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Seeing the Light
PREASSEMBLY AND LIGAND-INDUCED CHANGES OF THE INTERFERON ␥ RECEPTOR COMPLEX IN CELLS*

Christopher D. Krause‡, Erwen Mei¶, Junxia Xie‡, Yiwei Jia§, Martin A. Bopp¶,
Robin M. Hochstrasser¶, and Sidney Pestka‡储

Specific protein-protein interactions are fundamental to
most cellular functions, yet investigation of protein-protein
interactions under physiological conditions has been problematic. Considerable effort has been made to identify these
interactions. Typically these interactions have been detected
by co-precipitation experiments in which an antibody to a
known protein is mixed with a cell extract and used to precipitate the known protein and any proteins that are stably
associated with it. However, the method does not yield data in
real time in cells. Another approach has been to use an
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interaction trap system (the yeast two-hybrid system) to
identify polypeptide sequences that bind to a predetermined polypeptide sequence present in a fusion protein in
cells (1). As originally developed, the yeast two-hybrid system requires that both proteins to be tested be in the
nucleus for the transcriptional activation to occur. To overcome this limitation, a method that does not involve transcription was developed to identify proteins that interact in
the cytoplasm (2). In general, the two-hybrid method is used
to identify novel polypeptide sequences that interact with a
known protein (3–10). However, the two-hybrid systems do
not permit real-time measurements of the interactions in
cells.
Measurement of protein-protein interactions in vivo by noninvasive techniques can help to validate the physiological
significance of the interactions and can also aid in identifying
changes that occur in a cell or organism in response to
physiological stimuli. One way to accomplish this is through
fluorescence resonance energy transfer (FRET).1 FRET is a
powerful spectroscopic technique that has been used to determine protein-protein interactions and distances between
two proteins in complexes (11, 12). In one example, we previously used FRET and fluorescence lifetime measurements
to determine the distance between two regions of the ribosome (13). Very little is known about the physical association
of specific receptor chains of multichain complexes and
whether chains from one receptor type directly interact with
another (14). Important answers should be provided by applying the FRET technique to cells.
FRET has begun to be used to determine interactions of
proteins on the surface of cells. Monoclonal antibodies to cell
surface receptors or other protein were labeled chemically
with fluorescein isothiocyanate and Cy3 dyes. The in vitro
fluorescent-labeled monoclonal antibodies directed against
cell surface receptors were able to measure changes in the

1

The abbreviations used are: FRET, fluorescence resonance energy transfer; CHO, Chinese hamster ovary; EBFP, enhanced blue
fluorescent protein; EGFP, enhanced green fluorescent protein; FL,
FLAG epitope; GFP, green fluorescent protein; BFP, blue fluorescent
protein; IFN-␥, interferon ␥; IFN-␥R1, interferon ␥ receptor chain 1
(also noted as IFN-␥R␣ chain); IFN-␥R2, interferon ␥ receptor chain 2
(also noted as IFN-␥R␤ chain); IL-10, interleukin 10; IL-10R1, interleukin 10 receptor chain 1; IL-10R2, interleukin 10 receptor chain 2;
HLAB7, human leukocyte antigen B7; Hu, human; MHC, major histocompatibility complex.
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Our experiments were designed to test the hypothesis
that the cell surface interferon ␥ receptor chains are preassembled rather than associated by ligand and to assess
the molecular changes on ligand binding. To accomplish
this, we used fluorescence resonance energy transfer, a
powerful spectroscopic technique that has been used to
determine molecular interactions and distances between
the donor and acceptor. However, current commercial
instruments do not provide sufficient sensitivity or the full
spectra to provide decisive results of interactions between proteins labeled with blue and green fluorescent
proteins in living cells. In our experiments, we used the
blue fluorescent protein and green fluorescent protein
pair, attached a monochrometer and charge-coupled device camera to a modified confocal microscope, reduced
background fluorescence with the use of two-photon excitation, and focused on regions of single cells to provide
clear spectra of fluorescence resonance energy transfer.
In contrast to the prevailing view, the results demonstrate
that the receptor chains are preassociated and that the
intracellular domains move apart on binding the ligand
interferon ␥. Application of this technology should lead to
new rapid methods for high throughput screening and
delineation of the interactome of cells. Molecular & Cellular Proteomics 1:805– 815, 2002.
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observations have begun to suggest that receptor chains can
be preassociated in the cell membrane (54 – 80). To provide a
direct way to clarify the various models of receptor action, we
established an approach to measure interactions of receptor
chains in living cells. To assess the structure of the receptor
chains and the effects of ligands directly, we used FRET and
focused on the IFN-␥ receptor. The chains and functions of
the IFN-␥ receptor complex have been defined in some detail
over the past 2 decades (14, 39, 81– 83). Indirect evidence
exists about the structure of the IFN-␥ receptor complex prior
to its activation by IFN-␥. Most investigators have concluded
that the IFN-␥ receptor and other receptors are assembled
after ligand binding because only then was optimal immunoprecipitation of both chains obtained with an antibody to
IFN-␥R1 (84 – 86). Accordingly, most models of the IFN-␥ receptor consider it to consist of four chains: two IFN-␥R1 and
two IFN-␥R2 chains, consistent with a large body of data. The
ligand IFN-␥ is a dimer that binds to two IFN-␥R1 chains but
does not directly bind to the IFN-␥R2 chain in the absence of
the IFN-␥R1 chain. In the current model (Fig. 1), upon IFN-␥R1
binding, the receptor chains associate to form a condensed
complex that activates the Jak kinases that cross-phosphorylate each other. After binding of ligand, it was concluded
that the chains of the IFN-␥ receptor complex are brought
together, and signal transduction is initiated by ligand binding
(Fig. 1). Here we report the results of FRET in examining
receptor structure directly and provide evidence for a new
model of receptor structure and function.
EXPERIMENTAL PROCEDURES

Construction of Vectors to Measure FRET in Cells and Transfections—As noted above, GFP and BFP were discovered and developed by a number of groups (19, 20) who enabled these fluorescent
proteins to be seen and localized in cells (19 –35), and several groups
have begun to use FRET to study the interactions of proteins in cells
(21–35). In our studies, the IFN-␥ receptor complex (Fig. 1) was used
as the model system to evaluate the ability of FRET to provide insight
into the structure of the receptor and to determine the molecular
dynamics after attachment of the ligand IFN-␥ to the receptor. To
carry out these studies, IFN-␥R1 and IFN-␥R2 chains with EBFP
(enhanced BFP cDNA optimized to contain mammalian codons) and
GFP fused to the carboxyl termini of their intracellular domains were
constructed (Fig. 2, top). EBFP, rather than BFP, was used for all
constructions. By fusing the DNA encoding the EBFP to the DNA
encoding the carboxyl terminus of the IFN-␥R1 chain and by fusing
the DNA encoding GFP to the DNA encoding the carboxyl terminus of
the IFN-␥R2 chain, the cells produce IFN-␥R1/EBFP and IFN-␥R2/
GFP when these recombinant expression vectors are transfected into
cells. In this way, the EBFP and GFP were fused to the intracellular
domains of IFN-␥R1 and IFN-␥R2, respectively (Fig. 2) to monitor
interactions among these two receptor chains in intact cells with and
without IFN-␥ treatment. All IFN-␥R2 constructions contained the
FLAG (FL) epitope as noted in the figure legends. The detailed construction of FL-IFN-␥R2/␥R2 (first ␥R2 represents extracellular domain and second ␥R2 represents intracellular domain) was described
in detail elsewhere (87, 88). It differs from the wild type IFN-␥R2
sequence in the following ways: the FLAG epitope was placed between the end of the putative signal peptide sequence and the putative beginning of the extracellular domain, and an NheI site was
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distance of the receptor components as a function of ligand
concentrations (15–18). The cloning of green fluorescent protein (GFP) has allowed biologists to label proteins with the
fluorescent GFP using genetic engineering (19, 20). The pituitary transcription factor (Pit-1) fused to BFP (BFP-Pit-1) was
confirmed to interact with the protein c-Est-1 fused to GFP
(GFP-Ets-1) by FRET, an association that was previously
shown by co-immunoprecipitation (21). The association of
Bcl-2 and Beclin fused to various mutants of GFP was determined by FRET (22). Additional reports in the last few years
have begun to determine the association of proteins in cells
with the use of GFP and BFP or cyan fluorescent protein and
yellow fluorescent protein pairs (23–35). The use of fluorescence lifetime imaging microscopy can eliminate the need for
spectral separation and problems in FRET (36) as we found
previously by pure spectral methods (13) because fluorescence lifetime measurements permit calculation of distances
between donor and acceptor fluorophores totally independent of FRET (11, 12). Another technique, fluorescence recovery after photobleaching, was used to demonstrate the interaction of Ras and Rap1 in cells (37). In our experiments, we
used the BFP and GFP pair, attached a monochrometer and
charge-coupled device camera to a modified confocal microscope, reduced background fluorescence with the use of
two-photon excitation, and focused on regions of single cells
to provide fluorescence spectra of selected regions that exhibit clear signatures of fluorescence energy transfer. Our
experiments were applied to the interferon ␥ (IFN-␥) receptor
complex to test the hypothesis that the receptor chains are
preassociated and to assess the molecular changes on ligand
binding.
Interferons initiate signal transduction through specific cell
surface receptors (14, 38 – 40). IFN-␥ binds to the IFN-␥ receptor binding subunit (IFN-␥R1; receptor chain 1), a speciesspecific cell surface transmembrane receptor chain (41, 42). A
second transmembrane protein (IFN-␥R2) (43– 45) is required
for signal transduction (Fig. 1). The overall objective of our
efforts is to provide an improved method to detect proteinprotein interactions under physiological conditions in live cells
by using FRET and to determine effects of ligands and other
agents on the interactions by examining the IFN-␥ receptor
complex in detail by FRET.
Although a great deal of information has accumulated about
cell surface receptors from biochemical observations, no direct measurements of receptor structure have been made in
cells in the presence and absence of ligand. In most cases,
the models of multichain receptor complexes were deduced
from a combination of cross-linking, immunoprecipitation of
the constituent proteins, and delineation of the signal transduction events. For example, based on a wide variety of
studies the commonly held opinion has been that ligands join
surface receptor chains that are not associated prior to attachment of ligand (46 –53). All these results were deduced
from indirect measurements. However, some more recent
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engineered into the beginning of the transmembrane domain, producing a three-amino acid mutation. Neither change affected the
function of IFN-␥R2. Because it was necessary to have cells express two proteins labeled with EBFP and GFP at similar levels, we
used a single vector expressing both proteins for transfection rather
than co-transfection with two vectors. Thus, tandem vectors, in
which transcription of each cDNA is controlled by its own separate
promoter and polyadenylation signal on a single plasmid, were
constructed as described previously (88). The plasmid harboring
the IFN-␥R1 chain (or the IL-10R1 chain) was digested at the 3⬘ end
with MluI and at the 5⬘ end with BglII. The large fragment, encoding
the IFN-␥R1 cDNA and its expression elements, was retained. The
plasmid harboring the FL-IFN-␥R2 chain (or the FL-IL-10R2 chain)
was digested with BglII at its 5⬘ end and BssHII at its 3⬘ end. The
larger fragment, retaining the FL-IFN-␥R2 cDNA and its expression
elements, was retained. Ligation of the cohesive ends yielded tandem vectors. To prepare EBFP or GFP fusion products, the segments encoding EBFP or GFP were amplified by PCR from appropriate vectors (89, 90) and then fused to the vectors expressing
FL-IFN-␥R2, IFN-␥R1, or IL-10R2 with EBFP or GFP attached to the
3⬘ terminus of the expression construct to make FL-IFN-␥R2/EBFP,
FL-IFN-␥R2/GFP, IFN-␥R1/EBFP, and IL-10R2/GFP, respectively.
Schematic illustrations of the resultant EBFP- and GFP-labeled
receptor chains are shown in Figs. 2 and 3. Transient transfections
in COS-1 cells by the DEAE-dextran protocol (91) were used for all
experiments except where noted. Stable transformants were made
in the Chinese hamster ovary (CHO)-derived cell line q3 by the
Lipofectin method and limiting dilution clonal isolation. The derivation of the CHO q3 cell line is described in the legend to Fig. 3.
Analysis of FRET between Receptor Chains in Single Cells: FRET

RESULTS

The carboxyl-terminal end of the intracellular domain of the
two chains of the human IFN-␥ receptor complex, Hu-IFN␥R1 and Hu-IFN-␥R2, were fused to EBFP and GFP, respectively (Fig. 2). In addition, the carboxyl-terminal end of the
intracellular domain of the IL-10R2 chain was fused to GFP as
a control. To ascertain that the receptor chains with GFP and
EBFP (Fig. 3, right panel) were functional, these chains were
transfected into CHO q3 cells to determine whether they
could function as well as the same chains without the fluo-
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FIG. 1. Traditional model of the IFN-␥ receptor complex. The
IFN-␥ receptor complex consists of two different chains, IFN-␥R1 and
IFN-␥R2 (14, 42, 44, 45, 82, 91, 93–95). The ligand IFN-␥ is a dimer
that binds to two IFN-␥R1 chains but does not directly bind to the
IFN-␥R2 chain in the absence of the IFN-␥R1 chain. In the current
model, upon IFN-␥R1 binding, the receptor chains associate to form
a condensed complex that activates the Jak kinases that crossphosphorylate each other (solid circles). The activated Jak kinases
then phosphorylate tyrosine 457 of each IFN-␥R1 chain that serves as
the recruitment site for Stat1␣, which in turn is phosphorylated by the
Jak kinases. Once phosphorylated, the phosphorylated Stat1␣ proteins detach from each IFN-␥R1 chain and then dimerize to form the
transcription factor that is translocated to the nucleus to activate
IFN-␥-regulated genes.

and Equipment Used—To demonstrate GFP and EBFP fluorescence
and FRET, a confocal microscope was modified to include a monochrometer associated with a back illumination liquid nitrogen-cooled
charge-coupled device camera so that fluorescence emission spectra
could be obtained from illuminated cells. The S65T variant of GFP
with an excitation maximum at 488 nm was used in all our studies
(92). The enhanced GFP (EGFP) optimized for mammalian codons has
the same excitation and emission maxima as GFP (S65T), 488 and
509 nm, respectively. We used GFP rather than EGFP in these experiments because EGFP was not available at the time we began the
constructions. Single-photon excitation at 488 nm of the GFP with an
argon laser delivering 0.5 microwatt at the sample yielded the signature GFP emission having a maximum at 509 nm. The BFP and EBFP
have excitation and emission maxima at 380 nm and 445 nm, respectively. Because we found that excitation at 380 of cells produced very
high background fluorescence, we used two-photon excitation to
substantially reduce the sample excitation volume along with quartz
cover slides, which resulted in a significantly decreased background
fluorescence. The infrared light produced little or no cellular damage
compared with ultraviolet light. To excite the EBFP at its excitation
maximum of 380 nm, a pulsed femtosecond mode-locked infrared
Ti:sapphire laser (2 milliwatts) was tuned to 760 nm. As illustrated in
the lower part of Fig. 2, two-photon excitation (760 nm) of EBFP
effectively excites the protein at it is maximum absorption at 380 nm
to produce an emission spectrum with a maximum at 445 nm. If FRET
occurs between EBFP and GFP, then the emission maximum of GFP
at 509 nm will be observed.
Images, Spectra, and Activity of Human IFN-␥R2/GFP and IFN␥R1/EBFP Transfected into Cells—The constructs expressing IFN␥R2/GFP and IFN-␥R2/EBFP were individually transfected into
COS-1 cells, and images were taken with a camera attached to a
confocal microscope. The images show that both IFN-␥R2/GFP (Fig.
4, top left) and IFN-␥R2/EBFP (Fig. 4, top right) were visualized by
epifluorescence after transfection upon exciting the IFN-␥R2/GFP at
488 and the IFN-␥R2/EBFP at 380 nm. Similar images were obtained
for IFN-␥R1/EBFP (not shown). To demonstrate that each of the
constructs was functional, vectors expressing IFN-␥R2/GFP or IFN␥R1/EBFP were transfected into CHO cells expressing the complementary human chain (44, 82, 91). MHC Class I induction by IFN-␥
demonstrated that each chain was functional (data not shown). To
demonstrate that the constructs were functional when transfected
together into cells, a tandem vector coexpressing IFN-␥R2/GFP and
IFN-␥R1/EBFP was transfected into Chinese hamster ovary cells
expressing none of the human IFN-␥ receptor chains (CHO q3). The
MHC Class I surface antigen induction in response to IFN-␥ in CHO
q3 cells expressing IFN-␥R2/GFP and IFN-␥R1/EBFP (Fig. 3, right
panels) shows that both receptor chains are functional. Similar activity
measurements with other receptor chains such as IFN-␥R2/EGFP,
IFN-␥R2/EBFP, and FL-IL-10R2/GFP demonstrated that all these receptor chains with fluorescent proteins fused to their carboxyl termini
were functional.
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rescent proteins (Fig. 3, left panel). The results show that MHC
Class I antigen induction in response to human IFN-␥ was as
effective as that of hamster IFN-␥, demonstrating that the
receptor chains with or without GFP and EBFP were functional. Cells were transfected with the IFN-␥R2/EBFP and
IFN-␥R2/GFP separately to establish that the chains fused to
EBFP and GFP, respectively, provided the expected fluorescence signatures. The spectral signature of GFP and EBFP
was seen in cells expressing IFN-␥R2/GFP (Fig. 4, left panels;
excited at 488 nm) and IFN-␥R2/EBFP (Fig. 4, right panels;
excited at 380 nm). Identical spectral signatures were observed in cells expressing IFN-␥R1/EBFP and IFN-␥R2/BFP
(data not shown). Thus the data showed that both IFN-␥R2/
EBFP and IFN-␥R2/GFP provided the expected spectral signatures (Fig. 4). However, there was substantial background
fluorescence when EBFP was excited at 380 nm so that we
used two-photon excitation (760 nm) to minimize this in the
subsequent FRET assays.
We next prepared transient transfectants in COS-1 cells
expressing matched (Hu-IFN-␥R1 and Hu-IFN-␥R2) and mismatched (Hu-IFN-␥R1 and Hu-IL-10R2) receptor pairs (Fig. 5).
The matched pair, Hu-IFN-␥R1/EBFP and Hu-IFN-␥R2/
GFP, represents the two chains of the Hu-IFN-␥ receptor
complex. The mismatched pair represents two chains from
similar receptor complexes, Hu-IFN-␥R1/EBFP and Hu-IL10R2/GFP, but are not known to interact. FRET was measured upon excitation at 760 nm in cells expressing each of
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these pairs of receptor chains in the absence of ligand (Fig.
6). The spectrum of cells expressing the mismatched pair
Hu-IFN-␥R1/EBFP and Hu-IL-10R2/GFP shows the blue
(EBFP) spectrum together with background fluorescence,
demonstrating little or no interaction of these receptor
chains. In contrast, the matched pair, Hu-IFN-␥R1/EBFP
and Hu-IFN-␥R2/GFP, excited at 760 nm exhibits the fluorescence emission signature of the GFP, demonstrating
clear transfer between the EBFP and GFP proteins. The
distance between the intracellular regions of IFN-␥R1/EBFP
and IFN-␥R2/GFP chains was calculated (13) to be 36 Å,
whereas the distance between the Hu-IFN-␥R1/EBFP and
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FIG. 2. Schematic of fluorescence transfer between blue and
green fluorescent proteins fused to IFN-␥R1 and IFN-␥R2 chains.
EBFP and GFP were fused to the IFN-␥R1 and IFN-␥R2 chains shown
in the upper portion of the figure and described under “Experimental
Procedures.” Because the cellular background was high when the
EBFP was excited with blue light at 380 nm, infrared light at 760 nm
was used to excite the EBFP with two photons. With no fluorescence transfer, the excitation of the EBFP will emit light with a
maximum at 445 nm. If fluorescence transfer from EBFP to GFP
occurs, the maximum wavelength of the emitted light will be seen at
509 nm.

FIG. 3. Fluorescent receptor chains are functional. The human
receptor chains (IFN-␥R1 and FL-IFN-␥R2) without fluorescent proteins (left panel) and those with the fluorescent proteins (IFN-␥R1/
EBFP and FL-IFN-␥R2/GFP) (right panel) were transfected into CHO
q3 cells, and MHC Class I antigen induction was measured in response to hamster and human IFN-␥. In the absence of the human
receptor chains, Hu-IFN-␥ has no effect on CHO cells (82, 91, 102).
The hamster IFN-␥ was used as a positive control to show that the
CHO cells can propagate IFN-␥ signaling. The CHO q3 cells were
derived as follows. Hamster UCH-12 cells containing a stable translocation of human chromosome 3q were obtained from Carol Jones
and David Patterson. UCH-12 cells were transfected with plasmid
pJY150R1.1 that encodes the intact HLAB7 gene (104), and the
resulting cells were designated q3. This hamster cell line, derived
from CHO-K1, does not express Hu-IFN-␥R1 or Hu-IFN-␥R2 and can
reconstitute signaling in response to Hu-IFN-␥ only when both chains
are expressed in these cells. The stably transfected population of q3
cells was grown in F12 medium supplemented with 10% fetal bovine
serum without selecting antibiotics. Selection was performed by sorting of 2% of cells exhibiting the greatest fluorescence in an MHC
Class I assay after 3 days of treatment with Hu-IFN-␤. After three
rounds of selection, individual clones were isolated by limiting dilution
and amplified. Clones were isolated that induced significantly higher
levels of MHC Class I surface antigen in response to hamster IFN-␥.
From these clones, one clone (designated q3) was chosen that possessed a high efficiency of transfection with a plasmid encoding
Hu-IFN-␥R1 and Hu-IFN-␥R2 and exhibited expression of reconstituted human IFN-␥ receptor complexes assayed by MHC Class I
surface antigen induction of the geneticin-resistant transfected population in response to Hu-IFN-␥. MHC Class I antigen induction in
response to IFN-␥ was performed as described previously (82). Ham,
hamster.
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Hu-IL-10R2/GFP was not measurable.2 Thus, the IFN-␥R1
and IFN-␥R2 chains are preassociated prior to ligand binding as demonstrated by the significant FRET and the GFP
These distances are values of R obtained from R ⫽ R0 (IDfA/IA)1/6
where ID and IA are the observed BFP and GFP fluorescence signals,
fA is the GFP fluorescence yield, and R0 is the Forster radius for the
GFP/BFP pair. The fluorescence signal may originate from a spatially
unresolved set of sources that could include some receptors with only
BFP as well as those complexes having a distribution of GFP/BFP
distances and angles. Therefore the R values should be considered as
estimates of the upper limits of the mean separations in the complexes.
Furthermore, we cannot exclude the possibility that some or all of the
decrease in FRET can be attributed to a change in the orientation of the
donor and acceptor fluorophores caused by a change in the orientation
but not the average distance between the intracellular domains. Since
we cannot measure the orientation of the fluorophores with respect to
each other, the calculations and conclusions assumed no change in the
orientation of the fluorophores on ligand binding. Nevertheless, a
change in the structure of the IFN-␥ receptor complex is unequivocally
observed by the change in the FRET after addition of IFN-␥ to cells.
Although this change is assumed to be a result of changes in distance, the change in FRET observed could be due in whole or part to
a rotation of receptor chains after interaction with ligand.
2

signature with maximum of about 509 nm on excitation at
760 nm. Addition of the ligand IFN-␥ to cells expressing the
mismatched pair IFN-␥R1/EBFP and IL-10R2/GFP did not
affect the spectrum (Fig. 7). The spectra were virtually identical in the presence or absence of IFN-␥. In contrast, the
effect of IFN-␥ on the FRET of the matched receptor pair
expressed in cells showed that IFN-␥ produced a change in
the spectrum, causing a major reduction in the FRET compared with the FRET in the absence of IFN-␥ (Fig. 8). The
distance between the intracellular regions of Hu-IFN-␥R1/
EBFP and Hu-IFN-␥R2/GFP chains in the absence and
presence of ligand was calculated (13) to be 36 and 63 Å,
respectively. Therefore, the intracellular domains of the IFN␥R1/EBFP and IFN-␥R2/GFP chains move apart on addition
of ligand.
Because the IFN-␥ receptor complex consists of four
chains, we examined the effect of ligand on cells expressing
only the IFN-␥R2 chain (IFN-␥R2/EBFP and IFN-␥R2/GFP),
but no IFN-␥R1 chain, in the presence and absence of ligand
(Fig. 9, left panels). In the absence of ligand, FRET was demonstrated between these two IFN-␥R2 chains. There was no
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FIG. 4. The fluorescent receptor chains exhibit their characteristic fluorescent signatures: images and spectra of human IFN-␥R2/
GFP and IFN-␥R2/EBFP transfected into cells. FL-IFN-␥R2/GFP and FL-IFN-␥R2/EBFP were each separately transfected into COS cells. A
camera was used with the confocal microscope to obtain the images for human IFN-␥R2/GFP (top left) and IFN-␥R2/EBFP (top right) in COS-1
cells. Similar images were obtained for IFN-␥R1/BFP and IFN-␥R1/EBFP (not shown). The spectral signatures of GFP (green) and EBFP (blue)
can be seen in COS-1 cells expressing FL-IFN-␥R2/GFP and FL-IFN-␥R2/EBFP (lower left and right, respectively). The black curves represent
the relative epifluorescence of the cells in the absence of the respective transfected fluorescent receptor chains.
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FIG. 5. Illustration of matched (FL-IFN-␥R2/GFP and IFN-␥R1/
EBFP) and mismatched (IFN-␥R1/EBFP and FL-IL-10R2/GFP)
pairs of receptors. The matched pair, FL-IFN-␥R2/GFP and FL-IFN␥R1/EBFP, are the two chains of the IFN-␥ receptor complex fused to
GFP and EBFP, respectively. The mismatched pair, IFN-␥R1/EBFP
and FL-IL-10R2/GFP, are the first chain of the IFN-␥ receptor complex and the second chain of the IL-10 receptor complex, fused to
EBFP and GFP, respectively.

change in the spectrum in the presence of IFN-␥. This demonstrated that the IFN-␥R2 chains are preassociated even in
the absence of the IFN-␥R1 chains. Furthermore, this observation that IFN-␥ did not alter the spectrum and, therefore, the
distance between the IFN-␥R2 chains is consistent with previous experiments that showed that IFN-␥ did not produce
any measurable signal transduction in cells expressing only
the IFN-␥R2 chain (44, 45, 82, 91, 93, 94). When the spectra
were measured in cells expressing both IFN-␥R2/EBFP and
IFN-␥R2/GFP chains together with the IFN-␥R1 chain without
a fluorescent tag (Fig. 9, right panels), it was apparent that
addition of the ligand IFN-␥ changed the spectrum. In the
absence of ligand, the spectrum was qualitatively similar in
cells expressing IFN-␥R2/EBFP and IFN-␥R2/GFP whether
the IFN-␥R1 chain was present or not (Fig. 9, cf. left and right
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FIG. 8. Comparison of fluorescence spectra of cells expressing
the matched pair of receptor chains in the presence and absence
of IFN-␥. The matched receptor chains are FL-IFN-␥R2/GFP and
IFN-␥R1/EBFP. The spectrum in green was taken in the absence of
IFN-␥. IFN-␥ (3500 units/ml) was then added to the medium, and the
spectrum was taken (blue curve) of the same region in the same cell.
The fluorescence emission spectra in response to two-photon excitation at 760 nm are shown.

panels). However, in the presence of IFN-␥ there was a large
change in the spectrum of cells expressing IFN-␥R2/EBFP,
IFN-␥R2/GFP, and IFN-␥R1 chains (Fig. 9, right panel). The
results demonstrate that the IFN-␥R2 chains are preassociated independently of the presence of the IFN-␥R1 chain but
that the IFN-␥R1 chain is required for the IFN-␥R2 chains to
move apart in response to IFN-␥. This result is consistent with
previous reports that demonstrated that both chains are re-
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FIG. 6. Comparison of fluorescence emission spectra of cells
expressing the matched and mismatched pair of receptor chains.
The matched receptor chains are FL-IFN-␥R2/GFP and IFN-␥R1/
EBFP (green curve); the mismatched receptor chains are IFN-␥R1/
EBFP and FL-IL-10R2/GFP (blue curve). The fluorescence emission
spectra in response to two-photon excitation at 760 nm are shown.

FIG. 7. Comparison of fluorescence spectra of cells expressing
the mismatched pair of receptor chains in the presence and
absence of IFN-␥. The mismatched receptor chains are IFN-␥R1/
EBFP and FL-IL-10R2/GFP. The spectrum in red was taken in the
absence of IFN-␥. IFN-␥ was then added to the medium, and the
spectrum was taken (blue curve) of the same region in the same cell.
The fluorescence emission spectra in response to two-photon excitation at 760 nm are shown.
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quired for signal transduction (14, 42, 44, 45, 82, 91, 93–95).
However, it appears that in the presence of the IFN-␥R1
chain, the IFN-␥R2/EBFP and IFN-␥R2/GFP chains are somewhat closer because there is an increase in FRET in the
presence of the IFN-␥R1 chain (Fig. 9, cf. left and right panels).
A model of the IFN-␥ receptor complex that is consistent
with the data is shown in Fig. 10. In the absence of ligand (Fig.
10, left panel), the intracellular domains of the receptor chains
are close to one another, preventing signal transduction as
the intracellular components necessary for signaling are prevented from entering the receptor complex by the close proximity of the intracellular domains of these chains. Upon binding of the ligand IFN-␥, the intracellular domains of the
receptor chains move apart, opening the area for multiple
molecules required for signal transduction to enter the receptor complex (Fig. 10, right panel).
DISCUSSION

Attempts have been made to assess interactions among
the receptor chains by indirect methods; however, except for
cross-linking, each method was dependent upon relatively
high affinity associations after disruption of the cell. Standard
procedures such as immunoprecipitation, cross-linking, sizeexclusion chromatography, analytical ultracentrifugation, and
laser light scattering were used to investigate the interaction
between the two IFN-␥R1 chains and immunoprecipitation
and cross-linking between the IFN-␥R1 and IFN-␥R2 chains
before and after addition of IFN-␥. Soluble IFN-␥R1 and cell
surface membrane-bound IFN-␥R1 was not observed to

FIG. 10. Model of the change in receptor structure on engagement of the ligand IFN-␥. When IFN-␥ binds to the receptor complex, the distance between the IFN-␥R1 and IFN-␥R2 chains and the
distance between the two IFN-␥R2 chains increases. Opening the
intracellular domain regions provides an opportunity for entry of components of the downstream signal transduction components. The
distances and the changes in distances shown are not proportional to
the actual measurements.

dimerize in the absence of IFN-␥ (86, 96 –100). However, it
was reported that IFN-␥R1 and IFN-␥R2 chains co-precipitated with antibodies against the IFN-␥R2 before and after
addition of IFN-␥ (101). In those experiments digitonin, which
does not disrupt detergent-resistant micelles, was used to
disrupt cellular membranes during the immunoprecipitation
procedures, leaving open the possibility that proteins associated with the detergent-resistant micelles could be co-pre-
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FIG. 9. Comparison of fluorescence spectra of cells expressing the FL-IFN-␥R2/EBFP and FL-IFN-␥R2/GFP chains in the presence
and absence of the IFN-␥R1 chain and in the presence and absence of ligand. COS-1 cells were transfected with FL-IFN-␥R2/EBFP and
FL-IFN-␥R2/GFP without transfection with IFN-␥R1 (left panels). COS-1 cells were also transfected with IFN-␥R2/EBFP and IFN-␥R2/GFP
together with the IFN-␥R1 chain (right panels). The spectra of the COS-1 cells transfected with the FL-IFN-␥R2/EBFP and FL-IFN-␥R2/GFP in
the presence and absence of IFN-␥ and in the presence and absence of the IFN-␥R1 chain are shown in the panels. In all experiments with
FRET, measurements were taken at 15 min after addition of IFN-␥ when noted. All laser excitation experiments were performed with single
cells, although multiple cells were sampled and provided similar results. The fluorescence emission spectra in response to two-photon
excitation at 760 nm are shown.
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decrease in entropy of the anchored system increases the
likelihood of interactions on the membrane and allows even
weak interactions to occur. This phenomenon is used to explain the use of solid surfaces as catalysts in chemical reactions as well as increased avidity of polyvalent compounds for
their targets compared with monovalent compounds. These
results have ramifications for all proteins and other components of cells. Indeed, we predict this technology will permit
the definition of the interactions of many proteins in living cells
in real time. Proteins that require additional components to
interact in cells will be able to be discerned even though the
soluble purified proteins do not appear to associate.
The results demonstrate directly that the receptor chains of
the IFN-␥ receptor complex are preassembled on the cell
membrane. Furthermore, the data prove that the receptor
complex consists of four (or possibly more chains) because
both the IFN-␥R1 and IFN-␥R2 pair (Figs. 6 and 8) and the
IFN-␥R2 and IFN-␥R2 pair (Fig. 9) are preassociated. It is also
evident from the data that the IFN-␥R2 and IFN-␥R2 chains
are preassociated in the absence of the IFN-␥R1 chain but
that the presence of the IFN-␥R1 brings the IFN-␥R2 and
IFN-␥R2 chains closer together (Fig. 9). IFN-␥ has no effect on
the separation of IFN-␥R2 chains in the absence of the IFN␥R1 chain (Fig. 9, left panel) in accord with previous reports
that IFN-␥ does not bind to the IFN-␥R2 chain and that IFN-␥
exhibits no activity in the presence of the IFN-␥R2 chain only
(42, 44, 82, 91, 93, 102, 103). We suggest that this paradigm
is likely to be applicable to other receptor chains and that
receptor chains are preassociated in cells ready for activation
by ligand. This conclusion leads to the deduction that cell
surface receptor chains have specific sites, receptor association regions, that enable them to associate. Moreover, the
increase in distance between the intracellular regions of the
receptor chains opens the receptor complexes for the attachment of the signal transduction components that are excluded
from the receptor complexes until ligand engagement. Thus,
our direct measurements of the distances between the IFN-␥
receptor chains before and after engagement of ligand suggest a new paradigm for receptor structure and function.
Because FRET is a real-time technique, changes in proteinprotein interactions or protein positions in complexes in live
cells can be determined over the course of time or modulation
of the system being analyzed. Because relatively little is
known about the physical association of specific receptor
chains of multichain complexes and whether chains from one
receptor type directly interact with those from another type
(14), the use of FRET to determine this should provide an
answer to these questions by applying the technique to cells.
Furthermore, such studies can be extended to the downstream signal transduction events in response to ligand by
determining the order, interactions, and kinetics of these processes. This information will permit the development of pharmaceuticals that can interfere with IFN-␥ signaling by interfering with IFN-␥ binding to the complex, by blocking the
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cipitated nonspecifically. In fact, it was later confirmed that
disruption of cells with digitonin yielded co-immunoprecipitation of IFN-␥R1 and IFN-␥R2 chains, but the authors noted
that use of the ionic detergent Brij-96, which disrupts detergent-resistant micelles, avoided nonspecific co-immunoprecipitations and, at the same time, disrupted the interaction
between IFN-␥R1 and IFN-␥R2 chains prior to addition of
IFN-␥ (84). They and others (84, 86), who used ionic detergents to disrupt cells, concluded that the IFN-␥R1 and IFN␥R2 chains are not preassociated in the cell membrane prior
to addition of the ligand IFN-␥ on the basis that co-precipitation of these chains occurred only after IFN-␥ was present,
results that led to the current accepted model shown in Fig. 1
that indicates that the receptor chains do not associate until
the ligand is present. The techniques used to measure protein-protein interactions often remove the proteins from the
context of the superstructure of the membranes and other
cellular components of which they are an integral part. Thus,
high affinity interactions, but not low affinity interactions, can
be measured by these procedures. In contrast, the use of
FRET permits the direct visualization of all these interactions
in cells. Association constants that are too weak to be observed in solution after disruption of cells can be clearly seen
by FRET (Figs. 6, 8, and 9) because the receptors are anchored in the membrane.
The effective association constant in solution of two molecules each with two distinct binding sites for association is the
product of the association constants for each site times 55,
the molarity of water, assuming no conformational constraints. Thus, two low affinity sites can produce an overall
high association constant for the molecules. The fact that
both receptor chains are anchored in the membrane provides
a high affinity site for each, also keeping them at an effective
high concentration in the plasma membrane. Furthermore,
quantitative measurement of the distances between the fluorescent chains measured helps to avoid artifacts and eliminate nonspecific interactions because only distances less
than 100 Å can be observed by FRET with current technology.
Thus, when anchored, binding of proteins with relatively low
affinity in solution can be visualized clearly by a real-time
technique that can measure FRET in live cells. Accordingly,
we believe the association of the IFN-␥R1 and IFN-␥R2 chains
and other receptor chain pairs has often been missed by the
usual assays that measure these interactions after they have
been removed from the membrane. This is likely due to the
fact that the binding constants of the interactions of the
extracellular and/or intracellular domains are probably very
low. However, once the receptors are anchored in the membrane, weak interactions take place because the association
constant of the two chains in the membrane is a function of
the product of the association constant of the membrane
binding component and the receptor chain component. Once
dissociated from the membrane, the receptor chains have
little or no affinity for each other in the absence of ligand. This
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activation of the ligand-receptor complex, or by altering
downstream signal transduction events. The protein pairs
used in the FRET assays would be adjusted accordingly to
measure these specific events. In addition, this technology
can be adapted to screen small molecule drugs by a quantitative, sensitive, and rapid real-time assay. A major goal will
be to use this technology to study the interaction of receptor
chains and of many other proteins in cells under physiological
conditions. Ultimately, this strategy could permit delineation
of the entire proteome map of any cell, the interactome.
The ability to accomplish this efficiently will have major
ramifications for analyzing protein-protein interactions, ligand-receptor interactions, signal transduction, and many
other cellular processes. Furthermore, questions relevant to
protein interactions in cells that have been addressed indirectly should be able to be answered definitively with direct
measurements and the time course of the events determined.
The overall objective of our efforts is to provide an improved
method to detect protein-protein interactions under physiological conditions in live cells by using FRET and to determine
effects of ligands and other agents on the interactions by
examining the IFN-␥ receptor complex in detail by FRET. The
results will have many useful applications in understanding
receptor structure and will provide a basis for high throughput
screening of receptor ligands in single living cells.
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