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An ability to measure the biochemical parameters and
structures of protein complexes at defined locations within
the cellular environment would improve our understanding of
cellular function. We describe widely applicable, calibrated For-
ster resonance energy transfer methods that quantify structural
and biochemical parameters for interaction of the human estro-
gen receptor a-isoform (ERca) with the receptor interacting
domains (RIDs) of three cofactors (SRC1, SRC2, SRC3) in living
cells. The interactions of ER« with all three SRC-RIDs, mea-
sured throughout the cell nucleus, transitioned from structur-
ally similar, high affinity complexes containing two ERas at
low free SRC-RID concentrations (<2 nm) to lower affinity
complexes with an ERae monomer at higher SRC-RID concen-
trations (~10 nm). The methods also showed that only a sub-
population of ERa was available to form complexes with the
SRC-RIDs in the cell. These methods represent a template for
extracting unprecedented details of the biochemistry and struc-
ture of any complex that is capable of being measured by Forster
resonance energy transfer in the cellular environment.

The dynamic processes that are fundamental to life consist
of intersecting webs of interactions among biologic factors
and cellular signaling pathways (1, 2). Historically, details of
interaction kinetics have been measured in test tube studies
that compare the level of interaction between purified factors in
relationship to the amounts of those purified factors. The
extent to which these quantifiers of interaction are modified
when challenged by the complex environment and structure of
the living cell remains an open question (3-5). For example, an
ability to measure the biochemical details of estrogen action
within different cellular environments may be necessary to
understand tissue-specific estrogen physiology. An ability to
perform cellular biochemistry also may improve our knowledge
of, and treatments for, the aberrations of estrogen signaling
associated with diseases such as breast or uterine cancers (6, 7).
This would involve understanding how interactions of the
estrogen receptors with any of a large number of cofactors
(8—11) are impacted by cell environment in different tissues of
the body.
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Current techniques that detect interactions between factors
in cells include co-immunoprecipitation, two-hybrid analysis,
and Férster resonance energy transfer (FRET)? microscopy.
FRET microscopy senses when factors co-localized in a cellular
domain interact in a way that brings fluorophores attached to
the factors into close enough proximity to allow energy to
transfer from a Donor fluorophore to an Acceptor fluorophore
(12-17). All of these methods commonly are interpreted in a
simplistic binary “interaction or no interaction” fashion that
does not describe quantitative differences among interactions.
New technologies are needed to quantify the kinetics of inter-
actions directly in the cell, where the rate and amounts of com-
plexes formed may be affected by the intracellular distributions
of the interacting partners and by other cellular factors or cross-
talking pathways.

FRET microscopy has been used to detect in cells the hor-
mone-regulated interaction of the a isoform of the estrogen
receptor (ERa) or other nuclear receptors with the receptor
interacting domains (RIDs) of three cofactors (SRC1, -2, and
-3) (18 =20). As with all FRET measurements of interactions
between factors, a large cell-to-cell scatter in the FRET
measurement of ER-SRC-RID interaction has made hor-
mone response difficult to accurately quantify (18 -20). Here,
we introduce calibrated FRET procedures that complete prior
progress toward interpreting the scatter typical of FRET mea-
surements as a function of the kinetic model of biochemical
interaction (3, 13, 21, 22). The new analytical and calibration
procedures allowed direct measurement in the cell of tradi-
tional biochemical parameters (such as the K, and Bmax, mea-
sured in nm) for each of the three ER-SRC-RID interactions. The
methods also provided comparative details about the structures
of the three different ER*'SRC-RID complexes and calculated
the concentration of ER available in the cell to bind each SRC-
RID. The widely applicable procedures described here expand
the information obtainable from FRET studies and provide pre-
viously unknown biochemical and structural details in living
cells of the hormone-regulated interactions of the estrogen
receptor with three different cofactors.

EXPERIMENTAL PROCEDURES

Transfection—The ERa-CFP and YFP-SRC-RID proteins
were expressed from c¢DNAs inserted into ECFP-N1 and
EYFP-C1 expression vectors (Clontech, Palo Alto, CA). For bio-
chemical analysis, 24,000 * 4,700 (mean * S.D. across all stud-

2 The abbreviations used are: FRET, Férster resonance energy; ER, estrogen
receptor; RID, receptor interacting domains; AR, androgen receptor; CFP,
cyan fluorescent protein; YFP, yellow fluorescent protein.

VOLUME 285-NUMBER 4-JANUARY 22,2010


http://www.jbc.org/cgi/content/full/M109.045203/DC1

FRET Analysis of Biochemistry and Structure in the Cell

ies) ERa-CFP molecules were expressed per cell. Constant level
expression of this Donor-labeled factor together with variable
level expression of the Acceptor-labeled factor (YFP-SRC) was
achieved for transient transfections into HeLa cells by engi-
neering the expression vectors to express ERa-CFP poorly rel-
ative to YFP-SRC-RID. Under those conditions, 70% (1.4 ug) of
the total 2.0 ug of DNA in the transfection mixture consisted of
expression vector for the ERa-CFP. Using a transfection re-
agent that delivered a consistent total amount of vector to each
cell (determined in quantitative fluorescence studies in our lab-
oratory), the amount of ERa-CFP expression vector received by
each cell was relatively constant. By contrast, different amounts
of expression vector for the well-expressed YFP-SRC-RID (0.2
or 0.6 ug) were combined with 0.4 or 0.0 ug of an inert plasmid
(Rc/CMV, Invitrogen). 5 ul of Lipofectamine 2000 was added to
each 2.0-ug mixture of DNAs. After incubation, the reagent
mixtures containing 0.2 and 0.6 ug of YFP-SRC-RID were
mixed. One-third of the transfection mixtures (1.3 ug of total
DNA) was added to each well of a 6-well dish to which 300,000
HeLa cells grown in estrogen-stripped medium had been plated
1 day earlier onto 22 X 22-mm UV-sterilized No. 1 coverslips.

Data Collection—One day after transfection cells were
treated with 10~ ® M estradiol or ethanol control vehicle. Images
were collected between 30 and 40 min post-treatment on a
previously described microscope using a 20X/0.75 NA objec-
tive (22, 23). Initial studies conducted on cells treated with
estradiol for 2 hours showed similar results. The binding at 30
min, therefore, had reached steady state, which is a prerequisite
for equilibrium biochemical analysis. The Acceptor, Donor
and FRET images were collected in rapid succession, with the
Acceptor images collected at two integration times to capture
large variations in YFP-SRC expression levels, as previously
described (22, 23). Image collection was followed by previously
described semi-automated procedures for background-sub-
traction, nuclei identification, and debris identification/elimi-
nation (22). Regions of interest containing any saturated pixels
were eliminated from further analysis. ERa-CFP and all three
YFP-SRC-RIDs were localized exclusively in the nucleus, which
have similar thickness in different cells to minimize measure-
ment variations originating with the use of an area-based fluo-
rescence intensity measurement as a surrogate for a volume-
based concentration measurement (3).

Fluorescence Analysis—YFP-SRC-RID and ERa-CFP levels
were measured in fluorescence units that are affected by the
instrumentation. Instrument-calibrated bleed-through correc-
tions were implemented to determine raw background-sub-
tracted CFP, YFP, and FRET fluorescence values within each
cell nucleus. Further instrument calibrations (22, 24) were used
to convert those values to the percent of CFP fluorescence lost
to energy transfer (E). The CFP fluorescence intensities then
were corrected for that loss of CFP fluorescence and for the
calibrated ability of the equipment to detect CFP relative to YFP
(3, 22, 24). Fluorescence intensities were converted to ERa and
SRC-RID concentrations (in nMm) after instrument calibrations
that used a stable cell line expressing a consistent, measured
amount of a dual-labeled CFP-AR-YFP (where AR is the andro-
gen receptor) expressed in HeLa cells. The average number of
CFP-AR-YFP molecules present in each cell was determined by
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comparing Western blots of whole cell lysates from 10 X 10°
cells with known amounts of AR measured as the amount of
[**S]methionine incorporated during i vitro translation. The
average number of CFP-AR-YFP moles/cell was divided by the
average volume of each cell (measured from 10 X 10° cells) and
compared with the average fluorescence of CFP-AR-YFP in
each stable cell to correlate fluorescence intensity (in fluores-
cence units) with concentration.

Biochemical Conversion—Data transformation with Equa-
tions 2—4 was done using Excel (Microsoft, Redmond, WA)
using initial assumptions of ER« availability that varied, mostly
in 5% increments, from 1 to 100%. Common FRET read-outs
other than E will not be linear with the concentration of the
ER-SRC-RID complex (3) and should not be used for the data
transformations described here. The transformed data were
transferred to Prism (GraphPad; San Diego, CA) from which
the best-fitting curves for Equation 1 were calculated at each
assumed level of availability using no fixed variables, strict con-
vergence criteria, and no weighting. All curves shown were
determined using first order kinetics. The Bmax data collected
for each assumed level of ER« availability was assessed for its fit
to the measured concentration of ERa-CFP, as described under
“Results.” ERa availabilities were resolved reiteratively until the
calculated ERa concentration agreed within 0.01 nMm to the ER«a
concentration measured by fluorescence intensity.

RESULTS

Application of Biochemical Theory to FRET Analysis—The
standard biochemical relationship for interaction between two
factors, ERa and SRC, is shown in Equation 1.

[ERtotal][SRC]

[ER-SRC] = ISR

(Eq. 1)

Equation 1 describes a curve (Fig. 14) in which, for a fixed
concentration of all ERa ([ERtotal]), the concentration of ER«
bound in the complex ([ER-SRC], y axis) increases with the con-
centration of free SRC ([SRC], x axis) up to a maximal ER-SRC
concentration (the Bmax). The free SRC concentration (x axis)
at which half of the complex is formed (y = 0.5 X Bmax) rep-
resents the equilibrium dissociation constant (K ), which is the
amount of free SRC present when ER« is partitioned equally
into the bound and free states. The challenge that will be
addressed here is the conversion of FRET and fluorescence
intensity measurements into the concentrations of bound ER«a
and free SRC, which then can be applied to measure biochem-
istry in the cell environment.

To apply biochemical theory to FRET measurement, a rela-
tively constant amount of ER«a fused at its carboxyl terminus to
CFP (fusion described in supplemental Fig. 1A) was expressed
transiently in HeLa cells with variable levels of the ~185-amino
acid-long RIDs of three different SRC cofactors (25) fused at
their amino termini with YFP (see supplemental Fig. 1B). The
SV40 nuclear localization signal also was added to each YFP-
SRC-RID fusion. This ensured that all three SRC-RIDs resided
together with ER« in the nuclear compartment (Fig. 1B) from
which all measurements were made. As will be described in the
following sections, the amounts of energy transfer in each cell
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FIGURE 1. Application of biochemical theory to FRET analysis. A, curve
described by Equation 1 that depicts the concentration of ERa in an ER-SRC
complex in relationship to the concentration of unbound SRC. B, representa-
tive ERa-CFP and YFP-SRC2-RID images from a typical study collected using
excitation/emission wavelengths (in nm) of 431-440/455-485 and 496 -505/
520-550. A third image was collected (431-440/520-550) from which were
subtracted the contributions of ERa-CFP and YFP-SRC2-RID. The energy
transfer levels in the resulting FRET images varied with estradiol treatment
and with the level of YFP-SRC expressed in each cell nucleus. FRET data points
in subsequent figures also are converted, according to previously defined
equipment calibrations (22, 24), from raw FRET intensity levels into the per-
centage of ERa-CFP lost to energy transfer.

nucleus (Fig. 1B, FRET) increased in estradiol-treated cells with
increasing amounts of co-expressed YFP-SRC-RID in a fashion
that was consistent with biochemical theory.

The RIDs for all of SRC1, -2, and -3 were used in the current
studies because energy transfer from ERa-CFEP to each of the
YFP-SRC-RIDs could be detected (18). By contrast, the co-ex-
pression of ERa-CFP with full-length SRC2 showed no energy
transfer even when estradiol was added to the cells (not shown).
The large size of the intact cofactor likely positioned the YFP
too far (>80 A) from the CFP to support energy transfer
in the complex. This maximal distance constraint represents
one limitation of the FRET approach, although as described
below, the strict sensitivity of FRET to distance is an asset for
obtaining structural information from the FRET data.

Relationship of Energy Transfer to Total Acceptor Fluo-
rescence—For the biochemical interaction curve (Fig. 14), a
FRET measurement that is linear with the amount of complex
formed can be used as a surrogate measurement of the propor-
tion of ERa in the ER-SRC-RID complex (Fig. 14, y axis) (3, 22).
The percentage of CFP energy transferred from ERa-CFP to
YFP-SRC-RID, referred to as the efficiency of energy transfer
(E), is one such measurement of complex concentration. Fig. 24
shows an example of E (y axis) plotted against the fluorescence
intensity of YFP-labeled SRC-RID (x axis) in each of a total of
720 nuclei in cells treated with either 108 M estradiol (closed
boxes) or drug vehicle (open boxes). The measurements from
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FIGURE 2. Emax compares the structure of the complexes. A, the rela-
tionship of the percent energy transfer (E) from ERa-CFP in the ER-SRC-RID
complex to the total amount of YFP-SRC2-RID (fluorescent units). This
example shows measurements from a total of 720 cells treated with estra-
diol (closed boxes) or with vehicle (open boxes). Emax, maximal amount of
ERa-CFP energy transfer at saturating YFP-SRC2-RID. B, Emax for the inter-
action of ERa-CFP with each of the YFP-tagged SRC1, -2, and -3 RIDs
(mean = S.D. from three independent experiments) and with ERa-YFP
(nine independent experiments).

cells treated with estradiol generally fit well to curves described
by Equation 1; “goodness of fit” (R?) values were 0.76 = 0.16,
0.82 * 0.10, or 0.70 £ 0.12 (mean * S.D. from three indepen-
dent studies) for interactions of ERa with the SRC1, SRC2, or
SRC3 RID, respectively. Runs tests, which assess whether
abnormal runs of consecutive data points reside above or below
the best-fitting curve, showed a statistically significant run in
only one of those nine studies.

By contrast, in the absence of ligand (two independent stud-
ies each), R? values were 0.14 + 0.07,0.24 + 0.00, or 0.28 = 0.11
(mean = range) for the SRC1, -2, and -3 RIDs with runs tests
showing that 3 of the 6 curves deviated significantly from those
poorly fitting curves. Thus, estradiol addition resulted in a suf-
ficient increase in the cell-to-cell uniformity in FRET levels
such that the data from all cells could fit well to a single binding
curve. The consistent and higher levels of energy transfer upon
estradiol addition may have resulted from an enhanced ability
of ERa to interact with each SRC-RID and/or a more favorable
repositioning of the fluorophores in a pre-existing ER"SRC-RID
complex. As described below, these well-fitting curves provided
measurements necessary to define the structure of the estra-
diol-bound ER-SRC-RID complex and provided starting values
to extract biochemical kinetic parameters in classical terms.

Conformation of ERa Complexes with the SRCI, -2, and -3
RIDs—For cells treated with estradiol, the maximal energy
transfer at saturating SRC-RID levels (Fig. 24, Emax) was
extrapolated from the well-fitting curves. The Emax measure-
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FIGURE 3. ERa interaction with the SRC2-RID is disrupted by mutants within the AF-2 and LXXLL motifs.
A, scatterplot of E measured in individual cells expressing wild-type (wt) ERa-CFP and high levels (>1 K,) of
YFP-SRC2-RID. B, histograms of percentage of cells expressing ERa-CFP and high levels of wild-type YFP- SRC1,
-2,0r-3RID thatfall into the indicated levels of energy transfer. Also shown are the effects on those histograms
of mutants disrupting: C and D, ERaf2, ERa K362A mutant inhibiting activation function-2 within the ER«
SRC-LXXLL-interacting surface; E and F, ERmono, ERa L504A/L508A/L511A mutant reducing ERa dimerization;
G and H, SRCIxx/l, SRC LXXLL mutated to AXXAA. E2, estradiol-treated cells; neg, zero FRET collected from cells
expressing ERa-CFP only. The examples shown in A, C, E, and F were collected in a single study and thus show
the same negative control. Data were collected from three or two independent experiments for estradiol-

treated (mean =+ S.D.) or vehicle-treated (mean = range) cells, respectively.

ments were consistent across three independent experiments
for the RIDs of each of SRC1, -2, and -3 (Fig. 2B). The Emax is
distinct from the Bmax, discussed later, in that the maximal
level of energy transfer is affected by the distance between, and
orientations of, the fluorescent proteins in the ER-SRC-RID
complex (26-28). The Emax, therefore, is a quantifier of the
structure of the complex rather than a biochemical quantifier
(3). The Emax values determined for all three SRC-RIDs were
not statistically different from each other (p > 0.05). For com-
parison, the Emax determined for the estradiol-induced dimer
interaction of ERa-CFP and ERa-YFP was determined in par-
allel (Fig. 2B) and was considerably higher (p < 0.001).

From the Emax measurements, the distances between the
dipoles of CFP and YFP in the ER*SRC-RID or ER-ER complexes
were calculated as 62.1 + 1.1 A (ER-SRC1-RID complex),
60.5 = 1.6 A (ER'SRC2-RID), 61.1 = 2.1 A (ER-SRC3-RID),
and 53.2 = 1.2 A (ER-ER). Thus, 7 A differences in the dis-
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studies was to compare and contrast
biochemical measurements made
within the cell to those previously
measured by traditional in vitro
methods. We first established if the
ER-SRC-RID complexes detected in
the cell by FRET were analogous to
the ER-SRC-RID interactions that
have been characterized in vitro.
Mutationsknowntoreduce ER*SRC-
RID interaction in vitro (25, 30, 31)
were introduced into ERa-CFP and
the YFP-SRC-RIDs. Because the
FRET data points obtained with
those mutants did not fit well to the
binding curve, quantitative compar-
isons of the extent of each mutant’s effect on ER-SRC-RID com-
plex formation depended on defining methods that did not rely
on curve-fitting.

For interactions of wild-type ERa and each SRC-RID, a
strong and consistent FRET signal could be detected from cells
expressing close to saturating levels of YFP-SRC-RID (Fig. 2).
Therefore, FRET measurements were compared only from cells
expressing more YFP-SRC-RID than needed to achieve half of
Emax for the estradiol-dependent interaction between the
wild-type factors. Fig. 3A shows one example of a scatterplot
depicting individual FRET measurements collected from ER«-
containing cells expressing only this high level of SRC2-RID. In
the absence of estradiol, energy transfer from wild-type ERa-
CFP to wild-type YFP-SRC2-RID (Fig. 3A, open boxes) was
greater on average than zero FRET (neg, defined as the meas-
urement noise from the negative control expressing ERa-CFP
in the absence of YFP-SRC). FRET increased strongly when the
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cells were treated with estradiol (Fig. 3A, closed boxes). The
interactions of wild-type ERa with wild-type SRC2-RID (or the
SRC1 and SRC3 RIDs, not shown) fell into three general levels
of energy transfer defined by visual inspection of all studies
(dotted lines, Fig. 3A): no interaction typical of the negative
control (E < 1.75%), low level interaction typical of that
observed in the absence of estradiol (1.75 > E < 6.25%), and
high level interaction typical of estradiol treatment (E >
11.25%).

The percentage of all cells with E in each level and in a fourth
intermediate level (6.25 > E < 11.25%) was quantified from
multiple studies of wild-type ERa-CFP with YFP-SRC1, SRC2,
or SRC3 RID and plotted as a histogram (Fig. 3B). As an exam-
ple, for ERe interaction with SRC2-RID in the absence of
hormone (open triangles), 41% of cells showed no interaction
(E < 1.75%), 50% of cells showed low level interaction (1.75 >
E < 6.25%), 9% of cells showed moderate level interaction
(6.25 > E < 11.25%), and 0% of cells showed high level interac-
tion (E > 11.25%). The distribution of data observed for cells in
the absence of estradiol was well above the measurement noise
of the negative control cells (Fig. 3B, neg). Upon the addition of
estradiol (Fig. 3B, closed triangles), the distribution of energy
transfer levels changed dramatically to <1, <1, 5, and 94% in
the lowest to highest energy transfer categories.

This histogram analysis showed that the estradiol-regulated
interactions of wild-type ERa with the wild-type SRC1-RID
(Fig. 3B, boxes), wild-type SRC2-RID (triangles), and wild-type
SRC3-RID (diamonds) all were affected strongly by the K362A
mutation in ER« (Figs. 3, C and D). The K362A mutation dis-
rupts the ERa “activation function-2” (AF2) surface that medi-
ates interaction with the SRC RIDs (31). In the absence of estra-
diol, the weak interaction of all three SRCs with ERa was
virtually eliminated by the K362A mutation. The stronger
interaction in the presence of estradiol was substantially
decreased, but not eliminated, by the K362A mutation.

An ERa mutant (L504A/L508A/L511A) that strongly re-
duces ERa dimerization (32) blocked estradiol-independent in-
teraction only with SRC1 and had more modest effects on the
other estradiol-regulated interactions with the three SRCs
(Figs. 3, E and F). Detailed cellular biochemical analyses of this
mutant (see later in text) reveal how ERa dimerization affects
the extent and types ER‘SRC-RID complexes formed in a cell.

Three conserved LXXLL motifs present in the RIDs (see sup-
plemental Fig. 1B) mediate in vitro binding of each SRC-RID to
the ERa AF-2 (25). Mutation of all three LXXLL motifs in the
SRC1-RID eliminated both the estradiol-independent and -de-
pendent SRC1 interaction with ER« (Figs. 3, G and H). Muta-
tion of two LXXLL motifs in the SRC2-RID previously reported
to participate in the in vitro interaction with ER« (30) reduced,
but did not eliminate, interaction. Overall, the mutational anal-
ysis showed that ER-'SRC-RID interactions detected by FRET in
living cells generally depended on the same AF-2/LXXLL inter-
action sites characterized in vitro.

Measurement of K ; and Bmax—Measurement of the kinetics
of ERa interaction with the SRC1, -2, or -3 RIDs in the cell
required the development of methods and calibrations to con-
vert the y and x axes of the initial data plots (Fig. 24) from E and
total YFP-SRC-RID fluorescence intensity into molar concen-

2432 JOURNAL OF BIOLOGICAL CHEMISTRY

trations of the bound ER« and the free SRC-RID (as in Fig. 14).
Measured YFP and CFP fluorescence levels (corrected for the
percentage of CFP lost to energy transfer) first were converted
into the molar concentrations of SRC-RID and ERe in the cell
using fluorescence:molar calibrations defined from a stable cell
line expressing a known amount of YFP and CFP (see “Experi-
mental Procedures”). These measurements reflect the concen-
trations of all SRC-RID (i.e. bound and free, [SRCtotal]) and all
ERa ([ERtotal]) in the cell.

Within each cell the proportion of ERe bound with SRC-RID
is equivalent to the amount of E measured in that cell divided by
the Emax extrapolated from all cell measurements. Knowing
the total concentration of ER«a ([ERtotal]) from the CFP fluo-
rescence, the concentration of ER« in the ER‘SRC-RID com-
plex in each cell (desired y axis of the curve) can be determined
by multiplying the proportion of ERa bound by the total con-
centration of ERa (Equation 2).

[ERbound] = X [ERtotal] X ERavail (Eq.2)

E max

ERavail refers to the proportion of ER« present in the cell that is
available to bind to SRC-RID. As shown below, ERavail can be
limited by events in the complex cellular environment. This
contrasts with in vitro binding studies in which all ER« gener-
ally is considered to be available for binding.

The concentration of free (not bound) SRC-RID (desired x
axis) also is necessary to extrapolate biochemical kinetic values
from the FRET data. The YFP fluorescence data provides infor-
mation about the total concentration (both bound and free) of
SRC such that the concentration of free SRC could be deter-
mined as shown in Equation 3.

[SRC] = [SRCtotal] — [SRCbound] (Eq.3)

The concentration of SRC-RID bound in the complex will be
equivalent to the concentration of bound ERa multiplied by
the stoichiometry of SRC-RID relative to ERa in the com-
plex. Thus, the concentration of free SRC-RID will be deter-
mined by Equation 4,

N[SRC]

[SRC] = [SRCtotal] — ~pzs

X [ERbound]  (Eq.4)

where N is the number of SRC-RID molecules in a complex
relative to ERa molecules.

The concentrations of bound ER« and free SRC-RID were
determined for each data point using the above equations.
Because the binding curve (Equation 1) is for the interaction
of variable SRC-RID amounts to a constant amount of ERa,
the total ERa concentration used in the data transformation
for each cell was that averaged from all cells within an exper-
iment. An example (Fig. 4A) shows the data transformation
for the same estradiol-treated cells shown in Fig. 24, assum-
ing that all ERa was available to bind the SRC RIDs at 1:1
ER-SRC-RID stoichiometry. The transformed data do not fit
to the best-fitting curve described by Equation 1 and were
skewed above the curve at low free SRC-RID concentrations
(Fig. 4B, Residuals). When the data transformation is cor-
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FIGURE 4. Transformation of FRET data into biochemical curves.
A, Equations 2-4 were used to transform the data from the estradiol-
treated cells shown in Fig. 2A assuming that all ERa was available in the
cell to interact with SRC-RID at saturation. B, residuals show the extent to
which each data point lies above or below the poor-fitting curve of panel
A. C, the same data were transformed under variable assumptions of ERa
availability or ER-SRC-RID stoichiometry until the corrected data were con-
sistent with the total concentration of ERa-CFP measured in the cells.
D, the residuals were more consistently distributed around the curve with
the corrected data.

rect, the Bmax derived from the transformed curve also
should agree with the average ERa concentration measured
directly in the cells by ERa-CFP fluorescence (12.0 nm),
which was not observed for this data transformation (27.1
nM ER‘SRC-RID, from Fig. 4A).

The data transformations, therefore, were repeated with a
range of ERa availability or stoichiometry assumptions to iden-
tify data transformations that agreed with the measured level of
ERa. For the example provided, the Bmax of 4.41 nm ER-SRC-
RID, obtained when 36.7% of the ERa was assumed to be avail-
able to bind SRC-RID at 1:1 stoichiometry (Fig. 4C), was con-
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FIGURE 5. Biochemistry of ER-SRC-RID complex formation. A, Bmax, K, and
ERa availability measured for ERa interaction with SRC1, -2, or -3 RID in estra-
diol-treated cells (mean = S.D., three independent experiments). B, the Bmax
levels, which measure the concentration of ERa in an ER-SRC-RID complex, do
not vary with ERa-CFP concentration in individual experiments (£S.E. for the
curve fit within an experiment).

sistent with the 12.0 nm total ERa measured (4.41/0.367). Note
that this curve also was consistent with an interaction of 73.4%
of available ERa at a stoichiometry of 1 SRC-RID per 2 ERa.
With this data transformation, a slight skewing of the data
points above the curve was observed at very low SRC-RID con-
centrations (Fig. 4D), which is discussed later.

Biochemistry and Structure of ERac Complexes with the SRCI,
-2, and -3 RIDs—Reiterative solving of the Bmax using variable
ERa availability was repeated for three independent studies for
each of the SRC1, SRC2, and SRC3 RIDs collected in estradiol-
treated cells. The Bmax, K, and ER« availability were averaged
from the three studies (Fig. 54). The concentration of ER-SRC-
RID at saturation (Bmax) averaged ~5 nM for all three SRCs,
which was approximately half of the measured intracellular
ER«a concentrations (11.3, 12.4, and 11.7 nm). This could indi-
cate a 2:1 stoichiometry of ERa to SRC-RID in the ER-SRC-RID
complex in living cells. However, Bmax values as high as 6 nm
ER-SRC-RID were obtained at ERa concentrations as low as 8
nMm (Fig. 5B). This suggested that the average stoichiometry of
ERa and SRC-RID was less than 2:1 in the cellular complex, at
least under the conditions of SRC-RID excess at which Bmax is
measured.

Studies of SRC1, -2, and -3 RID interactions with the dimer-
ization-deficient ERa mutant further indicated that the
ER-SRC-RID complex could form in the absence of dimeriza-
tion of ERa. This mutant disrupts ERa dimerization (32)
through the interface identified by crystallography (33). As with
the wild-type ERa, consistent Emax measurements, albeit
lower than that for wild-type ERa, could be defined for interac-
tion of this “monomeric” ERa with all three SRC-RIDs (Figs. 6,
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FIGURE 6. Mutation of ERa dimer interface minimally affects overall
ER-SRC-RID complex formation. A, Emax determination for the mono-
meric ERa mutant (closed boxes) in comparison to wild-type ER« collected
in parallel (open boxes; same example shown in Fig. 24). B, Emax and
C, Bmax, K; and ERa availability measured for interaction of the mono-
meric ERa mutant with SRC1, -2, and -3 RID (mean = range, two indepen-
dent experiments).

A and B). The ability to define Emax enabled cellular biochem-
ical measurements to be determined for SRC-RID interactions
with the monomeric ERa (Fig. 6C). The maximum amount
of ER-SRC-RID complexes formed (the Bmax) with SRC1 or
SRC2 was the same for the wild-type and monomeric ERa,
whereas the Bmax was lower for SRC3 binding to the mono-
meric ERa. Overall, interaction with the monomeric ER« fur-
ther demonstrated that ERa could form complexes with all
SRC-RIDs atless than 2:1 ER*SRC-RID stoichiometry in the cell
environment.

Stoichiometry and Affinity of the ER-SRC-RID Complexes
Vary with SRC-RID Concentration—Comparison of the bio-
chemical and structural parameters measured for the wild-type
and monomeric ERa helped to define further details about the
ER:SRC-RID complexes formed within the cell. The binding
affinities measured for interaction of the SRC1, SRC2, and
SRC3 RIDs with wild-type ERa (K, values 0f 4.9, 2.6, and 2.8 nm,
respectively) were stronger than those measured with the
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monomeric ERa (K, values of 9.7, 4.2, and 4.4 nm). The lower
affinity measured with the monomeric ERa presumably was a
direct result of the inability to form a dimer. However, if the
hypothesis is correct that the wild-type and mutant ERa both
interact as a monomer with the SRC RIDs (at least at saturating
SRC-RID concentrations), then the K, values of interaction
with the wild-type ERa and monomeric ERa should have been
the same. We, therefore, examined whether the binding curves
of wild-type ERa with the SRC-RIDs showed any evidence for
an ERa dimer-containing complex at subsaturating SRC-RID
levels.

The best-fitting curves for all data sets were calculated under
the assumption of uniform, first order interaction kinetics
across all SRC-RID concentrations. The curve-fits and data
transformations also assumed that the ER-SRC-RID complexes
formed at low SRC-RID concentrations provided the same level
of energy transfer as the complexes at high concentrations (3).
If those assumptions were true, then the binding curves should
fit equally well to the data points at low and high SRC-RID
concentrations.

Visual inspection of the binding curves for SRC-RID interac-
tions with the wild-type ER« (see Fig. 7A for an example of one
SRC3-RID study) showed at the lowest SRC-RID concentra-
tions, a tendency for the best-fitting curve to lie to the right of
the actual data points. This deviation was most evident when
plotting the distance of each data point above or below the
curve in relationship to free SRC-RID concentration (Fig. 7B,
residuals). To examine if this deviation was consistently
observed, the residuals for interactions with the wild-type ERc
were averaged across multiple studies in relationship to SRC-
RID concentrations (Fig. 7C) grouped as (a) less than one K, ()
between the K, and 2X K, (¢) from 2-3X the K, and (d)
greater than 3X the K ,. This analysis was repeated for SRC-RID
interactions with the monomeric ERa (Figs. 7, D—F). Evidence
for the second complex was observed consistently at sub-K,
concentrations for the interaction of wild-type ERa with all
SRC-RIDs (Fig. 7C), after which the data points were distrib-
uted normally around the curve. The high affinity component
was diminished for SRC-RID interactions with the monomeric
ERa (Fig. 7F), suggesting that ERa dimerization contributes to
the second component of the binding data.

High Affinity ER-SRC3-RID Interaction—The data sets cap-
tured for each of the SRC1 (Fig. 84), SRC2 (Fig. 8B) and SRC3
(Fig. 8C) RIDs showed that each SRC-RID behaved uniquely
with respect to the complex found at low SRC-RID concentra-
tions (filled bars). SRC3-RID showed the strongest elevation
above the curve, suggesting that the actual K, of the wild-type
ER:SRC3-RID complex was considerably lower (higher affinity)
than the 2.8 nm estimated from the binding curve. Similarly the
K, of the ER-SRC2-RID complex is likely to be moderately
lower than the 2.6 nM measured, whereas the K, of the
ER-SRC1-RID complex is likely to be closer to the 4.9 nM mea-
sured. When examined with the monomeric ERa (Fig. 8, open
bars), the binding curves fit well for interaction of ERa with
SRC1-RID and SRC3-RID; the monomeric ERa mutant did not
reduce the deviation in the binding kinetics of the ER:SRC2-
RID complex as strongly.
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21, 22). Ideally, detailed interaction
kinetics could be measured in the
cellular environment with the same
level of precision possible in vitro.
We developed calibrated FRET
techniques that allow traditional
biochemical parameters to be dis-
cerned in living cells. The tech-
niques can be adapted to measure
the biochemistry and structure of
any interacting complex directly in
living cells, provided that the inter-
acting partners can be tagged with
fluorescent proteins at positions
permissive for energy transfer within
the complex.

Fluorophore distance require-
ments place some limitations on
the interactions that can be stud-
ied by FRET. In the current example,
energy transfer could be examined
only with the receptor-interacting
domains of the large (160 kDa)
SRC co-factors, and it remains
uncertain whether measurements
on this non-functional complex
accurately reflect the dynamic pro-
cesses mediated by a full-length
SRC (34). The cellular biochemistry
measurements also represent the
average of all interactions within
the cellular domain measured (the
nucleus) and do not resolve bio-

RIDs.

Given the possible two-component nature of ER-SRC-RID
complex formation, the data also were solved using best-fitting
curves with two components, A and B, as shown in Equation 5.
[ERtotal,][SRC,] [ERtotalg][SRCg]

Ko+ [SRCA] | Ky + [SRGy] 7

[ER-SRC] =

Two-site binding assumptions provided Bmax or K, determi-
nations that were in most cases illogical (e.g. first order K, < 0
and second component Bmaxs that are extremely large and not
supported by the data). This likely reflects the problem that
each data point at the lower SRC-RID concentrations consists
of different proportions of high affinity 2:1 ER-SRC-RID com-
plexes and multiple 1:1 complexes with different characteristic
energy transfer levels (see “Discussion”). A future challenge will
be to devise higher dimensional computational processes that
conduct data transformations to define the best-fitting solution
under all possible progressions of mixed stoichiometries and
structures (3).

DISCUSSION

Cellular Biochemistry—A goal of cellular biochemistry has
been to define and quantify cellular events in terms of the
biochemical parameters typically measured in vitro (3, 13,
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chemical parameters unique to sub-

microscopic cellular or gene-spe-
cific microenvironments. Still, the ability to define precise
global biochemical details with a cellular domain will be useful
for the investigation of biologic action.

Interactions of ERa and SRC-RIDs in the Cell—The novel
cellular biochemical and structural capabilities provided previ-
ously unknown details of ER‘SRC complex formation and con-
firmed, in the cell environment, some prior understandings of
ER binding to the SRCs. In the absence of hormone, energy
transfer of ERa-CFP to all three YFP-SRC-RIDs was clearly
above background and was substantially increased upon estra-
diol addition (Figs. 2 and 3). Estradiol induction of energy trans-
fer may be consistent with a direct induction of ERa-CFP inter-
action with the three YFP-SRC-RIDs. Alternatively, estradiol
activation of energy transfer could originate from an estradiol-
regulated re-positioning of “helix 12” of ER« (33, 35) to bring
CFP into a position within the ER-CFP-YFP-SRC-RID complex
more optimal for consistent, measurable levels of energy trans-
fer to YFP. FRET data alone cannot distinguish between those
possibilities.

Mutational analyses (Fig. 3) showed that the interactions
measured in the cell by FRET were dependent upon the inter-
action surfaces in ERa and in the SRC-RIDs previously shown
by in vitro studies to contribute to the estradiol induction of
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FIGURE 9. ERex interaction with the SRC RIDs. A, crystallographic structure from Pike and co-workers (47) of
the ERa dimer (light or dark blue) bound to estradiol (gray) and to two LXXLL peptides (light and dark brown).
The approximate locations of CFP and YFP are indicated as cyan and green ovals. Energy transfer from CFP to
YFP is indicated by gray arrows. Amino acids of unknown structure connecting different structural domains are
indicated as dotted lines. The locations of amino acids mutated within the AF-2/LXXLL interface are shown as
yellow (K362A) or lighter yellow (LXXLL, only the underlined Ls are displayed, as the intermediate leucine lies
over top of, and would block the view of, Lys-362). Also highlighted are those amino acids mutated in the dimer
interface (yellow) and their interacting amino acids (lighter yellow). The structures were obtained and displayed
using the NCBI-Entrez publicly accessible three-dimensional structure data base (MMDB code 2033B; PDB code
1GWR) (49, 50). B and C, hypothetical levels of energy transfer when a single ERe monomer interacts with a

single LXXLL peptide.

ER-SRC-RID interaction (25, 30, 31). This suggests that the
estradiol-regulated increase in FRET in the cell may originate
with increased cellular interaction of ERc with the SRC-RIDs.
Although that conclusion remains subject to the limitations of
the FRET approach, the studies showed more conclusively that
the ERa complexes formed with the SRC1, SRC2, and SRC3
RIDs in the cell had similar molecular dependences (Fig. 3) and
conformations (Emax, Fig. 2). These global similarities were
consistent with evidence for some functional redundancies
among the SRCs in knock-out mouse studies, although those
same studies also clearly show SRC-specific functions (6,
36-38).

The K, values of the interactions showed that ER« interacts
in the cell with all SRC RIDs at mildly different relative affinities
(Figs. 5 and 8). The binding preference (SRC3 = SRC2 > SRC1)
was slightly different than the relative affinities reported for in
vitro binding of ERa to the SRC RIDs (SRC3 > SRC1 = SRC2)
(34). For SRC1-RID binding to ERa« in the cells, the K, deter-
mined here (5 nMm) is similar to the 5-30 nMm reported from prior
in vitro competition or direct binding studies (34, 39, 40). Thus,
the affinity for at least SRC1-RID interaction with ERa was not
grossly affected by cellular factors.

The comparison of the Bmax measurements with the total
concentration of ERa within the cell demonstrated that the
cellular environment restricted the amount of ER« available to
bind to any of the SRC1, -2, or -3 RIDs (Fig. 5B). It is conceivable
that the 5—- 6 nm limit defined here may be a direct result of a
dependence of the ER-SRC-RID complex on some modification
of ERa and/or SRC or a reliance on an additional limiting fac-
tor. The limit also could reflect functional limitations imposed
by the cell. For example, the ER-SRC complexes undergo rapid
association/dissociation cycles at the promoters of specific
genes (41-43), which imply that the transcriptional process
itself will cause a subgroup of ERa to be in the unbound state at
any given time. This ability to measure the maximal binding
capacity within the cell is a unique feature of the cellular bio-
chemistry approach. Thus, cellular biochemistry can examine
the effects of cellular events or conditions on multiple facets of
biologic response.
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Dynamic Composition of the ER:
SRC-RID Complex—Prior in vitro
studies of interaction between
increasing amounts of ERa with
full-length SRCs and SRC RIDs
indicated that the formation of
stable ER*SRC complexes proceeds
first through a transient, intermedi-
ate ER'SRC complex (34). Here, the
elevation in data points above the
curve specifically for the wild-type
ERa at low SRC-RID concentra-
tions (Figs. 7 and 8) also suggested
that a high affinity SRC-RID com-
plex forms first with a dimeric wild-
type ERe, which at higher SRC con-
centrations  progressively  shifts
toward 1:1 ER-SRC-RID complexes.
Increases of only ~10,000 bound
and free SRC-RID molecules were sufficient to alter the balance
from predominantly 2:1 to 1:1 ER-SRC-RID complexes. Thus,
the composition of ER‘SRC complexes could be different, for
example, in the subpopulation of breast tumors with high levels
of expression of SRC3 (also called amplified in breast cancer 1,
AIB1) (44 —46). The ability to define and distinguish the differ-
ent types of complexes capable of forming within different
tumor environments may assist in identifying the types of com-
plexes best targeted for novel breast cancer therapies.

Different Emax values were observed for 1:1 ER-SRC-RID
complexes formed at high SRC-RID levels with the monomeric
ERa (Emax, ~10%) and wild-type ERa (Emax, ~20%) (Figs. 2B
and 6B). An explanation for these structural differences in the
wild-type and mutant ERa complexes is suggested by the crys-
tallographic structure (47) of the estradiol-bound ERa dimer
(Fig. 94, each monomer is in light or dark blue) in a complex
with estradiol (gray) and two LXXLL peptides (light and dark
brown). In vitro binding studies with isolated peptides repre-
senting each of the three LXXLL motifs found in each of the
three SRC-RIDs indicated that ER« binds with highest affinity
to the second LXXLL motif of all SRCs (39) (Fig. 94, LXXLL-2).
For all three SRCs, ERa binding to LXXLL-1 is uniformly
poorer. Interaction with LXXLL-3 is below the sensitivity of the
in vitro binding assays (39) but sufficient to co-crystallize with
ERa (47). The high affinity interaction of the ERa-CFP dimer
with a single YFP-SRC-RID, thus, would position the two CFPs
(Fig. 9, cyan ovals) to transfer energy at different levels (gray
arrows) to the single YFP positioned closest to the lower affin-
ity, first LXXLL motif.

If the 1:1 complexes formed with wild-type ERa arise
through a high affinity 2:1 ER*SRC-RID intermediate com-
plex, then the resulting complexes will be equally distributed
between two different 1:1 ER-SRC-RID conformations (Figs. 9,
B and C). The maximal energy transfer levels determined,
therefore, will be an average of the FRET levels of those two
structures. By contrast, interaction of each SRC-RID with the
monomeric ERa mutant will favor the binding of high affinity
LXXLL-2, which will result in lower energy transfer levels per
ERa molecule. Indeed, the SRC2 mutant that retains only an
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intact, poor affinity LXXLL-1 motif (Figs. 3, G and H) did not
bind ERa well enough to extrapolate binding curves.

The cellular biochemistry curves, therefore, can be much
more complex than those formed in vitro with isolated, defined
factors. Limitations associated with any biochemical measure-
ment, such as the assumption that all data points will behave
uniformly with respect to a single curve, also may be problem-
atic if individual cells in different states behave differently. Still
the techniques shown here provide a template for the measure-
ment of biochemistry directly in living cells and for the identi-
fication of instances in which biochemistry in the cell is differ-
ent from that in vitro. The capability to measure biochemical
parameters for interactions within cells together with auto-
mated data collection and analysis capabilities now available
with high throughput microscopy (5, 48) opens the door to a
wide-scale, rapid, and comprehensive screening for cellular
events impacting biochemical action. The advent of the cellular
biochemistry approach is expected to dramatically improve our
understandings of the complex webs of biochemical pathways
that regulate cell function.
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