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REVIEW

Modelling the interdependence between the
stoichiometry of receptor oligomerization and
ligand binding for a coexisting dimer/tetramer
receptor system

X Rovira'*, M Vivo*?**, J Serra', D Roche!, PG Strange? and ] Giraldo!

'Grup Biomatematic de Recerca, Institut de Neurociéncies and Unitat de Bioestadistica, Universitat Autonoma de Barcelona,
Bellaterra, Spain, and *School of Pharmacy, University of Reading, Reading, Berkshire, UK

Many G protein-coupled receptors have been shown to exist as oligomers, but the oligomerization state and the effects of this
on receptor function are unclear. For some G protein-coupled receptors, in ligand binding assays, different radioligands provide
different maximal binding capacities. Here we have developed mathematical models for co-expressed dimeric and tetrameric
species of receptors. We have considered models where the dimers and tetramers are in equilibrium and where they do not
interconvert and we have also considered the potential influence of the ligands on the degree of oligomerization. By analogy
with agonist efficacy, we have considered ligands that promote, inhibit or have no effect on oligomerization. Cell surface
receptor expression and the intrinsic capacity of receptors to oligomerize are quantitative parameters of the equations. The
models can account for differences in the maximal binding capacities of radioligands in different preparations of receptors and

provide a conceptual framework for simulation and data fitting in complex oligomeric receptor situations.
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Introduction

There has been much discussion recently about the oligo-
meric status of G protein-coupled receptors (GPCRs). For
many years, GPCRs were considered to be monomeric.
Indeed, most theories of GPCR action until recently have
assumed a monomeric receptor. Increasing evidence,
however, suggests that these receptors may actually form
dimers or higher order oligomers, both homodimers/
oligomers and heterodimers/oligomers (Milligan and Smith,
2007; Milligan, 2008). Family C GPCRs exist as stable dimers
[recently, it has been shown that metabotropic glutamate
receptors (mGluRs) assemble into strict dimers whereas
GABAj receptors spontaneously form dimers of heterodimers
(Maurel etal., 2008)], and evidence to support dimer/
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oligomer formation for other GPCRs comes from a variety of
experimental approaches including atomic force microscopy,
resonance energy transfer methods and both equilibrium and
kinetic radioligand binding studies (Mercier et al., 2002; Liang
et al., 2003; Ma et al., 2007; Sohy et al., 2007; Maurel et al.,
2008). Despite these observations, the stoichiometry of recep-
tor oligomerization is far from being defined; on the contrary,
a vigorous debate is, currently, in progress regarding whether
rhodopsin is dimeric in native retinal rods (Chabre et al.,
2003; Fotiadis et al., 2003) and regarding the proper interpre-
tation of bioluminescence resonance energy transfer (BRET)
data and its application to GPCR oligomerization analysis
(James et al., 2006; Bouvier et al., 2007). A particular aspect of
the problem is whether there is a requirement for the receptor
to be dimeric to be fully functional, because recent results
suggest that a monomeric receptor is sufficient to activate G
proteins (Meyer et al., 2006; Bayburt et al., 2007; White et al.,
2007; Whorton etal., 2007). In this regard, it has been
pointed out that a key question is not whether isolated mono-
meric receptors are able to activate G proteins but rather, if
GPCRs are delivered to the cell surface as dimers/oligomers,
are they also pre-associated with G proteins (Milligan, 2008);
similarly, it has been suggested that to understand the
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biological role of receptor dimerization we must focus on
receptor functions other than those concerning G-protein
activation (Gurevich and Gurevich, 2008b). This exciting
controversy between experiments and between experimental-
ists can be moderated, at least in part, by more eclectic posi-
tions. The answer to the problem may be not the same for all
GPCRs, or even for a single receptor at different stages of its
life cycle (Gurevich and Gurevich, 2008a).

The dimerization/oligomerization of GPCRs has been mod-
elled by several authors [see (Colquhoun, 1973; Wells, 1992;
Christopoulos and Kenakin, 2002) for thoughtful mathemati-
cal modelling and analysis]. A generic model for oligomeriza-
tion of GPCRs has been provided [see, e.g. (Wreggett and
Wells, 1995)] based on a receptor with n subunits, and this
has been extended to include inactive and active states (Ma
et al., 2007). Other authors have generated simpler models
that follow the same general principles (Armstrong and
Strange, 2001; Durroux, 2005; Franco et al., 2006); of note is
the recent model developed for the constitutively dimeric
mGluRs, which integrates the extracellular ligand binding
domain and the heptahelical domain responsible for
G-protein activation (Rovira etal.,, 2008). These models
provide good descriptions of some of the behaviours exhib-
ited by GPCRs that cannot be explained by using a monomer
model.

One aspect of GPCR behaviour that has been attributed to
dimer/oligomer formation is the anomalous ligand binding
of different radioligands. For muscarinic acetylcholine recep-
tors it has been shown that different radioligands ([*H]QNB,
[PHINMS) exhibit different maximal binding capacities but,
nevertheless, full cross competition occurs between the
ligands (Wreggett and Wells, 1995; Ma et al., 2007). This has
been modelled by using the general cooperativity model
outlined above, and a tetramer has been shown to provide
a good description of the data. Differences in the relative
maximal binding capacities of radioligands have been
observed in different preparations of receptors and attrib-
uted to differences in cooperativity (Wreggett and Wells,
19935). It has also been reported that the cooperativity exhib-
ited by the muscarinic acetylcholine receptor can be
manipulated by detergents and that this may reflect differ-
ences in the presentation of the oligomer or oligomers of
this receptor (Park et al., 2002).

For the D, dopamine receptor expressed in Chinese hamster
ovary (CHO) cells, [*H]spiperone and [*H]raclopride labelled
similar numbers of sites when assayed in the presence of Na*,
but in the absence of Na* the maximal binding capacity of
[*H]raclopride was about half that of [*H]|spiperone. Despite
this there was full cross competition between the two ligands
with Hill coefficients close to unity. This could be modelled
by using a simple dimer model with negative cooperativity
between successive equivalents of raclopride (Armstrong and
Strange, 2001). Similar ligand binding behaviour has been
reported for the native D, receptor in brain (Hall et al., 1990)
suggesting that these observations have some generality. For
the D, dopamine receptor expressed in Sf9 insect cells, quali-
tatively similar behaviour was observed (Vivo et al., 2006).
In this study, three radioligands were used ([*H]spiperone,
[*Hlnemonapride and [*H]raclopride). The three radioligands
exhibited different maximal binding capacities in the pres-
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ence and absence of Na*. There was full cross competition
between ligands and, in some cases, Hill coefficients less than
one were seen. The detailed ligand binding characteristics
seemed to be dependent on the preparation of membranes
used. In this latter case it was suggested that negatively co-
operative effects in an oligomer (at least a hexamer) could
account for the differences in maximal binding capacity [see
(Giraldo, 2008) for a discussion on curve fitting and cooper-
ativity properties in the context of dimeric receptors].

It seems, therefore, that there may be differences in the
cooperative properties of GPCRs in different preparations and
under different conditions. Whereas these may be described
by using cooperative models in a single oligomer it is impor-
tant to consider other models to describe such behaviour.

One possibility is that different oligomeric species are
co-expressed. In the present report we have examined the
effects of co-expression of dimeric and tetrameric species of
receptors. Our aim was to provide a quantitative formalism
for the interpretation of intermediate plateaus, in particular
1/4, 1/2 and 3/4, in fractional saturation binding curves in the
context of systems made up of dimers and higher-order (tet-
ramers) oligomers. Although the existence of receptor mono-
mers cannot be ruled out in the analysis of complex binding
isotherms, the inclusion of monomer species would increase
the complexity of the system without providing extra con-
cepts to the rationale used. Thus, monomer receptor species
were not included in the modelling. We have examined
dimer/tetramer models with and without equilibration
between the species, and we have also included effects of
ligands on the equilibrium. We show that such models can
account for differences in the maximal binding capacities of
radioligands in different preparations of receptors.

A receptor composed of two oligomeric states
(dimer/tetramer) in equilibrium

In the following model, it is supposed that the receptor is
present in the cell membrane in two oligomeric forms, dimer
and tetramer. The equilibrium between these species and the
pharmacological consequences are analysed. The analysis was
performed first in the absence of ligand.

Equation 1 shows the formation reaction of a tetramer mol-
ecule from two dimer molecules.

2R, >R, o
where [R,] and [Rs] are the concentrations of dimer and
tetramer species respectively, and L= [[154]]2 is the formation

2

constant. The equilibrium constant L may be considered, in
general, as the intrinsic index of the receptor to constitutively
form higher order oligomers.

We can derive the fraction of receptor sites found either as
dimer (fi) or tetramer (f3) arrays (Equations 2 and 3).

f_ Z[RZ] _ 2 2

"T 2[R0+ 4[R,] 1+ V1+4RL 2)
4 -1 1+4R,L

fotofio 4RI -1+ VIVaR, )

2[R, ]+4[R;] 1+J1+4RL
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Figure 1 Variation of the fraction of receptor sites (f) either in
dimers (f;) or in tetramers (f,) with the common logarithm of the total
concentration of receptor sites (logRy) for three values of the dimer/
tetramer conversion constant (L), in the absence of ligand. For this
interconvertible dimer/tetramer receptor system, the tetramer is
more stable than the dimer for high R, values. The value of L deter-
mines the location of the curve along the abscissa axis, with the
curves mid-points displaced to the left for high L values.

where R, = 2[R,] + 4[R4] is the total concentration of receptor
sites. We see that the oligomeric arrangement of a receptor
depends on both its intrinsic propensity for oligomerization
(L) and its cellular expression (R,), where an increase in either
of these quantities leads to an increase in the extent of recep-
tor oligomerization. Figure 1 depicts theoretical curves of the
variation of both f; and f; with the common logarithm of R,
for three values of L. For a particular L value, f; and f, curves
cross at log Ry, =1log(2/L). For R, lower than R, the dimer is
predominant whereas for R, greater than R, the predomi-
nant species is the tetramer. Increasing L shifts the curves to
the left. This means that for greater values of L, the receptor
expression (R,) needed for changing the receptor oligomeriza-
tion degree from dimer to tetramer is lower. By contrast, for
higher values of R, the receptor is arranged mostly as a
tetramer even for those receptor species having a reduced
tendency to oligomerize (L << 1).

Another parameter describing receptor distribution is the
total concentration of receptor molecular species, R;, defined
as R;=[R;] + [R4]. Tt is worth noting the differences in the
definition between R, and R, parameters. R, is the concentra-
tion of receptor sites and is independent of the oligomeriza-
tion dynamics, whereas R; is the concentration of receptor
molecular entities (R, and R,), which is dependent of the
oligomerization degree. The relationship between R, and R;
is given by the equation:

LY B \
" 4 1+ J1+4RL )

The limits of R, when L tends to O or to infinity are R,/2 and
R,/4 respectively, showing that when the receptor is fully
expressed as a dimer the number of receptor sites is twice the
total receptor concentration and when the receptor is fully
expressed as a tetramer the number of receptor sites is four
times the total receptor concentration. Note that R; is lower
or greater as the tendency of the receptor to oligomerize
(measured by L) is greater or lower respectively.
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Figure 2 Variation of the number of receptor sites per receptor
molecule (Ry/R;) with the logarithm of the total concentration of
receptor sites (logR) for three values of the dimer/tetramer conver-
sion constant (L), in the absence of ligand. The ordinate values range
between 2 (dimer) and 4 (tetramer). The localization of the curves
along the abscissa axis, which measures the proportion of dimers and
tetramers for a given level of receptor expression (R,), depends on L.
The population of receptor tetramers increases as L increases.

Equation 5 shows the number of receptor sites per receptor
molecule (R,/R;) as a function of R, and L.

R____ 4
R 2 )
1+v1+4R,L

The ratio between R, and R, ranges between 2 and 4,
depending on the product of R, and L. Figure 2 depicts the
variation of R,/R; for the same conditions considered in
Figure 1. This Figure clearly shows that the oligomerization
degree (R,/R) depends directly on the receptor expression
level (R,), and that the curves are left- or right-shifted depend-
ing on whether the receptor is more stable as a tetramer or as
a dimer respectively [see (Kroeger ef al., 2001) for data indi-
cating that the degree of receptor oligomerization is influ-
enced by the level of cell surface receptor expression].

The effect of ligand on the dynamics of
receptor oligomerization

Equation 6 includes the equilibrium between dimer and
tetramer receptor states in the presence of ligand.

2R, <L >R,

Ki
24+ R, 25 A+ RAEE SR A, (6)

& 2K

4A+ R 24+ —3A+RA—3—2A+
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2 [RA] [RoA; ] 4 [RA]
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Analogously to the previous case, we denote f; as the total
concentration of receptor sites belonging to dimer receptors
relative to the total concentration of receptor sites.

_ 2[R _
2[R ]+ 4[Ry ]
2([R]+[R Al +[R, Az ])
2([R ]+ [RA]+[Ry A D +

4([R ]+ [RA]+ [RiAn |+ [RiAs 1+ [RyAs D
2

1+,f1+£2
a

fi

where

2
a=1+ M + [‘A;]
Kl K1K2
4[A7
K3K4K5

4[A]1 6[AT
K3 K3K4

4
b=4LR, (1 + LA] )
K3K4K5K5

and R, =2[R];+4[R]; (7)

Note that »>0, 1+ b/a*>1, and fi < 1.

We see that f; is a function of the ligand-receptor dissocia-
tion constants (K; to K;), the total concentration of receptor
sites or receptor expression (R;), the propensity of the dimeric
receptor to increase the oligomerization level (L) and the
concentration of the ligand ([A]). We can consider the lower
([A]—>0) and the upper ([A]—<) asymptotes of the variation of
fi with [A].

2
limf; =—F——
[A]—)’(?l 1++V1+4R,L ®)
. 2 K?K,?
limfj=—————,where K=———
[A]Hcl 1+vV1+ 4R;,LK K3K4K5K6 (9)

As expected, the limit of f; as [A] goes to O (Equation 8)
matches the expression of f; in the absence of ligand (Equa-
tion 2). Interestingly, Equation 9 captures the capability of a
ligand of increasing, decreasing or not affecting receptor oli-
gomerization through the ligand-receptor oligomerization
constant K; that is, K>1 (positive oligomerizator), K< 1
(negative oligomerizator) and K =1 (neutral oligomerizator)
respectively. Here, the term oligomerizator denotes a ligand
able to alter the intrinsic oligomerization equilibrium of a
receptor given by Equation 1 [see (Vidi et al., 2008) for data
showing ligand-dependent oligomerization of dopamine D,
and adenosine A;, receptors].

Figure 3 displays the variation of the number of receptor
sites per receptor molecule (R,/R) with the logarithm of
ligand concentration for three different ligands: a neutral
oligomerizator (K=1), a positive oligomerizator (K= 10'%)
and a negative oligomerizator (K =10"'?). We have used the
condition [R,] = [Rs], which produces a value of three for
Ry/R;: in the absence of ligand, to better illustrate the behav-
iour of these ligands. We see that the neutral oligomerizator
does not alter the R,/R; value, the positive oligomerizator
changes asymptotically the initial value to four and, in
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Figure 3 Variation of the number of receptor sites per receptor
molecule (Ry/R;) with the logarithm of ligand concentration (log[A])
for three different ligands: neutral oligomerizator (K; to Ks=10
K=1), positive oligomerizator (K;=K,= 103, K; to Kg=107;
K=10">1) and negative oligomerizator (Ki=K,=10"% K; to
Ks=1073; K=10"2<1). Fixed values in the three simulations were
L=10°and R, = 6/L. The latter condition ensures that in the absence
of ligand [R,] = [R4] and Ry/R; = 3. The initial ordinate value does not
change with [A] for a neutral oligomerizator, increases up to four with
[A] for a positive oligomerizator and decreases up to two with [A] for
a negative oligomerizator.

contrast, the negative oligomerizator changes the initial
Ry/R; value to two.

Analysing the fraction of bound ligand in an
interconvertible dimer/tetramer receptor

The total concentration of bound ligand is the sum of two
quantities, one bound to dimeric receptors and the other to
tetrameric receptors.

[Abound 1= [Abouna ]Rz + [Avound ]R4 (10)
where [Apouna I, = [R:Al+ 2[R, A, ] and
[Abouna Ip, = [ReA]+ 2[RiAr 1+ 3[Ry As ]+ 4[ Ry Ay ]

Equation 11 gives the fraction of bound ligand relative to
the total concentration of binding sites.

[Al, (A7
Y — [At}zund] — fl I;l A I<II<"24 = +
b 1. 2MAl | [A]
K; KK,
[A] | 3LAF | 3[AT [AT
K K;K K:K,Ks  K3K4KsK
(1_f1) 3 34N4 5 3453 3 4546 (11)
1, 4AT L 6IAT | 4[A] [A]
K3 K3K4 K3K4K5 K3K4K5K6

where f; is defined in Equation 7.

The implications of Equation 11 on the ligand binding
behaviour were analysed graphically. Figure 4 depicts the
variation of Y with log[A] for three values (10, 1 and 10*) of
the dimer/tetramer conversion constant (L). We fixed the
values of the total concentration of receptor sites (R, =107°)
and the dissociation equilibrium constants (K;=107,
K, =10, K;=10", K, = 10, Ks = 107° and K, = 10%). We have
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Figure 4 The dimer and tetramer model with interconvertible
oligomeric states. The graph shows the variation of the amount of
ligand bound per receptor site (Y = Asouna/Rs) With the logarithm of
ligand concentration (log[A]) for three values of the dimer/tetramer
conversion constant (L). Fixed values used for the system parameters
were R, =107, K; = 10, K, = 102, K3 = 1076, K, = 1075, Ks = 107 and
Ks =10%°. Two intermediate plateaus are depicted at Y=0.5 and
0.75.

used extremely large values for K, and Ks dissociation con-
stants to prevent the occupation of the second site of the
dimer and the fourth site of the tetramer (see Equation 6). The
given set of binding constants yields an oligomerization con-
stant of K = 10*, which corresponds to an extremely positive
oligomerizator ligand. We see that in the three simulations,
the upper asymptote is 1, which is the theoretically expected
maximum value. It is worth noting, however, that, depending
on the system parameter values, this value could only be
reached at experimentally unattainable [A] values. In addi-
tion, intermediate plateaus can be observed, which could give
the false impression that the maximum binding is lower than
unity in the case of finishing the binding experiment at rela-
tively low [A] values. In this particular case, a plateau at
Y =3/4 is obtained for each of the three values used of L
whereas a plateau at Y =1/2 is found for both L =10"* and
L =1 (the latter being less well defined) but not for L = 10*.
Using Equation 8, we can calculate the relative fractional
populations of the dimer in the absence of ligand. Values of
1.00, 1.00 and 0.99 are obtained for L = 10, 1 and 10* respec-
tively, which show that, at low ligand concentration, recep-
tors are mostly in dimer forms. Because the ligand is a positive
oligomerizator, it induces tetramer formation as ligand con-
centration increases. The conversion of dimer into tetramer
is reached for lower ligand concentrations as the value of L is
increased. The plateaus at Y =1/2 correspond to the [R.A]
species (singly occupied dimer). This plateau is not observed
for L = 10* because its presence is masked by the more rapid
formation of the tetramer. The plateaus at Y = 3/4 correspond
to [R4A;] species (triply occupied tetramer). In addition, it is
worth noting that, both for the dimer and the tetramer, the
test binding constants used correspond to an extremely nega-
tively cooperative system.

As shown in the above example, the number of sites per
molecular entity determines the number of possible plateaus.
Thus, for the interconvertible dimer/tetramer system, theo-
retical plateaus are possible at Y equal to 1/2 and 1 for the
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Figure 5 The dimer and tetramer model with independent oligo-
meric states. The graph shows the variation of the ligand bound per
receptor site (Y= Apound/Rb) With the logarithm of ligand concentra-
tion (log[A]) for the fraction of the dimer state varying from 0.1
(upper intermediate asymptote) to 0.9 (lower intermediate asymp-
tote) by 0.1. Fixed values used for the system parameters were
Ky =107, K;=10%, K3 =107, K4 =107, Ks = 10¢ and Ks = 10%. Inter-
mediate plateaus are found between 0.525 (90% dimer + 10% tet-
ramer) and 0.725 (10% dimer + 90% tetramer).

dimer and Y equal to 1/4, 1/2, 3/4, and 1 for the tetramer. It
is worth noting, that other values can be achieved for higher
oligomers; thus, if a hexamer is present in the system new
plateaus can be obtained for Y equal to 1/6, 1/3, 2/3 and 5/6.

The dimer and tetramer states of the receptor
may not be in equilibrium

There exists also the possibility that the two receptor oligomer
populations (dimers and tetramers) are fixed either because
they do not interconvert or because the kinetics of oligomer-
ization are much slower than that of ligand binding. Given
this assumption, all the equilibrium constants of Equation 6
remain in the calculations except that for the oligomerization
equilibrium (L).

The fraction of bound ligand can be assessed as in Equa-
tion 11. However, the fractions of the receptor oligomeric
species, fi and (1 - f;), are not dependent now on the equilib-
rium constant L, contrary to what was seen above with the
interconvertible oligomeric states, for which f; depended on L
through Equation 7; instead, f; and (1 - f;) remain constant
and independent of [A]. This feature profoundly affects the Y
profiles, allowing the formation of intermediate plateaus at Y
values different from those resulting from the number of sites
in any of the molecular oligomeric species included in the
system. To illustrate this property, Figure 5 displays a collec-
tion of nine curves with intermediate plateaus ranging
between 0.525 and 0.725 Y values as f; varies between 0.9
(lower intermediate asymptote) and 0.1 (upper intermediate
asymptote). In interpreting this oligomer system, which is not
in rapid equilibrium, it is worth mentioning that, as in the
simulation used for the equilibrium case, binding to the last
binding sites in dimers and tetramers is artificially prevented
using extremely large K, and Ks. Because of this restriction,
the plateaus of the curves reflect the occupation of the first



site of the dimer and the third site of the tetramer. As more
tetramers are present in the system (f; decreases), the values
of the intermediate plateaus (apparent Bp.) increase, and the
plateaus progressively resemble that of the pure tetramer.
Note that because of the oligomer mixture composition, the
intermediate plateaus of Figure 5 range between 0.525 (90%
dimer + 10% tetramer) and 0.725 (10% dimer + 90% tet-
ramer) and not between 0.5 and 0.75, which would corre-
spond to pure dimer and tetramer species respectively.

How can the model be used in
experimental situations?

In the previous sections a model for the coexistence of dimer
and tetramer oligomers either in equilibrium or in non-
equilibrium situations has been presented. Simulations per-
formed on the model equations provided us with deeper
insights into receptor aggregation features as, for example, the
tendency to increase the oligomerization degree with the
increase of the receptor expression level; the relationship
between the observed plateaus in the fractional ligand
binding curves and the ratio of potentially occupable sites to
the total of sites per receptor molecule, for the equilibrium
case; and the characterization of the ligand capacity to shift
the degree of receptor aggregation.

Detection of the presence of more than one oligomeric species

It is important to ask whether the model can be used to
detect, experimentally, the existence of two receptor oligo-
meric forms, say a dimer and a tetramer in equilibrium. Let us
suppose a saturation binding curve with inner plateaus at 1/4,
1/2 and 3/4 values, which are compatible with a receptor
tetramer. As the 1/2 value can also be obtained from a dimer
receptor, the additional presence of this form cannot be ruled
out. How can we confirm its presence? An appropriate
approach can be to change the receptor levels. The curve
profile for the fraction of bound sites is independent of recep-
tor concentration in the case of a pure receptor oligomeric
form, but the same does not happen in the case of a mixture.
An alteration of either the location of the curve along the
x-axis or the number of intermediate plateaus is an indication
of the coexistence of various oligomeric forms, where ligands
may show different sensitivities to the alteration of total
receptor concentration.

An example for the above discussion can be taken from the
literature where the variation of the fractional saturation
binding curves for ['**IJEGF with EGF receptor concentration
was analysed (Macdonald and Pike, 2008). This outcome was
considered by the authors as a diagnostic feature of the pres-
ence of a mixture of receptor oligomer forms. Because it had
been previously demonstrated that the EGF receptor can form
dimers (Yarden and Schlessinger, 1987), the dependence of
the fractional saturation binding curves with the level of
receptor expression was fulfilled by a model in which unoc-
cupied EGF receptor monomers are in a pre-existing equilib-
rium with unoccupied EGF receptor dimers (Macdonald and
Pike, 2008).
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The estimation of the constants of the model

Equation 11 gives the fraction of receptor bound sites as a
function of ligand concentration. The Equation includes six
ligand-receptor binding constants (K; and K, for the dimer
and K; to K; for the tetramer) and a parameter indicating the
relative population of the oligomer species (f1). In the equi-
librium case, the f; parameter is not a constant. On the con-
trary, it depends on the ligand concentration, the binding
constants, the total number of receptor sites (R,) and
the association constant for oligomerization (L). Clearly, the
model is over-parameterized for a single binding curve as the
information provided by the dimeric receptor does not add
features to the curve shape, which could be distinguished
from those provided by the tetrameric receptor. To use the
model, several curves should be obtained by changing the
receptor expression level, with the minimum number of
curves depending on the relative values of the binding con-
stants and the receptor association constant L. Of note, this
system variation affects only one of the model parameters, R,
with the rest of the parameters keeping common values for all
the curves. The R, values can be obtained directly from the
upper asymptote of each of the saturation binding curves and
entered as constants during fitting. A global fitting of the
model to the set of curves would allow us to obtain the
parameter estimates, that is, the ligand-receptor binding con-
stants and the association constant for tetramer formation.
This strategy was followed in the above-mentioned example
for the analysis of ["*IJEGF binding to the oligomeric equilib-
rium between EGF receptor monomers and dimers, for which
six isotherms were used, with the number of receptors per cell
ranging between 24 000 and 450 000. The estimated value for
the equilibrium constant for the monomer — dimer associa-
tion reaction was 5.3 x 10" (mol/dm?)”!, with the units result-
ing from expressing receptor concentration as a density per
cell surface (Macdonald and Pike, 2008).

Conclusion

Based on the discussion above, it is clear that models of
GPCRs where dimeric and tetrameric species are co-expressed
can generate data that are not seen with simpler models
where one species is expressed. Where there is equilibrium
between the tetramer and dimer species, the model predicts
that, in saturation binding experiments, ligands may exhibit
Brax values of 75%, 50% or 25% of a ligand that binds to all
of the sites. Such behaviour may also be seen with a simple
tetramer model but in that case it depends on differences in
cooperativity. In the present case the behaviour results from a
mixture of cooperativity and the potential of the receptor to
exist as a tetramer or dimer. Modulation of the tetramer/
dimer state may, in principle, also affect the signalling prop-
erties of the receptor. Where there is no equilibration between
the tetramer/dimer species, this new model allows B, values
other than the 25%/50%/75% values mentioned earlier. This
is a unique feature of the model.

It is important to ask, however, whether the complexity of
the new models is justified based on data in the literature.
One of the most comprehensive sets of data on this topic
comes from the work of Wells on muscarinic acetylcholine
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receptors. For example, in a study on the M, muscarinic
acetylcholine receptor expressed in Sf9 cells, purified and
then reconstituted, a tetramer model provided a good descrip-
tion of the ligand binding properties and in particular the
differences in Bn.x for different radioligands (Ma et al., 2007).
Other models including co-expressed dimers and monomers
were considered but provided no improvement in descrip-
tion. Similar models have been invoked to describe the ligand
binding behaviour of muscarinic receptors in other systems.

For the D, dopamine receptor, however, more complexity
appears. Whereas for the D, receptor expressed in CHO cells a
simple dimer model with negative cooperativity (Armstrong
and Strange, 2001) suffices to describe the ligand binding
data, for the receptor expressed in Sf9 cells a more complex
model is required (Vivo et al., 2006). In this system, differ-
ences in relative Bn. values for different radioligands were
seen in different preparations. This behaviour cannot be
explained with a single species model and suggest more com-
plexity, perhaps mixtures of different size oligomers not in
equilibrium. The potential role of microdomain localization,
such as cholesterol-rich regions, on the organization of
GPCRs into higher-order oligomers has recently been high-
lighted (Guo et al., 2008). Whether a collection of indepen-
dent microdomains with heterogeneous receptor oligomeric
populations is the cause of the complex behaviour of D,
receptor is an issue that requires further investigation.

Recently, the location of at least four D, dopamine receptors
in close molecular proximity at the plasma membrane of
living mammalian cells has been demonstrated by combining
bioluminescence/fluorescence complementation and energy
transfer techniques (Guo et al., 2008). Moreover, cross-linking
experiments showed that this higher-order organization was
unaltered over a 100-fold range of receptor expression that
includes physiological levels of expression. The existence of
multiple receptor interfaces, in particular those involving the
first and fourth transmembrane segments, was assessed (Guo
et al., 2008). The independence of the higher order organiza-
tion on expression level found in this study (at least in the
range examined) suggests that a single oligomeric species
rather than a mixture is present. Importantly, the interface
arrangement raises the issue of the functional basis of
crosstalk between receptor protomers, after the demonstra-
tion that, for both rhodopsin (Bayburt etal., 2007) and
B.-adrenoceptors (Whorton et al., 2007), one single receptor
suffices to signal efficiently to G proteins when reconstituted
into lipid nanodiscs. Without direct evidence, possible
hypotheses may be investigated on the fine tuning that coop-
erativity may yield both for binding and function. In addi-
tion, we can speculate that oligomerization may provide
functions lacking in individual protomers. As was shown for
homodimeric mGluRs (Kniazeff ef al., 2004), a mutant recep-
tor that was fully inactivated when expressed alone could be
in part recovered by its wild-type counterpart when expressed
as a dimer.

Mathematical modelling can be useful for both the analysis
of ligand-receptor cooperativity interactions and the quanti-
tative evaluation of the functional crosstalk between pro-
tomers, as has been recently shown for homodimeric mGluRs
(Rovira etal.,, 2008). Moreover, theoretical approaches as
those followed here for the examination of the stoichiometry

British Journal of Pharmacology (2009) 156 28-35

of receptor oligomerization can provide complementary
information to recently reported experimental methodologies
(Gandia et al., 2008; Maurel et al., 2008).

Receptor dimerization involves the occurrence of not only
homodimers but also of heterodimers. This seems logical as
nature typically explores the viability of all combinations of
single elements. As a corollary to this, higher-order oligomer-
ization involving heteroreceptors is expected. Recently,
higher-order hetero-oligomers in the plasma membrane have
been identified by combining BRET and fluorescence reso-
nance energy transfer techniques (Carriba etal., 2008),
showing that the limit of receptor complexity is far from
being reached. Furthermore, in the same way as receptor
heterodimerization has opened new avenues for the therapeu-
tic interest of the direct interactions between receptors
belonging to different GPCR classes (see Dalrymple et al.,
2008 and references therein), higher-order receptor hetero-
oligomerization may represent an important system for cell
signalling and, consequently, for drug discovery. Modelling
higher-order receptor hetero-oligomerization is beyond the
scope of this study, but some of the basics for future research
on this field are presented here.

Another behaviour seen in GPCRs that may be relevant
relates to the occurrence of high and low affinity agonist
binding sites. Classically, this behaviour has been explained
in terms of receptor coupled (RG) and uncoupled (R) to G
protein. The two sets of sites could, however, be an expression
of cooperativity in agonist binding (Potter et al., 1991). If this
were the case then the models that are proposed will limit the
relative numbers of the two sets of sites. In many cases the
two sets of sites are found experimentally to be in approxi-
mately equal proportions. This would then be in accord with
a simple dimer or tetramer model with negative cooperativity.
There are, however, reports of different percentages of higher
affinity states in some systems. For example for the D, dopam-
ine receptor expressed in Sf9 cells, the proportion is ~30%
(Nickolls and Strange, 2003). It is difficult to know if this is a
result of negative cooperativity in a tetramer, whether it sup-
ports the idea of a dimer/tetramer model with no equilibra-
tion or whether it reflects the R/G ratio.
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