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ABSTRACT 
 
Förster resonance energy transfer (FRET) is considered as a molecular ruler to quantify protein-protein 
interactions and structural conformation in a wide range of biomolecules in both controlled environments and 
in living cells. Here, we have employed integrated fluorescence spectroscopy methods to characterize the 
energy transfer efficiency and donor-acceptor distance for novel genetically engineered mCerulean3–linker–
mCitrine environmental sensors. Based on the amino acids sequences of the linker region, these sensors can 
be sensitive to either macromolecular crowding or the ionic strength of the surrounding environment. These 
hetero-FRET sensors also enable us to develop new spectroscopic approaches for quantifying the energy 
transfer efficiency and the donor-acceptor distance as a means of elucidating the underlying mechanisms for 
environmental sensing. Ensemble averaging approaches using time-resolved fluorescence and time-resolved 
fluorescence polarization anisotropy of G12 sensor are highlighted. Our findings in control environments so 
far are currently being used for complementary studies in living cells.  
 
 
Keywords: FRET, mCerulean3, mCitrine, time-resolved anisotropy, time-resolved fluorescence, 
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1. INTRODUCTION 
 
Förster resonance energy transfer (FRET) is a powerful, quantitative, and noninvasive method that can be 
used to study a wide range of biologically relevant interactions such as conformational changes in 
biomolecules such as proteins and DNA1-2 and protein-protein interactions3-4. This non-radiative energy 
transfer is dependent on the spectral overlap of the donor and acceptor, the relative orientation of the 
transition dipole moment of both the donor and the acceptor (i.e., the FRET pair), the quantum yield of the 
donor, and the donor-acceptor distance. Due to the donor-acceptor distance dependence, FRET can be used as 
a molecular ruler to measure the distance between the donor and acceptor fluorophores. The FRET pairs can 
either be free, site-specifically labeled on a protein or DNA, or tethered using a linker. For example, FRET 
analyses have been applied to intracellular environmental sensing of ionic strength5 and macromolecular 
crowding.6-7 

 
Hetero-FRET pairs use two different fluorophores as the donor and acceptor, such that the emission 

spectrum of the donor partially overlaps with the absorption spectrum of the acceptor. This hetero-FRET 
approach is more robust than homo-FRET8 and can be used to investigate protein conformational changes1-2,9, 
signaling pathways10, and many other biological systems. Hetero-FRET pairs can be tethered together via a 
designed linker region11 to study environmental conditions such as ionic strength5, macromolecular 
crowding6-7, or attached to different locations within a biomolecular system such as a membrane to measure 
distances and changes in the membrane structure.12  
 

To better understand the intracellular conditions, a series of novel, genetically encoded protein-based 
hetero-FRET biosensors was developed.13 For example, a mCerulean3–linker–mCitrine constructs, where 
mCerulean3 is the donor and mCitrine is the acceptor, were designed to be sensitive to various intracellular 
environments such as macromolecular crowding6 and ionic strength.5 In these macromolecular crowding 
sensors, a flexible linker tethers the donor and acceptor allowing sensitivity of the excluded volume generated 
by the presence of macromolecular crowding agents. It is hypothesized that as the level of macromolecular 
crowding increases, the hetero-FRET construct (mCerulean3–linker–mCitrine) adapts a more compact 
structure due to the steric hindrance imposed by the crowding agents, resulting in an increase in energy 
transfer efficiency.7,14 Similarly, the ionic strength biosensors measure changes in ionic strength through 
changes in the energy transfer efficiency.5 This is accomplished through the introduction of two oppositely 
charged α–helices in the linker region. As the ionic strength is increases, the electrostatic interaction between 
the charged α–helices is screened by the dissolved ions, resulting in decreased energy transfer efficiency. The 
linker region in both types of biosensors is susceptible to proteolytic cleavage, which allows for the 
measurements of either the donor or acceptor alone as a control in different environment.5 
 

Traditionally, FRET analysis of these biosensors has been done using steady–state spectroscopy method 
with continuous wave–excitation (cw) light, which can be used to measure the FRET efficiency in various 
conditions.6,5 However, these techniques do not allow for the spatial or temporal resolution that are critical 
noninvasive measurements for intracellular studies. 

 
Here, we present several time-resolved integrated fluorescent approaches for characterizing hetero-FRET 

biosensors, highlighting the benefits of this approach in context of a model system, mCerulean3–linker–
mCitrine, namely G12, where the amino acid sequence of the linker is (GSG)12 (Figure 1), which is designed 
to sense changes in the environmental macromolecular crowding.13 Complementary time-resolved 
fluorescence and time-resolved fluorescence polarization anisotropy methods for FRET analysis are 
highlighted for G12 as a model system. The results are compared with the traditional steady-state 
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spectroscopy method as a means to emphasize the difference between these approaches in FRET studies. This 
comprehensive comparison provides a sense of the relative advantages and disadvantages of each 
experimental approach to guide future users of these techniques for FRET studies. The appropriate choice of 
these techniques would depend on the FRET pairs available, the equipment at their disposal, and the sample 
(in vitro versus in vivo).  

 

 
 
 
 
 
 
 
 
 
 
 
Figure 1:  A schematic representation of the G12 structure (mCerulean3—(GSG)12—mCitrine) 
used here as a model system. Note that the linker between the donor and acceptor in G12 is a 
flexible random coil. 

 
 
 

2. EXPERIMENTAL APPROACHES FOR FRET ANALYSIS 
 
2.1 Steady-State Spectroscopy 
 
Steady-state spectroscopy has been used for FRET analysis for a wide range of FRET pairs and samples.15,16 
In this approach, the average fluorescence intensity of the donor in a FRET pair is measured in the presence (

	FDA ) and absence (	FD ) of the acceptor. These measurements can be carried out in either a cuvette or per pixel 
in fluorescence microscopy. The corresponding energy transfer efficiency (	E ) is then calculated such that17: 

		
E =1−

FDA
FD

                                          (1) 

The estimated energy transfer efficiency (equation 1) can then be used to determine the donor-acceptor 
distance (	RDA ) in these ensemble measurements can then be calculated using the following equation14:  

6
0

6 6
0 DA

RE
R R

=
+

        (2) 

The Fӧrster distance (		R0 ) depends of the donor-acceptor pair and can be measured using steady-state 
spectroscopy where18:  
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When the donor-acceptor distance is equal to the Fӧrster distance (		R0 ), the corresponding energy transfer 

efficiency is 50%. The orientation factor ( 2κ ) is generally assumed to be 2/3 in FRET measurements 
assuming a random orientation of transition dipole moment of both the donor and acceptor. The Fӧrster 
distance also depends on the quantum yield of the donor ( φD ), the extent of the spectral overlap  J λ( )  
between the donor’s emission and the acceptor’s absorption, and the refractive index of the solution (η ). 

 
Boersma et al. used steady-state spectroscopy for the FRET analyses of a number of macromolecular 

crowding biosensors using traditional ensemble-averaging based approaches.6 To measure the fluorescence 
intensity of the donor in the absence of the acceptor (	FD ), the authors used proteinase K for the proteolytic 
cleavage of the linker region of their FRET construct. For the steady-state spectroscopy of these sensors, 
mCerulean3 acts as the donor and was excited at 420 nm using a fluorimeter. Figure 2 shows the absorption 
(Figure 2A) and emission (Figure 2B) spectra for mCerulean–linker–mCitrine construct similar to G12. Using 
the relative fluorescence intensities of the donor and acceptor emission in G12, for example, the authors 
reported an energy transfer efficiency in terms of a ratio of the fluorescence intensity of mCitrine to 
mCerulean3 (525nm/475nm) of 0.55 ± 0.04 in a phosphate buffered saline solution (pH 7.4, PBS) at room 
temperature13. In their calculations, they reported Fӧrster distance of 5.26 nm for mCerulean3–mCitrine pairs. 
Using this Fӧrster distance for G12, we estimated a donor-acceptor distance in G12 to be 7.12 nm in a PBS 
solution. The authors also demonstrated that the biosensors energy transfer efficiency increased as 
macromolecular crowding increased, which was interpreted in terms of the excluded volumes occupied by the 
crowding agents. They also showed that the length and flexibility of the linker in this class of biosensors 
influence the energy transfer efficiency and thus their sensitivity to the FRET pair macromolecular 
crowding.13  

 
The steady-state spectroscopy approach for FRET analysis is advantageous because it is relatively easy to 

carry out, in either a cuvette or with two-channel confocal microscopy. However, there are a number of 
challenges associated with this approach. For example, direct excitation of the acceptor under the illumination 
wavelength used to excite the donor might be possible, which would require careful corrections and additional 
control experiments. In addition, some spectral overlap is possible between the donor and acceptor 
fluorescence emission (i.e., leak through or cross talk between the two detection channels). It is also known 
that this approach provides an overestimated donor-acceptor distance as well as averaging over a number of 
molecular species or conformations. Using the steady-state approach in confocal microscopy would requires 
three filter sets for detecting the donor, acceptor, and FRET. In addition, it requires three sample preparations 
for the donor only, acceptor only, and the donor-acceptor pair for reliable FRET analysis. Finally, this 
microscopy-based modality of the steady-state approach requires careful experimental design such as 
optimizing the exposure time, light intensity, detector setting to enhance the signal-to-noise ratio of the 
acquired images for reliable FRET analysis. 
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Figure 2: Steady-state spectroscopy of a mCerulean–linker–mCitrine construct in PBS buffer at 
room temperature. (A) The absorbance spectra of the intact construct exhibit bands at 434 nm and 
453 nm, which are assigned to the donor (mCerulean3). Absorption bands at 480 nm, and 514 nm 
are assigned to the acceptor (mCitrine). (B) The emission spectrum of the intact construct shows 
two emission bands (473 nm and 498 nm) for the donor and the emission band at 519 nm is 
assigned to the acceptor. The emission spectrum was recorded under 420-nm illumination with 2-
nm spectral resolution. 

 
 
2.2 Time-Resolved Fluorescence: 
 
Time-resolved fluorescence measurements for FRET analysis are compatible with live cell imaging using 
fluorescence lifetime imaging microscopy (FLIM).19-20 The time-correlated single photon counting (TCSPC) 
technique21 is widely used for real-time monitoring of the excited-state dynamics in a wide range of 
fluorophores in a myriad of environments. In this TCSPC approach for fluorescence lifetime measurements, 
the molecule is excited using short laser pulses (e.g., 120 fs) and low repetition rate (e.g., 4.2 MHz) such that 
each excitation pulse would experience the same initial conditions of the molecules in their ground electronic 
state. The fluorescence emission is then detected at the magic angle (54.7°) to correct for the rotational 
dynamics of the fluorophore during its residence in the first excited electronic state. The corresponding 
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probability histogram of detecting a fluorescence photon per excitation/detection cycle represents the excited-
state fluorescence (or population) decay, which is measured using the SPC-830 module (Becker & Hickl). 
The fluorescence lifetime is known to be sensitive to structural changes of the fluorophore, charge or proton 
transfer, as well as a number of environmental factors such as pH, viscosity, temperature, crowding, and ionic 
strength depending of the molecular structure of the fluorophore. Accordingly, the time-resolved fluorescence 
can be modeled using a multi-exponential decay depending on the complexity of the molecular structure and 
its surrounding environment. Such sensitivity makes time-resolved fluorescence measurements ideal for 
FRET analysis.  
 

 

 
 

 
 

 
 

 
 

 
 

 

Figure 3: The fluorescence decay of the cleaved and intact G12 sensor in PBS. The time-resolved 
fluorescence of the FRET incapable cleaved G12 (curve A) decays as a single exponential. In 
contrast, the fluorescence decay of the intact G12 (curve B) is best described as biexponential 
decay with an average fluorescence lifetime that is faster than the cleaved counterpart due to 
FRET. The fitting parameters of these decay curves are summarized in Table 1. 

 

 
Using time-resolved fluorescence for FRET analysis of G12, the donor was excited at 425 nm and its 

fluorescence emission was detected at 475/50 nm using the TCSPC technique.7 These measurements were 
carried out on both intact and enzymatically-cleaved G12 under the same experimental conditions and typical 
fluorescence decays are shown in Figure 3. These fluorescence decays were analyzed using nonlinear squared 
fitting routine and were the deconvoluted using a computer-generated system response function.   

 
Our time-resolved fluorescence of the FRET incapable G12 (i.e., cleaved) was analyzed satisfactorily 

using a single exponential decay (the fitting parameters of these representative curves are summarized in 
Table 1). However, the time-resolved fluorescence intensity   F(t)  of the intact G12 (i.e., FRET capable) was 
best described using a biexponential model such that7, 22: 

  F(t) =α1e
−(kET +k fl

D )t +α 2e
−(k fl

D )t       (4) 
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where 	α1 and 	α2  are the amplitude fractions in this decay model. This observed biexponential decay of intact 
G12 was attributed to an ensemble of FRETing and non-FRETing subpopulations in the ensemble at 
equilibrium. The FRETing subpopulation is represented by the first term in equation 5, where the 
fluorescence decay rate is the sum of the energy transfer rate (	kET ) and the fluorescence decay rate of the 

donor (	
k fl
D ) in the absence of the acceptor. The second term of equation 5 represents the fluorescence decay 

of the non-FRETing population of G12 with a decay rate constant of 	
k fl
D , which basically equals the inverse 

of the excited-state lifetime (i.e., 		1/τ fl
D ) of the donor in the absence of the acceptor. As we mentioned above, 

the fluorescence lifetime of the cleaved G12, i.e., the donor in the absence of the acceptor, was also measured 
independently under the same experimental conditions. 

 
 

Table 1: Fitting parameters for the exponential decays shown in Figure 1 using equation 5.  

 

 

 
 

 
 

Using equation 5, we estimated the corresponding energy transfer efficiency (E) using three different 
approaches. First, we used the average fluorescence lifetime of the intact G12 and the FRET incapable 
cleaved counter part to calculate the E-value, where:23  

  
E = 1−

τ DA

τ D

                                                                          (5) 

The average fluorescence lifetime,  τ DA , was calculated such that: 

  
τ DA =

α1τ1 +α 2τ 2

α1 +α1

                                                                         (6) 

Using this average fluorescence lifetime approach, we estimated an energy transfer efficiency of 28.5% and 
donor-acceptor distance of 6.29 nm for G12, based on the Fӧrster distance of 5.4 nm, for G12 in PBS buffer at 
room temperature.22 These values are in general agreement (within 11%) with the steady-state approach 
(section 2.1) as published previously by Boersma et al.13 It was also reported that as the macromolecular 
crowding increased using Ficoll-70 (0–300 g/L), the energy transfer efficiency increased and the 
corresponding donor-acceptor distance decreased.14 A major benefit of this approach is its simplicity as well 
as its compatibility with fluorescence lifetime imaging microscopy for in vivo studies using this genetically 
encoded G12 sensor towards mapping out the macromolecular crowding in living cells as a function of 
cellular pathophysiology conditions.  

G12 

(PBS buffer) 
 α1   τ1 	

(ns)	
 α 2   τ 2  

(ns) 
Cleaved (curve A) --- --- 1.0 3.94 

Intact (curve B) 0.38 1.39 0.62 3.71 
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In the second approach for FRET analysis, we used the estimated energy transfer rate constant, 	kET , and 
the fluorescence decay rate of the donor alone (equation 5) to calculate the energy transfer efficiency, 
where:22 

 
E =

kET

kET + k fl
D

⎛

⎝
⎜

⎞

⎠
⎟ 	 	 	 	 	 	 	 (7) 

In this case, we determined that the energy transfer efficiency of G12 is 63.8% in PBS buffer with an 
estimated donor-acceptor distance of 4.91 nm. These FRET specifications among the FRETing subpopulation 
in the ensemble are relatively high as compared with both the steady-state spectroscopy and average 
fluorescence lifetime approaches discussed above.  

The third approach for FRET analysis using time-resolved fluorescence lifetime measurements is similar 
to that used in equation 7, but weighted by the relative subpopulation undergoing FRET in the ensemble such 
that:22 

  
E =

kET

kET + k fl
D

⎛

⎝
⎜

⎞

⎠
⎟

α1

α1 +α2

⎛

⎝⎜
⎞

⎠⎟
       (8) 

 

The amplitude fractions α1 and  α 2  represent the subpopulation of molecules undergoing FRET and the non-
FRETing subpopulation (equation 5), respectively. This weighted–based approach yields an energy transfer 
efficiency of 24.5% with a donor-acceptor distance of 6.51 nm.  

 
The fluorescence lifetime based approach for FRET analysis has many advantages compared with the 

steady-state spectroscopy approach. For example, the fluorescence lifetime of a fluorophore (e.g., the donor) 
is independent of the concentration and of the FRET pair, which becomes important for live cell FLIM 
imaging due to the heterogeneous distribution of the donor-acceptor pair. Potential spectral overlap between 
the donor and acceptor emission is less of an issue for this type of FRET analysis if the fluorescence lifetime 
of the donor and acceptor in a donor-acceptor pair is different and therefore easy to separate. The fluorescence 
lifetime approach also provides an accurate donor-acceptor distance distribution, where its width reflects 
conformational flexibility of the FRET pair. Importantly, it allows for multiple species analysis because the 
fluorescence lifetime of each species is likely to be distinct due the difference in the corresponding chemical 
structure of each fluorophore.  
 

The fluorescence lifetime measurements for FRET analysis, however, requires very expensive equipment 
such as a pulsed lase source, TCSPC technique electronics, and a laser scanning confocal microscope for live 
cell studies using FLIM imaging. As a result, this approach also requires sophisticated users for proper 
experimental design and data analysis. 
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2.3 Time-Resolved Fluorescence Polarization Anisotropy 
 
The fluorescence lifetime of a given fluorophore is known to be sensitive to environmental parameters such as 
pH, viscosity, and oxygen in a manner that depends on the molecular structure of the fluorophore.24 In 
addition, the fluorescence lifetime could also be sensitive to charge transfer and conformational changes 
based on the molecular structure of the fluorophore under investigation. When more than one of these factors 
is present for a given fluorophore, the interpretation of the time-resolved fluorescence becomes challenging, 
particularly in the presence of additional FRET.  

 

To overcome these challenges, we used these mCerulean3-linker-mCitrine constructs for technique 
development towards FRET analysis based on the rotational dynamics of the acceptor with respect to the 
donor, which is excited by polarized laser pulses. In this approach, we used time-resolved fluorescence 
polarization anisotropy to monitor the rotational dynamics as a means to quantify the energy transfer rate (

	kET ), energy transfer efficiency (	E ), and therefore the donor acceptor distance (	RDA ) in a tethered donor-
acceptor pair.  
 

In the time-resolved anisotropy approach for FRET analysis of G12, for example, the donor is excited 
with 425-nm laser pulses (120 fs, 4.2 MHz) and the depolarized fluorescence emission of the acceptor is 
separated into parallel, 

 		I!(t) , and perpendicular, 		I⊥(t) , polarizations with respect to the excitation-pulse 

polarization prior to detection using TCSPC technique.  Then, the parallel and perpendicular fluorescence 
polarization decays are then used to the calculate the time-resolved anisotropy, 		r(t) , such that:25 

   
  
r(t) =

I⎜⎜(t)−GI⊥ (t)
I⎜⎜(t)+ 2GI⊥ (t)

       (9) 

The geometrical (G ) factor corrects for any potential bias in the polarized photon detection and can be 
estimated using the tail-matching approach.14 The complexity of any anisotropy decay of a given fluorophore 
depends on its molecular structure and the surrounding environment. 
 

We measured the time-resolved fluorescence anisotropy of both the cleaved and intact G12 sensor in PBS 
buffer at room temperature and representative results are shown in Figure 4. The anisotropy of the cleaved 
G12 (curve A) in PBS buffer decays as a single exponential as compared with a double exponential decay for 
the intact counterpart (curve B). The fitting parameters are summarized in Table 2. 

The double-exponential anisotropy decay of the intact G12 was modeled assuming an ensemble of two 
subpopulations (with amplitude fractions of  β1  and  β2 ), one undergoing FRET and another that does not such 
that:14 

   
1 1( ) ( )

1 2( ) ET DA DAk t tr t e eϕ ϕβ β
− −− + −= +       (10) 

In this model, the decay rate constant of the fast anisotropy decay component is the sum of the energy transfer 
rate ( kET ) and the rotational rate of the donor (  φDA

−1 ). Under the same experimental conditions, we also 
measure the time-resolved anisotropy of the cleaved G12 and the rotational time of the donor (mCerulean3), 
shown in Table 2. 
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Figure 4: Time-resolved anisotropy of intact and cleaved G12 biosensor is distinct. In these 
measurements, the donor is excited at 425 nm and the fluorescence emission of the acceptor is detected 
using a band pass filter of 531±20 nm. The anisotropy of the FRET incapable cleaved G12 (curve A) 
in PBS buffer decays as a single exponential as compared with a double exponential decay for the 
FRET capable intact counterpart (curve B). The fitting parameters are summarized in Table 2. 

 

The corresponding rotational decay rates (  φDA
−1 ) of the donor in the cleaved and intact G12 are relatively close 

due to the flexible linker. Using these equation and the measured decay rates, we estimated the energy transfer 
rate (	kET ) based on equation 9, energy transfer efficiency (	E ), and therefore the donor acceptor distance (

	RDA ) in G12 using equations 2 and 11, where: 

             
  
E =

kET

kET +τ D
−1

⎛

⎝⎜
⎞

⎠⎟
×

β1

β1 + β2

⎛

⎝⎜
⎞

⎠⎟
                                                        (11) 

In these calculations, the fluorescence decay rate of the donor alone can be measured directly as described 
above (section 2.2) or using the dominator in equation 9, which is equivalent to the fluorescence decay under 
magic angle detection. In addition, the weighing factor allows us to estimate the averaged energy transfer 
efficiency over the whole subpopulations of the G12 ensample (equation 10).  

Using these time-resolved anisotropy measurements and equation 11, we estimated an energy transfer 
efficiency of 35.9% with the corresponding donor-acceptor distance of 5.94 nm. Using the time-resolved 
anisotropy approach (equations 7 and 11), this energy transfer efficiency is slightly larger than fluorescence 
lifetime-based value (equation 4, section 2.2), and the corresponding donor-acceptor distance is slightly 
smaller as well. The time-resolved anisotropy approach, however, indicates that the energy transfer efficiency 
of G12 increases as the macromolecular crowding increases using Ficoll-70 as the crowding agent.14 The 
observed trend here agrees well with the fluorescence lifetime7 and the steady-state13 spectroscopy approaches 
for FRET analysis. 
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Table 2: Fitting parameters for the anisotropy decays shown in Figure 2. The measured fast ( ϕ1 ) and slow ( ϕ2 ) 

rotational time are defined as   ϕ1
−1 = kET +φDA

−1  and   ϕ2
−1 = φDA

−1
 according to our model (equation 9). 

 

 

 

 

a Using triple exponential model enhanced the fitting of the anisotropy decay (Figure 4, curve B) of intact 
G12 (pH 7.4, PBS), which could be attributed to an additional (but small) population that is undergoing 
FRET at a different rate.   

 

Based on the conventional relationship between the energy transfer efficiency and the energy transfer rate 
(equation 7), the excited-state fluorescence decays via two parallel deactivation mechanisms: one is that the 
fluorescence decays of the donor alone (at a rate of  

k fl
D ), and the other is that the energy transfers from the 

donor to the acceptor (at a rate of  kET ). To reconcile the results from the time-resolved fluorescence and time-
resolved anisotropy approaches, we considered modifying the energy transfer efficiency equation slightly 
such that the rotational dynamic approach can be analyzed using the following equation: 

  
E =

kET

kET +τ D
−1 + 2φD

−1

⎛

⎝⎜
⎞

⎠⎟
×

β1

β1 + β2

⎛

⎝⎜
⎞

⎠⎟
                                               (12) 

 
Our rationale here is that the energy transfer (  kET ) relaxation channel is competing in parallel 

(simultaneously) with the fluorescence decay (at a rate of  
k fl

D ) of the excited-state of the donor as well as its 

rotational dynamic at a rate of   ϕD
−1 . As a reminder, our model dictates that we excite the donor and detected 

the polarization-analyzed fluorescence emission of the acceptor. As a result, the rotational rate of both the 
donor and the acceptor should be considered in the overall rates in the denominator of equation 12. However, 
the donor and acceptor in G12 are relatively close in size (or molecular weight). Thus, we used the following 
approximation in equation 12 such that   ϕD

−1 +ϕ A
−1 ≈ 2ϕD

−1 .  
 
When we applied the modified energy transfer efficiency (equation 12) to G12, we calculated an energy 

transfer efficiency of 32.5% with a corresponding donor-acceptor distance of 6.10 nm, which is less than 10% 
lower upon the inclusion of the rotational rates. This minor difference obtained using equation 12 (as 
compared with equation 12) is not surprising because the rotational dynamics of a given fluorophore is 
observed during the excited-state lifetime of the donor. In other words, the fluorescence lifetime of the donor 
is the rate-limiting step in comparison to the rotational dynamics. The slightly larger energy transfer 
efficiency in G12 using the time-resolved anisotropy approach (26% higher than that using the average 
fluorescence lifetime approach) may alternatively be attributed to the slight spectral overlap between the 
donor and acceptor emission within bandwidth of the filter (531 ± 20 nm) used in detecting the mCitrine 

G12 

(PBS buffer)  β1   ϕ1 	
(ns) 
	

 β2   φ2  
(ns) 

 

Cleaved (curve A) --- --- 0.270 15.66 

Intact (curve B)a 0.099 1.06 0.114 16.57 
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emission.  In addition, the probability of a direct excitation of the acceptor under 425-nm illumination may 
not be ruled out.    
 

Taken together, time-resolved anisotropy of tethered donor-acceptor pair is a viable approach for FRET 
analysis, when the donor is excited and the polarization-analyzed fluorescence emission of the acceptor is 
detected.14 In FRET sensors such as G12, where the donor and the acceptor are fluorescence proteins, this 
approach limits the numbers of environmental and molecular parameters that influence the rotational 
dynamics and therefore the energy transfer pathway towards FRET analysis. According to Stokes-Einstein 
model, the rotational dynamics of a fluorophore depends solely on its hydrodynamic volume and the viscosity 
of the surrounding environment at a given temperature. Importantly, time resolved anisotropy measurements 
could provide a means to estimate directly the orientation parameter (	κ 2 )26, which is key for FRET analysis. 

 
There are some challenges using time-resolved anisotropy for FRET analysis when the donor and the 

acceptor are small molecules due to the additional segmental mobility that is expected in these types of 
measurements. While time-resolved anisotropy method can be used effectively in solution studies, it is not 
compatible with live cell studies particularly if high spatial (i.e., pixel to pixel) resolution (i.e., per pixel) is 
required. This limitation is due to the requirement of two detection channels for polarization analysis as well 
as the high signal-to-noise ratio necessary for each parallel and perpendicular fluorescence polarization 
decays. While a longer acquisition time might work, particularly when using one-photon excitation, laser-
induced stress on the cells might be of a concern. 
 
 

3. CONCLUSIONS 
 
In this contribution, we compared different fluorescence approaches for determining the energy transfer 
efficiency and donor-acceptor distance of newly designed mCerulean3–linker–mCitrine constructs for 
environmental sensing. Based on the amino acid sequences in the linker region, these sensors can be sensitive 
to either macromolecular crowding or the ionic strength of the surrounding environment. In addition, we used 
these hetero-FRET sensors to develop new spectroscopic approaches for quantifying the energy transfer 
efficiency and the donor-acceptor distance as a means to elucidate the underlying mechanisms for their 
environmental sensing. We highlighted ensemble-averaging approaches using time-resolved fluorescence and 
time-resolved fluorescence polarization anisotropy of G12 sensor as a model system and compared our results 
with steady-state spectroscopy. We also discussed different models for data analysis for each approach, along 
with comparison of the corresponding energy transfer efficiency and donor-acceptor distance using G12 
sensor. Currently, we are using different modalities of fluorescence correlation spectroscopy for FRET 
analysis of these sensors at the single-molecule level. Our findings in control environments so far are 
currently being exploited for complementary studies in living cells. These integrated techniques are versatile 
and robust enough to be used on various in vivo FRET applications as well as the characterization of newly 
designed hetero-FRET based biosensors.  
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