on a confocal microscope.

The acceptor cross-excitation fraction is intrinsic to the
extinction coefficient ratio (y) of the donor to acceptor and
their relative concentrations. Different y at two different exci-
tations is necessary for the mlux-FRET method according to
Eq. (4). Although the two ratios y’ (i = 1, 2) are related to the
cell lines to some extent, they depend mainly on the excitation
wavelengths intrinsic to the excitation light source and the
transmission properties of the instrument for a given donor-
acceptor pair. 405-nm excitation can effectively excite
Cerulean/CFP but can hardly excite Venus/YFP, 458-nm exci-
tation can effectively excite both Cerulean/CFP and Venus/
YFP, and 488-nm excitation can effectively excite Venus/
YFP but hardly excite Cerulean/CFP. Although the y!/y?
ratio with 458- and 488-nm excitations is 114.5,” it is inappli-
cable to the CFP (Cerulean)-YFP (Venus) pair due to the very
low extinction coefficient of CFP (Cerulean) at the 488-nm
wavelength. For our spectrometer-microscope platform, 405-
and 436-nm excitations (y'/y?> = 1.89) induced significantly
different spectra for C32V, CVC, VCV, and VCVV constructs
[Figs. 5(b)-5(e)]. Another better choice, in this view, is the
430- and 445-nm excitations for the CFP (Cerulean)-YFP
(Venus) pair.

5.3 Implementation of spE-FRET for Measuring

the E of C32V in Living Cells

For spE-FRET, we first calculated the spectral crosstalk coeffi-
cients according to Eq. (15). We choose 470.107 to 470.883 nm
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emission data as count(4,) and 530.452 to 531.223 nm emission
data as count(4,). From the measured spectra in Fig. 3(b), the
crosstalk correction coefficients for Cerulean and Venus on our
spectrometer-microscope platform were a = 0.142, b = 0.001,
¢ = 2.650, and d = 0.665. In order to determine the parameter
G, we next used a strong 500-nm excitation to selectively bleach
partial acceptors inside the same cell as that in Fig. 3(e).
Figure 4(a) showed the images of cells in Fig. 3(e) before
and after partially photobleaching the acceptor, and the corre-
sponding count spectra of the cell indicated by the red circle in
Fig. 4(a) were shown in Fig. 4(b). The degree of PbFRET
(x) was 35.46% [inset figure in Fig. 4(b)]. Substitute
count!(1;) = 70.478, count!"P*t(1,) = 78.677, count!(1,) =
170.020, count!P%t(1,) = 143.801, count?(4,) = 773.200, and
count>P*!(1,) = 660.001 [Fig. 4(b)] into Eq. (16) to obtain
G = 1.49, and the statistical G = 1.46 4+ 0.05 from at least 13
living cells. Substitute G = 1.46 and these count values into
Egs. (13) and (17) to obtain E = 27.75% and R = 0.128 for
the cells indicated by the red circle in Fig. 4(a), and the statistical
results from 13 living cells were E =28.22+3.21% and
R =0.129 £+ 0.007.

With spE-FRET, the sensitized fluorescence countSE(4,) is
calculated by subtraction of the major crosstalk components
from count!(4,), and the minor crosstalk components from
count!(4,) and count?(,) according to Eq. (14), which is appli-
cable only when the donor channel selectively or mainly collects
donor emission.” For 4, = 500 to 510 nm and 4, = 560.454 to
561.221 nm, a = 0.142, b = 0.613, ¢ = 0.056, and d = 0.014,
where b is not ignorable, and the corresponding G = 0.054 +
0.002 from at least 12 living cells and E = 23.10%, which is
much less than 27.75%, further demonstrating our recent
study that spE-FRET is also very sensitive to the acceptor
emission bleedthrough to the donor channel.?* It is generally
difficult to choose an appropriate optical filter as a donor
emission channel to selectively collect donor emission on a
conventional widefield fluorescence microscope.”*> However,
it is very easy to choose a wideband 4, (525 to 535 nm) and
a narrowband 4; (476 to 476.69 nm) to make the crosstalk coef-
ficient b = 0.0001 negligible for the Cerulean-Venus pair on our
spectrometer-microscope platform. Moreover, choosing 485.624
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stoichiometries in living Huh-7 cells.

to 486.399 nm emission data as count(4,), and 520.426 to
550.466 nm emission data as count(4,) for the GFP—Venus pair,
the corresponding b = 0.002 is also negligible.

5.4 Quantifying Tandem Constructs with Different
Acceptor/Donor Stoichiometries in Single Living
Huh-7 Cells Using mlux-FRET and spE-FRET
Methods

We next used mlux-FRET and spE-FRET methods to measure
the E values of C32V, CVC, VCV, and VCVYV constructs inside
single living Huh-7 cells. For a live cell expressing the FRET
tandem construct, we first measured the spectra at two different
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excitations. Figure 5(a) showed the images of representative
cells expressing C32V, CVC, VCV, and VCVYV, respectively,
under the same measurement conditions as the Cerulean-only
and Venus-only samples in Fig. 3(a). The corresponding nor-
malized spectra of the cell indicated by the red circle in
Fig. 5(a) with A’ excitation and the corresponding values calcu-
lated by mlux-FRET and spE-FRET, respectively, were shown
in Figs. 5(b)-5(e). The statistical E values from at least 16 live
Huh-7 cells in four independent experiments calculated by the
two methods showed consistent results for C32V, CVC, VCV,
and VCVV constructs, respectively [Fig. 5(f)], and the corre-
sponding R values calculated by spE-FRET and mlux-FRET
methods were shown in Fig. 5(g).
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The Ef, formalism [Eq. (10)] of mlux-FRET is different
from that [Eq. (12)] of lux-FRET. As shown in Fig. 5(h), the
Ef, values calculated by Eq. (10) were consistent with the
Efp values, while the Ef, values calculated by Eq. (12)
were inconsistent with the Ef, values except for the C32V con-
struct, verifying the ability of mlux-FRET methods to determine
the Ef, for mD — nA system.

In fact, both the mlux-FRET and spE-FRET methods can be
used to measure Efp and R values of the mD ~ nA construct
where the “m” and “n” are unknown. However, a mlux-FRET
method can be used to measure the Ef, value of mD ~ nA con-
struct only when the m /n ratio is known. In reality, the relative
concentration of each molecule contained in a biological com-
plex can be predetermined by biotechnology such as flow
cytometry, mass spectrometry, or western blotting.'*

6 Conclusion

In this paper, we developed a spectrometer-microscope platform
for simultaneous microscopic imaging and spectral detection in
single living cells. The independent excitation and emission
controllers make this platform very applicable to implement
the most commonly used FRET quantification methods includ-
ing spFRET and SE-FRET quantification methods in single liv-
ing cells. A complete FRET quantification measurement on our
spectrometer-microscope platform can be completed within 1 to
2 s, and the speed of the current configuration is mainly limited
by the manual switch of the two excitation filters. With a pro-
grammable excitation and DC system, this platform can monitor
the dynamic event inside single living cells on a millisecond
scale. In reality, the EC with three filters of this spectrometer-
microscope platform can be replaced with a filter wheel with six
filters, then the spFRET method based upon the simultaneous
unmixing of both excitation and emission spectra'®'** can
be readily implemented on this platform. We also developed
a modified spFRET method, mlux-FRET, for quantifying the
mD ~ nA construct sample in the presence of free donors and
acceptors. Moreover, the spE-FRET method we developed here
can be readily implemented on this spectrometer-microscope
platform for paired FPs with a large spectral overlap such as
the GFP-YFP pair.
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