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Abstract 

Two-laser-beam fluorescence cross-correlation spectroscopy (FCCS) is promising technique 

that provides quantitative information about the interactions of biomolecules. The p50/p65 

heterodimer is the most abundant and well understood of the NFκB dimers in most cells. 

However, the quantitative value of affinity, namely the Kd, for the heterodimer in living cells 

is not known yet. To quantify the heterodimerization of the IPT domain of p50/p65 in the 

living cell, we used two-laser-beam FCCS. The Kd values of mCherry2- and EGFP-fused p50 

and p65 were determined to be 0.46 μM in the cytoplasm and 1.06 μM in the nucleus of the 

living cell. These results suggest the different binding affinities of the p50/p65 heterodimer in 

the cytoplasm and nucleus of the living cell and different complex formation in each region. 

Introduction 

The nuclear factor kappa B/Rel family (NFκB/Rel) is a family of inducible 

transcription factors involved in numerous cellular processes such as immune and 

inflammatory responses, cell proliferation, apoptosis and development [1-3]. The five 

members of the mammalian NFκB transcription family are p65 (RelA), RelB, c-Rel, 

p105/p50 and p100/p52, which associate as homo- and heterodimers [4, 5]. The p50/p65 

heterodimer is considered the most abundant and best understood complex among the NFκB 

dimers and plays various roles in gene regulation [3, 6]. In unstimulated cells the NFκB 

p50/p65 heterodimer predominantly exists in the cytoplasm as an inactive complex form with 

the inhibitor protein IκBα. Upon stimulation, NFκB p50/p65 dissociates from IκBα, 

translocates to the nucleus and regulates diverse cellular functions [4, 7]. A previous report 

suggested that proteins of this family associate as homo- and heterodimers with different 

binding affinities for dimerization [8]. The binding affinity of the NFκB p50/p65 heterodimer 

with DNA has been reported [9, 10]. However, the binding affinity of this hetrodimer in vivo 

has not. 
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To determine the binding affinity of the NFκB p50/p65 heterodimer we calculated the 

dissociation constants (Kd) of the transiently expressed mCherry tandem dimer (mCherry2) 

and green fluorescent protein (EGFP) protein fused with IPT (immunoglobulin-like plexin 

transcription factor) domains of p50 and p65, respectively, in living cells using FCCS. The 

IPT domain is responsible for dimerization and DNA binding has been reported [8]. 

Transient transfection is important for expressing the different concentrations of labeled 

proteins in living U2OS cells. FCCS provides information about the coincidence of two 

spectrally well-defined fluorescent molecules in a small detection volume with single-

molecule sensitivity [11]. The femtoliter confocal volume is well suited to resolve the 

different measurement positions even in live cells. FCCS has various applications to 

determine quantitative parameters, including determination of the dissociation constant in the 

living cell [12-19]. Indeed, single wavelength fluorescence cross-correlation spectroscopy has 

been employed for determination of dissociation constants [12, 13, 16]. In this work a two-

laser-beam FCSS was used instead of single-beam FCCS because the apparatus is 

commercially available and it provides more flexible laser power tuning for each 

fluorescence probe. This gives us adequate fluorescence intensity to reduce pseudo-positive 

cross-correlation signals that can be caused by the tail of the fluorescence spectrum of EGFP 

[20]. The technical importance of this work is that flexible laser beam power using two lasers 

can be applied for any combination of proteins, homo- or heterodimers for analysis of protein 

dynamics in living cells. Other than FCCS, there are few methods to determine the Kd values 

of biomolecules in living cells.  

In the present study, the dissociation constant of the NFκB p50/p65 heterodimer was 

determined in the living cell. The results suggest that the NFκB p50/p65 heterodimer has 

different binding affinities in the cytoplasm and nucleus. 
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Materials and methods 

 
Plasmid construction 

The plasmids encoding p50-mCherry2 and p65-EGFP were constructed by insertion of the 

encoding sequence of the IPT (immunoglobulin-like plexin transcription factor) domains  of 

p50 and p65 (Fig. S3) into the N-terminal of the tandem mCherry dimer (mCherry2) and 

EGFP, respectively. For observation of the p50/p65 heterodimer in the nucleus, p50-

mCherry2/NLS and p65-EGFP/NLS were constructed. The sequences encoded the SV40 

large T antigen nuclear localization signal (Pro-Lys-Lys-Lys-Arg-Lys-Gly) fused with the C-

terminal end of mCherry2 or EGFP. Subsequently, the IPT domains of p50 and p65 were 

inserted into the N-terminals of mCherry2/NLS and EGFP/NLS, respectively. For the cross-

correlation positive control experiment, a plasmid encoding the tandem dimer of mCherry 

and EGFP fusion protein (mCherry2-EGFP) was used. As a negative control, we used 

plasmids encoding mCherry2 and EGFP simultaneously. 

 

Cell culture and transient transfection 

U2OS cells were grown in a 5% CO2 humidified atmosphere at 37°C in McCoy’s 5A 

modified medium supplemented with 10% charcoal-stripped fetal bovine serum, 100U/mL 

penicillin G and 100 μg/mL of streptomycin sulfate. For transient transfection, they were 

plated on Lab-TeK
® 

8-well chamber cover glass (Nunc
TM

).  For FCCS measurement U2OS 

cells were cotransfected with 200 ng/well p50-mCherry2 or p50-mCherry2/NLS and 100 

ng/well p65-EGFP or p65-EGFP/NLS using Optifect
TM

 (Invitrogen). Sixteen hours after 

transfection, FCCS was performed. 

 

LSM and FCCS measurement 

Confocal LSM imaging and FCCS measurements were carried out with an LSM510-
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ConfoCor3 (Carl Zeiss) that consisted of a continuous-wave Ar
+
 laser and He-Ne laser, a 

water immersion objective (C-Apochromat, 40 X, 1.2NA; Carl Zeiss) and two channels of 

avalanche photodiode detectors. This was used for not only FCCS but also LSM imaging. 

The confocal pinhole diameter was adjusted to 70 μm. EGFP was excited at 488 nm and 

mCherry at 594 nm. The emission signals were split by a dichroic mirror (600 nm beam 

splitter) and detected at 505-540 nm for EGFP and at 615-680 nm for mCherry. 

Measurements in single living cells were performed 10 times for 5s. 

  

Data analysis  

Data acquired from FCCS were calculated with AIM software (Zeiss, Germany). The 

fluorescence autocorrelation functions from the green and red channels, GG(τ), GR(τ), and the 

fluorescence cross-correlation functions, GC(τ), were calculated by 
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where τ denotes the time delay, IG is the fluorescence intensity of the green channel, IR is the 

fluorescent intensity of the red channel and GG(τ), GR(τ), and GC(τ) denote the autocorrelation 

functions of green, red and cross, respectively. The acquired auto- and cross-correlations 

were fitted using a two-component model as follows:  
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where Ftriplet is the average fraction of triplet state molecules, τtriplet is the triplet relaxation time, 

Ffast and Fslow are the fractions of the fast and slow components, respectively, and τfast and τslow 

(4) 

(1) 

(2) 

(3) 
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are the diffusion times of the fast and slow components, respectively. Diffusion constants of 

the samples were calculated from the ratio of the diffusion constant of Rh6G DRh6G (414 

μm
2
/s) [26] and diffusion times τR6G and τSample [27]. In the case of cross-correlation, fitting 

was performed as Ftriplet = 0.  N is the average number of fluorescent particles in the 

excitation-detection volume defined by radius (1) and half of the long axis (2) of the 

confocal volume element, and s is the structural parameter representing the ratio s = 2/1. 

The values of 1,i (i = G or R) are determined from the diffusion coefficients of the 

rhodamine 6G and Alexa 594 used as standard dyes, respectively.  

iDi D   4,1  

The volume elements V are calculated according to  
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The average numbers of green fluorescent particles (NG), red fluorescent particles (NR), and 

particles that have both green and red fluorescence (NC) are given by 
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When NG, NR are constant, GC (0) is directly proportional to NC. For quantitative evaluation of 

cross-correlations among various samples, the relative cross-correlation amplitude (RCA) 

was calculated as  
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To subtract the effect of autofluorescence on N, corrected N (Ni, corrected) was calculated by 

following equation,  

2
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where Ni, measured is the average number of green or red fluorescent particles obtained from 

FCCS measurement and fitting analysis (i = G or R). Ii, measured is the average intensity of 

green or red fluorescence during measurement of FCCS (i = G or R). Ii, background is the 

average intensity of green or red fluorescence obtained from FCCS measurement of mock-

transfected U2OS cells. Applying the corrected numbers for green and red to equation (12), 

the corrected number of cross correlated particles was calculated as following equation, 



NC, corrected  (GC(0)1) NG, corrected NR, corrected  

The concentration of each fluorescent protein was calculated with the use of A (Avogadro’s 

number) as given below: 
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Determination of Kd  

The dissociation constant Kd was determined using following equations. 
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Thus,  
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The concentrations of the unbound EGFP and mCherry2 fusion proteins [Gfree] and [Rfree] 

were calculated by subtraction of the concentration of the complex [Complex] from the total 

concentration of the EGFP and mCherry2 fusion protein. For exclusion of the background of 

cross-correlation, which mainly originated from fluorescent cross talk between two detectors, 

the data point of less than the average concentration of “Complex” obtained from the 

negative control were excluded. Then a scatter plot of the products of concentrations of free 

molecules versus the concentration of the complex was generated with a line of best fit and 

the dissociation constant (Kd) was calculated from the slope of the regression line [12]. 

 

Results 

Comparative analysis of cross-correlation of mCherry-EGFP and mCherry2-EGFP in 

living cell 

To examine the cross-correlation of mCherry-EGFP (Fig. 1A) and mCherry2-EGFP (Fig. 

1B), fluorescent fusion protein FCCS was performed in living cells. U2OS cells were 

transfected with mCherry-EGFP or mCherry2-EGFP fusion proteins. The confocal LSM 

images of U2OS cells expressing mCherry-EGFP and mCherry2-EGFP fusion proteins 

showed that both fusion proteins were distributed in the cytoplasm and also in the nucleus 

(Fig. 2B and D, insets). Typical autocorrelation and cross-correlation curves of FCCS are 

shown in Fig. 2. As a negative control, U2OS cells were cotransfected independently with 

mCherry or mCherry2- and EGFP-encoding plasmids. Cross-correlations were not observed 

(Fig. 2A and C). On the other hand, positive cross-correlation amplitudes were observed in 

mCherry-EGFP and mCherry2-EGFP (Fig. 2B and D) in FCCS measurement. Furthermore, 

the amplitude of cross-correlation of mCherry2-EGFP was higher (Fig. 2D) than that of 

mCherry-EGFP (Fig. 2B). The fluorescent intensity per molecule (count per molecule) of the 
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tandem dimer of mCherry (mCherry2) was also high compared to monomeric mCherry (data 

not shown). These results indicated that the tandem dimer of mCherry (mCherry2) was 

advantageous compared to monomeric mCherry in FCCS analysis. 

FCCS analysis of interaction between p50 and p65 in living cell cytoplasm 

To understand the interaction of p50/p65 heterodimers in living cells, U2OS cells were 

transiently transfected with the IPT domain of p50 fused to mCherry2 (p50-mCherry2) and the 

IPT domain of p65 fused to EGFP (p65-EGFP) (Fig. 1C and D).  

To observe the colocalization of p50-mCherry2 and p65-EGFP in U2OS cells, 

confocal LSM images were taken. The p50-mCherry2 and p65-EGFP predominantly 

colocalized in cytoplasm (Fig. 3A, inset). Typical autocorrelation and cross-correlation 

curves of FCCS measured in the cytoplasm are shown in Fig. 3A. Positive cross-correlation 

amplitude was observed (Fig. 3A) as in the positive control in FCCS measurement (Fig. 2D). 

For the semi-quantitative evaluation of cross-correlations the relative cross-amplitude (RCA) 

was calculated using equation (11). Figure S1A summarizes the RCA in cytoplasm.  

For quantitative analysis, the Kd (dissociation constant) of interaction between the 

p50-mCherry2 and p65-EGFP transiently coexpressing U2OS cells was calculated. The 

concentrations of fluorescently labeled proteins that both bound [Complex] and free 

molecules were calculated from the amplitudes of the autocorrelation and the cross-

correlation functions in the FCCS analysis using equations (14) and (15). For exclusion of the 

background of cross-correlation, which mainly originated from fluorescent cross talk between 

two detectors, some data points of p50/p65 less than the average concentration of “Complex” 

obtained from the negative control were excluded (Fig. S2). However, no data points were 

excluded for the p50/p65 heterodimer in this experiment. Then a scatter plot was generated 

for the product of the concentrations of free molecules [Gfree][Rfree] using equations (17) and 
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(18) against the concentration of the bound molecules [Complex] calculated using equation 

(19), and linear regression calculations were used to determine the best fit line through each 

scatter plot. The Kd was calculated from the slope of the regression line. The Kd of p50-

mCherry2 and p65-EGFP was determined to be 0.46 μM in cytoplasm (Fig. 3B). Moreover, 

the diffusion constant of p65-EGFP was determined from analysis of the fluorescence 

autocorrelation function fitted with the two-component model. Figure 3C shows a scatter plot 

of the diffusion constant versus the fraction percentage. As shown in Fig. 3C, the fraction 

percentage of the fast component was higher than that of slow component in cytoplasm. 

FCCS analysis of interaction between p50 and p65 in living cell nucleus 

Next, we examined the interaction of p50 and p65 in the living cell nucleus. To 

understand the interaction of p50/p65, U2OS cells were transiently transfected with the IPT 

domain of p50 fused to mCherry2/NLS (p50-mCherry2/NLS) and the IPT domain of p65 

fused to EGFP/NLS (p65-EGFP/NLS) (Fig. 1E and F). As shown in the inset of Fig. 4B, p50-

mCherry2/NLS and p65-EGFP/NLS were localized in the nucleus. As a negative control, 

FCCS measurement was performed in the nuclei of U2OS cells coexpressing mCherry2/NLS 

and EGFP/NLS proteins (Fig. 4A inset). Cross-correlation was not observed in FCCS 

measurement (Fig. 4A), as in Fig. 2C. In contrast, positive cross-correlation amplitude was 

observed for the p50-mCherry2/NLS and p65-EGFP/NLS protein pair (Fig. 4B).  Figure S1B 

summarizes the RCA in the nucleus. The Kd of p50-mCherry2/NLS and p65-EGFP/NLS was 

determined to be 1.06 μM in the nucleus (Fig. 4C), which was higher than that of cytoplasm 

(Fig. 3B). This result suggested that the binding affinity of the p50/p65 heterodimer in the 

nucleus was weaker than that in the cytoplasm. The diffusion constant of p65-EGFP was 

determined from analysis of the fluorescence autocorrelation function fitted with the two-

component model. Figure 4D shows a scatter plot of the diffusion constant versus the fraction 
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percentage. As shown in Fig. 4D, the fraction percentage of the fast component was higher 

than that of the slow component in the nucleus.  

 

Discussion 

In this study, we used two-laser-beam fluorescence cross-correlation spectroscopy to estimate 

the binding affinity of the p50/p65 heterodimer quantitatively in living cells. There are many 

applications of FCCS to detect bimolecular interactions in solution [21-23]. However, 

quantitative measurements of interactions are also important in the living cell environment. 

Quantitative analysis of protein-protein interactions in living cells has been performed by 

single-wavelength fluorescence cross-correlation spectroscopy [12, 13, 16], although two-

laser-beam FCCS was also used to quantify biological interactions [15, 17-19]. In this work, 

we used two-laser-beam FCCS instead of single-beam FCCS because the two-laser FCCS has 

more flexible laser power tuning for each fluorescence probe, providing accurate 

measurement of fluorescence intensity. To our knowledge, there has been no report 

explaining the binding affinity of the p50/p65 heterodimer in living cells. Here, we 

determined the dissociation constant of the p50/65 heterodimer in the cytoplasm and nucleus. 

A fragment of the N-terminal domain of p50 and p65, referred to as the IPT domain, was 

used in this analysis. It has been reported that this segment is folded into an immunoglobulin-

like domain and is responsible for dimerization and DNA binding [8, 24]. The high cross-

correlation amplitude of p50/p65 interaction in the cytoplasm and nucleus of the living cell 

was observed (Fig. 3A and Fig. 4B) to have a value similar to that of the positive control 

(Fig. 2D), suggesting strong interaction of the p50/65 heterodimer. The estimated Kd of this 

p50/p65 heterodimer was 0.46 μM in cytoplasm (Fig. 3B). On the other hand, the Kd value of 

the p50/p65 heterodimer was 1.06 μM in the nucleus (Fig. 4C), which was higher than that of 

cytoplasm, showing the higher binding affinity of the heterodimer in cytoplasm than in the 
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nucleus. This suggested that other molecules might be associated with the p50/p65 

heterodimer in cytoplasm to support the complex formation. On the other hand, the complex 

formation of the heterodimer of p50/p65 in vitro is known to be very stable because the 

crystal structure and refolding of the p50/p65 heterodimer were determined by a dialysis 

method [6]. The Kd values of the p50/p65 heterodimer and DNA were reported to have high 

affinity of less than 10pM [10]. According to these reports, we estimated that the Kd value of 

p50 and p65 in vitro could be less than the pM range because the formation of p50/p65 is 

stable at concentrations of less than 10pM.  The different values of Kd for p50/p65 formation 

in vitro and in vivo might be caused by regulatory or acceleratory molecules for the 

dissociation. Such lower binding affinity between p50 and p65 heterodimer in the nucleus 

might suggest more dynamic circumstances of NFκB, which can make a homodimer and/or 

heterodimer to orchestrate a large number of target genes.  Moreover, we found different 

diffusional properties of the p50/p65 heterodimer in the cytoplasm (Fig. 3C) and nucleus 

(Fig. 4D). It has been suggested that IκBα binds to the p50/p65 heterodimer with high affinity 

in cytoplasm [3]. We expected that the different diffusion properties in cytoplasm would arise 

due to binding with IκBα and other cytoplasmic proteins.  

 The diffusion property of p65-EGFP in cytoplasm indicated homogenous distribution 

of the fast component (Fig. 3C). On the other hand, the variation in the fast component 

distribution (Fig. 4D) indicated heterogenic interaction in the nucleus. Moreover, compared 

with the distribution of EGFP/NLS (Fig. S4), the fraction of the slow component of p65-

EGFP/NLS was slightly increased. This indicated that the p50/p65 heterodimer interacted 

with other nucleoplasmic proteins and/or genomic DNA, and that the stability of the 

heterodimer was weakened by this interaction. However, the detailed mechanisms controlling 

the stability of p50/p65 in the nucleus were not clarified in this study and need to be further 

investigated. 
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Using two-laser-beam fluorescent cross-correlation spectroscopy, we determined the 

dissociation constant of the p50/p65 heterodimer in living cells. The drawback of two-laser-

beam FCCS is the incomplete overlapping of the confocal volume between the green channel 

and red channel, which leads to reduced cross-correlation [25]. The concentrations of bound 

molecules [CC,corrected ] were obtained using equation (19). Equation (7) is applied for perfect 

overlap of confocal volume.  

In the future, the real overlap value will be determined. However, this will somewhat 

reduce the value of Kd (unpublished data) though the tendency should be the same. Moreover, 

we found different binding affinities in the cytoplasm and nucleus of the living cell. Thus, the 

results presented in this report should be helpful to understand the quantitative interaction of 

the p50/p65 heterodimer in living cells on the basis of the dissociation constant.  
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Legends 

Figure 1 Schematic diagrams of constructs:. (A): mCherry fused with EGFP. (B): Tandem 

dimer of mCherry fused with EGFP (C): IPT domain of p50 fused with mCherry2. (D): IPT 

domain of p65 fused with EGFP. (E): IPT domain of p50 fused with mCherry2/NLS. (F): IPT 

domain of p65 fused with EGFP/NLS. Black region indicates the NLS sequence of SV40. 

Figure 2 FCCS measurement of mCherry-EGFP and mCherry2-EGFP 

Typical auto- and cross-correlation curves were obtained from U2OS cells expressing the 

pairs of fluorescent fusion proteins. The green, red and black curves denote the 

autocorrelation of the green channel (GG(τ)), autocorrelation of the red channel (GR(τ)),and  

the cross-correlation curve (GC(τ)), respectively. The insets show LSM images of U2OS cells 

expressing the fusion proteins. Measurement positions of FCCS are indicated by the white 

crosshairs. The scale bar represents 10 μm. FCCS measurement of (A): U2OS cell 

coexpressing mCherry and EGFP (Negative control) (B): U2OS cell expressing mCherry-

EGFP (C): U2OS cell coexpressing mCherry2 and EGFP (Negative control) (D): U2OS cell 

expressing mCherry2-EGFP. 

Figure 3 FCCS measurement and Kd analysis of differently labeled p50 and p65 in 

cytoplasm of living cells  

(A): Typical auto and cross-correlation curves were obtained from U2OS cells coexpressing 

the protein pair of p50-mCherry2 and p65-EGFP in cytoplasm. The green, red and black 

curves denote the autocorrelation of the green channel (GG(τ)), autocorrelation of the red 

channel (GR(τ)) ,and  the cross-correlation curve (GC(τ)), respectively. The insets show LSM 
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images of U2OS cells coexpressing the protein pair of p50-mCherry2 and p65-EGFP. 

Measurement positions of FCCS are indicated by the white crosshairs. The scale bar 

represents 10 μm. (B): Kd determination results using a scatter plot and linear regression. The 

plot represents the concentration of the free mCherry2 fusion protein and EGFP fusion protein 

versus the concentration of the complex of mCherry2 and EGFP fusion proteins. The solid 

line shows the linear fit. The slope represents the Kd. (C): The scatter plot represents the 

diffusion constants versus their fractions from FCCS measurement. Black symbols represent 

the average diffusion constants of the fast and slow components. Error bars represent mean ± 

SD (n=50). The open triangles facing up (red) and inverted triangles (blue) represent the fast 

and slow components, respectively. 

Figure 4 FCCS measurement and Kd analysis of differently labeled p50 and p65 in 

living cell nuclei  

Typical auto- and cross-correlation curves were obtained from U2OS cells coexpressing the 

pairs of chimeric fusion proteins. The green, red and black curves denote the autocorrelation 

of the green channel (GG(τ)), autocorrelation of the red channel (GR(τ)) ,and  the cross-

correlation curve (GC(τ)), respectively. The insets show LSM images of the U2OS cells 

coexpressing the pairs of chimeric fusion proteins. Measurement positions of FCCS are 

indicated by the white crosshairs. The scale bar represents 10 μm. FCCS measurement of 

U2OS cells coexpressing, (A): mCherry2/NLS and EGFP/NLS as a negative control (B): 

p50-mCherry2/NLS and p65-EGFP/NLS. (C): Kd determination results using a scatter plot 

and linear regression. The plot represents the concentration of the free mCherry2 fusion 

protein and EGFP fusion protein versus the concentration of the complex of mCherry2 and 

EGFP fusion proteins. The solid line shows the linear fit. The slope represents the Kd. (D): 

The scatter plot represents the diffusion constants versus their fractions from FCCS 

measurement. Black symbols represent the average diffusion constants of the fast and slow 
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components. Error bars represent mean ± SD (n=50). The open triangles facing up (red) and 

inverted triangles (blue) represent the fast and slow components, respectively. 
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