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ABSTRACT 
Macromolecular crowding and ionic strength in living cells influence a myriad of biochemical processes 
essential to cell function and survival. For example, macromolecular crowding is known to affect diffusion, 
biochemical reaction kinetics, protein folding, and protein-protein interactions. In addition, enzymatic 
activities, protein folding, and cellular osmosis are also sensitive to environmental ionic strength. Recently, 
genetically encoded mCerulean3-linker-mCitrine constructs have been developed and characterized using 
time-resolved fluorescence measurements as a function of the amino acid sequence of the linker region as 
well as the environmental crowding and ionic strength. Here, we investigate the thermodynamic equilibrium 
of structural conformations of mCerulean3-linker-mCitrine constructs in response to the environmental 
macromolecular crowding and ionic strength. We have developed a theoretical framework for thermodynamic 
equilibrium of the structural conformations of these environmental sensors. In addition, we tested these 
theoretical models for thermodynamic analysis of these donor-linker-acceptor sensors using time-resolved 
fluorescence measurements as a function of the amino acid sequence of the linker region. Employing ultrafast 
time-resolved fluorescence measurements for gaining thermodynamic energetics would be helpful for Förster 
resonance energy transfer (FRET) studies of protein-protein interactions in both living cells and controlled 
environments. 

Keywords: Time-resolved fluorescence, FRET, donor-linker-acceptor, mCerulean3, mCitrine, 
macromolecular crowding, ionic strength, chemical equilibrium. 

1. INTRODUCTION 
Macromolecular crowding influences many biological processes in living cells including transport, 
biochemical reaction kinetics, enzyme activity, protein folding, and protein-protein interactions [1-3]. In 
addition, ionic strength is also critical for the structure-function relationship of proteins, enzymatic activities, 
and cellular osmosis [4-6]. Noninvasive, quantitative investigations of environmental crowding and ionic 
strength, however, are challenging due to their site specificity, heterogeneity, and dynamic nature.  

Boersma and coworkers have developed genetically encoded donor-linker-acceptor protein constructs for 
site-specific environmental sensing for both macromolecular crowding [7-9] and ionic strength [10]. The 
environmental sensitivity of these constructs, based on the amino acid sequence of the linker region, can be 
quantified using time-resolved fluorescence measurements of the Förster resonance energy transfer (FRET) 
efficiency from the donor to the acceptor as a function of environment [11-16]. FRET is a non-radiative 
energy transfer process from the donor to an acceptor within ~10 nm distance, which is commonly considered 
a “molecular ruler” for protein-protein interactions and structural conformational studies [17, 18]. The FRET 
efficiency in donor-linker-acceptor constructs is sensitive to the donor-acceptor distance, relative dipole 
moment orientation, and spectral overlap of both the donor and acceptor proteins [17, 19]. The ability to 
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quantify distance between the proteins in these constructs allows for high resolution environmental sensing of 
either crowding or ionic strength.  

Using time-resolved fluorescence measurements of the donor in the presence and absence of the acceptor 
as a point of reference, Heikal and coworkers have used these donor-linker-acceptor constructs as model 
systems for developing new experimental approaches such as time-resolved anisotropy [11, 12, 20] and 
fluorescence correlation spectroscopy [21] for FRET analysis and protein-protein interaction studies [15]. For 
crowding sensors with neutral linker amino acid sequences of varied length and flexibility, it was 
hypothesized that steric hindrance in a crowded environment would force the donor closer to the acceptor, 
which increases the FRET efficiency as the donor-acceptor distance decreases [11, 12, 16]. This hypothesis 
was tested on a number of crowding sensors such as G12, G18, E6, E6G2, and GE [7, 16] in controlled 
Ficoll-70 (a crowding agent) solutions. For ionic strength sensors such as RD, KE, and RE [10, 13, 15, 20], 
however, the linker region consists of two oppositely charged alpha helices where their electrostatic 
interactions are sensitive to the environmental ionic strength. For these ionic strength sensors, therefore, it 
was hypothesized that as the ionic strength increases, Debye ionic screening of the dissolved ions will reduce 
the electrostatic interactions between the two charged alpha helices and therefore increase the donor-acceptor 
distance and reduce the FRET efficiency [10, 13, 20].  

In this contribution, we investigate the thermodynamic equilibrium and energetics associated with the 
conformational changes of selected mCerulean3-linker-mCitrine constructs in response to both environmental 
ionic strength (e.g., RD sensor) and macromolecular crowding (e.g., G12, G18, E6, and GE sensors, Table 1). 
We also provide a theoretical framework for using previously reported time-resolved fluorescence 
measurements on these sensors to elucidate the equilibrium constants and Gibbs free energy changes 
associated with their structural conformations in response to the environmental ionic strength (potassium 
chloride, KCl) and crowding (Ficoll-70 as a crowding agent). Two different approaches were also discussed 
for calculating the equilibrium constant using time-resolved fluorescence measurements of an ensemble of 
two different conformational distributions of donor-linker-acceptor constructs. These thermodynamic 
quantities were calculated for these environmental sensors as a function of KCl and Ficoll-70 concentrations 
as well as the number of amino acids in the linker region. The thermodynamic analyses were also discussed 
within the context of the published FRET efficiency and the donor-acceptor distance of these selected sensors. 

2. THEORETICAL FRAMEWORK 
For cleaved donor in the absence of tethered acceptor, the excited state population (𝑁!) of such a single 
species will change with time via fluorescence emission at a rate of 𝑘! according to the following differential 
equation: 

  

dN1

dt
= −kD N1          (1) 

Separating the variables and then integrating assuming the boundary conditions where at t = 0, 𝑁! = 𝑁!, and 
at t → ∞, 𝑁! → 0), we obtain the following equation: 

  

dN1

N1N0

0

∫ = −kD dt
0

t

∫         (2) 

The solution of equation (2) is a single exponential decay at a rate constant of 𝑘!, which can be written as:  

  N1(t) = N0e
−kDt         (3) 
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Since the fluorescence signal (𝐹!) is proportional to the number of molecules (𝑁!) in the excited electronic 
state, equation (3) can be rewritten as the corresponding fluorescence decay of the donor alone (𝐹!) such that: 

  FD (t) = F0e
−kDt         (4) 

Where 𝐹! is the initial amplitude of the fluorescence decay at t = 0. Accordingly, the excited electronic state 
population of a fluorescent molecule (e.g., donor in the absence of an acceptor) will decay as a single 
exponential with a fluorescence decay rate depending on the chemical structure and the surrounding 
environment. Figure 1A (curve 1) shows the fluorescence decays of the donor alone (or cleaved G12 sensor) 
in PBS buffer. 

In the presence of an acceptor that is tethered to the donor (i.e., intact sensor), however, the excited state 
population of the donor molecule will decay at the sum of the fluorescence decay rate (𝑘!) of the donor plus 
the energy transfer rate (𝑘!") from the donor to the acceptor, where the corresponding differential equation 
can be written as following:  

  

dN1

dt
= −kD N1 − kET N1 = − kD + kET( )N1      (5) 

Here, we assumed that the whole excited-state population ensemble would undergo parallel decays via 
fluorescence decay (𝑘!) of the donor and energy transfer rate (𝑘!") from the donor to the acceptor. Separating 
the variables and then integrating, 𝑁! → 0; as t → ∞ (where t = 0 is the moment at which the molecules is 
excited by a femtosecond laser pulse): 

  

dN1

N1N0

0

∫ = − kD + kET( ) dt
0

t

∫        (6) 

Using the boundary conditions (at t = 0 of pulsed excitation, 𝑁! =  𝑁!, at t > 0, at t > ∞, 𝑁! = 0), the solution 
of equation (6) is a single exponential decay at a rate constant of 𝑘! +  𝑘!" which can be written as: 

  N1(t) = N0e
−(kD+kET )t         (7) 

Alternatively, the corresponding fluorescence of the donor in the presence of an acceptor, 𝐹!", will also decay 
as a single exponential (according to equation 7) such that: 

  FDA(t) = F0e
−(kD+kET )t         (8) 

Assuming a very efficient energy transfer (𝑘!" ≫  𝑘!), the excited-state population of the donor, in the 
presence of an acceptor, will decay also as a single exponential with a fluorescence decay rate of 
approximately 𝑘!". For a single population of FRET pairs, where the excited donor undergoes both FRET 
and fluorescence, the donor’s fluorescence will decay as a single exponential at the sum of rates, 𝑘!" +  𝑘!. 
However, time-resolved fluorescence of the donor in the presence of the acceptor (Figure 1A, Curve 2) shows 
that the single exponential fitting model does not satisfactorily describe the observed fluorescence decay as 
judged by both the residuals (Figure 1B and C) and the estimated χ2–values. 

Since an ensemble of FRET pairs undergoes thermal fluctuations, however, it is likely that a 
subpopulation of structural conformations would have unfavorable donor-acceptor distance or orientation 
parameter (e.g., perpendicular dipole moments). This would lead to the presence of two conformations in the 
ensemble of FRET pairs that are thermally at equilibrium, where one subpopulation undergoes energy transfer 
(e.g., collapsed) and another does not (e.g., stretched) as described below. 
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In an ensemble of FRET pairs with two subpopulations at thermal equilibrium, one undergoing FRET 
(e.g., collapsed, C) and another that does not (e.g., stretched, S), the corresponding fluorescence decay of the 
donor in the presence of an acceptor can be written as a sum of Equations (4) and (8) such that:  

  FDA(t) =α1e
−(kD+kET )t +α 2e

−(kD )t       (9) 

Under this approximation, the FRETing subpopulation (collapsed conformation) will decay at a rate that is the 
sum  𝑘!" +  𝑘! (first term), where the energy transfer rate (𝑘!") can be determined. In addition, the second 
term of Equation (9) describes the non-FRETing subpopulation (stretched conformation) due to either 
unfavorable donor-acceptor distance or relative dipole moment orientations, where fluorescence of the donor 
will decay approximately at a rate of 𝑘!. Such an assumption is supported by the observed time-resolved 
fluorescence of G12 ensemble in PBS buffer and the goodness (residuals, Figure 1B and C, and χ2–values) of 
the biexponential fitting model. 

 
Figure 1: Representative time-resolved fluorescence of intact G12 sensor decays as a biexponential under 425-
nm pulsed excitation of the donor (mCerulean3) in the presence of the acceptor (mCitrine). (A) The 
fluorescence decays of cleaved (curve 1) and intact (curve 2) G12 sensor are distinct due to FRET from the 
donor to the acceptor in mCerulan3-linker-mCitrine construct. The instrument response function of our inverted 
microscope based experimental setup (light gray curve) is also shown with pre-exponential satellites due to 
internal reflection of the microscope optics. The residual of the single (B) and double (C) exponential fitting 
curves are also shown as one criterion for the goodness of the fit in addition to the estimated χ2 (data not 
shown).  

 
Using time-resolved fluorescence techniques such as TCSPC, the observed biexponential fluorescence decay 
can be written generically in terms of the amplitude (α!) and time constant (τi) associated with each ith species 
(i = 1, 2) such as: 
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  FDA(t) =α1e
− t /τ1 +α 2e

− t /τ 2 ≡ αCe− t /τ fast +α Se− t /τ slow     (10) 

Where α! and α! represent the population fraction of fast decay component (or collapsed conformation, α!) and slow 
decay component (or collapsed conformation, α!) respectively. For donor-linker-acceptor constructs, the 
energy transfer rate and therefore the FRET efficiency is expected to depend on the surrounding environment, 
the linker amino acid sequence, and the temperature.  
 

 
Figure 2: Hypotheses describing the conformational changes of ionic strength (RD) and crowding (G12, G18, 
E6, and GE) sensors in response to the environmental ionic strength. (A) As the ionic strength increases, ionic 
screening reduces the electrostatic interactions between the two oppositely charged alpha helices in RD 
resulting in a stretched conformation (S) and reduced donor-acceptor distance (i.e., lower FRET). (B) In 
crowded environments (e.g., higher concentration of Ficoll-70 as a crowding agent), steric hindrance brings the 
donor and acceptor closer (collapsed conformation, C) in crowding sensors and therefore enhanced FRET 
efficiency. It is worth mentioning that each of these structural conformations (collapsed or stretched) may be 
considered as the center of a distribution (e.g., Boltzmann distribution) in the ground electronic state of a given 
mCerulean3-linker-mCitrine construct. 

Assuming an ensemble of mCerulean3-linker-mCitrine constructs, behaving as an ionic strength sensor (e.g., 
RD) due to its oppositely charged alpha helices in the linker region, we hypothesize that there are two 
distributions of collapsed and stretched conformational subpopulations that exist at thermal equilibrium 
(Figure 2A) such that: 

  C
Kionic! ⇀!!!↽ !!!! S          (11) 

As the environmental ionic strength increases, the electrostatic interaction between the two oppositely 
charged alpha helices in RD will be reduced due to ionic screening (shielding), which will lead to a reduced 
donor-acceptor distance and therefore enhanced energy transfer efficiency. The equilibrium constant (K) of 
such an ensemble can be calculated in terms of the concentrations of both the stretched (S) and collapsed (C) 
conformations such that: 

  
Kionic =

[S]
[C]

         (12) 
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We can use time-resolved fluorescence of this ensemble of mixed conformations (equations 9 or 10) to 
approximately determine the relative populations (concentrations) of the collapsed and stretched 
conformations. In one approach, the observed biexponential fluorescence decay can be used to determine the 
fractional number of fluorescence photons emitted by each conformation (e.g., 𝑓!  or 𝑓!) in the ensemble such 
that: 

  
fC =

α1τ1

α1τ1 +α 2τ 2

∝ϕC[C]        (13) 

and, 

  
fS =

α 2τ 2

α1τ1 +α 2τ 2

∝ϕS[S]        (14) 

In equations (13) and (14), the fluorescence signal emitted by a given species or conformation (i.e., C or S) is 
proportional to the concentration and the fluorescence quantum yield (𝜑). Such an approach is routinely 
employed in chemical kinetics studies using steady-state spectroscopy (e.g., using spectrofluorimetry) [22-
24]. In this case, the corresponding equilibrium constant (K) can be rewritten as: 

  
Kionic

a = [S]
[C]

=
fS

fC

=
α 2τ 2

α1τ1

       (15) 

This approach is sound since the fluorescence signal is directly proportional to the concentration of given 
fluorophore (or conformation) under the same experimental conditions of illumination and detection. 
However, the fluorescence signal also depends on the fluorescence quantum yield (𝜑) of the fluorescence of a 
given chemical structure and surrounding environment, which is not accounted for by equation (15). 

The second approach for using time-resolved fluorescence of a mixture of two conformations of donor-
linker-acceptor constructs accounts for the difference in the quantum yield of the donor in the presence and 
absence of the acceptor. The fluorescence quantum yield (𝜑) of the donor in a collapsed conformation, for 
example, is proportional to the corresponding fluorescence lifetime (i.e., 𝜑 ∝ 𝜏!). Therefore, to remove the 
influence of quantum yield on the collapsed and stretched conformations, the equilibrium constant (K) in this 
second approach can be rewritten in terms of the amplitude fraction of the observed biexponential decay such 
that: 

  
Kionic

b = [S]
[C]

=
fS

fC

=
α 2

α1

       (16) 

In either approach, the corresponding Gibbs free energy change (Δ𝐺!) for equilibrium can be calculated using 
the estimated equilibrium constant in both approximations such that: 

  ΔGi
° = −RT ln(Ki )         (17) 

Where “i” can be either “a” or “b” for an ionic strength donor-linker-acceptor sensor, depending on the 
employed approach for using the time-resolved fluorescence measurements of a mixture of two 
conformations (i.e., collapsed and stretched) to determine the corresponding rate constant (K).  

It is worth mentioning that the conformational changes of crowding sensors (e.g., G12, G18, E6, and GE) 
in response to the concentrations of the crowding agent (e.g., Ficoll-70) follows a different thermodynamic 
equilibrium as shown in Figure 2B. In the crowding sensors case, it is hypothesized that steric hindrance in 
crowded environment would force the donor closer to the acceptor, which increases the FRET efficiency as 
the donor-acceptor distance decreases (Figure 2B). 
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3. MATERIALS AND METHODS 
Isolation and purification of the mCerulean3-linker-mCitrine constructs from their respective DNA were 
described in detail elsewhere [7, 9, 11]. The amino acid sequences of the linker region in RD (ionic strength 
sensor with two oppositely charged alpha helices) [13, 20] as well as G12, G18, E6, and GE (crowding 
sensors with neutral alpha helices of varying length and flexibility) [11, 12, 16] are summarized in Table 1. 
As a control in the previous experimental studies on these sensors, enzymatic cleavage of the linker region 
using the serine protease Proteinase K was carried out to create mCerulean3 alone in the absence of the 
acceptor (i.e., no FRET) [11-13, 16]. SDS-PAGE analysis was used to ensure complete cleavage of the linker 
region prior to experimentations.  

The experimental setup for time-resolved fluorescence measurements has been described in great details 
elsewhere [12, 13, 16]. In these measurements, 425-nm laser pulses (4.2 MHz, ~120 fs pulse width) were used 
to excite the donor of mCerulean3-linker-mCitrine constructs for ionic strength (RD) and crowding (G12, 
G18, E6, and GE) sensing. The time-resolved fluorescence (475/50) was measured at magic angle (54.7°) 
polarized detection and time-correlated single-photon counting technique based on SPC-830 module (Becker 
& Hickl) [12, 13, 16]. The system was calibrated daily using coumarin-1 solution under the same 
experimental conditions. The measured fluorescence decays of both cleaved and intact sensors were 
deconvoluted with a computer-generated system response function and analyzed using SPCImage software 
(Becker & Hickl) [12, 13, 16]. 

 
Table 1: Linker sequences of mCerulean3-linker-mCitrine constructs of RD (ionic strength sensor) and G12, 
G18, E6, and GE (crowding sensors). The linker region of RD consists of two oppositely charged alpha helices 
as compared with the neutral linker region of varied length and flexibility of G12, G18, E6, and GE constructs. 

Sensors Amino Acid Sequence of the Linker Region Number of Amino Acids  

RD –A(AAAAR)6A(GSG)6(DAAAA)6A– 81 
G12 –(GSG)12– 36 
G18 –(GSG)18– 54 
E6 –(GSG)6A(EAAAK)6A(GSG)6– 68 
GE –A(GSG)6(EAAAK)6A(GSG)6A(EAAAK)6(GSG)6A– 118 

4. RESULTS AND DISCUSSION 
4.1 Thermodynamic Analysis of Conformational Equilibrium of Ionic Strength RD Sensor 

The linker region of RD consists of two oppositely charged alpha helices that connect the donor (mCerulean3) 
and the acceptor (mCitrine) together (Table 1). It was hypothesized that as the ionic strength increases, the 
electrostatic interaction between the two oppositely charged alpha helices in RD will be reduced due to ionic 
shielding, which will lead to a reduced donor-acceptor distance and therefore enhanced energy transfer 
efficiency [13, 20]. Time-resolved fluorescence of intact RD exhibits biexponential fluorescence decay in 
contrast to the cleaved (donor alone) counterpart, which decays satisfactorily as a single exponential (Figure 
1). In addition, as the KCl concentration (ionic strength) increased, the energy transfer efficiency decreased 
and the donor-acceptor distance increased [13, 20], which supports the stated hypothesis. 

We used the time-resolved fluorescence of RD [13] to calculate the corresponding equilibrium constant 
and the Gibbs free energy changes in NaPi buffer at room temperature and the results are shown in Figure 3. 
While there is a difference in the estimated equilibrium constant depending on the calculation approach, both 
values are positive while the fluorescence photons-based estimate (K = 14) is larger than the amplitude-based 
approach (K = 2) as shown in Figure 3A. In addition, the corresponding Gibbs free energy changes suggest 
that the collapsed conformation of RD in a buffer is more favorable regardless of the calculation approach for 
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the equilibrium constant. However, the estimated Gibbs free energy changes (–0.8 kJ/mol versus –6.2 kJ/mol) 
depends on how we calculate the equilibrium constant using observed time-resolved fluorescence of RD in a 
given environment. The results suggest a favorable collapsed conformation of RD in a buffer, which can be 
attributed to the electrostatic interaction between the two oppositely charged alpha helices in the linker region. 
In addition, the conformational change from collapsed to stretched structure of RD is also spontaneous, 
regardless of how we calculate the equilibrium constant using time-resolved fluorescence as outlined above.  

 

	
Figure 3: Different approaches for calculating the equilibrium constant and the Gibbs free energy of RD in 
NaPi buffer (pH 7.4). (A) The equilibrium constant (K) of an ionic strength sensor (RD) in NaPi buffer were 
calculated using both the amplitude fractions (𝛼!/𝛼! ) and the fluorescence photons emitted by each 
conformation (𝛼!𝜏!/𝛼!𝜏! ) based on the observed biexponential decay of the intact construct. (B) The 
corresponding Gibbs free energy changes (Δ𝐺!) of an ionic strength sensor (RD) in NaPi buffer were calculated 
using both approaches for determining the equilibrium constants as described in (A) at room temperature. The 
estimations of these thermodynamic quantities are based on time-resolved 1P-fluorescence measurements of the 
intact RD sensor [13]. 

 
It was also reported that the FRET efficiency (i.e., sensitivity) of RD decreases as the environmental ionic 

strength increased in potassium chloride (KCl) solutions [13, 20]. It was hypothesized that as the ionic 
strength increases, the electrostatic interaction between the two oppositely charged alpha helices is reduced 
due to Debye ionic screening of the linker region, which leads to an enhanced donor-acceptor distance and 
therefore lower FRET efficiency [13, 20]. 

Using the reported time-resolved fluorescence parameters, we examined the thermodynamic equilibrium 
of RD in response to the environmental ionic strength in KCl solutions at room temperature. Here we used the 
amplitude ratio (𝛼!/𝛼!) based calculations to estimate the corresponding equilibrium constant of RD at a 
given KCl concentration. As shown in Figure 4, our analyses indicate that the Gibbs free energy (Δ𝐺!) 
change decreases as the KCl concentration (or ionic strength) increases. This suggests that the stretched 
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conformation of RD becomes more favorable as the environmental ionic strength increases, which agrees with 
our stated hypothesis.  

 

	
 

Figure 4: The estimated Gibbs free energy changes of intact RD decreases as the ionic strength (or KCl 
concentration) increases. The equilibrium constant (A) and the Gibbs free energy changes (B) of RD were 
calculated using the amplitude fractions (𝛼!/𝛼!) of the previously reported time-resolved fluorescence as a 
function of KCl concentration [13]. The dotted lines are shown here for eye guidance only with no theoretical 
basis. 

4.2 Effect of Linker Amino Acid Sequence on their Thermodynamics Equilibrium of Crowding Sensors  

Schwarz et al. [16] have investigated time-resolved fluorescence measurements of a family of mCerulean3-
linker-mCitrine crowding sensors (namely, G12, G18, E6, and GE) in PBS buffer (pH 7.4) enriched with 
Ficoll-70 at different concentrations. The key difference between these crowding sensors is the amino acid 
sequence in the neutral linker region (Table 1), which also dictates it length and flexibility [7, 16]. It was 
hypothesized that sensors with short and flexible linker region will exhibit higher sensitivity to crowding and 
therefore enhanced FRET efficiency as measured using time-resolved fluorescence of the donor (mCerulean3) 
in the presence and absence of the acceptor (mCitrine). To test this hypothesis, time-resolved fluorescence 
measurements of the donor, in the presence and absence of the acceptor, were carried out using 425-nm 
pulsed laser excitation and the corresponding fluorescence signal was detected at a magic angle polarization 
as a function of the amino acid sequences of G12, G18, E6, and GE (Table 1).  

It was reported that G12 and G18, with the most flexible linkers, showed the highest energy transfer 
efficiency (i.e., shortest donor-acceptor distance) as compared with GE sensor in a PBS buffer at room 
temperature (Table 1 for the linker sequence) [16]. For example, both G12 (E = 29%) and G18 (E = 27%) 
exhibited the highest energy transfer efficiency as compared with GE (E = 12%) sensor in buffer, Figure 5A, 
[12, 16].  
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To understand the underlying thermodynamic driving forces associated with these sensors in response to 
macromolecular crowding, we used the fitting parameters of the published time-resolved fluorescence of G12, 
G18, E6, and GE sensors to calculate the corresponding equilibrium constant (𝐾!"#$%&'(! , Figure 5B) and 
Gibbs free energy changes (Δ𝐺!, Figure 5C) as a function of the amino acid sequence. In these calculations, 
we employed the amplitude fraction ratios of the observed fluorescence decays of each sensor to calculate the 
corresponding equilibrium constant (𝐾 =  𝛼!/𝛼!) in a given environment (Figure 5B). As shown in Figure 2 
(i.e., hypotheses), the equilibrium constant for crowding sensors (𝐾!"#$%&'(! ) is the inverse of the 
corresponding the equilibrium constant for the ionic strength sensors (𝐾!"#!$! ), as the linker region is 
hypothesized to compress in response to environmental crowding (Figure 2B).  

	

	
	

Figure 5: The estimated FRET efficiency (or sensitivity) is correlated with the equilibrium constant and the 
Gibbs free energy of the hypothesized conformational changes of G12, G18, E6, and GE crowding sensors with 
neutral linker region. (A) Previously reported FRET efficiency increases as the linker region becomes shorter 
and more flexible. These analyses are based on the previously published time-resolved 1P-fluorescence on the 
same sensors, where both G12 and G18 exhibited the highest energy transfer efficiency as compared with GE 
sensor [12, 16]. The amplitude-based equilibrium constant, (i.e., 𝛼!/𝛼!), (B) and the Gibbs free energy changes, 
Δ𝐺!, (C) of crowding sensors also help understand the conformational response (hence sensitivity) of crowding 
sensors as a function of the amino acid sequence of the linker region in PBS buffer at room temperature.  
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Figure 5 shows that G12 and G18 have relatively lower Gibbs free energy changes and therefore favorable 
collapsed conformation as compared with GE and E6 in PBS buffer. This trend can be understood in terms of 
the short and more flexible linker region of G12 and G18, which also validate the stated hypothesis above. In 
addition, the structure conformational equilibrium (stretched to collapsed) of these crowding sensors is not 
spontaneous (i.e., Δ𝐺!  >  0). 

4.3 Concentration Effect of Ficoll-70 on their Thermodynamics Equilibrium of G12 Crowding Sensor 

It was also hypothesized that the donor-acceptor distance will become smaller, and therefore the FRET 
efficiency will increase, as the concentration of the crowding agent increases. To test this hypothesis, the 
authors carried out time-resolved fluorescence of the donor, in the presence and absence of the acceptor, using 
425-nm pulsed laser excitation and the emission was detected at a magic angle polarization as a function of 
Ficoll concentration [16]. It was reported that the FRET efficiency (sensitivity) of G12, G18, E6, and GE 
sensors increased as the concentration of Ficoll-70 increased. Such observations were interpreted in terms of 
the crowding-induced steric hindrance that forces the donor and acceptor closer, which validates the stated 
hypotheses [12, 16].  

 
 

Figure 6: The Gibbs free energy changes (Δ𝐺!) of G12 crowding sensor depends on how the equilibrium 
constant is calculated using time-resolved fluorescence measurements as a function of crowding agent (Ficoll-
70) concentration. (A) The equilibrium constant of G12 was calculated using both the amplitude ratios (α1/α2, 
black solid squares) and the fluorescence signal (α1τ1/α2τ2, open squares) emitted by each conformation 
according to the previously published time-resolved fluorescence on the G12 sensor [16]. (B) The 
corresponding (Δ𝐺!–value of G12 was also calculated using both approaches for estimating the equilibrium 
constant (α1/α2, black solid circles versus α1τ1/α2τ2, open circles). The dotted lines are shown here for eye 
guidance only with no theoretical basis. 
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Similar calculations were conducted on the G12 conformational thermodynamics (𝐾 𝑎𝑛𝑑 Δ𝐺! ) in 
response to Ficoll-70 concentration and the results are shown in Figure 6. As the concentration of the 
crowding agent (Ficoll-70) increases, the Gibbs free energy is reduced, which indicates a more favorable 
collapsed conformation of G12 in a crowded environment. In addition, the structure conformational 
equilibrium (stretched to collapsed) of these crowding sensors is not spontaneous (i.e., Δ𝐺! > 0). It is 
therefore possible that our two-state model does not sufficiently account for the overall Gibbs free energy of 
the whole crowded mixture. Studies using nuclear magnetic resonance and fluorescence correlation 
spectroscopy have shown that crowding by Ficoll-70 or other common crowders (e.g., polyethylene glycol 
[PEG], dextran) can impact the thermodynamics of protein conformations [25-29]. Crowders impact the 
thermodynamic stability of domain movements [29], temperature-dependent proton exchange [26, 30], and 
protein unfolding [25, 28].  

4.4 Changes in ΔGo of Conformational Equilibrium of Environmental Sensors in Response to Ionic 
Strength and Crowding 

The above mentioned results suggest that changes in the Gibbs free energy (Δ𝐺!) of these environmental 
sensors depends on the way the equilibrium constant is calculated using time resolved fluorescence. We 
propose to use a slightly different approach for examining the same experiment-based calculations in terms of 
the environmental ionic strength or crowding. For example, the changes in the Δ𝐺! (i.e., ΔΔ𝐺!) due to ionic 
strength (e.g., KCl concentration) relative to the buffer (e.g., NaPi) can be written as following: 

 ΔΔG° = ΔG° KCl( )− ΔG° NaPi( )        (18) 

Similarly, for crowding (Ficoll-70 concentration) effects on the changes in the Δ𝐺! can be written as: 

 ΔΔG° = ΔG° Ficoll( )− ΔG° PBS( )        (19) 

Figure 7 shows the changes (ΔΔ𝐺!) in the Δ𝐺!due to ionic strength (Figure 7A) and crowding (Figure 7B). 
Interestingly, the estimated ΔΔ𝐺!due to ionic strength (or KCl concentration) support the hypothesized 
conformational equilibrium (Figure 2A) between collapsed and stretched conformations of RD (Figure 7A). 
As the ionic strength increases, the ΔΔ𝐺!–value for RD conformational response decreases by approximately 
–3.5 kJ/mol over the 0 – 300 mM KCl range (Figure 7A). These findings support our stated hypotheses shown 
in Figure 2A. 
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Figure 7: The relative changes (ΔΔGo) in Gibbs free energy change (Δ𝐺!) of environmental sensors with 
respect to buffer. (A) The relative change of Gibbs free energy changes (ΔΔ𝐺!) of RD sensor has negative 
values, which decreases as the KCl concentration (ionic strength) increases (i.e., spontaneous conformational 
changes that favors the stretched structure; Figure 2A). (B) The relative change of Gibbs free energy changes 
(ΔΔ𝐺!) of G12 sensor also exhibit negative values, which decreases as the Ficoll-70 concentration (crowding) 
increases (i.e., spontaneous conformational changes that favors the collapsed structure; Figure 2B). Here, the –
value seems less dependent on the way the equilibrium constant was calculated (solid squares: 𝛼!/𝛼!; solid 
spheres: 𝛼!𝜏!/𝛼!𝜏!).  

 

In contrast, the ΔΔ𝐺!–value for G12 conformational response to crowding decreases only by approximately –
1.2 kJ/mol over the 0 – 300 g/L concentration range of Ficoll-70 (Figure 7B). Interestingly, the ΔΔ𝐺!–value 
for G12 due to crowding (Ficoll-70) seems less sensitive (within 10-20%) than Δ𝐺!to how the equilibrium 
constant was calculated (i.e., α1/α2 versus α1τ1/α2τ2) using time resolved fluorescence measurements. In 
contrast, the Gibbs free energy change (ΔGo) of G12 in response to Ficoll-70 concentration (Figure 6B) is 
more sensitive to how the equilibrium constant was calculated (i.e., 𝛼!/𝛼! versus 𝛼!𝜏!/𝛼!𝜏!) with an 
estimated 66-70% difference. Importantly, the negative (ΔΔ𝐺!) values of RD (KCl) and G12 (Ficoll-70) 
indicate favorable and spontaneous conformational changes in response to the environment as described in 
Figure 2B. It is worth noting that this approach (ΔΔ𝐺!, equations 18 and 19) yields the same overall trend 
concerning the environmental-based energetics of the environmental sensors (i.e., RD, G12, G18, E6, and 
GE) investigated in this report. 
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5. CONCLUSIONS 
We set out to investigate thermodynamic equilibrium and energetics associated with the conformational 
changes of selected mCerulean3-linker-mCitrine constructs, with variable amino acid sequences in the linker 
region, in response to both environmental ionic strength and macromolecular crowding. We provided a 
theoretical framework for using time-resolved fluorescence measurements to elucidate equilibrium constants 
and Gibbs free energy changes associated with structural conformations in response to the environmental 
ionic strength (potassium chloride, KCl) and crowding (Ficoll-70). Two approaches were discussed for 
calculating equilibrium constants using time-resolved fluorescence measurements of an ensemble of two 
different conformational distributions of donor-linker-acceptor constructs. Thermodynamic quantities were 
calculated for each environmental sensor as a function of either KCl (RD sensor with two oppositely charged 
alpha helices) or Ficoll-70 (G12, G18, E6, and GE with neutral alpha helices in the linker region with variable 
length and flexibility) concentrations and the number of amino acids in the linker region. 

Using previously reported time-resolved fluorescence of RD [13], we calculated the corresponding 
equilibrium constant and the Gibbs free energy changes in NaPi buffer at room temperature. The calculated 
equilibrium constant was positive, and the corresponding negative estimated Gibbs free energy change 
suggests that the collapsed conformation of RD in a buffer is more favorable. This is attributed to the 
electrostatic interaction between the two oppositely charged alpha helices in the linker region. We then 
examined the thermodynamic equilibrium of RD in response to the environmental ionic strength in KCl 
solutions at room temperature. We found that the Gibbs free energy change decreases as ionic strength 
increases. This would suggest that the stretched conformation of RD will become more favorable as the 
environmental ionic strength increases. 

Using fitting parameters from our previously published time-resolved fluorescence of G12, G18, E6, and 
GE sensors [16], we investigated the thermodynamics associated with these sensors in response to 
macromolecular crowding using Ficoll-70 as a crowding agent. We calculated the corresponding equilibrium 
constant and Gibbs free energy changes as a function of the amino acid sequence. The structure 
conformational equilibrium of the crowding sensors was found to be non-spontaneous due to positive 
estimated Δ𝐺!values. G12 and G18 have lower Gibbs free energy changes and suggest a more favorable 
collapsed conformation when compared with GE and E6, which agrees with the reported high FRET 
efficiency [16]. We hypothesize this trend is due to the shorter and more flexible linker region of G12 and 
G18. Calculations on G12 conformational thermodynamics (K and ΔGo) in response to Ficoll-70 
concentration showed that as the concentration of the crowding agent increases, the conformational Gibbs free 
energy changes (Δ𝐺!) is reduced, indicating a more favorable collapsed conformation of G12 in a crowded 
environment. However, the estimated Δ𝐺!–value depends on how time-resolved fluorescence measurements 
are used to calculate the corresponding equilibrium constant. We believe that the equilibrium constant (K) 
based on the amplitude ratio (e.g., 𝛼!/𝛼! for crowding sensors, Figure 2B) in time-resolved fluorescence is 
more reliable due to the basic principles outlined above [22]. The structure conformational equilibrium of 
these crowding sensors is still non-spontaneous under crowded conditions.  

To reconcile the differences in ΔGo calculations based on the how the equilibrium constant is calculated 
(e.g., 𝛼!/𝛼! versus 𝛼!𝜏!/𝛼!𝜏! for crowding sensors) using time-resolved fluorescence measurements, we 
calculated the relative changes in Gibbs free energy (ΔΔ𝐺!) with respect to the buffer in order to elucidate the 
ionic strength and crowding effects on the thermodynamic equilibrium of conformational changes of these 
environmental sensors. Our estimated ΔΔ𝐺!calculations indicate that ionic strength is more effective in 
causing favorable, spontaneous conformational changes in response to KCl concentration. Interestingly, the 
difference in the ΔΔ𝐺!–values of G12 seems less sensitive to the way we calculated the equilibrium constant 
using time-resolved fluorescence measurements. 
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