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ABSTRACT 

The heterogeneous cellular environment influences a myriad of biological processes. For example, 
macromolecular crowding affects biochemical reactions, protein-protein interactions, and protein folding. 
Additionally, the structure-function relationship of biomolecules and enzymatic activities are sensitive to the 
surrounding ionic strength. In this contribution, we highlight our recent studies on a family of donor–linker–
acceptor constructs, which were designed for mapping the macromolecular crowding and ionic strength in 
living cells. Integrated ultrafast laser spectroscopy methods have been employed to quantify the Förster 
resonance energy transfer (FRET) and the donor-acceptor distance as a measure of the sensitivity of these 
constructs to environmental changes. The donor-acceptor FRET pairs are intrinsically fluorescent cyan and 
yellow proteins, respectively, that can be genetically encoded in living cells. The sensitivity of these 
constructs to environmental biomimetic crowding and ionic strength was investigated as a function of the 
sequence and charge of the linker regions, as well as the identity of the donor protein. Integrating non-
invasive, quantitative laser-induced fluorescence methods with FRET, as a molecular ruler, provides a 
powerful tool for cellular studies towards mapping out macromolecular crowding and ionic strength in living 
cells. Our results are key for the development of rational design strategies for engineering enhanced 
noninvasive biosensors with better environmental sensitivities. The same sensors were used as a model 
system for developing new experimental approaches for protein-protein interaction and FRET studies. 
Importantly, these diagnostic molecular and analytical tools set the stage for understanding the correlation 
between these environmental factors and cellular functions. 

1. INTRODUCTION 

The heterogenous cellular environment (e.g., macromolecular crowding, ionic strength, etc.) influences a 
myriad of biological processes, but our understanding of these dynamic environments is limited by the site-
specificity of environmental sensors or labels, the spatial and temporal resolutions of employed 
methodologies, and the biological limitations of model systems.1–4 Macromolecular crowding, for example, 
influences biochemical reactions, protein-protein interactions, and protein folding.5–11 It is estimated that 
macromolecular crowding in cells varies within an estimated range of 80-300 g/L across cytoplasm and 
organelles.9,12–14 Additionally, the structure-function relationship of biomolecules, enzymatic activities, and 
cellular osmolarity are sensitive to the compartmentalized intracellular ionic strength.15,16  

 Macromolecular crowding also been tied to changes in osmotic pressure and diffusion rates of 
biomolecules.17 Both crowding and osmotic pressure are frequently investigated by compressible probes, such 
as labelled polymers18,19 or intrinsically disordered proteins.20,21 Diffusion coefficients can be measured using 
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a large array of techniques, such as fluorescence correlation spectroscopy (FCS),22,23,23–25 fluorescence 
recovery after photobleaching,22 and single-particle tracking,26 which rely on the diffusion of a fluorescent 
particle across a defined observation volume and the corresponding diffusion time is then related to the 
diffusion coefficients within the context of the environmental crowding. These fluorophores encompass 
intrinsically fluorescent proteins26,27, functionalized nanoparticles28, quantum dots26,29,30, or fluorescent 
dyes.26,27,31 Direct measurements of bulk ionic strength are less common; instead, most researchers focus 
instead on detection of individual ions of interest. Usually, individual ion sensing measurements take 
advantage of ion binding domains (or chemosensors) for quantification.32–35 Recently, Altamash et al. has 
published a bioluminescence-based approach for probing bulk ionic strength.36 It was determined that the 
bioluminescence of NanoLuc reversibly decreases in response to NaCl and KCl addition and a BRET-based 
biosensor was created from fusing NanoLuc to mNeonGreen.36  

 Förster resonance energy transfer (FRET), considered a molecular ruler, is a quantitative method for 
observing protein-protein interactions, intermolecular interactions, and conformational changes of 
biomolecules.1,37 FRET is a non-radiative, dipole-dipole interaction where energy from an excited donor 
molecule is transferred to an acceptor molecule in close proximity (1-10 nm).38–41 The FRET efficiency 
depends on the donor-acceptor distance, the relative orientation of the donor emission and acceptor 
absorption dipoles, and the spectral overlap between donor emission and acceptor absorption.38,40,41 A number 
of methods exist to quantify FRET, such as steady-state fluorescence spectroscopy,42,43 time-resolved 
fluorescence,1,4,42,43 and single molecule fluorescence.44,45  

In this minireview, we highlight recent developments of environmental sensors that consist of donor-
linker-acceptor constructs with variable amino acid sequences, lengths, flexibility, and charge of the linker 
region. The donor molecule (mCerulean3) is a cyan fluorescence protein (CFP), and the acceptor molecule 
(mCitrine) is a yellow fluorescent protein (YFP). This donor-acceptor FRET pair is photostable with a high 
quantum yield and, importantly, without the tendency to form aggregates.46–48 The sensitivity of these sensors 
to the surrounding environment, either macromolecular crowding or ionic strength, are characterized using 
complementary laser spectroscopy techniques for FRET analysis and the donor-acceptor distances. These 
studies aim at the development of rational design strategies for FRET-based environmental sensing, both in 
controlled environments and ultimately for use in in vivo environments. In addition, we examine the 
correlation between the newly developed fluorescence approaches (time-resolved fluorescence depolarization 
and single molecule fluorescence fluctuation) for FRET analysis as compared with the traditional time-
resolved and steady state fluorescence spectroscopy methods on the same molecular systems.  

2. MACROMOLECULAR CROWDING SENSORS 

2.1 Engineering of Genetically Encoded Donor-Linker-Acceptor Constructs for Site-Specific Crowding  

Boersma et al. developed a FRET-based fluorescent biosensor, GE, as a macromolecular crowding probe in 
the form of an mCerulean3-linker-mCitrine construct.46 This sensor used a hinge-like linker design that 
connected the donor cyan fluorescent protein, mCerulean3, with the acceptor yellow fluorescent protein, 
mCitrine, by two α-helices and random coils. Following a similar design strategy, Boersma and coworkers 
have since developed a family of variants with different amino acid sequences in the linker region to examine 
the effects of the length and flexibility of the linker region on the environmental sensitivity (Table 1). The 
family of these new constructs consists of nine macromolecular crowding variants (E6G2, E6G6, E4G2, 
E4G6, E6, G12, G18, and G24) where the number and length of the α-helices and inner (GSG)n in the linker 
region were varied (Figure 1).47,49 
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Table 1: Amino acid sequence of the linker region of selected mCerulean3-linker-mCitrine constructs 
used as macromolecular crowding sensors.  

Crowding Sensor Amino Acid Sequence of the Linker Region 

GE – (GSG)6A(EAAAK)6A(GSG)6A(EAAAK)6A(GSG)6– 

E6G2 –A(EAAAK)6A(GSG)2A(EAAAK)6A– 

E6 – (GSG)6A(EAAAK)6A(GSG)6– 

G12 – (GSG)12– 

G18 – (GSG)18– 

 

 
Figure 1: Schematic representation of selected donor-linker-acceptor constructs designed for 
macromolecular crowding sensing.50,51 

We hypothesize that as macromolecular crowding increases, the surrounding steric hinderance leads 
to a collapsed conformation of these donor-linker-acceptor constructs, which in turn decreases the donor-
acceptor distance and, therefore, increases the FRET efficiency (Figure 2). Hus, the constructs can be 
considered as a tool to measure of sensitivity to environmental crowding, was measured in vivo using two-
channel confocal microscopy studies on E. coli strain BL21(DE3)pLysS and in vitro using steady-state 
fluorescence spectroscopy of samples in a cuvette. It was demonstrated that the sensors without α-helices 
(G12, G18, G24) showed the highest FRET efficiency, which was attributed to higher linker flexibility and 
shorter linker distance.49 All sensors responded to increasing amounts of Ficoll-70 (70 kDa), up to 40% 
(w/w), recorded as an increase in relative mCitrine/mCerulean3 fluorescence intensity, which was attributed 
to FRET. The larger probes (E6G2, GE) had a larger overall compression in Ficoll-70, up to 85%, which was 
attributed to the increased size and stiffness of the linker and therefore an increased donor and acceptor 
distance in an uncrowded environment. Additionally, it was also determined that the changing FRET 
efficiency of these probes was due to crowding alone, because the probes were sensitive to a variety of 
crowding agents (polyethylene glycol [PEG], ubiquitin, BSA) but did not respond to salts or common 
metabolites.46,49  

 Importantly, in vivo expression and corresponding steady-state spectroscopy of these probes in E. coli 
suggested that α-helices were necessary for compression of the probes in cells. The observed effect was likely 
more dependent on the (EAAAK)/(GSG) ratio than on linker length,49,54 which was attributed to of the 
reduced flexibility of the linkers with higher (EAAAK)/(GSG) ratios.54 However, it was concluded that future 
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molecular engineering design must optimize the balance among the linker rigidity, length, and flexibility 
towards an enhanced sensitivity of donor-linker-acceptor sensors to macromolecular crowding.49,54  

 
Figure 2: Hypothesized mechanism that underlies the response of mCerulean3-linker-mCitrine 
constructs to surrounding environmental crowding. At high concentration of macromolecular 
crowding, the FRET efficiency increases due to steric hindrance that favors the collapsed 
conformation.49–53  

 Steady state intensity FRET has many advantages, including easy availability, low cost, ease of 
operation, and minimum photon waste.42 However, the steady-state approach may suffer from complications 
due to spectral overlap (bleed-through or cross-talk) between the detection channels of the donor and 
acceptor, different detection efficiencies, and the potential of exciting the acceptor directly.43 Valuable 
samples (cells, tissues, or proteins) are also not well-suited for cuvette-based steady-state spectroscopy.42 
Additionally, protein sensors must be expressed a relatively high concentrations to generate a reasonable 
signal-to-noise ratio while suppressing the intrinsic cellular autofluorescence of native biomolecules that may 
interfere with FRET analysis. For cellular crowding studies, cells transfected with the donor-linker-acceptor 
construct must be compared with cells expressing the donor alone as a control. It is also believed that the 
steady-state spectroscopy approach may lead to averaging over multiple molecular conformations (or states) 
as well as an overestimated donor-acceptor distance.  

2.2 Crowding Sensitivity of Donor-Linker-Acceptor Constructs using Time-Resolved Fluorescence of 
the Donor 

To overcome the challenges associated with a steady-state spectroscopy approach, time-resolved fluorescence 
measurements (Figure 3) were reported on the family of crowding sensors50,52 shown in Figure 1. The 
fluorescence lifetime of a fluorophore is sensitive to aspects of its chemical structure as well as its 
surrounding environment, but, unlike a steady-state spectroscopy approach, the fluorescence lifetime is not 
sensitive to the fluorophore concentration.1,40 In addition, time-resolved fluorescence measurements of a 
FRET pair are capable of differentiating between subpopulations undergoing FRET at different rates. Finally, 
time-resolved fluorescence is the main observable in fluorescence lifetime imaging microscopy (FLIM), 
which is compatible with live cells and tissue imaging at high spatial and temporal resolutions.1,4 With careful 
experimental design and data analysis, fluorescence lifetime measurements of FRET pairs in living cells may 
rule out the need for transfecting the cells with the donor alone as a control.  

The excited-state fluorescence lifetime of the donor in these constructs was measured for cleaved (no 
FRET) and intact (FRET) sensors as a function of the surrounding environmental crowding. In an ensemble 
of donor-linker-acceptor constructs, it was assumed that not all sensors will undergo FRET coherently and 
there are likely two subpopulations, one that undergoes FRET and another that does not. With these 
assumptions in mind, the observed fluorescence decays,   F (t) , of the donor in intact sensors were modeled as 
a biexponential, such that:50,52,55 
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  F(t) =α1e
−(kET +k f

D )t +α 2e
−(k f

D )t        (1) 

In this model, the first term represents the subpopulation that undergoes FRET (at an amplitude fraction  α1
) 

where the fluorescence decays at a sum of rates ( kET
+ k

f

D ) of the involved processes. The second term 

represents the fluorescence decay of the donor at a rate of  k f

D  without FRET (at an amplitude fraction  α 2
). 

 

Figure 3: A sketch of integrated fluorescence approaches for FRET analysis of donor–linker–acceptor 
constructs for environmental sensing. (A) Time-resolved fluorescence of the donor in the presence and 
absence of the acceptor. (B) Time-resolved fluorescence depolarization (anisotropy), where the donor 
is excited, and the dominant emission of the acceptor is polarization analyzed. (C) Fluorescence 
correlation spectroscopy (FCS) for measuring the molecular brightness of the donor in the presence 
and absence of the acceptor at the single molecule level.  

In these measurements, the fluorescence was detected at magic-angle polarization40,56 to rule out the 
effects of rotational dynamics during the excited state lifetime. In the absence of FRET, the time-resolved 
fluorescence decays as a single exponential with a fluorescence decay ( k f

D ) close to the inverse of the 

fluorescence lifetime ( τ D
) of the donor alone. From Equation (1) the energy transfer efficiency (E%) can be 

calculated using the fluorescence lifetime of the donor in the presence ( τ AD
) and absence ( τ D

) of the acceptor 
such that:50,52,55 

  
E1(%) = 1−

τ DA

τ D

⎛

⎝⎜
⎞

⎠⎟
×100        (2) 

Using this approach, Currie et al.52 compared the time-resolved fluorescence lifetime of cleaved (no 
FRET) and intact (FRET) GE for FRET analysis. In the absence of FRET, the cleaved GE fluorescence 
decayed as a single exponential as compared with the biexponential in the presence of energy transfer from 
the donor to the acceptor (Equation 1) in the intact sensor, where the FRET efficiency and donor-acceptor 
distance were reported.52 Under the 465-nm excitation of cleaved and intact GE, the time-resolved 
fluorescence (detected the acceptor at 530/40-nm) decayed as a single exponential in the absence of FRET. 
Under the same experimental conditions, the authors also carried out control experiments on free cyan 

Proc. of SPIE Vol. 12228  1222804-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 05 Oct 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



fluorescent protein and free yellow fluorescent protein to examine the effects of mCerulean3 and mCitrine 
mutations in GE sensor. 

 Schwartz et al.50 have reported comprehensive time-resolved fluorescence studies of the donor in 
several of the aforementioned molecular crowding sensors (GE, G12, G18, E6G2, and E6), which agreed with 
the steady-state results presented by Boersma et al. Under 425nm pulsed excitation of the donor, the 
fluorescence decay of the donor in the presence (intact, FRET) and absence (cleaved, no FRET) of the 
acceptor were used to calculate the corresponding FRET efficiency and the donor-acceptor distance as a 
function of the Ficoll-70 concentrations. As the Ficoll-70 concentration increased, the energy transfer 
efficiency increased, and the corresponding donor-acceptor distance decreased due to enhanced crowding-
induced steric hindrance.50 This study also showed that crowding sensors without α-helices had the highest 
FRET efficiency. Sensors with α-helices in the linker region, however, showed a larger dynamic range in 
their response to increasing concentrations of the crowding agent.  

 The results support the hypothesis that steric hinderance at higher Ficoll-70 concentrations increases 
the FRET efficiency (i.e., smaller donor-acceptor distance) and therefore results in higher sensitivity to 
environmental crowding.50 To differentiate between crowding and homogeneous viscosity effects on the 
observed FRET efficiency, Schwartz et al. repeated the same measurements of the same family of crowding 
sensors, both cleaved and intact, as a function of glycerol concentrations. It was demonstrated that the higher 
homogeneous viscosity stabilized the stretched conformation and a decrease in thermal fluctuations, which 
resulted in either no change or a reduction in the FRET efficiency. The detailed amino acid sequence of the 
linker region between the donor and acceptor in those sensors was invoked in data interpretation. For 
example, the sensitivity of sensors with random coil linker (G12 and G18) exhibited the largest response to 
changing viscosity and the dual α-helix linkers (GE and E6G2) remained essentially unchanged.50 

2.3 Using Crowding Sensors for Technique Development  

2.3.1 Time-resolved fluorescence depolarization for FRET analysis 

Traditionally, time-resolved fluorescence anisotropy is used for studying the rotational dynamics and 
conformational mobility of fluorophores during their excited-state lifetime.40 In time-resolved anisotropy 
measurements, the time resolved parallel    I ! (t)  and perpendicular   I⊥

(t) fluorescence polarizations are detected 

and used to calculate the corresponding anisotropy decay,   r(t) , for a given molecule, such that:40 

   
r(t) =

I! (t)− I⊥ (t)
I! (t)+ 2I⊥ (t)

         (3) 

For a simple molecule rotating in an environment with a homogenous viscosity, the anisotropy decay can be 
modeled as a single exponential with a rotational time ( ϕr ) and an initial anisotropy (  r0 ) where:40 

  r(t) = r0 ⋅e
− t /ϕr          (4) 

The initial anisotropy (  r0 ) is related to the angle between the absorbing and emitting dipole of the excited 

molecule during the excited state lifetime. According to the Stokes-Einstein model, the rotational time ( ϕr ) 
depends on the hydrodynamic volume (V) and the viscosity (η) of the surrounding environment at a given 
temperature (T), where  kB  is Boltzmann’s constant, such that:40 
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ϕr =

ηV
kBT

         (5) 

 Recently, Heikal and coworkers proposed the use of a similar approach to time-resolved anisotropy 
for investigating the fluorescence depolarization of donor-linker-acceptor constructs due to both hetero-FRET 
and rotational dynamics (Figure 3).51,52,57 Upon pulsed excitation of the donor, the time-resolved fluorescence 
of mostly the acceptors emission is analyzed into parallel and perpendicular polarizations of the donor-linker-
acceptor construct in a given environment. In an ensemble of donor-linker-acceptor constructs, it is assumed 
that a fraction of the population,   f

1
(λ ) , will undergo depolarization (or anisotropy) due to FRET (fast) and 

another fraction,   f
2
(λ ) , will only undergo rotation (slow) such that the overall time-resolved anisotropy can 

be modeled as:  

  r(t) = f1(λ) ⋅r1(t)+ f2(λ) ⋅r2(t)       (6) 

In this proposed model, the first term represents a subpopulation that undergoes depolarization   r1(t)  due to 

FRET when the detected emission is dominated by the acceptor’s emission   f1
(λ ) . The second term, however, 

represents the depolarization   r2(t) of a subpopulation due to rotational mobility alone, which dominates when 

the donor’s emission   f
2
(λ )  is detected. The time-resolved ensemble anisotropy   r(t)  of hetero-FRET pairs 

can be written as: 

  r(t) = f1(λ) ⋅β1e
−(kET +ϕr

−1)⋅t + f2(λ) ⋅β2e
−(ϕr

−1)⋅t      (7) 

The sum β1
+ β

2
 in this model equals the initial anisotropy (  r0

). The contributions of each subpopulation to the 

overall fluorescence depolarization   f
1
(λ )  and   f2

(λ ) depend on the fluorescence quantum yield of the donor 
and acceptor as well as their peak emissions, which can be adjusted using different emission filters. For 
example, when exciting and detecting exclusively the donor emission of a hetero-FRET pair, the second term 
due to rotation-induced depolarization will dominate. When exciting the donor and detecting mainly the 
acceptor emission, the first term due to FRET will dominate. The observed time-resolved anisotropy can be 
used to calculate the energy transfer rate ( kET

) and therefore the energy transfer efficiency (E%) using the 
following equation:40,57 

  
E2(%) =

kET

kET +τ D
−1

⎛

⎝⎜
⎞

⎠⎟
×100        (8) 

It is worth emphasizing that monitoring the rotational dynamics is limited by the excited state fluorescence 
lifetime of the donor ( τ D

).  

Currie et al. demonstrated this time-resolved fluorescence depolarization approach for FRET analysis 
using intact and enzymatically cleaved GE sensor (mCerulean3-linker-mCitrine) as a model system.52 First, 
the time-resolved anisotropy of the donor’s emission (425-nm excitation and 475/50-nm polarized detection) 
in both the cleaved (no FRET) and intact (FRET) decayed as a single exponential. As expected, the 
anisotropy of cleaved GE decayed with a faster rotational time than the intact counterpart due to the 
difference in hydrodynamic volumes. However, the estimated overall rotational time of the intact GE was 
slightly faster than the theoretical predictions based on sensor molecular weight, which was attributed to 
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potential segmental mobility due to the flexible linker.52 Under these conditions, the fluorescence 
depolarization of the donor in the presence or absence of the acceptor was attributed mainly to the 
corresponding rotational mobility (i.e., no FRET). Second, the time-resolved fluorescence depolarization of 
intact GE, using 425-nm excitation of the donor and 531/30 nm polarized detection of mostly the acceptor, 
decayed as a biexponential where the faster decay component was attributed to FRET52 while the slow decay 
component was due to the overall rotational dynamics (Equation 7). The time-resolved fluorescence 
depolarization of the cleaved GE sample, however, decayed as a single exponential due to rotational 
dynamics alone. 

Leopold et al. reported comprehensive studies of a family of crowding sensors (GE, G12, G18, 
E6G2, and E6) using time-resolved fluorescence depolarization as a function of macromolecular crowding 
using Ficoll-70 as a crowding agent.51 The objective of these studies was to examine the sensitivity of the 
time-resolved anisotropy approach to the linker design in these sensors under 425-nm pulsed excitation and 
531/30-nm polarized detection. Using E6, Leopold and colleagues demonstrated that the FRET-incapable 
cleaved sample produced a single exponential decay, while a FRET-capable sensor required biexponential 
fitting. Again, the fast component of the biexponential decay was attributed to FRET. 

Importantly, while GE, E6, and E6G2 decayed satisfactorily as a biexponential, the anisotropy decays 
of G12 and G18 were better described by a triple exponential that was attributed to different rates of FRET 
between two distinct FRETing populations in these samples. Overall, both increased length and stiffness of 
the linker region were correlated to a decrease in FRET; however, length is thought to be the predominating 
factor influencing FRET.51 Leopold et al. also observed decreasing FRET as a function of glycerol and an 
increase in the slow rotating fraction of the population. This observation was also attributed to the 
stabilization of the stretched conformation in a more viscous environment.  

2.3.2 Fluorescence correlation spectroscopy and molecular brightness FRET analysis at the single 
molecule level 

Time-resolved fluorescence and anisotropy on molecular ensembles have the potential of washing out 
interesting single molecule states or processes due to the inherent averaging over a large number of 
molecules. In contrast, single molecule studies using a wide range of techniques provide a means to avoid 
such ensemble averaging limitation.58,59 One of these single molecule techniques is fluorescence correlation 
spectroscopy (FCS) in all its modalities.25,60,61 In the simplest modality of FCS experiments, for example, an 
open observation volume (~1 × 10-15 L) is created using both the laser excitation and the confocal 
epifluorescence. As molecules at nanomolar concentrations diffuse freely in and out of the observation 
volume the time-dependent fluorescence fluctuation is detected using single-molecule detectors (e.g., 
avalanche photodiodes, APDs). This fluorescence fluctuation is autocorrelated with itself to create the 
corresponding autocorrelation curve, which yields the average number of molecules residing in the 
observation volume, the translational diffusion time, and any other processes beside diffusion that contribute 
to such fluctuations (e.g., fluorescence blinking in intrinsically fluorescent proteins, binding kinetics, and 
triplet state population via intersystem crossing).25,60–62 

 There have been more sophisticated modalities of FCS used for FRET analysis, which include 
fluorescence cross-correlation spectroscopy, FCCS,63,64 and dual-color FCCS.65,66 In the FCCS approach, the 
fluorescence fluctuations of both the donor and acceptor are detected using different APDs simultaneously 
and the corresponding cross-correlation curve of the donor-acceptor pair is calculated. For FRET analysis, 
however, the molecular brightness, the quantum yield, spectral overlap, and the detection efficiency of both 
the donor and acceptor must be accounted for, which is not trivial. In addition, the details of the fitting model 
used for the cross-correlation curve analysis also matters. 
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Recently, Kay et al. proposed a much simpler approach using the traditional FCS modality using a 
continuous wave (cw) laser for FRET analysis of donor-linker-acceptor constructs (Figure 3).53 It is known 
that the traditional steady-state, time-averaged fluorescence intensity of the donor in the absence ( FD

) and 

presence ( FDA
) of the acceptor can be used to calculate the corresponding energy transfer efficiency (E%) 

such that:53 

  
E3(%) = 1−

FDA

FD

⎛

⎝⎜
⎞

⎠⎟
×100        (9) 

In their approach, Kay et al. used FCS to measure the time-averaged fluorescence fluctuation, 

  δ F
i
(t) , and the number of molecules, N, (e.g., either intact or cleaved donor-linker-acceptor constructs) that 

are residing in a calibrated observation volume. In traditional FCS, the measured time-dependent fluorescence 
fluctuation at a given time can be autocorrelated with itself as a function of lag time ( τ ) to obtain the 
fluorescence fluctuation autocorrelation function   G(τ )  such that:25,60,61 

  

G(τ ) =
δ F(t)⊗δ F(t +τ )

δ F(t)
2        (10) 

For fluorescence fluctuations due to translational diffusion alone (i.e., no chemical kinetics, triplet 
state intersystem crossing, or fluorescence blinking), the autocorrelation function   G(τ )  for a molecule 

depends on the number of molecules (N), the diffusion time ( τ d
), and the axial-to-lateral dimensions (

  ω = r
z

/ r
xy

) of the observation volume such that:25,60,61 

  

G(τ ) = 1
N

1
1+τ / τ d( )

1

1+τ /ω 2τ d( )
      (11) 

With the measured number of molecules ( Ni
) and the time-averaged fluorescence fluctuations ( δ F

i
), 

the corresponding molecular brightness,  ψ i
, (i.e., the number of detected fluorescence photons per molecule 

in the observation volume) was then calculated for both the cleaved (i = D) and intact (i = DA) constructs 
under the same experimental conditions using the following equation:53  

  
ψ i =

Fi(t)
Ni

=
δ Fi(t)

Ni

        (12) 

The estimated molecular brightness, instead of the time-averaged fluorescence intensity, rules out any 
differences in the concentrations of the prepared sample of cleaved and intact FRET constructs used as 
environmental sensors. As a result, Equation (9) can be rewritten in terms of the molecular brightness to 
estimate the energy transfer efficiency at the single molecule level, where:53 

  
E4(%) = 1−

ψ DA

ψ D

⎛

⎝⎜
⎞

⎠⎟
×100        (13) 
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This simple approach requires only a single detector for the traditional FCS experiments, where the donor’s 
emission is excited and detected in the presence and absence of the acceptor for FRET analysis. Additionally, 
spectral overlap can be ruled out by careful selection of the emission filter for the donor alone. Unlike dual-
color FCCS, the proposed traditional FCS approach does not require two excitation lasers for exciting the 
donor and acceptor simultaneously and therefore rules out the need for exact knowledge of either the 
detection efficiency of the donor or the fitting model of the autocorrelation curve.  

Kay et al. demonstrated the FCS-FRET approach on two variants of donor-linker-acceptor constructs 
for macromolecular crowding sensing (namely, GE2.147 and GE; GE2.1 uses mTurquoise2.1 as a donor) as a 
proof-of-concept.53 The donor in each sensor was excited at 405-nm and the fluorescence fluctuation of 
cleaved and intact sensor was detected at 475/50 nm. They hypothesized that the molecular brightness of the 
donor molecule alone (i.e., in the absence of FRET) would be higher than the donor in the presence of an 
acceptor (i.e., in the presence of FRET). They determined that, despite a smaller number of molecules in the 
observation volume, the donor alone samples of both GE2.1 and GE had larger fluorescence fluctuations and 
therefore higher molecular brightness than intact donor-acceptor constructs which was attributed to the 
presence of FRET in the intact constructs. Importantly, the increased molecular brightness of the donor in the 
presence and absence of the acceptor (and therefore FRET efficiency) was not sensitive to the laser intensity 
within the linear region. At the single-molecule level, the reported FCS-FRET efficiencies of both sensors 
were slightly higher than those determined using the ensemble averaged time-resolved fluorescence 
lifetime.50,52  

As a control, Kay et al. directly excited the acceptor molecule using a 488-nm laser (continuous wave) to 
verify the hypothesis that the intact donor-acceptor construct and the donor alone would have the same 
brightness due to the absence of FRET.53 While the intact GE2.1 construct did have a slight increase in 
brightness relative to the mTurquoise2.1 donor alone, this characteristic was thought to be the result of 
enhanced spectral overlap in this sensor, and the GE construct displayed similar molecular brightness for both 
the intact construct and the donor alone. The increased brightness of the donor alone under 405-nm excitation 
and the minimal difference between donor alone and the intact constructs under 488-nm excitation 
demonstrates the potential of using the traditional FCS for FRET analysis of donor-linker-acceptor constructs.  

3. IONIC STRENGTH SENSORS 

3.1 Engineering of Genetically Encoded Donor-Linker-Acceptor Constructs for Environmental Ionic 
Strength Sensing 

Boersma and coworkers have also developed a family of ionic strength sensors (RD, RE, and KE), which 
consists of donor-linker-acceptor constructs (Table 2) with two oppositely charged α-helices in the linker 
region.67 The oppositely charged α-helices in the linker region were created by the insertion of 
glutamate/aspartate and lysine/arginine residues into the amino acid sequence of the two α-helices in those 
constructs. These probes were found to be sensitive to the ionic strength of their environment, with some 
dependency on the anion identity.67 The ionic strength sensitivity of those sensors correlated to the 
Hofmeister series of salts in terms of the hydration level of common anions. These ionic strength sensors also 
exhibit some sensitivity to other environmental factors such as macromolecular crowding, pH, and the 
temperature.  

These genetically encoded ionic strength sensors were expressed in HEK293 cells and their 
environmental sensitivity (i.e., FRET efficiency) was monitored by steady-state spectroscopy in vitro (96-
well plate in a Spark microplate reader) and in vivo (two-channel confocal microscopy). In those steady-state 
studies, the emission peak ratio of the mCitrine/mCerulean3 within cells was quantified as an indication of 
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the FRET efficiency (i.e., sensitivity) as a function of the cell titration the ionophores valinomycin and 
nigericin.67 

Table 2: Amino acid sequence of the linker region of mCerulean3-linker-mCitrine constructs (RE, 
RD, and KE) used as ionic strength sensors. 

Ionic Strength Sensor Amino Acid Sequence of the Linker Region 

RE –A(AAAAR)6A(GSG)6A(EAAAA)6A– 

RD –A(AAAAR)6A(GSG)6A(DAAAA)6A– 

KE –A(AAAAK)6A(GSG)6A(EAAAA)6A– 

 

 

Figure 4: Hypothesized mechanism for the response of these donor-linker-acceptor constructs to 
surrounding environmental ionic strength. As the ionic strength increases, the FRET efficiency 
decreases due to Debye ionic shield that reduces the electrostatic interactions between the charged α-
helices in the linker region.52,55,57,67  

3.2 Quantifying the Sensitivity of Ionic Strength Sensors (i.e., FRET Efficiency) in Controlled Solutions 
using Time-Resolved Fluorescence Measurements 

Steady state spectroscopy studies for FRET analysis are prone a few issues such as spectral overlap, ensemble 
averaging, and concentration dependence of the steady state fluorescence signal, which can be overcome 
using time-resolved fluorescence measurements. As a result, Miller et al. used time-resolved fluorescence of 
the excited electronic state of the donor, in the presence and absence of the acceptor, of the same family of the 
mCerulean3-linker-mCitrine constructs (Table 2, Figure 3) for ionic strength sensing.55,67  

Under 425-nm pulsed laser excitation of the donor, the time resolved fluorescence of the donor 
(475/50-nm and magic-angle detection) was measured in the presence and absence of the acceptor of RD, RE, 
and KE sensors in buffer. Using the fitting parameters of those fluorescence decays as discussed above, the 
energy transfer efficiency was determined for those sensors along with the donor-acceptor distance to identify 
the most sensitive sensor in this family based on the amino acid sequence of the linker region. It was reported 
that the time-resolved fluorescence of the intact sensors was best fit as biexponential decay as compared with 
the single exponential decay for the cleaved counterpart. The fast decay component of those biexponential 
decays of the intact sensors was attributed to FRET in the presence of the acceptor. The slow decay 
component was attributed to a subpopulation of the intact sensors without FRET due to perhaps the 
unfavorable dipole orientations of the donor-acceptor pairs or thermally stretched linker region. 
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Miller et al. also hypothesized that as the ionic strength increases, the dissolved ions will reduce the 
electrostatic interaction (Debye ionic shielding, Figure 4) between the two oppositely charged α-helices in the 
linker region and therefore will increase the donor-acceptor distance, thereby leading to a reduction of the 
FRET efficiency in a manner that is sensitive to the type of dissolved ions.55 To test this hypothesis, Miller et 
al. used time-resolved fluorescence of the donor of the ionic-strength sensors (RD, RE, and KE) in the 
presence and absence of the acceptor as a function of the ionic strength using different Hofmeister salts (KCl, 
LiCl, NaCl, NaBr, NaI, Na2SO4).55 In addition, controlled studies on similar donor-linker-acceptor constructs 
with a neutral linker region were carried out as a control under the same experimental conditions. The sensors 
KE, RE, and RE showed the largest response to NaI, demonstrating a sensitivity to the extreme end of the 
Hofmeister series.55 They reported that the energy transfer efficiency of RD, RE, and KE sensors deceased as 
the ionic strength of potassium chloride (KCl) solution increased, which supported their hypothesis. In 
addition, the donor-acceptor distance in these constructs increased with the ionic strength in KCl solutions. 
The energy transfer efficiency also showed a minor dependence on the linker sequence. As a control, KCl 
concentration (pH 7.4) had no significant effect on the FRET efficiency or the donor-acceptor distance of 
E6G2 probe with a neutral α-helix under the same experimental conditions.55 

3.3 Testing the Generality of Time-Resolved Anisotropy for FRET Analysis using Ionic Strength 
Sensors as Model Systems 

Previously, Currie et al.52 and Leopold et al.51 used time-resolved anisotropy of macromolecular crowding 
sensors as model systems as a proof of principle. In this approach, the fluorescence depolarization of donor-
linker-acceptor constructs was attributed to both rotational dynamics and the energy transfer from the donor 
to the acceptor and was used for FRET analysis in response to crowding. Using the time-resolved 
fluorescence of the ionic strength sensors as a benchmark or a point of reference, Aplin et al. examined 
whether time-resolved anisotropy (Figure 3) can be generalized and used for quantifying the FRET efficiency 
and donor-acceptor distance of RD, RE, and KE in response to the environmental ionic strength of the 
Hofmeister salts such as Na2SO4, NaI, NaCl, and KCl.57  

The time-resolved fluorescence depolarization of intact ionic strength sensors decayed as a 
biexponential at rates depending on the energy transfer rate (fast component) and the overall rotational 
dynamics (slow component) (Equation 7, Figure 3). In this model, the ensemble population was assumed to 
consist of a FRETing subpopulation and another that is non-FRETing due to unfavorable conformation or 
orientation parameters. In contrast, the time-resolved fluorescence depolarization of the cleaved sensors 
decayed as a single exponential with a rotational time that is consistent with the size of the donor alone 
(mCerulean3). FRET-capable intact sensors and FRET-incapable cleaved sensors were distinct and sensitive 
to salt concentration. In agreement with Miller et al., Aplin and colleagues reported that the FRET efficiency 
of the ionic strength sensors decreased as the ionic strength (e.g., KCl concentration) increased, which was 
due to the increased donor-acceptor distance at higher salt concentrations.55,57  

Aplin et al. also reported a slight difference in the sensitivity of the KE sensor to the type of salt or 
dissolved ions.57 For example, they observed that the largest response was observed at the Na2SO4 
concentration below 150 mM and reached a plateau above 150 mM of the same salt, which is distinct from 
the response to NaI and NaCl concentrations. The plateau in response to Na2SO4 is then hypothesized to be 
the result of an increased number of charges in solution potentially resulting in saturation of the linker region 
preventing significant changes in intramolecular linker interactions. While both NaI and NaCl produce the 
same ionic strength in solution, KE displayed a larger response to NaI than NaCl, which was attributed to 
potential sensitivity to the anion identity. They proposed that the iodide ion might be less hydrated than 
chlorine in solution and therefore has more interactions with the charged linker region of KE.57  
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 Using the time-resolved depolarization of these ionic strength sensors, Aplin et al. also offered a 
thermodynamic analysis of the equilibrium kinetics associated with the conformational changes of these 
sensors in response to the environmental ionic strength.57 Using the amplitude fractions of the FRETing 
(collapsed structure) and non-FRETing (stretched structure) subpopulations, Aplin et al. reported 
approximate values of both the associated equilibrium constant (K) and Gibbs free energy (ΔG) of KE as a 
function of KCl concentrations. The results suggested that stretched conformation of these sensors was 
favored at higher ionic strength (e.g., higher KCl concentrations), a conclusion that agrees with the observed 
reduction of the FRET efficiency and enhanced donor-acceptor distance at higher ionic strength. Taken 
together, these results support the hypothesis that as the ionic strength increases, the dissolved ions will 
reduce the electrostatic interaction (Debye ionic shielding) between the two oppositely charged α-helices in 
the linker region and therefore will increase the donor-acceptor distance, which leads to a reduction in the 
FRET efficiency in a manner that is sensitive to the type of dissolved ions.55,57 

4. CONCLUSIONS AND FUTURE DIRECTIONS 

In this mini-review, we highlighted recent advances in genetically encoded sensors for both environmental 
ionic strength and macromolecular crowding in controlled solutions. These studies examined different 
molecular engineering aspects (e.g., length, flexibility, and charges in the linker region) towards the 
development of rational design strategies for highly sensitive environmental sensors for a wide range of in 
vivo applications. In addition, these donor-linker-acceptor constructs were used as model molecular systems 
for developing new noninvasive, quantitative methods for FRET analysis in response to changes in the 
surrounding environments. For example, the standard time–resolved fluorescence of the donor in the presence 
and absence of the acceptor was used for FRET analysis in these sensors. Using these measurements as a 
point of reference, other techniques were also developed for FRET analysis such as time-resolved 
depolarization where the donor is excited and the polarization analysis of the predominantly acceptor’s 
emission was used to determining the energy transfer rate. At the single molecule level, the molecular 
brightness of the donor in the presence and absence of the acceptor were also measured using FCS for FRET 
analysis and compared with the ensemble studies. 

Taken together, these studies of donor-linker-acceptor sensors in controlled solutions showed a great 
potential for future in vivo applications, which would also benefit from the laser-induced fluorescence 
methodologies developed that are also compatible with in vivo imaging for mapping cellular 
microenvironments under different physiological and pathological conditions. From the molecular design 
perspective, sensors with donor-acceptor FRET pairs, where the donor can be excited using laser wavelengths 
commonly accessible to research laboratories, or where the FRET pair is red-shifted to decrease the 
background signal of a cell. Recently, for example, Boersma and coworkers have developed GE2.3 (mEGFP-
linker-mScarlet–I) that can be excited at 488-nm.68,69 In addition, Miyagi et al. have developed a genetically 
encoded macromolecular crowding sensor (CRONOS) that consists of mNeonGreen-linker-mScarlet–I, where 
the donor can also be excited at 506-nm.70 It was reported that CRONOS is bright biosensor with a large 
dynamic range that suited for live cell studies with various modalities. Genetically-encoded, intrinsically 
fluorescent protein-based sensors, combined with quantitative non-invasive fluorescence spectroscopy 
methods, have a great potential for site-specific mapping of heterogeneous microenvironments in living cells 
for macromolecular crowding or ionic strength sensing. 
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