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ABSTRACT Fluorescence contributions from immobile sources present a challenge for fluorescence fluctuation spectroscopy
(FFS) because the absence of signal fluctuations from stationary fluorophores leads to a biased analysis. This is especially of
concern for cellular FFS studies on proteins that interact with immobile structures. Here we present a method that correctly
analyzes FFS experiments in the presence of immobile sources by exploiting selective photobleaching of immobile fluorophores.
The fluorescence decay due to photobleaching of the immobile species is modeled taking into account the nonuniform illumination
volume. The experimentally observed decay curve serves to separate the mobile and immobile fluorescence contribution, which is
used to calculate the molecular brightness from the FFS data. We experimentally verify this approach in vitro using the fluorescent
protein EGFP as our immobilized species and a diffusing dye of a different color as the mobile one. For this special case, we also
use an alternative method of determining the brightness by spectrally resolving the two species. By conducting a dilution study, we
show that the correct parameters are obtained using either technique for a wide range of mobile fractions. To demonstrate the
application of our technique in living cells, we perform experiments using the histone core protein H2B fused with EGFP expressed
in COS-1 cells. We successfully recovered the brightness of the mobile fraction of H2B-EGFP.

INTRODUCTION

Fluorescence fluctuation spectroscopy (FFS) examines kinetic

processes and molecular interactions by statistical analysis

of equilibrium fluctuations. The technique exploits fluores-

cence intensity fluctuations of molecules that pass through a

very small optical observation volume. A number of analysis

tools exist with which to extract information from the intensity

fluctuations. The most widely used approach, fluorescence

correlation spectroscopy (FCS), is based on the analysis of the

correlation function (1). There are many applications for FFS,

such as protein diffusion, flow, protein-protein interactions,

and protein conformational fluctuations (2,3). Protein oligo-

merization has been the focus of a number of studies using

FFS techniques (4–7). A novel parameter accessible to FFS

studies is the molecular brightness, a single molecule pa-

rameter that specifies the average photon count rate of a fluo-

rescent molecule (8). Recently, the determination of the

brightness using FFS has been shown to be a useful method

for quantifying protein interactions and oligomerization in

living cells (9–11).

FFS requires that the fluorescent molecules give rise to

fluctuations, i.e., by passing through the observation volume.

The additional presence of a stationary fluorescence source

leads to biases in the analysis of FFS data, because the

constant signal adds to the fluorescence intensity without

producing fluctuations. Such background fluorescence is

typically negligible for most in vitro applications. For cellular

systems, the situation is more complicated. Fluorescent pro-

teins that bind to the chromosome or to certain parts of the

cytoskeleton may be regarded as immobile over the timescale

of a typical experiment. Thus there are many potential cel-

lular applications of FFS where mixtures of mobile and

immobile fluorophores are present. We describe here an ap-

proach that allows for a quantitative interpretation of FFS

experiments in the presence of such mixtures. It is based on

the selective photobleaching of immobile fluorophores,

which provides a signature for distinguishing signal from

mobile and immobile fluorophores. Whereas diffusing mol-

ecules are only excited when passing through the two-photon

excitation volume, immobile fluorophores located in the

two-photon volume are continually excited, resulting in

photobleaching even under conditions where bleaching of

diffusing molecules is negligible.

Photobleaching of immobile molecules leads to a time-

dependent decrease of the fluorescence intensity. Analysis of

the fluorescence decay curve distinguishes the intensity con-

tributions from the mobile and immobile fluorophores. This

information is used to calculate the brightness and fluctua-

tion amplitude of the FFS data. To experimentally verify the

technique, we use the fluorescent protein EGFP because it is

widely used for cellular FFS experiments. We first examine

the photobleaching kinetics of EGFP while taking the spa-

tial dependence of the excitation volume into account. The

technique is applied in vitro using EGFP as the immobilized

species and a diffusing dye of a different color as the mobile

species. This is a special case in which the mobile and im-

mobile species can be spectrally resolved. Therefore, we

describe and apply an independent method to separate the

mobile and immobile species using color. The brightness
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values using either technique agree with the calibrated value

within experimental error.

The technique has the potential for measuring protein

systems interacting with immobile structures in cells. We

therefore tested the applicability of our approach by per-

forming this measuring in live COS-1 cells. Our model

protein system for these experiments is the chromatin binding

histone core protein H2B. This protein has been well studied

and is known to show the presence of both mobile and im-

mobile fractions (12–15). We tested our method by mea-

suring mobile fractions of H2B and successfully determined

their brightness in living cells.

MATERIAL AND METHODS

Experimental setup

Experiments were conducted on a home-built two-photon fluorescence

fluctuation microscope. A mode locked titanium-sapphire laser (Tsunami,

Spectra Physics, Mountain View, CA) pumped with an intracavity doubled

Nd:YVO4 (Spectra Physics) laser serves as the excitation source. The beam

passes through a beam expander (;53) before entering a modified Axiovert

200 microscope (Zeiss, Göttingen, Germany) where it is reflected by a di-

chroic beam splitter (675DCSXR, Chroma Technology, Brattleboro, VT)

and focused by a 633 oil immersion objective (NA 1.4) (Zeiss) onto the

sample. The emitted fluorescence light is collected by the same objective and

separated according to color using a 525 nm dichroic (525DCLPXRU,

Chroma Technology) to allow for dual color measurements. Two avalanche

photodiode (Model SPCM-AQR-14, PerkinElmer, Vaudreuil, Quebec,

Canada) were positioned at the focal point of the tube lens to measure the

emitted fluorescence, which is recorded by an FCS data acquisition card (ISS,

Champaign, IL) and stored in computer files for further analysis. For single

color experiments, the dichroic is removed and all photons are collected by a

single avalanche photodiode. Uncorrected emission spectra were taken with

a Spectrograph (SpectraPro-2150i, Acton Research, Acton, MA) connected

to an imaging charge-coupled device camera (iXon DV887, Andor Tech-

nology, South Windsor, CT).

All experiments were conducted with an excitation wavelength of 905

nm. The excitation powers quoted in this article are measured with a power

meter (818-F-IR, Newport, Irvine, CA) before the beam enters the objective.

For all excitation powers used, photobleaching of the mobile species was

negligible. The experiments are performed at excitation powers where the

fluorescence intensity of the diffusing species increases quadratically as a

function of power. As a further check, the autocorrelation function of the

mobile species was measured as a function of power. Experiments were only

conducted under conditions where the measured diffusion time was inde-

pendent of power.

Sample preparation and
experimental procedures

The bleaching kinetics of the fluorescence for EGFP was measured by im-

mobilizing His-tagged EGFP on the functionalized surface of glass cover-

slips (MicroSurfaces, Minneapolis, MN). The functionalized coverslip was

mounted on a microscope slide with double stick tape to create a flow cell

(;80 mL volume). A 1 mM solution of EGFP was incubated in the flow cell

for 10 min before being washed three times with 200 mL of wash buffer

(phosphate-buffered saline, 0.5% Triton-X, 20 mM imidazole).

The surface was exposed to excitation light as illustrated by the inset in

Fig. 2, and the decay of the fluorescence was recorded. Experiments were

conducted by either focusing the beam of the titanium-sapphire laser on the

surface, or by exposing a small area of the surface to a uniform beam with an

epifluorescence lamp. The kinetic parameters describing the decay curves

were determined by fits to models described in the Theory section.

Next, FFS experiments were performed with immobilized EGFP in the

presence of a mobile species. The amount of mobile species present was

systematically varied by filling the flow cell with different concentrations of

the red dye sulforhodamine 101 (SR101, Molecular Probes, Eugene, OR).

The 525 nm dichroic was used to separate the emission of SR101 and EGFP

into two detection channels. During each measurement, some of the im-

mobilized EGFP is bleached. To start each experiment with unbleached

EGFP, the slide containing the immobilized EGFP was moved to a new

location between measurements.

The concentration of the stock solution of SR101 was determined by

absorption spectroscopy using the extinction coefficient quoted by the

manufacturer. SR101 was diluted to nanomolar concentrations in buffer

solution (phosphate-buffered saline, 0.5% Trixon-X). His-tagged EGFP

protein was purified according to Patterson et al. (16) and diluted in

phosphate buffer (Dulbecco’s Phosphate Buffered Saline, Cambrex,

Walkersville, MA).

COS-1 cells were transiently transfected with H2B-EGFP or cotransfected

with H2B-EGFP and EGFP at a 1:1 DNA ratio. All measurements were

conducted in the cell nucleus. Highly overexpressed cells and those with

abnormal morphology were not measured. To determine the distribution of

H2B-EGFP in the nucleus along the axial direction, a piezo-driven z stage

(MS-2000XYZ, ASI, Eugene, OR) scanned the focal position of the beam at a

very low excitation power across the cell. The position of the focal volume is

monitored by the stage controller with submicron resolution. The fluorescence

intensity is recorded as a function of depth within the cell.

Data analysis

Routines for calculating the brightness, fitting the fluorescence intensity

decay curves, and correcting the brightness were written in IDL (Research

Systems, Boulder, CO). We briefly outline the calculation of the decay

curves and their analysis. FFS data were sampled at 50 kHz and the resulting

photon count sequence was divided into segments of 10,000 data points

(0.2 s). To generate the intensity trace, the average of each segment was

calculated. The trace was fit to models using experimental uncertainty de-

fined in one of two ways: 1), the standard deviation across multiple identical

measurements was calculated, or 2), each 0.2 s interval was approximated as

stationary, and the uncertainty was estimated by
ffiffiffiffiffiffi
Ækæ

p
=

ffiffiffiffi
N

p
; where Ækæ is the

average photon count of the segment andN is the number of data points in the

segment. Both methods yielded similar fitting results and residuals as re-

ported in the Results section below. For the second case, it is important to

include a correlation term for the diffusing molecules when calculating the

error (17). Calculation of the brightness was done using larger segments of

the data to improve the signal/noise ratio.

The brightness was determined using the generalized Q-parameter Qt

instead of the Q-parameter, because of its better signal/noise and robustness

with respect to afterpulsing and detector dead time (18),

l
� ¼ Q

�
t

g2 fTsðtÞ
; (1)

where fTs ðtÞ is a correction factor accounting for the sampling time (18).

Equation 1 was evaluated for t¼ Ts, where Ts¼ 20ms is the sampling time at

which the data were taken. The corrected brightness l is determined using

Eq. 7. The error quoted for the brightness is the standard deviation calculated

using all of the values obtained from the segmented data.

THEORY

We first introduce brightness and its determination from FFS

data. Next, we consider the presence of an immobile species

and its bias on brightness analysis. Photobleaching of the
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immobile species is another complicating factor and will be

incorporated into the analysis model.

Brightness

An FFS measurement determines the photon counts kðtÞ as a
function of time with the temporal resolution set by the

sampling time T. We consider in the following the short

sampling time limit (T � tD), where the sampling time T is

much faster than the diffusion time tD; which characterizes

the average time for the fluorophore to diffuse across the

observation volume. In the short sampling time limit, data are

sampled fast enough that the photon count fluctuations track

the fluorescence intensity fluctuations due to diffusion of the

fluorophore. This leads to simple relationships between the

photon count moments and the fluorescence intensity mo-

ments (19,20). For example, the average photon counts re-

ceived per sampling time is the product of the fluorescence

intensity ÆFæ in units of counts per second and the sampling

time, Ækæ ¼ ÆFæT:
The brightness l of a fluorophore characterizes the fluo-

rescence intensity of a single fluorophore. The fluorescence

intensity ÆFæ ¼ lN of a fluorophore solution is the product of

the average number of molecules N in the excitation volume

and the brightness of the fluorophore. The average number of

photon counts Ækæ is similarly given by

Ækæ ¼ eN; (2)

where e denotes the average number of photon counts

detected from a single fluorophore per sampling time T,
and is related to l via

e ¼ lT: (3)

Both, e and l are measures of the brightness of a molecule.

We will mainly use l, because it is independent of the sam-

pling time. The value of the brightness depends on the

fluorophore, the excitation power, and other instrumental

parameters. However, if instrumental parameters are kept

constant, then brightness depends only on the fluorophore

species. Brightness has been used to determine the stoichi-

ometry of protein complexes in cells (9). For example, the

dimer of two fluorescently tagged proteins carries two

fluorophores and has twice the brightness of the monomer.

There are several methods that determine the brightness

from experimental data. Here we use moment analysis and

extract the brightness from Mandel’s Q-parameter,

Q ¼ g2ðlTÞ ¼
ÆDk2æ� Ækæ

Ækæ
; (4)

with the shape factor g2 of the point spread function (PSF)

(21).

Immobilization

The above treatment assumes that a single species with bright-

ness l contributes to the fluorescence signal. The Q-parameter

for a mixture of i fluorescent species is determined by the

Q-parameter Qi of the ith species and its average photon

count Ækiæ:

Q ¼ +
i

Ækiæ
ÆkTæ

Qi; (5)

where ÆkTæ ¼ +
i
Ækiæ is the total average photon count of the

sample. We now consider the special case of a mobile and an

immobile species, which are denoted by the subscript M and

I, respectively. The mobile species introduces fluorescence

intensity fluctuations as molecules diffuse in and out of the

observation volume. In contrast, the immobile component

does not produce fluorescence fluctuations, because the mol-

ecules are fixed in space. The distribution of photon counts

due to the immobile species is Poissonian, which dictates

that theQ-parameter of the immobile species is zero, QI ¼ 0:
The experimental Q-parameter Q� of the mixture

Q
� ¼ ÆkMæ

ÆkTæ
QM (6)

is proportional to the Q-parameter QM of the mobile com-

ponent. If we assume that the mobile species has brightness l
and an average of Nmolecules in the observation volume, its

Q-parameter is QM ¼ g2lT: The apparent brightness l� of

the mixture of a mobile and immobile species is deduced

from its Q-parameter, Q� ¼ g2l
�T; which leads to

l
� ¼ lfM; (7)

where we introduced the fractional intensity of the mobile

species,

fM ¼ ÆkMæ
ÆkTæ

: (8)

For comparison, the fluctuation amplitude gð0Þ of a mixture

of species is gð0Þ ¼ +
i
gið0ÞðÆkiæ=ÆkTæÞ2(18). Thus, for a

mobile and immobile species, the fluctuation amplitude is

given by

g�ð0Þ ¼ gMð0Þf 2M: (9)

Because the fluctuation amplitude of the mobile species is

gMð0Þ ¼ g2=N; the apparent number of molecules N� given
by the experimentally accessible fluctuation amplitude

g�ð0Þ ¼ g2=N
� is related to the actual number of freely

diffusing fluorophores by

N
� ¼ N

1

f
2

M

: (10)

The presence of an immobile species diminishes both the

fluctuation amplitude and the Q-parameter (Eqs. 6 and 9). As

a consequence, the experiment reports a biased brightness l�

and an average number of molecules N�: If the fractional

intensity fM of the mobile species is known, it is possible to

correct the biased parameters according to Eqs. 7 and 10. In

principle, the first three moments of the photon counts
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determine the fractional intensity fM (22). However, photo-

bleaching of the immobile species, dead time, and the limited

signal/noise render this approach impractical for cellular

applications.

Photobleaching

We consider experimental conditions where photobleaching

of the mobile fluorophores is negligible. Under such condi-

tions, the fluorescence intensity of the mobile component is

constant, ÆkMæ ¼ ÆFMæT: In contrast to diffusing molecules,

which are only exposed to the laser beam while passing

through the illuminated volume, the immobile molecules

located within the excitation volume are exposed to the laser

beam during the entire duration of the experiment. As a

consequence. photobleaching of the immobile species occurs

and leads to a decay of the fluorescence intensity, ÆkIðtÞæ ¼
ÆFIðtÞæT: The total fluorescence signal ÆkTðtÞæ is the sum of

the constant signal from the mobile species and the time-

dependent signal from the immobile component,

ÆkTðtÞæ ¼ ÆkMæ1 ÆkIðtÞæ: (11)

The average fluorescence signal depends on time and is

therefore nonstationary. Because FFS analysis requires a

stationary signal, the brightness cannot be calculated for the

whole data set. Instead, we divide the data set into short

segments, so that the fluorescence intensity is approximately

constant over the time interval tS of the segment. We cal-

culate the Q-parameter for each data segment according to

Eq. 4 to determine Q�ðtÞ: The time-independent brightness

of the mobile fraction is expressed with the help of Eq. 7:

l ¼ Q
�ðtÞ

g2 fMðtÞ
: (12)

Next we consider the fluorescence intensity decay of the

immobile fraction. For a mixture of species, the average

fluorescence intensity at position r is

ÆFIðr; tÞæ ¼ ÆkIðr; tÞæ=T ¼ +
i

li PSFðrÞciðr; tÞ; (13)

where the ith species has brightness li and concentration

ciðr; tÞ: The shape of the PSF is given by PSFðrÞ with

PSFð0Þ ¼ 1: The total fluorescence is obtained by integrating
over space,

ÆFIðtÞæ ¼ ÆkIðtÞæ=T ¼ +
i

li

Z
PSFðrÞciðr; tÞdr: (14)

If the concentration of each species is spatially uniform,

ciðr; tÞ ¼ ci0ðtÞ; then Eq. 14 simplifies to

ÆFIðtÞæ ¼ ÆkIðtÞæ=T ¼ +
i

liVPSFci0ðtÞ ¼ +
i

liNiðtÞ (15)

with the volume of the PSF defined as VPSF ¼ R
PSFðrÞdr

and the number of molecules in the observation volume

defined by N ¼ VPSFc; where c is expressed in number of

molecules per volume.

Fluorescence intensity decay curves I

In the simplest bleaching model, the fluorescent state A with

brightness l converts directly into the nonfluorescent state

D, A/
kA

D; where kA is the rate coefficient of bleaching

and depends on the fluorophore, the laser wavelength, and

excitation intensity. Because the excitation intensity of the

focused laser beam varies across space, the bleach coefficient

kA depends on space (14,23),

kAðrÞ ¼ jP
n
PSFðrÞ ¼ kA0PSFðrÞ; (16)

where j is a constant, P is the laser power, kA0 ¼ jPn; and n
is the number of photons absorbed in the excitation process.

The time-dependent concentration of fluorophores in state

A is given by

cAðr; tÞ ¼ cAðr; 0Þe�kAðrÞt ¼ cAðr; 0Þe�kA0PSFðrÞt: (17)

It was assumed that the immobilized fluorophores are uni-

formly distributed cAðr; 0Þ ¼ c0: Therefore, N0 ¼ c0VPSF and

the time-dependent fluorescence intensity of the immobile

component is

ÆFIðtÞæ ¼ ÆFIð0Þæ
Z

PSFðrÞ
VPSF

e
�kA0PSFðrÞtdr (18)

with ÆFIð0Þæ ¼ lN0: In the following, we will use the decay

time t ¼ 1=kA0 instead of the rate coefficient. We introduce

the normalized decay function fðt; tÞ to write Eq. 18 in

compact form:

fðt; tÞ ¼ ÆFIðtÞæ
ÆFIð0Þæ ¼

ÆkIðtÞæ
ÆkIð0Þæ ¼

Z
PSFðrÞ
VPSF

e�PSFðrÞt=tdr: (19)

The normalized decay function depends on the explicit shape

of the PSF and on the sample geometry. We discuss in the

following the decay function for a few cases of interest. The

decay function of each model is distinguished by its subscript.

Note that the normalized decay function uses the characteristic

decay time t instead of the decay rate coefficient. This notation
will be used throughout the manuscript.

For a uniform illumination profile (PSFðrÞ¼ constant,

subscript U) the average photon count is

fUðt; tÞ ¼ e
�t=t

: (20)

For a two-dimensional system, we approximate the PSF

shape by a two-dimensional Gaussian (2DG)

PSF2DGðrÞ ¼ exp �2nr2

w
2

0

� �
; (21)

where w0 is the radial beam waist of the beam, r is the radial

coordinate, and n denotes the number of photons absorbed in

the excitation process. The normalized decay function in this

case is given by
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f2DGðt; tÞ ¼
1� expð�t=tÞ

t=t
: (22)

We will model the decay in three dimensions using a squared

Gaussian-Lorentzian PSF for two-photon excitation. The

squared Gaussian-Lorentzian (GL) PSF is defined in cylin-

drical coordinates as

PSFGLðr; zÞ ¼ w
4

0

w
4ðzÞexp � 4r

2

w
2ðzÞ

� �
(23)

with w2ðzÞ ¼ w2
0ð11z2=z2r Þ; and zr denotes the axial beam

waist. Evaluation of Eq. 18 with Eq. 23 leads to the following

function for the decay of the average photon counts:

fGLðt; tÞ ¼2F2

1

4
;
3

4
;
1

2
; 2;� t

t

� �
; (24)

with the generalized hypergeometric function 2F2ða1; a2;
b1; b2; zÞ: The definition and properties of the generalized

hypergeometric function are described in the literature (24).

Although Eq. 24 describes the decay for an infinite sample

in the axial direction, one is more likely to encounter a slab of

finite thickness zth in actual experiments. To obtain the decay

function when focusing into the center of the slab, one must

limit the integration along the axial direction,

fðt; tÞ ¼ ÆkIðtÞæ
ÆkIð0Þæ ¼

t

t

Zzth=2

�zth=2

w2ðzÞ
VPSF

1� exp � w4

0t

w
4ðzÞt

� �� �
dz:

(25)

Fig. 1 compares the decay of fluorescence for each of the

three models to illustrate the effect of the PSF shape on the

bleaching curves. Each normalized decay curve fðt; tÞ
shown in the figure has a decay time t equal to 20 s. Adding

the spatial dependence of the bleach intensity to the model

increases the time it takes for the fluorescence intensity to

fully decay. The uniform excitation profile shows the fastest

decay, followed by that of the 2DG profile, whereas the GL

profile exhibits the slowest decay.

Fluorescence intensity decay curves II

We previously discussed the most elementary bleaching

model. However, to describe our experimental data, we need

to consider a more complex model. Consider the two-step

model, A/
kA

B/
kB

D;where molecules in the fluorescent state

A with brightness lA ¼ l convert into a fluorescent state B
with brightness lB ¼ rl; before reaching the nonfluorescent

bleached state D. The brightness ratio of state B to state A is

given by the factor r. The transition from A to B is charac-

terized by the rate coefficient kA; and the corresponding rate

coefficient for the transition form B to D is kB: If we assume

initial conditions where all molecules start out in state A and

are uniformly distributed, cAðr; 0Þ ¼ c0 and cBðr; 0Þ ¼ 0; the
time-dependent concentrations are

cAðr; tÞ ¼ c0e
�kAðrÞt ¼ c0e

�kA0PSFðrÞt

cBðr; tÞ ¼ c0
kAðrÞ

kAðrÞ � kBðrÞðe
�kBðrÞt � e

�kAðrÞtÞ

¼ c0
kA0

kA0 � kB0
ðe�kB0PSFðrÞt � e

�kA0PSFðrÞtÞ; (26)

where we used the fact that both rate coefficients depend on

the position according to Eq. 16. The normalized decay func-

tion f9ðtA; tB; tÞ for the two-step bleaching model is derived

from Eq. 26 with the help of Eqs. 14 and 19,

f9ðtA; tB; tÞ ¼ ÆkIðtÞæ
ÆkIð0Þæ ¼ ð1� aÞfðt; tAÞ1afðt; tBÞ;

(27)

with tA ¼ 1=kA0; tB ¼ 1=kB0; and the amplitude a defined as

a ¼ r

ð1� tA=tBÞ: (28)

The fluorescence intensity decay for the two-state

bleaching system is modeled by inserting the fðt; tÞ function
corresponding to the PSF of the experimental system into

Eq. 27. The time-dependent average photon count signal

in the presence of a mobile and immobile species is then

described by

ÆkTðtÞæ ¼ ÆkMæ1 ÆkIð0Þæf9ðtA; tB; tÞ: (29)

A fit of the experimental curve ÆkTðtÞæ to Eq. 29 determines

the characteristic decay times (tA and tB) and the constant

offset ÆkMæ; which describes the average photon count sig-

nal of the mobile fraction. Note that according to Eq. 16,

the ratio tA=tB is independent of the excitation power. By

rewriting the fractional intensity of the mobile species using

Eq. 29, we get

FIGURE 1 Normalized decay curves for three different illumination pro-

files. The exponential function (solid line) corresponds to spatially uniform

illumination. The other two decay curves represent two-dimensional Gaussian

and Gaussian-Lorentzian illumination profiles. A decay time t ¼ 20 s was

used for all three models.
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fMðtÞ ¼ ÆkMæ
ÆkMæ1 ðÆkMæ� ÆkTð0ÞæÞf9ðtA; tB; tÞ: (30)

With the help of this equation, we correct the biased bright-

ness l� to recover the true brightness l of the mobile fraction

with Eq. 7.

Bleaching and dual-color detection

Consider a system containing two independent species; one

immobile and one mobile, where each species is labeled with

a different fluorophore. This is a special case where dual-

color detection provides an alternative method to calculate

the intensity fraction fM of the mobile species. A dichroic

beam splitter spectrally resolves the fluorescence into two

separate channels. Ideally the fluorescence from each species

would be separated into distinct channels. However, the

spectral overlap of the fluorescence leads to cross talk be-

tween the detection channels. This spectral cross talk is ex-

perimentally characterized by measuring the intensity ratio

between the two channels for a given fluorophore. We label

the first channel as red (subscript r) and the second as green

(subscript g). The cross talk ratio for each species is defined

as xj ¼ ÆFj;ræ=ÆFj;gæ; where ÆFj;iæ is the fluorescence intensity
of the jth species in the ith channel. Another experimental

measure is the total fluorescence intensity ÆFT;iðtÞæ of each
channel and is given by

ÆFT;iðtÞæ ¼ ÆFM;iæ1 ÆFI;iðtÞæ; (31)

where ÆFM;iæ is the intensity of the mobile fraction and

ÆFI;iðtÞæ is the intensity of the immobile fraction in the ith
channel. The total fluorescence intensities and the cross talk

ratio of the mobile and immobile species (xM and xI) allow for

the calculation of the fluorescence intensity of each individ-

ual species in a channel. For example, the fluorescence

intensity ÆFM;ræ of the mobile species in the red channel is

determined by

ÆFM;ræ ¼ xM
xM � xI

ðÆFT;rðtÞæ� ÆFT;gðtÞæxIÞ; (32)

and the time-dependent intensity ratio of the mobile fraction

in the red channel is

fM;rðtÞ ¼ ÆFM;ræ=ÆFT;rðtÞæ: (33)

We will later use this method as a control to validate the

determination of the mobile intensity fraction from the

photobleaching kinetics based on Eq. 30.

RESULTS

Modeling of photobleaching decay curves for
immobile EGFP

Because photobleaching will be important in the subsequent

measurements, we first establish rate parameters for the flu-

orescence decay in the absence of a mobile species. For these

experiments, purified EGFP was immobilized on a cover

slide by its His tag. The surface was then exposed to either

focused or spatially uniform light (see inset diagram of Fig. 2)

and the time-dependent fluorescence was recorded. Photo-

bleaching experiments were first conducted using one-pho-

ton, uniform wide-field illumination to eliminate the spatial

intensity dependence of the bleaching rate, which would

complicate the analysis. The fluorescence decay curve from

this experiment is shown in Fig. 2. A single-step bleaching

process leads to a monoexponential decay for a uniform il-

lumination profile (Eq. 20), but an attempted fit to a single

exponential decay does not describe this data and gives a

reduced x2 of 13.2 (data not shown). We found that a biex-

ponential model as described by Eqs. 20 and 27 fits the data,

giving a reduced x2 of 0.5. The returned rate values were

t1 ¼ 11765 s and t2 ¼ 370660 s with a¼ 0.21 6 0.05.

This result is consistent with previous photobleaching studies

of EGFP (16,25).

Next we turn to two-photon bleaching at 905 nm of im-

mobilized EGFP by focusing laser light onto the surface of

the slide. Five decay curves were measured for 2 min at a time

and analyzed taking the two-dimensional Gaussian distri-

bution of the excitation intensity into account. Just as is the

case for one-photon bleaching, a single rate process is in-

sufficient to describe the kinetics. We therefore modeled the

two-photon decay curve using the two-step bleaching model

as suggested by the one-photon data. The standard deviation

across all five curves was calculated and used as the error in

fitting the individual decay curves to Eq. 27 with Eq. 22. A fit

to such a curve is shown in Fig. 3 along with the residuals,

which describes the data within experimental uncertainty

(reduced x2 of 0.3). The intensity decay time parameters

determined from the average of all five measurements were

FIGURE 2 One-photon photobleaching of EGFP with spatially uniform

illumination. The fluorescence signal of EGFP immobilized on a glass sur-

face (inset diagram) is measured. The fit (solid line) of the decay curve

(diamonds) to a sequential two-state model yielded t1 ¼ 1176 4 s, t2 ¼
3706 60 s, and a ¼ 0:216 0:05: The normalized residuals of the fit are

shown in the lower panel.
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t1 ¼ 2.96 1.3 s and t2 ¼ 1006 30 s with a¼ 0.266 0.06.

These results will be used below to determine the mobile

fraction of a freely diffusing dye added to the sample.

We also checked whether the decay curve obeys the qua-

dratic power dependence indicative of a two-photon process.

After defining the normalized time as the product of time and

power squared, we examined the power dependence. For

quadratic power dependence, the graph of the decay curves as

a function of normalized time is independent of power. We

measured decay curves for excitation powers ranging from

;0.3 mW to 2 mW and plotted the curves as a function of

normalized time (inset of Fig. 3). All curves overlap with one
another as expected for a two-photon process. Thus, chang-

ing the excitation power leads to quadratic changes in the

values of t1 and t2; but their ratio t1=t2 and a are power

independent. This result will be used in the analysis of all

subsequent experiments.

Brightness of mobile species

Finding the brightness of a diffusing species in the presence

of an immobile component relies on the determination of

fMðtÞ: We outlined two procedures for arriving at the frac-

tional intensity of the diffusing species. The first one depends

on photobleaching, whereas the second one relies on a color

difference between the mobile and immobile species. To

evaluate their performance, we conduct a control experiment

where each of the two methods is applied independently and

their results are compared. For this experiment, we add a

solution of the red dye SR101 to the surface-immobilized

EGFP. A 525 nm dichroic mirror in the collection path splits

the fluorescence of both dyes into a red and a green channel

(inset of Fig. 4 A). The cross talk ratio of EGFP xI ¼ 0.5 and

of SR101 xM ¼ 18 were determined separately. Fig. 4 A
depicts the measured fluorescence intensity of each channel

as a function of time. Because the fluorescence of the green

channel FT;g tð Þ (dashed line) contains almost no signal from

the red dye as can be seen from the spectral distribution

shown in the inset of Fig. 4 A, our analysis will focus on the

red channel (solid line).
We determined the intensity of the mobile fraction in the

red channel with each of the two methods. First, we separated

the intensity from each species based on color. With Eq. 32

we calculated the intensity of the mobile and immobile spe-

cies in the red channel. The result of this separation is show in

Fig. 4 B. As expected, the intensity ÆFM;ræ of the mobile dye

SR101 (dashed line) is time-independent with a value of

48 6 2 kHz, whereas the intensity of the immobile EGFP

ÆFI;rðtÞæ decays (solid line). Next, the fluorescence intensity

decay of the red channel (solid line of Fig. 4 A) was fit to

FIGURE 4 Dual-color analysis of immobile EGFP in the presence of the

red mobile dye SR101. (A) The fluorescence intensity decay of the green

channel (solid line) and the red channel (dashed line). The inset shows the

measured emission spectra of EGFP (dash-dotted line) and SR101 (solid

line) together with the transition wavelength of the dichroic mirror (vertical
dashed line). (B) The calculated intensities of EGFP (solid line) and SR101

(dashed line) in the red channel.

FIGURE 3 Two-photon photobleaching of EGFP immobilized to the

surface of a coverslip. The decay curve (circles) is fit to a sequential two-

state model with a two-dimensional Gaussian illumination profile. The

parameters of the fit (solid line) are t1 ¼ 2.9 6 1.3 s, t2 ¼ 100 6 30, s and

a ¼ 0.266 0.06. The normalized residuals of the fit are shown in the lower

panel. The inset shows three measurements taken at different powers

graphed as a function of time multiplied by the power squared.
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Eq. 29 to determine the intensity of the mobile fraction. The

parameters for t1; t2; and awere constrained during the fit to

lie within one standard deviation of the values calibrated

previously. The fit to the data shown in Fig. 5 A along with

the normalized residuals returned a value of 50 6 3 kHz for

the mobile fraction. The values for the intensity of the mobile

fraction determined by both methods are identical within

experimental uncertainty.

Next we determined the brightness of the mobile species

from the fluorescence decay curve. To calculate brightness

values, the data of the decay curve are segmented into subsets

of approximately constant intensity as described in Materials

and Methods. The biased brightness l�ðtÞ was calculated for
each segment according to Eq. 34 with g2 ¼ 3=16 as for a GL
PSF and a diffusion time of 0.035 ms, which was determined

from the autocorrelation function. As expected, the uncor-

rected brightness (solid line, Fig. 5 B) increases with time as

the bias introduced by the immobile fraction decreases due to

bleaching. The corrected brightness l is calculated with Eqs.

7 and 8 from the biased value l�ðtÞ and the intensityÆFM;ræ of

the mobile species given above. The corrected brightness is

plotted in Fig. 5 B (diamonds). Its value is time independent

with an average of 276 2 kHz (dashed line). As a control, the
brightness of the dye SR101 was also measured with the

same experimental setup in the absence of immobile EGFP,

yielding a value of 27 6 2 kHz. The corrected brightness in

the presence of the immobile species is the same as the

control value within experimental error.

The procedure of determining the brightness of the dif-

fusing species from the fluorescence decay data was repeated

for various concentrations of the mobile dye ranging from;5

to 500 nM. Fig. 6 A shows the corrected brightness values

plotted as a function of the initial mobile fraction (circles).
All of the corrected values lie within 1s of the expected value

of 27 6 2 kHz (dashed line). The uncorrected values

l�ðt ¼ 0Þ (plus signs) taken at the beginning of each mea-

surement are also shown. The bias decreases as the fractional

FIGURE 5 (A) Intensity decay curve of the red channel is fit to Eq. 31

with the immobile fluorescence modeled by Eqs. 27 and 22. The fit returns

an intensity of 50 6 3 kHz for the mobile dye SR101. The normalized

residuals of the fit are shown in the lower panel. (B) The uncorrected

brightness l�ðtÞ (solid line) and the corrected brightness lðtÞ (diamonds) are
shown as a function of time. The average brightness is indicated by the

dashed line.

FIGURE 6 Brightness determined for varying amounts of fractional

fluorescence intensity fM of the mobile species. (A) The corrected brightness

by analysis of the fluorescence decay curve is shown as a function of

the initial mobile fraction fMð0Þ: The uncorrected brightness taken at the

beginning of the measurement is also shown. (B) Comparison of the

corrected brightness determined by the dual-color and the decay kinetics

method as a function of the mobile dye concentration. The error bars of the

dual-channel data (squares) indicate good agreement with the brightness

determined by the decay method (crosses). The dashed line marks the

independently measured brightness of the dye.
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intensity of the mobile species increases. Finally, a compar-

ison with the dual-channel method of determining the

brightness is shown in Fig. 6 B for all measured concentra-

tions. There is good agreement between the two methods

across the range of concentrations used in the study. For

clarity, the error bars are shown only for the dual-color ap-

proach (squares).

Measurements inside cells

To demonstrate the applicability of brightness analysis using

photobleaching kinetics in living cells, we used the histone

core protein H2B as a model system. H2B has been described

as having two components: a large immobile fraction incor-

porated into the chromatin and a small mobile fraction not

incorporated (12,13). Because interphase chromatin has a

well-regulated structure, we first determined the spatial dis-

tribution of H2B in the nucleus by axially scanning the focal

point across the cell. Scans across nucleolar locations were

excluded. The excitation intensity was chosen to be low

enough that photobleaching was negligible during the axial

scan. The z-dependent fluorescence intensity of cells ex-

pressing H2B-EGFP was recorded. A typical intensity trace

is shown in Fig. 7 and displays two intensity peaks. Axial

fluorescence scans of the chromatin stained with Hoechst

33342 yielded the same spatial distribution as in the H2B-

EGFP case (data not shown). Thus, H2B is not uniformly

distributed throughout the nucleus, but appears to localize

near the periphery of the cell nucleus. This is consistent with

previous findings (13). We modeled the axial H2B-EGFP

distribution by assuming that the protein is uniformly dis-

tributed at two different heights into independent slabs of

some finite thickness. The intensity profile was calculated for

this model assuming a GL-PSF. We used a fit algorithm that

varies the free parameters until the theoretical intensity pro-

file matches the experimental data. Upon analyzing 10 cells,

we found the average thickness of the lower slab to be zth¼
3.1 6 1.1 mm. This value will be used to define the limits in

fitting data to the photobleaching model for a slab given by

Eq. 25. FFS experiments were performed after the instrument

was focused onto the peak position of the fluorescence from

the lower slab. The separation between both slabs is large

enough that the residual excitation of H2B-EGFP of the

upper slab is negligible.

For the initial experiments, cells were cotransfected with

H2B-EGFP and monomeric EGFP to ensure that a mobile

fraction is present. Five cotransfected cells were measured to

determine the mobile fraction and brightness. The parameters

for fitting the decay traces were determined from the values

given for EGFP measured on the activated cover slides. The

measurements in cells were conducted with twice the power

used on the activated cover slides. Therefore, the lifetime

parameters t1 and t2 were divided by a factor of 4 to be

consistent with the quadratic nature of the two-photon pro-

cess. The parameter a was unchanged, as it is independent of

power. The time-dependent intensity was fit to Eq. 29 to

determine the intensity of the mobile component. As dis-

cussed above, we used a thickness of 3.1 mmwhen fitting the

intensity decay with Eq. 25. The fluorescence intensity decay

is shown together with its fit for one of the measured cells in

Fig. 8 A. The fit returned an intensity of 81 6 5 kHz for the

mobile species. The biased brightness l�ðtÞ and the corrected
brightness lshown in Fig. 8 B were determined in the same

manner as for the immobilized slide experiments. The aver-

age value for the brightness is 10 6 1 kHz. The brightness

values for all five cells are plotted as a function of the initial

mobile fraction fMðt ¼ 0Þ in Fig. 9. In addition, the bright-

ness of EGFP was measured independently in the nucleus of

cells expressing only the EGFP protein. Its brightness of l¼
9 6 1 kHz serves as a control and is shown in Fig. 9 as an

additional data point for a mobile fraction of one. All cor-

rected brightness values are in excellent agreement with this

control value.

As stated above, previous experiments have shown that

there is a small mobile fraction of H2B moving throughout

the nucleus (for a review, see Kimura (26)). More recently,

FCS has been used to study the dynamics of this mobility

(15). We applied our method on cells transiently transfected

with H2B-EGFP. Because we expect a much lower mobile

component than in the case of cotransfection with EGFP,

these experiments test the applicability of our analysis pro-

cedure to cases where the majority of the fluorophores are

immobilized. We first calculated the autocorrelation curve of

every measured cell. We selected cells with a nonzero cor-

relation amplitude that decays to zero (tD;2ms) for further

analysis. For some cells, we observed a correlation trace that

decayed much slower (.1 s) and was not described by a

simple diffusion process. These cells were discarded from

further analysis. The remaining cells were analyzed using the

same method as for the cotransfected cells described above.

The mobile intensity fraction varied from cell to cell and

covered a range from 0.05 to 0.27 as show in Fig. 10. The

average brightness value of 8 6 1 kHz is in good agreement
FIGURE 7 Axial intensity trace of a COS-1 cell transfected with H2B-

EGFP.
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with the control brightness measured for EGFP alone. This

brightness value is consistent with a model where mobile

H2B-EGFPmolecules are monomeric when not incorporated

in the chromatin.

In the above analysis, the thickness of the slab was fixed to

3.1 mm when fitting the decay curve. Although this value

represents the average, the actual thickness for a given cell is

not taken into account. To examine the sensitivity of this

approximation upon brightness analysis, we performed axial

scans to determine the actual slab thickness followed by a

kinetic photobleaching measurement of the same cell. The

actual thickness was used for determining the brightness

from the fluorescence intensity decay curve. These experi-

ments were conducted using a lower power where the cali-

brated EGFP brightness was determined as 4 6 1 kHz. The

brightness of all measured cells agreed with the calibrated

brightness value. In an extreme case, we found a cell with a

slab thickness of 4.9 mm. Using this value, the fit to the decay

trace from this cell yielded a mobile intensity of 4 6 2 kHz

( fMð0Þ ¼ 0:11), resulting in a brightness of 4 6 1 kHz, in

good agreement with the expected value. We then used the

approximation of 3.1 mm, which returned a mobile intensity

of 66 1 kHz (fMð0Þ ¼ 0:17) and a brightness of 3 6 1 kHz.

In this case, the approximation resulted in a lower brightness

value than expected for a monomer.

DISCUSSION

We encountered photobleaching of the stationary back-

ground fluorescence for all experiments. Although it is

possible to lower the laser power sufficiently so that photo-

bleaching is negligible over the timescale of the experiment,

it is impractical, because the signal/noise will be insufficient

for FFS experiments. Thus it seems that photobleaching of

immobile fluorophores is unavoidable. The resulting non-

stationary signal requires special attention, because it leads to

FIGURE 9 Brightness versus mobile fraction of COS-1 cells cotrans-

fected with EGFP and EGFP-H2B. Corrected (diamonds) and uncorrected

(crosses) brightness values are shown as function of fM: The dashed line

shows the calibrated brightness value of monomeric EGFP.

FIGURE 10 Brightness of mobile H2B-EGFP as a function of the initial

fraction fMð0Þ: The brightness of cells transfected with H2B-EGFP was

determined by the kinetic photobleaching method. The dashed line at 9 kHz

shows the brightness of monomeric EGFP for comparison.

FIGURE 8 Analysis of COS-1 cell cotransfected with EGFP and EGFP-

H2B. (A) Fit of the fluorescence decay curve to Eq. 31. The intensity of the

mobile fluorophores from the fit is 816 5 kHz. The normalized residuals of

the fit are shown in the lower panel. (B) The uncorrected brightness l�ðtÞ
(diamonds) and the corrected brightness lðtÞ (solid lines). The average of the
corrected brightness is 9 6 1 kHz.
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biases in the FFS analysis. To circumvent this problem, we

divided the data into segments short enough so that the fluo-

rescence intensity is approximately constant throughout each

segment. Although the statistical accuracy decreases for

shorter data segments, we have found that it is sufficient to

determine the brightness and fluctuation amplitude.

In principle, the problem of a stationary fluorescence

source could be avoided by photobleaching the immobile

component to zero. As we described earlier, however, the

inhomogeneous excitation profile of FFS experiments results

in a slow, nonexponential decay of the fluorescence. For

example, compare the 2DG and GL model to an exponential

decay, where all processes share the same lifetime parameter

t: To photobleach the immobile fluorescence down to 10%

requires 2.3t for the exponential decay, but takes 10t for the
2DG model and 3000t for the GL model. Thus, for practical

reasons the presence of an immobile species will contribute

to the measured signal and must be accounted for.

To account for the bias from the immobile fraction, in a

single channel experiment one must adequately describe the

kinetics of photobleaching under the given experimental

conditions. We found that a sequential two-state process

describes the experimentally observed photobleaching ki-

netics of EGFP, consistent with other studies. We also found

that the rate parameters associated with each step vary qua-

dratically with power as expected for a two-photon process.

The model presented here assumes that the immobilized

EGFP molecules have sufficient rotational mobility, so that

polarization effects are negligible. This assumption was

tested by comparing photobleaching curves measured with

both linear and circular polarized light. We observed no

difference in the decay traces (data not shown). Note that it is

not necessary to establish the exact physical model of pho-

tobleaching for applying the method described in this article.

Any parameterization that describes the photobleaching ki-

netics of the fluorophore under given experimental condi-

tions is sufficient.

Finally, there are limitations to the methods described

above. For low fractional intensities fM of the mobile fluo-

rophores, the accurate determination of its brightness be-

comes challenging. First, the correction factor needed to

calculate the brightness becomes large due to its inverse re-

lationship with fM: Therefore, any uncertainty in determining

fM leads to large uncertainties in the calculated brightness. In

addition, the relative amplitude of fluctuations decreases as

the background fluorescence signal increases, which leads to

larger experimental uncertainties in calculating FFS param-

eters. The determination of fM hinges on extracting the in-

tensity offset ÆFMæ from a fit of the fluorescence decay to Eq.

29. At some point, the mobile fraction will become so small

relative to the immobile species that the decay trace can be fit

without any offset, which makes the determination of the

brightness impossible. The lower limit of fM for accurate

determination of the brightness depends on the experiment.

Here we demonstrated that it is possible to extract the

brightness of EGFP in cells for a fractional intensity of the

mobile protein as low as 5%.

To evaluate the applicability of the kinetic photobleaching

technique in cells, we used H2B as a model system. We ac-

count for the distribution of the immobilized protein by

scanning along the axial direction through the cell. Our data

indicate that H2B localizes near the nuclear envelope, con-

sistent with previous studies. Applying a simple slab model

resulted in an average thickness of the lower immobilized

H2B layer of 3.1 mm, which was used in the subsequent

brightness analysis of cells. Because an average value was

used, it is important to consider the influence of the thickness

parameter on the calculated brightness. Underestimating the

real thickness generally results in an increased value of fM
and a reduced brightness, whereas overestimating the real

thickness has the opposite effect. Also, for low mobile frac-

tional intensities, fitting of the decay curves is more sensitive

to the thickness. The amount of potential bias depends on the

specific parameters and has to be evaluated on a case-by-case

basis. Tominimize the uncertainty in the thickness, it is prudent

to directly measure its value on the same cell used for bright-

ness analysis. We demonstrated the feasibility of this approach

for cells transfected with H2B-EGFP. Using this method, we

recovered the correct brightness in all cases, including a cell

with an actual measured thickness of 4.9mm, where our earlier

analysis assuming the average thickness failed.

While the two-slab model describes the H2B system re-

markably well, other protein systems most likely require a

different model describing the distribution of immobile

proteins. The single-slab model is the simplest three-dimen-

sional distribution model. We measured the photobleaching

of EGFP in fixed cells and found that using a single slab

along the axial axis describes the measured decay trace (data

not shown). In general, application of the slab model implies

that the immobile fluorophore distribution is approximately

uniform across the radial extend of the point spread function.

Systems with more complex distributions as described above

need to be treated case by case.

Fluorescence recovery after photobleaching and image

correlation spectroscopy (ICS) are two other approaches to

study and differentiate mobile and immobile molecules

(4,27). Improvements of ICS make it possible to filter out the

contribution of immobile proteins (28). Because the ICS

technique requires images, it is best suited for applications

with slow dynamics, such as typically encountered on

membranes. Standard FCS, which is based on a point mea-

surement, is more appropriate for systems with fast dynam-

ics, such as proteins diffusing in solution, but does not detect

immobilization. This article described a solution for incor-

porating immobilization into standard FCS experiments. It

thus opens up the possibility to quantify fluctuation experi-

ments performed on soluble proteins in the presence of an

immobile background, as demonstrated for the H2B system.

Fluctuation spectroscopy is capable of assessing the olig-

omeric state of a protein by measuring its brightness. For
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example, when twomonomers form a dimmer, the brightness

increases by a factor of 2. In the current model of histone core

formation, the free fraction of H2B combines with histone

H2A to form the H2A/H2B heterodimer, whereas the histone

core of the nucleosome contains two H2A/H2B heterodimers.

H2Bwithin the nucleosome is immobilized on the timescale of

an FFS experiment as is readily verified by the lack of fluo-

rescence recovery when the excitation light is turned off. Note,

in case a significant amount of exchange between immobile

and mobile molecules occurs during the duration of the ex-

periment, the theory described in this article has to bemodified

to account for it. In our analysis, the brightness measured

equals that of monomeric EGFP, indicating that only a single

copy of H2B-EGFP resides in the mobile protein complex,

which is consistent with the H2A/H2B heterodimer model.

However, because this study focuses on technique develop-

ment, experiments are performed with cells that contain

endogenous, nonfluorescent H2B that would compete with

H2B-EGFP in forming potential multimeric complexes. Bio-

logically relevant applications of the technique need to take the

presence of endogenous protein into account.

This article describes a strategy for performing FFS ex-

periments in the presence of immobile fluorophores, and is

based on the selective photobleaching of immobile fluo-

rophores. The technique has been tested successfully on

EGFP both in vitro and in live cells. Our method should

prove useful for the quantitative investigation of proteins

interacting with immobile structures in cells, thereby ex-

panding the types of systems for which FFS is applicable.
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