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ABSTRACT Quantitative characterization of protein interactions under physiological conditions is vital for systems biology.
Fluorescence photobleaching/activation experiments of GFP-tagged proteins are frequently used for this purpose, but robust
analysis methods to extract physicochemical parameters from such data are lacking. Here, we implemented a reaction-
diffusion model to determine the contributions of protein interaction and diffusion on fluorescence redistribution. The model
was validated and applied to five chromatin-interacting proteins probed by photoactivation in living cells. We found that very
transient interactions are common for chromatin proteins. Their observed mobility was limited by the amount of free protein
available for diffusion but not by the short residence time of the bound proteins. Individual proteins thus locally scan chromatin
for binding sites, rather than diffusing globally before rebinding at random nuclear positions. By taking the real cellular
geometry and the inhomogeneous distribution of binding sites into account, our model provides a general framework to
analyze the mobility of fluorescently tagged factors. Furthermore, it defines the experimental limitations of fluorescence
perturbation experiments and highlights the need for complementary methods to measure transient biochemical interactions in
living cells.

INTRODUCTION

Since the first studies on nuclear protein dynamics (1–4), a

large number of studies have shown that the majority of

nuclear proteins examined so far are highly dynamic: they

diffuse rapidly in the nucleoplasm and typically show a fast

exchange with their binding sites (e.g., (5–8)). This dynamic

behavior is thought to have a major role in chromatin orga-

nization and plasticity, and in regulation of gene expression.

Conceptually high dynamics have been interpreted as evi-

dence that nuclear proteins find their specific binding sites

by random three-dimensional diffusion and collision in the

entire nuclear space. To model the interaction of nuclear pro-

teins quantitatively for systems biology, methods to accu-

rately determine their binding times under physiological

conditions are needed.

Fluorescence recovery after photobleaching (FRAP), and

more recently, photoactivation (PA) as well, have become

methods of choice to visualize the dynamics of fluorescently

tagged proteins in cells (9–11). These fluorescence pertur-

bation methods offer the possibility to quantitatively char-

acterize diffusive processes and kinetics of interactions with

binding sites in a physiological context and can be readily

performed on most commercial confocal laser scanning mi-

croscopes. By contrast, analyzing such experiments to extract

physicochemical parameters of molecular mobility is non-

trivial. Several analysis models have been developed, some

to characterize diffusion alone (12–15), but most models

were designed to characterize chemical interactions. How-

ever, fluorescence redistributions can be limited by interac-

tions and diffusion, which, in principle, requires us to solve

the complex problem of reaction-diffusion systems. Although

this was done in some mostly theoretical studies (14,16–19)

almost all biological studies have assumed that diffusion was

not limiting the fluorescence recovery (6,20–22) and there-

fore neglected it to simplify the analysis. Many studies (for

example, of nuclear proteins) assumed that if fluorescence

redistribution was long compared to the case of freely dif-

fusing molecules, diffusion could be neglected in the anal-

ysis (e.g., (23)). Unfortunately, this assumption is incorrect,

because very transient interactions where diffusion is clearly

limiting, can also lead to slow fluorescence redistributions—as

was also noticed recently by others during the preparation

of this article (18). In addition, all analysis methods we are

aware of have ignored or largely simplified the cellular ge-

ometry, within which protein mobility occurs, and assumed a

homogeneous distribution of binding sites. Although ne-

glecting diffusion and ignoring cellular geometry and the

distribution of binding sites can lead to wrong interpretations

of fluorescence perturbation experiments, these assumptions

that underlie widely used analysis methods are typically not

validated in the biological literature.

The goal of this study was therefore to analyze the con-

tribution of both diffusion and chemical interactions to the

kinetics of fluorescence redistribution. To compare our

data to previous studies, we used the well-studied case of

chromatin interacting proteins. We used photoactivation of

proteins tagged with photoactivatable GFP (PAGFP, (11))

to perturb steady-state distribution of fluorescence and

followed its redistribution by standard fluorescence confocal

microscopy. Analysis was performed by simulating the
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relaxation after perturbation with a reaction-diffusion model

and fitting to the experimental data. Importantly, the model

used the real geometry of the nucleus and took the inhomo-

geneous distribution of binding sites (in this case, chromatin)

into account. We applied our method to the chromatin pro-

teins guanine nucleotide exchange factor RCC1 (24), the

histone methyltransferase SUV39H1, and its hyperactive

mutant (25), and five isoforms of the linker histone H1 (26).

All three types of proteins bind either to nucleosomes or

DNA in general, without known sequence specificity. In con-

trast to previous studies, we found that diffusion limits the

fluorescence redistribution for all of these proteins, and that

with the exception of the hyperactive mutant of SUV39H1,

the interaction was so transient that only the upper limit of its

residence time and the fraction of unbound protein could be

measured with standard fluorescence perturbation methods.

Our method provides a new general framework to analyze

the contribution of diffusion and interaction to fluorescence

redistributions in the nucleus, and can be extended to other

cellular compartments.

MATERIALS AND METHODS

DNA constructs, protein purification, cell lines,
and cell culture

H2B-diHcRed was described in Gerlich et al. (27). b-galactosidase-

diHcRed was made by fusing the entire coding sequence of b-galactosidase

(28) 59 to diHcRed (27), generating a LPDPPVAT linker between the two

proteins. pEGFP-RCC1 was made by fusing the entire coding sequence

of RCC1 (a generous gift from Iain Mattaj) 39 to EGFP (Clontech Labo-

ratories, Palo Alto, CA) generating a SGLRS linker between the two proteins.

PAGFP-RCC1 was made by replacing the coding sequence of EGFP by

PAGFP (11). H2B-PAGFP was made by fusing the entire coding sequence

of H2B 59 to PAGFP generating a DPP linker between the two proteins.

PAGFP-hERa was made using EGFP-hERa (29) and replacing EGFP by

PAGFP. H1.1, H1.2, H1.3, H1.4, and H1.5-PAGFP were made by fusing

the entire coding sequence of the different H1 59 to PAGFP generating the

linker PGIHRPVAT between the proteins. PAGFP-SUV39H1 and PAGFP-

SUV39H1-H320R were made by fusing the entire coding sequence of

SUV39H1 and the mutant H320R (25) 39 to PAGFP generating a YSD-

LEGGRDYKDDDDKGGR linker between the two proteins. EGFP-HP1b

was made by fusing the entire coding sequence of HP1b (a generous gift

from Howard Worman) 39 to EGFP, generating a SGLRSLE linker be-

tween the two proteins.

Normal rat kidney (NRK) cells stably expressing H1.1-PAGFP, H1.2-

PAGFP, H1.3-PAGFP, H1.4-PAGFP, H1.5-PAGFP, PAGFP-SUV39H1, H2B-

PAGFP, and H2B-diHcRed were selected according to standard protocols

and maintained in DMEM/10% FCS/0.5 mg/ml G418. Transfections were

done using FuGene 6 (Roche, Mannheim, Germany). PAGFP-RCC1,

PAGFP-hERa, and PAGFP-SUV39H1-H320R were transiently transfected

and experiments were performed 24 h or 48 h after transfection for

PAGFP-RCC1and PAGFP-hERa, and one week after transfection in the

case of PAGFP-SUV39H1-H320R. PAGFP-hERa photoactivation was

performed in the presence of 10 nM of b-estradiol (Sigma, Taufkirchen,

Germany).

For microscopy, cells were cultured in No. 1 LabTekII chambered cover

glasses (Nalge Nunc International, Naperville, IL) and maintained at 37�C on

the microscope as described (30). In all experiments either H2B-DiHcRed

or b-galactosidase-diHcRed were used as nuclear reference for image

alignment.

PAGFP-RCC1 was histidine-tagged and purified on a nickel-agarose

column (Qiagen, Valencia, CA). It was immobilized in a 30% acrylamide gel

cast between a coverslip and a microscope slide to test photoactivation

settings.

Photoactivation and three-dimensional imaging

Photoactivation experiments were performed on a Zeiss LSM 510 or a LSM

510 Meta (Carl Zeiss, Jena, Germany). PAGFP was photoactivated using a

80-mWKr, 413-nm laser (Coherent, Dieburg, Germany) on the LSM 510 or

a 20-mW, 405-nm laser diode (Point Source, Hamble, UK) on the LSM 510

Meta and observed at 488 nm. The 488-nm laser line was used at low

power to prevent any residual photobleaching or photoactivation. A 403
PlanApochromat IRIS NA 1.0 oil objective (Zeiss) was used and the pinhole

was wide-open to ensure imaging the entire nucleus. All images were 1283
128 pixels to allow short frame acquisition times (100 ms). For all ex-

periments, half of the nucleus was photoactivated and the whole nucleus was

imaged. In the case of PAGFP alone, the cytoplasmic pool of protein was

photoactivated and subsequently photobleached to prevent any contribution

from the cytoplasm to the measurements. The experiment was then per-

formed within the next 30 s on the nucleus to minimize the equilibration be-

tween nucleus and cytoplasm. H2B-PAGFP was imaged using an autofocus

and tracking macro as described (31).

Simulations in three dimensions were performed starting from stacks

of confocal sections of real nuclei with 0.3*0.3*0.35 mm3 (xyz) voxel

sizes.

Image segmentation, alignment, and quantitation

Segmentation of three-dimensional stacks and quantitation of fluorescence

intensities for the simulation were performed using in-house developed

plugins for ImageJ (http://rsb.info.nih.gov/ij/). Photoactivation sequences

were aligned as follows: first, each sequence was aligned using the nuclear

diHcRed signal using a registration plug-in on ImageJ (http://bigwww.epfl.ch/

thevenaz/turboreg/); then the same transformation was applied on the

PAGFP signal using a in-house modified version of the plugin.

Quantitation for data fitting was performed with the LSM 2.8 software

using an in-house developed macro to measure and format the fluorescence

intensities for simulation and parameter optimization. Background was

subtracted and intensities were normalized to the total intensity. Typically,

nuclei were divided in six regions distributed along the main fluorescence

redistribution direction, covering the whole nucleus.

Quantitation of fluorescence recovery was performed with ImageJ.

Fluorescence of a bleached or a nonphotoactivated region was background-

subtracted and normalized to the total intensity, also background-subtracted.

This measurement was then normalized to 0 for the image taken right

after photobleaching or photoactivation and to 100 for the steady-state

distribution of fluorescence, yielding a direct readout of the percentage of

recovery.

Computer simulation and curve fitting

Partial differential equations were simulated numerically using a finite dif-

ference approach. The following equation,

@½freeðr~; tÞ�
@t

¼ DDð½freeðr~; tÞ�Þ � kon½Cðr~Þ�½freeðr~; tÞ�
1 koff ½boundðr~; tÞ�;

@½boundðr~; tÞ�
@t

¼ kon½Cðr~Þ�½freeðr~; tÞ� � koff ½boundðr~; tÞ�;
becomes, in finite differences in three dimensions,
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with pi, pj, and pk the spatial steps in the three dimensions and ½freeði; j; k; tÞ�
and ½boundði; j; k; tÞ� the local concentration of free and bound fluorescent

proteins at the position (i,j,k) in the grid.

k1ði; j; kÞisðkoff=FreeÞðistði; j; kÞ=istaverage � FreeÞ, with ist (i,j,k) the

steady-state intensity at the position (i,j,k) in the grid and istaverage the sum

of all the ist (i,j,k) dividing by the number of grid elements that are inside the

nucleus.In two dimensions, the equation becomes

with pi and pj the spatial steps in the two dimensions. For our simulations, we

chose pi ¼ pj.

In three dimensions, the nucleus was subdivided in cuboids (Fig. 2 A), all

of identical size with a typical side length of 0.3 mm (doubling the size did

not significantly change the simulation result). As proteins were assumed not

to cross the nuclear envelope, fluxes were fixed to zero across nuclear

boundaries. The system of ordinary differential equations derived from the

discretization was simulated and fitted to data using the solver Berkeley

Madonna (www.berkeleymadonna.com). Initial conditions were measured

from images taken right after photoactivation. Steady-state distributions of

fluorescence were measured from images either before photoactivation at

413 or 405 nm or when the redistribution was complete at 488 nm. Inte-

gration was performed using a Runge-Kutta fourth-order algorithm with

an adaptive step-size. The curve fit used the downhill simplex method. The

six measured regions were fitted to the simulation except in the case of

SUV39H1-H320R, where only two measured regions were fitted (see Re-

sults). Residuals were calculated by subtracting the fit from the data and nor-

malizing it to the values of the fit at the end of the simulation.

The simplified two-dimensional model, and potentially other unidentified

systematic experimental errors, induced small but systematic deviation of the

residuals from zero (see Supplementary Material, Fig. S3A), which makes the

statistical analysis of the fit and of the confidence interval by classical methods

not conclusive (data not shown). We therefore broadened this confidence

interval by using an empirical cutoff at two times the square of the residuals

obtained by the best fit (see one example in SupplementaryMaterial, Fig. S3B).

RESULTS

A general reaction-diffusion model in the
geometry of the nucleus

A simple experimental test for diffusion limited mobility:
gradient smoothing

To characterize the interaction kinetics of proteins with

chromatin by photoactivation and kinetic modeling, we first

tested experimentally whether diffusion could be neglected

by analyzing gradient shapes after photoactivation. If the

intensity profile of the gradient changes during fluorescence

redistribution, diffusion has to be modeled, otherwise it can

be neglected (32). As expected, the highly mobile PAGFP

alone expressed in normal rat kidney (NRK) cells, which

should only diffuse, showed a smoothing gradient over time

(Fig. 1 A). By contrast, the slowly exchanging core histone

H2B (33) exhibited a completely constant intensity profile

after normalization (Fig. 1 B). We then tested five dynamic

chromatin interacting proteins tagged with (PA)GFP and

expressed in NRK cells: RCC1, SUV39H1, and its hyper-

active mutant, H1.1, estrogen receptor hERa, and hetero-

chromatin protein 1 HP1b. For all five proteins, fluorescence
gradients smoothed over time and diffusion therefore had to

be taken into account to model the mobility of these proteins

(see Fig. 1 C for RCC1, and Supplementary Material, Fig.

S1, for the other proteins). Importantly, the timescale of fluo-

rescence redistribution did not correlate with gradient smooth-

ing. Chromatin interacting proteins that showed a change of

gradient shape required between 2.8 s (SUV39H1) and 24.5

min (H1.1) for 80% fluorescence redistribution (Fig. 1 and

Supplementary Material, Fig. S1, last image of each row).
This clearly shows that the length of fluorescence redistribution

cannot be used to determine if it is limited by diffusion or not.

A general three-dimensional reaction-diffusion
model for chromatin interacting proteins

We therefore developed a model that included both diffusion

and chemical interactions to simulate the fluorescence

redistribution after photoactivation and fit the simulation

to the experiments to determine the amount of bound pro-

tein, its residence time and, where possible, the diffusion

coefficient of the unbound protein. The model was initially

@½freeði; j; k; tÞ�
@t

¼ D

p
2

i

ð½freeði� 1; j; k; tÞ�1 ½freeði1 1; j; k; tÞ� � 2½freeði; j; k; tÞ�Þ1 D

p
2

j

ð½freeði; j� 1; k; tÞ�

1 ½freeði; j1 1; k; tÞ� � 2½freeði; j; k; tÞ�Þ1 D

p
2

k

ð½freeði; j; k� 1; tÞ�1 ½freeði; j; k1 1; tÞ�

� 2½freeði; j; k; tÞ�Þ � k1ði; j; kÞ½freeði; j; k; tÞ�1 koff ½boundði; j; k; tÞ�;
@½boundði; j; k; tÞ�

@t
¼ k1ði; j; kÞ½freeði; j; k; tÞ� � koff ½boundði; j; k; tÞ�;

@½freeði; j; tÞ�
@t

¼ D

p
2

i

ð½freeði� 1; j; tÞ�1 ½freeði1 1; j; tÞ� � 2½freeði; j; tÞ�Þ1 D

p
2

j

ð½freeði; j� 1; tÞ�

1 ½freeði; j1 1; tÞ� � 2½freeði; j; tÞ�Þ � k1ði; jÞ½freeði; j; tÞ�1 koff ½boundði; j; tÞ�;
@½boundði; j; tÞ�

@t
¼ k1ði; jÞ½freeði; j; tÞ� � koff ½boundði; j; tÞ�;
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built in three dimensions based on the real geometry of the

nucleus and distribution of chromatin of each observed cell.

We assumed that proteins are immobile when bound

to chromatin, because chromatin does not show large-scale

movements over 1 h in mammalian cells (34–36) and that

free molecules can normally diffuse within the whole nu-

cleus with a single diffusion coefficient D following Fick’s

second law,

@½freeðr~; tÞ�
@t

¼ DDð½freeðr~; tÞ�Þ; (1)

where ½freeðr~; tÞ� is the local concentration of unbound fluo-

rescent molecules. We also assumed that chromatin occupies a

negligible volume and that all binding sites are equally acces-

sible. The interaction between proteins and chromatin was

modeled as a simple first-order chemical reaction,

free1C%
kon

koff

bound; (2)

where free is the free protein, C is the free binding site on

chromatin, bound is the bound protein, and kon and koff are
the on- and off-rates of the interaction. Combining diffusion

and interaction kinetics, changes in the local concentrations

of fluorescent proteins during fluorescence redistribution can

then be described by the partial differential equations of

@½freeðr~; tÞ�
@t

¼ DDð½freeðr~; tÞ�Þ � kon½Cðr~Þ�½freeðr~; tÞ�
1 koff ½boundðr~; tÞ�

@½boundðr~; tÞ�
@t

¼ kon½Cðr~Þ�½freeðr~; tÞ� � koff ½boundðr~; tÞ�: (3)

It is important to note that photobleaching/activation per-

turbs the fluorescence only and is assumed not to modify the

chemical interaction of fluorescent molecules. Therefore, the

fluorescence perturbation does not affect the distribution of

chemical species, seen independently of their fluorescent

state. Therefore, as in our case chemical interactions can be

considered to be in steady state over the whole experiment,

FIGURE 1 Test for diffusion-limited mobility NRK cells expressing PAGFP transiently (A), H2B-PAGFP stably (B), and PAGFP-RCC1 transiently (C).
The first image of each dataset shows protein steady-state distribution in the nucleus imaged at 413 or 405 nm at low laser power before photoactivation. In all

cases, half of the nucleus was photoactivated (open rectangle on second frame of each dataset). The last image represent 80% of fluorescence redistribution

compared to steady state. To measure intensity profiles, each dataset was cropped using cropping regions like the one represented on the last frame of PAGFP.

For each protein intensity, profiles were measured along the long axis of the nucleus, averaged along the short axis and normalized with the profile in steady

state to generate fluorescence profiles for each time point. Plots display fluorescence intensity versus distance along the nucleus. The insets for PAGFP and

H2B-PAGFP show the same profiles normalized between 0 and 1: note that whereas normalized profiles do not change for H2B-PAGFP, they become

smoother for PAGFP and for PAGFP-RCC1. Scale bars: 5 mm.
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the distribution of free binding sites ½Cðr~Þ� does not depend
on time. Their spatial distribution is nevertheless not known,

leading to an unknown parameter kon½Cðr~Þ� that depends on
space. Nevertheless, we could show that this spatial depen-

dency can be fully determined from the fluorescence dis-

tribution in steady state (see Appendix A), and that Eq. 3 can

be rewritten by replacing kon½Cðr~Þ� by a parameter k1ðr~Þ ¼
ðkoff=FreeÞ½istðr~Þ=istaverage � Free� where istðr~Þ is the steady-

state intensity distribution in space, proportional to the con-

centration of fluorescent protein (37), istaverageis the average

steady-state intensity over the whole nucleus and Free is the
global fraction of unbound proteins in steady state:

@½freeðr~; tÞ�
@t

¼ DDð½freeðr~; tÞ�Þ � k1ðr~Þ½freeðr~; tÞ�
1 koff ½boundðr~; tÞ�

@½boundðr~; tÞ�
@t

¼ k1ðr~Þ½freeðr~; tÞ� � koff ½boundðr~; tÞ�: (4)

Although Eq. 3 contains two parameters, D and koff, that are
constant and one parameter, kon½Cðr~Þ�, that depends on space,
Eq. 4 has the major advantage of containing three param-

eters, D, koff, and Free that do not depend on space, and only
requires the intensity distribution in steady state, which can

easily be measured experimentally.

The reaction-diffusion Eq. 4 was simulated in silico using

the real geometry of a nucleus and a typical distribution of

chromatin interacting proteins (Fig. 2). As it cannot be solved

analytically in such a complex geometry, it was solved nu-

merically using a finite difference approach (Fig. 2 A; see also
Materials and Methods, above). Initial conditions are needed

for the free and bound fluorescent protein concentrations, but

for chromatin proteins the resolution of light microscopy does

not allow the discrimination between these two populations,

and images just after photoactivation only provide their local

sum iðr~; tÞ. We thus further assumed that the ratio between

free and bound fluorescent proteins after activation is the same

as in steady state, which is correct either when the fluores-

cence perturbation (photoactivation/bleaching) is so fast that

no significant free protein movement occurs during the per-

turbation, or when the interaction is so fast that local free and

bound pools immediately equilibrate.

Two-dimensional simplification of the
reaction-diffusion model

Most molecular kinetics are too fast to be imaged in three

dimensions by acquiring z-stacks of images over time. We

therefore performed all image acquisitions in two dimen-

sions on a confocal laser scanning microscope with a wide-

open pinhole and a low numerical aperture objective focused

in the middle of the nucleus, such that the entire nuclear

depth could be illuminated and detected (Fig. 3 A). To

directly use this two-dimensional information, and to reduce

the computing time, we then tested the validity of a two-

dimensional model. In this simplified model we assumed

that the steady-state concentration of free proteins was ho-

mogeneous and that the distribution of bound and free

fluorescent proteins could be considered as two-dimensional

(see Materials and Methods, above, for the finite difference

equations), whereas, in fact, our two-dimensional observa-

tions correspond to the convolution of the reaction-diffusion

process in three dimensions with the point-spread function

(PSF) axially centered in the middle of the nucleus. To test

the simplification we simulated a photoactivation experiment

in three dimensions (Fig. 3 B, first row; see Supplementary

Material 1 for the details of the procedure and (38) for the

assumptions used), that we convolved radially, using the

axial profile of Fig. 3 A to project in two dimensions and

mimic our observation (Fig. 3 B, second row). We then

tested the simplified model with these two-dimensional

convolved images by fitting the six regions depicted on the

figure (Fig. 3 B, second row, last frame) equally distributed

in the direction of the fluorescence gradient. As can be seen

on the plots, it can be fitted to the convolved images, and the

fitted parameters are similar to the one used for the three-

dimensional simulation. This shows that deconvolution of

FIGURE 2 Modeling. (A) Finite difference approach of

reaction-diffusion model. The nucleus, in this case an NRK

cell expressing transiently PAGFP-SUV39H1, is discre-

tized in cuboids (images). The reaction occurs in each

cuboid (arrows ‘‘binding’’) and exchange of free proteins

occurs between the nearest-neighbors by diffusion (solid

arrows). (B) Simulation of a photoactivation experiment

in three dimensions starting from a cell transiently expres-

sing PAGFP-SUV39H1. The three-dimensional sequence

shows the simulated nucleus before perturbation (first

image) and during fluorescence redistribution, from the top

and the side (total intensity projection).
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FIGURE 3 Two-dimensional simplification. (A) PAGFP-RCC1 fixed in a 30% acrylamide gel was photoactivated in the red region using a 403 iris

objective with a numerical aperture fixed to 1.0, seen from the top and the side. Scale bar: 5 mm. The longitudinal profile shows the average intensity of the

profile generated by photoactivation in the confocal section where photoactivation was focused. The red curves correspond to a fit of half of this profile with the
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images is not necessary and that a two-dimensional model is

sufficient to characterize protein dynamics. To statistically

test the two-dimensional simplification and the influence of

the real geometry, we simulated photoactivation in three

dimensions in seven different nuclei, ignoring the convolu-

tion and assuming an homogeneous axial illumination in this

case. The quality of the fit and the parameters were the same

as when the PSF was considered. Starting from koff¼ 0.05 s�1,

a low 1% free pool and a diffusion coefficientD of 29mm2 s�1

in three dimensions, and keeping D ¼ 29 mm2 s�1 in two

dimensions, the two-dimensional fit gave koff ¼ 0.051 s�1 6
0.001 s�1 and a free pool of 1.04% 6 0.01%, with residual

differences between the two- and three-dimensional simulations

below 1%.

We found only one particular case where the two-

dimensional simplification is invalid, i.e., when the percent-

age of free fluorescent proteins is large and the dissociation

of proteins from chromatin is slow compared to diffusion.

This case represented in Fig. 3 C is characterized by an early

phase of diffusion of free proteins when there is no sig-

nificant contribution of the chemical interaction (Fig. 3 C,
zoom of the early part of the plot), followed by a slower

phase corresponding mostly to the dynamics of the interac-

tion. The intensity amplitude of the early phase corresponds

to the amount of free proteins, which fill the nonactivated

half of the nucleus homogeneously according to the assump-

tions of the two-dimensional simplification (Fig. 3 C, second
row, time 1.9 s). On the other hand, the three-dimensional

simulation predicts an inhomogeneity due to the variable depth

of the nucleus, which makes the two-dimensional simplifica-

tion invalid when one tries to fit all the regions to the model

(Fig. 3 C, plots of second row). Nevertheless we observed that
when we fitted only the two regions depicted on the third row

of Fig. 3 C, we could estimate the three parameters, D, free
pool, and koff with good precision, with residual differences

between three-dimensional simulation and two-dimensional fit

below 1%. Starting from D ¼ 29 mm2 s�1, Free ¼ 50%, and

koff ¼ 0.020 s�1 in three dimensions, the two-dimensional fit

gave D ¼ 32 mm2 s�1 6 1 mm2 s�1, Free ¼ 52%6 1%, and

koff¼ 0.0206 0.001 s�1 for eight nuclei. In all other cases, the

two-dimensional simplification was satisfactory for all nuclear

regions. When the free pool is small enough, the amplitude of

the first phase is too small to contribute to the fit, and when the

interaction is fast enough, the first purely diffusive phase is no

longer visible.

In conclusion, we could show that within the geometry of

the nucleus of intact cells, a simplified two-dimensional

reaction-diffusion model can globally describe the mobility

of chromatin-interacting proteins with good precision. In

cases where the free pool is high and the interaction slow

compared to diffusion, the parameter estimation must be re-

stricted to certain regions, but such cases are easy to identify

before parameter estimation, as they show clear biphasic

redistribution kinetics (see also the representative case of

PAGFP-SUV39H1-H320R, below).

Calibration of nuclear viscosity

The model contains three parameters: the diffusion coeffi-

cient, the fraction of unbound proteins, and the dissociation

rate or its inverse, the residence time of the interaction with

chromatin. As can be seen on Fig. 4 A, PA experiments will

not always allow us to identify all three parameters, because

in some cases, different combinations of parameters fit the

data equally well. In such cases, we calculated the diffusion

coefficient independently from the model based on the mo-

lecular weight of the protein and the viscosity of the nu-

cleoplasm. The apparent viscosity of the nucleoplasm was

calibrated using PAGFP alone as an inert probe regarding

binding interactions in the nucleus.

Nucleoplasmic PAGFP diffusion was probed by photo-

activating half of the nucleus and measuring its redistribution

over time as described above (Fig. 4 B). The pure diffusion
model Eq. 1 was simulated in two dimensions, using an em-

pirical method proposed by Siggia et al. (39) that we vali-

dated for the nucleus the same way as in the previous section

(see Supplementary Material 2 and Fig. S2 for details).

Nuclear PAGFP photoactivation was performed on 67 nuclei.

The example shown in Fig. 4 B shows that the fit is qual-

itatively very close to the data, with residuals below 6%. On

average, we measured a two-dimensional diffusion coeffi-

cient of 40.6 mm2 s�1 6 3.8 mm2 s�1. Given that the GFP

diffusion coefficient in water is 87 mm2 s�1 at room tem-

perature (40,41) and that water viscosity drops from 1.00 to

FIGURE 3 (Continued)

error function. The axial intensity profile corresponds to the profile of illumination in depth along the arrow of the image. (B) Simulation of a photoactivation

experiment in three dimensions, using the depth profile from panel A and a Gaussian radial PSF for the photoactivation profile (first row, total intensity top and

side projection), and two-dimensional observation of the simulation, using the same depth profile and radial PSF as for the photoactivation profile (second

row). The first images of each row represent the steady-state distribution of fluorescence and the following represent the fluorescence redistribution. The first

plot shows the average fluorescence intensity over time of the six regions depicted on the last images of the two-dimensional sequence (circles) and the fit using

the simplified two-dimensional model (solid curves). The second plot represents the residuals, ,1% for the six regions, between the three-dimensional

simulations and the two-dimensional fit. (C) Three-dimensional simulation with a higher percentage of free proteins, starting from cell stably expressing

PAGFP-SUV39H1 (first row). The second plot in the first row is a zoom of the early phase of the first plot and shows the diffusion of the initial free pool of

fluorescent proteins. The amplitude of this early phase is related to the amount of free proteins. The late phase visible on the first plot corresponds mostly to the

kinetics of the interaction. In this case, the same regions as in B cannot be well fitted with the two-dimensional simplified model (second row) with residuals

reaching 25%, but it improves drastically (see solid curves and residuals of the third row) and parameters are close to the three-dimensional situation when one

uses only the two regions depicted on the image of the third row. Scale bars: 5 mm.
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0.69 cP between 20�C and 37�C (42), we found the apparent

viscosity of the nucleoplasm to be ;3.1 times higher than

water, consistent with the literature (43–45).

Knowing the apparent viscosity, the diffusion coefficient

of chromatin-interacting proteins was then calculated from

the mass of the protein, using the Stokes-Einstein relation,

D ¼ kT=ð6phRÞ; (5)

D is the diffusion coefficient, k the Boltzmann constant, T the

temperature, h the viscosity, and R the spherical radius of the

molecule. We approximated the radius to be proportional to

the cubic root of its mass, yielding

Dprotein ¼ DPAGFPðmPAGFP=mproteinÞ1=3; (6)

with mprotein as the molecular weight of the protein (Table 1).

As all our proteins of interest were of similar size, their dif-

fusion coefficient was estimated to;30 mm2s�1. This is only

an approximation, which likely contributes an uncertainty

of up to a factor of 2 in the diffusion coefficient.

Measuring chromatin interactions with the model

We then applied the model to simulate photoactivation ex-

periments of PAGFP fusion proteins to analyze the interactions

of RCC1, SUV39H1, and its hyperactive mutant SUV39H1-

H320R, and the five human isoforms of H1 with chromatin.

We found two classes of behavior. The most common,

instantaneous interaction with chromatin is illustrated in detail

by PAGFP-RCC1. Despite large differences in the timescales

of redistribution, the dynamics of SUV39H1 and H1 isoforms

were extremely similar to that of RCC1. The second class of

behavior, a noninstantaneous interaction with chromatin, is

illustrated by the hyperactive mutant of SUV39H1.

PAGFP-RCC1 interacts instantaneously with
chromatin and 2% of the protein pool is
unbound in steady state

RCC1 interacts with the core histones H2A and H2B (24).

FRAP experiments on GFP-RCC1 have already shown that

its association with chromatin is dynamic: the half-time of

recovery was found to be ;2 s for a bleached spot in U2OS

cells (46), and;10 s for a bleached stripe in tsBN2 (47), and

one study fitted the recovery with a diffusive model with an

apparent diffusion coefficient of 0.5 mm2 s�1 in 3T3 cells

(48). We performed the experiment as described before for

PAGFP alone, using transient expression of PAGFP-RCC1

in NRK cells (Fig. 5 A). The model using Eq. 4 was fitted to

the measured intensities using D ¼ 30 mm2 s�1 (Table 1),

yielding as an initial set of parameters a dissociation rate koff
of 2 s�1, i.e., a residence time of 0.5 s, and an unbound pool

Free of 2.9%. The fit was qualitatively in good agreement

with the data (Fig. 5 A) and residuals did not exceed 8% (Fig.

5 A and Supplementary Material, Fig. S3 A, for the details of
the residuals).

FIGURE 4 Parameter identifiability.

(A) Fit and residuals for Fig. 3 B starting

from two different fixed diffusion co-

efficients. It should be noted that the fits

are almost similar, showing that in such

a case the diffusion constant has to be

determined separately to be able to esti-

mate the other parameters. (B) PAGFP
photoactivation. The nucleus was pho-

toactivated (open region, first image)

and imaged over time (first row). The
intensities of the six regions depicted on

the last image were plotted over time

(upper plot, circles) and fitted (solid

curves). Residuals are below 6% (lower
plot). The sequence on the second row

is the simulation using the parameter

from the fit. Scale bar: 5 mm.
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We then tested the certainty of the parameters for PAGFP-

RCC1 by plotting the sum of the square of the differences

between experimental data and simulation for different

combinations of koff and Free. Fig. 5 B shows the importance

of exploring parameter space in this manner: the dark-blue

region represents the area of parameters that fit the data

qualitatively well (see Supplementary Material, Fig. S3 B, for
simulations with parameters of this area), and this region is

infinite toward the high values of koff. By contrast, the

percentage of free molecules could be identified as 2.9% 6
0.2% (white bounded region on Fig. 5 B) (could be up to 4.3%;

isolated white bounded region on Fig. 5 B) and the lower limit
of the dissociation rate koff could be determined as 0.4 s�1, i.e.,

a maximum residence time of 2.5 s (could be as low 0.2 s�1).

From the chemical point of view, this means that the

interaction of PAGFP-RCC1 is too transient to be accurately

measured by fluorescence perturbation methods such as

PA/FRAP. At first glance, this is counterintuitive, as the

fluorescence redistribution of PAGFP-RCC1 was very slow

compared to PAGFP alone (compare Fig. 1, A and C, and
Figs. 4 B and 5 A). The speed of redistribution of RCC1,

however, does not reflect the length of the interaction

but rather its affinity. The small fraction of free molecules,

2.9%, are very often trapped on their ubiquitous binding

sites, and although they reside in the bound state for short

times, they can therefore not diffuse efficiently over long

distances and need long times to redistribute across the

nucleus.

In such a case, the reaction-diffusion model Eq. 4 can be

strongly simplified because the interaction can be considered

as instantaneous. For homogeneously distributed binding sites,

it has been shown that the model then becomes effectively

diffusive (49), and also for an inhomogeneous distribution of

binding sites we can rewrite the model to (Appendix B)

@iðr~; tÞ
@t

¼ D � Free � istaverageD
iðr~; tÞ
i
stðr~Þ

� �
; (7)

with iðr~; tÞ the local fluorescence intensity. For relatively

homogeneous distributions of binding sites Eq. 7 is approxi-

mately a diffusive equation with an effective diffusion

coefficient equal to the product of the diffusion coefficient

with the percentage of free proteins, D*Free. Thus, the speed
of redistribution depends only on the diffusion coefficient of

the protein and on the percentage of protein available for

diffusion in steady state, but not on the kinetics of the

interaction. If the unbound fraction is low, the fluorescence

redistribution is slow. Fig. 5 C shows a fit performed on the

same data as on Fig. 5 A using Eq. 7. The residuals are as

expected identical and the estimated fraction of free protein

is very similar, 2.8%. It should be noted that this would lead

to an effective diffusion coefficient of D*Free ¼ 0.8 mm2

s�1, close to already published values (48), but the correct

interpretation possible by the model is that 97% of RCC1 is

bound to chromatin and that the interaction can be consid-

ered as instantaneous. The analysis was performed on 19

nuclei and led to an average percentage of free molecules of

2.1% 6 0.6% (Table 1), with the uncertainty linked to our

estimation of the diffusion coefficient (see above).

PAGFP-SUV39H1 interacts instantaneously
with chromatin and 36% of the protein
pool is unbound in steady state

SUV39H1 is a methyltransferase that specifically methylate

lysine 9 of histone H3 (25), a key epigenetic modification

involved in gene silencing. SUV39H1 binds to core histones

without apparent preferences in vitro (50).

Photoactivation experiments to probe SUV39H1 inter-

action with chromatin were performed in NRK cells stably

expressing PAGFP-SUV39H1. Models were simulated and

fit to the data with a diffusion coefficient of 30 mm2 s�1.

Fluorescence redistribution could be fit equally well by the

reaction-diffusion model Eq. 4 (data not shown) and by the

instantaneous reaction model Eq. 7 (Fig. 6, A–C). Thus,
similar to PAGFP-RCC1, the percentage of free protein

and only the lower limit of the dissociation rate could be

determined. The analysis of 20 nuclei led to an average free

protein pool of 36% 6 8% and a lower limit of dissociation

rate of 0.9 s�1, i.e., a residence time of, at most, 1.1 s de-

termined from the parameter space analysis (Fig. 6 B).

TABLE 1 Fit results

Protein name Molecular weight Diffusion coefficient Percentage of free proteins Dissociation constant n

PAGFP-RCC1 74 kDa 30 mm2 s�1 imposed 2.1% 6 0.6% .0.15 s�1 19

PAGFP-SUV39H1 77 kDa 30 mm2 s�1 imposed 36% 6 8% .0.9 s�1 20

PAGFP-SUV39H1-H320R 77 kDa 5.7 6 1.6 mm2 s�1 fit* 57% 6 17% 5.1.10�3 6 2.2.10�3 s�1 8

H1.1-PAGFP 50 kDa 34 mm2 s�1 imposed 0.09% 6 0.04% .6e–3s�1 19

H1.2-PAGFP 49 kDa 34 mm2 s�1 imposed 0.08% 6 0.03% 12

H1.3-PAGFP 50 kDa 34 mm2 s�1 imposed 0.05% 6 0.02% 10

H1.4-PAGFP 50 kDa 34 mm2 s�1 imposed 0.04% 6 0.01% 11

H1.5-PAGFP 50 kDa 34 mm2 s�1 imposed 0.03% 6 0.01% 13

Diffusion coefficients come from the fit unless the model could not estimate them, in which case they were imposed. When the lower limit of dissociation rate

is given, it means that the actual value is not measurable experimentally. The value n is the number of nuclei investigated for each construct.

*As the fitted diffusion coefficient is much lower than expected from the size of the protein, it can be interpreted as an apparent one, corresponding to an

instantaneous reaction.
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Five isoforms of H1-PAGFP interact
instantaneously with chromatin and have
\0.1% of unbound protein in steady state

Histones H1 are components of the nucleosomal subunits

that play an important role in chromatin structure and func-

tion (26). The dynamics of some isoforms have already been

investigated by FRAP (3,51), which gave a recovery in the

range of 1 min for a small bleached spot, a time that was

interpreted as the residence time.

We stably expressed five isoforms of H1-PAGFP, H1.1-5,

in NRK cells. Models were simulated using a diffusion

coefficient of 34 mm2 s�1. All isoforms showed very similar

behavior, which is illustrated for H1.1-PAGFP in Fig. 6 D.
The behavior of fluorescence redistribution is similar to

PAGFP-RCC1 and PAGFP-SUV39H1. It could be fit by

the reaction-diffusion model Eq. 4 (data not shown) as well

as by the instantaneous reaction model Eq. 7 (Fig. 6 F),
yielding an average fraction of free protein of 0.09% 6
0.04% (n¼ 19). Due to the stiffness of the reaction-diffusion

model Eq. 4 with such a low percentage of unbound mol-

ecules, we could not explore parameter space as exhaus-

tively as for PAGFP-RCC1 and PAGFP-SUV39H1 at

reasonable computational cost. We therefore only plotted

the sum of the residual squares for different values of dis-

sociation rate koff, fixing the percentage of free proteins that

FIGURE 5 PAGFP-RCC1. The percentage of free molecules and only the lower limit of dissociation rate can be estimated. (A) Nucleus of NRK cell

transiently expressing PAGFP-RCC1, acquired at 405 nm, low power, and 488 nm before photoactivation (first two images) and at 488 nm after activation

(second row). The plots represent the average intensity over time of the regions depicted on the last image (circles) and the fit (solid curves, first plot), and the
residuals (second plot). The simulation using the parameters from the fit is shown on the last image row. Scale bar: 5 mm. (B) Color-coded sum of the square of

the residuals for different values of dissociation rates koff and percentage of free proteins. The black-cross fit on the parameter space corresponds to the fit in A.

The regions with white boundaries correspond to the values of sum of residual squares that are less than the double of the one corresponding to the fit. (C) Same

plots as in panel A, but using a instantaneous reaction model. Note that it is almost completely similar to panel A.
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best fit the data (Fig. 6 E). Because of the curved distribu-

tion of best-fitting koff values (see Figs. 5 B and 6 B), this
procedure could lead to an underestimation of the lowest

possible limit of koff of a factor of 2.9 for PAGFP-RCC1 and
2.4 for PAGFP-SUV39H1 (Supplementary Material, Fig.

S4). Because the lower limit of koff is 0.017 s
�1, according to

the plot (Fig. 6 E), we can estimate it to 6*10�3 s�1—i.e., a

residence time of no more than 170 s, with a correction factor

of 2.7.

The results for the four other isoforms are summarized in

Table 1. The percentages of free protein are all similar to

H1.1-PAGFP and, as the levels of noise are comparable, the

lower limits of the dissociation rate are also expected to be

similar (see Discussion).

It should be noted that the model shows a complete re-

covery of fluorescence, contrary to what has been published

for H1�-GFP and H1c-GFP (3). It should also be noted that

our timescale of fluorescence redistribution is much longer

than the published ones (3,51), notably because our photo-

activated regions are much larger, which directly affects a

diffusion-limited redistribution (see Discussion).

Hyperactive PAGFP-SUV39H1-H320R is bound
for 200 s on chromatin

The hyperactive mutant of PAGFP-SUV39H1-H320R is

mutated in the catalytic SET domain of the enzyme, un-

expectedly resulting in an increase of activity (25). It was

transiently expressed in NRK cells. Likely due to the toxicity

of the mutant in living cells, only very low levels of ex-

pression could be observed, which explains the lower signal/

noise ratio of the images compared to the other proteins

studied here (Fig. 7). In contrast to the wild-type protein,

most nuclei exhibited a high percentage of diffusive proteins

that led to a fast early redistribution followed by a slower

phase limited by the kinetics of the chemical interaction

(Fig. 7, plots), as already mentioned for validation of the

two-dimensional model. In this case, all three parameters of

FIGURE 6 PAGFP-SUV39H1 and H1.1PAGFP. Dif-

ferent timescales but same conclusions as for PAGFP-

RCC1; only the lower limit of dissociation rate can be

estimated. (A) Nucleus of an NRK cell stably expressing

PAGFP-SUV39H1, acquired at 405 nm, low power,

before activation (first image) and at 488 nm before and

after activation of half of the nucleus (open region,
second image). (B) Parameter space as in Fig. 5 B. (C)

Instantaneous reaction model for PAGFP-SUV39H1,

almost similar to a reaction-diffusion model (not shown).

(D) NRK cell stably expressing H1.1-PAGFP. Images as

in A. (E) The parameter space represents the sum of the

squares of the residuals for different values of dissoci-

ation rates koff, the percentage of free proteins being fixed
to the value given by the fit. The horizontal dashed line

corresponds to the double of the minimum of this sum,

giving the lower limit of dissociation rate 0.017 s�1

depicted on the plot. (F) Instantaneous reaction model

for H1.1-PAGFP, similar to a reaction-diffusion model

(not shown). Scale bars: 5 mm.
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the reaction-diffusion model could be identified using the

two regions depicted on the images of Fig. 7. The fit yielded

an average diffusion coefficient of 5.7mm2 s�16 1.6mm2 s�1,

a percentage of free diffusive proteins of 57% 6 17% and

a dissociation rate of 5.1*10�3 s�1 6 2.2*10�3 s�1, i.e., a

residence time of 196 s (n ¼ 8).

The diffusion coefficient of 5.7 mm2 s�1 is nevertheless

smaller than 30 mm2 s�1 expected from the size of the pro-

tein. The diffusion coefficient of the early redistribution, may

therefore also correspond to an effective diffusion coeffi-

cient, reduced by a relatively large fraction of protein bound

in an instantaneous interaction, like in the case of wild-type

PAGFP-SUV39H1. The redistribution of fluorescence would

then be due to two types of interactions: one fast, compared

to diffusion that led to an apparent diffusive process at early

times similar to the wild-type protein; and one slow, with a

dissociation rate of 5.1*10�3 s�1 and a percentage of free

proteins, i.e., proteins that are not bound in the second

interaction, of 57%. To understand the estimated parameters

in the context of two reactions, we wrote the reaction-

diffusion equations for a model where the second interaction

is a stabilization of the first:

free1C%
kon1

koff1
bound1

bound1%
kon2

koff2
bound2:

If the first interaction can be considered as instantaneous,

then we can write the differential equations describing the

system in a similar way to Eq. 4 (see Appendix C). The in-

terpretation of the dissociation rate remains the same: it

corresponds to koff2. What we call here the free pool of 57%

is actually the ratioð½freeðr~Þ�1½bound1ðr~Þ�Þ=total. The frac-

tion of free proteins regarding only the first reaction

½freeðr~; tÞ�=ð½freeðr~; tÞ�1½bound1ðr~; tÞ�Þis the ratio of the ap-

parent diffusion coefficient with the real D of the free

proteins (see Appendix C), i.e., 19% assuming a diffusion

coefficient of 30 mm2 s�1. The real fraction of free proteins,

½freeðr~Þ�=total, is therefore the product of these 19% with the

apparent free pool of 57%, i.e., 11%.

DISCUSSION

Comparison to other FRAP experiment and
analysis methods

One of themain experimental approaches used to quantitatively

characterize diffusion (12,52) and reactions limited by diffu-

sion (18) consists in bleaching a small spot and analytically

analyzing the fluorescence recovery in this spot. Compared to

this classical FRAP approach, the method presented here

requires more computational skills and more time, but offers

several advantages. First, the theoretical analysis of the spot-

bleaching technique has always assumed an infinite system, a

questionable assumption as most cellular compartments are not

very large compared to the bleached spot. By contrast, our

method takes the complete geometry of the sample, including

boundaries, into account.Moreover, the spot technique requires

the size and shape of the bleaching intensity profile to be known

(12), which requires nontrivial optical calibrations. Ourmethod

is independent of the geometry of bleaching/photoactivation,

and does not require the characterization of the amount of

bleaching, as in certain cases for the spot technique (12). Fur-

thermore, spots are typically chosen small tomake the rest of the

sample infinite, as possible leading to noisy data. Here, wemea-

sure the intensity in the whole nucleus, offering a much better

precision inmodel validation andparameter estimation. Finally,

fluorescence distributions are typically considered as homoge-

neous in space to simplify the analysis, whereas here such

simplification is not needed: the distributions of both bound and

unbound molecules are taken into account, allowing higher

precision and a convincing validation of the model.

FIGURE 7 PAGFP-SUV39H1-H320R

case. Free pool of 35% and residence time

of 210 s. Nucleus of NRK cell stably ex-

pressing the hyperactive PAGFP-SUV39H1-

H320R, acquired at 488 nm. Contrary to the

other cases, the steady-state distribution was

not measured at 405 nm as the signal was

too low. The intensities of the two regions

depicted on the last image are plotted (circles)

and fitted (solid curves) as in Fig. 3 C. The
second plot correspond to a zoom of the

early part of the first plot.
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Limits of residence times that can be measured
by FRAP/PA

Three of the proteins we examined, RCC1, H1, and wild-type

SUV39H1 illustrate that for generic chromatin-interacting

proteins, the binding reaction can appear instantaneous in

FRAP/PA experiments and that only a lower limit for koff can
be determined from such experiments. Exploiting the possi-

bility to do in silico experiments with our reaction-diffusion

model, we wanted to generally test the dependence of the ability

to identify thedissociation rate on the percentageof free proteins,

which reflects the affinity of the interaction in steady state.

To this end, we used a simplified one-dimensional reaction-

diffusion model with a homogeneous distribution of binding

sites and a hypothetical protein with a diffusion coefficient of

30 mm2 s�1. For given percentages of free protein, we tested

at what dissociation rate the reaction-diffusion model can

no longer be discriminated from an instantaneous reaction

model with a tolerance of 5% between the two models (see

Supplementary Material 3 for details). Fig. 8 shows that the

method has the best sensitivity for high dissociation rates

if ;30% of the protein is unbound, then dissociation rates up

to ;30 s�1— i.e., residence times as short as 33 ms can be

identified. For amounts of free protein from 0 to 30%, the limit

that can be estimated for the dissociation rate increases

proportionally with the free fraction. For higher percentages of

free proteins, the identifiable limit of dissociation rate de-

creases rapidly again with the free fraction, presumably

because the contribution of the bound fraction to the fluo-

rescence equilibration diminishes significantly. These in silico

results are in good agreement with our experimental data

on the instantaneous interactions of SUV39H1, RCC1, and

H1.1 with chromatin. For all three proteins, the limit of the

identifiable dissociation rate increased with the free fraction

(Fig. 8, vertical lines).
Thus, for cases where interactions appear instantaneous,

FRAP/PA experiments are suitable to measure the amount

of free protein but give limited information on the kinetics

of the interaction. As illustrated over the parameter space in

Fig. 8, combinations of dissociation rate and unbound frac-

tion that can be physiologically expected can easily be found

in the half-space, where koff cannot be identified. Thus there
is clearly a need for complementary methods to measure

transient biochemical interactions in living cells. Fluorescence

correlation spectroscopy may be a good alternative to access

this information as the timescales accessible by this technique

are orders-of-magnitude shorter than with FRAP/PA.

General implications for the interpretation of
FRAP and PA experiments

Slow redistribution does not mean stable interaction

Our study clearly shows that the analysis of FRAP and PA

experiments to determine interaction parameters is not trivial.

Simplifying the reaction-diffusion process that typically drives

the mobility of nuclear proteins to a model where diffusion is

ignored has been often used in recent studies (e.g., (6,21)), but

may lead to wrong parameter values and biological interpre-

tations if the simplification is not justified. It is clear from our

data that a long timescale of redistribution compared to dif-

fusion alone is not indicative of long-lived interaction, because

an instantaneous interaction with a ubiquitous binding site can

lead to any timescale of recovery depending on how small the

unbound fraction of protein is. Such behavior can then be

modeled by an instantaneous reaction equation limited by an

apparent diffusion coefficient that can take any value below the

real diffusion coefficient, depending on the free protein frac-

tion available for diffusion. A long timescale of fluorescence

recovery may correspond to a long-lived interaction, but it may

also correspond to a very transient interaction with high affinity.

In this context, the number of free binding sites may in-

fluence the dynamics of fluorescence recovery. This could

notably explain why the H1 isoform H1� becomes more dy-

namic when HMG proteins, which compete with H1 for

the same binding sites, is microinjected into nuclei (53): the

reduction in the number of binding sites for H1� could in-

crease the amount of free H1�, leading to a faster fluores-

cence recovery; likely, however, without any change in

association and dissociation kinetics.

Half-time of recovery is not a measure of residence times

It is also clear that the half-time of recovery that is typically

measured in FRAP studies may not be related at all to the

FIGURE 8 Estimation of dissociation rates. Experimental and theoretical

limits. Positions of the different constructs on the diagram of fraction of free

proteins versus dissociation rates. The curve between the shaded and the

unshaded regions corresponds to the limit of dissociation rates that can be

estimated, with a tolerance of 5%, determined from the comparison between

reaction-diffusion and instantaneous reaction models. The shaded region

corresponds to the space where the dissociation rate cannot be estimated. It

should be noted that although the dissociation rates of H1.1-PAGFP,

PAGFP-RCC1, and PAGFP-SUV39H1 cannot be determined, their limit is

outside the shaded region, likely because this limit also takes into account

data noise and systematic errors.
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residence time of a protein on its binding site. In this study,

the examples of RCC1, SUV39H1, and of the different H1

isoforms clearly illustrate this, because their residence time

cannot be measured. Even in the case of SUV39H1-H320R,

the half-time of recovery is not informative: since more than

half of the proteins are considered as unbound and the dis-

sociation rate is small, the early fast recovery will contribute to

more than half of the complete recovery. Therefore the half-

time of recovery will relate mostly to the early, diffusive part

of the recovery curve, and not to the later part, which contains

the information about the residence time.

Moreover, whereas kinetics of chemical reactions depend

only on concentration changes over time, diffusive processes

depend on both time and space. This means that half-times

of recovery can strongly depend on the geometry of photo-

bleaching/activation: for a purely diffusive process the char-

acteristic time of diffusion is roughly proportional to the square

of the spatial scale of fluorescence recovery. For example,

bleaching a spot of;1 mm in diameter or bleaching half of a

nucleus,;5mm in diameter, will result in a 25-fold increase in

half-time of recovery. This explains why published half-times

of recovery can be so different for a given protein, e.g., GFP-

RCC1 (46,47). Therefore the half-time of recovery that is

typically measured in FRAP experiments should only be

interpreted as ameasurement of the dynamics of the protein and

not as a residence time on a binding site or a diffusion coef-

ficient, unless that is clearly justified.Moreover, in cases where

diffusion is limiting fluorescence redistribution, half-times of

fluorescence recovery can only be compared between identical

experimental geometries.

On the other hand, trying tomodel fluorescence recovery by

a diffusive process with popular analytical solutions (12) may

also lead to misinterpretation of the results. This method only

works for purely diffusive processes or when the interactions

are very fast compared to diffusion, in which case it will yield

an effective diffusion coefficient lowered by the fraction of

unbound protein. It is not applicable in any other cases.

Deriving equilibrium dissociation constant and
association rate in living cells

From the reaction-diffusion Eq. 3 it can be seen that kon
cannot be estimated from photobleaching/activation without

information on the concentration of free binding sites.

Likewise the equilibrium dissociation constant KD, which is

the product of Free/(1-Free) and the concentration of free

binding sites, cannot be determined without the latter.

PAGFP-RCC1 interacts with histones, which in cells are

assembled into nucleosomes, therefore

KD ¼ ½PAGFP�RCC1
free�½Nucleosome�

½PAGFP�RCC1
bound�

¼ Free

1�Free
½nucleosome�;

where ½nucleosome� is the concentration of free nucleosomes

available for RCC1 binding. Here,

KD ¼ 0:02 � ½nucleosome�:
The amount of free nucleosomes available for RCC1 binding

is nevertheless not known and cannot be estimated from our

experiments as nucleosomes can be occupied by RCC1

tagged and untagged, as well as by many other nucleosome

binding proteins, whose concentrations and affinities are

unknown. We can therefore only estimate its upper limit,

assuming that all nucleosomes are free. Given that a rat cell

contains ;6*109 basepairs of DNA and nucleosomes repeat

at intervals of;200 basepairs, we can estimate that a rat cell

contains ;3*107 nucleosomes (54). As the nuclear volume

is ;0.7 pl, the total concentration of nucleosomes is ;70

mM. If we assume one binding site per nucleosome, the

dissociation constant KD is then smaller than 1.4 mM. The

real value is the product of this upper limit by the fraction of

free binding sites, a number difficult to estimate. It should be

noticed that KD has been estimated to ;5 nM in vitro (55),

suggesting that only;0.5% of nucleosomes are available for

RCC1 binding in steady state.

The case of H1 is very similar: as one linker histone H1

binds to one histone octamer, like RCC1, this leads to an

upper limit for the dissociation constant KD of 70 nM. Like in

the case of RCC1, the real dissociation constant is the prod-

uct of this upper limit with the fraction of free histones. In

vitro H1 binds nucleosomes with a KD of 7.4 nM (56),

suggesting that;10% of nucleosomes are available for bind-

ing to H1 in steady state.

Implications for dynamics of
protein-DNA interactions

The problem of specific protein-DNA recognition has been a

challenging issue since 1970 when the Escherichia coli lac
repressor was found to find its target at a much higher rate

than predicted for a diffusion-controlled process (57). It was

therefore suggested that more elaborate mechanisms than

simple three-dimensional diffusional collisions should occur

(58,59). Notably it has been proposed that proteins can

interact with nonspecific sequences of DNA at low affinity

and then diffuse along the DNA molecule in one dimension,

restricting the volume which has to be searched by the

protein and resulting in more efficient encounters with specific

sites. Most FRAP studies on chromatin interacting proteins

have been taken to suggest that the three-dimensional dif-

fusional collision process was universal in living eukaryotic

cells (60). The suggestion that chromatin interacting proteins

can diffuse all over the nucleus before interacting with a

binding site is in contradiction with the very high association

rates found for the lac repressor. The interpretation of FRAP

data was based on the assumption that diffusion does not

limit fluorescence recovery, an assumption not validated in
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most studies. Here we could see that in the cases of RCC1,

Suv39H1 and H1, this assumption is not valid. In the context

of a three-dimensional reaction-diffusion model these indi-

vidual proteins will therefore reassociate with a binding site

in close proximity, which could be compatible with a one-

dimensional diffusion along DNA molecules. Our present

study shows that FRAP studies showing rapid nuclear pro-

tein mobilities do not provide per se grounds to rule out the

one-dimensional diffusion hypothesis for eukaryotic cells. It

might therefore be worth considering testing it with appro-

priate methods.

APPENDIX A: REFORMULATION OF
REACTION-DIFFUSION EQUATIONS
USING STEADY-STATE
FLUORESCENCE DISTRIBUTION

Equation 3 is the standard reaction-diffusion with immobile bound

molecules:

@½freeðr~; tÞ�
@t

¼ DDð½freeðr~; tÞ�Þ � kon½Cðr~Þ�½freeðr~; tÞ�
1 koff ½boundðr~; tÞ�

@½boundðr~; tÞ�
@t

¼ kon½Cðr~Þ�½freeðr~; tÞ� � koff ½boundðr~; tÞ�: (8)

Our goal was to modify the product kon½Cðr~Þ� by using the spatial

information we have in steady state to get parameters that do not depend on

space anymore.

The steady-state intensity istðr~Þis proportional to the sum of free and

bound protein steady-state concentrations, with a proportionality coefficient A,

i
stðr~Þ ¼ Að½freeðr~Þ�st 1 ½boundðr~Þ�stÞ; (9)

where ½ �strepresents concentrations in steady state. In such conditions, we

have local chemical equilibrium of

kon½Cðr~Þ�½freeðr~Þ�st ¼ koff ½boundðr~Þ�st; (10)

and because of the expressions in Eq. 8 are equal to zero and because of

Eq. 10, we have no gradients of free molecules:

DDð½freeðr~Þ�stÞ ¼ 0:

This means that ½freeðr~Þ�st is actually a constant in space freest. One can

therefore write Eq. 10 as

kon½Cðr~Þ� ¼ ðkoff=freestÞ½boundðr~Þ�st; (11)

or, using Eq. 9,

kon½Cðr~Þ� ¼ koffðistðr~Þ=ðA�freestÞ � 1Þ:
To get rid of the unknown proportionality coefficient A, we introduced a

new parameter Free equal to the ratio of the total amount of free fluorescent

molecules over the total amount of fluorescent molecules in the nucleus.

Free ¼
ZZZ

freest=

ZZZ
ðfreest 1 ½boundðr~Þ�stÞ

or

Free ¼ A

ZZZ
freest=

ZZZ
istðr~Þ;

with
RRR

representing the sum over the whole nuclear volume. By dividing

both terms of the ratio by the nuclear volume we see that Free is also

proportional to the ratio of the average amount of free molecules, which

is freest because this is a constant, and the average of steady-state

intensity istaverage:

Free ¼ A � freest � istaverage:
Eq. 11 then becomes

kon½Cðr~Þ� ¼ koff
Free

ðistðr~Þ=istaverage � FreeÞ;

which we noted k1ðr~Þin the main text. istðr~Þcould be directly measured from

images showing the steady-state distribution of fluorescent molecules.

istaveragewas determined by summing istðr~Þover the whole nucleus and divid-

ing it by the nuclear volume.

APPENDIX B: DIFFUSION-REACTION MODEL
WITH INSTANTANEOUS REACTION

In such a case, the reaction-diffusion model,

@½freeðr~; tÞ�
@t

¼ DDð½freeðr~; tÞ�Þ � k1ðr~Þ½freeðr~; tÞ�
1 koff ½boundðr~; tÞ�

@½boundðr~; tÞ�
@t

¼ k1ðr~Þ½freeðr~; tÞ� � koff ½boundðr~; tÞ�; (12)

can be simplified, because the fact that the reaction is instantaneous means

that we always have chemical equilibrium even during the diffusion,

k1ðr~Þ½freeðr~; tÞ� ¼ koff ½boundðr~; tÞ�; (13)

and therefore

@½freeðr~; tÞ�
@t

¼ DDð½freeðr~; tÞ�Þ: (14)

Now the measured intensity iðr~; tÞ is proportional to the sum of the free and

bound pool of proteins, with a coefficient of proportionality A,

iðr~; tÞ ¼ Að½freeðr~; tÞ�1 ½boundðr~; tÞ�Þ (15)

or, using Eq. 13,

iðr~; tÞ ¼ Að11 k1ðr~Þ=koffÞ½freeðr~; tÞ�: (16)

So from Eq. 12,

@iðr~; tÞ
@t

¼ ADDð½freeðr~; tÞ�Þ; (17)

or

@iðr~; tÞ
@t

¼ DD
koff

koff 1 k1ðr~Þiðr~; tÞ
� �

: (18)

Given that k1ðr~Þis defined as

k1ðr~Þ ¼ koff � ðistðr~Þ=istaverage � FreeÞ=Free; (19)

Eq. 18 can be rewritten as

@iðr~; tÞ
@t

¼ D:Free:istaverageDðiðr~; tÞ=istðr~ÞÞ:
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APPENDIX C: DIFFUSION-REACTION MODEL
WITH A FIRST INSTANTANEOUS REACTION
AND A SLOW STABILIZATION

free1C%
kon1

koff1

bound1

bound1%
kon2

koff2

bound2:

To simplify the writing of the equations, we consider here an homogeneous

distribution of binding sites,

@½freeðr~; tÞ�
@t

¼ DDð½freeðr~; tÞ�Þ � kon1½C�½freeðr~; tÞ�
1 koff1½bound1ðr~; tÞ�

@½bound1ðr~; tÞ�
@t

¼ kon1½C�½freeðr~; tÞ� � koff1½bound1ðr~; tÞ�
� kon2½bound1ðr~; tÞ�1 koff2½bound2ðr~; tÞ�

@½bound2ðr~; tÞ�
@t

¼ kon2½bound1ðr~; tÞ� � koff2½bound2ðr~; tÞ�:
(20)

If the first interaction can be considered as instantaneous, then

kon1½C�½freeðr~; tÞ� ¼ koff1½bound1ðr~; tÞ�: (21)

The free pool of proteins seen in the case of PAGFP-SUV39H1 corresponds

to proteins that are not stabilized, i.e. to½ðf1b1Þðr~; tÞ� ¼ ½freeðr~; tÞ�1
½bound1ðr~; tÞ�, which is described by the sum of the two first equations of

Eq. 20,

@½ðf1 b1Þðr~; tÞ�
@t

¼ DDð½freeðr~; tÞ�Þ � kon2½bound1ðr~; tÞ�
1 koff2½bound2ðr~; tÞ�;

i.e., using Eq. 21,

@½ðf1b1Þðr~; tÞ�
@t

¼ ðD� koff1=ðkoff11kon1½C�ÞÞDð½ðf1b1Þðr~; tÞ�Þ
� kon2�kon1½C�=ðkoff11kon1½C�Þ½ðf1b1Þðr~; tÞ�
1koff2½bound2ðr~; tÞ�;

which is equivalent to the reaction-diffusion Eq. 4, by replacing ½freeðr~; tÞ�
by ½freeðr~; tÞ�1½bound1ðr~; tÞ� and the diffusion coefficient by an apparent

one which is its product with the fraction of free proteins regarding only the

first reaction:½freeðr~; tÞ�=ð½freeðr~; tÞ�1½bound1ðr~; tÞ�Þ.
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