
Abstract Two-photon, two-color fluorescence cross-

correlation spectroscopy (TPTCFCCS) was used to

directly detect ligand-dependent interaction between

an eCFP-fusion of the androgen receptor (eCFP-AR)

and an eYFP fusion of the nuclear receptor co-acti-

vator, Tif2 (eYFP-Tif2) in live cells. As expected, these

two proteins were co-localized in the nucleus in the

presence of ligand. Analysis of the cross-correlation

amplitude revealed that AR was on average 81%

bound to Tif2 in the presence of agonist, whereas the

fractional complex formation decreased to 56% in the

presence of antagonist. Residual AR–Tif2 interaction

in presence of antagonist is likely mediated by its

ligand-independent activation function. These studies

demonstrate that using TPTCFCCS it is possible to

quantify ligand-dependent interaction of nuclear

receptors with co-regulator partners in live cells,

making possible a vast array of structure-function

studies for these important transcriptional regulators.

Introduction

Nuclear receptors (NRs) constitute a large family

of ligand dependent transcriptional regulators. They

represent one of the major molecular strategies for

the control of development, differentiation, growth,

and homeostasis in metazoans. Mutations or other

malfunctions of the NR are implicated in a variety

of human diseases including cancers (breast, prostate,

uterine, and certain leukemias), cardiovascular dis-

ease and obesity, among others. Binding by agonist

or antagonist ligands specifically and differentially

influences the cellular localization of these receptors.

Ligands also modify NR structural dynamics, thereby

modulating their ability to interact with their cellular

partners, such as molecular chaperones, DNA target

sequences, and specific transcriptional co-regulators.

For a recent review see (Nettles and Greene 2005).

The androgen receptor (AR), a member of the ste-

roid hormone receptor sub-family, mediates the role

of androgens in male sexual development; certain

mutations in the AR result in full or partial androgen

insensitivity and incomplete development of the male

sexual organs. Indeed, conditional knock-out studies

demonstrated that the expression of AR in Sertoli

cells is required for spermatogenesis (Chang et al.

2004; De Gendt et al. 2004). Moreover, abnormalities

in AR function and interaction with co-regulators

have been implicated in the development and pro-

gression of prostate cancer (Culig et al. 2004; Burn-

stein 2005; d’Ancona and Debruyne 2005; Edwards

and Bartlett 2005a, b), and anti-androgens appear to

be among the most promising therapeutic strategies

in the treatment of the disease (d’Ancona and

Debruyne 2005).
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As with the other NRs, AR function is mediated

by its interactions with transcriptional co-regulators,

including the well-characterized p160 family of

co-activators (SRC-1, Tif2/GRIP-1/SRC-2, and pCIP/

RAC3/AIB1/ACTR/TRAM-1/SRC3), which exhibit

histone acetyl transferase activity, allowing for the

de-condensation of chromatin. These co-activators

also recruit components of the general transcription

machinery (Lonard and O’Malley 2005; Xu and Li

2003). Post-translational modifications and the

expression levels of these co-regulators modulate the

hormonal response in a tissue specific manner, thus

allowing the integration of multiple signaling pathways

(Lonard and O’Malley 2005; Smith and O’Malley 2004;

Wu et al. 2005). The elucidation of the subtle structure-

function relationships underlying ligand-dependent

modulation of NR function will require direct quanti-

fication of the interactions between NRs and their

cellular partners in an environment where (1) the full-

length proteins can be used, (2) the role of post-

translational modifications can be investigated, and (3)

the effects of the expression levels of ternary partners

and the impact of other factors (such as the cell cycle)

can be assessed.

Two-photon, two-color fluorescence cross-correla-

tion spectroscopy (TPTCFCCS) is a variation of single

channel FCS and has been recently reviewed (Haustein

and Schwille 2004; Bacia et al. 2006). In FCS one

measures the fluctuations in fluorescence intensity that

arise from molecular passages through a very small

open volume defined by the confocal pinhole or the

two-photon excitation probability. The most basic

application of FCS, and that which is most useful in the

study of bio-molecular associations, involves fluctua-

tions due to the local changes in concentration (or

number fluctuations). If one can arrange to excite

simultaneously two fluorophores which emit at differ-

ent wavelengths, and simultaneously detect their

emission in two separate channels, it is possible to

cross-correlate the intensity versus time traces. If the

two fluorescent species are non-interacting and hence

do not diffuse together, the fluctuations in intensity due

to their number fluctuations will be entirely uncorre-

lated. If on the other hand, there is 100% complex

formation, the fluctuations will be 100% correlated in

time. Therefore, TPTCFCCS, in principle, can yield

direct, very low background, quantitative measure-

ments of protein–protein interactions in living cells

because the cross correlation signal is null in absence of

interactions.

TPTCFCCS was first applied to the study of bio-

molecular interactions in vitro (Kettling et al. 1998).

However, since the Scwhille group first measured

cholera toxin subunit interactions after endocytosis in

live cells by TCTPFCCS (Bacia et al. 2002), a very

small number of other live cell applications (by that

group and others) of TPTCFCCS, either based on

fluorescent protein fusions or micro-injections of

labeled proteins, have appeared recently (Kim et al.

2004, 2005; Larson et al. 2005). Live cell applications

based on simultaneous two-color excitation using two

coaxially aligned visible lasers have been published

recently as well (Saito et al. 2004; Thews et al. 2005;

Baudendistel et al. 2005). The dimerization of the

ligand binding domains (LBDs) of retinoid receptors

was studied in live cells by one channel photon

counting histogram analysis, which is a variation of the

analysis of fluctuation data (Chen et al. 2003). This

group has described a two-color version of the PCH

experiment (Chen et al. 2005a), recently applied to

NRs LBD interactions (Chen et al. 2005b). In the

present work, we describe the direct measurement of

the ligand-dependent interaction between full-length

eCFP-labeled AR and eYFP-labeled Tif2 in live Cos-7

cells using TPTCFCCS.

Materials and methods

Plasmids and ligands

The fusion proteins, eCFP-AR and eYFP-Tif2 were

expressed by insertion of the sequences encoding AR

and Tif2 in PC1-ECFP and PC2-EYFP vectors from

Clontech, bearing the appropriate fluorescent protein

sequence. Plasmid preps were carried out using DH5a
cells grown on kanamycin. The ligands, R1881 and

casodex, were the kind gift of Dr. Gordon Hager.

Cell culture and transfections

Cos-7 cells were cultured in DMEM medium (Invi-

trogen) supplemented with 10% fetal calf serum

(Atlanta Biologicals), penicillin (100 lg/ml) and

streptomycin (100 lg/ml) in a humidified atmosphere

containing 5% CO2 at 37�C. For imaging and FCS,

cells were plated on chambered coverglass (0.17 mm

thick) (Labtek, grown to approximately 60% conflu-

ency, then transfected with 1–2 lg total of plasmid

using Fugene 6 (Roche Applied Science) and grown

overnight. They were then washed several times with

PBS and the medium replaced with phenol red free

medium containing charcoal stripped serum. Ligands

were added where necessary at a concentration of

10 nM. Hepes buffer at 10 mM was also added to help

maintain the intracellular pH during imaging. Cells
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were incubated with ligands for at least 2 h prior to

imaging. Imaging was carried out for only 15 min at a

time per sample, and during imaging unused chambers

were stored in a CO2 incubator at 37�C.

Confocal microscopy

Confocal microscopy was carried out using an LSM 510

META confocal system equipped with 405-Vis lasers

from Carl Zeiss, Inc (Jena, Germany). Cells were

viewed with a 63X, 1.4-numerical-aperture Plan-

Apochromat oil immersion objective. Images were

acquired sequentially using a 458-nm laser line and

emission between 470 and 500 nm for eCFP and a

514-nm laser line and emission between 530 and

600 nm for eYFP. Overlay images were assembled

using Imaris 4.0 software form Bitplane AG (Zurich,

Switzerland).

TPTCCCS

Two photon imaging and FCS measurements were

carried out using a system set up in the laboratory.

The excitation source was a fs pulsed tunable tita-

nium sapphire wide band Mai Tai laser (Spectra-

Physics-Newport) set at 920 nm, which proved to

yield the best intensity ratios between the CFP and

YFP signals. In principle one would like to measure

similar signal levels for each in their respective

channels, 1 for YFP and 2 for CFP at similar con-

centrations. While we could not know, prior to the

data analysis, the concentrations of the two proteins,

we chose the emission filters and excitation wave-

lengths to yield approximately the same light levels in

each channel. The excitation power was set at a level

(<25 mW at the microscope entrance) below which

no further increase in the correlation amplitude was

observed, in order to ensure minimal photobleaching

and avoid excitation saturation effects (Berland and

Shen 2003). The microscope was a Zeiss Axiovert 135

using an E700 SP 2P dichroic filter (Chroma Tech-

nology Corporation) to eliminate the IR exciting light

in the emission. The objective was a 100X Plan-

Neofluar oil objective (Zeiss) with a 1.3 numerical

aperture. The microscope was equipped with a piezo-

electric stage for x-y control (ISS, Inc.) and the

objective was also equipped with a piezo-electric

device for z-control (also from ISS, Inc.). Detection

was carried out using the Alba 2 channel fluorescence

correlation system (ISS, Inc.) equipped with Ava-

lanche photodiodes. A 515 nm dichroic mirror was

used to split the detected light onto two channels,

and an additional 550 ± 20 nm band-pass emission

filter was placed before channel 1 to minimize the

contribution of the eCFP signal. Excitation volumes

were calibrated by measuring the diffusion of rho-

damine 110 (Molecular Probes R110, Eugene OR), a

61 nM solution in water, using an excitation wave-

length of 920 nm. The beam waist, wo, recovered

from the fit of the auto-correlation curve fixing the

concentration to 61 nM and the diffusion coefficient

to 300 lm2/s was found to be 0.33 lm, while the zo

was 1.2 lm. The diffraction limit at 920 nm excitation

wavelength with the 1.4 N.A. 100X oil objective used

is ~0.4 lm. This is a bit larger than the value for wo

recovered from the fit. Therefore, the data were fit

fixing the value of wo at 0.4 lm. The resulting v2 was

not significantly different (0.74 compared to 0.72)

from that obtained in the fit performed with the va-

lue of wo allowed to float. Thus, the volume of 0.092

fL results from alignment of the excitation optics to

the diffraction limit. Correlation profiles were col-

lected over a period of 2–3 min and raw data were

only used for periods where no photobleaching was

observed. In general, the FCS and imaging data on the

Cos-7 cells were acquired at light levels for which

photobleaching was not evident (<25 mW at the scope

entrance). This precluded collecting data in regions of

the cells exhibiting punctate distribution patterns of

fluorescence, which exhibited very slow diffusion. Such

punctate structures were particularly evident in the

presence of the antagonist, casodex, as has been pre-

viously demonstrated (Karvonen et al. 2002), and these

structures were avoided in data acquisition. The two-

photon imaging scan rate was 1 pixel/ms.

Theory

Fluorescence fluctuations are time-correlated to gen-

erate the auto-correlation function G(s), defined as

GðsÞ ¼ hdFðtÞdFðt þ sÞi=hFðtÞi2 ð1Þ

with s, being lag time. For an ideal case of freely

diffusing, monodisperse and uniformly bright

fluorescent molecules, a closed form expression for

Eq. 1 was derived

GðsÞ ¼ ðc=NÞð1þ s=sdÞ�1ð1þ x2
os=z2

osdÞ�1=2: ð2Þ

The geometric factor c, provides a measure of the

uniformity of the fluorescence intensity observed for

molecules at different positions within the volume and

the abruptness of the boundaries of this latter. The

parameters xo and zo are the width and length,
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respectively, of the three-dimensional Gaussian exci-

tation volume at which the intensity drops to 1/e2. This

expression is commonly used to analyze auto-correla-

tion functions in terms of the diffusion time, sd, and the

average number of molecules in the volume, N.

By exciting simultaneously two fluorophores which

emit at different wavelengths, and simultaneously

detecting their emission in two separate channels, i and

j, under ideal conditions with no cross-talk (channel i

only detects species 1 and 12 while channel j only de-

tects species 2 and 12), the cross-correlation function

then becomes:

GijðsÞ ¼ hdFiðtÞdFjðt þ sÞi= hFiðtÞihFjðtÞið Þ: ð3Þ

If we assume that the species present are the two free

species, 1 and 2 and the complex 12, then Eq. 3

becomes

GijðsÞ ¼ hC12iM12ðsÞð Þ= VðhC1iþ hC12iÞðhC2iþ hC12iÞð Þ;
ð4Þ

where C1, C2, and C12 are the concentrations of the

free and interacting species, respectively, and M12 is

the term describing the diffusion of the complex.

M12 ¼ ð1þ s=sd12Þ�1ð1þ r2
os=z2

osd12Þ�1=2: ð5Þ

The amplitude at time 0 of the cross-correlation

function is

Gð0Þx ¼ hC12i=ðVhC1TihC2TiÞ ð6Þ

where

hC1Ti ¼ hC1i þ hC12ið Þ and hC2Ti ¼ hC2i þ hC12ið Þ:

Simultaneous excitation of two fluorophores can be

achieved either using two coaxially aligned laser beams

of different wavelengths (Kettling et al. 1998) or

alternately through two photon excitation using a

femtosecond pulsed IR laser at a single wavelength

(Heinze et al. 2000). The very broad two-photon cross-

sections of many fluorophores are due to the different

selection rules for the two-photon transition, and this

permits for simultaneous excitation of fluorophores

even if they exhibit large wavelength differences in

their one-photon absorption peaks.

To correct for the ‘‘bleed-through’’ (cross-talk) of

the CFP fluorescence signal in the YFP channel, we

used the equations of Kim et al. (2005). The amplitude

at time 0 of the auto-correlation correlation functions

from the blue (b) and yellow (y) channels was defined

respectively as

Gð0Þb ¼ Rig
2
i;bCi=VðRigi;bCiÞ2 ð7Þ

and

Gð0Þy ¼ Rig
2
i;yCi=VðRigi;yCiÞ2 ð8Þ

and the cross correlation amplitude at time 0 was

Gð0Þx ¼ Riðgi;bgi;yCiÞ=VðRigi;yCiÞðRigi;bCiÞ: ð9Þ

The molecular brightness values, gi,b and gi,y, of the

species in each channel are taken into account, and the

sums are over the three species, free eCFP-AR, free

eYFP-Tif2 and the double labeled eCFP-AR/eYFP-

Tif2 complex. The molecular brightness values of the

eCFP and eYFP constructs in both channels were

determined by separate analysis of the photon counting

histograms (Chen et al. 1999) using the ISS software

for data taken under identical illumination and detec-

tion conditions. Equations 7–9 were solved using the

function SOLVE in Mathematica version 4.1.

Results and discussion

Visible confocal microscopy of the Cos-7 cells (chosen

because they do not express endogenous AR) co-

transfected with expression plasmids bearing the

eCFP-AR and eYFP-Tif2 fusion proteins confirmed

the known ligand-dependent localization of the AR

(Black and Paschal 2004; Karvonen et al. 2002; Whi-

taker et al. 2004). In the absence of ligand, eCFP-AR is

localized predominantly in the cytoplasm, whereas

eYFP-Tif2 is nuclear (Fig. 1, Panel A). Upon addition

of the agonist, R1881, eCFP-AR translocated to the

nucleus as expected (Georget et al. 1997) and visually

co-localized with the eYFP-Tif2 (Fig. 1, Panel B),

confirming that the eCFP-AR fusion protein was

competent for ligand binding. In the presence of the

antagonist, casodex, this translocation of eCFP-AR

occurred, but was incomplete (Fig. 1, Panel C). These

observations are consistent with the previously dem-

onstrated lower translocation efficiency of casodex

(Tyagi et al. 2000) as compared to agonist ligands. The

eYFP-Tif2, while remaining nuclear in presence of

antagonist, formed punctate structures which have

been previously reported (Karvonen et al. 2002). These

punctuate structures are thought to result from partial

sequestering of the co-activator in specific nuclear

bodies, although their nature is not known. Two-pho-

ton images (Fig. 2) of the Cos-7 cells co-transfected

with eCFP-AR and eYFP-Tif2 were similar to those

obtained using visible confocal microscopy. As in the
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one-photon images, without ligand, eCFP-AR was

cytosolic, while in the presence of either ligand, eCFP-

AR moved into the nucleus (albeit to different extents

for agonist vs. antagonist). Again, eYFP-Tif2 was nu-

clear in all cases. While both eCFP-AR and eYFP-Tif2

are found in the nucleus in the presence of both agonist

and antagonist ligands, their protein–protein interac-

tion is expected to be favored in presence of agonists.

To differentiate between simple visual co-localization,

and true physical interaction of eCFP-AR and eYFP-

Tif2, we used TPTCFCCS.

As expected for a well-aligned system, the ampli-

tude of the cross-correlation function of the cytoplas-

mic signals from channels 1 and 2 (emanating solely in

this case from the eCFP-AR due to cross talk) in the

absence of ligand was 100% because it corresponds to

eCFP-AR self-diffusion (data not shown). When only

the CFP is observed, as is the case in the cytoplasm

regardless of the ligation conditions, about 25% of the

signal level observed in channel 2 (the CFP channel)

was observed in channel 1 (the YFP channel) due to

cross talk (for example, 19,500 cps in channel 1 com-

pared to 78,600 in channel 2). On the other hand,

measurement of the YFP-Tif2 construct alone showed

that only 5%, of the signal in channel 1 was measured

in channel 2 (5,600 counts in channel 1 compared to

275 cps in channel 2). This demonstrates that auto-

fluorescence from the cells contributes very little to the

signals since only 275 counts are measured in Channel 1

and the cross-correlation when only CFP is observed is

almost 100%. Since the auto-fluorescence is not equal

in each channel, the cross-correlation amplitude would

be diminished significantly, in the event of significant

auto-fluorescence contribution to the signals. Thus, our

instrument is well-aligned with a diffraction limited

excitation volume and very little if any contribution of

background fluorescence to our signals.

Figure 3 shows examples of the auto-correlation and

cross-correlation curves obtained in the nucleus of cells

treated with the agonist R1881 (Fig. 3a) and the

antagonist casodex (Fig. 3b). In the presence of ago-

nist, the cross-correlation signal is essentially equal in

amplitude to the lowest of the auto-correlation signals,

the maximal cross-correlation achievable between the

intensity fluctuations from the two channels. This, in

turn, reveals a maximal degree of interaction between

the two proteins. In the presence of the antagonist, the

amplitude of the cross-correlation is significantly re-

duced relative to the lowest auto-correlation amplitude

(Fig. 3b, c), consistent with a decrease in the inter-

action between eCFP-AR and eYFP-Tif2 when

antagonist is present. While the amplitude of the cross

correlation signal depends upon the total concentra-

tions of the proteins, and thus cannot in principle be

Fig. 1 Confocal images of
Cos-7 cells co-transfected
with eCFP-AR and eYFP-
Tif2. The first column
corresponds to the eCFP
channel, the second column to
the eYFP channel and the
third column is a merge of the
two. Panel A represents cells
imaged in absence of any
ligand, Panel B corresponds
to images of cells in presence
of 10–8 M of the agonist
R1881, and Panel C
corresponds to images of cells
in presence of 10–8 M of the
antagonist, casodex
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compared directly from one experiment to the next,

here the concentrations of the most concentrated spe-

cies in Fig. 3a, b are quite close (Go of CH1 is about

0.006 in Fig. 3a and 0.0052 in Fig. 3b) and so in this

case direct comparison of the cross correlation signals

is possible between the two data sets.

In principle, from the values of the auto and cross-

correlation amplitudes at time zero, one can quantita-

tively determine the degree of interaction between the

two proteins according to Eq. 5 (Kim et al. 2005). The

fluorescence detected in channel 1, however, includes

intensity from both eCFP-AR and eYFP-Tif2. This

bleed-through could lead to an overestimation of the

concentration of eYFP-Tif2. Cells were chosen for

imaging based on the high count-rate in channel 1

(predominantly eYFP) relative to that in channel 2

(eCFP) in order to limit this effect. For example, for the

data in Fig. 3a, the total intensity in the eCFP channel 2

was nearly fourfold lower than that in the intensity in the

eYFP channel l. In this situation, the bleed-through

from eCFP into the eYFP channel amounted to only

10% of the total signal in the eYFP channel.

If one knows the molecular brightness of each spe-

cies in each channel in counts per second per molecule

(cpspm), then the actual concentrations of the species

can be calculated by solving Eqs. 7–9. The molecular

brightness of the eCFP in both channels was deter-

mined by separate analysis of the photon counting

histograms (Chen et al. 1999) derived from the photon

fluxes of the emission from the cytoplasm. Since the

eYFP-Tif2 is nuclear under all conditions, the signal

from the cytoplasm in both channels arises only from

eCFP-AR. The molecular brightness for eCFP-AR in

the blue channel as determined by PCH analysis was

16,040 cpspm, and in the yellow channel, 3,850 cpspm.

For eYFP, the molecular brightness in the yellow

channel was determined from the PCH analysis of the

photon flux from data taken in the nucleus in absence

Fig. 2 Two-photon images of
Cos-7 cells co-transfected
with eCFP-AR and eYFP-
Tif2. The first column
corresponds to the eYFP
channel, the second column to
the eCFP channel. Panel A
corresponds cells in absence
of any ligand, Panel B
corresponds to images of cells
in presence of 10–8 M of the
agonist R1881, and Panel C
corresponds to images of cells
in presence of 10–8 M of the
antagonist, casodex. The
excitation wavelength was
920 nm
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of ligand to be 36,371 cpspm. In this case there is

negligible eCFP contribution to the yellow channel,

because very little eCFP-AR is localized in the nucleus

in the absence of ligand. It was assumed for subsequent

calculations that the brightness values of the eCFP and

eYFP fluorescent proteins were unaltered by the for-

mation of the complex. We note that previous studies

using acceptor-bleaching methods indicated little or no

FRET in this eCFP-AR/eYFP-Tif2 system under any

conditions of ligation (V. Georget and J.C. Nicolas,

unpublished results). Moreover, the fluorescent pro-

teins contain fluorophores in a protected environment

and do not participate in the structure of the receptor,

but rather are attached by a peptide linker to the

N-terminus. They are much less likely than a small

covalently attached dye molecule (Kim et al. 2004,

2005) to be quenched by changes in protein structure

accompanying interactions. We also assumed that the

eYFP did not contribute significantly to the blue

channel, given its red-shifted spectrum.

The concentrations of the eCFP-AR and eYFP-Tif2

for the data in Fig. 3 are given in Table 1, along with

those corresponding to analysis of FCS data obtained

for several different cells under different ligation con-

ditions. In total the data used for the results given in

Table 1 were collected from two different transfection

experiments using four different cells in six different

FCS acquisitions in presence of antagonist and from

seven different cells in seven different acquisitions for

the agonist. The total concentrations of eCFP-AR and

eYFP-Tif2 vary by a factor of about 20–30 for the

different cells imaged. The fractional complex forma-

tion is calculated with respect to the species of lowest

total concentration (the limiting partner). On average

for all of the cells imaged, the degree of binding is

81 ± 9% in presence of agonist and 56 ± 5% in pres-

ence of antagonist.

The time-dependence of both the auto and cross-

correlation functions was clearly heterogeneous. The

auto and cross-correlation curves could be reasonably

well fit in all cases using two diffusing species, one

reasonably fast, between 5 and 7 lm2/s, and the other

about tenfold slower, and while the contributions of

the two times was ligand dependent, no obvious dif-

ference in diffusion times could be observed as a

function of ligation state. Distinguishing by diffusion

times complexes that differ by a factor of 2 in their

molecular weight is possible, although difficult, in vitro,

but the heterogeneous nature of the intra-cellular

environment precludes such sophisticated analysis.

This underscores the difficulty of interpreting diffusion

in live cells, and reinforces that notion that Go, the

amplitude at time 0 of the cross-correlation signal can

be more reliable for determining complex formation

than time-dependence. Thus, we do not attach any

particular meaning to the diffusion coefficients ex-

tracted from analysis of the correlation curves. The

diffusion is likely to be much more complex than the

model used, which was simply the least complicated

model that adequately describes the data.

Fig. 3 Auto functions of the emission in the eYFP (channel 1,
red) and eCFP (channel 2, blue) channels, and cross-correlation
functions (Channel1 X channel2, green) for two-photon excita-
tion of Cos-7 cells co-transfected with eCFP-AR and eYFP-Tif2.
a Curves correspond to profiles calculated from to data obtained
in the nucleus in presence of 10–8 M R1881 (Fig. 2, Panel B), b
curves correspond to profiles calculated from to data obtained in
the nucleus in presence of 10–8 M casodex (Fig. 2, Panel C), and
c the cross-correlation profiles from a (upper curve, dark green)
and b (lower curve, light green) are re-plotted for direct
comparison. Excitation was at 920 nm
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Conclusions

We provide here direct, quantitative measurements of

the ligand-dependent interaction between AR and one

of its physiological co-activators, Tif2, in live cells.

FCCS measurements are more reliable than FRET,

since they do not depend upon absolute or relative

intensities or quaternary structures with inter-fluoro-

phore distances within 7 nm. Interestingly, we find in

the present work that, in the presence of antagonist, the

interaction between AR and Tif2 is not abolished. It has

been shown that while the AF2 (Activation function 2)

of the AR LBD is relatively weak, it nonetheless binds

to SRC-1, another member of the p160 co-activor fam-

ily, via the LXXLL motifs of SRC-1 in an agonist-

dependent fashion (Powell et al. 2004). Mutational

studies of the AF2 region of AR indicate that it exists in

a dynamic conformational equilibrium that is modu-

lated by ligands (Georget et al. 2005). Thus, even when

bound be antagonist, an interaction with a co-activator

remains possible. Moreover, in the absence of the LBD,

the N-terminal AF1 of AR interacts with SRC-1 in a

ligand-independent manner through the glutamine-rich

motif present in the AR N-terminus (Powell et al. 2004).

It has also been demonstrated that anti-androgen

resistance in prostate cancer can be linked to over-

expression of AR, thereby squelching the NCoR, and

causing even Selective AR Modulators to act as agonists

(Baek et al. 2006; Chen et al. 2004; Zhu et al. 2006). The

significant degree of AR/Tif2 complex formation we

observe in presence of the antagonist, casodex, is not

surprising in the light of this complex behavior, partic-

ularly given the micromolar concentrations in the

present transfection experiments.

The possibility of performing quantitative determi-

nation of protein–protein complex formation in living

cells in response to the addition of a drug opens large

avenues of study for the therapeutic targets where

protein–protein interactions play an important role.

Such studies will be clearly useful in the detailed

characterization of the structure-function relationships

underlying the activity of pharmaceutics or other li-

gands. Such measurements could be used to determine

the effective concentration of drugs in various cellular

compartments, via their ability to promote or to abol-

ish complex formation, as the case may be. It may also

be possible to infer the influence of protein or other co-

factors necessary for ligand function using TPTCFCCS.

Expression levels of endogenous proteins could be

determined, as well, through competition assays with

the fluorescent proteins. In any case, given the impor-

tance of investigating the interactions of NRs with their

multiple partners in the cellular environment, we ex-

pect that this relatively new technique (which allows

direct access to free and bound concentrations in any

desired cellular location) will prove to be extremely

useful in investigating the functional mechanisms of

ligand dependent transcription factors.
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