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ABSTRACT  

 
We investigated the donor effects (mCerulean3 versus mTurquoise2.1) on the spectroscopy and dynamics of 

mCerulean3-linker-mCitrine constructs using integrated fluorescence spectroscopy methods. Here, mCerulean3 (a cyan 
fluorescent protein) and mCitrine (a yellow fluorescent protein) act as Förster resonance energy transfer (FRET) pair, 
separated by flexible linker region. We hypothesize that the construct with mTurquoise2.1 would have many advantages 
as a donor, which include a higher FRET efficiency as compared with the mCerulean3 due to the enhanced spectral overlap 
with mCitrine. To test this hypothesis, we used steady-state spectroscopy, time-resolved fluorescence, and fluorescence 
correlation spectroscopy of both mCerulean3-linker-mCitrine and mTurquoise2.1-linker-mCitrine to investigate the donor 
effect on the FRET efficiency and translational diffusion as a means for developing a rational design for hetero-FRET 
constructs for environmental sensing.  

 
Keywords: FRET, mCerulean3, mTurquoise2.1, mCitrine, time-resolved fluorescence, fluorescence correlation 
spectroscopy. 
 

1. INTRODUCTION  
 The interior of living cells is a dynamic, crowded, and complex environment, with a wide range of biomolecules and 
organelles [1, 2]. Macromolecular crowding in living cells is believed to affect a range of biological processes such as 
enzyme kinetics, protein-protein interactions, and signaling pathways [3-6]. High levels of crowding have also been 
attributed to aggregation of amyloid fibrils, which has been observed in patients with Parkinson’s and Alzheimer’s disease 
[7-9].  

 A family of mCerulean3-linker-mCitrine constructs have been developed recently for macromolecular sensing [10]. 
In these macromolecular crowding sensors, mCerulean3 acts as a donor fluorescent protein and mCitrine acts as an 
acceptor for Förster resonance energy transfer (FRET), which is considered as a noninvasive molecular ruler to quantify 
the donor-acceptor distance changes in response to macromolecular crowding.  FRET approaches are useful tools for 
quantitatively measuring a range of biological systems using noninvasive approaches, including protein-DNA complexes 
[11] and protein conformational dynamics [12]. The energy transfer between a FRET pair is nonradiative and is dependent 
on the spectral overlap between the emission of the donor and the absorbance of the acceptor, the relative orientation of 
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the transition dipole moment of the donor and the acceptor, the quantum yield of the donor, and the distance between the 
donor and the acceptor fluorophore [13-17]. Because of the distance dependence of FRET measurements, it has been used 
as a molecular ruler to measure intermolecular distances between two locations within the cell, each tagged with a 
fluorophore such as a fluorescent protein or small molecule [18, 19]. FRET can occur between fluorophores of the same 
species (homo-FRET) or between fluorophores of different species (hetero-FRET), dependent on the spectral overlap of 
the emission of the donor and the absorbance of the accepting fluorophore [17, 20, 21].  

 The mCerulean3-mCitrine pair is a good candidate for FRET studies in response to environmental macromolecular 
crowding due to the separation between the emission of the donor and the emission of the acceptor, the presence of overlap 
between the emission of the donor and the absorbance of the acceptor, and the high quantum yield (0.87) of the mCerulean3 
donor [22]. The macromolecular crowding sensors contain linker regions comprised of a random coil with two 
electrostatically neutral α-helices, which allow the two fluorescent proteins to be pushed closer together as the level of 
crowding is increased [10]. This results in a decrease in the donor-acceptor distance and therefore an increase in the 
measured FRET efficiency.  

 
 

 

 

 

 

 

 

 

 
Figure 1: Schematic representation of the molecular structure of mCerulean3-linker-mCitrine along with the 
amino acid sequences for the linker region. In this construct, the donor (mCerulean3) was replaced by 
mTurquise2 for comparative studies.  

  

 These mCerulean3-linker-mCitrine biosensors have been characterized using a variety of steady-state and time-
resolved fluorescence approaches as a function of the amino acid sequences in the linker region. Using time-resolved 
fluorescence lifetime measurements of mCerulean3, a number of macromolecular crowding sensors (namely, GE, G12, 
G18, E6, and E6G2) have demonstrated a sensitivity to macromolecular crowding using Ficoll-70 as a crowding agent in 
a manner that depends on the length and flexibility of the linker region [23]. Additional studies on the rotational dynamics 
[21] and translational diffusion [24] of these sensors using time-resolved fluorescence anisotropy measurements and 
fluorescence correlation spectroscopy (FCS), respectively have also been reported. Another family of mCerulean3-linker-
mCitrine sensors has been developed for sensing the environmental ionic strength, where the linker region consists of two 
oppositely charged α-helices [25]. The ionic strength sensors have been previously studied using a time-resolved 
fluorescence lifetime approach, which demonstrated that these biosensors are sensitivity to the environmental ionic 
strength using the Hofmeister salt solutions [26]. 

 In this report, we investigated the effect of changing the donor fluorescent protein from mCerulean3 to mTurquoise2.1 
in the GE (mCerulean3-linker-mCitrine) sensor for macromolecular crowding. The molecular structure of mCerulean3-
linker-mCitrine, referred to as GE(mCer3), and mTurquoise2.1-linker-mCitrine, referred to as GE(mTurq2.1), as 
representative sensors, is shown in Figure 1. The corresponding amino acid sequence of the flexible linker region is also 
shown (Figure 1, top). We hypothesize that the higher quantum yield of mTurquoise2.1 will result in a higher FRET 
efficiency and a larger dynamic range of the FRET sensors. Both proteins contain the identical linker region and acceptor 
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fluorophore (mCitrine). These protein constructs are investigated using integrated fluorescence approaches including FCS 
and time-resolved fluorescence measurements of the donor.  
 
 

2. MATERIALS AND METHODS 
2.1 Materials 

The protein purification and characterization have been described in detail elsewhere [10, 27]. Briefly, plasmids in the 
parent pRSET A vector were transformed into the E. coli strain and stored at –80 °C as frozen cell stocks [5, 23]. Bacteria 
were grown in terrific broth that was supplemented with 0.4% (v/v) glycerol and 1.0 mg.ml−1 ampicillin until the 
absorbance at 600 nm reached 0.060 on the NanoDrop2000 spectrophotometer. Protein production was induced with 
0.1mM isopropyl-β-D thiogalactoside and incubated for 18 h at 25 °C. The cells were pelleted, resuspended in lysis buffer, 
and incubated on ice for 30 min [5, 23]. Cells were lysed using probe sonication [5, 23]. Cells were further lysed using an 
18.5-gauge needle to draw up the lysate five times, and incubated on ice for 60 min. After centrifuging the cells were lysed 
to remove cell debris, imidazole was added (10 mM), and the lysate was poured onto a ProBond Ni2+–based affinity column 
that had been previously equilibrated with binding buffer [5, 23]. The column was then washed four times with wash buffer 
[5, 23]. Protein was eluted with elution buffer into ~1.0 mL fractions [5, 23]. Fractions were dialyzed against phosphate-
buffered saline and analyzed using SDS-PAGE to assess purity [5, 23]. A 1:10 dilution of the peak fraction of the construct 
of interest was used to measure the absorbance spectrum (e ~ 54 000 M–1 cm–1 at 280 nm) to calculate the concentration.  
 
 
 
 
 

Figure 2: Representative SDS-PAGE of intact (lanes 1 
and 3) and cleaved (lanes 2 and 4) GE constructs, 
GE(mCer3) and GE(mTurq2.1). Only the intact protein 
is capable of FRET; the cleaved protein is the FRET-
incapable control.  

 
 
 
 
 
 Proteinase K was used to cleave the biosensors as a control (Figure 2) experiment as a means to investigate the donor 
or acceptor alone in the absence of FRET. The fluorescent molecules were diluted in phosphate-buffered saline (PBS, pH 
7.4) at ~ 10 nM concentrations. 
 
 
2.2 Time-Resolved Fluorescence 

 The experimental setup and data analysis of time-resolved fluorescence measurements have been published in detail 
elsewhere [23, 26, 28]. Briefly, 425 nm excitation pulses (4.2 MHz, 120 fs) were generated, conditioned, and steered to 
the back-exit port of an inverted Olympus IX-81 microscope, through a dichroic mirror (396LP), then to the microscope 
objective lens (1.2NA, Olympus UPlanApo IR, water immersion, 60×) for sample excitation. The fluorescence was filtered 
(475/50) and detected at the magic angle (54.7°) using a R3809U Hamamatsu multichannel plate photomultiplier tube. 
The signal was amplified and routed to a synchronized SPC-150N module (Becker & Hickl) for time-correlated single 
photon counting (TCSPC) detection. 

When the fluorescence, ,of the intact FRET sensor is excited at 425 nm, the fluorescence of the donor (475/50) 
can be described by a biexponential model [23, 26]: 

( )F t
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  (1)  

Here, assume that and  are amplitude fractions ( ) of two distinct subpopulations, one undergoes FRET 

and fluorescence decay at an overall rate of  and the other population decays only via fluorescence (i.e., no 

FRET) at a rate of . The average fluorescence lifetime of the donor in the prescence of the acceptor is then given as: 

 

  (2) 

 The FRET efficiency of the donor-acceptor pair can then be calculated using the following relationship, where the 
lifetime of the donor alone is compared to the lifetime of the donor in the presence of the acceptor [27]: 

  (3) 

This can in turn to be used to calculate the distance between the donor and the acceptor [29]: 

  

  (4) 

  
The acquired time-resolved fluorescence data were analyzed using SPCImage software (Becker & Hickl) and the 
statistical analysis and figure preparation were conducted using OriginPro software. 
  
 
2.3 Fluorescence Correlation Spectroscopy 

 The experimental setup of FCS and the corresponding the fluorescence fluctuation autocorrelation data analysis have 
been published in detail elsewhere[24, 30]. Briefly, 488-nm laser (cw, Coherent Sapphire 488-20) was used to excite a 
droplet of the sample (10-30 nM concentration) after a microscope objective (1.2 NA, 60×, water immersion, infinity 
corrected, Olympus). The collimated fluorescence was then filtered (531/40 nm), focused on a confocal pinhole (50-mm 
optical fiber), and detected by an avalanche photodiode (APD, SPCM CD-2969, PerkinElmer), and then autocorrelated 
using external multiple-tau-digital correlator (ALV/6010-160) for data acquisition. Data analysis was carried out using the 
commercially available OriginPro8 software. 

 
For a molecule undergoing a fluorescence fluctuation due to diffusion only, the three-dimensional (3D), Gaussian 

autocorrelation function, , is given by [24, 27, 31]: 

 

 (5) 

   

Where N is the average number of molecules residing in the open observation volume in the FCS setup, which is 
characterized by a structure parameter (s). The diffusion time of the molecule ( ) is related to its diffusion coefficient 
according to Stokes-Einstein model, where [24, 27, 31]: 
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 (6) 

The lateral ( ) and axial ( )  radii of the observation volume are related to the structural parameter, . For a 

molecule undergoing additional ith photophysical process (e.g., intersystem crossing to a triplet state, fluorescence 
blinking) that takes place on a faster time scale ( ) than the corresponding diffusion time ( ) during their residency on 

the observation volume, the corresponding fluorescence fluctuation autocorrelation function, , is given as an 
exponential term such that [24, 27, 31]:  

 

  (7) 

 

Here, a fraction ( ) of the molecule in the observation volume is assumed to undergo a fast photophysical 
process such as intersystem crossing to the triplet state (e.g., R110) and fluorescence blinking (e.g., mCitrine). 

 

3. RESULTS AND DISCUSSION 
3.1 Steady-State Spectroscopy of the Two Sensors 

 We investigated the donor effect on the absorption and emission spectra of each GE construct in PBS buffer. The 
absorption spectra of both GE proteins with mCerulean3 or mTurquoise2.1 (as donors) are shown in Figure 3, where the 
absorption peaks are normalized with respect to the acceptor (mCitrine) absorption band at 513 nm. The absorption 
spectrum of the mCerulean3 peaks at 454 nm as compared with the red-shifted absorption of mTurquoise2.1 absorption at 
461 nm (Figure 3). These results show that mTurquoise2.1 has a larger extinction coefficient with a slight red shift with 
respect to that of mCerulean3 in GE(mCer3) construct. This is rather advantageous for future genetically encoded GE in 
live cell applications, where a slightly longer wavelength can be used for excitation to avoid UV-light induced damage. In 
addition, the larger extinction coefficient of mTurquoise2.1 in GE(mTurq2.1) would allow for using lower laser intensity 
for excitation, which would likely to reduce any potential laser-induced photodamage in cell applications.  

 Figure 3 also shows the emission spectra of GE as a function of the donor (i.e., mCerulean3 versus mTurquoise2.1) 
under different excitation wavelength (425 nm and 490 nm) in order to access the fluorescence emissions of both the donor 
and acceptor. The results show a red-shifted (8 nm) emission peak of mTurquoise2.1 (480 nm) with respect to the emission 
peak of mCerulean3 (472 nm). Both donors also exhibit another emission shoulder (peak) at 499 nm (mCerulean3) and 
515 nm (mTurquoise2.1), which suggests a larger spectral overlap of the mTurquoise2.1 emission with the acceptor 
absorption in GE(mTurq2.1) construct. This increase in spectral overlap would likely increase the corresponding FRET 
efficiency for environmental sensing. As expected, the emission peak (525 nm) of the acceptor (mCitrine) in both versions 
of GE construct is the same; independent of the donor (Figure 3). There is a potential disadvantage, however, for 
mTurquoise2.1 as a donor in the GE(mTurq2.1) construct due to the spectral overlap of the donor and acceptor emission 
(Figure 3) for FRET imaging in multi-channel confocal microscopy. 

 The steady-state spectroscopy of GE as a function of the donor provides us with the roadmap for our experimental 
design for time-resolved fluorescence measurements using 425-nm pulsed excitation for FRET analysis (see below). Under 
those experimental conditions, the emission of the corresponding donor will be detected using 475/50 nm detection filter; 
both in the presence (intact GE, FRETing) and absence (cleaved GE, non-FRETing) of the acceptor. 
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Figure 3: Steady-state spectroscopy of mCerulean3-linker-mCitrine and mTurquoise2.1-linker-mCitrine 
constructs. (A) The absorption spectra of GE(mTurq2.1) (red curve) and GE(mCer3) (blue curve) in PBS 
buffer. (B) The emission spectra of GE(mTurq2.1) (red curve) and GE(mCer3) (blue curve) in PBS buffer 
under 425 nm excitation. Under 490-nm excitation, the emission spectrum of the acceptor (mCitrine; black 
curve) in both versions of GE is also shown with a fluorescence peak around 525 nm. 

 
3.2 Fluorescence Lifetime of the Donors in the Cleaved and intact Sensors 

 The excited state lifetime of the mCerulean3 and mTurquoise2.1 were also investigated using 425-nm laser pulses 
(~120 fs, 4.2 MHz), while the corresponding emission was detected around 475/50 nm. Representative fluorescence decays 
of intact and cleaved GE are shown in Figure 4 as a function of the donor (i.e., mCerulean3 versus mTurquoise2.1). 

Our results show that the excited-state fluorescence lifetime of the donor in cleaved GE is consistently longer than 
that of the intact counterpart, which is attributed to FRET in the presence of the acceptor. The time-resolved fluorescence 
of the cleaved GE(mCer3) and GE(mTurq2.1) can be described well with a single-exponential decay model with a 
fluorescence lifetime of 4.08 ns and 3.78 ns, respectively. Under the same experimental conditions, the corresponding 
time-resolved fluorescence of the intact GE decays as a biexponential with an average fluorescence lifetime of 3.50 ns and 
3.81 ns for GE(mCer3) and GE(mTurq2.1), respectively. It is worth mentioning that the fitting of the cleaved 
GE(mTurq2.1) was a bit better using a biexponential decay model. 

We also examined the Ficoll-70 (300 g/L) effect on the excited-state lifetime of GE towards FRET analysis, under the 
same experimental conditions. Our results indicate that the average fluorescence lifetime of the intact sensor is 3.44 ns for 
GE(mCer3) as compared with 3.18 ns  for GE(mTurq2.1), which reveals macromolecular crowding sensitivity based on 
the type of the donor in the GE construct. As a control, the fluorescence decays of the cleaved GE proteins were also 
measured under the same experimental conditions in 300 g/L Ficoll-70. These results were then used to calculate the 
corresponding FRET efficiency using the average fluorescence lifetime of the cleaved and intact constructs of GE sensor 
(see below). These fluorescence lifetime results on GE(mCer3) are in general agreement with previous studies [23, 27]. 
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Figure 4: The excited-state fluorescence lifetime of cleaved and intact GE is distinct due to FRET in a buffer. 
(A) The fluorescence decays of cleaved (blue curve) and intact (black curve) GE with mCerulean3 as a donor. 
(B) The fluorescence decays of cleaved (blue curve) and intact (black curve) GE with mTurquoise2.1 as a 
donor. These measurements were carried out using 425-nm pulsed excitation and the fluorescence emission 
(475/50) of the donor was detected at a magic angle to exclude the rotational dynamics during the excited-state 
lifetime. The experimental setup was calibrated using coumarin under the same experimental conditions, which 
has a fluorescence lifetime of 3.83 ns (c2 = 1.04).  

 
 
3.3 Donor-Effect on the FRET Analysis in the Two GE Sensors 

Using the measured average fluorescence lifetime of the donor in the presence, , and absence, , of the acceptor 
in GE constructs, we calculated the corresponding energy transfer efficiency according to equation (3) [27]. The average 

fluorescence lifetime of the intact,  and cleaved, , GE constructs were measured under the same experimental 

conditions. The corresponding donor-acceptor distance ( ) was also calculated using the energy transfer efficiency of 
each GE construct according to equation (4) [29]. The Förster distance for both GE(mCer3) and GE(mTurq2.1) were 
assumed to be the same 5.3 nm [10] for simplicity. The results are summarized in Table (2) and Figure 5 below. 
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Table 1: The FRET efficiency of GE(mCerulean3) and GE(mTurquoise2.1) as calculated using time-resolved 
fluorescence measurements under 425-nm laser pulses (120 fs, 4.2 MHz). In these measurements, the 
fluorescence emission of the donor was detected (475/50 nm) in the presence and absence of the acceptor. The 
donor-acceptor (D-A) distance was also calculated using the corresponding energy transfer efficiency for each 
GE construct. 

Molecule Environment FRET Efficiency (%) D-A Distance (nm) 

GE (mCerulean3) PBS 6.6 ± 0.2 8.2 ± 0.1 

 300 g/L Ficoll-70 9.8 ± 0.8 7.8 ± 0.2 

GE (mTurquoise2.1) PBS 7.1 ± 0.5 8.1 ± 0.1 

 300 g/L Ficoll-70 11.9 ± 2.0 7.4 ± 0.2 

 
 

 
 

 
 

 
 

 
 

 
Figure 5: FRET analysis of GE, using time-resolved fluoresce, as a function of the donor and the surrounding 
environment. The energy transfer efficiency of GE(mTurq2.1) in PBS buffer is slightly larger than that of its 
counterpart with mCerulean3 as a donor. In addition, the FRET efficiency of GE(mTurq2.1) is more sensitive 
to the macromolecular crowding of Ficoll-70 (300 g/L) than GE (mCerulean3). 

 
 Figure 5 shows a summary of the FRET efficiency of GE constructs (i.e., different donors) in both PBS buffer and 
Ficoll-70 crowded solution (300 g/L). The results suggest a minor enhancement of the FRET efficiency of GE(mTurq2.1) 
as compared with GE(mCer3) in PBS buffer at room temperature as well as in Ficoll-70 enriched solution (300 g/L), which 
support our state hypothesis above. Interestingly, the corresponding donor-acceptor distance in GE(mTurq2.1) is also 
relatively smaller than that of GE(mCer3) in both PBS buffer and Ficoll-70 solution (Table 1). The FRET analyses of 
GE(mCer3) are in general agreements with previous studies using the same time-resolved fluorescence approach [23, 27]. 

 

 
3.4 Translational Diffusion Studies of the Two GE Sensors using FCS 

 Using FCS, we also investigated the fluorescence fluctuation autocorrelation of both GE(mCer3) and GE(mTurq2.1) 
constructs. As a control, similar measurements were carried out on the cleaved counterpart as well as R110 for the FCS 
setup calibration. Representative autocorrelation curves of R110 (diffusion coefficient = 4.3 x 10–6 cm2/s [24, 27, 32]) as 
well as cleaved and intact GE(mTurq2.1) are shown in Figure 6. 
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Figure 6: Representative, normalized autocorrelation curves of R110 as well as the cleaved and intact 
GE(mTurq2.1). The autocorrelation curve of R110 (curve 1), cleaved GE(mTurq2.1) (curve 2), and intact 
GE(mTurq2.1) (curve 3) are shown. All these autocorrelation curves were measured under 488-nm excitation 
laser (cw) while the acceptor (mCitrine) emission was detected at 531 nm. Similar measurements were carried 
out on GE(mCer3) (see Table 2). 

 
Table 2: A summary of the fluorescence fluctuation analysis of the cleaved and intact GE(mCer3) and 
GE(mTurq2.1) under 488-nm excitation of the acceptor (mCitrine) in a buffer at room temperature. Under the 
same experimental conditions, the corresponding autocorrelation analyses of R110 are also shown. The 
calculated diffusion coefficient and hydrodynamic radius of these molecules are also shown. Please notice that 
the measured molecular brightness shown here may vary under different laser-intensity. The standard deviation 
of the last digit is shown in parenthesis.  

Molecule Diffusion 
Time  

(ms) 

Diffusion 
Coefficient 

(cm2/s) 

Hydrodynamic 
Radius  

(nm) 

Molecular 
Brightness 

(photon/molecule) 

R110 0.13(2) 4.3 ×10–6 0.56 2.9(3) ×103 

GE(mCer3): Cleaved 0.46(7) 1.2(4) × 10–6 2.0(7) 1.5(3) ×103 

GE(mCer3): Intact 0.67(6) 8.5(4) × 10–7 2.9(2) 1.7(2) ×103 

GE(mTurq2.1): Cleaved 0.41(4) 1.4(5) ×10–6 1.7(6) 1.8(3) ×103 

GE(mTurq2.1): Intact 0.7(1) 7.9(2) × 10–7 3.1(8) 1.8(3) ×103 

 
 
 Based on the fitting parameters of these autocorrelation curves, the diffusion coefficient, molecular brightness, and 
the hydrodynamic radius of these molecules were calculated as summarized in Table 2. It is worth mentioning that the 
autocorrelation curves are best fit by including a fast component of the autocorrelation function that is attributed to 
intersystem crossing to the triplet state for R110 and fluorescence blinking for the intact and cleaved GE sensors. The 
estimated diffusion coefficient and hydrodynamic radius of GE(mCer3) are in general agreement with previous studies 
using the same experimental approach [24, 27]. The diffusion coefficient and hydrodynamic radius of the cleaved 
GE(mCer3) and GE(mTurq2.1) constructs are about the same and within the stated standard deviation of these 
measurements. Our results also show that the diffusion coefficient of GE(mTurq2.1) is slightly slower than that of 
GE(mCer3), which is agreement with their molecular mass as shown in Figure 2. The corresponding hydrodynamic radius 
of an assumed spherical shaped GE(mTurq2.1) is slightly larger than that of the GE(mCer3). 
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4. CONCLUSIONS 
 In this contribution, we investigated the steady-state spectroscopy, excited-state fluorescence lifetime, the FRET 
efficiency, and the translational diffusion of GE sensors, GE(mCerulean3) and GE(mTurquoise2.1). These studies were 
carried out to guide us towards a rational design for environmental sensing. Our results indicate that mTurquoise2.1 (as a 
donor) in the GE(mTurquoise2.1) construct may have some advantages as compared with the GE(mCerulean3) protein. 
For example, the absorption bands of mTurquoise2.1 are slightly red shifted with respect to those of mCerulean3 as a 
donor. In addition to the enhanced extinction coefficient, this is rather advantageous in live cells studies, when these 
sensors are genetically encoded in live cells towards mapping out the cellular macromolecular crowding using fluorescence 
lifetime imaging microscopy (FLIM) with reduced laser-induced photodamage. The observed red-shifted emission of 
mTurquoise2.1 are likely to increase the FRET efficiency in the GE constructs due to its enhanced spectral overlap with 
the acceptor (mCetrine). Under 488-nm excitation of the acceptor (mCitrine), the diffusion coefficient of cleaved and intact 
GE is distinct and within the FCS sensitivity range. However, the diffusion coefficient of GE(mCerulean3) and 
GE(mTurquoise2.1) seems too close to resolve using FCS. The molecular brightness of GE(mTurquoise2.1) is slightly 
larger than that of GE(mCerulean3) under 488-nm excitation in PBS buffer. These results using integrated fluorescence 
spectroscopy methods represent a step forward towards developing a rational design for FRET constructs for 
environmental sensing. 
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