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Insulin-like peptide 3 (INSL3) binds to a G protein-coupled
receptor (GPCR) called relaxin family peptide receptor 2
(RXFP2). RXFP2 belongs to the leucine-rich repeat-contain-
ing subgroup (LGR) of class A GPCRs. Negative cooperativity
has recently been demonstrated in other members of the LGR
subgroup. In this work, the kinetics of INSL3 binding to
HEK293 cells stably transfected with RXFP2 (HEK293-RXFP2)
have been investigated in detail to study whether negative
cooperativity occurs and whether this receptor functions as a
dimer. Our results show that negative cooperativity is present
and that INSL3-RXFP2 binding shows both similarities and

differences with insulin binding to the insulin receptor. A
dose-response curve for the negative cooperativity of INSL3
binding had a reverse bell shape reminiscent of that seen for
the negative cooperativity of insulin binding to its receptor.
This suggests that binding of INSL3 may happen in a trans
rather than in a cis way in a receptor dimer. Bioluminescence
resonance energy transfer (BRET?) experiments confirmed
that RXFP2 forms constitutive homodimers. Heterodimeriza-
tion between RXFP2 and RXFP1 was also observed. (Endocri-
nology 149: 1113-1120, 2008)

HE INSULIN-LIKE PEPTIDE 3 (INSL3) is a member of
the insulin/relaxin-related gene family (1, 2), and binds
to the relaxin family peptide receptor 2 (RXFP2) (formerly
called LGR8). In humans, the insulin-related gene family
includes the genes for insulin, IGF-I and -II, relaxins (H1, H2,
and H3), and INSL3, -4, -5, and -6 (3, 4). Proteins of this
superfamily are synthesized as prepro-proteins consisting of
four domains (pre, B, C, and A). These are then processed by
proteolytic removal of the pre domain and in some case the
C domain and fold to form mature proteins, in which the A
and B domains are covalently linked by two disulfide bonds
(5). The peptide hormones and growth factors of this gene
family play a fundamental role in the control of essential
cellular and physiological processes such as survival or ap-
optosis, cell migration, cell cycle, proliferation and differen-
tiation, and body growth, metabolism, reproduction, and
longevity (6).

Despite differences in the relaxins of different species, all
relaxins share key structural features such as the general size
(6000 Da), the canonical insulin-type disulfide bridges and
chain structure, three preserved glycines, one in the A chain
and two in the B chain, and the arginine residues Arg”'® and
Arg®"” (H2 human relaxin numbering) (7-9). More signifi-
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cantly, the amino acid sequences of relaxins of 23 different
species contain an eight-amino-acid sequence in the B chain
that has been conserved in evolution. This sequence, postu-
lated to represent the receptor recognition and binding site
region, has the motif Arg-X-X-X-Arg-X-X-Ile/Val. The spac-
ing between and the location of the arginine residues in this
region is thought to be critical for receptor binding. The
human INSL3 peptide similarly contains the same spacing
between arginine residues (Arg-X-X-X-Arg motif); however,
their positions have been displaced by four amino acids
toward the C terminus from the corresponding position
within relaxin (10). Recent studies have shown that Arg®',
Trp®¥, and Val®® (human INSL3 numbering) are the key
residues of INSL3 that are responsible for the interaction with
the ectodomain of RXFP2, whereas His"'* and Arg" play a
secondary role (11). In INSL3, a distinct motif (Gly-Gly-Pro-
Arg-Trp) was identified at a B chain C-terminal sequence that
was also involved in RXFP2 binding. The Trp residue is
essential but not sufficient for receptor binding, and the
proline residue is likely important for maintaining the correct
conformation (12).

The receptors for INSL3, as well as those for relaxins H1-2,
together with the glycoprotein hormone receptors (LH re-
ceptor, FSH receptor, and TSH receptor), belong to the
leucine-rich repeat-containing subgroup (LGR) of the rho-
dopsin-like G protein-coupled receptor (GPCR) superfamily
(class A). The receptors for INSL4 and INSL6 are unknown.
INSL3 binds to the RXFP2 receptor. This subgroup contains
an extracellular domain with multiple leucine-rich repeats
and a GPCR transmembrane domain. The type C subgroup,
to which RXFP2 belongs, is distinct from LGR subtype A and
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B in having an N-terminal low-density lipoprotein receptor-
like cysteine-rich motif and a unique hinge region. Similar to
the type A LGRs, which include the glycoprotein hormone
receptors, the ectodomain of RXFP2 functions as the ligand-
binding domain, where ligand binding leads to the activation
of adenylyl cyclase and the protein kinase A-dependent
pathway in target tissues (13).

The RXFP2 receptor has been proposed to contain two
binding sites, which have significantly different affinities.
The high-affinity site is located in the ectodomain, whereas
the low-affinity site is located upon the transmembrane seg-
ment of the receptor, likely within exoloop 2 (12, 14). The
high-affinity binding site couples to cAMP signaling with
high efficiency, whereas the low-affinity site couples with
lower efficiency. At the same time, the primary site (high-
affinity site) dictates receptor binding characteristics, al-
though the lower affinity site also exerts some influence and
modulates ligand affinity for the primary site (15).

Following classical studies on the insulin receptor (16, 17),
negative cooperativity (18, 19) shown by curvilinear Scat-
chard plots and accelerated dissociation of the tracer-recep-
tor complex in the presence of unlabeled ligand, has been
demonstrated in B,-adrenergic (20) and TSH receptor (21)
binding in the early 1970s, before they were shown to be
GPCRs. That issue, however, became contentious (22, 23)
especially because the GPCRs were for a long time thought
to be monomeric. However, recent evidence has accumu-
lated using, among others, bioluminescence resonance en-
ergy transfer (BRET), that the majority of GPCRs do form
homodimers and heterodimers (24, 25). In that context, a
clear link between homodimerization and negative cooper-
ativity was recently demonstrated for glycoprotein hormone
receptors (including TSH receptors), which are other mem-
bers of the LGR subgroup (26).

In this study, we investigated whether INSL3 binding to
RXFP2 exhibits negative cooperativity and whether RXFP2
forms homo- and heterodimers.

Materials and Methods
Chemicals and reagents

Cell culture reagents, fetal bovine serum, transfection lipids and
antibiotics were purchased from Invitrogen (Taastrup, Denmark).
Chemicals were purchased from Sigma (Copenhagen, Denmark).

Synthetic human INSL3 was purchased from Phoenix Pharmaceuti-
cals, Inc. (Belmont, CA), recombinant H2 relaxin was kindly provided
by BAS Medical (San Mateo CA), and synthetic H3 relaxin was provided
by J. D. Wade.

Cell culture

HEK?293 cells obtained from the European Collection of Animal Cell
Cultures (Salisbury, UK) and HEK293 cells stably transfected with
RXFP2 (HEK293-RXFP2) (27), were cultured in RPMI 1640 with 10% fetal
bovine serum, 2 mMm L-glutamine, and 100 U/ml penicillin-streptomycin
at 37 C in a humidified atmosphere of 5% (vol/vol) CO,. For the stable
transfectants, zeocin (200 ug/ml) was added once a week.

Vector construction

Human cDNAs of RXFP1 and RXFP2 (27) were cloned into pcDNA3.1
(+/—) vectors (Invitrogen) containing either Rluc or green fluorescent
protein (GFP?) inserts using standard molecular biology methods. The
Rluc and GFP? inserts were fused in frame to the C terminus of the
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receptors. The C-terminally GFP*-tagged neurokinin type 1 receptor
(NK1R) and two membrane-inserted GFP*-tagged constructs were gen-
erated (14aa GFP? and GFP? 17aa). The 14aa GFP? construct contains 14
amino acids residues from p59Fyn inserted at the N-terminal end of
GFP2. The GFP? 17aa construct contains 17 amino acids residues from
K-ras inserted at the C-terminal end of GFP% Both the N-terminal se-
quence of Fyn and the C-terminal sequence of K-ras were previously
shown to direct a native protein to the plasma membrane (28, 29). The
14aa GFP? and GFP? 17aa cDNAs were kindly provided by Dr. Rasmus
Jorgensen (7TM Pharma A/S, Hersholm, Denmark). All clones were
verified by sequencing.

Labeling of INSL3

INSL3 from Phoenix Pharmaceuticals was labeled in a stoichiometric
radioiodination protocol to yield monoiodinated tracer (30) essentially
as described by Buellesbach and Schwabe (8, 31). For a more detailed
protocol, see supplemental data, published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org.

Receptor binding assays

All experiments were done three times in duplicate unless otherwise
stated.

Association assays

[*?°IJINSL3 and HEK293-RXFP2 cells were incubated at 4, 15, 26, or
37 C for different time intervals. Specific INSL3 binding was determined
by centrifugation as previously described (32). Two additional aliquots
were not centrifuged but counted as total.

Competition assays were done as described before (32). HEK293-
RXFP2 cells were incubated with a constant amount of [*>°I]INSL3 and
increasing concentrations of unlabeled ligand (INSL3 or H2 or H3 re-
laxin) at 15 C for 2.5 h. This was done in buffer with pH 6.0 or 7.6.
Duplicate aliquots were centrifuged after incubation and the bound
activity counted. Two additional aliquots were not centrifuged but
counted as total.

Dissociation assays were performed as described (16). ['*°I]INSL3 and
HEK293-RXFP2 cells were preincubated. After 2 h of incubation, the cells
were resuspended in an equal amount of buffer. Duplicate aliquots were
diluted 40-fold in the absence and presence of a constant amount of
unlabeled INSL3 and incubated at 4, 15, or 37 C. After different time
intervals, the cells were centrifuged and the bound activity counted. Two
additional aliquots were not centrifuged but counted as total. In a second
experiment, duplicate aliquots were diluted 40-fold with increasing
concentrations of unlabeled ligand (INSL3 or H2 or H3 relaxin) for a
constant amount of time.

BRET? experiments were performed as described (33-35). For BRET?
saturation experiments, HEK293 cells were cotransfected with a constant
amount of vectors coding for Rluc-tagged receptors and increasing
amounts of vectors coding for GFP*-tagged receptors or with a constant
amount of RXFP2 Rluc with increasing amounts of NK1R GFP?, 14aa
GFP? or GFP? 17aa (control experiments). For BRET? competition assays,
HEK293 cells were cotransfected with a constant amount of Rluc- and
GFP?-tagged receptors and increasing amounts of untagged receptor.
For the heterodimerization experiments, HEK293 cells were cotrans-
fected with constant amounts of RXFP2 Rluc and RXFP1 GFP? or with
RXFP2 Rluc and increasing amounts of RXFP2 TM1-7 GFP2.

Expression levels of Rluc- and GFP*-tagged constructs for each BRET?
experiment were monitored by luminescence and fluorescence mea-
surements as described (34).

Confocal fluorescence microscopy

Confocal microscopy experiments were performed as described ear-
lier (36). Briefly, HEK293 cells transfected with either 14aa GFP? or GFP?
17aa were examined under an oil immersion objective (X40) using a
Leica multispectral confocal laser microscope (Leica TCS NT, Heidel-
berg, Germany). Detection of the GFP>-tagged 14aa and 17aa constructs
and nuclei labeled with TO-PRO-3 signals was achieved with the use of
excitation line lasers at 488 nm (argon) and 633 nm (helium-neonium).
The data from the channels were collected with 4-fold averaging at a

220z 1snBny g1, uo sesn sonsnr Jo Juswiedaq 'S'N Ad 980SSHZ/E L L L/E/6Y L /2I0IIE/0pUS/WOD dNO dlWspEo.)/:SA]Y WOJ) POPEOUMOQ



Manegold Svendsen et al. ® Mechanism of INSL3 Binding to RXFP2

resolution of 1024 X 1024 pixels. Optical sections (1.0 wm) were taken
and representative sections corresponding to the middle of the cells are
presented using Adobe Photoshop 7.0 computer software.

Statistical analysis

All results are the means of duplicate determinations in three inde-
pendent experiments unless otherwise stated.

Association data. The average values of the double determinations were
analyzed by a three-way ANOVA model with random effects. The
effects of experiment, temperature, time, and the interaction between
time and temperature were considered as fixed effects, and the inter-
action between experiment and temperature was considered as random
(i.e. observations at different time points from the same temperature and
experiment are correlated).

Dissociation data. The results from time = 300 min and time = 1440 min
were analyzed statistically. The average values of the double determi-
nations were calculated, and the difference between buffer alone and
added INSL3 was constructed, yielding three differences from each
temperature. The differences were analyzed by a one-way ANOVA with
temperature as the fixed factor.

Affinity data. The K4 values from three different experiments at pH 7.6
and pH 6.0 were compared using a paired ¢ test.

Effect of accelerated dissociation data. Data were analyzed by a three-way
ANOVA model (ANOVA) with random effects. The effects of the three
experiments, the treatments (INSL3, H2 relaxin, or H3 relaxin), the
concentration of the unlabeled ligand, and the interaction between the
concentration and the treatments were considered as fixed effects. The
interaction between the three experiments and the treatments was con-
sidered as random.

BRET? saturation data (RXFP2 Rluc/RXFP2 GFP? pair and RXFP2 Rluc/
RXFP2 TM1-7 GFP? pair). The average values of the six replicate ter-
minations were analyzed by a three-way ANOVA model with random
effects. The effects of three experiments, stimulation with 0, 1.6, or 10 nm
INSL3 and of the GFP?/Rluc ratio were considered as fixed effects, and
the interaction between three experiments and stimulation was consid-
ered as random.

Statistical analysis of the data of Fig. 5, B and C, could not be per-
formed because it is not possible to get the same GFP/Rluc ratio in
different experiments when performing cotransfection studies. How-
ever, the findings are consistent with what has been shown before in
other BRET experiments (26, 33).

Heterodimerization experiment. From each of three experiments, six rep-
licate values with RXFP1 and RXFP2 were obtained. When data from
each experiment were analyzed separately (two-sample f test), the dif-
ference was significantly different from zero in two of the three exper-
iments. In a combined analysis, the overall difference was not signifi-
cantly different from zero.

Results and Discussion

Temperature dependence of INSL3 association and
dissociation

The binding of INSL3 to RXFP2 showed clear temperature
dependence with a faster association at higher temperatures
(Fig. 1). The interaction between time and temperature was
strongly significant; thus, the curves from different temper-
atures cannot be considered identical. Interestingly, the equi-
librium reached the same level at all temperatures, indicating
that both the association and dissociation are faster and com-
pensate for each other at higher temperatures. The binding
of insulin to the insulin receptor also showed temperature
dependence for association with faster association at higher
temperatures, but the dissociation rate was more sensitive to
temperature, generating a decreased equilibrium binding at
higher temperatures (32).
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Fic. 1. INSL3 binding/association assay. Association of [*2°I]INSL3
at 4 C (W), 15 C (V), 26 C (@), and 37 C (A). Bound/free [*2°I]ligand
is plotted as a function of time. There is a clear temperature depen-
dence of association, i.e. the higher the incubation temperature, the
faster the association. At 4 C, the association started very slowly, and
after 300 min, steady state was not reached yet. It took approximately
2.5,1.5,and 1h at 15, 26, and 37 C, respectively, to reach steady state
binding. All steady-state binding reached the same level.

The dissociation of [**°IJINSL3 from RXFP2 was indeed
also affected by temperature with an increasing rate of dis-
sociation with increasing temperatures (Fig. 2). The presence
of unlabeled ligand enhanced the radioligand dissociation
significantly at all temperatures studied. The difference be-
tween added INSL3 and buffer alone was significantly dif-
ferent at all temperatures at time = 300 min, but not at 37 C
at time = 1440 min. However, at 4 C, the presence of unla-
beled INSL3 did not affect the rate of [***T]INSL3 dissociation
for at least 3 h of dissociation. This could be due to the very
slow binding of INSL3 to RXFP2 at this temperature. Limbird
and Lefkowitz (37) showed a similar temperature depen-
dence of both association and dissociation of alprenolol to the
Br-adrenergic receptor, where the association curves also
reached the same level of steady-state binding at the different
temperatures. Also, in the case of the 3,-adrenergic receptor,
the addition of unlabeled ligand accelerated the dissociation
of labeled ligand at all temperatures, although at 4 C, the
presence of unlabeled ligand did not affect the dissociation
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Fic. 2. Dissociation assay of INSL3 from RXFP2. Bound tracer at
time t divided by bound tracer at time 0 was plotted as a function of
time. Dissociation of ['2°T]INSL3 at 4 C (W), 15 C (¥), and 37 C (A),
with (closed symbols) and without (open symbols) addition of unla-
beled ligand. At 4 C, the dissociation is very slow, and the addition of
160 nM unlabeled INSL3 accelerates the dissociation only slightly, but
still enough to indicate the presence of negative cooperativity. The
fastest dissociation was seen at 37 C.

220z 1snBny g1, uo sesn sonsnr Jo Juswiedaq 'S'N Ad 980SSHZ/E L L L/E/6Y L /2I0IIE/0pUS/WOD dNO dlWspEo.)/:SA]Y WOJ) POPEOUMOQ



1116 Endocrinology, March 2008, 149(3):1113-1120

rate for atleast 60 min. This slow onset of effect contrasts with
the insulin receptor, where the accelerating effect of unla-
beled ligand is observed within minutes, as also seen for the
TSH receptor (21, 26). This suggests that the rate constants
within the dimers in the various systems are different and
warrants mathematical modeling for measuring those con-
stants. The dissociation of insulin is also temperature de-
pendent with a faster dissociation at higher temperatures
(Fig. 9 in Ref. 17). The dissociation by dilution plus unlabeled
insulin was also accelerated by increasing temperatures, but
to a lesser extent than dilution only; as a result, the difference
between dilution only and dilution plus unlabeled ligand
decreased markedly with increased temperature (17). The
opposite is seen with INSL3, where the difference between
the dilution only and dilution plus unlabeled INSL3 gets
bigger with increasing temperatures (Fig. 2).

In addition to the temperature dependence, the pH de-
pendence of binding and dissociation was investigated. For
results, see supplemental data.

Affinity of INSL3/RXFP2 binding

Consistent with the previous proposal that RXFP2 has two
binding sites (12), two K values were estimated by computer
curve-fitting of competition curves. The Ky values of the
high- and low-affinity sites were 0.100 = 0.020 and 0.310 *
0.080 nM, respectively (at pH 7.6), using a sequential model.
The K4 was 0.227 = 0.050 nM using a one-site model (Fig. 3A).
Halls et al. (12) reported a curved Scatchard plot with Ky of
0.58 * 0.014 nm and 4.47 = 0.161 nMm for the high- and
low-affinity sites. However, these results relate to binding of
[3*P]H2 relaxin to RXFP2 and not [***T]INSL3.

Furthermore, we examined whether the difference in pH
had an impact on the Ky values of INSL3. INSL3 had a
significantly higher affinity toward RXFP2 at pH 6.0 in com-
parison with pH 7.6, in agreement with the pH dependence
curve (K4 values 0.156 = 0.008 nMm, one-site model, or 0.073 =
0.005 and 0.260 * 0.080 nMm, sequential model).

H2 and H3 relaxin had a much decreased potency in com-
peting for ['*’IJINSL3 binding to RXFP2 (K4 = 381 =+ 36 and
400 * 31 nMm, respectively) (Fig. 3B). This could be due to the
different binding motifs in the B chain of the hormone. In-
terestingly, both RXFP1 and RXFP2 bind H2 relaxin (10),
which implies that the ligand-binding domain of both re-
ceptors must share some similarity, whereas the ligands
themselves have subtle differences, which affords them their
specificity. The potency of H2 binding to RXFP2 using
[*?°T]IN'SL3 as a tracer in this study is much weaker than that
previously found using [**P]H2 relaxin as a tracer on the
same receptor (Ky = 1.062 * 0.127 nm) (12). The importance
of INSL3 His"'?, Arg®'¢, Val®'?, and Arg®® has been shown
before (11). Those residues comprise a relaxin-like binding
cassette in INSL3. However, unlike relaxin binding to RXFP1,
the Trp® residue is essential for high-affinity binding of
INSL3 to RXFP2. This could explain why H2 relaxin com-
petes with [**P]H2 relaxin with high affinity but only with
low affinity for ['"*’IJINSL3. It has recently been shown that
H3 relaxin binds to RXFP2, although with low affinity, but
that binding does not stimulate cAMP accumulation in hu-
man RXFP2-expressing cells at concentrations up to 1 um (14,
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Fic. 3. Homologous and heterologous competition assays. All curves
are plotted as bound/total labeled INSL3 as a function of the loga-
rithm of the concentration of unlabeled ligand. A, Homologous com-
petition assay with labeled and unlabeled INSL3 at pH 6.0 (A) and 7.6
(M). INSL3 had a significantly higher affinity toward RXFP2 at pH 6.0
in comparison with pH 7.6, in agreement with the pH dependence
curve. B, Heterologous competition assay with unlabeled INSL3 (con-
trol, @), unlabeled H2 (A), and H3 relaxin (V). The curves of both H2
and H3 relaxin were markedly shifted to the right, and both hormones
have a much lower affinity to RXFP2 than INSL3 at 15 C and pH 7.6.

B

27). This is consistent with the very high Ky; however, H3
relaxin is known to stimulate cAMP production in cells ex-
pressing RXFP1 (12). That H3 relaxin binds to RXFP1 with
high affinity but low affinity to RXFP2 could also be due to
differences in the binding motifs.

Negative cooperativity in INSL3/RXFP2 binding

The concept of negative cooperativity of insulin binding to
the insulin receptor has been investigated and documented
for more than 30 yr (17, 38, 39). This was usually done by
measuring ligand-accelerated tracer dissociation in an infi-
nite dilution. Also in the case of INSL3, the addition of
unlabeled hormone accelerated the dissociation of the pre-
bound tracer (Fig. 2). However, this effect is quantitatively
different from insulin dissociation in that the effect develops
slowly and continues over time, whereas with insulin, the
effect is observed to be very fast. Like insulin’s, dissociation
of INSL3 from RXFP2 is not first order. Dose-response curves
for the accelerated dissociation are bell-shaped (self-antag-
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onism) and show a loss of the dissociation acceleration at
INSL3 concentrations of more than 500 nm (Fig. 4). Higher
concentrations of unlabeled ligand could not be used due to
limited access to the ligand. However, the experiment has
been performed three times, and the findings have been
reproducible. Both H2 and H3 relaxin showed a much de-
creased potency of accelerated dissociation, consistent with
the much higher Ky values. The interaction between the
treatment and the concentration of the unlabeled ligand was
strongly significant; thus, the three sets of curves from dif-
ferent ligands cannot be considered identical. However, the
curves from H2 relaxin and H3 relaxin were not significantly
different. The same phenomenon as with INSL3 has been
observed with insulin binding to the insulin receptor (38, 39).
However, the time course for the development of the dose-
response curve for negative cooperativity takes a much
longer incubation time to achieve the full effect for acceler-
ated dissociation in the case of INSL3 binding than for insulin
binding. Furthermore, the maximal effect for accelerated dis-
sociation is less for INSL3 (at maximal effect, 70% is still
bound) than for insulin. The occurrence of negative coop-
erativity, shown by the accelerated dissociation of the li-
gands, suggests that the RXFP2 receptor exists as a dimer or
oligomer rather than a monomer, and the bell-shaped dose-
response curve for negative cooperativity of INSL3 binding
to RXFP2 suggests that the two binding sites cross-linking
may happen in a trans rather than in a cis way like in the case
of the insulin receptor, as has been proposed before (12). This
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Fia. 4. Dose-response curve for negative cooperativity. Bound tracer
after 7 h of incubation at 15 C divided by bound tracer at time 0 was
plotted as a function of the logarithm of the concentration of the
unlabeled ligand. To study the relative potency of the accelerated
dissociation, homologous dose-response curves for negative cooper-
ativity were performed, where a constant amount of labeled INSL3 is
dissociated from RXFP2 as a function of increasing concentration of
unlabeled INSL3 (H). The same experiment was repeated as a het-
erologous dose-response curve for negative cooperativity, where the
same constant amount of labeled INSL3 is dissociated as a function
of increasing concentration of unlabeled H2 (A) or H3 (¥) relaxin. The
curve for the homologous dose-response curve for negative cooperat-
ivity was inverse bell shaped. When examining the results of the
heterologous experiments, it is seen that the curves in the presence
of both H2 and H3 relaxin were shifted to the right in comparison with
the INSL3 curve, and the maximal effect for accelerated dissociation
is smaller. Furthermore, the curves for H2 and H3 relaxin seem not
to be bell shaped, but this would probably demand higher concen-
trations.
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could be explained by the fact that RXFP2 has one high- and
one low-affinity binding site (called binding sites 1 and 2). At
low concentrations, INSL3 binds with high affinity by cross-
linking sites 1 and 2 of two different molecules, leaving the
second pair of binding sites unoccupied (Fig. 1B in Ref. 40).
On partial dissociation of the first bound INSL3 molecule and
at increasing concentrations of INSL3, a second INSL3 mol-
ecule binds and cross-links the vacant binding sites 1 and 2,
accelerating the dissociation of the prebound INSL3. This
phenomenon is lost at concentrations above 500 nm, because
of the binding of two INSL3 molecules to the empty sites,
thus preventing a second cross-link of the subunits. This
would explain the bell-shaped dose-response curve of dis-
sociation kinetics (37). In the cis-binding way, the peptide
binds to the high-affinity site in the ectodomain and the
low-affinity site at the 7TM domain in the same molecule of
the dimer; in the trans-binding way, the peptide binds to the
high-affinity site in the ectodomain in one molecule and the
low-affinity site at the 7TM domain in the second molecule
of the dimer. This trans-binding mechanism is consistent
with what has been suggested previously for binding of
chorionic gonadotropin (CG) to the LH receptor, but that
receptor is capable of cis binding as well, which suggests
transient interactions between the receptor pairs (40).

Evidence for RXFP2 homo- and heterodimerization by
BRET®

To verify the possible dimerization suggested by the bind-
ing data, BRET? experiments were performed, by expressing
constant amounts of RXFP2 Rluc with increasing amounts of
RXFP2 GFP?. Increasing BRET? signals were observed with
increasing amounts of RXFP2 GFP? as shown in the satura-
tion curves for the RXFP2 Rluc/RXFP2 GFP? pair, confirming
that this receptor homodimerizes (Fig. 5A).

As recently discussed (41), careful controls are needed in
the interpretation of BRET results. Therefore, control exper-
iments for the specificity of the interaction were performed.
This was done by cotransfecting RXFP2 Rluc with increasing
amounts of NKIR GFP? and two membrane-inserted GFP*-
tagged constructs (14aa GFP? and GFP? 17aa) (Fig. 5B). The
curves, obtained with all three control unrelated competitors,
were straight lines with no saturation level and showed a
very weak signal within the GFP/Rluc ratio at which RXFP2
Rluc/RXFP2 GFP? pair reached saturation. Confocal fluo-
rescence microscopy demonstrated proper membrane local-
ization of the 14aa GFP? and GFP? 17aa constructs (supple-
mental Fig. 3, published as supplemental data on The
Endocrine Society’s Journals Online web site at http://en-
do.endojournals.org). Furthermore, when constant amounts
of RXFP2 Rluc and -GFP? were cotransfected with increasing
amounts of the wild-type (WT) RXFP2 without a tag (Fig.
5C), the BRET” signal decreased.

The fact that the curve for the RXFP2 Rluc/RXFP2 GFP?
pair reached saturation level contrasts with that of the curve
predicted if the observed BRET? resulted from random col-
lisions promoted by a high receptor density. Indeed, a qua-
silinear curve would be expected if a BRET” signal was gen-
erated by high expression levels of GFP* (42) as was seen in
the first control experiment, where RXFP2 was coexpressed
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F1G. 5. BRET? results. A, Saturation curve for RXFP2. Increasing BRET? signals were observed with increasing amounts of GFP? constructs,
confirming that this receptor homodimerizes. Stimulation with the agonist did not promote any consistent change in the signal. B, Control
experiment for RXFP2, where the saturation curve from A (without stimulation with ligand) is compared with the curve obtained by transfecting
the cells with 1 ug RXFP2 Rluc together with increasing amounts of unrelated competitors: NK1R GFP? (ranging from 0-5 ug) and two
membrane-inserted GFP? constructs (14aa GFP? or GFP? 17aa ranging from 0-2 ug). The curves for the unrelated competitors are very low
and show only straight lines with no saturation level. C, Another control experiment for RXFP2; 1 ug RXFP2 Rluc was coexpressed with 2 pug
RXFP2 GFP? and increasing amounts of the WT RXFP2, ranging from 0—5 ug. As the amount of the WT receptor increases, the BRET? signal
decreases. BRET, is the BRET? signal obtained in the absence of competitor.

together with increasing amounts of NK1R GFP? or mem-
brane-inserted GFP*-tagged control constructs. This proves
the specificity of the interaction. The second proof for the
specificity is the fact that the WT RXFP2 receptor competes
for the dimerization between RXFP2 Rluc and RXFP2 GFP?.

Stimulation with the agonist did not promote any signif-
icant change in the BRET? signal (Fig. 5A). As a control
experiment, the binding of INSL3 to both RXFP2 Rluc and
RXFP2 GFP? was measured, and all constructs did bind the
ligand normally (data not shown). This indicates that the
receptor is present as a constitutive dimer before stimulation
with the ligand as also shown previously for the ;- and
B,-adrenergic receptors (42), for the TSH and lutropin re-
ceptors (26), and for the chemokine receptors (43). However,
this is the first time that dimerization is shown for the class
C of the LGR subgroup of GPCRs. One cannot exclude the
possibility that agonist stimulation could promote assem-
bly/disassembly cycles of the receptors that do not affect the
steady-state fraction of receptors engaged in dimers. In con-
trast, transient interactions have been shown for binding of
CG to the LH receptor, indicating that this receptor forms
agonist-promoted dimers (40, 44).

Urizar et al. (26) have shown that the glycoprotein hor-
mone receptors are able to heterodimerize, and therefore we
have investigated the heterodimerization between RXFP1
and RXFP2 and showed that they do as well. The BRET? ratio
for the RXFP2/RXFP1 pair was, however, slightly less than
for the RXFP2 homodimerization, indicating that the ho-
modimer is preferred (Fig. 6A), although the difference is not
statistically significant. This is consistent with the result from
the RXFP1/RXFP2 pair (data not shown), which showed the
same BRET? ratio. Because both receptors play an important
role in reproductive physiology, the heterodimerization
might play a physiological role, although there isno evidence
so far that they are expressed in the same cells. This will have
to be investigated further.

Role of the receptor ectodomain in dimerization

Fan and Hendrickson (45) suggested that the ectodomain
of the FSH receptor is responsible for dimerization of the

receptor and that the 7TM domain of each receptor compo-
nent would remain widely separated in the receptor dimer.
This could be true for all glycoprotein hormone systems
because these systems share so many common features.
However, this model has been questioned (46). Moreover,
Urizar et al. (26) showed for the TSH and the LH/CG re-
ceptors that the 7TM domain is sufficient for dimerization
and that the ectodomain only stabilizes the interaction. To
test whether dimerization of the RXFP2 receptor required
interactions involving the ectodomain, we performed BRET?
by cotransfecting HEK293 cells with a constant amount of
RXFP2 Rluc with increasing amounts of a construct devoid
of the N-terminal hormone-binding domain (RXFP2 TM1-7
GFP?). The expression of both the holoreceptor and the trun-
cated form of the receptor on the cell membrane has been
investigated, and both receptors are expressed in similar
amounts (data not shown). A BRET” signal for the het-
erodimerization experiment with RXFP2 and RXFP2 TM1-7
was detected, suggesting that the 7TM domain is involved in
the formation of the dimer (Fig. 6B). However, the BRET>

A B
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254

BRET? level (mBU)

Heterodimer BRET ? level compared
to homodimer signal (%)

RXFP2 RLuc (1 pg) RXFP2 Rluc + RXFP2 TM1-7 GFP 2

Fic. 6. Heterodimerization experiments. A, Heterodimerization be-
tween RXFP2 and RXFP1; B, heterodimerization between RXFP2 and
RXFP2 TM 1-7. Cells were transfected with 1 ug RXFP2 Rluc to-
gether with either 5 ug RXFP1 GFP? (A) or increasing amounts of
RXFP2 TM1-7 RXFP2 GFP? (ranging from 1-5 pg) (B).
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signal was stronger for the RXFP2 holoreceptor than for the
truncated form, showing that the large ectodomain seems to
be involved in the stabilization of the dimer formation as
well. However, the difference in the BRET? signals between
the holoreceptor and the truncated form could also be due to
a change in the orientation or a different distance within both
BRET? pairs. The difference in the BRET” signals between the
holoreceptor and the truncated form is consistent with what
has been shown for the TSH receptor (26). However, the
difference is more severe for the RXFP2/RXFP2 TM1-7 pair
than with the TSH receptor, indicating a more substantial
role of the ectodomain of the RXFP2 in the interaction. The
detection of a BRET” signal is itself a confirmation that the
7TM domains must be close together (<100 A). Liang et al.
(47) have already shown that dimerization of rhodopsin-like
GPCRs involves primarily interactions between the serpen-
tine portions of the molecules, and this seems to be true for
the LGRs as well.

We have investigated in detail for the first time the binding
kinetics of a member of the LGR subclass C of the GPCRs. The
results showed that binding of INSL3 to RXFP2 has many
similarities but also differences in comparison with insulin
binding to the insulin receptor. The temperature dependence
of association and dissociation are examples of binding sim-
ilarities together with the pH dependence, the occurrence of
negative cooperativity, the bell-shaped dose-response curve
for negative cooperativity, and the possible applicability of
the cross-linking model (39). However, although the associ-
ation curves for INSL3 to RXFP2 reached the same equilib-
rium at all temperatures, the association curves for insulin
did not, due to a higher off than on rate at higher temper-
atures. The pH dependence was a mirror image of that seen
with insulin. The difference between the dissociation with
and without addition of unlabeled ligand was the opposite
(supplemental data). The effect of the dose-response curve
for negative cooperativity developed more slowly with
INSL3 than with insulin, and the maximal effect was much
lower. GPCRs were earlier believed to be monomeric, and the
proposed binding model suggested that INSL3 binds to the
high-affinity site in the large ectodomain of a monomer and
then to the low-affinity site in the 7TM domain (12). How-
ever, the occurrence of negative cooperativity seen in our
work suggested that the receptor functions as a dimer, and
the bell-shaped dose-response curve for negative cooperat-
ivity suggests that the binding may happen in a trans rather
than in a cis way. BRET? data validated the concept of dimer-
ization of RXFP2 and that the 7TM domains are sufficient for
dimerization. However, the ectodomains appear to be in-
volved in dimerization as well. If the trans-binding model is
correct, it could have interesting implications for the devel-
opment of agonists and antagonists for the treatment of dis-
eases connected to dysfunction of the relaxin signaling path-
ways. The relaxin and INSL3 systems have evolved only
recently in evolution and may therefore not be linked to
essential core functions but may rather have an add-on func-
tion. Therefore, relaxin and INSL3 might be ideal targets for
novel drug development because they are expected to have
few unwanted side effects (48). The elucidation of the bind-
ing mechanism is the first step in understanding the function
of this hormone.
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