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Fluorescence resonance energy transfer (FRET), measured by
fluorescence intensity-based microscopy and fluorescence life-
time imaging, has been used to estimate the size of oligomers
formed by the M, muscarinic cholinergic receptor. The
approach is based on the relationship between the apparent
FRET efficiency within an oligomer of specified size (n) and the
pairwise FRET efficiency between a single donor and a single
acceptor (E). The M, receptor was fused at the N terminus to
enhanced green or yellow fluorescent protein and expressed in
Chinese hamster ovary cells. Emission spectra were analyzed by
spectral deconvolution, and apparent efficiencies were esti-
mated by donor-dequenching and acceptor-sensitized emission
at different ratios of enhanced yellow fluorescent protein-M,
receptor to enhanced green fluorescent protein-M, receptor.
The data were interpreted in terms of a model that considers all
combinations of donor and acceptor within a specified oligomer
to obtain fitted values of E as follows: 7 = 2, 0.495 = 0.019; n =
4,0.202 = 0.010; 7 = 6, 0.128 = 0.006; 7 = 8, 0.093 = 0.005. The
pairwise FRET efficiency determined independently by fluores-
cence lifetime imaging was 0.20 — 0.24, identifying the M, recep-
tor as a tetramer. The strategy described here yields an explicit
estimate of oligomeric size on the basis of fluorescence proper-
ties alone. Its broader application could resolve the general
question of whether G protein-coupled receptors exist as dimers
or larger oligomers. The size of an oligomer has functional
implications, and such information can be expected to contrib-
ute to an understanding of the signaling process.
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Much evidence now indicates that G protein-coupled recep-
tors can exist as oligomers (1, 2), a development that has impli-
cations for all aspects of GPCR*-mediated signaling. Among
the many questions prompted by the emergence of such struc-
tures is that of oligomeric size. Although commonly referred to
as dimers, oligomers of GPCRs have been detected most often
by means of coimmunoprecipitation or resonance energy
transfer (3). As typically applied, neither technique can distin-
guish dimers from larger oligomers. The latter have been iden-
tified on the basis of their electrophoretic mobility (reviewed in
Ref. 4), but the composition of the bands may be unclear, and
the size under the conditions of electrophoresis may have little
in common with that in the membrane. Larger oligomers also
have been identified by approaches in which detection requires
the colocalization of three or four proteins, each bearing a dif-
ferent tag (5-11), but such procedures place only a lower limit
on the possible size of the array.

There have been comparatively few attempts to examine the
oligomeric status of a GPCR in a more quantitative and explicit
manner. Measurements of BRET at different ratios of acceptor
to donor have pointed to dimers of the melatonin receptor (12),
the B,- and B,-adrenergic receptors (13), the M,, M,, and M,
muscarinic receptors (14), and the neurotensin receptor (15). In
each case, however, the data were analyzed in terms of a model
developed for gramicidin and based on the notion of a dynamic
equilibrium between the monomeric and oligomeric states
(16). Measurements of the efficiency at which differently tagged
adducts were coimmunoprecipitated from extracts of coin-
fected Sf9 cells suggested that the M, muscarinic receptor is at
least a trimer (5), but the value depended upon properties that
were difficult to measure or control.

In this study, we introduce a general method for the deter-
mination of oligomeric size from the efficiency of fluorescence

*The abbreviations used are: GPCR, G protein-coupled receptor; BRET, biolu-
minescence resonance energy transfer; CHO, Chinese hamster ovary; Cy3,
indocarbocyanine; eGFP, enhanced green fluorescent protein; eYFP,
enhanced yellow fluorescent protein; eCFP, enhanced cyan fluorescent
protein; eGFP-M,, eYFP-M,, and eCFP-M,, fluorophore-tagged M, musca-
rinic receptors; FRET, fluorescence (Forster) resonance energy transfer;
r, rat; FLIM, fluorescence lifetime imaging; GABA, y-aminobutyric acid;
PBS, phosphate-buffered saline; trFz1, truncated rat Wnt receptor Friz-
zled-1; dansyl, 5-dimethylaminonaphthalene-1-sulfonyl.
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resonance energy transfer, as estimated from the spectral prop-
erties and fluorescence lifetimes. The theory underlying the
spectral analyses has been described previously (17) and is
based on the following two considerations: first, the apparent
FRET efficiency is determined by the size of the oligomer and its
complement of donors and acceptors; second, the pairwise
FRET efficiency, i.e. the efficiency for the transfer of energy
from a single donor to a single acceptor, can be inferred from
the apparent efficiency by means of a model in which all path-
ways for FRET are enumerated for all combinations of donor
and acceptor in an oligomer of specified size.

This approach has been applied to fluorophore-tagged M,
muscarinic cholinergic receptors expressed in CHO cells. The
data indicate that the receptor exists as a tetramer, as suggested
previously on the basis of electrophoretic mobility (4, 5, 18),
copurification (4, 5, 18), and noncompetitive effects in the bind-
ing of agonists and antagonists (4, 18 -20). Similar studies on
other GPCRs can be expected to reveal the degree of oligomeric
diversity within the rhodopsin-like subgroup and across the
family at large. The approach also can be extended from live
cells to more controlled systems, where it may help to distin-
guish functional properties that are intrinsic to monomers from
those that emerge as a consequence of oligomerization. Such
information has implications for our understanding of the
mechanistic and molecular factors that underlie signaling. A
preliminary report of this work has appeared elsewhere (21).

EXPERIMENTAL PROCEDURES

Fluorophore-tagged Receptors—The human M, muscarinic
receptor was fused at the N terminus to eGFP, eYFP, or eCFP.
The fluorophores were preceded by a cleavable signal sequence
derived from the chicken «7 nicotinic acetylcholine receptor
signal peptide (a7ss), which has been shown to enhance local-
ization at the plasma membrane (22). Placement of the fluoro-
phores at the extracellular surface permitted their environment
to be controlled with respect to pH. The cDNA coding for eGFP
was generated from that for eYFP by site-directed mutagenesis
at the following three positions: F64L, S65T, and H231L. The
c¢DNA coding for eCFP was generated from that for eGFP by
site-directed mutagenesis at a further six positions as follows:
K26R, Y66W, N146I, M153T, V163A, and N164H (23-25).
Dimerization of the fluorophore was precluded in each case by
the mutation A206K (26).

The signal sequence, the cDNA coding for eGFP, eYFP, or
eCFP, and the cDNA coding for the receptor were amplified by
PCR, which added 20 bases corresponding to the 5" and 3’ ends
of what would become the contiguous fragment. This created
overlapping regions of homology within the fragments, which
were combined with vector DNA and linked by homologous
recombination in living yeast cells (27).

eYFP also was fused to the N terminus of a truncated variant
of the rat Wnt receptor, Frizzled-1 (rFz1). The truncated form
included amino acids 294 — 640 and was amplified via PCR from
a previously generated expression vector containing wild-type
rFz1 (28). Ascl and Nhel restriction sites were added by means
of the primers at the 5" and 3’ ends, respectively. The amplified
product was digested and ligated into the pIRESpuro vector at a
position downstream of the reading frame for a7ss-eYFP.
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All sequences were confirmed by DNA sequencing. Plasmid
DNA was recovered from yeast cells and propagated in bacteria.
Genes necessary for the replication and growth of yeast were
removed using standard molecular biological techniques.

Cell Culture—Chinese hamster ovary (CHO-S) cells were
grown in Dulbecco’s modified Eagle’s medium containing
GlutaMAX® supplemented with 10% (v/v) fetal bovine serum and
0.1 mMm nonessential amino acids. All reagents were from Invitro-
gen. The cells were grown on sterile glass coverslips (Fisher) at
37 °C in a humidified atmosphere of 6% CO,. The coverslips (10
mm for standard confocal imaging and 25 mm for FLIM) were
coated with poly-L-ornithine (Sigma) (29), seeded with a total of
1 X 10° cells, and incubated for 24 h to ensure adhesion. The cells
then were transfected with 1 ug of each plasmid using Lipo-
fectamine 2000 (Sigma) (30), incubated for a further 24 h, and
washed with PBS prior to imaging. The efficiency of transfection
was 52%, measured as the fraction of cells expressing eGFP-M,,.
Standard confocal imaging and FLIM were performed in Dulbec-
co’s PBS (Sigma) and RPMI media (Wisent), respectively.

Immunocytochemistry—CHO cells were plated on sterile
glass coverslips (25 mm), transfected with the plasmid coding
for eGFP-M,, and incubated for 24 h as described above. The
cells then were incubated for 1 h with a monoclonal anti-eGFP
antibody (Abcam) at a dilution of 1:1,000, washed three times
with sterile PBS, and incubated for 1 h with a Cy3-labeled anti-
IgG (mouse) antibody (Jackson ImmunoResearch) at a dilution
of 1:100. They subsequently were washed three times with ster-
ile PBS and transferred to RPMI media for imaging. Images
were acquired on a Zeiss Axiovert 100 laser-scanning confocal
microscope. Enhanced GFP was irradiated using a 488-nm Ar™
laser operated at 0.93 milliwatt (i.e. 3.7% of the maximum
power) and a 500 —550-nm bandpass filter. Cy3 was irradiated
using a 543-nm HeNe laser at 100% of the maximum power (1
milliwatt) and a 560-nm long pass filter.

Binding of Radioligands—CHO cells were seeded on
150-mm plates and transfected with 50 ug of the plasmid for
eGFP-M, using calcium-phosphate precipitation (31-33). The
efficiency of transfection was 12%. After 24 h, the cells were
harvested in buffer A (50 mm HEPES, 10 mm MgCl,, 1 mm
EDTA, 1 Complete Protease Inhibitor Cocktail tablet (Roche
Diagnostics), adjusted to pH 7.45 with NaOH). The membranes
then were homogenized by several passes in a Potter-Elvehjem
tissue blender with a Teflon pestle. The protein concentration
was measured using a BCA assay kit from Pierce, with bovine
serum albumin (Pierce) taken as the standard, and the homo-
genate was diluted to 0.07 g of protein per liter with buffer A.
The diluted homogenate was centrifuged at 5,000 X g for 15
min at 4 °C, and the pellet was stored at —80 °C.

Thawed pellets were resuspended in buffer A, and the bind-
ing of [PH]quinuclidinylbenzilate (Amersham Biosciences, lot
B52, 48 Ci/mmol) was measured at graded concentrations of
the radioligand after equilibration of the mixture for 2 h. Fur-
ther details regarding the binding assays and the analysis of the
data in terms of the Hill equation have been described previ-
ously (Ref. 4 and references therein).

Release of Ca”* —CHO cells were grown in a 6-well plate and
cotransfected, using Lipofectamine 2000, with 1 ug each of the
plasmids coding for eCFP-M, and Ge,,;,. The latter is a chi-
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meric form of Ge, in which nine residues at the C terminus
have been replaced with the corresponding nine residues from
Gay, (34). The cells then were bathed in an imaging buffer (20
mwm HEPES, 146 mm NaCl, 5 mm KCl, 1 mm MgCl,, 1 mm CaCl,,
1 g/liter bovine serum albumin, 1 g/liter glucose, adjusted to pH
7.4 with NaOH) and loaded with Fluo-4 (Invitrogen). Changes
in the level of intracellular calcium upon the addition of
oxotremorine-M and N-methylscopolamine were monitored
in a FLEXstation scanning fluorometer (Molecular Devices)
according to protocols that have been described previously
(35). eCFP-M, was used in place of eGFP-M, or eYFP-M, to
avoid direct excitation of the fluorophore by the xenon lamp at
492 nm, the wavelength used to excite Fluo-4. The emission was
measured at 525 nm.

Estimation of Apparent FRET Efficiency by Spectral Anal-
ysis—Confocal images were acquired on a Leica SP2 confocal
microscope equipped with a 40X oil immersion lens. Each full
spectral scan encompassed the range from 474.5 to 552.5 nm,
which was covered in 14 emission frames with a bandwidth of 5
nm and separated by 1 nm. Samples were excited at 458 nm by
means of an Ar " laser and an RT-30/70 dichroic mirror. Images
were acquired from single focal sections in which the tagged
receptors were located predominantly at the plasma membrane, as
determined from a comparison of the fluorescence and contrast
images. The diameter of the pinhole was 1 Airy unit throughout.
All intensities were measured using Image] (36).

Emission spectra were recorded before and after stepwise
photobleaching of the acceptor. The individual contributions
of donor and acceptor to each spectrum were determined by
deconvolution (37) and expressed as kp,(;, and kp;, respec-
tively, which represent the emission from each fluorophore at
its respective peak after the jth round of photobleaching.

The acceptor was photobleached by scanning the field of
view three consecutive times with an Ar™ laser at 514 nm, and
the amount remaining after photobleaching was determined by
measuring the intensity of fluorescence at 526 —-531 nm upon
excitation at 514 nm. The process was repeated until the emis-
sion was indistinguishable from background levels or there was
an interruption, such as a movement of the cell that caused a
change in the population of fluorophores within the focal plane.
The data from 36 cells treated in this manner were subjected to
further analysis as described below; the mean intensity of emis-
sion from the acceptor after the last round of photobleaching
was 43% (S.E. = 3%) of that recorded initially.

The apparent FRET efficiency was estimated by donor-de-
quenching (E294, Equation 1) and by acceptor-sensitized emission

app’

(Epp Equation 2). Both estimates were obtained for each cell.

k
B =1 (Eq. )
D
kAD(O) )
Exe = ( -1 (£q.2)
P m(ki” — komp0)

In Equation 1, the parameter kp, 5 () represents the intensity
of emission from the donor in the presence of unbleached
acceptor. The parameter kp represents the intensity in the
absence of acceptor, which was estimated by extrapolation of
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FIGURE 1. Emission from eGFP-M, upon photobleaching at 514 nm. A, cell
coexpressing eGFP-M, and eYFP-M, was subjected to 12 rounds of photo-
bleaching and spectral analysis to obtain values of kp ;) and kap, for the cell
before bleaching (j = 0) and after each successive round (j = 1-12) (@). The
stepwise decrease in k,p() was accompanied by anincrease in k5 thatarose
from donor-dequenching. Each value of kp,, also was adjusted according to
Equation 4 to correct for photobleaching of the donor (O). The lines were
fitted to the uncorrected (@) and corrected data (O) by linear regression, and
the corresponding x-intercepts represent kg and k3, respectively, as
described in the text. B, cell expressing eGFP-M, alone was subjected to suc-
cessive rounds of photobleaching. The emission spectrum was acquired after
each step (j), and the intensity at the maximum (kp,) is shown relative to that
from the unbleached cell (kp o). The line represents the best fit of Equation 3
to the data, and the fitted value of f, is 0.989 + 0.001. Inset, the emission
spectrum was recorded before photobleaching (l) and after each successive
stepj(A, ¥V, @, @[] A, V). AU, arbitrary units.

the observed linear relationship between k,p(;, and kp,(; to
obtain a value for kp,;, after complete photobleaching of
eYFP-M, (i.e. when k,,;, = 0) (Fig. 14).

Two values of kj, can be obtained for each cell. One is based
on the estimates of ki, ,(, taken at face value, and it therefore
disregards the possibility that the donor is photobleached dur-
ing successive rounds of spectral acquisition and irradiation at
514 nm. Such a relationship between k,,;, and kp; is illus-
trated by the closed circles in Fig. 1A, and the corresponding
value of kp, is designated here as kp,.

The second value of kp, incorporates a correction for photo-
bleaching of the donor. To measure the potential magnitude of
such an adjustment, cells expressing eGFP-M, alone were pho-
tobleached at 514 nm in the stepwise manner described above
for cotransfected cells. The emission spectrum was recorded
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after each round of photobleaching (j), as illustrated in Fig. 1B
(inset), and the intensity at 508 -513 nm (kp,;,) was normalized
to the corresponding intensity from the unbleached cell (kp,q,).
The decrease in kp;/kp o) With respect to j can be described
empirically by Equation 3 (Fig. 1B), in which £, is the fraction of
the signal remaining after a single round of photobleaching; f/ is
therefore the fraction remaining after the jth round, and &,
and kp,;, represent the intensity of emission from eGFP-M,
before photobleaching and after the jth round, respectively.
The effect on kp,;)/kpy ) Was consistent from cell to cell, and the
mean value of f, from 21 cells is 0.981 (S.E. = 0.001).

ko = ko f* (Eq.3)

To compensate for photobleaching of the donor in cotrans-
fected cells, each estimate of kp,(, was adjusted upward
according to Equation 4.

« _ kong
DA(j) — j
() f/r

(Eq.4)

Linear extrapolation of the relationship between k,p, and
kb a() Yields the intensity of emission in the absence of acceptor,
corrected for photobleaching of the donor (Fig. 14, open cir-
cles). That value is designated here as k7.

In Equation 2, the parameter &, represents the intensity
of emission from the acceptor in the presence of the donor, as
determined by deconvolution of the spectrum from the
unbleached cell. The corresponding denominator is the inten-
sity of emission from eYFP-M, at 526 —531 nm upon excitation
at 458 nm in the absence of eGFP-M,, calculated as the differ-
ence between the total emission at 526 —-531 nm upon excita-
tion at 514 nm (ie k3'*) and that portion attributable to
eGFP-M, (i.e. kpnp0). The quotient in Equation 2 was adjusted
for the difference in excitation wavelength between numerator
and denominator by the factor 1, (Equation 5), which is the
intensity of emission at 526 —~531 nm upon excitation at 458 nm
(I**®) relative to that upon excitation at 514 nm (I°'%).

I458
M = pia (Eq.5)
The value of m, was determined from eYFP-M, expressed
alone, and the mean from 40 such cells is 0.211 (S.E. = 0.001).
To estimate the contribution of the donor to the denomina-
tor in Equation 2, the value of ki, was taken as either &7, or k33, as
described above, and adjusted to account for differences in the
wavelengths of excitation (n,) or emission (6). The factor my, is
the intensity of emission from the donor at 526 -531 nm upon
excitation at 514 nm (I°'*) relative to the intensity upon excita-
tion at 458 nm (I*°®) (Equation 6).

/514
Mo = 58 (Eq.6)
The value of m was determined from eGFP-M, expressed
alone, and the mean from 38 such cells is 0.48 (S.E. = 0.03). The
factor 6 is the intensity of emission from the donor at 526 -531
nm (/(556_531)) relative to the peak intensity at 508 -513 nm
(508 _513)) (Equation 7).
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. I(526—531)

0 (Eq.7)

l(508-513)

Both k%, and k7 were determined by deconvolution, as
described above, and therefore represent the intensity of emis-
sion at 508 =513 nm. The value of 0 is 0.464.

For estimates of the FRET efficiency uncorrected for photo-
bleaching of the donor, the value of k;, was taken throughout as
kg (i-e. in Equations 1 and 2). For efficiencies corrected for pho-
tobleaching of the donor, the value of k, was taken throughout
as kiy.

Relationship between Pairwise FRET Efficiency and Oligo-
meric Size—Apparent FRET efficiencies (E,,,) were measured
in cells differing in the ratio of total acceptor ([A]}) to total
donor ([D]}). Differences in [A]/[D]; emerged stochastically
upon cotransfection of the two plasmids. The data were ana-
lyzed in terms of a model described previously (17) to obtain
fitted estimates of the pairwise FRET efficiency (E) between a
single donor and a single acceptor in an oligomer of size 7.

To compare the results for different values of #n, it was
assumed that the value of E is the same for all combinations of
donor and acceptor within the oligomer (Equations 8 —13). For
the specific case of a tetramer (n = 4), the model also was for-
mulated with arbitrary distances as described below (Equations
14 and 15) and in the supplemental material. Either approach is
expected to be consistent with the dynamic averaging that
would ensue if the fluorophore were to interconvert through
multiple orientations on a time scale that was rapid relative to
that of a spectral measurement. It is assumed throughout that
all oligomers are of the same size.

If E is the same for all pairs of donor and acceptor within an
oligomer, the apparent FRET efficiency in a mixture of mono-
mers and oligomers is given by Equations 8 and 9 (17)

n—1

k(n — k)E ny , .,
Moligok21.Hm_l(_.l)E< K ) PoPa
ddg _ _
Eapp [D] + I‘LoligonPD <Eq‘ 8)
n-1
kin — k) E N\ ek
Moligo E m( K ) P oPa
k=1 €p
= +— (Eq.9
PP [A] + I-LoligonPA €A ( i )

The ratio [A]/[D] is the independent variable and enters into
the model as P, = [A]/([A]; + [D]) and P, = [D]+/([A]} +
[D];). Different combinatorial arrangements of donor and
acceptor are accommodated by the summation over all values
of k, which denotes the number of donor-tagged protomers
within the oligomer. In Equation 9 and elsewhere, the ratio
€p/€, equals (e %ely®)/(€3*€5>®). The constants €5° and €3'*
denote the extinction coefficient of the donor and acceptor,
respectively, at the peak in the excitation spectrum. They were
corrected for submaximal excitation by the factor €5°® (X = D
or A), which is the excitation of the fluorophore at 458 nm
relative to that at the wavelength of maximum excitation. The
value of e3°® was taken as 0.62 and 0.09 for the donor and accep-
tor, respectively (23, 38), and the corresponding values of
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€158¢12® and €31%e2>® are 33,170 M ' cm ™! (eGFP) and 7,434
M~ ' ecm™! (eYFP) (37).

The parameter p;,, in Equations 8 and 9 represents the
concentration of oligomer in the presence of monomeric donor
or acceptor at the concentration [D] or [A]. If there are no free
monomers, Equations 8 and 9 simplify to Equations 10 and 11,
respectively.

1"} k(n — K)E n
ddq _ k—1pn—k
Evop nk21+(n—k—1)E<k>PD Pa (Eg.10)

=1

n—1

ase 1 € k(n_k)E (n k pn —k—1
app—;’akzm k)PDPA (Eq. 11)

=1

To test for the presence of monomers in the context of the
model, Equations 8 and 9 were rearranged as Equations 12 and
13, in which the parameter ¢ represents the relative number of
protomers in the monomeric and oligomeric states, i.e. §, =
[D]/(otigoPp) and &5 = [A]/(KotigoPa)-

' kn—KE (n\ , ,
5211 +(n—k—1)E<k>PD Ph
ddq _ _
Eapp A (Eq.12)
n—1
12M<n>lgkpn7k71
n“1+(n—-k—1Ek) P~
ase k=1 E
app &+ 1 . (Eg.13)

Two specific configurations of a tetramer were examined for
the implications of arbitrary distances between donor and
acceptor, namely a square and the rhombus formed by two
equilateral triangles (supplemental material). Each arrange-
ment predicts two values for the pairwise FRET efficiency
between one donor and one acceptor; one value corresponds to
the transfer of energy along one side (E,), and a second corre-
sponds to that across the diagonal (E,). These values of E are
linked in a manner that is defined by the relative, center-to-
center distances between individual fluorophores within each
oligomer. General expressions for the apparent FRET efficiency
in either a square or a rhombus are shown below as Equations
14-and 15, in which the coefficients ¢, are functions of E or E.
The specific expressions and other details are described in the
supplemental material (square, Equations S9a and S9b;
rhombus, Equations S11a and S11b).

1
Eﬁgg = Z(Pid)l + PoPacb; + PoPachs) (Eq.14)

ase 1 € 2 2 3

app — Z':A(PDPA¢1 + PoPacd, + Poobs) (Eq.15)
Estimation of [A];/[D]—Equations 815 were applied to

data from cells for which estimates of both ESod and E25, were

available. The required values of [A]/[D] therefore were cal-

culated according to Equation 16 (17).
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d 88 8
(A}, Eseles
[DF Eneed®

(Eq. 16)

In cells coexpressing eGFP-M, and eYFP-trFz1, £ was not
defined because of the virtual absence of FRET. The value of
[A]/[D]+ for each cell was therefore calculated according to

Beer’s law as shown in Equation 17.

[Al  apel®

O @& R

The absorbance of the acceptor (a,) was obtained from
Equation 18, in which the difference k3* — kpao)Mp0 is the
intensity of emission from eYFP-trFz1 at 526 -531 nm upon
excitation at 514 nm; k3'* is the total emission under those
conditions, and kp,Mp0 is that portion attributable to
eGFP-M, as described below. Q, is the quantum yield of eYFP,
which was taken as 0.61 (37).

k't — Koao) o0
Qa

a, = (Eg. 18)
The absorbance of the donor (ap,) was obtained from Equation
19, in which Qy, is the quantum yield of eGFP taken as 0.64 (37).
Equation 19 incorporates a correction for the FRET efficiency
as determined by donor dequenching (1 — Ego9) and for the
difference between excitation at 458 nm and excitation at 488

nm (ef®). A negative value of E559 was entered as zero.
_ kDA(O)
Qo(1 — e

app

dp (Eq.19)
The constant kp, , ) in Equations 18 and 19 is the intensity of
emission at 508 —513 nm upon excitation at 458 nm. Because of
the absence of FRET, as indicated by the results of spectral
deconvolution, this is a measure of the emission from the
unquenched donor. Its use here is therefore analogous to the
substitution of kf, or kg for kp, in Equation 2.

Data from cells coexpressing eGFP-M, and eYFP-trFz1 were
compared with the results from similar measurements with
cells coexpressing eGFP-M, and eYFP-M,. In the latter case,
the values of a , and a, required by Equation 17 were calculated
according to Equations 20 and 21. The value of k{y was deter-
mined from the deconvoluted spectra after successive photo-
bleaching as described above.

K~ Kb

aA Q (Eq 20)
A
kee
D
dp = — (Eq.21)
QDeESS

Estimation of FRET Efficiency from Fluorescence Lifetimes—
Time-correlated single-photon counting was carried out on a
Zeiss Axiovert 100 laser-scanning confocal microscope
equipped with Hamamatsu R3809U-52 detectors controlled by
a Becker-Hickl DCC-100 control module. The excitation
source was a Chameleon multiphoton laser system (Coherent)
tuned to 900 nm (eGFP-M, alone or eGFP-M,, plus eYFP-M,)
or 930 nm (eYFP-M,), and the cells were scanned at power
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setting 8 for a period that ranged from 360 to 480 s. The emis-
sion was measured over all wavelengths in a focal plane near the
center of the cell, and images were acquired with a 40X oil
immersion lens at a resolution of 128 X 128 pixels.

The images were analyzed on a pixel-by-pixel basis using
SPCImage (Becker-Hickl). Four pixels generally were binned to
obtain the data for subsequent analyses. For each bin, all pho-
tons collected over the course of the measurement were
described by the convolution of the instrument response func-
tion and a sum of g exponentials; the latter is shown as Equation
22, which describes the time-dependent decay of fluorescence
from a value determined by the former. The parameter 7; rep-
resents the lifetime of component j; 4; is the corresponding
amplitude, and a,, is the time-independent background.

q
f(t) =a, + X ae " (Eq.22)

j=1

Equation 22 was taken as a monoexponential (g = 1) in the case
of cells expressing eGFP-M, or eYFP-M, alone and as a biex-
ponential (g = 2) or a triexponential (g = 3) for those coex-
pressing eGFP-M, and eYFP-M,. The number of traces ranged
from 1.4 X 10* to 10° per image.

The distribution of all lifetimes obtained from Equation 22
for all bins in the same image was described empirically as a sum
of gaussians. The data were analyzed in terms of Equation 23, in
which the parameter 7, ; represents the mean lifetime of the jth
gaussian; A; and o; represent the corresponding amplitude and

J
standard deviation, respectively.

q
f(r) = X Aje ™ 2]

j=1

(Eq.23)

Distributions from cells expressing eGFP-M, or eYFP-M,
alone were described by a single gaussian (g = 1). Those from
cotransfected cells were described by two or three gaussians
(g = 2 or 3) as described below.

The FRET efficiency for a single donor-acceptor pair (E) was
calculated according to Equation 24, in which 7, and 7, rep-
resent the lifetimes of quenched and unquenched eGFP-M,,
respectively (39). The values of 1, and 7, for each cell were
taken as the fitted values of 7,, and 7,, (Equation 23), as
described under “Results,” and the means from all cells were
substituted in Equation 24.

-
E=‘]—ﬂ

Eq.24
™ (Eq.24)

When the oligomer is a dimer, the value of 7, estimated
from Equation 23 is the lifetime for the interaction between one
donor and one acceptor. In that case, the values of E in Equation
24 and in Equations 8 —13 are identical. With larger oligomers,
the fitted value of 7, , is a biased average of two or more life-
times as described in the supplemental material.

Statistical Procedures—Equations 8 —15, 22, and 23 were fit-
ted to the data by nonlinear regression. The errors associated
with parameters derived from a single analysis were estimated
from the diagonal elements of the covariance matrix. Differ-
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ences in the sum of squares associated with fewer or additional
parameters were tested for significance by means of the F sta-
tistic. Further details regarding these and other statistical pro-
cedures have been described previously (40).

RESULTS

Functionality and Levels of Expression—Upon expression in
CHO cells, M, muscarinic receptors bearing eGFP, eYFP, or
eCFP at the N terminus appeared to reside predominantly at
the plasma membrane. Except where stated otherwise, most
fluorescence emanated from an annulus coincident with the
membrane in the focal plane of cells selected for further analysis
(Fig. 2A4). Also, there was marked colocalization of the fluores-
cence from eGFP and Cy3 when intact, nonpermeabilized cells
expressing eGFP-M, were treated successively with an eGFP-
specific primary antibody and a Cy3-conjugated secondary
antibody (Fig. 2C). Cells expressing eGFP-M, and treated only
with the secondary antibody displayed no fluorescence above
560 nm upon irradiation at 543 nm; similarly, no fluorescence
was obtained upon treatment with the primary antibody alone.

Treatment of transfected cells with the agonist carbachol at a
concentration of 0.1 mMm caused a redistribution of receptors
from the membrane to the interior over a period of about 60
min (Fig. 2D). In contrast, there was no change upon the addi-
tion of 1 uM N-methylscopolamine. With cells coexpressing
eCFP-M, and Ge,, treatment with the agonist oxotremo-
rine-M at a concentration of 10 mm caused a release of intra-
cellular Ca", as indicated by a sustained increase in fluores-
cence from Fluo-4. The effect was blocked when
oxotremorine-M was accompanied by N-methylscopolamine
at a concentration of 1 um (Fig. 2E).

Specific binding of the antagonist [*H]quinuclidinylbenzilate
to homogenized membranes from CHO cells expressing
eGFP-M, revealed a single class of sites with an apparent affin-
ity of about 30 nM (Fig. 3). Maximal specific binding was 103 pm
(S.E. = 4 pm, N = 3) at a protein concentration of 0.07 g/liter,
which corresponded to 0.88 X 10° receptors per cell or 1.5 nmol
of receptor per g of protein. Cells used for the binding assays
were transfected by means of calcium phosphate precipitation;
those destined for measurements of FRET were transfected
with Lipofectamine 2000, which give higher efficiencies of
transfection with less plasmid. The level of expression per cell
in the latter therefore was comparable with or less than that in
the former.

Determination of Apparent FRET Efficiency from Spectral
Analysis—Emission spectra typical of those recorded from
CHO cells coexpressing eGFP-M, and eYFP-M, are illustrated
in Fig. 4A. Stepwise photobleaching of the acceptor caused a
diminution of the peak corresponding to the acceptor (eYFP-
M,, A,.., = 527 nm) and a concomitant enhancement of that
corresponding to the donor (eGFP-M,, A, = 509 nm).
Deconvolution of the spectra in Fig. 4A yields the individual
spectra for the donor and the acceptor, shown in Fig. 4, Band C,
respectively. The effects of photobleaching confirm the pres-
ence of FRET between donor- and acceptor-tagged receptors.

Apparent FRET efficiencies calculated from the values of k, 5
and k, obtained from 36 cells at different values of [A]/[D]+
are shown in Fig. 5. Efficiencies estimated from donor-de-
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FIGURE 2. Localization and activation of eGFP-M, and eCFP-M, in live
CHO cells. A and B, left panel shows the contrast image of a CHO cell express-
ing eGFP-M,, (A) or eYFP-trFz1 (B), and the right panel shows the confocal
image of the same cell irradiated at 458 nm. Similar results were obtained
with eYFP-M, and eCFP-M,. C, CHO cells expressing eGFP-M, were labeled
with a mouse anti-GFP primary antibody and an anti-IlgG (mouse) secondary
antibody conjugated to Cy3. The individual panels are as follows: from left to
right, contrast image, fluorescence from eGFP upon irradiation at 488 nm,
fluorescence from Cy3 upon irradiation at 543 nm, and the merged image
from 2nd (eGFP) and 3rd (Cy3) panels. D, CHO cells expressing eGFP-M, were
imaged at different times after the addition of 0.1 mm carbachol. Punctate
densities appeared at the membrane after 15 min, followed by internalization
after 30 min; by 60 min, the loss of signal from the plasma membrane was
almost complete. The same cell is shown at each time. E, cells coexpressing
eCFP-M, and Gag,, were monitored at 525 nm for Ca®*-induced fluores-
cence. At the time shown by the arrow, the cells were treated with 10 mm
oxotremorine-M alone (O) or together with 1 um N-methylscopolamine (@). F
and G, decay of fluorescence was monitored from cotransfected CHO cells in
which eGFP-M, and eYFP-M, were localized primarily in the interior (F) or at
the plasma membrane (G). Each bin contained four pixels, and the trace was
fitted by a biexponential decay (Equation 22, g = 2). The range of fluores-
cence lifetimes is represented by the color scale below G. A.U., arbitrary units.

quenching range from 0.05 to 0.67 if photobleaching of the
donor is assumed to be negligible (i.e. k, = k{, in Equation 1)
(Fig. 5A4) and from 0.11 to 0.70 if the values of kp,; are cor-
rected for photobleaching as described under “Experimental
Procedures” (i.e. kp, = kg in Equation 1) (Fig. 5C). Similarly,
efficiencies estimated from acceptor-sensitized emission range
from 0.05 to 1.80 if k, in Equation 2 is taken as k¢, (Fig. 5B) and
from 0.07 to 1.72 if k, is taken as kg (Fig. 5D).

As defined by Equation 2, Ej.; is the donor-dependent

app
increase in the intensity of emission from the acceptor over the
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FIGURE 3. Binding of [*H]quinuclidinylbenzilate to homogenized mem-
branes from CHO cells expressing eGFP-M,. Total binding was measured at
graded concentrations of [*H]quinuclidinylbenzilate alone (upper curve) and
in the presence of 1.0 mm N-methylscopolamine (base line). The data were
analyzed in terms of the Hill equation, as described previously (i.e. Equation 1
in Ref. 4). The Hill coefficient proved to be indistinguishable from 1 (p = 0.87)
and was fixed accordingly in subsequent analyses. The lines represent the
best fit of the equation to the data from three experiments (O, [, A) taken in
concert. Asingle value of the apparent equilibrium dissociation constant (log
K) was common to all of the data; maximal specific binding (8,,,,,) and non-
specific binding were estimated separately for the data from each experi-
ment. The fitted values of log K and B,,,,, are —9.50 = 0.03 and 95-110 pwm,
respectively. Values plotted on the ordinate have been normalized to the
mean value of B, (i.e. 103 = 4 pm).

intensity that would result from direct excitation of the accep-
tor alone. A consequence of this definition is that the value of
EZ;, canexceed 1. It is expected that the rate of direct excitation
of donors by incident light was low under the conditions of the
experiments; the efficiency of excitation at 458 nm is 62% of
that at 488 nm (i.e. A,,,,, for GFP) (37); also, the quantum yield
(Qp) is 0.64, and the laser was operated at 2.8 milliwatts, or 56%
of its maximum power. The direct excitation of acceptors was
even lower, however, as the efficiency of excitation at 458 nm is
only 9% of that at 514 nm (i.e. A, for YFP) (37). For cells
expressing low levels of acceptor relative to donor, it is likely
that most of the acceptor-tagged receptors are in donor-con-
taining complexes and undergo FRET; moreover, the likelihood
of such complexes increases with the size of the oligomer.
Because the degree to which acceptors are excited directly at
458 nm is low, and because most are in complexes that undergo
FRET, the difference between direct excitation and acceptor-
sensitized excitation can be large, resulting in values of E3;,
greater than 1. This is seen to occur in seven cells when the
efficiency is calculated with &, (E55, = 1.04-1.80) and in six
cells when the efficiency is calculated with ki (E55, = 1.05—
1.72). The corresponding values of [A]-+/[D] - are 0.47—1.83 and
0.75-1.65, respectively.

The various adjustments to kp, , (Equation 1) and k,, (Equa-
tion 2) compensate for known technical distortions to yield
fully corrected estimates of Eg;‘;‘ and E37. Because the latter
were measured in parallel for each cell, the ratio can be used to
calculate the ratio of total eYFP-M, to total eGFP-M, ([A]L/
[D]+) according to Equation 16. That value is analogous to the
G factor, which relates Eﬁ;‘; and E37) in a previously described
procedure that also was designed to obtain corrected measures
of FRET (41). In the case of m, and 1, the corrections adjust for

global factors that are determined by the spectral properties of
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FIGURE 4. Emission spectra from a CHO cell coexpressing eGFP-M, and
eYFP-M,. The observed spectra (A) and the constituent spectra obtained for
eGFP-M, (B) and eYFP-M, (C) by deconvolution are shown for the cell before
photobleaching (j = 0) and after successive bouts of irradiation at 514 nm (j =
1-6). The corresponding values for the relative intensity of the emission from
the donor and the acceptor (kpag/kap() are as follows (j = 0-6): 0.73, 1.10,
1.37,1.69, 2.10, 2.47, and 3.43. A.U., arbitrary units.

the fluorophores and by instrumental parameters during acqui-
sition of the image. Such factors are expected to be the same
from cell to cell, and the mean values of both n, and 7, are
associated with low standard errors. The acquired spectra
therefore exhibited the expected consistency and precision
over the course of the investigation. That in turn speaks to the
fidelity of E5;;, and Efsg as estimates of apparent efficiency.
FRET Efficiency and Oligomeric Size—Apparent FRET effi-
ciencies determined by donor-dequenching and acceptor-sen-
sitized emission at different ratios of acceptor to donor were
analyzed in terms of Equations 10 and 11 to obtain estimates of
the pairwise FRET efficiency (E) in an oligomer of size n. The
values of £, and [A]/[D]; were corrected for photobleaching
of the donor or left uncorrected, as described above, and three
values of E were obtained for each # as follows: two values from

separate analyses of the data from each protocol (i.e. Ejg;} and
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EZ;), and one value from a simultaneous analysis in which £
was common to the data from both. The parametric values are
listed in Table 1, and the fitted curves are illustrated by the lines
in Fig. 5.

The fits to either E‘:gg or E35 are essentially equivalent at
different values of n (Fig. 5). A specific oligomer therefore can-
not be identified on the basis of spectral analyses alone, at least
with the present data. The model nevertheless gave well defined
values of E that range from 38% for a dimer (n = 2) to 6% for an
octamer (1 = 8) if photobleaching of the donor is disregarded
(Table 1 and Fig. 5, A and B); if photobleaching is taken into
account, the values range from 50% for a dimer to 9% for an
octamer (Table 1 and Fig. 5, C and D). Pairwise efficiencies
estimated by donor-dequenching (Efs;}, Equation 10) and
acceptor-sensitized emission (E3;, Equation 11) are in good
agreement at all values of , and there is little effect on the sum
of squares if both sets of data are analyzed in concert with a
single value of E (p > 0.40).

Oligomeric Homogeneity—Estimates of the pairwise effi-
ciency derived from spectral studies depend in part on the con-
centrations of donor- and acceptor-tagged monomers, which
were taken as zero in the analyses described above (i.e. Equa-
tions 10 and 11). To test this assumption, the simultaneous fit of
Equations 12 and 13 to both sets of data was mapped with
respect to the value of & which was taken as the same for donor
and acceptor (i.e. &, = &,). The values of E;‘;‘g and E} were
corrected for photobleaching of the donor, and the two sets of
data shared a single value of E. The value of n was taken as 4.

Any value of ¢ greater than 0 was accompanied by an increase
in the pairwise FRET efficiency and in the sum of squares. The
latter is significant (p < 0.05) when 40% or more of the recep-
tors are assumed to exist as monomers (i.e. £ =0.35), and the
pairwise FRET efficiency within the oligomer equals or exceeds
38%. If the efficiency is taken as 20% (Table 1, n = 4), the
increase is significant when only 9% of the receptors are mono-
mers (i.e. £ = 0.1). The same trend was observed when the fits to
EZS9 (Equation 12) and E3%, (Equation 13) were mapped inde-
pendently. The data therefore are consistent with the assump-
tion that M, receptors captured in the confocal images existed
wholly as oligomers.

FRET Efficiencies Based on Arbitrary Distances in a Tetramer—
Equations 8 =13 pre-suppose that the distance between donor
and acceptor is the same for all pairs within the oligomer. This
is unlikely for oligomers larger than a trimer, and the data from
the 36 cells represented in Fig. 5 therefore were evaluated in
terms of a tetramer configured as a square and a rhombus
(supplemental Fig. S1).

Equations 14 and 15 were fitted simultaneously to the cor-
rected estimates of E;‘gg and E3, (i.e. kp = kgy in Equations 1
and 2) to obtain a single value for the efficiency corresponding
to FRET along one side (E,) or, in a separate analysis, to that for
FRET across the diagonal (E,). The fitted curves are essentially
superimposable with those obtained with Equations 10 and 11
(cf. Fig. 5, Cand D, n = 4), and the fitted values of E  and E, are
as follows: for a square, 0.27 = 0.01 and 0.044 = 0.003; for a
rhombus, 0.24 = 0.01 and 0.011 = 0.001.

FRET from Spurious Interactions—To test for the possibility
that FRET arose in a stochastic manner or from dimerization of
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the tags themselves, the eGFP-tagged M, receptor was coex-
pressed with an eYFP-tagged, truncated variant of the Wnt
receptor Frizzled-1 (eYFP-trFz1). The M, receptor contains
about 22 residues between the N terminus and the beginning of
the first transmembrane domain (42), whereas the correspond-
ing segment of Frizzled-1 contains 315 residues (42). The latter
therefore was truncated by 293 residues to ensure that the two
fluorophores occupy comparable positions relative to the sur-
face of the membrane.

The effect of successive photobleaching in cells coexpressing
eGFP-M, and either eYFP-M, or eYFP-trFz1 is illustrated in
Fig. 6. With eGFP-M, and eYFP-M, (Fig. 6A4), fluorescence
from the donor increased toward an asymptote that corre-
sponds to a fully bleached population of acceptors; fluores-
cence from the acceptor decreased toward zero, beginning at
an unbleached value that was anomalously high for direct
excitation at 458 nm and indicative of FRET (i.e. kyp/kpa (o) =~ 1)-
With eGFP-M, and eYFP-trFz1 (Fig. 6B), fluorescence from

Oligomeric Size of the M, Muscarinic Receptor

the donor was essentially unchanged; fluorescence from the
acceptor was comparatively low in unbleached cells (i.e. k,p
= 0.2kp (), consistent with a low level of direct excita-
tion at 458 nm, and decreased further upon bleaching at
514 nm.

Low values of k,, and insensitivity to photobleaching indi-
catealack of FRET between eGFP-M, and eYFP-trFz1 (Fig. 6B).
The absence of an effect was not due to an insufficient quantity
of eYFP-trFz1, which was expressed at levels comparable with
eGFP-M,. For the cells represented in Fig. 6B, the ratio of total
acceptor ([A]) to total donor ([D]) calculated from Equation
17 was 0.91-2.5; also, the ratio of fluorescence intensities at
526 -531 nm (eYFP-trFz1) and 508 =513 nm (eGFP-M,) upon
excitation at 514 and 458 nm, respectively, was 3.0 —5.4. For the
cells represented in Fig. 64, the value of [A]/[D] from Equa-
tion 17 was 0.16-0.39, and the ratio of intensities from
eYFP-M, and eGFP-M, was 1.8 —3.3. The intensity of emission
from eGFP-M, was comparable in the presence of either eYFP-

trFz1 or photobleached eYFP-M,,.

0.75¢ AT C These observations indicate that
o ° ° eGFP-M,, eYFP-M,, and eYFP-
. ° trFz1 were expressed at similar lev-
050 o 1T 7 els under all conditions.
g °, ° Pairwise FRET Efficiency Deter-
0.25L Coes . oo odF | mined by Fluorescence Lifetime
8 °° ©° Imaging—The FRET efficiency for a
) single donor-acceptor pair in cells
0.00! . . . Ar -4 coexpressing eGFP-M, and eYFP-
. . . . . M, was estimated independently
2.0r BTl 7 from fluorescence lifetimes. Except
as described below, cells were
1.5 1T 7 selected in which the fluorophores
. were located predominantly at the
& 1.0F 1r 1 plasma membrane (Fig. 2G). A sin-
gle exponential was used to describe
0.5r 1r 1 the traces from cells expressing
. o eGFP-M, (Fig. 7A) or eYFP-M,
0.0f . . AR . . . .~ 4 alone. The fit was not improved
0 5 10 15 20 0 5 10 15 20 with two exponentials rather than
[AL/[D]; [AL/ID]; one (p > 0.05) in tests of data from

FIGURE 5. Estimation of the pairwise FRET efficiency from the apparent efficiency at different ratios of
acceptor to donor. Apparent FRET efficiencies were measured by donor-dequenching (Equation 1, A and ()
and by acceptor-sensitized emission (Equation 2, C and D). In each case, the values of E,,, were calculated
without regard to photobleaching of the donor (A and B) or adjusted as described under “Experimental Pro-
cedures” to compensate for such an effect (Cand D). The lines represent the best fit of Equations 10 and 11 to
the values of E;’Sg and £35;, taken together (A and B, Cand D) to yield a single value of E for each value of n listed

in the inset to D. The fitted values of E are listed in Table 1.

TABLE 1

individual pixels selected at random
from across the image. With
cells coexpressing eGFP-M, and
eYFP-M, (Fig. 7B), the fit to the data
from selected pixels generally was

FRET efficiencies for a single donor-acceptor pair within an oligomer of size n

Estimates of the apparent FRET efficiency at different ratios of acceptor to donor were analyzed in terms of Equations 10 (Ej;jg) and 11 (E3’7) to obtain a separate estimate
of the pairwise efficiency (E) for each set of data and a single estimate common to both sets. Apparent efficiencies were calculated accordping to Equations 1 and 2 with a

correction for photobleaching of the donor (i.e. ki, = kf5) or with no correction (i.e. k, = kf,), as described in the text. The fitted curves obtained with single values of E
common to both sets of data are shown in Fig. 5.

Efficiency
n Uncorrected for donor photobleaching Corrected for donor photobleaching
From Ef:s“} From E3; From Ej:l‘} and E2°¢ From ESSI‘} From E;, From Egsl‘} and E2°¢

2 0.365 = 0.028 0.384 * 0.028 0.381 = 0.019 0.465 * 0.025 0.504 + 0.028 0.495 + 0.019
3 0.212 = 0.018 0.207 *= 0.017 0.207 + 0.012 0.283 = 0.018 0.287 * 0.019 0.287 = 0.013
4 0.149 * 0.013 0.142 + 0.012 0.143 = 0.009 0.204 + 0.014 0.202 * 0.014 0.202 * 0.010
6 0.094 = 0.009 0.087 = 0.008 0.088 = 0.005 0.131 = 0.009 0.127 = 0.009 0.128 = 0.006
8 0.068 * 0.007 0.063 * 0.006 0.063 * 0.004 0.096 * 0.007 0.093 =+ 0.007 0.093 = 0.005
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FIGURE 6. Comparison of eYFP-M, and eYFP-trFz1 for their interaction
with eGFP-M,. Cells coexpressing either eGFP-M, and eYFP-M, (A) or
eGFP-M, and eYFP-trFz1 (B) were photobleached in a stepwise manner. Emis-
sion spectra measured before photobleaching and after each successive step
were deconvoluted to obtain the values of k) (—) and kap (- - -), which are
shown relative to the value k5 ; for the unbleached cell (i.e. kpp o). A value of
1 is indicated by the dotted line. Data from five cells are shown in each panel;
the estimates of kpa() and kap(, from the same cell are presented as paired
open (], A, V, O, <) and closed symbols (l, A, ¥V, ®, ®), respectively.

better with two exponentials (p < 0.05) and improved only
marginally upon the addition of a third.

In the case of cells expressing eGFP-M, alone, the values of 7
obtained by fitting a single exponential gave distributions that
are well described by a single gaussian (Fig. 84). Estimates of
To,1 from individual cells varied from 2.10 to 2.54 ns (Equation
23), and the mean value from all such cellsis 2.27 = 0.02 ns (N =
42). The initial intensity of fluorescence was virtually
unchanged over the course of the FLIM measurements, which
typically were 480 s in duration. With cells expressing eYFP-M,
alone, the distributions of 7 from a single exponential were
described by a single gaussian (Fig. 8B) to yield a mean value for
To,1 0f 3.00 = 0.01 ns (N = 16 cells).

Of 55 cells coexpressing eGFP-M, and eYFP-M,, three
resembled those expressing eGFP-M, alone and appeared not
to exhibit FRET. The traces from the other 52 cells were fitted
initially by a biexponential, and the distributions of lifetimes
were analyzed as a sum of two gaussians to obtain the mean
values of 7, ; and 7, , listed in Table 2, line A (Equation 23, g =
2). With 38 of those cells, the sum of squares was significantly
lower when the distribution was described by three gaussians
rather than two (p < 0.05), as illustrated for one such cell in Fig.
8C. In most cases, the third lifetime was somewhat longer than
either of those obtained with two gaussians. The mean values of
7o, listed in Table 2, line B, were calculated from the individual
estimates of 7, ; and 7, , (14 cells, Equation 23, g = 2) orof 7, 1,
To2» and 7, 5 (38 cells, Equation 23, g = 3), as appropriate.
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FIGURE 7. Decay of fluorescence from donor-transfected and cotrans-
fected cells. The loss of fluorescence over time is shown for 1 bin from the
image of a cell expressing eGFP-M, alone (A) and a cell coexpressing eGFP-M,
and eYFP-M,, (B). Each bin included four pixels, and the lines represent the
best fit of a mono- (A) or a biexponential (B) to the data (i.e. Equation 22 with
g=1or2).

A mismatch between the number of exponentials and the
modality of the distribution implies that two processes are
insufficient to describe the decay across all pixels; rather, such
cells appear to reveal a third and generally slower process that is
disregarded when the traces are analyzed in terms of two expo-
nentials. The data from all cells therefore were analyzed in terms
of three exponentials to yield distributions that generally were tri-
modal (Fig. 8D). They in turn were analyzed in terms of three
gaussians to yield the mean values of 7, listed in Table 2, line C.

Similar estimates of 7, were obtained from the three
approaches described above (Table 2). The values in Table 2,
line A, are somewhat larger than the corresponding values in
Table 2, lines B and C, as expected if three rates of decay were
approximated by two rates in some cases. The addition of a
third gaussian to describe the distributions obtained with the
lifetimes from two exponentials in 73% of the cells is supported
by the manifestly trimodal distributions obtained with the life-
times from three exponentials, notwithstanding the uncer-
tainty associated with the latter values.

The intermediate lifetime from the fits of three gaussians (7, ,)
agrees with the lifetime measured for eGFP-M, expressed alone
(2.27 ns), and it therefore has been taken to represent fluorescence
from unquenched eGFP-M, (7). The shorter lifetime (7, ;) can be
attributed to the quenching of eGFP-M, by eYFP-M, through
ERET (7p,4). The longer lifetime (7, ;) agrees with that measured
for eYFP-M, expressed alone (3.00 ns) and presumably represents
the decay of fluorescence induced in the acceptor via FRET (7,).
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Substituted into Equation 24, the values of 7, and 7, listed
in Table 2 yield FRET efficiencies of 0.20 —0.24. If the value of
0.20 is used to compute the apparent efficiencies according to
Equations 10 and 11 with no correction for photobleaching of
the donor (i.e. kp = ki, in Equations 1 and 2), the resulting
curves are nearly superimposable with the fitted curves com-
puted for a trimer (Fig. 9, A and B); when photobleaching of the
donor is taken into account (i.e. k, = k§y in Equations 1 and 2),
the resulting curves overlay those computed for a tetramer (Fig.
9, Cand D).

Cells occasionally appeared in which localization of the
receptor was predominantly intracellular (Fig. 2F). Nineteen
such cells were examined by means of FLIM, and the pattern
that emerged resembles that described above for images in
which the signal was located predominantly at the plasma

Oligomeric Size of the M, Muscarinic Receptor

membrane. The data were analyzed in the same manner, and 15
of the 19 cells required three gaussians rather than two to
describe the distributions of lifetimes obtained by fitting two
exponentials to the kinetic traces (p < 0.05).

The mean lifetimes from the fits of Equation 23 to the distri-
butions from individual cells are listed in Table 3. All modes of
analysis yield values similar to those obtained for receptors at
the plasma membrane (c¢f. Table 2), and the three lifetimes were
identified accordingly as 7, 7, and 7,. Similar agreement
emerges for the corresponding efficiencies, which range from
0.17 to 0.23 (Table 3). These similarities suggest that the oligo-
meric status of most receptors is the same throughout the cell.

DISCUSSION

Fluorescence resonance energy transfer has been used to
characterize oligomers of the M,

2 40_'A T T T T ] 160_'C T T T T ] muscarinic receptor in the plasma
. membrane of CHO cells. The
180k 41120t 4 approach was based on two comple-
mentary procedures for measuring
120} 4 sof 4 the FRET efficiency between a sin-
gle donor and a single acceptor, in
60| -4 40F 4 this case eGFP and eYFP. In the first,
the apparent efficiency was esti-
o oF . . . 1 of, 4 mated from the emission spectrum
Z S0 : : : : T 140F" . by means of donor-dequenching
B ° D (E:g;‘) and  acceptor-sensitized
1500 105k | emission (Eqpp) at different rat.ios.of
eYFP-M, to eGFP-M,; the pairwise
FRET efficiency then was inferred in

100 70+ i
terms of a model that accounts for
all  combinatorial  possibilities

501 351 T 1 . . .

within an oligomer of specified size
oL ol | (n). In the second procedure, E or a
o 1 0 close approximation thereof was

Lifetime (ns)

Lifetime (ns)

estimated directly from fluores-
cence lifetimes. The spectral analy-

FIGURE 8. Distribution of fluorescence lifetimes in transfected cells. The distribution in each panel includes
all values of 7; obtained by fitting Equation 22 (g = 1-3) to the decay from a cell expressing eGFP-M, alone (A,
g = 1),eYFP-M, alone (B, g = 1), and eGFP-M, plus eYFP-M, (C, g = 2; D, g = 3). The data shown in Cand D are
from the same cell. The solid lines represent the best fit of a sum of gaussians (Equation 23, g = 1 or 3), and the
parametric values are as follows: (A, g = 1) 7, , = 2.301 = 0.003 ns, o; = 0.231 = 0.003 ns,and A, = 182 = 2; (B,
q=1)7y, =3.014 +0.008 ns, o, = 0.437 = 0.008 ns, A, = 162 *+ 3;(C,g = 3) 15, = 1.90 £ 0.16 ns, 7, , = 243 *
0.02ns, 7y5 = 2.83 + 0.35ns, 0, = 0.27 = 0.11 ns, 0, = 0.20 + 0.03 ns, 03 = 0.44 + 0.19ns, A, = 17 = 10,A, =
94 +26,A; =29+ 9;(D,q = 3) 75, = 1.79 £ 0.02 ns, 75, = 2.38 = 0.01 s, 7o5 = 3.01 = 0.05 ns, o, = 0.50 =
0.01ns, 0, = 0.20 £0.02 ns, 03 = 0.42 = 0.03 ns, A, =27 £ 3,A, =73 = 1,and A; = 69 = 3. The dashed lines
show the individual components when g = 3.

TABLE 2

Lifetimes and FRET efficiencies estimated by means of FLIM for complexes at the plasma membrane

ses delivered a set of essentially
equivalent fits relating the pairwise
efficiency and #, and the appropri-
ate value of n was identified by the
efficiency calculated from lifetimes.

The oligomeric size that emerges
from this approach depends upon

Fluorescence was monitored from 52 cells in which eGFP-M, and eYFP-M, were localized predominantly at the plasma membrane. The traces from binned pixels were
analyzed in terms of two or three exponentials (Equation 22), and the resulting distribution of lifetimes from each cell was analyzed as a sum of gaussians (Equation 23).
Lifetimes from two exponentials were described by two gaussians throughout (line A) or by either two or three gaussians (line B), as determined by the F-statistic. Lifetimes
from three exponentials were described by three gaussians (line C). The estimates of 7, from individual cells were averaged to obtain the means (=S.E.) listed in the table,
where 7, ,, 7, ,, and 7, ; correspond to 7y, ,, Tp,, and 7,, respectively. The number of traces is shown in parentheses. Efficiencies were calculated from 7, and 7, for each cell

(Equation 24), and the individual values were averaged to obtain the means (£S.E.) listed in the table.

Lifetime
¢ (Equation 22) ¢ (Equation 23) Efficiency (Equation 24)
To,1 (Tpa) To,2 (Tp) To,3 (Ta)
ns ns ns
A 2 2(52) 2,01 * 0.04 (52) 2.55 = 0.03 (52) 0.21 = 0.02
B 2 2 (14) 1.94 *+ 0.03 (52) 241 = 0.01 (52) 2.83 = 0.04 (38) 0.20 = 0.01
3(38)
C 3 3(52) 1.79 = 0.04 (52) 2.35 + 0.02 (52) 3.00 = 0.09 (38) 0.24 + 0.02
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Oligomeric Size of the M, Muscarinic Receptor

the degree to which the donor is photobleached under the con-
ditions used to bleach the acceptor. If eGFP is unaffected, the
efficiency of 0.20 calculated from fluorescence lifetimes corre-
sponds to a trimer according to the spectral analyses (Fig. 9B,
inset). If the donor in cotransfected cells is bleached at the rate
of eGFP-M, expressed alone, the efficiency from lifetimes cor-
responds to a tetramer (Fig. 9D, inset). In neither case is the
efficiency determined by FLIM consistent with that inferred for
a dimer on the basis of the spectral analyses (Fig. 9). Were the
fluorophores to adopt orientations that differ in their pairwise
FRET efficiency and interconvert slowly on the time scale of
the assays, static averaging over the entire population would
cause the measured efficiency to be somewhat less than that
obtained if all were in the optimal conformation. Because the
magnitude of such an effect is likely to be comparable for both

estimates of E, comparisons such as those in Fig. 9 would yield
the same oligomeric size.

In a previous study of coexpressed eGFP and eYFP, bleaching
of the acceptor did not require irradiation at 514 nm; rather, the
acquisition of successive spectra upon excitation at 476 nm was
sufficient in itself to reduce the signal from eYFP (43). Emission
from the donor was unaffected during the early steps but sub-
sequently declined with bleaching of the acceptor. It was con-
cluded that the donor is protected from photobleaching while
engaged in FRET.

In this study, the acceptor was photobleached by irradiation
at 514 nm, which corresponds to A, for the excitation of
eYFP. If most of the acceptors are excited under such condi-
tions, few will be in an electronic state to accept energy from the
small fraction of donors that also are excited. The protection
otherwise provided by FRET thereby is reduced, and the donor

is susceptible to photobleaching.

0.75

0.50

Donors within oligomers that were
formed without acceptors or have
lost acceptors through bleaching
4 alsowill be vulnerable, and the latter
population will increase with each

Eddq

0.251

successive round of irradiation at

514 nm. Similarly, donors in accep-

tor-deficient oligomers will be vul-
nerable to irradiation at 458 in the
manner of those that were sensitive

Ease
-
o

0.5

0.0

to irradiation at 476 nm (43).

Results from a recent study in which
eGFP- and eYFP-tagged constructs
were examined under similar condi-
tions also indicate that eGFP is sen-
sitive to photobleaching at 514 nm

(44).
These considerations suggest
that a population of donors coex-

[AL/ID,

FIGURE 9. Pairwise efficiency and oligomeric size from spectral analyses and FLIM. Estimates of the appar-
ent FRET efficiency (O) were calculated according to Equation 1 (E‘a‘gg) or Equation 2 (£357); the emission from
the donor in the absence of acceptor was not adjusted for photobleaching of the donor (kp, = kg) (A and B) or
was corrected as described under “Experimental Procedures” (k, = kg) (C and D). The dashed lines were
calculated according to Equation 10 (A and C) or Equation 11 (B and D) with the value of E taken as 0.20; the
value of n was as follows: a, 2; b, 3; d, 4; e, 6. The solid lines (c) represent the best fit of Equation 10 or 11 with n
taken as 3 (A and B) or 4 (Cand D). Inset to B and D: fitted values of E derived from the simultaneous analysis of
E339 and E3%, in terms of Equation 10 or 11 at different values of n ({J) are compared with the value of £

calculated from 7, and 75 according to Equation 22 (arrows, E = 0.20).

TABLE 3

pressed with acceptors will be
photobleached at a rate similar to
that measured in cells expressing
eGFP-M, alone. Among those
FRET efficiencies that incorporate
the correction for photobleaching
of the donor (Table 1), the value of
0.202 agrees most closely with the
efficiency of 0.20-0.24 deter-

[A}/D],

Lifetimes and FRET efficiencies estimated by means of FLIM for internal complexes

Fluorescence was monitored from 19 cells in which the localization of eGFP-M, and eYFP-M,, was predominantly internal. The traces from binned pixels were analyzed in
terms of Equations 22 and 23 as described in the legend to Table 2. Distributions of lifetimes from two exponentials (Equation 22, g = 2) required two gaussians for 4 cells
and three gaussians for 19 cells (Equation 23, n = 2 or 3). Efficiencies were calculated from 7, and 7, for each cell (Equation 24), and the individual values were averaged

to obtain the means (+S.E.) listed in the table.

Lifetime
¢ (Equation 22) ¢ (Equation 23) Efficiency (Equation 24)
To1 (Tpa) To,2 (Tp) To,3 (Ta)
ns ns ns
A 2 2(19) 2.15 + 0.08 (19) 2.78 = 0.09 (19) 0.23 * 0.04
B 2 2 (4) 2.02 + 0.07 (19) 2.44 * 0.03 (19) 2.98 = 0.10 (15) 0.17 = 0.03
3(15)
C 3 3(19) 2.08 *+ 0.09 (19) 2.55 + 0.09 (19) 3.17 + 0.12 (15) 0.18 + 0.05

16734 JOURNAL OF BIOLOGICAL CHEMISTRY

SN

VOLUME 285+NUMBER 22+ MAY 28, 2010



mined by FLIM, identifying the oligomer as a tetramer. The
measured values of Eg‘gg and EZ differ markedly from the
values computed according to the model with the pairwise
efficiency taken as 0.20 and the value of # taken as either two
or six (Fig. 9, C and D).

Estimates of the pairwise efficiency obtained from spectral
analyses and fluorescence lifetimes are determined by the phys-
ical properties of the fluorophores, and they are unaffected by
variables that are inaccessible or difficult to measure. The proc-
ess of spectral deconvolution that yields the values of E,,, and
[A]1/[D]+ required by Equations 10 and 11 pre-supposes only
that the spectrum from a cotransfected cell is the sum of the
spectra that would be obtained from cells transfected with
eGFP-M, or eYFP-M, alone. Similarly, efficiencies calculated
from fluorescence lifetimes are independent of the various fac-
tors that determine the amplitude of the signal.

In this study, the dependence of apparent efficiency on the
ratio of acceptor to donor was not in itself sufficient to define
both the pairwise FRET efficiency and the size of the oligomer.
That ambiguity was resolved by estimating the value of E inde-
pendently from fluorescence lifetimes, but the model may be
able to pinpoint a specific oligomeric size under some condi-
tions. Simulations based on Equations 10 and 11 indicate that
the effect of n on the predicted dependence of E,,, on
[A]/[D] varies with the value of E. The differences are small at
the values of E found for the M, receptor (i.e. =50%), but they
ought to be discernible at values near 80%. Efficiencies of that
magnitude are not improbable; for example, the judicious
placement of small fluorescent probes such as FIAsH and Texas
Red can yield highly efficient FRET pairs (45).

It is assumed in Equations 10 and 11 that monomers are
nonexistent and that all oligomers are of the same size. The first
assumption is supported by the observation that the fit to £444

app
and E5°° is compromised when the fraction of receptors in the

a

monor;peric state exceeds zero (Equations 12 and 13), and it is
consistent with reports that oligomerization is a prerequisite
for transport to the plasma membrane (46). The notion of oli-
gomeric homogeneity remains untested, although it is consis-
tent with other data as described below. It also is supported by
internal consistency within the results of the present analyses.
At each value of #, there is good agreement between the values
of E obtained by donor-dequenching and acceptor-sensitized
emission; moreover, the values of E when # is 4 are in good
agreement with the efficiency estimated from lifetimes. If the
oligomer serves a specific functional role, the required proper-
ties may depend upon a specific size that is achieved during
biosynthesis and determined wholly or in part by factors intrin-
sic to a monomer (4).

The model also assumes that the distance between donor and
acceptor is the same for all pairs within an oligomer of given
size. This is likely to be true for a dimer and perhaps for a trimer,
where structures can be envisaged in which all pathways for the
transfer of energy are equivalent or nearly so. It cannot be true
for a tetramer, where the simplest possible arrangement is a
square or rhombus in which FRET could occur across the diag-
onal or along the side. In such a case, the value of 0.202 esti-
mated for E in terms of Equations 10 and 11 is an average of the
efficiencies for the transfer of energy along all pathways within

pCEEYE

MAY 28, 2010-VOLUME 285+NUMBER 22

Oligomeric Size of the M, Muscarinic Receptor

the complex. Such averaging washes out information regarding
the relative disposition of constituent protomers. Size is the
parameter of interest here, however, and that information is
available for tetramers and larger oligomers as long as the pro-
portion of donors and acceptors obeys the binomial distribu-
tion. Similar averaging occurs in the estimation of 7, via
FLIM, as described below and in the supplemental material. It
follows that FRET efficiencies calculated from lifetimes can be
compared with those inferred from the spectral data at all val-
ues of n.

To examine the effect of averaging in the case of a tetramer,
the value of E from Equations 10 and 11 was compared with the
values of E_ and E for the arbitrary distances that might exist in
a square and a rhombus (supplemental Fig. S1, Equations
S9 and S11). In the rhombus under consideration here, the
short diagonal is equal in length to a side. It follows that there
are proportionately fewer such pathways in a square, and the
fitted value obtained for E, in a square (E, = 0.27,
supplemental Equation S9) therefore exceeds that in a rhombus
(Es = 0.24, supplemental Equation S11). Although the distance
along a side is the same in both arrangements, the diagonal of a
square is shorter than the long diagonal of a rhombus
(supplemental Fig. S1); accordingly, the efficiency correspond-
ing to FRET across the diagonal also is larger in a square (E; =
0.044) than in a rhombus (E; = 0.011). As expected, the two
efficiencies based on arbitrary distances in either form of tet-
ramer bracket the average efficiency from Equations 10 and 11.
Neither value of E, approaches the fitted value of E for a dimer
(i.e. 0.50, Table 1), in which the assumption of equal distances
presumably is valid.

A similar analysis of fluorescence decay in terms of arbitrary
distances is precluded by the number of lifetimes predicted by
the model. An approach analogous to that taken for the spectral
data gives five linked lifetimes for the transfer of energy via
FRET in a square and six such lifetimes in a rhombus
(supplemental Table S3 and Equations S18 and S19). With the
inclusion of 7 and 7,, an explicit description of the system
would require a total of seven and eight lifetimes, respectively.
Such a large number of exponential terms exceeds the capacity
of the data and would seem to limit the degree to which oligo-
meric size can be assessed on the basis of lifetimes alone. An
assessment of size also requires information on the ratio of
acceptors to donors, which is not readily available from FLIM.

The several values of 7,,; predicted for a tetramer
(supplemental Equations S18 and S19) suggest that the mea-
sured values listed in Table 2 are weighted means. Although
microscopic lifetimes cannot be extracted from the data, the
known relationships among the different 7, , ;and the expected
occurrence of each in a square and a rhombus allow values to be
calculated such that the weighted means equal those measured
experimentally. Because the lifetimes for each pathway are
known in a simulation, the efficiency can be calculated for
FRET along a side of the tetramer (E,) and across the diagonal
(Ey)-If donors and acceptors are expressed at the same level, the
calculated efficiencies for a square are 0.19-0.22 and 0.026 —
0.033, respectively; the corresponding efficiencies for a rhom-
bus are 0.15—0.19 and 0.0066 — 0.0086 (supplemental Table S5).
These values agree to at least a first approximation with those
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inferred from the spectral data for a square (E, = 0.27 and E =
0.044) and arhombus (E, = 0.24 and E; = 0.011), in accord with
the agreement obtained when all distances are assumed to be
equal (Fig. 5, C and D).

Fusion of eGFP and eYFP at the N terminus allowed for con-
trol of the pH, which affects the spectral properties of the fluo-
rophore (23). The modification had no discernible effect on
transport of the receptor to the plasma membrane, as indicated
by the localization of the fluorophore, its internalization in the
presence of agonist, and its colocalization with a Cy3-conju-
gated antibody specific for an anti-eGFP antibody. There also
was no discernible effect on functionality, including the ability
to signal. The tag did not affect the binding of antagonists nor
did it prevent agonist-initiated internalization, as noted above,
or the activation of G proteins linked to the release of intracel-
lular Ca®". Similar additions to the N terminus of the M; mus-
carinic receptor were without effect on the ligand-binding
properties or the agonist-induced release of intracellular cal-
cium in HEK 293 cells (22).

Fluorophore-tagged M, receptors in CHO cells were
expressed at levels comparable with those in native tissues. The
estimated density of 0.88 X 10° receptors per cell is about one-
half of the density reported for intact cardiomyocytes from rat
atria. The latter value is 1.7 X 10° receptors per cell (47), which
may be an underestimate. It was determined from the binding
of N-[*H]methylscopolamine, which presumably labeled only
those receptors that were located at the plasma membrane.
Also, N-[*H]methylscopolamine has been shown to exhibit,
under some conditions, a shortfall in capacity that cannot be
attributed to sites localized in a hydrophobic compartment (4,
20). If the capacity for [*H]quinuclidinylbenzilate is stated rel-
ative to total protein, the present value of about 1.5 nmol/g
compares favorably with values of 3—5 nmol/g that have been
reported previously for the M, receptor in sarcolemmal mem-
branes (48 —50). These considerations suggest that the oligo-
meric status of the receptor in CHO cells is not an artifact of
overexpression.

No FRET was observed between eGFP-M, and eYFP-trFzl,
which was engineered to resemble eYFP-M,, with respect to the
placement of the fluorophore. It follows that eGFP-M, and
eYFP-trFz1 do not interact at levels of expression that lead to
FRET in the case of eGFP-M, and eYFP-M,, although the pos-
sibility that eGFP-M, and eYFP-trFz1 form a dark complex in
which the dipole of eGFP is perpendicular to that of eYFP can-
not be ruled out. The present result is consistent with reports
that the M, receptor does not coprecipitate with Frizzled-1 (51)
or exhibit BRET when coexpressed with the Smoothened
receptor, a homologue of Frizzled-1 (14). Heterologous expres-
sion was driven by the cytomegalovirus promoter in the latter
investigation (14) and in the experiments described here. These
results suggest that the association between eGFP-M, and
eYFP-M, is specific; they argue against the alternative possibil-
ity of stochastic interactions and suggest that it is difficult to
populate the membrane at a level sufficient for such effects.
Dimerization via the fluorophore was prevented by the substi-
tution of lysine for alanine at position 206 in all constructs (26).

The present evidence for a tetramer is consistent with the
results of earlier studies in which the oligomeric size of the M,
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receptor has been measured directly or inferred from func-
tional properties. Muscarinic receptors purified from porcine
sarcolemma and examined by electrophoresis were found to
migrate as a mixture of monomers and oligomers, including an
apparent tetramer (18). A complex containing c-Myc-, hemag-
glutinin-, and FLAG-tagged M, receptors has been purified
from triply infected Sf9 cells, and the amount of the tri-labeled
species was sufficient to suggest that it was larger than a trimer
(5). M, receptors also can be purified from Sf9 cells as mono-
mers that regroup almost exclusively as tetramers upon recon-
stitution in phospholipid vesicles (4).

Functional studies on the M, receptor in native preparations
and after reconstitution as a tetramer have revealed noncom-
petitive effects in the binding of muscarinic antagonists, and the
pattern can be described quantitatively in terms of cooperative
interactions among at least four sites (4, 18 —20). Cooperativity
indicative of a tetramer also has been reported for the binding
of the agonist oxotremorine-M to the muscarinic receptor
purified from porcine atria (18). Similarly, the guanyl nucleoti-
de-sensitive dispersion of affinities revealed by agonists at the
M, receptor in myocardial membranes (49, 52, 53) and recon-
stituted preparations (4, 54, 55) can be described in terms of
cooperativity among at least four interacting sites (4, 53). In that
context, the effects of guanyl nucleotides emerge as a shift in the
distribution of the supposed tetramer between two states that
differ in their cooperative properties and perhaps in their
degree of asymmetry (4, 53).

Recent evidence suggests that larger oligomers may be com-
mon among GPCRs. A complex containing at least four copies
of the D, dopamine receptor was detected by resonance energy
transfer when both the donor and the acceptor were formed by
bimolecular fluorescence complementation (8). Trimers or
larger oligomers of the o, -adrenergic (6), CB,-cannabinoid
(7), and A, ,-adenosine receptors (7) have been identified by
means of sequential energy transfer among three luminescent
or fluorescent probes. Similarly, combinations of bimolecular
fluorescence complementation with either BRET (9) or FRET
(11) have been used to demonstrate that the adenosine A, ,
receptor can be at least trimeric. The retention sequence that
prevents surface expression of the GABAy; receptor has been
exploited to demonstrate that tetramers of the GABA; and
GABA,, receptors can be formed as a dimer of heterodimers
(10). FRET efficiencies determined by means of spectral decon-
volution at the level of single pixels have suggested that the
Ste2p receptor forms tetramers in yeast (56). In the case of
rhodopsin, atomic force microscopy has identified what appear
to be extended rows of dimers in some preparations of native
tissue (57).

The present results differ from those of most previous
attempts to estimate the oligomeric size of a GPCR from reso-
nance energy transfer by varying the complement of fluoro-
phores. Measurements of BRET at different ratios of accep-
tor to donor (13, 14), or at different ratios of the BRET pair to
the wild-type receptor (12), have led to the conclusion that
the MT1 and MT2 melatonin receptors (12), the ;- and
B,-adrenergic receptors (13), and the M, M,, and M; mus-
carinic receptors (14) all form dimers when expressed in
HEK 293 cells. A study employing photobleaching FRET

SN

VOLUME 285+NUMBER 22+ MAY 28, 2010



with the neurotensin receptor reconstituted into phospho-
lipid vesicles also concluded that the receptors form dimers
(15). An exception to this trend has been the purified 3,-ad-
renergic receptor, which emerged as a tetramer when labeled
with cysteine-reactive fluorophores and monitored for FRET
efficiency upon reconstitution at different ratios of acceptor
to donor (58).

Such differences may relate in part to differences between
receptors in whole cells and after reconstitution, although there
is no evident correlation between the nature of the preparation
and the oligomeric size inferred from the model. They also may
arise from differences in the models themselves. Estimates of
in the earlier studies of GPCRs (12-15, 58) were based on a
scheme introduced for gramicidin (16), which incorporates the
approximation that the apparent efficiency of energy transfer
can be obtained as the product of the pairwise efficiency and the
fraction of interacting donors. That assumption is valid only for
dimers; in the case of larger oligomers, it disregards the exist-
ence of multiple pathways for the de-excitation of donors and
for the excitation of acceptors (17). Such quasi-parallel path-
ways have been accommodated in the present analyses by the
summation in Equations 8 —13 and the corresponding terms in
supplemental Equations S8 —S11.

The earlier model also pre-supposes that monomers and oli-
gomers coexist in a dynamic equilibrium, and the equations
derived to account for FRET between dansyl- and 4-(diethyl-
amino)phenylazobenzene-4-sulfonylgramicidin incorporate two
related assumptions, namely that the concentrations are sufficient
to preclude appreciable levels of monomers and that the affinity of
heterodimerization is the geometric mean of the affinities of
homodimerization (16). Deviations from the latter assumption
were shown to affect the relative quantum vyield in a manner akin
to differences in the oligomeric size (16).

Although it is implicit in the present model that the complex
is stable, the degree and prevalence of oligomeric stability
among GPCRs remain unclear. Data that address such ques-
tions are contradictory and often ambiguous. Stability observed
under some conditions may bespeak a nonphysiological state.
What appears in some assays as the dissociation of a transient
complex may be a conformational change, or dissociated
monomers may reassociate rather than exchange with others in
the bulk space.

A comparatively high degree of stability is implied by the
widespread observation that differently tagged receptors can be
coimmunoprecipitated from detergent-solubilized prepara-
tions (1, 2, 59). In some cases, including the M, receptor, recep-
tor-specific ligands have been shown to affect neither the
degree of coimmunoprecipitation (59, 60, 73) nor the magni-
tude of BRET (13) or FRET (59) between tagged protomers.
Solubilized M, receptors also can exhibit noncompetitive inter-
actions among antagonists acting at the orthosteric site (20, 61).
With D, dopamine receptors expressed in HEK 293 cells, nei-
ther the quantities of cross-linked oligomers detected on West-
ern blots nor the rate of cross-linking was affected by the level of
expression (8). It now appears that oligomers of GPCRs are
assembled early on during biosynthesis and trafficked intact to
the plasma membrane (62, 63), in agreement with the notion of
a preformed and stable complex.
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Recent evidence for transient complexes has included differ-
ences in fluorescence recovery after photobleaching between
fluorophore-tagged forms of the B,- and 3,-adrenergic recep-
tors expressed in live HEK 293T cells (64). The differences were
attributed to a difference in the stability of the complex; the 3,
complex was found to be transient, whereas the 8, complex
appeared to be stable. Also, the recovery of fluorescence was
unaffected by isoproterenol or propranolol (64). The tetramers
of Cy3- and Cy5-tagged [3,-adrenergic receptors that were
identified upon reconstitution of the purified receptor in phos-
pholipid vesicles exhibited an increase in FRET efficiency in the
presence of the inverse agonist carazolol, suggesting the forma-
tion of larger aggregates such as octamers (58). In the case of
oligomers formed by the D, dopamine receptor, measurements
of fluorescence recovery after photobleaching have suggested
that at least one interface is sufficiently unstable that immobi-
lized protomers do not affect the mobility of others (65). If
oligomers of the M, receptor indeed dissociate and reassociate
in a spontaneous manner, the failure to detect monomers in the
context of the present model suggests that the system exists
predominantly in the oligomeric state.

Reconstituted monomers of the B,-adrenergic receptor (66),
the p-opioid receptor (67), and rhodopsin (68, 69) have been
shown to activate G proteins. Oligomers therefore are not
essential for communication between a GPCR and an attendant
a-subunit, at least under those conditions, yet noncompetitive
effects among antagonists at the M, receptor imply that the
tetramers identified here and elsewhere serve a functional pur-
pose. Moreover, the characteristic but enigmatic binding pat-
terns revealed by agonists at the M, muscarinic receptor can be
described in terms of cooperativity among four interacting sites
while resisting other explanations (4, 53, 70). Inasmuch as those
patterns are a measure of efficacy (71, 72), tetramers may play a
role in signaling per se (4, 53).
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