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ABSTRACT 

Fluorescence Correlation Spectroscopy (FCS) is a power, single-molecule technique used in 

applied (high throughput screening of drugs) and basic (protein diffusion, structural 

conformation, biochemical reactions, and protein-protein interactions) research. In this McNair 

project, we investigated the translational diffusion, structural conformations, and laser-induced 

photophysical processes of novel mCerulean3–linker–mCitrine protein constructs (RD hereafter) 

using FCS.  The cyan fluorescent protein (mCerulean) in this construct acts as a donor where the 

yellow fluorescent protein (mCitrine) acts as an acceptor, therefore, they constitute a hetero-FRET 

pair for environmental ionic-strength sensing (Schwarz et al., 2019). The observation volume of 

the FCS setup was calibrated using rhodamine-110 (or RhG) with known diffusion coefficient 

(4.210–6 cm2/s). Under 488-nm laser illumination where the acceptor is excited, we estimated a 

diffusion coefficient of the intact RD to be 9.0310–7 cm2/s in pure buffer at room temperature. 

Using Stokes-Einstein model, we determine a hydrodynamic radius of the intact RD to be 0.45 nm. 

In contrast, the cleaved RD has a diffusion coefficient of 1.6010–6 cm2/s and a hydrodynamic 

radius of 0.25 nm. Currently, we are using a novel FCS modality to determine the energy transfer 

efficiency of RD under 405-nm laser illumination. 
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1. Introduction:   

The intracellular ionic strength of eukaryotic cell influences a wide range of biological process including 

protein activities, the activity of enzymes, and protein-protein interactions in living cells (Leopold et al., 

2019). The ionic strength is dependent on the concentration and charge of ions upon the dissociation of 

salts (strong electrolyte) in water (Liu, et al., 2017). In addition, the intracellular ionic strength can vary 

depending on the extracellular environment due to abrupt changes in medium osmolarity and fluctuations 

with intracellular events, such as metabolite or polynucleotide synthesis (Schwarz et al., 3017). As a result, 

there is a critical need for ionic strength sensors that can be genetically encoded in different compartments 

in living cells. In addition, those sensors must be compatible with non-invasive and quantitative 

fluorescence methods in order to avoid the destruction of living cells as inherent in traditional biochemistry 

methods (Medina and Schwille, 2002). 

Recently, Liu et al [1] have developed biosensors that consist of mCerulean3 (a cyan fluorescent 

protein) and mCitrine (a yellow fluorescent protein) that are linked together by a flexible linker with 

differently charged -helices. The mCerulean3 (a donor) and mCitrine (an acceptor) constitute a Forster 

resonance energy transfer (FRET) pair, where the energy transfer from the donor to the acceptor depends 

on their intermolecular distance. FRET (also known as a molecular ruler) would allow for monitoring 

conformational changes (i.e., donor-acceptor distance) of these sensors in response to changes in 

environmental ionic strength using integrated fluorescence methods (Leopold et al., 2018). 

 

1.1 Objectives: For this research, we will characterize the effects of both the structural conformation and 

environmental ionic strength on the translational diffusion of novel sensors for environmental ionic strength 

using fluorescence correlation spectroscopy (FCS) at the single-molecule level. The sensors consist of 

mCerulean3 (a cyan fluorescent protein) and mCitrine (a yellow fluorescent protein) that are linked together 

by a flexible linker with differently charged -helices (Figure 1). The mCerulean3 (a donor) and mCitrine 

(an acceptor) constitute a Förster resonance energy transfer (FRET) pair, where the energy transfer from 

the donor to the acceptor depends on their intermolecular distance. 
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Figure 1: Sensor design and sensing idea for ionic strength. Ions screen the attraction between the helices 

charged positively and negatively, lowering the effectiveness of FRET. Adapted from “Ionic Strength 

Sensing in Living Cells,” by Boqun Liu, Bert Poolman, and Arnold J. Boersma, 2017, ACS chemical 

biology, 12, 10, 2510-2514. Copyright 2017 by American Chemical Society. 

 

1.2. Hypothesis: Our hypothesis is that, as the environmental ionic strength increases, the electrostatic 

interaction of the -helices would be screened and cause an increase in the donor-acceptor distance, 

reducing the FRET efficiency. Such conformational changes of these sensors are likely to deviate from the 

Stokes-Einstein diffusion model of spherical molecules. 
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Figure 2: Configuration of laser detector fluorescence correlation spectroscopy system used in our research. 

The emitted fluorescence light is collected by the microscope objective, separated from the excitation light 

by a dichroic mirror, and focused onto a pinhole by a lens. F: filter, L: Lens, DM: dichroic mirror, M: 

mirror, and ADP: avalanche photodiode. Adapted from “Multiscale Diffusion of a Molecular Probe in a 

Crowded Environment: A Concept,” by Megan Currie, Chang Thao, Randi Timerman, Robb Welty, 

Brenden Berry, Erin D. Sheets and Ahmed A. Heikal, 2015, Copyright 2015 SPIE.  

 

2. Materials and Methods:  

To test our hypothesis, we will use fluorescence correlation spectroscopy (FCS) [5-8], (Figure 2) for 

measuring the diffusion coefficient and energy transfer efficiency (E) of these hetero-FRET sensors (Figure 

1) as a function of the environmental ionic strength. We will vary the ionic strength by dissolving different 

salts in a buffer so we can mimic the cellular environment towards biological relevance. These 

measurements will enable us to test the validity of the Stokes-Einstein model in describing the translational 

diffusion of flexible biomolecules undergoing energy transfer from the donor to the acceptor. 
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Figure 2 shows a schematic depiction of our home-built FCS experimental setup to investigate the 

fluorescence fluctuation analysis of the FRET sensors for environmental ionic strength at the single-

molecule level. Briefly, the setup consists of solid-state lasers of 405 nm and 488 nm, which will be used 

for selectively exciting either the donor or the acceptor, respectively, in these FRET sensors. The expanded 

laser beam is optically steered towards the back entrance of an inverted microscope (IX81, Olympus) that 

is equipped with a dichroic mirror (DM1) and a microscope objective (1.2NA, 60X, water immersion, 

Olympus) before exciting the sample on a microscope coverslip. The corresponding red-shifted 

epifluorescence of single FRET sensors will then be detected using a single-photon avalanche photodiode 

(SPAPD, SPCM CD-2969, Perkin-Elmer) (APD) after passing through a bandpass filter (HQ525/30M) and 

a confocal pinhole. 

The temporal resolution inherent in these APD detectors is ~200 s with very high sensitivity, 

which allows us to detect the fluorescence signal emitted by single molecules. The time-resolved 

fluorescence fluctuation is recorded and then autocorrelated using an external multiple-tau-digital correlator 

(ALV/6010-160) and specialized software for data acquisition (Currie, et al., 2015). The setup is routinely 

calibrated using rhodamine-110 (RhG hereafter) with known diffusion coefficient (4.2 x 10-6 cm2/s) in 

nanopore water at room temperature. 

 

 

2.1 Data Analysis: The measured fluorescence fluctuation autocorrelation was analyzed using a minimum-

square nonlinear fitting algorithm (OriginPro 8.0). The fluorescence fluctuation autocorrelation, G(t ) , due 

to translational diffusion, can be described using the following equation (Currie et al., 2017; Lee et al., 

2018; Hess et al., 2001): 

G(t )=
dF(t)ÄdF(t +t )

F(t)
2

        (1) 
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Where dF(t) is the fluorescence fluctuation at a given time, t  is the lag time, and F(t) is the time-

average fluorescence signal (Currie et al., 2017; Lee et al., 2018). Assuming a 3D Gaussian observation 

volume generated by both the tightly focused laser beam and the confocal pinhole, the autocorrelation 

function, G(t ) , can be written in terms of the number of molecules (N) and the diffusion time (t
D

) such 

that (Currie et al., 2017; Lee et al., 2018; Hess et al., 2001): 
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The structure parameter (w
0
) describes the ratio between the axial-to-lateral extension on the observation 

volume in which single molecules diffuse such that (Currie et al., 2017; Lee et al., 2018; Hess et al., 2001): 

w
0
=

w
z

w
xy

          (3) 

Where w
z
 and w

xy
 are the axial and lateral extensions of the observation volume, respectively. To calibrate 

the FCS setup, we use Rhodamine Green (RhG) with known diffusion coefficient (D) as a reference, where 

we measure the diffusion time (t
D
) such that (Currie et al., 2017; Lee et al., 2018; hess et al., 2001): 

t
D

=
w

xy

2

4D
          (4) 

According to the Stokes-Einstein model, the  diffusion coefficient (D) of a spherical molecule depends on 

the thermal energy (kT ), the hydrodynamic radius (R
H

) of the molecule, and the viscosity (h ) of the 

surrounding environment such that (Currie et al., 2017; Lee et al., 2018; Schwille and Haustein, 2007): 

D=
kT

6phR
H

          (5) 

Where k is Boltzmann constant and T is the temperature (Kalvin) of the sample (Schwille and Haustein, 

2007). 



Worku              Single-Molecule Studies of Environmental Ionic-Strength Sensors 

 

142 
 

 

 

3. Results and Discussion:  

Table 1: The fitting parameters of RhG and both Intact and Cleaved RD proteins from the origin software.  

Plot RhG Cleaved RD Intact RD 

Number of Molecules 

(N) 

40.5 25.2 30.3 

Diffusion Time (t
D
) 0.225 ms 0.653 ms 0.958 ms 

Time constant for laser 

induced photophysical 

processes (t3) 

6.01 % 14.4 % 19.5 % 

Population fraction 

undergoing 

photophysical fraction 

(f3) 

39.6 % 40.4 % 37.9 % 

 

3.1 Optimization and Calibration of the FCS Setup:  

In order to calibrate and optimized the FCS setup on each day of the experiments, we carried our 

fluorescence fluctuation analysis of a small, photostable fluorophore (RhG) with known diffusion 

coefficient (4.2 × 10–6 cm2/s).  A droplet (10 μL) of RhG sample (10 nM concentration) was used for the 

calibration and optimization of the FCS setup prior to RD constructs. Representative autocorrelation curve 

of RhG is shown in Figure 3 under 488-nm excitation. The nonlinear least square fitting of the measured 

curve suggests an average of ~58 molecules reside in the observation volume with an estimated diffusion 

time of 0.225 ms. Accordingly, we estimated an observation volume with a lateral extension of 615 nm and 

an axial extension of 3075 nm. Using the known diffusion coefficient of RhG and Stokes-Einstein model, 
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we also estimated its hydrodynamic radius (RH) be 0.59 nm. While rhodamine green is not spherical in 

shape as assumed in this model, this value is reasonable based on the molecular structure and molecular 

weight (0.6 kDa) of this fluorophore.  

 

Figure 3: Representative autocorrelation curve of rhodamine green (RhG) for FCS system calibration. FCS 

measurements were performed on an inverted fluorescence microscope laser light at 488 nm and 10 μL of 

RhG sample was measured. Fitting parameters see Table 1 of RhG column. 

 

Once the system is calibrated and optimized every day of experiments, we carried out fluorescence 

fluctuation analysis measurements on intact and cleaved RD construct under 405-nm excitation. The lateral 

extension of the observation volume under 488-nm excitation was scaled by 405/488 as an approximation 

to calculate the corresponding lateral extension at 405-nm excitation, which is equivalent to 317 nm. 

Unfortunately, there is no fluorophore with known diffusion coefficient that can be excited at 405 nm.  
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3.2 Fluorescence fluctuation analysis of mCitrine protein of the cleaved RD:  

When RD is enzymatically cleaved, both the donor (mCerulean) and the acceptor (mCitrine) remain the 

solution sample; but they are not linked. Using 488-nm, we selectively excited and detect (531/40 nm) the 

acceptor. As a GFP mutant, mCitrine has a molecular weight of 27.1 kDa and is confirmed by our SDS-

PAGE results. As a control, we measured the autocorrelation curve of cleaved RD under 488-nm excitation 

and a representative curve are shown in Figure 4. The autocorrelation curve of the cleaved RD indicates 

about 26 molecules on average are residing in the observation volume during data acquisition with an 

estimated diffusion time of 0.653 ms. Assuming an observation volume with 317 nm lateral extension, we 

calculated a diffusion coefficient for the cleaved RD to be 1.45E-6 cm2/s. At room temperature (300 K), we 

calculated a hydrodynamic radius of 1.70 nm for the cleaved RD (or mCitrine) assuming a viscosity of 

0.0089 g cm-1 s-1 for water. In addition, we calculated the corresponding hydrodynamic radius of 1.70 nm 

for mCitrine (molecular weight = 27.2 kDa), which is significantly larger than RhG (0.6 kDa). 

 

It is conceivable that the observation volume under 405-nm illumination is larger than our current 

estimation due to the fact that the optics in our current microscope are suited for 405 nm. We are currently 

testing different approaches for direct and reliable estimation of the observation volume under 405-nm 

illumination. 
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Figure 4: A representative autocorrelation curve of cleaved RD using FCS. A sample of 20 μL RD was 

measured at 405 nm laser intensity. The exponential decay of autocorrelation of fluctuations curve was 

observed as it appears above. See Table 1 for fitting parameters.  

 

 

3.3 Fluorescence fluctuation analysis of intact RD (mCerulean3-linker-mCitrine construct) due to 

translational diffusion:  

In Stokes-Einstein mode, the diffusing molecule is assumed to be spherical in shape. However, most 

biomolecules are not spherical in shape and even may undergo conformational changes during their 

translational diffusion. For example, the beta barrel of either the donor or the acceptor in RD has a 

cylindrical shape that is ~ 2 nm in dimeter and ~4 nm in height. Importantly, we are examining whether the 
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Stokes-Einstein model is valid in describing the translation diffusion of intact RD, where two fluorescence 

protein are tethered by a flexible linker.  

 

Towards that goal, we measured the corresponding autocorrelation curve of the intact RD under the same 

experimental conditions as the cleaved counterpart. Representative results are shown in Figure 5 where the 

observed diffusion time is 0.958 ms and the average number of molecules is 30.3 that reside in the 

observation volume. The calculated diffusion coefficient of the intact RD (64 kDa) is 9.87E-7 cm2/s with an 

estimate hydrodynamic radius of 2.51 nm. 

 

The calculated hydrodynamic radius of intact RD seems smaller than predicted for a spherical molecule 

with a molecular weight of 64 kDa. Such deviation between the calculated and predicted value of the 

hydrodynamic radius is attributed to the open, flexible conformation of the RD construct. Accordingly, we 

conclude that the Stokes-Einstein model is less adequate in describing the translational diffusion of such 

non-spherical protein construct.  

 



Worku              Single-Molecule Studies of Environmental Ionic-Strength Sensors 

 

147 
 

 

Figure 5: A representative autocorrelation curve of intact RD using 405 nm laser light of 20 μL using FCS 

technique. The mean (G(t)) vs Time (Lag(ms)) of the autocorrelation of fluctuations graph is shown above 

and diffusional coefficient, as well as the hydrodynamic radius, were calculated using the data. See Table 

1 for fitting parameters of intact RD. 

 

We have also carried out complementary measurements of the cleaved and intact RD construct in 500 mM 

potassium chloride solution under both 488 nm and 405 nm excitations. The objective here is to investigate 

the effects of the environmental ionic strength on the translational diffusion of mCerulean3-linker-mCitrine 

as compared with our findings on the same construct in pure buffer. In addition, we are developing new 

approaches for FRET analysis in this family of environmental sensors at the single molecule level.  
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4. Conclusion:  

We examined the translational diffusion of cleaved and intact RD (mCerulean3-linker-mCitrine) construct, 

which is a novel sensor for environmental ionic strength, using fluorescence correlation spectroscopy. In 

these measurements, we excited the donor (mCerulean) in this construct using 405 nm and its emission was 

detected at 475 nm. Our results show that the diffusion coefficient and the hydrodynamic radius of the intact 

and cleaved RD are distinct. However, the hydrodynamic radius of the intact RD is somewhat less than 

theoretically predicted based on its molecular weight. Currently, we are continuing to investigate the effects 

of the environmental ionic strength on both the translation diffusion and the energy transfer efficiency of 

this sensor. These single-molecule studies in controlled environments (solutions) are critical prior to the 

complementary studies on genetically encoded RD in living cells, where the ionic strength is 

compartmentalized with an important role in cell function and survival. 
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