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ABSTRACT. Nuclear receptors initiate transcription, interact with regulatory proteins, and are influenced
by hormones, drugs, and pollutants. Herein, we discover ligand-specific mobility patterns of human estrogen
receptore. (ER) in living cells using diffusion-time distribution analysis (DDA). This novel method, based

on fluorescence correlation spectroscopy (FCS), is especially suited to unraveling multiple protein
interactions in vivo at native expression levels. We found that ER forms a limited number of distinct
complexes with a varying population by dynamic interaction with other nuclear components. Dose-response
curves of different ligands could be obtained for each receptor interaction. The potential to identify
interacting proteins was demonstrated by comparing DDA of the ER cofactor SRC-3 attached to yellow
fluorescent protein (YFP) with those of YFP-ER. Our findings open up new routes to elucidating
transcription regulation and to detecting and distinguishing pharmacologically and toxicologically active
compounds in vivo. Moreover, DDA provides a general approach to monitoring biochemical networks in
individual living cells.

Nuclear receptors are transcription factors that are activated e deling
via ligand binding and/or phosphorylation. Upon activation, Histone acetylation
they directly modulate gene expression by binding to specific c"erone Complex & memvzton
response elements present in the promoter region of targer 4™
genes. As in the case of many other receptors, nuclear
receptors also function only within a complex biochemical
network of numerous proteind{3) (Figure 1). Because
nuclear receptors control many aspects of cellular metabo-
lism, they have become the focus of intensive research in
developing therapeutics in prevalent diseases such as diabete
and cancer4, 5). Nuclear receptors are also sensitively
influenced by drugs or exogenous pollutants, e.g., herbicides
and plasticizers. In this context, protection of humans,
animals, and the ecosystem against endocrine disruptors ha N Transcription

gained considerable attentio8, (7). . 1 Cart ilustrating th lexity of putative ER
. N . : IGURE 1: Cartoon illustrating the complexity of putative
Despite their wide-ranging consequences, for instance, forinteractions with its partners during ligand-induced transcription

the development of more precisely acting medicines, quan-activation. Prior to hormone addition, ER is present as monomer
titative details about nuclear receptor-mediated signaling areor dimer, most likely bound to a chaperone complex and possibly
largely unknown. Such protein interaction networks are interacti_ng with coregl_JIatory _proteins. Addition of hormone induc_es
currently investigated in proteomic8)(and systems biology interactions of ER with an increasing number of other proteins

. . including chaperones3d), co-activators %0, 51), co-repressors
research. Presently available methods of detecting stableggs)v histone modification complexeg, (38), and RNA polymerases

multiprotein complexes, like yeast two-hybrid screedl ( (2)]and also increases the residence time on chromatin. This highly
two-dimensional (2D) gel electrophoresis followed by mass regulated process leads finally to transcription with the help of RNA
spectrometry 10), or chromatin immunoprecipitatior2), polymerase II.
show some limitations: these extl’acellular, in vitro prOteomiC trations. Even more important, they cannot deliver a qguan-
assays are neither able to detect tran$|ent (Weak) |nteraCt|0n$itative thermodynamic and kinetic description of the un-
nor are they free from the uncertainty that the detected derlying biochemical reactions, which is the key to
interactions are artificially induced by high protein concen- ynderstanding cellular functions on a molecular basis.
Therefore, optical microscopy and selective fluorescence
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Here we investigate in living cells the complex and a 1
dynamic nature of molecular interactions of a prototypic YFEP ER
nuclear hormone receptor, human estrogen recep(&R)t
(13). By analyzing distributions of diffusion times, we were  |s]
able to reveal for the first time a complex mobility pattern
that arises when agonists or antagonists are applied to MCF-7
breast cancer cells. The diffusion times were determined in
nuclei of living cells by fluorescence correlation spectroscopy
(FCS) of ER fused to yellow fluorescent protein (YFP). Our
results provide evidence that the use of diffusion-time
distribution analysis (DDA) as a general tool in the emerging

field of “live-cell proteomics” is well conceivableld). The d e
crucial advantage of DDA compared to conventional bio- \ / Diffusin 1.0 ""‘-v..__‘
analytical tools is that it allows for the determination not N”“'e”_sf_..._-jg‘;-_-;i_\ YFPER 08 VEP-ER
only of binding partners but also of their equilibrium YA\ 06 T tE2
distributions, in living cells, at native expression levels. In | )ﬂi N Q04
the context of nuclear hormone receptors and the assessmer—Cell Z) X 0.2- YFP-ER *,,
of endocrine-disrupting compounds (EDCs), DDA can be By \ X0 P
fundamental for the development of live-cell EDC detection - Focal volume 0.01 0.1 1 10 100
and toxicology assays. f g Time (ms)
—25] S VEP. iy

EXPERIMENTAL PROCEDURES Exol :’:FE_EE ve2 | 03 YFP-ER

Cell Culture and TransfectionAdherent human breast £ 15/ ; ) N 202
cancer cells (MCF-7) were grown in Dulbecco’s modified gm-' § ' YFP-ER + E2
Eagle’s medium (DMEM/F-12) (Invitrogen). The medium @ 5l Q0.1
was supplemented with 2.2% fetal calf serum (Sigma). The = 0 ‘ . _
cultures were kept at 37C and 5% C@and were split at 5 2 20 & 8o 0.0 el
regular intervals. Three days before the experiments, the Measurement number Diffusion time (ms)

medium was changed to D-MEM/F-12 without phenol red o )
(Invitrogen) with 2.2% charcoal-treated fetal calf serum Ficure 2: Schematic view of the experimental method and data

) . . analysis for FCS in live cells. (a) Domain structure of the YFP
(DMEM/F-12 steroid free). Sixteen to twenty hours before ER construct. YFP was fused to the N-terminal part of ER. The

transfeg:tionz exponentially growing cellsl were seeded either major domains of ER are the DNA binding domain (DBD) and
on sterile microscope cover glasses (thickness of 0.16 mm,the ligand binding domain (LBD). (b) Confocal fluorescence
diameter of 25 mm) placed in a six-well plate or on Lab- microscopy of an MCF-7 cell expressing YFER. The receptor
Tek chambered cover glass (Nalge Nunc) at a density of & JT8=RR0 R L ated i o L e evpreseing
Ef}g((:)tg%ectig?]/;‘t(.:tg:ek"[(:((a(gsag\;\éer:)e Xf?;srf]e;:eg7 :Jcsmr? aN YEP—ER in the nucleus after addition of a saturating concentration
I I I . I of E2. YFP-ER is redistributed inside the nucleus to form a
the incubator, the transfection medium was replaced with speckled pattern. In panels b and c, the arrows point toward the
freshly prepared medium (DMEM/F-12 steroid free). FCS focal position inside the nuclei. (d) Schematic picture of the
YFP Fusion ProteinsThe expression vector for wild-type FCS experiment. The labeled receptor diffuses into and out of the
ER was a gift from B. Desvgne (Center for Integrative confocal volume element inside the nucleus. The time scale of the

> - ] ) fluctuations of the emitted intensity is characterized by the mobility
Genomics, University of Lausanne, Switzerland). The cDNA of the receptor. (e) Typical experimentally obtained autocorrelation

encoding ER was cloned as the PCR-amplifiedR|—Barl functions (ACFs) of YFP-ER for two conditions: in the absence
fragment (1.8 kb; forward and reverse primers beittg 5 ©f ligand (dashed line) and in the presence of 100 nM E2 (solid
CGGAATTCCGCCATGACCATGACCTCC3and 5-CGG- line). By applying a two-species model to these ACFs, we obtained

, . . two characteristic diffusion times. (f) Slow diffusion timg from
GATCCCGTCAGACTGTGGCAGGG-3respectively) into 5 ywo-species model, where the fast component was fixed to 0.8

the mammalian expression vector pEYFP-C1 (Clontech), ms, plotted vs the measurement number for 98 experiments in six
yielding the YFP-ER fusion protein (YFP-ER) (Figure 2a). cells. (g) Histogram of the data in panel f showing in addition the
analysis. The expression of the full-length ER fusion protein component (green vertical line).

was confirmed by immunoblot analysis of nuclear extracts,
prepared as described in rE5, with purified ER (PanVera) . o . :
as a standard. For immunoblotting, a monoclonal moused'ﬁerent methods: (i) a reporter gene assay using transiently

antibody directed against he ligand-binding domain (L8D) %8 2 (22 2 RO (8 SN 00 EE BT
of ER was used (TE111.5D11; Neomarkers). o oC EXp ninafg P
and (i) a radio-ligand binding assay (http://www.
' Abbreviations: ER, human estrogen receptoBDA, diffusion invitrogen.com/downloads/L0561.pdf) to determine the ligand
time distribution a'nalys’is; FCS, fluorescence correlation spectroscopy; binding _qfflnlty of YFP-ER compared to those of wt ER
YFP, yellow fluorescent protein; SRC-3, steroid receptor coactivator- and purified ER.

3; RID, receptor interaction domain of SRC-3; E2p46stradiol; 40HT, _ ; ;
4-hydroxytamoxifen; ICI, ICI 182,780; ACF, autocorrelation function; Th.e tr\uncatEd .YFPS.RC 3 construct was a kind g!ft from
FRAP, fluorescence recovery after photobleaching: FRET, fluorescence V- Giguae (McGill University, Montreal, PQ) and is here

resonance energy transfer; CRC, concentration response curve. called YFP-RID. It consists of a YFP fused to the

The functional activity of YFP-ER was confirmed by two
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N-terminus of the receptor interaction domain (RID) of corresponding diffusion coefficiel can be calculated with

SRC-3 (L6). the relationD = (21 us x 280 um?s)/rp, which contains
Ligands.The ligands used in this study areft&stradiol the diffusion time and diffusion coefficient of Rhodamine

(E2; Sigma), ICI 182,780 (ICI; Tocris) with the chemical 6G of 21us and 28Qum?/s, respectively.

name 7e-[9-(4,4,5,5,5-pentafluoropentylsulfinyl)nonylestra- In a typical experiment, 18 individual intensity time series

1,3,5(10)-triene-3,1p-diol, and 4-hydroxytamoxifen (4OHT;  were recorded over intervald 6 s ateach sample spot in

Sigma). one nucleus at a time resolution of Q«&. Focal positions

FCS ExperimentsFor the concept of FCS, we refer to were chosen such that large speckles and nucleosomes were
refs17 and18. Briefly, a diluted sample of fluorophores, in  excluded from the focused laser beam. Direct focusing on
our case YFP-ER inside nuclei of live cells, is excited ina  speckles yielded substantial continuous bleaching, indicating
diffraction-limited illumination volume of a focused laser that the speckles contain largely immobile components;
beam (Figure 2d). In a typical FCS experiment, fluorescence photobleaching would lead to artifacts in the FCS analysis.
intensity fluctuations are recorded with high time resolution In a series of FCS measurements, the very first data set taken
and sensitivity, and analyzed in terms of their autocorrelation at a particular position in the nucleus always contained an
function (ACF). These intensity fluctuations arise from initial time interval dominated by photobleaching, and was
concentration fluctuations of particles diffusing into and out therefore not included in the ACF analysis. To evaluate
of the focal volume, and from photophysical processes spatial variations of the observed diffusion time inside the
changing the emission intensity of the particles. Thus, the nucleus, three measurements were performed at each of four
correlation times obtained from appropriate models give different locations. Under the conditions described here, the
access to the diffusion time or diffusion coefficient of the variations between locations were on the same order of
observed species. Because of its high sensitivity in the magnitude as the variations within locations (data not shown).
nanomolar range, FCS can yield information about biomo- Autocorrelation functions (ACFs) were computed from
lecular interactions at natural expression levels without the recordings of the fluctuating fluorescence intensity using
need of separating the different existing complexes. commercial Zeiss software. The ACFs were then transferred

FCS was performed on an LSM510 confocal laser scan- to the data processing software Igor Pro (Wavemetrics) for
ning microscope equipped with a Confocor2 FCS-unit and further analysis.

a C-Apochromat 40 NA 1.2 water immersion objective Diffusion-Time Distribution AnalysiDetails about model
(Zeiss). YFP was excited at 488 nm with an argon ion laser functions for the intensity ACF of an FCS experiment can
(=3 kW/cn?), and its fluorescence was detected through a be found in ref20. Typically, one or several photophysical
pinhole (70um diameter) and a 536600 nm band-pass dark states are taken into account, such as the triplet state or
filter. The excitation intensity was adjusted to maximize the a state with a different degree of protonation, and one or
detected counts per particle and at the same time to minimizeseveral diffusing species with different diffusion constants.
both the occupation of triplet states and the rate of photo- We found two parameters to be necessary and sufficient to
bleaching. The LSM was used to localize cells with a describe the photophysics of YFP, in accordance with ref
sufficiently low expression level and to position the laser 21. When we assumed one diffusing species to describe the
beam within the nucleus where FCS measurements weredata, which is equivalent to a population and time-averaged
performed at room temperature (arrow in Figure 2b, c). model, we obtained a broad and inhomogeneous distribution

One requirement of FCS, i.e., to have a sample volume of diffusion times determined for el s interval, indicating
much larger than the observation volume, can be violated in the presence of several species. Up to two diffusing species
intracellular measurements, especially in small compartments.could be included in the fit to the superposition of all
The nuclei of MCF-7 cells chosen in this study weré— available ACFs per condition; more than two species resulted
10 times larger than the lateral and 2 times larger than thein overly large errors and no decrease in the redyéet@ihe
axial focus dimension. While the axial focus extension is fast diffusive component of YFPER without any ligand
on the same order of magnitude as the size of the nuclei,(0.8 & 0.1 ms) is compatible with the masses of YHER
the ACF is mainly dominated by the lateral confinement of monomers, dimers, and/or complexes with small chaperones,
the focal volume. Thus, we expected the effect of the which are all indistinguishable in our FCS experime®) (
confined sample volume of the nucleus, other than limiting This diffusion time was kept fixed in the analysis, leaving
the number of available fluorophores, to be negligible. In the second diffusion time and its fraction as the only free fit
fact, when the sample volume is reduced toward the parameters. The separation of receptors into a fast, slow, and
observation volume, the ACF is expected to deviate from O, immobile fraction is included in Supporting Information
its limiting value for long times. In the extreme case where Figure 2. With the two-species model (one kept fixed), we
the observation volume is smaller than the confocal volume, could much better resolve the discrete diffusive states that
the particles cannot leave it any longer and the ACF is not were already visible in the distribution of a one-species model
suitable for deriving their diffusion dynamics. In our experi- but with a smaller reduceg?. Our results clearly indicate
ments, however, all ACFs completely dropped toward 0. This the presence of more than two diffusive species, although
observation serves as an internal control that the observatioreven an averaged ACF did not allow for fitting a more
volume was large enough to use the familiar formula for complex model with sufficient reliability. We propose
the FCS analysis. therefore for FCS of highly heterogeneous samples, such as

For each series of FCS measurements, a standard calibraa nucleus of a living cell, to analyze a distribution of diffusion
tion was performed using Rhodamine 6G in PBS solution times of very short time intervals [diffusion-time distribution
at pH 7.4 9. In this article, the molecular mobility is  analysis (DDA)], as opposed to the determination of a set
exclusively expressed in terms of the diffusion timae The of mean diffusion times from a multispecies model, averaged
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over a long time and the whole ensemble. The latter includesthe upper limit of the range that could be expected from
maximum-entropy fitting of a multicomponent model to a previously found progesterone receptor comple$es (e
single ACF @3), which we also applied to our data finding derived 18 ACFs per cell and between 150 and 250 ACFs
the same general trend as presented here but with much lestor each ligand concentration. From each fit, we obtained
pronounced results (data not shown). The time intervals in the diffusion time and the fraction of the slow-moving
DDA should be kept as short as possible to obtain a very component, while the diffusion time of the fast component
small subset of the whole distribution of diffusion times was kept fixed to the median of the distribution without
present in the sample, but long enough to collect a suf- ligand (see Experimental Procedures). Subsequently deter-
ficiently long photon stream for a reliable determination of mined diffusion times from six individual cells (Figure 2f)
the diffusion time (in our case, 5 s). Short time intervals without ligand (black empty circles) and in the presence of
also reduce the effect of bleaching in each individual ACF, 100 nM E2 (green filled circles) show no sign of correlation,
which is especially advantageous for intracellular measure-trend, or cell-to-cell variation. The same data are summarized
ments using YFP, where the level of bleaching is commonly in histograms in Figure 2g, which are normalized to the total
rather high. fraction of the slow component. Addition of E2 shifts the
To construct diffusion-time distributions, we wanted to diffusion time to higher values, broadens the distribution,
avoid the ambiguity commonly associated with the building and creates additional peaks. The analysis of such a complex,
of histograms, i.e., the choice of bin size and bin position, multicomponent distribution obviously delivers more infor-
by averaging over several realizations of a histogram. By mation than that conventionally obtained by computing very
this and by choosing the bin sizeaccording tob = 1.06 precisely the mean value of the distribution (black line at
min(o, R/1.340%5, we derived the optimal nonparametric ~7 ms in Figure 2g).
estimator for the probability density function from our data  Ligand-Dependent ER Interactioné reduction in ER
(24). Here, o is the standard deviatiorR the interquartile ~ mobility upon addition of different ligands has been observed
range, anch the number of points entering the histogram. previously by live-cell fluorescence microscopy in conjunc-
At this point, we stress that the smoothness of the histogramtion with qualitative fluorescence recovery after photobleach-
presented in this work is a result of the averaging processing (FRAP). These studies have revealed the dynamic nature
and not directly of the number of data points (see Figure Of steroid receptor (SR) interactions with cofactors and

29). chromatin and its relatively high intranuclear mobili4(
33, 34). Further indications of ligand-induced molecular
RESULTS AND DISCUSSION interactions came from fluorescence resonance energy trans-

_ _ N _ ) fer (FRET) experiments36, 36). However, both types of

~ To examine the complexity of ER mobility and interactions  assays did not provide detailed quantitative information about
in nuclei of living cells, we applied FCS to monitor the SR jnteractions and mobility, and delivered only an overall
diffusion of the YFP-ER fusion proteins (Figure 2a) and 4nq simplified picture of SR interactions with cofactor
YFP—RID, the receptor interaction domain of SRC-3, proteins.

transiently expressed in MCF-7 cells. FCS has already proven' The jigands used in this study include the full agonisg-17

to be an invaluable quantitative tool for determining equi- astradiol (E2), the antagonist ICI 182,780 (ICI), approved
librium and kinetic properties of molecular interactions in by the U.S. Food and Drug Administration (FDA) as a
vitro (25, 26) and in vivo @7—29). As shown previously,  reatment for breast cancer under the generic name Fulves-

confocal microscopy revealed _complete nuclear localization ¢y ant (AstraZeneca), and the partial antagonist 4-hydroxyta-
of YFP—ER, homogeneously distributed and excluded from ,oxifen (40HT), currently one of the most frequently
nucleoli in the absence of ligand (Figure 2b); upon addition prescribed drugs against breast cancer.

of the agonist E2, the well-documented speckled pattern gyen in the absence of ligand, the mobility distribution
appeared (Figure 2cB0, 31). of YFP—ER is not completely homogeneous, as compared,
Fluorescence imaging was used to select cells with afor example, to only YFP in the nucleus (data not shown),
Sufficiently low expression level as required for FCS, i.e., and consists of a major peaknaES ms, and a small shoulder
approximately 108 1000 receptors per nucleus. The receptor at ~5 ms (dashed black line in Figure 3a). This finding
concentration was determined on the basis of the number ofprovides evidence that ER is present in the nucleus not in
molecules in the confocal volume. For the experiment, the one single state but rather in at least two different states as
focus was positioned inside the chosen nucleus some distance result of either hindered diffusion or additional interactions.
away from the speckles (arrow in panels b and c of Figure |ncreasing the concentration of the agonist E2 results in a
2), and the fluctuating fluorescence intensity was recorded gradual shift toward longer diffusion times and in the
with sub-microsecond time resolution. The speckles were gppearance of multiple side peaks, which occur consistently
avoided because they contain a high concentration of at the same position for different ligand concentrations (green
immobilized receptors and because their origin is unclear. area and green line in Figure 3a). Addition of E2 to
Diffusion-Time Distribution Analysid=rom the recorded intracellular YFP did not change its mobility (data not
intensity, time series autocorrelation functions (ACFs) were shown). We attribute these peaks to discrete complexes of
calculated (Figure 2e) and a two-species model was fitted YFP—ER with cofactor proteins and/or chaperones with well-
to all our data to obtain a consistent set of data, even thoughdefined sizes, as well as to specific but transient interactions
the ACF of YFP-ER without any ligand is described well  with chromatin and nuclear structures with well-defined
by a one-species model with a diffusion-time distribution residence times. Unspecific interactions and a broad range
that peaked at 2 ms having a shot-noise limited width. This of complexes would give rise to an unstructured diffusion-
7p corresponds to a complex size o2 MDa, which is on time distribution. The partial antagonist and selective estrogen
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different diffusion times of the mobility states in the presence
of E2 and 40HT are likely due to the formation of different
mobile complexes between ER and co-activators (E2) or co-
repressors (40HT), similar to the recruitment of co-repressors
to 40HT-bound ER 37, 38) and the recruitment of co-
activators to E2-bound ER2(39). Another aspect of the
two ligands that could affect their complex formation is that
E2 downregulates ER while 40HT stabilizes ER levels in
the nucleus 40). In fact, we find the presence of a large
fraction of ER with a diffusion time from 8 to 12 ms
12 characteristic of antagonists (4OHT and ICI), while agonists
(E2, coumestrol) do not induce the formation of ER
interactions in this region but rather create a major fraction
N around 47 ms (a detailed account of the ligand dependence
! of ER diffusion-time distributions will be published else-
[ where).
L e B L A e p Although we cannot tell at this stage how many different
protein complexes are represented by each peak and which
proteins constitute the complexes (see below), we can
reasonably speculate about the nature of the observed
mobility states since we know the masses of several of the
potential ER interaction partners, as well as the diffusion
coefficient of chromatin41). There are further indications
that the apparent viscosity that a macromolecule experiences
inside the nucleus does not depend on its size, in contrast to
. the situation in the cytoplasm4?, 43). With FCS, one
1nM 1000 determines in general the mobility of labeled particles
expressed in terms of the diffusion time which, for freely
diffusing particles, depends on the size of the particle, the
viscosity of the medium, and the temperature. When the
particle is binding to and dissociating from other components,
mobile or immobile, the apparent diffusion time will be
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e e influenced according to the residence time and the second
0 5 10 15 20 component's mobility. Assuming the increase in diffusion
Diffusion time (ms) time is solely caused by an increase in the size of the
Ficure 3: Diffusion-time distributions of YFPER and effect of complexes in which ER is present, a diffusion time of 10
increasing ligand concentrations. (a) Three distributions at different ms would correspond to a mass-e270 MDa, which seems
concentrations of the agonist E2: 0 (dashed line), 1 (filled bars), to be unreasonably high for native protein complexes.

d 100 nM (solid line). Di t k t th iti . L . .
?‘O”r the wr\}o éz%éer:?rea)ﬁor::cgitevﬂfﬁ dsif?gzi?raa:np“?usdaen;e Eto tsr'"'aonTransmnt association with chromatin on the other hand could

top are cartoons describing the possible origin of the reduced b€ responsible for a substantially reduced average mobility.
mobility (from left to right): small complexes become larger The interaction should be transient, as only mobile molecules
complexes, and eventually bind more often and longer transiently contribute to the FCS signal, while permanently chromatin-

to chromatin. (b) Three distributions at different concentrations of associated receptors are bleached. To interpret our experi-

40HT: 0 (dashed line), 0.1 (filled bars), and 1 nM (solid line). s .
Again, discrete peaks appear at the same position for the two Mental finding, we consider an ensemble of three classes of

concentrations but with different amplitudes. In both cases, a particles: unperturbed YFFER complexes consisting of
broadening of the distribution with an increase in ligand concentra- YFP—ER dimers and chaperonesy(= 2.5 ms), ligand-
“O”bf'l%{‘d a t?grlg L?W?E‘L'Egeﬁ, 1?;5“:28;';‘:%3 c')? :bgr‘?ifs"te‘é-z-'—ifs‘e induced complexes containing YFER with a mass of 10
moDpilli . .
differer)llt Ff)rom the pattern in the prgsence of partgi]al antagonist MDa .(TD - 3'3. ’T‘S)’ and chromatln-bound YHER with a
AOHT; ie., the peaks are characteristic of the ligand. The insets diffusion coefficient of 5x 10~ um?/s. With these assump-
show concentration response curves of ER mobility in the presencetions, a measured diffusion time of 10 ms would require the
of _E)2 (@) an?l 4O?hT (b). M?dti_an of th?_tdigfusio?htimed(_tf}laqk, ri?ht receptor to be bound on chromatin between 60 and 80% of
axis), as well as the cumulative amplituae In three dirrusion-time i in li _i i

ntenvas (of axs). (2) 04 (blue), 47 (green) and 715 ms e tme: and o be in igand-induced mobile complexes for
(red) and (b) 6-3 (blue), 3-5 (green), and 815 ms (red). - : .

A key difference of our approach to previous FRAP
receptor modulator 40HT also induces the formation of experiments is that we are able to detect and distinguish
discrete complexes (Figure 3b), but with a diffusion pattern particular states of mobility via DDA. A multicomponent
different from that of E2. A small amplitude of the original mixture of diffusing particles is not easily resolved with
peak at~2.5 ms is still present even at 100 nM E2, whereas FRAP (44), and has to our knowledge not been accomplished
in the presence of only 1 nM 40HT, this peak vanished yet in a living cell. Also, recovery times from FRAP
completely. By comparing the different distributions at experiments usually depend on the actual instrumental
different concentrations of various ligands, we can distinguish parameters, whereas the diffusion times or diffusion coef-
and investigate their effect on the mobility of YFER. The ficients obtained here can be readily compared with results
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from other laboratories. Moreover, only relatively slow a
processesX0.1 s) in relatively strongly expressing cells are 0.104 : :
accessible with FRAP, with a relatively low spatial resolu- :
tion, while FCS allows for the investigation of processes
down to a 1Qus time scale in weakly expressing cells with

0.08 i YFP-RID

X . H === No ligand
a spatial resolution of a few hundred nanometers. P 100nM E2

The ligand-dependent equilibrium distributions of diffusion 0.064 =
times in Figure 3 represent the first new quantitative finding
on the nature of ER interactions in the nucleus. From the 0.04
concentration dependence of the distributions, dose or
concentration response curves (CRCs) can be obtained ir
vivo for each ligand (Figure 3 insets) in several ways: the > 0.02-
CRC of the median (black stars and line, right axis), the CRC
of the cumulative amplitude in different diffusion-time
intervals (left axis; see the figure legend), or the CRC of
individual peaks. In the case of E2, the half-maximal
effective concentration (Ef) of the median is similar to
the EGo of individual intervals (approximately 1 nM), and :
consistent with previous findings4$). The situation is 0.084 : 3
slightly different when 40HT is added. While the median :

o
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S o ©
—_—

[an]

1

l‘l"

Probability dens

YFP-RID
=== No ligand

and the slow-moving fraction above 5 ms react in a manner : = 100nM ICI

similar to that of the partial antagonists), the magnitude 0.067 :
of the initial peak at 2.5 ms decreases already at concentra-
tions below 10 pM (Figure 3b inset, blue squares), which 0.044
might be an indication of a previously undiscovered high-
affinity mode of action of 4OHT on ER. 0.024
ER Cofactor InteractionsT o identify some of the observed '
complexes and determine their composition, we investigated J
the diffusion-time distribution of a fluorescent version of the 0.00 _— —
receptor interaction domain of the Efeofactor SRC-3 0 5 10 15 20
(YFP—RID). Overlapping regions of the distribution of ER
and -RID indicate that they exist in Comp'lexeS. with similar Ficure 4: Diffusion-time distribution of the receptor interaction
mobility and that they might _be contained in the same domain (YFP-RID) of cofactor SRC-3 in the absence (dotted line)
complex. Therefore, comparative DDA of labeled ER €o- and presence (solid line) of agonist E2 (a) and antagonist ICI (b).
factors allows for the identification of those molecular The distribution of YFP-ER under the same conditions is shown
complexes which contain both ER and the respective cofactorfor comparison (filled bars). Addition of E2 creates YFRID
and those which contain either only ER or only the cofactor. ComMPlexes with a diffusion time in the range from 5 to 8 ms, the

- . . same range of mobility that is found predominantly for YHER.
The action of E2 and ICI on the mobility of YFRID in In contrast, addition of ICI does not create these complexes but

the presence of endogenous ER is of particular interest forrather decreases the amount of YARID with a diffusion time of
testing our approach, since ICl is an antagonist known to ~4 ms.

disrupt the ER-SRC interaction16) while E2 induces this
interaction. However, YFP-RID is also present in an unbound form,

In the absence of ligand, the majority of YFRID like in the absence of E2 (1 ms), and YFER also exists
exhibits a diffusion time slightly shorter than that of YFP  in slower diffusion states>10 ms), possibly in complex
ER (1.5 ms compared to 2.5 ms), which is a definite sign With proteasomes and bound to chromatin or other nuclear
that they are not interacting permanently with each other Structures §1, 46, 47). .

(Figure 4a) This major peak is probab|y due to isolated A d|fferer:|t p|CtUre arises When 100 nM. ICl is added to
YFP—RID. A minor fraction of ~15% already seems to the cells (Figure 4b). Both parts of the major peak decrease
interact with YFP-ER, represented by the shoulder at 3.5 in magnitude (+-2 ms) and the shoulder at 3.5 ms vanishes.
ms. DDA resullts for additionally coexpressed nonlabeled ER The fast fraction increases, and no new complexes are formed
support this hypothesis (see Supporting Information Figure between 4 and 11 ms. This can be explained by the fact that
1). Upon addition of 100 nM E2, the lower half of the major  |Cl destabilizes complexes of RID with ER. Taken together,
peak of YFP-RID at 1 ms decreases to a probability density Whereas ICI removes common protein complexes in the
of 0.06 and the remaining fraction at 2 ms to below 0.02. In diffusion-time distribution of ER and RID, E2 creates novel
addition, the distribution increases in the same regions wherecOmplexes as compared to the situation without ligand.

a significant fraction of YFPER complexes are found

(between 4 and 8 ms and at 10 ms). The higher amplitudeCONCLUSIO'\I
for YFP—ER in this interval reflects a larger number of We have discovered the simultaneous existence of multiple
complexes due to the different expression levels of ER and discrete interactions of ER with nuclear components in living
RID in the two experiments. Our interpretation is that E2 breast cancer cells. The population of these states varies with
induces YFP-ER and YFP-RID to associate in common increasing ligand concentrations, and different ligands induce
complexes with a mobility in the range of-41 ms. the formation of distinct and characteristic complexes. The

YFP-ER
100nM ICI

Diffusion time (ms)
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fastest components most likely comprise ER dimers and
chaperones; intermediate components are probably com-
plexes of ER with several cofactors, and there are strong
indications that the slowest components are caused by the

transient interaction of ERcofactor complexes with chro-

matin or other nuclear structures. We were able to retrieve
these findings with the help of a new approach to FCS
analysis of highly heterogeneous samples, diffusion-time
distribution analysis (DDA). The information content pre-

sented by DDA is superior to the conventional evaluation
of FCS data and to FRAP, where only average values are
determined and no information about higher moments of
distributions is obtained. Thus, transfer of the concept of
DDA to other local and fast fluorescence techniques, such

as fluorescence cross-correlation spectrosca@ydr photon

counting statistics methodstg, 49), can advance these
techniques. By using a fluorescent cofactor and comparative
DDA, we have built the foundation for elucidating step-by-

step simultaneously existing ERofactor complexes, their

evolution with time, and their dependence, for instance, on
growth factors and acetylation or phosphorylation of the
constituents. Moreover, DDA following silencing of the
genes of individual or multiple, known or putative ER
interaction partners with RNAi technology bears an enormous
opportunity to complement and extend this approach. How-
ever, to obtain an extended picture of ER mobility, it will
be challenging to determine the diffusion coefficient and
binding events of individual molecules as a function of time.
Once this is possible, in the future the single-molecule
mobility distribution will most likely be even broader and
more structured than the one obtained here. With the
derivation of CRCs for several ligands and separately for
particular subsets of the multicomponent distribution of
diffusion times, we have demonstrated the power of our
method to determine thermodynamic quantities, i.e., effective
dissociation constants, of ligand-induced interactions of a
protein, simultaneously with several other proteins and
chromatin, noninvasively in living cells under natural expres-
sion levels. With a variation of the recording time of the
individual fluorescence data, DDA promises to access kinetic
parameters, like dissociation rate constants between two
proteins, and thus to become a powerful tool for disentan-
gling complex biochemical networks and to be used in

modern high-content screening applications.
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