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Abstract

The sigma-1 receptor (S1R) is a 223-amino-acid membrane protein that resides in the endoplasmic
reticulum and the plasma membrane of some mammalian cells. The S1R is regulated by various
synthetic molecules including (+)-pentazocine, cocaine and haloperidol and endogenous
molecules such as sphingosine, dimethyltryptamine and dehydroepiandrosterone. Ligand-
regulated protein chaperone functions linked to oxidative stress and neurodegenerative disorders
such as amyotrophic lateral sclerosis (ALS) and neuropathic pain have been attributed to the S1R.
Several client proteins that interact with S1R have been identified including various types of ion
channels and G-protein coupled receptors (GPCRs). When S1R constructs containing C-terminal
monomeric GFP2 and YFP fusions were co-expressed in COS-7 cells and subjected to FRET
spectrometry analysis, monomers, dimers and higher oligomeric forms of S1R were identified
under non-liganded conditions. In the presence of the prototypic S1R agonist, (+)-pentazocine,
however, monomers and dimers were the prevailing forms of SIR. The prototypic antagonist,
haloperidol, on the other hand, favoured higher order S1R oligomers. These data, in sum, indicate
that heterologously expressed S1Rs occur in vivo in COS-7 cells in multiple oligomeric forms and
that SIR ligands alter these oligomeric structures. We suggest that the S1R oligomerization states

may regulate its function(s).
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INTRODUCTION

The membrane bound mammalian sigma-1 receptor (S1R) [1-5] is ubiquitously located in
most mammalian tissues [6,7]. S1R is primarily found in the endoplasmic reticulum [8,9]
and in some cellular plasma membranes [10]. It functions as a molecular chaperone and
serves as a partner for a variety of interacting proteins including the IP3 (inositol
trisphosphate) type 3 receptor [11], the chaperone GRP78/BIP [12], G-protein coupled
receptors (GPCRs) [12—-15] and voltage-gated ion channels [10,16—19]. SIR suppresses the
production of reactive oxygen species (ROS) in the retina [20], lung and liver and in
cultured mammalian cells [21].

Many synthetic molecules bind with high affinity to S1R [5,22,23] including the (+)-isomers
of benzomorphan derivatives such as (+)-pentazocine and dextromethorphan and
neuroleptics such as haloperidol and fluphenazine. Endogenous molecules such as N, N-
dimethyltryptamine [24], sphingosine and sphingosine derivatives [25] and steroids such as
progesterone [26] and dehydroepiandrosterone [27] have also been identified as regulators
of S1R.

Since the S1R has been identified in specialized post-synaptic cisternae in cholinergic
synapses of spinal cord ventral horn motoneuron C-terminals [28,29] and in spinal cord
dorsal root ganglia [30], the receptor may be a useful therapeutic target for the treatment of
amyotrophic lateral sclerosis (ALS) and neurogenic pain [31,32]. Based on the results from
hydrophobicity analyses, the use of SIR—GFP constructs [10] and S1R antibody probes [11],
it has been concluded that the SIR contains two putative transmembrane (TM) helices with
both the N- and the C-termini located on the intracellular side of membranes. The ligand-
binding region of the S1R, identified by the use of specific radioiodinated photoprobes [33—
36] and by mutagenesis [4,8], involves in some manner juxtaposition of a C-terminal
hydrophobic region (residues 176—-194) with a portion of TM2 (residues 91-109) and
perhaps a portion of TM1. Further work involving site-directed mutagenesis guided by

172 173

and Tyr

computer simulations suggested that residues Arg!1?, Asp126, Tle!28, Glu play

essential roles in ligand binding [37].

In vitro oligomeric forms of the maltose-binding protein (MBP)-S1R fusion protein (MBP—
S1R) (tetramer/hexamer/octamer) and the pure S1R have been reported [38] that depend, in
large part, on a helix—helix dimerization GXXXG sequence (46—48) in putative TM2. High-
molecular-mass forms (tetramer, pentamer) of the S1R were previously identified using
radioiodinated photoaffinity labelling in rat liver microsomal membrane preparations [36].
Therefore, the emerging hypothesis is that SR oligomerization states may be important for
regulating S1R functions. In vitro, only the oligomeric forms of the SI1R (tetramer/hexamer/
octamer) bind [3H]—(+)-pentazocine specifically, whereas the SIR monomer does not bind
[3H]—(+)-pentazocine [38]. Furthermore, SIR agonists and antagonists stabilize the
oligomeric states of the receptor. These in vitro data are consistent with the idea that the
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ligand regulated function(s) of the SIR depend on the oligomeric states of the receptor.
Currently, however, the details of SIR oligomerization in vivo remain poorly understood.

FRET, a process through which energy is transferred non-radiatively from an optically
excited donor (D) fluorophore to a non-excited acceptor (A) fluorophore [39,40], has been
used widely to probe heteromerization of more than two proteins [41], determine the
average size of the homo-oligomers from average FRET efficiency values of populations of
interacting molecules [42—44] and estimate the average fraction of associated compared with
unassociated monomers in a population of homooligomerizing proteins in living cells
[42,45].

Previous publications have demonstrated the feasibility of spectrally resolved fluorescence
microscopy [46,47] and its use in quantitative FRET imaging [42,48—-54]. In spectral FRET
imaging, the fluorescence intensity of the sample co-expressing A— and D—-tagged proteins
of interest is measured for each image pixel over the whole range of the visible spectrum. By
using a least-squares minimization procedure and the known spectral signature of the donor
and acceptor tags, it is possible to precisely separate emission of donors from that of
acceptors and therefore to compute an apparent FRET efficiency, E,pp, for each pixel in a
FRET image. In this way, quantitative FRET measurements are made in a single sample
scan and without recourse to acceptor photobleaching or sequential excitation of the sample
at two different wavelengths which are used in standard FRET methods.

Based on spectral imaging technology, a method has been developed for the determination
of stoichiometry and geometry of protein complexes in living cells. The knowledge of
individual E,,;, values for each image pixel allows one to generate distributions of FRET
efficiencies or Eyp), histograms by plotting the number of image pixels falling in a certain
interval of Eapp values against the centre of the Eapp interval [49,50,55]. Such distributions
are obviously more rich in information than the average FRET efficiencies of entire cells or
cellular regions of interest [56], which is why this method has been used to probe the
quaternary structure of protein complexes from the number of peaks in the Ejp, histograms
and their mutual relationships [49,50,55]. The histogram peaks collectively constitute a
unique fingerprint of a specific oligomeric (or quaternary) structure [57], under the form of a
‘FRET spectrum’ of the complex; therefore this method has been dubbed FRET
spectrometry [55].

In a different embodiment of the FRET spectrometry method an Ej,, meta-histogram is
constructed by collecting the positions of dominant peaks in the original (i.e. cell-level)
histograms. In this way, the blur introduced in the histogram by the point spread function of
optical microscopes is reduced at the expense of performing a large number of
measurements. This approach has been used to determine the quaternary structure of an
ATP-binding cassette (ABC) transporter involved in translocation of polysaccharides in
bacteria [48]. Although in this context the method has been used to deal primarily with
single-peaked histograms, we have recently realized that it can also be used to extract
information regarding dimers from mixtures of monomers, dimers and higher order
oligomers at high expression levels of proteins (i.e. those corresponding to more than a few
molecules per pixel).
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Since the expression levels of SIR appear to be rather high in our biological system (see
below), in the present study we combine the meta-histogram approach with a method of
analysis introduced herein, based on distributions of average FRET efficiencies across a
statistical set of cells, to determine the different oligomeric states of SIR in living cells in
the presence and absence of its agonist and antagonist. We report identification of variously
regulated haloperidol and (+)-pentazocine SIR higher oligomer, dimer and monomer
receptor populations when expressed in living COS-7 cells as GFP2/YFP pairs using FRET
spectrometry and the new method of analysis introduced in the present paper.

MATERIALS AND METHODS

Source and use of drugs

(+)-Pentazocine was obtained from Sigma—Aldrich and haloperidol hydrochloride was
obtained from Tocris Biosciences. (+)-Pentazocine was titrated with HCI in aqueous
solution to a stock concentration of 10 mM. The aqueous stock of haloperidol HCI was also
10 mM. Cells were incubated with final concentrations of 100 uM for both the compounds

in OptiMEM for approximately 1 h prior to imaging.

Genetic constructs

The human S1R cDNA (NM_005866, Origene Technology) was PCR amplified using Pfx
polymerase (Invitrogen) replacing the stop codon with an Mlul restriction enzyme
recognition sequence (ACGCGT) and fused to the GFP2 or YFP fluorophore’s cDNA where
the start ATG of the fluorophore was deleted to assure no expression of the fluorophore
alone. The constructs were both C-terminal S1R fluorophore fusions. The reporter
fluorophores were as described earlier [48,50] and consisted of a modified GFP sequence
containing the point mutations F 4L, AZ00K for GFP2 and S®G, S72A, T203Y for the YFP.
The C-fusion S1R donor and acceptor constructs were subcloned into a pCl/neo (Promega)
eukaryotic expression vector and expressed by transient transfection using Lipofectamine
2000 (Life Technologies).

Fluorescent tags

GFP;, [58], presenting a two-photon excitation maximum at ~800 nm, was used as a donor
of energy. GFP, has a large Stokes shift, which allows one to avoid acceptor direct
excitation in a FRET experiment [in contrast with the more popular variant (enhanced)
GFP]. YFP was used as an acceptor, as it has an excitation spectrum that overlaps perfectly
with the GFP; emission [59,60], thereby leading to a very strong coupling through FRET
with the donor. In addition to these convenient features, the excitation maxima of the two
fluorescent proteins match perfectly the range of wavelengths of the laser used in our
experiments (see below). To prevent non-specific oligomerization caused by the slight
propensity of GFP variants to dimerize, the A20°K mutation [61] was included in our
fluorescent protein sequences.

Expression of fluorescently tagged S1Rs in mammalian cells

The fusion proteins SIR-GFP; and SIR-YFP were transiently expressed in COS-7 cells,
singly or in combination, by transfection using Lipofectamine 2000 (Invitrogen), according
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to the manufacturer’s directions. Briefly, COS-7 cells were maintained in T25 flasks in 5 ml
of Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies) with 10% FBS, 2 mM
L-glutamine, 100 units/ml penicillin and 100 pg/ml streptomycin (complete medium). Cells
were seeded in 2 ml of complete medium in 35 mm culture dishes with coverglass bottoms
(see below) at approximately 40% confluency and cultured for 24 h. Plasmid DNA and
Lipofectamine were diluted separately in 250 ul (each) of Opti-MEM® medium (Life
Technologies), combined and then added to cells. We used 2 ug of DNA for a single-
plasmid transfection reaction and 1-3 ug of each plasmid (total 4 ug) in co-transfection
reactions. Control reactions included single-plasmid transfections and mock transfections
(i.e. no DNA). Cells were cultured for an additional 24 h following transfection. The culture/
transfection medium was replaced with 2 ml of Opti-MEM® prior to imaging.

Two-photon fluorescence micro-spectroscopy

Fluorescence images of the COS-7 cells expressing the proteins of interest were acquired
using a two-photon excitation micro-spectroscope consisting of a Nikon Eclipse Ti"" (Nikon
Instruments Inc.) microscope, equipped with an OptiMiS TruLine" scanning/detection head
(Aurora Spectral Technologies), which provides 1.1 nm spectral resolution. OptiMiS
TruLine employs a line-scan protocol that leads to signals higher by at least two orders of
magnitude than those achievable with a point-scan-based system for the same line dwell
time [62]. An ultrashort-pulse laser (MaiTai'", Spectra Physics) was used for fluorescence
excitation, which generates femtosecond pulses with centre wavelengths tunable between
690 and 1040 nm and full-width at half maximum of ~7 nm. A non-descanned detection
scheme was used, in which the emitted fluorescence was projected through a transmission
grating on to a cooled electron-multiplying charge-coupled device (EMCCD) camera
(Andor, iXon X3 897). In this manner, full spectral information was obtained from each
sample voxel on a time scale much shorter than that which would correspond to molecular
diffusion [50]. This critical feature provides molecular-level sensitivity in live cells [55], as
it avoids mixing of signals from different molecular species moving within and without a
voxel during image acquisition.

Emission spectra

For determination of emission spectra of donors and acceptors, 0.17 mm thick (clear) Delta
T® Culture Dishes (Bioptechs) containing COS-7 cells at approximately 90% confluency,
expressing either SIR-GFP; or SIR-YFP were used. Spectral images of cells expressing
S1R-GFP, were obtained following excitation with 800-nm laser pulses with an average
power of ~250 mW at the entrance of the microscope. Since the light is spread along a line
longer that that corresponding to a 512-pixels image, the average power per pixel is much
less than that used in point-scan microscopes [62], which causes less photo-damage to the
sample.

Emission spectra obtained from several cells expressing GFP,—S1R and excited at 800 nm
were averaged and normalized with respect to their maximum emission intensities to obtain
the normalized (or elementary) spectrum of the GFP, donor (D). To obtain the emission
spectrum of YFP, COS-7 cells expressing SIR-YFP were excited with 960-nm laser light,
which corresponds to the maximum of the YFP two-photon excitation spectrum. Similar to
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the donor spectra, YFP spectra from several cells were averaged out and the resulting
spectrum was normalized with respect to its maximum emission intensity to obtain the
elementary acceptor (A) spectrum.

FRET efficiency determination

RESULTS

COS-7 cells were transfected to co-express SIR-GFP; and SIR-YFP to determine whether
they self-associate to form oligomers. Spectral images obtained from cells co-expressing
S1R-GFP, and S1R-YFP proteins were unmixed to obtain separate donor (denoted by kPA)
and acceptor (kAP) images, as described previously [42,50]. The E,pp distribution in a given
kDA kAD

optical section of an imaged cell was determined for each image pixel using and

and the following equation [50]:
Eopp= [l— (Q‘AkDA-wDJ / (QDk‘qu‘A‘)} 71. (1)

where w” and wP are the integrals of the measured elementary spectra of A and D
respectively. QP and QA are the quantum yields of D and A respectively and their values
(QP and Q* obtained = 0.55 = 0.61) were from the literature [42]. All the computations
were performed using a program written in house using the Matlab programming
environment (The MathWorks). Pseudo-FRET efficiencies for pixels showing only
background noise were avoided by rejecting all the signal to noise ratios not exceeding a
value of 1 for both donor and acceptor signals in the Ejp, calculations. Also, in the
calculations of the number of donors per pixel (n), only those pixels were included which
exceeded the above mentioned threshold for the donor signal to noise ratio.

Determination of FRET efficiency distributions

Cells co-expressing SIR-GFP2 and S1R-YFP in the presence and absence of ligand were
imaged using two-photon fluorescence micro-spectroscopy. Fluorescence images acquired at
200 different wavelength intervals spanning the visible spectrum from 430 to 650 nm (i.e.
spectral resolution of 1.1 nm) were unmixed [42] to obtain 2D spatial distribution maps of
the fluorescence of donors in the presence of acceptors (k°A) and of acceptors in the
presence of donors (kAP). The Eqpp for each pixel was computed from the kPA and kAP
maps as described in ‘Materials and Methods’.

Typical results for cells co-expressing SIR—GFP2 and SIR-YFP in the absence of ligand
are shown in Figure 1. The number of image pixels that fell into a particular range of Eyp,
values was plotted against their corresponding E,,,, value to obtain the distribution of FRET
efficiencies in the cell or the E;,, histogram, which constitutes a FRET spectrogram (or

spectrum; Figure 1).

The use of FRET spectrograms allows one to discriminate FRET caused by specific
interactions between the proteins of interest from unwanted stochastic FRET that is caused
by simple molecular agglomeration [56,63]. Even more importantly, they allow one to
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determine the stoichiometry and sometimes even the quaternary structure of a protein
complex [50,55].

The majority of the cells expressing S1Rs showed relatively broad Ejp,, histograms, whereas
some presented single narrow peaks. The dominant peak for each histogram (broad as well
as narrow) was fitted to a Gaussian function in order to determine the position of the peak.
These peak positions were collected and binned (in intervals of 0.025) according to their
value to obtain meta-histograms representing the total number of peak positions obtained for
each Ey,, value. The E,p, meta-histograms obtained for the SIRs, in the absence and
presence of ligands, are shown in Figure 2.

Because the meta-histograms present several clearly visible peaks, we initially attempted to
fit them to various models for single type of oligomers, including dimers, trimers, tetramers,
hexamers etc., as described in recent publications [49,50,55]. Supplementary Figure S1 in
Supplementary Data depicts one such model in which tetramers consisting of different
combinations of donors and acceptors are characterized by five different predicted Eyp,
values. This model has been used with success in determining the quaternary structure of
some GPCRs [55]. However, when applied to the analysis of the present S1R data, the
results were mostly unsatisfactory, as the peaks in the experimental meta-histograms were
distributed uniformly along the horizontal axis, whereas those predicted for the tetramer
models were usually non-uniformly distributed (i.e. the Eyp, differences between the
positions of adjacent peaks were not constant). Similarly nonuniform distributions were also
obtained for other large oligomers and with various geometries [55].

On the other hand, we were aware that computer simulations indicate that even populations
of dimers, when mixed with monomeric donors, may also present several peaks in their
histograms of FRET efficiencies [56]. Therefore, we next undertook the task of deriving
analytical equations for a model consisting of mixtures of different oligomeric species. The
most obvious mixture of oligomeric forms, which is also the simplest one, consisting of free
monomers and dimers, produced the best results when applied to the interpretation of the
experimental meta-histograms. This model and a detailed description of its practical use are
described next.

Theoretical analysis of the meta-histograms in terms of mixtures of dimers and monomers

Our derivation starts from the definition of the Eyp,, which represents the average FRET
efficiency per donor or the sum of the FRET efficiencies of all the molecular complexes in a
pixel divided by the number of donors at that pixel [55]. Since in our experiments we did not
excite the acceptors directly by laser light, we can conveniently focus our analysis on
monomeric donors (D) DD dimers and DA dimers, i.e. we consider no free monomeric

acceptors (A) or AA dimers.

If the average number of donors per pixel is n and the number of FRET-productive (i.e. DA)
dimers in a pixel is /, then the FRET efficiency at that pixel is given by the following
equation:
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l
E, *Ed- 2)

app = 23
with E4 being the pairwise FRET efficiency for the DA dimer and / an integer taking values
between 1 and n. The total number of peaks is equal to the number of different combinations

of donors and dimers (i.e. n).

An example for n =9 is illustrated in Figure 3, giving nine different expressions for Epp.
The average value of n depends on the receptor expression level, whereas the number of
pixels corresponding to each / value for a fixed value of n depends on the donor to acceptor
ratio and the ratio of monomers to dimers. Therefore, the Ej,, meta-histogram may be

concisely expressed as:

n ]
E&pp:ZG (EEd) NG

i=1
where G[(I/n)Eq] is a Guassian function of amplitude A; and width o, centred at (I/n)Ey.

To be precise, for in-homogeneous distributions of protein complexes within the cells, the
experimental meta-histogram obtained from an extremely large number of cells should
consist of a set of peaks described in eqn. (3), each corresponding to a narrow range of n
values. Since, in practice, the number of cells cannot be infinitely large, the bin size for the
experimental histogram cannot be set to arbitrarily low values and therefore most peaks
corresponding to large n values will appear as blurred, leaving only those corresponding to
relatively small n values as distinguishable features in the histogram.

The clearly distinct peaks in the meta-histograms shown in Figure 2 were simulated using
eight Gaussian functions, with the location on the horizontal axis of their maxima predicted
by the model depicted in Figure 3. The fitting of the simulated curves to the experimental
ones was done by adjusting the following parameters: A;, dl, [, n and Ey. The process
consisted of minimizing the mismatch between experimental and simulated data, as
quantified by the following residual:

> |Experimental, — Simulated;

Res—-t @
e Degrees of freedom '

where ‘Experimental’ stands for the experimentally observed number of occurrences of a
certain average Ejp,, value (plotted on the vertical axis in the histograms), ‘Simulated” stands
for the simulated values and i’ is a summation index corresponding to individual data

points.

As seen from Figure 2, the fit was excellent both for untreated and ligand-treated cells. An
interesting feature of the model shown in Figure 3 is that, when monomeric donors are
absent, all the peaks corresponding to the even values of / would be absent from the meta-
histogram. The fact that all the peaks were present in our meta-histograms (Figure 2)
therefore suggests that monomers of S1R are present along with dimers.
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Probing for higher order oligomers

For mixtures of monomers, dimers and higher order oligomers at high expression levels, the
meta-histogram approach helps extract information on dimers and free monomers from
within the crowded set of peaks that higher order oligomer histograms present [55]. We will
attempt here to explain how this process may occur. Because higher order oligomers are
characterized by several combinations of donors and acceptors, the number of peaks in their
cellular histograms is larger (compare five peaks for the rhombus tetramer shown in the
Supplementary Data to a single peak for pure DA dimers). This leads to the following two
effects: (1) For equal concentrations of dimers and high order oligomers, the amplitudes of
the peaks in the cellular histograms corresponding to the larger oligomers are comparatively
smaller (roughly by a factor of five, in the case of the rhombus tetramer), as the frequency of
occurrence of each combination of donor and acceptor is smaller than that of a DA dimer.
This could cause the shorter peaks to be systematically missed when counting the dominant
peaks in each cellular histogram during generation of the meta-histograms. (2) When mixed
with various combinations of DD dimers and D monomers, the large number of peaks
corresponding to the higher order oligomers in the cellular histograms would degenerate into
a much larger number of peaks, possibly leading to unresolvable crowding in the cellular
histogram. Therefore, if the system is characterized by a combination of dimers and higher
order oligomers, the meta-histogram will consist of a broad background corresponding to
mixtures of high order oligomers ‘decorated’ by a set of more clearly visible peaks
corresponding to simpler combinations of DA and DD dimers originating from regions of
the cells with relatively low expression levels and hence low n values (see above). In light of
the above observations, we performed detailed analysis on the E,p, histograms of individual
cells to determine whether there are additional peaks occurring at values higher than Ej.
Visual inspection of the individual histograms, such as the second and third histograms in
Figure 1, indicated that indeed the histograms of some of the cells presented significant
features beyond Ey4, consistent with what would be seen if a significant contingent of higher
order oligomers were also present [50].

To further test this hypothesis, we determined averages of E,p, for entire cells and plotted
them against average numbers of donor-tagged receptors in the cells (Np). The value of Np
for each cell was estimated from the fluorescence emission of donors corrected for FRET
divided by 120, which was found previously to be the fluorescence emission per one donor
molecule using our set-up [49]. This new method relies on the asymptotic behaviour of the
distributions of cellular averages of E,, at very high and very low donor concentrations
respectively, to extract information on the smallest and largest oligomeric structure in the
system. In this regard, it expands upon some earlier approaches (based on the dependence of
average E,p, on donor—acceptor expression ratio [42,64,65]) by: (1) using the previously
introduced theory of FRET in multimeric complexes [66], and (2) relying on distributions of
cellular E,p, values rather than averages over many cells. The results of such computations
performed for all the cells investigated in this work are presented in Figure 4, which reveals
some interesting features.

The most striking of these features was that, at low Np values, E,p, values approach but do
not exceed E4, which corresponds to dimers and is represented by the dashed horizontal
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lines in Figure 4. This was true for all samples investigated and suggests that dimers are the
largest structure of the S1R receptor formed at low expression levels. If higher order
oligomers were present at those expression levels, the average value of Eyp, for at least
some of the cells would have significantly exceeded Ej (see Supplementary Data) [49].

By contrast, for much higher N concentrations, the cells showed a relatively broad
distribution of Eyp, at any given Np value, which would be possible only if higher order
oligomers were present in addition to dimers and monomers. This is because the FRET
efficiency corresponding to large oligomers containing more acceptors than donors is
expected to be significantly higher than Ej (corresponding to a dimer). For instance, for a
rhombus tetramer (see Supplementary Figure S1 in Supplementary Data) consisting of three
acceptors and one donor it is 3E,/(1 + 2E), whereas for three donors and one acceptor it is
equal to E},, where the pairwise FRET efficiency E, is approximately equal to Eq (assuming
that no conformational changes occur when the dimers associate into tetramers). As a result
and because the acceptor concentration may randomly take values over a broad interval, for
a fixed donor concentration E,p, values range from below Ejq to larger than Ey. This effect
appeared to be stronger for haloperidol-treated cells than for untreated cells, where more
cells reached and even exceeded E4, which was roughly equal to 0.45 for that type of
sample. By contrast, for all (+)-pentazocine-treated cells, the cellular average of Eyp,
remained well below E4 even at high donor concentrations; this observation is consistent
with a dimer-dominated distribution.

In summary, these results indicate that: (i) untreated cells could harbour the S1R in
monomeric, dimeric and even higher order oligomeric forms, (ii) haloperidol tends to
stabilize them in a higher oligomeric state, (iii) whereas (+)-pentazocine has the opposite
effect of stabilizing lower order oligomers (i.e. the dimers).

DISCUSSION
Possible effects of untagged S1R

Based on selective S1R covalent photoaffinity labelling experiments, COS-7 cells do not
express S1Rs in high concentrations [24]. However, the presence of such endogenous
receptors may not be completely dismissed. The same appearance of reduced oligomeric
size could also be created by photobleaching of donors by the excitation light, though in our
measurement system photobleaching is reduced dramatically compared with a system with
point-scan excitation [62]. It is therefore interesting to speculate that, should such ‘dark’
receptors be present, at low expression levels of exogenous (i.e. tagged receptors), FRET
would underestimate the size of the S1R oligomers. For instance, a dimer consisting of a
dark endogenous protomer and a donor-tagged protomer would behave as if it were a
monomeric donor; likewise, a tetramer consisting of two dark protomers, one acceptor-
tagged and one donor-tagged protomer would show the same FRET signature as a DA
dimer. For this situation to occur frequently enough, large amounts of endogenous S1R
and/or high levels of photobleached tags would have to be present, which are both unlikely.

The case against the possibility that monomeric S1Rs may have an artefactual origin is
strengthened by the observation made above that haloperidol seems to shift the equilibrium
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of S1Rs from dimers/monomers to a higher oligomeric state, which would not be possible if
dark forms of the receptors were present, as haloperidol could not turn them into bright
forms (i.e. fluorescently tagged). Therefore, our results are consistent with the concept that
monomeric S1R is a species in its own right, which may self-associate to form dimers and
higher order oligomers at high concentrations and/or in the presence of ligands or other
molecular species that may be present in a biological cell.

Comparison to the literature

We provide in vivo evidence, using newly developed spectral FRET approaches [50,55] for
monomer, dimer and higher oligomeric forms of the SIR when expressed in COS-7 cells.
The S1R antagonist, haloperidol, favoured the distribution and/or stabilization of higher
oligomeric forms of the SIR whereas the S1R agonist, (+)-pentazocine, favoured dimer
forms (Figures 2 and 3). Several reports demonstrating native S1R oligomerization that may
presage fundamental S1R regulatory mechanisms have been made. For example, in vitro
analyses of highly purified MBP S1R fusion protein (MBP-4Ala—S1R) in dodecylmaltoside
(DDM) showed oligomeric forms, including tetramers and hexamers/octamers that
specifically bound [3H]-(+)-pentazocine [38]. The oligomeric forms were stabilized by both
S1R agonists and antagonists. The monomeric form of the S1R did not bind [*H]-(+)-
pentazocine [38]. High affinity radioiodinated S1R photoaffinity probes identified
oligomeric forms of SIR in rat liver membranes [36]. The GXXXG sequence that occurs in
putative TM2 of S1R is an important motif that, in part, determines the ability of the MBP—
4Ala—S1R to oligomerize [38]. Additional residues of the S1R have also been implicated in
S1R dimerization/oligomerization [32].

SIR ligands may regulate the activity of the receptor interaction with client proteins by
altering the oligomeric/monomeric receptor ratio and favouring the oligomeric states. For
example, AFM has demonstrated that S1R monomers bind with 4-fold stoichiometry to the
voltage-gated sodium channel Nav1.5 [67]. Additionally, a 1:1 stoichiometry of SIR
binding of the SR monomer to the NMDA receptor subunit GluN1 has been reported [68].
As assessed by AFM, interaction of the SIR monomer with the Nav 1.5 sodium channel was
reduced by pre-treatment of the SIR-Nav 1.5 ion channel complex with both haloperidol
and (+)- pentazocine. One possible explanation for this observation is that S1R ligands
stabilize associated (i.e. dimer and higher oligomeric) forms of the receptor thus reducing
the concentration of monomers available for interaction with ion channels, NMDA
receptors, GPCRs and other client proteins. Dissociation of the oligomeric states of the
receptor to yield the monomeric form of the SIR may thus expose the C-terminus of the
receptor for client protein interactions including its chaperone functions, as previously
reported [69]. NMR-derived structures of the C-terminus have been reported recently [70].
The effects of an agonist (PRE084) and an antagonist (haloperidol) on the FRET signal from
SIR containing CFP and YFP FRET pairs on the N- and C-terminals have recently been
evaluated in vivo [71] and interpreted in terms of intramolecular conformational changes.
However, it has been reported that S1R forms oligomers [32,36,38] which can also result in
intermolecular FRET signals from the N- and C-termini of adjacent S1Rs that are assembled
into oligomers. A final resolution of the complexity of agonist and antagonist regulation of

Biochem J. Author manuscript; available in PMC 2015 July 13.



1duiosnuey Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mishra et al.

Page 12

the activity of SIR at the atomic level has yet to be discovered and may be due to subtle
conformational changes that result in variable stabilization of the oligomeric forms.

The S1R interacts with many synthetic and natural ligands [5,72]. Photoaffinity labelling has
identified a region of the S1R that juxtaposes a steroid-like binding domain (SBDLI) in
TM2 (including the oligomerization GXXXG sequence) and a C-terminal SBDLII
hydrophobic sequence [33-36]. The SIR ligand-binding site appears to be shared between
monomers since the stoichiometry of binding of the antagonist BD1047 to the in vitro highly
purified MBP—4Ala—S1R in the tetrameric form was found to be one BD1047 bound/dimer
in the tetramer [38]. A stoichiometry of one ligand bound to one dimer was also proposed
from the work of Chu et al. [73] who showed that a C-12 alkyl-containing photoprobe
selectively and quantitatively derivatized His!4> at a proposed SIR dimer interface. Further,
a specific [’H]-ditolylguanidine ([3H]-DTG)-competent-binding dimerized form of the SIR
was obtained by intermolecular disulfide bond formation of a N'7°C mutant upon expression
in COS cells. Interestingly, several computational modelling studies of the binding of (+)-
pentazocine and other S1R ligands to the S1R [37,74,75] indicate ligand binding to the
monomeric form of the S1R receptor. Such findings, if confirmed, would predict a 1:1
binding stoichiometry of ligand to monomer, which would need to be carefully examined
when interpreting oligomerization effects described in the present study and in other studies.

In summary, the application of the spectrally resolved FRET approach showed that SIR
exists in vivo as a dynamic molecule capable of multiple homomeric interactions that are
likely to regulate its multi-tasking function(s). Final resolution of the precise manner by
which S1R agonists and antagonists interact with the S1R is also likely to require additional
supporting structural biology approaches using solution NMR and/or X-ray diffraction.
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Figure 1. Homo-oligomerization in living COS-7 cells of SRsin the absence of ligands
Three representative cells are shown in which the receptors are tagged with fluorescent

proteins, GFP; and YFP as donors and acceptors of energy respectively. The 2D maps of the
fluorescence of donors in the presence of acceptors (k°2) and of acceptors in the presence of

donors (kAP) were used to compute Eqpp for each pixel. The E,p, histograms for each cell

were generated by binning the pixels of the Ej,,, map according to their intensity values.
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Figure 2. Meta-histograms of the peak positions determined experimentally (open circles) and its
simulation using correlated Gaussian functions shown individually (cyan, red, blue, dark-green,
pink, green, dark-pink and dark-red thin lines) and as a sum (black thick line) predicted by a
theor etical model consisting of dimers and monomer s described below

(a)Meta-histogram for 887 cells expressing S1Rs in the absence of ligand. The best-fit value
for E4is 0.433 and the most probable value of the number of donors per pixel () is 9.01. (b)
Meta-histogram for 543 cells expressing S1Rs in the presence of haloperidol ligand
(antagonist). The best-fit value for E4 and n are 0.435 and 8.69 respectively. (C) Meta-
histogram for 390 cells expressing S1Rs in the presence of (+)-pentazocine (agonist). The
best-fit values for E4 and n are 0.435 and 8.20 respectively. In all three panels, the Gaussian
peaks correspond to the model shown in Figure 3 consisting of a mixture of FRET-
productive (i.e. DA) dimers and non-FRET (i.e. DD) dimers and monomeric donors
considered to be localized at the same image pixel (but beyond interaction distances).
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Figure 3. Geometrical configurations and the corresponding mathematical expressions for Egpp
of mixtures of dimersand donors, for the case wher e each pixel contains on average nine donors

For larger numbers of donors, the number of predicted peaks increases proportionally. Free
acceptors as well as dimers containing only acceptors were ignored as they are not excited
directly by light and do not contribute to the measured signal.
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Figure 4. Average Egpp, Vs. average donor concentration for each cell for (a) Sigmal receptors
alone, or (b) in the presence of haloperidol or (c) (+)-pentazocine, respectively
The dashed line, provided as a reference, corresponds to the pairwise FRET efficiency of a

Sigmal receptor dimer (or Ey), extracted as a fitting parameter, from the data fitting into the
model (Figure 2).
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