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ABSTRACT: Quantitative characterization of protein interactions in live cells remains one of the most important
challenges in modern biology. In the present work we have used two-photon, two-color, fluorescence cross-
correlation spectroscopy (FCCS) in transiently transfected COS-7 cells to measure the concentrations and
interactions of estrogen receptor (ER) subtypes o and 5 with one of their transcriptional coactivator proteins,
TIF2, as well as heterodimerization between the two ER subtypes. Using this approach in a systematic fashion, we
observed a strong ligand-dependent modulation of receptor—coactivator complexation, as well as strong protein
concentration dependence for complex formation in the absence of ligand. These quantitative values for protein
and complex concentrations provide the first estimates for the ER-TIF2 Kj for the full-length proteins and in a
cellular context (agonist, <~6 nM; antagonist, >~3 uM; unliganded, ~200 nM). Coexpression of the two ER
subtypes revealed substantial receptor heterodimer formation. They also provide, for the first time, estimated
homo- and heterodimerization constants found to be similar and in the low nanomolar range. These results
underscore the importance of receptor and coregulator expression levels and stability in the tissue-dependent

modulation of receptor function under normal and pathological conditions.

The human estrogen receptors (ERs)' are transcriptional
activators, belonging to the homodimeric steroid hormone
receptor subfamily of nuclear receptors. This subfamily, which
also includes the androgen, progesterone, glucocorticoid, and
mineralocorticoid receptors, controls the expression of a large
number of mammalian genes responsible for sexual development
and reproduction, as well as metabolism, growth, and differentia-
tion. The human ERs are expressed from two different highly
homologous genes to yield the o and 5 subtypes. These two ERs
have markedly different tissue distributions, exhibit ligand spe-
cificity, and play opposite roles in the regulation of cell prolifera-
tion (/). They both act primarily via interactions with specific
estrogen response elements present in the promoter regions of
target genes, and for certain promoters, the ER heterodimer is
thought to be required for activation (2—4). Depending on the
presence and identity of small hormone ligands, the ERs will
recruit either transcriptional coactivators or corepressors that
perform chromatin remodeling functions and interact with other
downstream transcription factors to modulate gene expression
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and ultimately the physiological state of the organism. The first
identified and well-characterized coactivators belong to the so-
called p160 family which consists of three related members,
SRC1, SRC2 (also called TIF2 or NCoA2), and SRC3 (5). These
coregulators contain two separate transcription activation do-
mains and function primarily by recruiting histone-modifying
enzymes. The deregulation of ER function is involved in a
number of human pathologies, including breast and ovarian
cancers. Given their central role in human health and disease, it is
not surprising that ERs have been the target of intensive study,
both from a fundamental perspective and as the target of multiple
drug development programs. Consequently, a great deal is
known concerning the molecular mechanisms of ER function
and the structural basis for ligand-dependent modulation of ER
transcriptional activity (reviewed in ref 6). Moreover, the physio-
pathology of ER-based diseases and the effects of various ligands
have been well documented (7—10). Despite such intensive efforts
at the molecular and physiological levels, a more complete
understanding of ER function and its modulation under parti-
cular physiopathological circumstances will require the quanti-
tative biophysical information about ER interactions and
dynamics in physiologically relevant environments that to date
have only been accessible in vitro (11—14).

In recent years, novel fluorescence microscopy techniques have
advanced the frontiers of quantitative measurements in live cells,
tissues, organs, and even whole multicellular organisms. Among
these approaches, fluorescence fluctuation and correlation spec-
troscopy is especially appealing for situations in which one wishes
to measure the degree of interaction between two protein
partners (/5—23). Pioneered for in vitro applications, this ap-
proach has been used in several instances to measure biomole-
cular interactions in live cells (24—42). As explained in the review
by Bacia and Schwille (43), this approach involves simultaneous
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excitation, using a variety of strategies (44—46), among them a
femtosecond pulsed IR laser for simultaneous two-photon
excitation (47) of two biomolecules bearing two fluorescent dyes.
The time correlation of their intensity in two different detection
channels, along with the autocorrelation of their individual
fluorescence in single channels, allows calculation of the total
concentration of each species, free and bound, and hence the
degree of complex formation between two proteins. These
measurements can also allow for the determination of complex
stoichiometries (40, 48). Despite the recent progress made in the
application of FCCS to live cell studies, the relatively small
number of reports in the literature (~20) attests to the fact that
such studies still represent a considerable technical challenge and
remain far from routine. Nonetheless, the possibility to measure
directly in live cells total protein concentration and protein—
protein complex formation promises to open large avenues of
research in signal transduction and more generally in the protein
interaction field. In particular, beyond proof of principle, new
insights into the functional role of protein interactions require
systematic studies under a variety of physiological conditions.

In the present work, we have used two-photon, two-color
fluorescence cross-correlation spectroscopy to measure the inter-
actions of ERo and ERpS with one of their transcriptional
coregulator proteins, TIF2 (49). The ER proteins were studied
as N-terminal fusions of the blue fluorescent protein (FP),
cerulean (50), whereas the coregulator was fused to mCherry (51).
This FP pair was chosen to avoid cross-talk which leads to
artifacts in the cross-correlation. We also investigated ER sub-
type heterodimerization by transfecting cerulean and mCherry
fusions of ERa and ERf. The results allowed us to estimate, for
the first time, the affinities between these protein complexes for
the full-length proteins. Moreover, these values are determined in
a live cell environment. Altogether, these data suggest that
protein expression levels are key in regulating ER function in
certain cell and tissue types and provide information concerning
the dynamic behavior and spatial localization of the free proteins
and complexes, thus defining the conditions under which com-
plexation occurs and the degree of heterogeneity among the cell
population.

MATERIALS AND METHODS

Fluorescent Protein Constructs. pmCerulean-C1 was a gift
from D. Piston (Vanderbilt University, Nashville, TN). pmCherry-
C1 was constructed as follows: The insert encoding mCherry
(a gift from R. Tsien, University of California San Diego) was
PCR amplified taking pRSETB-Cherry as a template and then
ligated into pmCerulean-C1 previously digested with Niel and
BspEl. mCherry was PCR amplified using pRSETB-Cherry
as a template and then ligated into pEYFP-TIF2 (a gift from
V. Georget, Institut de Biologie Intégrative, CNRS, Paris, France)
previously digested with Nhel and Bg/l1 to create pmCherry-TIF2.
The ¢cDNA encoding human ERa was excised from pEGFP-
ERa (donated by P. Balaguer, IRCM, Montpellier, France) with
Xhol and BamHI and then inserted into pmCerulean-C1 and
pmCherry-C1 previously digested with the same restriction en-
zymes to create respectively pmCerulean-ERa and pmCherry-
ERa. The cDNA encoding hERf was excised from pNGV1-ERp
(donated by S. Mosselman, Organon, Oss, The Netherlands) by
BamHI and then inserted into pmCerulean-C1 previously digested
with the same enzyme to create pmCerulean-ERf. pmCerulean-
NLS and pmCherry-NLS were constructed as follows: The cDNA
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encoding the nuclear localization signal (NLS) of SV40 T antigen
was ligated into respectively pmCerulean-C1 and pmCherry-Cl
previously digested with EcoRI and BamHI. NLS-cerulean was
PCR amplified using pmCerulean-C1 as a template and then
inserted into pmCherry-Cl1 to create pmCherry-NLS-cerulean.
The ERE-SGlob-Luc reporter construct has been described else-
where (52, 53).

Cell Culture and Transfection. COS-7 cells were main-
tained in Dulbecco’s modified Eagle’s:F12 medium (DMEM:
F12) supplemented with 10% fetal calf serum (Invitrogen,
Carlsbad, CA) and an antibiotic solution (Invitrogen). For
reporter assay experiments, cells were deprived of steroids for
5daysin phenol red free medium supplemented with 3% dextran-
coated charcoal-stripped serum (DCC-DMEM:F12), plated in
24-well dishes (10° cells/well), and transfected using Jet-PEI
(Ozyme, Saint-Quentin-en-Yvelines, France). In all experiments,
the amount of transfected DNA was kept constant using the
pcDNA3 plasmid (1 ug of total DNA), and pCM V-$-gal (200 ng)
was used to normalize the transfection efficiency. Twenty hours
after transfection, and 24 h before lysis, medium was replaced
by DCC-DMEM:FI12 supplemented with 10~ M 178-estradiol
(E2 from Sigma-Aldrich, St. Louis, MO) and ICI182780 (ICI
from Astrazeneca, Rueil-Malmaison, France). Cells were then
harvested in a lysis buffer (25 mM Tris—H3;PO4 (pH 7, 8), 2 mM
DTT, 2 mM EDTA, 1% Triton X-100, and 10% glycerol), and
the luciferase activity was measured by the reaction of lysate with
the luciferin solution (270 uM coenzyme A, 470 uM luciferin,
530 uM ATP, 20 mM Tris—H;POy, 1.05 mM MgCly, 2.7 mM
MgSOy, 0.1 mM EDTA, and 33 mM DTT). Luciferase activity
was measured as relative light units (RLU) on a luminometer. All
values represent the mean RLU/S-galactosidase (+£SD) from
triplicates.

For imaging, cells were deprived of steroids for 5 days in
phenol red free medium supplemented with 3% dextran-coated
charcoal-stripped serum (DCC-DMEM:F12), plated in Lab-Tek
chambered coverglass two-well dishes (Nunc Thermo Fisher
Scientific, Roskilde, Denmark) at 3 x 10° cells/well, and trans-
fected after 1 day using JetPEI or FuGene6 (Invitrogen). After
24 h and at least 2 h before imaging medium was replaced two
times by PBS and then by DCC-DMEM:F12 supplemented with
107® M E2 or ICI or with the same volume of pure ethanol
(1.5 uL) as control condition. pH was stabilized by 10 mM
HEPES buffer (Gibco, Paislay, Scotland). Cells were then kept at
37 °C before imaging.

Imaging Conditions. For the majority of the experiments,
three two-well dishes were alternatively used and stored at 37 °C
in a humidified chamber supplied with 5% CO, near the
microscope. Each dish was used only 20 min maximum at a time
atroom temperature in order to avoid low-temperature effects on
cells. FCS acquisitions each require about 2 min. After that we
improved our setup with a thermoregulated system (Cube 2 +
Box; Life Imaging Services, Basel, Switzerland), covering the
microscope in order to maintain a stable 37 °C temperature. The
heater was turned on the day before the experiment to avoid
thermal expansion during acquisition. It allowed us to use the
same dish more than 20 min at a time. We note that no difference
in behavior was observed between the data collected at room
temperature (21 °C) and data obtained at 37 °C. Cells were
localized using the halogen lamp and DIC visualization. Then
cells for imaging were manually chosen using an X-Cite 120 lamp
(Exfo, Mississauga, Canada) as epifluorescence excitation, con-
nected to the slider of the microscope by an optical fiber. A 10%
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neutral density filter was used to avoid photobleaching, and a
double band filter was used to observe only red and blue
fluorescence. We also used a CCD camera (Zeiss, Jena,
Germany) under some conditions to be able to detect cells
expressing very low levels of FPs. When a cell expressing both
FPs at appropriate levels was found, it was imaged at different Z
positions with two-photon excitation, as explained below.

Fusion Proteins: Imaging and Activity. The two ERs and
their coactivator, TIF2, were expressed in COS-7 cells (which
lack endogenous ER) as N-terminal fusions with the blue FP,
cerulean (cer-ER) (50), and mCherry (mCherry-TIF2) (51),
respectively, which are predominantly monomeric and display
relatively good photophysical properties. More importantly,
however, these FPs were chosen to eliminate bleed-through from
the blue detection channel into the red channel, since such bleed-
through is 100% cross-correlated and hence would introduce a
substantial artifact into the FCCS measurements. The images
obtained for separate expression of mCherry-TIF2 (Supporting
Information Figure 1A) or cer-ER (Supporting Information
Figure 1B for cer-ERp) and data not shown for cer-ERa
demonstrated that reasonable detection levels can be achieved
exciting at 950 nm, using less than 10 mW at the microscope
entrance to limit photobleaching. These images revealed a
uniquely nuclear localization for both proteins, as expected.
The lack of any signal above the dark counts in the red channel
when cer-ER is expressed, and likewise in the blue channel when
mCherry-TIF2 is expressed, demonstrated that our choice of FPs
indeed eliminated the problem of bleed-through. Moreover, we
noted that the lack of any signal above the dark counts of the
APD detectors in the cytoplasm of the cells surrounding the
nuclei or in the nuclei of the channels of the unexpressed FPs also
demonstrated that, at this excitation wavelength, cellular auto-
fluorescence and laser background are negligible, an added
benefit of the relatively far-IR two-photon excitation. Photo-
bleaching was limited significantly by keeping the excitation
intensity low and using only data sets for which it was not the
dominant factor. Moreover, for data sets in which bleaching was
observed, the portions of the intensity vs time plots for which
photobleaching was strong were deleted, and only those portions
for which the intensity was relatively stable were analyzed.
Histogram analysis (/7) of multiple fluctuation data sets (data
not shown) with concentrations ranging over 2 orders of magni-
tude yielded good fits with linked molecular brightness values.
Under the same excitation conditions (10 mW at 950 nm) cer-
ERa exhibited an average molecular brightness of 3000 cpspm
(dimer) and that of cer-ERf was slightly higher, 4500 cpspm
(dimer), whereas the average molecular brightness of mCherry-
TIF2 under these conditions was 2600 cpspm (monomer). We
found no relationship between the molecular brightness and the
degree of complex formation.

The transactivation potential of the fusion proteins was also
tested with respect to the nonfusion proteins using luciferase
assays (Supporting Information Figure 2A—C). On average, the
degree of activation of cer-ERa or cer-ERp by 175-estradiol (E2,
the natural agonist) was nearly equivalent to that of the ERa or
ERp. The reduction in activation upon incubation with the full
antagonist, ICI182780, was, for both cer-ERa and cer-ER,
equivalent to that observed for the nonfluorescent proteins.
Finally, the ability of mCherry-TIF2 to activate either ER
subtype in the presence of agonist was also found to be equivalent
to that of the nonfusion TIF2. The activity of two mutant fusion
proteins was also tested (Supporting Information Figure 3A,B).
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Cer-ERf bearing a double mutation (L490A/L491A) in the
ligand-dependent activation function 22 (AF2) domain (54)
was, as expected, not capable of transcriptional activation upon
agonist binding. Furthermore, a cer-ERa variant bearing a
mutation in the DNA binding domain (DBD) that abolishes
specific recognition of estrogen response element (ERE) sites (55)
also did not activate transcription in our ERE-based luciferase
assay.

Fluorescence Cross-Correlation Spectroscopy. FCCS
measurements were conducted using a setup based on a dual
channel ISS Alba fluorescence correlation detector (ISS, Cham-
paign, IL) with avalanche photodiodes and a Zeiss Axiovert 200
microscope (Zeiss, Jena, Germany). The sample was excited by
means of a Mai Tai HP fs IR tunable laser (Spectra-Physics,
Newport, Mountain View, CA) tuned to 935 or 950 nm. The two-
photon cross section of cerulean (50) and mCherry has been
reported (56). The excitation light was focused into the sample by
a Zeiss Apochromat 63X oil immersion objective (numerical
aperture 1.4), and an E700 SP 2P dichroic filter (Chroma
Technology Corp., Rockingham, VT) was used to eliminate
the contribution of the IR excitation light in the detected signal.
In the FCCS experiments performed a 505 nm dichroic mirror
was used to split the detected light onto two channels, and
additional 653 £ 50 and 455 £ 50 nm band-pass filters were set
before channels 1 and 2, respectively (Chroma Technology Corp.,
Rockingham, VT). The excitation power was set at <10 mW at
the scope entrance in all FCCS measurements. This power was
determined to be a threshold one at which the autocorrelation
traces became excitation power independent, in order to avoid
excitation saturation effects (57, 58) as well as photobleach-
ing (59). The microscope was equipped with a Piezo-electric stage
(Madcity, Madison, WI) for 3D imaging.

Data Analysis. Focusing a femtosecond pulsed infrared
excitation laser beam through a high numerical aperture objec-
tive into a sample containing fluorescent species generates a tiny
open volume element defined by two-photon excitation prob-
ability. In an FCCS experiment, molecules labeled with two
spectrally different dyes are simultaneously excited, and the
fluctuations in the fluorescence emission in this small volume
are detected in two separate channels. In these experiments,
three curves are generated by time correlation of the fluorescence
intensity fluctuations detected, two autocorrelation functions
arising from the blue and red fluorophores Gy(t) and Gg(7)
and one cross-correlation function, which accounts for the
molecules in which the two fluorophores diffuse together, G().
The autocorrelation and cross-correlation functions can be
written as follows, in the absence of cross-talk:

L (OF(1)oF(t+1))
G0 =k W
_ <(3FB(Z)(3FR(I + ‘L'))
R TR AT) @

where 7 is the lag time. In the particular case of a system of freely
diffusing species and assuming a 3D Gaussian excitation profile,
closed expressions are derived from eq 1 and eq 2:

Gi(t) = GO)(1 +/rmn) (1 +oit/Fm) ()
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where i = B or R (blue or red). wg and z, are the waist and length,
respectively, of the three-dimensional Gaussian excitation vol-
ume at which the intensity drops to 1 /ez. Here, tp; and 7, are the
translational diffusion times of species i and of the complex,
respectively, and G{0) and G(0) are the amplitudes of the auto-
and cross-correlation functions, respectively.

If no changes in the brightness of the fluorophores occur upon
complexation, the amplitudes of the auto- and cross-correlation
curves can be expressed as follows:

1
G;(0) = 5
() VerrCi ¢ )

Cy
G(0) =——— 6
«(0) VerrCa, 1 Cr, ¢ ©)

wherei = Bor R, Vg rpg = (Jr/2)3 Pwozo, and C;rand C, arethe
total concentration of species i and of the complex, respectively.

In general, the amplitudes of the auto- and cross-correlation
curves for similarly diffusing species of different brightness can be
expressed as

2

Gy(0) =D mi.pCif Ven (Z n,-,Ba) 7)
2
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In the case of Cer-ERa and mCherry-ER, which could form
stable homodimers and heterodimers, it was necessary to take the
brightness into account in the determination of concentrations
from the correlation function amplitudes. We assumed three
diffusing species. The Cer-ERa-mCherry-ERp heterodimer has
concentration Cyg and brightness 17p o and 77g 5. The Cer-ERa
homodimer has concentration C,, and brightness 7p,4. The
mCherry-ERf homodimer has concentration C,g and brightness
Nr2p- Since total concentrations measured were above the
expected nanomolar binding affinity for both hetero- and
homodimers, Cer-ERa and mCherry-ERf monomers were not
taken into account. We took the brightness of the homodimer to
be twice that of the heterodimer for each detector. With this
assumption the equations reduce to

Cop +4C
Gy(0) = Lzz (10)
Veﬂ‘(Caﬁ + 2C2a)
Cos+4C
Gr(0) = — L= (1)
Veit(Cop + 2Cap)
C
G(0) = o (12)

Veff(Caﬂ + 2C20L)(Caﬂ + 2C2/3)

We then solved egs 10—12 using the function SOLVE in Maxima
Version 5.18.1 to determine the concentrations of each species.

The dissociation constant for Cer-ERa and mCherry-TIF2 in
the absence of ligand was estimated by comparison of the
experimentally determined fractional complex formation with
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respect to total ERa at the experimentally determined ER and
TIF2 concentrations for 40 cells with the results of simulations of
the fractional of complex with respect to total ERa as a function
of the concentration of TIF2 at five different concentrations of
ERa and at interaction free energies ranging from —10 to
—7 kcal/mol every 0.5 kcal/mol. Simulations were performed
using the BIOEQS software (60) as previously described (67). The
K4 was taken to be that corresponding to the simulation for
which the most data points fell within the concentrations of
the simulations. Heterodimer and homodimer dissociation con-
stants were also estimated based on simulations using the same
BIOEQS software. Full global analysis was not feasible since the
system involved three dissociation constants and five species in a
random concentration titration (we do not control the concen-
trations of the proteins expressed).

RESULTS

ER-TIF2 Complex Formation. To measure ER-TIF2 inter-
actions, fluorescence correlation measurements and imaging
were carried out for transiently transfected COS-7 cells coex-
pressing cer-ERa or cer-ERf with the coactivator, mCherry-
TIF2, in the absence of any ligand, in the presence of the natural
agonist E2, or in the presence of the full antagonist, ICI. For cer-
ERa, over 440 FCS acquisitions on over 120 cells and for cer-
ERp over 280 acquisitions on over 60 cells were obtained. Shown
in Figure 1 (upper panels, ERa; lower panels, ERf) are example
correlation functions (autocorrelation of the red (1) and blue (2)
channels and the cross-correlation between the two) obtained
from these cells under different ligand conditions, i.e., ethanol
only, agonist, or antagonist. High amplitudes of the cross-
correlation functions relative to the autocorrelation amplitudes
at short delay time (7) are indicative of a high degree of inter-
action. Cross-correlation amplitudes in the presence of agonist
were on average quite high. We found highly variable, but on
average relatively high, cross-correlation amplitudes in the
absence of ligand, as well. In contrast, the cross-correlation
amplitude observed in the presence of the full antagonist, ICI,
was always fairly low, regardless of the amplitude of the auto-
correlation functions. For about half of the cells that were
imaged and for which fluctuation data were measured, we
found no auto- or cross-correlation. Given the high intensity
of the fluorescence of such cells, we concluded that the correla-
tion functions tended to zero amplitude due to the high con-
centration of the proteins transiently expressed. The range over
which we were able to measure correlation was between 6 nM
and 3 uM.

As a control, we carried out FCS/FCCS experiments using
a cer-NLS-mCherry construct, which localizes to the nucleus
like the proteins of interest. FCS/FCCS measurements on this
construct yielded maximal cross-correlation signals at short 7, as
expected for a unimolecular construct bearing the two FPs
(Figure 2A). A negative control with mCherry-NLS and cer-
NLS was not successful because the nuclear localization was not
efficient, and hence very few cells exhibited reasonable fluore-
scence levels of the two colocalized proteins. However, as an
alternative negative control, we observed very low cross-correla-
tion levels (Figure 2B) for the cer-ERp construct bearing the
deleterious double mutation (L490A/L491A) in the AF2 domain
which is responsible for coactivator recruitment.

From the Go values of the cross- and autocorrelation functions
of the cells coexpressing the receptor and the coactivator, the total
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FiGure 1: ER-TIF2 interactions by FCCS. Examples of correlation curves for different ligand conditions (left panels, control EtOH; middle
panels, agonist E2; right panels, antagonist ICI). Each panel represents a unique experiment. (A) cer-ERa + mCherry-TIF2. (B) cer-ERpS +
mCherry-TIF2. Curves: red, channel 1 autocorrelation corresponding to mCherry-TIF2; blue, channel 2 autocorrelation corresponding to
cer-ERa or cer-ERp; green, cross-correlation between the two channels.
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FIGURE 2: Cross-correlation controls. Examples of correlation curves for (A) positive cross-correlation control = mCherry-NLS-cerulean, with
EtOH, and (B) negative cross-correlation control = cer-ERf AF2 mutated + mCherry-TIF2, with agonist E2. Curves: red, channel 1
autocorrelation corresponding to mCherry; blue, channel 2 autocorrelation corresponding to cerulean; green, cross-correlation between the two
channels.

concentrations of the cer-ER (a or ) and mCherry-TIF2, as of the concentration of the complex with respect to that of the
well as that of the ER-TIF2 complexes, were calculated as total concentration of the least concentrated of the two pro-
described in the Materials and Methods section (eqs 5 and 6). teins (ER or TIF2) in order to reveal the tendency to interact

The fraction of complex formed was calculated from the ratio rather than simply the relative concentrations of the two
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FIGURE 3: Average degree of complex formation. (A) Mean fractional complex formation between cer-ERa (black) or cer-ERf (white) and
mCherry-TIF2 with control (EtOH) and two ligands (agonist, E2; antagonist, ICI) = SEM (standard error on the mean) (*: values are
significantly higher or lower for agonist and antagonist condition, respectively, vs control, P < 0.001). (B) Influence of incubation time on
fractional complex formation. Fractional complex formation between cer-ERa or cer-ER with mCherry-TIF2 at different incubation times with
two ligands: agonist, E2; antagonist, ICI. Cer-ERa/mCherry-TIF2 with E2 (B) or ICI (O); cer-ERf/mCherry-TIF2 with E2 (@) or ICI (O).

proteins. The average fractional complex formation for the
control conditions (no ligand) for both receptor subtypes was
found to be relatively high and that in the presence of agonist
even higher, while the average fractional complex formation in
the presence of antagonist was quite low (Figure 3A). The
ensemble of all of the values obtained in individual cells for the
fractional complex formation from the FCCS measurements on
the two ER subtypes in the presence of agonist and antagonist is
plotted as a function of time of incubation with the ligand
(Figure 3B). We note that there was no effect of incubation time
at times longer than the 150 min shown in the figure. Moreover,
despite the rather high degree of variability for these values, a
clear frontier is evident around 40% complex formation, above
which only three antagonist measurements can be observed and
below which only one agonist value is found. This underscores
the fact that there is a highly significant difference between the
degree of complex formation observed in the presence of agonist
compared to that observed in the presence of antagonist. These
quantitative FCCS measurements directly confirm in individual
live cells and in real time ER-coregulator interactions as the
molecular basis for the ligand-induced biological response.

These single cell quantitative measurements yield extremely
important information beyond these average values of the degree
of complex formation. It is important to underline that, for each
cell, our FCCS measurements yield the total absolute concentra-
tion of each of the proteins, as well. In the case of the ligand-
bound receptors, we observed no relationship between the degree
of complex formation and the protein concentration (data not
shown). For the agonist-bound receptor, for which the average
degree of complex formation was quite high, this indicates that
the K for the interaction must be below the low concentration
limit of our experiments (<~10 nM). Observation in individual
cells of intermediate degrees of complex formation in the presence
of agonist arise in part due to the signal-to-noise ratio in our
measurements but may reflect as well the effects of cell cycle on
these regulatory interactions. In the case of antagonist-bound
receptors, the degree of complex formation remained low (well
below 50%), even at the highest protein concentrations observed,
indicating that the Ky for the interaction is higher than these
values (> ~2 uM).
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FIGURE 4: Degree of complex formation in the absence of ligand.
Fractional cer-ERa-mCherry-TIF2 complex formation with respect
to the total ERo concentration for measurements taken for a number
of cells in the absence of ligand as a function of both cer-ERa and
mCherry-TIF2 concentration. Lines correspond to the fractional
complex formation as a function of Tif2 concentration simulated
using a K4 of 200 nM for ERa concentrations of 50, 200, 500, 1000,
and 2000 nM from left to right. Filled circles correspond to measure-
ments for which the degree of complex formation corresponded to
ERa concentrations between the two closest simulation lines. Gray
circles are measurements for which the fraction of complex with
respect to total ERochigh or too low by a factor of less than 10%, with
respect to the nearest simulated lines. Finally, the open circles
correspond to measurements for which the fraction complex differs
by over 10% from the nearest simulated lines.

In the absence of ligand, our FCS/FCCS data revealed a higher
average degree of complex formation than did the transactivation
assays carried out on the entire cell population. This is because
cells chosen for FCCS measurements expressed both proteins at
concentrations of over 100 nM, whereas the transactivation
assays were carried out for the whole population for which the
transfection efficiency is quite heterogeneous. For this reason,
bulk measurements on transiently transfected cells tend to under-
estimate protein interactions. More importantly, using FCS/
FCCS we observed a protein concentration dependence of the
degree of complex formation in the absence of ligand. This
indicated that binding could be occurring under equilibrium
conditions and that it may be possible to estimate the affinity.
The values from ~40 cells for the fraction of complex with respect
to the total concentration of cer-ERa are plotted as a function of
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FIGURE 5: Mean diffusion coefficient: (A) coexpressed cer-ERa (black), mCherry-TIF2 (white), and complex (gray) between the two for control
and ligand conditions (agonist, E2; antagonist, ICI); (B) coexpressed cer-ERf (black), mCherry-TIF2 (white), and complex (gray) between the
two for control and ligand conditions (agonist, E2; antagonist, ICI). Mean + SEM (standard error on the mean). Statistical test: values are
significantly lower for agonist vs antagonist condition with *, P < 0.01, and **, P < 0.001. We cannot determine a real diffusion coefficient for the
complex in the presence of antagonist since the cross-correlation curve is most of the time close to zero.

the concentration of mCherry-TIF2 in Figure 4. We have also
simulated for several values of affinity (AG from —10 to —7 kcal/
mol every 0.5 kcal/mol) the degree of complex formation (with
respect to total ERa) as a function of TIF2 for several total ERa
concentrations between 50 nM and 2 uM. The majority of the
points (filled circles) fall between ERa concentration lines
corresponding to a complex Ky value of 200 nM (lines in
Figure 4), while a few (gray circles) exhibit a degree of complex
formation within 10% of that consistent with the ER and TIF2
concentrations and predicted by the 200 nM K. A few points
(open circles) lie far from the expected degree of interaction
consistent with their ER concentrations and with this Ky. We
conclude therefore that the affinity between ERacand TIF2 in the
absence of ligand is near 200 nM.

Diffusion times can also be determined from analysis of the
autocorrelation profiles, providing some information about the
dynamics of these proteins in the nucleus. The recovered values
varied significantly between cells (Figure 5). For both ERa and
ERp, a large fraction of the measured diffusion coefficients for
the ER subtypes were found to be very slow, below 0.5 um?/s.
Only a few measurements yielded significantly faster diffusion.
Moreover, we found no significant correlation between the
diffusion coefficients and the total concentration of protein.
Hence, the relatively slow diffusion times do not appear to arise
from concentration-dependent aggregation. Broken down by
ligand condition (Figure 5), ER and TIF2 diffusion appeared
to be, on average, slower in the presence of agonist and, in the
absence of ligand, slower for the cross-correlation function.
These situations correspond to conditions under which the degree
of complex formation is maximal and may indicate that the
ER-TIF2 complexes bind to chromatin or other nuclear partners
with a higher probability than the individual proteins.

Receptor Subtype Heterodimerization. As noted in the
introduction, certain promoters in certain tissue types are under
the specific control of ERa/ERf heterodimers. Hence the relative
concentration of each of these receptor subtypes, as well as the
relative affinities between the homo- and heterodimers, constitute
additional levels of transcriptional control. In order to obtain
estimates for the ER homo- and heterodimer affinities, we
coexpressed cer-ERa and mCherry-ERfS in COS-7 cells and
measured heterodimerization by FCCS for a number of different

1.0

0.8

0.6

% heterodimer (/ERa.)

[ERB] (nM)

FIGURE 6: Heterodimer formation. Degree of heterodimer forma-
tion with respect to the concentration of total ERa (expressed in
terms of monomer) as a function of the concentration of mCherry-
ERp (also expressed in terms of monomer). Lines correspond to
simulations assuming homo- and heterodimerization constants of
7 and 2.8 nM and 10, 100, 200, 300, 500, and 1000 nM ERa in
descending order. Black circles correspond to experimental results for
which the ERa concentration falls between the closest corresponding
simulation lines. The empty circles correspond to points for which the
ERa concentration falls well beyond the corresponding simulation
lines. The gray circles correspond to points for which the ERa
concentrations are about 2-fold higher than those predicted by the
simulations.

cells. The concentrations of the homo- and heterodimers were
calculated by solving the set of equations for the Go values of the
auto- and cross-correlation functions as described in the Material
and Methods section. Although a full global analysis of the data
was not feasible, we carried out simulations (described in
Materials and Methods) of the degree of heterodimerization
expected as a function of ERf concentration at a series of ERat
concentrations, using different values of the free energies for the
homo- and heterodimer interactions. The points in Figure 6
correspond to the experimentally determined values of the
fractional heterodimer populations (with respect to the total
concentration of ERa expressed as monomer) as a function of the
concentration of mCherry-ERf. The lines in Figure 6 correspond
to the theoretical values of the fractional heterodimer population
for six different concentrations of ERa (10, 100, 200, 300, 500,
and 1000 nM) as a function of ERf concentration, simulated
using a heterodimer free energy of interaction of 11.5 kcal/mol
(K4 = 2.8 nM) and a homodimer free energy of 11.0 kcal/mol
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(K4 = 7 nM) for both ERa and ERp. The black filled circles
correspond to measured values for which the experimental total
concentration of ERa falls within the corresponding simulated
lines and are hence compatible with the K values used for the
simulations. The gray circles correspond to ERa concentrations
which are within a factor of 2 of those represented by the
simulations and hence slightly surpass the expected degree of
heterodimerization based on these Ky values. Finally, the six
white points correspond to large over- or underestimations of the
degree of heterodimerization. The majority of measurements are
compatible with the simulated affinities for the homo- and
heterodimer in the low nanomolar range. Using Ky values of
16 and 37 nM, we found very poor agreement with the data.
Hence, we estimate the uncertainty on these Ky values as less than
a factor of 5 (< 1.0 kcal/mol).

DISCUSSION

We have presented here the quantitative measurement of the
interaction of the human ER subtypes (o and ) with one of their
coactivator partners, TIF2, in live cells using two-photon, two-
color FCCS. These results were obtained thanks to a pair of FP
proteins that avoids bleed-through and a far-IR excitation wave-
length that leads to negligible autofluorescence and minimal
bleaching and cellular damage. These are the first such quantita-
tive measurements using the full-length coactivator, as it cannot be
overexpressed and purified for in vitro measurements. We found a
very high degree of interaction in the presence of agonist ligand
(>80%) and relatively high levels of interaction in the absence of
ligand as well (> 60%). Given the number of measurements, these
values are highly significant. We also observed a highly significant
decrease in the degree of protein—protein interactions between
both subtypes of human ER with the coactivator, TIF2, upon
incubation with the full antagonist, ICI182780 (< 20%) and this in
spite of the variations in protein expression levels and complex
dynamic behavior inherent in live cell studies. Because these
measurements were carried out on single cells using fluctuation
techniques, they also provide quantitative measurement of the
concentrations of these proteins that can be correlated with their
degree of interaction. In the case of the agonist-bound receptor,
the protein concentrations were in general well above the Ky. In
this case we can provide an upper limit of ~6 nM (near the lower
limit of our detection) for the dissociation constant. In the presence
of antagonist, the average degree of interaction was quite low, and
a lower limit near 3 M (the upper limit of our detection) can be
estimated for the ER-TIF2 K in the presence of antagonist. In the
case of the unliganded receptor, our detectable concentration
range (6 nM to ~3 uM) was within the range of the complex
affinity, and we were able to estimate a dissociation constant near
200 nM from global analysis of the fractional complex formation.
Indeed, ligand-independent interactions of pl160 proteins with
ERs have been reported (62). These results underscore the fact that
ER function in various tissues in the absence of ligands will
strongly depend on the expression levels of receptors and coregu-
lators, their posttranslational modification status, and their turn-
over rates. In addition, modulation of receptor function by partial
agonists will also be strongly influenced by protein concentration
levels. Typical ER concentrations are thought to be near 20 nM,
below the interaction threshold in the absence of ligand. However,
overexpression of the receptor, for example in pathological states,
or high levels of the coactivators could strongly modulate ER
function.
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These studies provide, as well, some insight into the dynamic
properties of these proteins in the nucleus. A large proportion of
the ER molecules diffused extremely slowly, D ~ 0.5 um?/s,
although a proportion of molecules exhibited faster diffusion,
above 2—5 um?/s. A value of 7 um?/s was reported from live cell
FCS measurements for freely diffusing PPAR (36); hence we
conclude that the fraction of ER undergoing relatively fast
diffusion that we observe here is likely due to free protein
diffusing in the nucleus. The slowly diffusing ER and TIF2
molecules may arise from partial immobilization of the com-
plexes via interactions with chromatin, other protein partners,
and/or nuclear structures. A number of groups, using fluore-
scence recovery after photobleaching (FRAP), have studied
ligand-dependent dynamics of nuclear receptors in live
cells (63—66). In the case of ERa, these studies, like ours, reveal
that receptor diffusion is apparently more rapid in the absence of
ligand and that the coactivator SRC1, like TIF2, a member of the
p160 family, exhibits diffusion comparable to that of ERa only in
the presence of agonist (66, 67). Tudor and colleagues have
observed a similar phenomenon for PPAR diffusion using
FCS (36).

Finally, for the first time, the affinity of the homo- and
heterodimerization of the ER subtypes has been estimated, and
we find values in the low nanomolar range that are within
experimental error of each other. A low nanomolar Ky for
homodimerization is consistent with our in vitro ER-DNA
binding studies, in which coupling of dimerization to DNA
binding is observed in this concentration range (/3). An estima-
tion of receptor subtype heterodimerization has long been sought
after. Unfortunately, luciferase- or ff-galactosidase-based trans-
activation measurements provide no insight whatsoever con-
cerning heterodimer-specific transcriptional activation. Bulk
measurements such as BRET (68) for heterodimerization provide
some idea of heterodimer formation but suffer from false
positives, as well as limited sensitivity. In addition, the protein
concentration in each cell is not available in such a bulk assay,
nor is any information concerning the expression heterogeneity
between cells, so no estimations of the affinities can be made.

While the present studies provide convincing quantitative
information concerning interaction affinities between these im-
portant proteins under different ligation conditions, we are
convinced that much further progress can be made. In particular,
the variations from cell to cell certainly have multiple sources.
First and foremost, the signal-to-noise ratio for the correlation
curves must be improved. While the far-IR excitation with a
single laser successfully eliminates autofluorescence and provides
a perfectly coincident excitation profile for the two fluorophores,
the excitation wavelength is clearly not optimal for the molecular
brightness, which determines the sensitivity of fluctuation mea-
surements. Improvements are expected from the implementation
of scanning FCS, since this will drastically reduce photobleaching
and hence allow for an increase in laser power. Some of the
observed variations may be of biological origin, and the syn-
chronization of the cells may inform on the importance of this
contribution.

In conclusion, we have demonstrated that significant quanti-
tative differences in protein interaction affinities as a function of
protein concentration and in response to the binding of small
therapeutic ligands of an important class of human steroid
hormone receptors implicated in a number of human pathologies
can be measured in live cells using two-photon FCCS. Such
studies open the perspectives of investigating the effects of
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posttranslational modifications, cell cycle, and other environ-
mental factors on the complexes of interest. We note that such
phenomena may explain, at least in part, the variability observed
for the interactions and the apparent mobility of the proteins
studied here. We expect that future investigations using FCCS in
live cells will lead to exciting applications in systems biology,
signal transduction, and drug screening.
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Figure 1 demonstrating the lack of channel cross-talk and
cellular autofluorescence, Figure 2 giving the results of the
luciferase activity assays for the fusion proteins, cer-ERa, cer-
ERp, mCherry-Tif2, with respect to the nonfusion proteins, and
Figure 3 giving the results of the luciferase activity assays for the
LBD and DBD mutant cer-ERf3 proteins with respect to the wild-
type cer-ERf fusion protein. This material is available free of
charge via the Internet at http://pubs.acs.org.
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