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Inverse agonism and the PTH/PTHrP receptor
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Abstract

The PTH/PTHrP receptor (PPR) is a family B G protein-coupled receptor that plays a vital role in
calcium homeostasis and skeletal development. We are using photoaffrnity cross-linking methods to
explore how inverse agonists interact with constitutively active mutant PPRs. The analog \pam-
benzoyl-phenylalanine (Bpa)2]PTHrP(l-36) is a selective inverse agonist for PPR-H223R (altered
in transmembrane domain (TMD) 2), while [D-Bpa12]PTHrP(5—36) is an inverse agonist for both
PPR-H223R and PPR-T410P (altered in TMD 6). In each ligand, the photolabile Bpa group is the
key determinant of inverse agonism. The [Bpa2]PTHrP(l —36) analog cross-linked to two sites in
PPR-H223R: a primary site near the extracellular end of TMD 6 and a secondary site within TMD 4,
extracellular loop 2 or TMD 5. Mutational studies revealed that the intensity of cross-linking to TMD
6, relative to TMD 4/5, increased as receptor signaling activity increased. Our preliminary mapping
studies with [D-Bpa'2]PTHrP(5-36) indicate that this analog cross-links to a different site, possibly
near the boundary of TMD 1 and the N-terminal domain. Thus, there appear to be two different
mechanisms by which inverse agonism can be achieved in constitutively active PPRs. The studies
also reveal conformational differences between active and inactive state PPRs, at least in the vicinity
of residue 2 of the ligand.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The PTH/PTHrP receptor (PPR) is a family B G protein-coupled receptor (GPCR) that
mediates the calcium-homeostatic endocrine actions of parathyroid hormone (PTH) and
the developmental paracrine actions of PTH-related protein (PTHrP). Three different
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activating mutations have been identified in patients with Jansen's metaphyseal chon-
drodysplasia, a rare autosomal dominant disease that results in dwarfism and hyper-
calcemia [1]. These mutations are: His223-^Arg, Thr410^Pro and Ile458^Arg, which
occur at or near the predicted cytoplasmic termini of transmembrane domain (TMD) 2,
TMD 6 and TMD 7, respectively (Fig. 1). Presumably, these mutations induce conforma-
tional changes in the PPR that, at least to some extent, resemble those induced in the wild-
type PPR by PTH(l-34) agonist analogs and, thus, result in increased accessibility of
residues on the cytoplasmic surface of the receptor to GaS. Such conformational changes
in the PPR, however, are still largely undefined.

We [2] and others [3,4] have used the photoaffinity cross-linking approach to identify
sites of contact between several PTH or PTHrP agonist ligands and the wild-type PPR. We
showed that the analog [Bpa2]PTHrP(l-36) ([Bpa%Ile5,Trp ,TyrJb]PTHrP(l-36)amide),
in which the native valine at position 2 is replaced by />ara-benzoyl-phenylalanine (Bpa,
Fig. 2A), is a weak partial agonist/antagonist for the wild-type PPR and an inverse agonist
for PPR-H223R [5]. Importantly, the Bpa modification of this ligand is photoreactive and
it determines the analog's inverse agonist activity. In subsequent studies we performed
photoaffinity cross-linking experiments with this analog and PPR-H223R in an attempt to
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Fig. I. The PTH/PTHrP receptor. Shown is a diagram of the human PPR indicating the positions of: His223,
Thr410 and He458, at which activating mutations have been identified in patients with Jansen's metaphyseal
chondrodysplasia, methionines, extracellular cysteines and their putative disulfide bonding pattern (dashes),
Arg186, the cross-linking site for a PTH(l-34) agonist modified with benzophenone at position 13, the
carboxyl-terminal serines that are phosphorylated upon agonist activation, and sites of N-linked glycosylation
(triangles).
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Fig. 2. Cross-linking analysis of [Bpa2]PTHrP(l—36) on wild-type and mutant PPRs. (A) The structure ofpara-
benzoyl-L-phenylalanine (Bpa). (B) SDS-PAGE/autoradiographic analysis of intact conjugates formed between
125I-[Bpa2]PTHrP(l-36) and PPR-WT or PPR-H223R; receptors were expressed in COS-7 cells. (C) SDS-tricine
gel analysis of CNBr digestions performed on conjugates formed between [Bpa2]PTHrP(l -36) and PPR-WT or
PPR-M425L. (D) PPR-H223R and PPR-H223R/M425L were analyzed as in (C). The positions of molecular
weight markers (in kDa) are indicated along the sides of the gels. Data are from Ref. [6].

identify sites of interaction between a ligand determinant of inverse agonism and a
constitutively active PPR [6].

2. Results and discussion

We found that the 125I-[Bpa2]PTHrP(l-36) analog cross-linked with higher apparent
efficiency to PPR-H223R than it did to PPR-WT (Fig. 2B). This finding suggested that
the Bpa2 moiety might occupy different chemical environments in the two receptors. The
sites of cross-linking in these two receptors were analyzed using a CNBr-digestion
strategy. As part of this strategy, we introduced conservative substitutions at selected
methionine residues (Met-224, -231, -414, -425, -441 and -445, Fig. 1), and then analyzed
the effects of the mutations on the mobilities of the ligand-receptor conjugates on SDS-
tricine gels.

With the CNBr digestions performed on PPR-WT and PPR-H223R, as well as the
corresponding M425L derivatives, two prominent bands were seen on the gels: a major
band of approximately 3.5 kDa and a less prominent band of approximately 5.0 kDa (Fig.
2C and D). With some of the digestions, a third band of approximately 17 kDa could be
observed. Additional studies indicated that the 3.5-kDa band corresponded to the free
ligand that was apparently released from the complex via a CNBr-dependent, methionine-
independent mechanism.

The 5.0-kDa band was attributed to the ligand cross-linked to the receptor fragment
Pro -Met , with failed cleavage at Met . The failed cleavage at Met was
inferred to be due to the insertion of the Bpa moiety at or very near this methionine
residue [3], thus, resulting in a steric interference effect on the CNBr cleavage
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mechanism. Consistent with the hypothesis that the Bpa group inserted at or near Met425,
the Met425 —> Leu mutation increased the intrinsic activity of [Bpa2]PTHrP(l-36) with-
out affecting basal activity or the activity of PTH(l-34). Thus, [Bpa2]PTHrP(l-36)
functioned as a partial agonist with PPR-H223R/M425L and nearly a full agonist with
PPR-M425L (Fig. 2E and F).

The 17-kDa band was identified as the conjugate of [Bpa2]PTHrP(l-36) cross-linked
.4.414to the receptor fragment Ala —Met , as the band shifted to 18 kDa upon mutation of

Met414 to Val [6]. Thus, [Bpa2]PTHrP(l-36) cross-linked to two distinct sites in the PPR:
the Pro415—Met441 interval, which includes the TMD6/ECL3 boundary and gives rise to
the 5.0-kDa band, and the Ala313-Met425 interval, which includes TMD 4, ECL2 and
TMD 5 and gives rise to the 17-kDa band. Interestingly, the intensity of the 17-kDa band,
relative to that of the corresponding 5.0-kDa band, was greater in the two receptors
containing the Met425 —> Leu mutation than in the corresponding parent receptors (Fig. 3A
and B). Furthermore, the relative intensity of the 17-kDa band seen with these four receptors
varied in the rank order: PPR-H223R/M425L>PPR-H223R>PPR-M425L>PPR-WT. This
rank order followed the rank order of signaling activity observed for the four receptors
in the presence of [Bpa2]PTHrP(l-36) at the concentration used for cross-linking (~10
nM) (Fig. 3A and B). This correlation between the relative extent of cross-linking to the
17-kDa band (vs. the 5.0-kDa band), and the level of receptor signaling activity suggests
that [Bpa2]PTHrP(l-36) cross-links to the Ala313-Met414 interval when bound to active-
state PPRs and cross-links to the Pro415-Met441 interval when bound to inactive-state
PPRs.

Current theories on the mechanisms by which inverse agonists modulate GPCR
activity suggest that the ligands preferentially bind to the inactive state of a receptor (R)
vs. the active state (R*) and thereby shift the equilibrium of receptor conformations from
R* to R [7]. Our results with [Bpa2]PTHrP(l—36) suggest that this inverse agonist can
bind to both R and R*. Furthermore, they show that this photolabile inverse agonist can
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Fig 3 Functional effects of the Met425 -> Leu mutation in PPR-WT and PPR-H223R (A) PPR-WT or PPR-
M425L were expressed in COS-7 cells, stimulated with varying doses of [Bpa2]PTHrP(l-36) and the resulting
intracellular cAMP levels were determined (B) PPR-H223R or PPR-H223R/M425L were analyzed as in (A) (the
basal cAMP values for PPR-H223R and PPR-H223R/M425L were 66 ± 4 and 62 + 3 pmol/well, respectively)
Data are from Ref [6]
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be used to detect physical differences between R and R* states of the PPR, particularly
in the regions of the receptor contacted by residue 2 of the ligand, which is the major
determinant of inverse agonism in [Bpa2]PTHrP(l-36) and the major determinant of
agonism in native PTH and PTHrP.

The analog [Bpa2]PTHrP(l-36) is a selective inverse agonist, in that it decreases basal
cAMP signaling in cells expressing PPR-H223R, but not in cells expressing PPR-T410P.
Several N-terminally truncated PTH or PTHrP analogs, in which the native Gly residue at
position 12 is replaced by o-Trp, as in [Ile5,Leun,D-Trp12,Trp23,Tyr36]PTHrP(5-36)amide
{[D-Trp12]PTHrP(5-36)}, function as non selective inverse agonists, in that they decrease
cAMP signaling in cells expressing either PPR-H223R or PPR-T410P [5]. The position 12
modification in these ligands is the major determinant of inverse agonism. To explore the
regions of the receptor that are involved in mediating the inverse agonist activities of these
nonselective inverse agonists, we prepared [D-Bpa12]PTHrP(5—36) and have begun to
assess its pharmacological and photochemical cross-linking properties.

Like [o-Trp12]PTHrP(5-36), [o-Trp12]PTHrP(5-36) functions as an inverse agonist
for both PPR-H223R and PPR-T410P. The new analog cross-links to each of these

-. I Non-selective

H223R-selective

Fig 4 Two mechanisms of inverse agonism for the PTH/PTHrP receptor Shown are schematic diagrams of
the PPR, as viewed from extracellular surface, and the two photolabile analogs, [Bpa2]PTHrP(l — 36) and
[D-Bpa'2]PTHrP(5—36), that function as inverse agonists on the constitutively active PPRs The photoreactive
residues in these ligands (Bpa2 and D-Bpa ), which are the major determinants of inverse agonism, are indicated
by circles The PTHrP(5-36) analog is a nonselective inverse agonist, effective on PPR-H223R and PPR-T410P,
the PTHrP(l—36) analog is a selective inverse agonist for PPR-H223R As indicated by the connecting lines and
discussed in the text, [Bpa2]PTHrP(l—36) cross-links to two sites in the PPR a site at the extracellular end of TMD
6 and a site within the TMD 4/TMD 5 region, depending on whether the occupied receptor is in an inactive (R) or
active (R*) state, respectively The cross-linking site for [D-Bpa12]PTHrP(5-36) has not yet been identified, but is
predicted to be within the hatched area
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receptors with adequate efficiency, such that it should now be feasible to identify the
site(s) of cross-linking in the two receptors. At present, we anticipate that the o-Bpa12

moiety will be spatially close to the C-terminal end of the receptors N-domain, given
that a PTH(1~34) agonist analog modified with benzophenone at position 13 cross-links
to this region of the wild-type PPR (Fig. 1) [4]. Furthermore, this region of the wild-type
PPR has been shown to contribute importantly to the ligand-dependent receptor
activation mechanism [8].

3. Conclusion

The current data suggest that there are two mechanisms by which a PTFirP or PTH
analog can function as an inverse agonist (Fig. 4). One mechanism, specific for PPR-
H223R, is utilized by the N-terminally intact analogs [Bpa2]PTHrP(l-36), and involves
an interaction between the ligand's Bpa2 group and a site in the receptor at the
extracellular end of the TMD 6, possibly Met425. The other mechanism, effective with
either PPR-H223R or PPR-T410P, is utilized by [D-Trp12]PTHrP(5-36) and [D-
Bpa12]PTHrP(5-36) and may involve a contact between residue 12 of the ligand and
a receptor site at or near the boundary of TMD 1 and the N-terminal arm, but further
work is needed to test this hypothesis. The combined use of photoaffinity cross-linking
and mutational methods can thus shed new light on the mechanisms by which peptidic
inverse agonists interact with constitutively active PPRs and modulate receptor signaling
activity.
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Discussion 18

G. Milligan
If you have mutations at different locations in the receptor, it is not surprising that the

constitutive activity that is generated will be seen rather different for different ligands. But
have you actually managed to generate individual ligands that show differences in how
they apparently see the ground of active state of the same mutant form of the receptor?

T. Gardella
That would be an interesting class but we don't have these types of ligands.
T. Schwartz
If I am not wrong, both your analog and PTH act as partial inverse agonists and I think

you also commented that these were constitutively internalized. Did you ever try to block
that internalization process? Because later on I am going to show some data where you can
actually turn an inverse agonist into an agonist, or a partial inverse agonist into an agonist
by blocking the process in a virally encoded receptor.

T. Gardella
We have not tried that. That would be a good way to link those two effects together, and

it might be the explanation for the inverse agonist activity.
G. Milligan
We clearly saw some very elegant studies there, using the crosslinking approach. But

has anyone really gone much in the way of trying to model what might be different
between the binding of a ligand that appears to be neutral versus one that is an inverse
agonist? Clearly on your receptor that might be quite a task. It might be rather easier for
some of the people who are interested in medicinal chemistry at the aminergic receptors. I
don't know if anyone's got a general feel for this, and if you can really see differences in
docking sites for the ligands which appear to show stronger inverse effects.

A. IJzerman
I agree with you that for the peptides it is an enormous task, but even with the amines it

is far from easy. First of all, receptor models are indeed models, so any model of how an
agonist binds, or an antagonist, is very speculative. For the [^-receptor and in the [J2-
receptor models, I think most mutations have been thoroughly validated, giving extra
strength when one makes a model. However, to hypothesize a different docking mode for,
let's say, pindolol versus atenolol, or propranolol is really very speculative. So, I am afraid
we are not there yet.

M. Lohse
When you think about modeling and you try to imagine where the ligand binds, it

would be important in your experiments to know what the distances are over which photo
labeling can occur. Now, do I remember correctly that you said it was something like 3 A?

T. Gardella
It is within 3 to 7 A of a crosslinking radius that it will react.
M. Lohse
How big is that, relative to the pocket that we imagine inside the receptor? Does it mean

it could go even to sites which are not really the primary contact sites, or is it small enough
that it will actually insert where it binds? Also, the side chain has some volume which may
direct it towards another TM domain.
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1. Gardella
Certainly, there is the size of the site chain itself, and then there's the crosslinking

radius which from a mapping standpoint becomes very difficult to use this approach, to
learn where the true functional contact is, for either the true agonist residue, which is
mainly much smaller, or whether that site is mediating the functional effects of the
ligand.

What we did see here was a functional effect of the Met_425 on the Bpa2 activity,
supporting the idea that the slightest contact is the functional site involved in mediating
inverse agonist activity. Dale Mierke has done some modelling of the PTH receptor using
the available crosslinks. He allows 10 A of freedom in the positioning of the ligand
relative to the receptor of the different determinants, and that is obviously quite a bit of
freedom when we are talking about designing small molecules. There is that level of
uncertainty, particularly in the transmembrane region where things are going to be tightly
packed together, that we have to deal with. And so we look for the mutational effects to
complement the direct crosslinking approach.

W. Clarke
One thing I'd like to point out is that ligand binding to different states or confirmations

of a receptor is not all or none. I suppose it probably could be, but there are differential
affinities of the ligands for different confirmations, and so it would be somewhat
surprising if we were to see exclusive binding of a ligand to a particular state of receptor
and no binding at all to another state. I mean, we can imagine K* versus Ka* for a
particular ligand, so it may be very difficult to modify the ligand or to modify a receptor in
such a way that you get exclusive binding of that ligand to only one of the confirmations
of the receptor.

T. Gardella
If our hypothesis is correct, we are seeing this ligand binding to the two states, and so I

would tend to definitely agree with you. The models that have been presented earlier of the
inverse agonist binding only to the inactive form and its shifting the equilibrium to that, at
least for this inverse agonist, it seems to be able to bind to both.

G. Milligan
But do you feel that's an aspect of class two receptors, maybe? Because I said in the

introduction that clearly these come from a very different evolutionary stream.
T. Gardella
It could be a part of some similarities in their mechanisms of activation in G protein

coupling, the TM 3, TM 6 movements, for example; there's bound to be an overlap,
otherwise they are very different structurally. I just don't think there's enough information
to say this is a class two phenomenon.

T. Schwartz
The fact that you can actually see ligands bound in e.g. a metabotropic glutamate

receptor, where there is only one of them that really bound hi a really very high affinity
state. But you can also see the other one being there, having certain attachments, and it's a
conceivable low-affinity state which only is sort of half of what is actually bound.

A. IJzerman
Since the Bpa2 will react with methionines, and you identified the methionine on

position 425, have you tried to map the region just next to the methionines? It might well
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be that one or two amino acids residues further up or down the sequence would be the
more relevant amino acid.

T. Gardella
For the Bpa2 compound, we haven't done that yet. We have done a substitution analysis

in this region of the receptor, and in fact we show at 427 there is a specific effect on an RH
2 substituted PTA channel line, which is an antagonist for one species of receptor and an
agonist for another. In that region, there are other residues that are involved in mediating
agonism and, perhaps, inverse agonism.




