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In order to serve as enzymes, receptors and ion channels, proteins require structural precision. This is
monitored by a cellular quality control system (QCS) that rejects misfolded proteins and thereby protects
the cell against aberrant activity. Misfolding can result in protein molecules that retain intrinsic function,
yet become misrouted within the cell; these cease to perform normally and result in disease. A therapeutic
opportunity exists to correct misrouting and rescue mutants using “pharmacoperones” (small molecular
folding templates, often peptidomimetics, which promote correct folding and rescue) thereby restoring
function and potentially curing the underlying disease. Because of its small size, the GnRH (gonadotropin-

Pharmacoperone releasing hormone) receptor (GnRHR) is an excellent model for GPCR (G protein-coupled receptor) and
GnRH receptor has allowed elucidation of the precise biochemical mechanism of pharmacoperone action necessary for
GPCR rational design of new therapeutic agents. This review summarizes what has been learned about the struc-
tural requirements of the GnRHR that govern its interaction with the QCS and now presents the potential
for the rational design of pharmacoperones. Because of the role of protein processing, this approach is
likely to be applicable to other GCPCs and other proteins in general.
© 2008 Elsevier Ireland Ltd. All rights reserved.
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1. Endogenous chaperones of the endoplasmic reticulum
monitor the precise folding needed for proteins to perform
properly

As proteins are synthesized, formation of Cys bonds and steric
considerations provide higher order structure, as does the for-
mation of ion pairs (salt bridges). This latter event also buries
electrostatic interactions and helps satisfy kinetic requirements for
protein folding (Radford and Dobson, 1999; Sitia and Braakman,
2003).Ion pairing also increases net lipophilicity, allows movement
across membranes (Levinthal, 1968) and provides interactions that
limit subsequent conformational choices during the folding pro-
cess. This restriction is important because of “Levinthal’s Paradox,”
which points out that the random number of potential configura-
tions for an “average” protein is high (10'3 in the original paper).
This number of choices, if approached randomly, is far too many to
result in a significant success rate or to explain the observation that
most cellular proteins fold “correctly” in a microsecond time frame.
The resolution of this paradox is to recognize that proteins do not
fold randomly, but are restricted by interactions with endogenous
chaperone proteins of the endoplasmic reticulum (ER) forming a
quality control system (QCS) that assists in folding and retains mis-
folded structures in the ER, either allowing them to refold correctly
or be degraded through the polyubiquitination/proteasome path-
way.

2. Pharmacoperone drugs can refold misfolded mutants,
allow them to pass the QCS, and rescue proteins that would
otherwise be misfolded and misrouted (i.e. retained in the
ER)

By rejecting misfolded proteins, the QCS protects the cell against
aberrant activity (Ellgaard and Helenius, 2001; Sanders and Nagy,
2000; Sitia and Braakman, 2003; Ulloa-Aguirre et al., 2004b) and
disease (Aridor, 2007; Nakatsukasa and Brodsky, 2008). The QCS
contains a chemically heterogeneous class of endogenous chap-
erone proteins that promote and facilitate folding and assembly
by engaging in association with nascent proteins which display
“inappropriate” features. One example of such a feature is the
unexpected presentation of a hydrophobic plate in an aqueous envi-
ronment. Accumulation of such proteins is dangerous since this has
the potential to result in unexpected aggregation and/or interac-
tions of misfolded proteins with other molecules in the crowded ER
environment (Hartl and Hayer-Hartl, 2002; Horwich, 2002). This is
established to lead to potentially toxic intracellular accumulation or
even to excessive protein accumulation in the plasma with extracel-
lular amyloid deposition (Chiti and Dobson, 2006; Dobson, 1999;
Forloni et al., 2002; Kopito and Ron, 2000). A similar mechanism
may explain the formation of cataracts (Sandilands et al., 2002).

A growing list supports the view that mutants of receptors,
enzymes, and ion channels frequently result in protein misfold-
ing and subsequent retention by the cellular QCS (Bernier et al.,
2004a,b; Burrows et al., 2000; Conn and Janovick, 2005; Ishii et al.,
2004; Janovick et al., 2002; Leanos-Miranda et al., 2002; Loo et al.,
2005; Pastores and Barnett, 2005; Suzuki, 2006; Tamarappoo and
Verkman, 1998; Ulloa-Aguirre et al., 2003, 2004a,b, 2006; Wang
et al, 2006; Yam et al., 2005). This observation contrasts with
the prior presumption that mutational inactivation always reflects
loss of intrinsic function (i.e. a receptor that either fails to rec-
ognize a ligand or does not couple productively to its effector).
Recognition of the importance of misrouting of otherwise func-
tional proteins immediately presents the therapeutic opportunity
to correct misrouting and rescue mutants using pharmacologi-
cal chaperones (“pharmacoperone,” low-molecular weight drugs

that refold, misfolded proteins and cause them to route correctly:
http://en.wikipedia.org/wiki/Pharmacoperone).

3. The GnRHR is a good model for understanding the
folding of GPCRs

The GnRHR-ligand system is a particularly good model to under-
stand cellular trafficking of GPCRs for a number of reasons:

* The GnRHR is one of the smallest GPCRs (328 amino acids in the
human); it may contain only the essentials required for ligand
binding and signal transduction. A small size means that there are
fewer domains to consider in identification of important struc-
tural motifs. Small proteins require fewer primers for synthesis
and for sequencing than do larger GPCRs (typically at least twice
the size of the GnRHR), and there is less sequence length that
might lead to random mutation during the PCR process. DNA
sequencing of mutants is also cheaper than for a larger protein.
We have relied on hundreds of mutants (over 200 are reported
here (Janovick et al., 2006; Knollman et al., 2005).

The ligand, GnRH itself, is small (a decapeptide) and has good
thermal and chemical stability (no oxidizable Met) and no inter-
nal Cys bridges (minimal fixed structure). Its size and stability has
led to the availability of thousands of analogs, some of which have
been used for preparation of radioligand assays and other mark-
ers (colloidal gold, fluorescein, Texas Red), that can be used as
cellular markers (Brothers et al., 2003; Cornea et al., 1999, 2001;
Hazum et al., 1980; Jennes et al., 1984, 1986; Lin et al., 1998a).
The physiology of the system mediated by the GnRHR is well
characterized in many animal models and this information has
already led to useful drugs for the treatment of disorders of repro-
duction and for cancer.

Features of the Human
GnRH Receptor
Referenced in the

COOH
(Absent
Cytoplasmic
Tail)

Fig. 1. Model of the human GnRH receptor showing residues of interest referred
to in the text. Circles represent amino acids; those colored green form a motif of
four non-contiguous residues that are required in the human GnRHR for Lys'®' (red)
to destabilize the formation of the Cys™-Cys2%0 (Cys'®? in the rat or mouse) bridge
(gray). Circles colored orange represent amino acids for the two naturally occurring
mutants that cannot be rescued by known pharmacoperones. Thermodynamically
unfavored modifications at these sites (both Ser — Arg) cause misfolding due to
misalignment of the Cys residues that normally form the Cys™-Cys?°° bridge, as
described in the text. The site of pharmacoperone (shown as “P” in the white box)
action (bridging residues Asp® to Lys'?!) is shown, as is the naturally occurring
Glu%-Lys'™! salt bridge. This portion of the hGnRHR is also shown in the enlarged
detail of transmembrane segments 2 and 3. The mammalian GnRHR lacks the long
cytoplasmic tail (COOH terminal) that is typical of this super-family and present in
piscine, reptilian and avian GnRHRs.
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¢ Sequence differences between different species (Conn, 1994) has
made it possible to determine how changes in routing have been
impacted by sequence changes (i.e. natural mutation, Conn et
al., 2006a,b; Janovick et al., 2003a, 2007a). There are structural
changes among particular animals that appear to be explained
by reproductive specializations (Janovick et al., 2007a, 2006;
Knollman et al., 2005). The human GnRHR, appears “balanced” in
its distribution between the PM and ER (Conn et al., 2006a,b), so
much so that about 50% of the human WT GnRHR (in cells trans-
fected with the corresponding sequence) is retained in the ER and
canbe “rescued” by the approach described above. The strong and
convergent evolutionary pressure for this “inefficiency” suggests
aregulatory advantage (Conn et al., 2006a,b; Ulloa-Aguirre et al.,
2006). This system offers the ability to examine the evolution of
the QCS system since these receptors have been cloned from a
wide range of animals (fish, birds, reptiles, many mammals and
multiple primates).

e We have available, substantive information on the mechanism of
misfolding (Conn et al., 2006a,b), mutant interactions with phar-
macoperones (Ulloa-Aguirre et al., 2003), the molecular basis of
the dominant-negative effect (Conn et al., 2006a,b), and access to
multiple drug classes of pharmacoperones for the GnRHR and
multiple drugs within each class (Janovick et al., 2003b) with
sufficient quantities to enable in vivo studies. Recent studies
(Janovick et al., 2007b) indicate that the mutant receptor that
is already trapped in the ER can be freed by pharmacoperones—a
surprising result that increases the potential therapeutic reach of
this approach since pharmacoperones do not need to be present
at the moment of receptor synthesis.

4. Structural features of the GnRHR that impact on its level
at the plasma membrane and trafficking through the QCS

4.1. The carboxyl-terminal cytoplasmic tail

One feature that contributes to the small size of the human
GnRHR is the absence of the long cytoplasmic tail at the carboxyl
terminal typical of members of this superfamily (Fig. 1, which is
provided as a map for this and subsequent sections describing spe-
cific amino acids in the human GnRHR). Unlike the mammalian
GnRHR, fish, reptile and bird GnRHRs have an extended carboxyl tail
that prolongs the presence of the receptor on the plasma membrane
(Lin et al., 1998b). This is absent in mammals in which a lower per-
centage of the total synthesized GnRHR is expressed at the plasma
membrane. When a chimera of the rat GnRHR with the carboxyl
terminal from the catfish (a 51 amino acid sequence) is created,
the result is increased levels of this chimera at the plasma mem-
brane, likely due to alterations in the pattern of down-regulation;
the selectivity of effector coupling is also changed (Lin et al., 1998b).

4.2. The impact of amino acid differences between rat, mouse and
human WT GnRHR

Rat WT retains the ability to oligomerize (since human and
mouse mutants exert a dominate negative (DN) effect on rat WT
sequence; Knollman et al., 2005), but, unlike human or mouse,
escapes the DN effect of GnRHR mutants because rGnRHR mutants
route to the plasma membrane with higher efficiency than does
mouse or human mutants. These distinct behaviors of mouse and
rat GnRHRs (distinguished by only four semi- or non-conservative
amino acid differences) led us to assess the role of each amino acid.
The difference in both routing and the DN effect appears medi-
ated primarily by Ser216 in the rat GnRHR. The homologous amino
acid in the hGnRHR is also Ser (Ser?!7, the numbering difference

due to the absence of Lys!°! in the rat), and is compensated for
by the primate-unique insertion of Lys!®! that, alone, dramatically
decreases routing of the receptor (see Section 4.3.2). These stud-
ies establish the importance of amino acid 216 in the rodent for
the altered DN effect and altered receptor trafficking in the mouse
and rat. Both of these GnRHs express with a higher efficiency at
the plasma membrane and this explains why hGnRHR is more sus-
ceptible to defective trafficking by disease-related point mutations
than rodent counterparts; such mutations simply have a more pro-
nounced effect on the plasma membrane expression of the human
receptor since it is expressed with low efficiency at the plasma
membrane (Knollman et al., 2005). Control of the efficiency is a
function of the formation of Cys bridges, discussed in the following
section.

4.3. Cysteine bridges and control of their formation

4.3.1. The Cys'-Cys195/19 pridge

In a biochemical study comparing the human and the rat GnRHR
(Janovick et al., 2006), we examined the two Cys bridges present
in the molecule. One bridge (Cys!4-Cys195/196) connects the first
and second extracellular loops and is so essential for activity that,
in rats, mice and humans, conversion of either Cys to Ala (i.e. to
break the bridge), results in almost complete loss of activity at the
plasma membrane, a likely effect of recognition of the mutant as a
misfolded protein by the QCS. Homologous and obligatory bridges
are found in almost all GPCRs known and so this observation was
not too surprising; the bridge that appears to be a structural fea-
ture associated with the fundamental stability of the GPCR motif is
in question. Pharmacoperones were unsuccessful at rescuing this
mutant.

4.3.2. The Cys!#-Cys199/200 pridge

The other bridge (Cys'4-Cys99/200) connects the amino termi-
nal with the second extracellular loop and is uncommon in GPCRs.
This bridge appears to be required for a correctly folded molecule in
the human GnRHR but is less important in the mouse or rat GhnRHR
(Janovick et al., 2006). Mutations (Cys — Ala) in the rat or mouse
had only modest effects on receptor expression at the plasma mem-
brane.

There were three additional observations that were importantin
understanding the regulation of the formation of the Cys!4-Cys200
bridge in the human GnRHR:

e First, a pharmacoperone could rescue the human receptor with
Cys!Ala or Cys200Ala, suggesting that the bridge was needed for
proper folding.

e Second, the deletion of Lys'®! in the human obviated the need
to form the bridge (Janovick et al., 2006), suggesting that this
residue was destabilizing the structure required for formation of
the bridge. Mammals (other than rats and mice) contain the inser-
tion of an amino acid, Glu®! (in most non-primates) and Lys!9!
(among primates). This is associated with diminished expression
at the plasma membrane. Replacement of the Lys'®! normally in
humans with Glu'®! showed that this amino acid was slightly less
effective than the Lysine in inhibiting movement to the plasma
membrane. Rats and mice lack this residue (Knollman et al., 2005)
and are, accordingly, one amino acid shorter than most other
mammalian orthologs.

e Third, preparation of the rat homolog in which Lys'®! was inserted
did not resultin destabilization of the rodent receptor. This simply
meant there was a more complex difference between the rat and
the human that was required for the destabilizing effect of the
Lys!o!.
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4.3.3. A four amino acid motif enables Lys'! to destabilize the
Cys™-Cys290 bridge in the human GnRHR

The identification of the amino acid differences between the
rat and the human GnRHR that enabled Lys'®! to destabilize the
Cys'-Cys290 bridge was a daunting task since there were 39 amino
acid differences between the rat and human GnRHR sequence
and a seemingly endless number of mutants to explore all the
combinations. We approached this problem by locating the ther-
modynamically unfavored changes (Janovick et al., 2006), figuring
that these might be the most important. Interestingly, there were
only three and these were located in close physical proximity to
the Lys!®! and to the Cys'#-Cys200 bridge. It was also interest-
ing that these all involved the loss or gain of a Ser or Pro, both
amino acids associated with introducing a bend in the protein back-
bone and setting the alignment between the second extracellular
loop and the amino terminal. Pro forms a five-membered nitrogen-
containing ring, a feature that causes it to be found in very tight
turns in protein structures (i.e. where the polypeptide chain must
change direction). Clearly Nature has tipped her hand: the pep-
tide backbone is being bent to control the relation between Cys'4
and Cys200 thereby controlling the probability of formation of the
bridge.

The rest of the motif was identified by making guesses about
the physical relation between amino acids in the three-dimensional
state. We used this information to create chimeric human receptors
that were modified to be rat-like at four (non-contiguous) residues.
These expressed at the higher levels associated with the rat receptor
and lacked the requirement for the Cys'4-Cys2%0 bridge—another
feature of the rat GnRHR.

The rest of the motif that enables the human structure to take
advantage of the steric interference by insertion of the “extra”
amino acid at position 191 was identified as four non-contiguous
change residues 112, 208, 300 and 302 (Fig. 1). The mechanism
by which these act is not intuitively obvious, since in the struc-
tural model we constructed (Janovick et al., 2008) there is no clear
relation between these residues and Lys'9! or the bridge. Nonethe-
less, human mutants containing the orthologous rat sequence at
those sites expressed higher receptor levels at the plasma mem-
brane associated with the rat sequence and, moreover, lost the
requirement for the Cys4-Cys290 bridge.

4.3.4. Understanding the alignment of the Cys'4-Cys2%0 bridge
explains the inability of mutants Ser'3Arg and Ser?'” Arg to pass
the QCS or be rescued

The spatial alignment needed for formation of the Cys!4-Cys200
bridge was quite subtle since the two Cys residues had to be within
a distance corresponding to about the size of one water molecule
in order for the bridge to form. When the bridge forms, the human
GnRHR is recognized by the cellular QCS as correctly folded. When
it does not form, it is viewed as defective and retained (then pre-
sumably destroyed) in the ER. The cell is exploiting this approach
as a means of controlling routing in normal function of healthy
cells using this technique to control the efficiency of expression
of the protein at the plasma membrane. The nature of the regu-
lation remains unknown but is presumably sufficient to offset the
cost of “wasting” some of the receptor and the added burden for
mutational disease—mutations are much more significant to the
disruption of trafficking of the GnRHR in human than in the rat or
mouse.

Mutants Ser'®8Arg and Ser?!’Arg (Fig. 1) are in a previously
reported “zone of death” (Conn et al., 2002) and cannot be rescued
by any of several different chemical classes (indoles, quinolines,
and erythromycin macrolides) of pharmacoperones that success-
fully rescued other mutants; a rare circumstance, since the vast

majority of mutants are rescuable by all classes (Janovick et al.,
2003b).

We had initially considered these sites might be unrescuable
because they were important for the ligand-receptor interactions.
We now realize that there is a different explanation. This obser-
vation and the physical relation between TMS4 and TMS5 to ECL2
make it attractive to consider that (charge altering) mutations in
these two residues exert their influence by regulating the position
of ECL2 and the intimacy of Cys'* and Cys2%0, Due to charge con-
siderations, the thermodynamically unfavored exchange of Ser and
Arg likely moves the ECL2 into a position from which the forma-
tion of a Cys bridge is improbable and the mutant never passes the
cellular QCS, even in the presence of pharmacoperones.

The homologous position of amino acid 217 in the human is 216
in the rat (since there is no ortholog to position 191 in the rat or
mouse). In addition to being in the “zone of death” this is the very
same position that distinguishes the trafficking characteristic of the
rat from the mouse. The mouse contains Gly216 while the rat has
Ser216, The amino acids which differ very modestly have substantial
functional differences. Ser, with a slightly polar nature, small size,
and propensity of the side-chain hydroxyl oxygen to H bond with
the protein backbone, is often found in association with the tight
turns of the protein structure. Gly, on the other hand, is very flexible.

4.4. The conserved and essential Glu%°-Lys?! salt bridge and the
biochemical mechanism of pharmacoperone action

A mutation of the GnRHR, Glu®°Lys, which converts a nega-
tively charged residue to a positively charged one in humans, leads
to hypogonadotropic hypogonadism in humans and suggests the
importance of this residue in formation of the receptor structure.
When expressed in cell cultures, this gene product does not appear
at the plasma membrane (assessed by binding or by IP production)
and is fully rescued by pharmacoperones.

We have recently (Janovick et al., 2008) modeled the GhnRHR
and noticed that this mutation obviates the formation of a criti-
cal salt bridge (Glu0-Lys!21) needed for correct processing in the
quality control system. The residues that form the bridge are heav-
ily conserved in the GnRH receptor of virtually all mammals, fish,
birds and reptiles and it clearly precedes many of the requirements
noted above, from an evolutionary point of view.

The ability of pharmacoperone drugs to rescue this mutant, vir-
tually fully, and the observation that these drugs bind in the same
area, led us to examine the relation between the bridge and these
drugs. The combination of modeling studies and mutational anal-
ysis with confocal microscopy enabled us to reach the conclusion
thatindole and quinolone pharmacoperones act by forming a surro-
gate bridge from residue Asp®® to Lys!2! that can substitute for the
salt bridge that is broken in the human mutation described above.

We were interested to note that Asp®8 and Lys!2! are also points
of contact of the receptor’s ligand, GnRH, and wondered if it was
a mere coincidence that Asp?® and Lys'?! are points of contact for
both rescuing pharmacoperones and GnRH. Given the number of
amino acids, it seemed unlikely to be a random event and one could
imagine that there would be good reason to recognize GPCRs with
defective ligand binding sites that are totally defective and not allow
them to traffic to the plasma membrane.

The charged residues in both the Glu®0-Lys!2! and the
ligand-mediated Asp?8-Lys!?! bridges, although rare among the
hydrophobic amino acids of the transmembrane helices 2 and 3, are
highly conserved in GnRHRs. Asp?8 is absolutely conserved in all of
the mammalian, reptilian, avian and piscine GnRHRs sequenced to
date. In the fruit fly, a conservative change is made to Glu®8. Like-
wise, Lys'?! is maintained in the same groups and in fruit flies,
the residue is a conservative change, Arg'2!. Glu® is conserved in



P.M. Conn, J.A. Janovick / Molecular and Cellular Endocrinology 299 (2009) 137-145 141

mammals, but Val®® is present in eels, reptiles, avians and flies and
perciform fish and the residue is Met®® in trout and catfish. Another
apparent point of contact for quinolone pharmacoperones is the
highly conserved Phe3'3 (Leu3!3 in canines and equines) which has
already been reported to be the basis of the inability of these species
to recognize these drugs (Cui et al., 2000). It is certainly possible
that this could result in further structural stability to the receptor.

It was initially curious to us that pharmacoperone drugs from
different chemical classes all happened to interact identically by
creating a surrogate bridge for Glu®0-Lys!2!. While it is conceiv-
able that the correctly formed structure of the ligand binding site
is, in some way, related to the configuration of the receptor that is
allowed to pass the cellular QCS, we considered other possibilities,
including prejudice in the screening process used to select these
drugs. In that regard, all the pharmacoperones used in the present
study were selected from high-throughput screens for antagonism
of the natural ligand. Accordingly, as competitors of the natural
ligand, it is not surprising that they would interact at (or near)
the ligand binding site. This site resides in the lateral plane of
the plasma membrane, a region characterized by a high percent-
age of hydrophobic residues. The linear sequence around Glu®
is, for example, Leu-Leu-Glu®°-Thr-Leu-Ile-Val-Met-Pro-Leu-Asp?®
and around 121 is Val-Leu-Ser-Tyr-Leu-Lys!2!-Leu-Phe-Ser-Met.

This is a predominantly hydrophobic region with a modest number
of ionic or polar groups. Accordingly, the observation of this com-
mon ionic site could reflect that the drugs were all selected with
the same prejudice for this preferential ion-pair and/or polar inter-
action with the charged residue sites. Accordingly, our data do not
allow the conclusion that stabilization of the ligand binding site is,
itself, sufficient for a pharmacoperone to allow a molecule to pass
the cellular QCS.

It is clear that pharmacoperones rescue most of the GnRHR
mutants (Brothers et al., 2004; Conn et al., 2006a; Janovick et
al., 2002, 2003b, 2006; Leanos-Miranda et al., 2005), even though
mutations appear at many sites in the receptor, both in the trans-
membrane component and in intra- and extracellular sites. It was
initially curious that stabilization of the relation between TM2 and
TM3 would successfully rescue such a diverse set of mutations. This
may reflect the highly interactive nature of GPCRs, and the critical
requirement of this salt bridge for the chaperone system of the cell
to recognize the protein as correctly folded.

In order to determine whether the biochemical mechanism of
action of the indole and quinolone classes of drugs (i.e. bridging the
Asp?8-Lys!2! residues) was unique to these classes, we examined
two additional pharmacoperone classes “A177775” (3'-N-des-
methyl-3’-N-cyclopentyl-11-deoxy-11-[carboxy-(3,4-dichlorophe-
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Fig. 2. Effect of mutation of residue Asp“8 to Ala, Lys, or Asn on rescue with two classes of pharmacoperones. Total IP production was measured in response to a saturating
concentration of Buserelin (10-7 M). Data are expressed as percent of WT without pharmacoperone (panel A) or after preincubation (rescue) with A177775 (panel B) or
TAK-013 (panel C). Cells were transfected with 95 ng of WT or mutant cDNA. Mutants Ser'58 Arg and Ser?'” Arg were used as controls, since these are grossly misfolded and
cannot be rescued from ER retention with pharmacoperone. Mutant Glu®Lys was included as a positive control for rescue with pharmacoperone. Inset illustration shows
the dose response curves (log scale) for each class of pharmacoperone rescue. Averages and S.E.M. of at least three independent experiments performed in replicates of 6 are
shown. The dose-response for rescue and chemical structures are shown to the right of graphics (B) and (C).



142 P.M. Conn, J.A. Janovick / Molecular and Cellular Endocrinology 299 (2009) 137-145

nylethylamino)]-6-O-methyl-erythromycin A 11,12-(cyclic car-
bamate)) (Abbott laboratories, Abbott Park, IL) and “TAK-013"
(N-{4-[5-{[benzyl(methyl)amino]methyl}-1-(2,6-difluorobenzyl)-
2,4-dioxo-3-phenyl-1,2,3,4-tetrahydrothieno|[2,3-d|pyrimidin-6-
yl]phenyl}-N'-methoxyurea) (Takeda, Osaka, Japan). The former
is an erythromycin macrolide and the latter is a thieno[2,3-
b]pyrimidine-2,4-dione; these chemical structures (see Fig. 2) are
very different from the indoles and quinolone structures described
previously (Janovick et al., 2008), although all four are derived
from screening approaches that identify GnRHR antagonists and,
accordingly, interact with the GnRHR at sites that are identical or
adjacent (and provide steric hindrance).

In order to test the postulated role for Asp®8 in the biochemical
mechanism of action of pharmacoperones, we constructed three
single mutants of the hGnRHR, Asp®8Ala, Asp®8Lys and Asp?8Asn
and three double mutants Glu®9Lys/Asp8Ala, Glu®Lys/Asp“8Lys
and Glu®Lys/Asp28Asn. Glu®CLys is the naturally occurring muta-
tion that breaks the salt bridge Glu®0-Lys!2! and results in HH. The
three single mutants (transfected at 95 ng) responded at basal lev-
els only to the agonist, Buserelin (10-7 M, Fig. 2A). The axes of all
images in Fig. 2 are identical to allow comparisons. Likewise, none
of the three double mutants (also transfected at 95 ng) responded
measurably to Buserelin (Fig. 2A). As controls, we also included
WT hGnRHR, known to be only fractionally routed to the plasma
membrane (Janovick et al., 2007b), as well as the mutant Glu®CLys
(rescuable by pharmacoperones; Janovick et al., 2002, 2003b) and
two mutants Ser'®8Arg and Ser?!” Arg that cannot be rescued by
pharmacoperones (Janovick et al., 2006). These two mutations
(Glu®® and Asp?®®) promote loss of the physical relation between
the amino terminal and ECL2 that normally allows formation of the
essential Cys!#-Cys290 bridge. Human GnRHR mutants that cannot
form this bridge are recognized as misfolded by the cellular QCS
(Janovicketal.,2006) and are retained in the ER. None of these three
control mutants produced a measurable response to Buserelin.

95 ng mutant Asp8Asn was modestly rescuable by both phar-
macoperones (Fig. 2B and C), and mutant Asp?3Ala showed a slight
rescue with TAK-013, but this was not significant and more mod-
estly with A177775 (Fig. 2C). For comparison in Fig. 2B and C, an
inset is shown with the dose response curves for rescue of WT
hGnRHR and Glu®Lys hGnRHR with each pharmacoperone used.
As expected Glu®Lys, Ser'®8Arg and Ser2!’Arg (without pharma-
coperone rescue) did not produce a response, although the Glu®0Lys
was rescuable by each of the two pharmacoperones (Janovick et al.,
2002).

Among the three double mutants (Glu®Lys/Asp®8Ala, Glu®°Lys/
Asp?8Asn, Glu®0Lys/Asp?8Lys), further encumbered by the inabil-
ity to form the Glu®0-Lys'?! salt bridge, there was no response to
Buserelin and no ability to rescue with any of the potential phar-
macoperone molecules (Fig. 2A-C).

In evaluating the preceding data, it isimportant to recognize that
Asp?8 and Lys'?! are also believed to be points of contact for GnRH
and other GnRHR agonists (Flanagan et al., 2000; Zhou et al., 1995).
Accordingly, the inability to observe responsiveness might reflect
inability to bind Buserelin or bind pharmacoperone, the retention
of the mutant by the QCS, or a combination of these. In order to
distinguish whether the loss of responsiveness resulted from the
loss of GnRHR agonist binding or from the retention of the recep-
tor by the ER QCS, we took advantage of the dominant-negative
effect of GnARHR mutants (Brothers et al., 2004; Leanos-Miranda et
al.,, 2003). Because the movement of the newly synthesized recep-
tor from the ER to the plasma membrane involves oligomerization
and the cellular QCS assesses the overall quality of the oligomer
(potentially a combination of mutant and WT), the presence of the
mutant also results in retention of WT GnRHR. Accordingly, we co-
transfected WT hGnRHR (5 ng) in the presence of excess (95 ng) of
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Fig. 3. Dominant-negative effect of co-transfecting cells with 5ng WT and 95ng
mutant cDNA (1:19) on control (panel A) or pharmacoperone rescue with A177775
(panel B) or TAK-013 (panel C) as described in the text. Averages and S.E.M. of at
least three independent experiments performed in replicates of 6 are shown.

each of the three single, three double mutants or control mutants
described above, then assessed the ability to measure coupling
due to WT receptor with or without each potential pharmacoper-
one (Fig. 3A-C). The ratio of 1:19 (WT:mutant) has been shown to
be optimally effective (Brothers et al., 2004) since it increases the
chances that the individual cells, which receive WT hGnRHR, also
receive the mutant. Moreover, this ratio minimizes the formation
of WT:WT oligomers which would traffic correctly to the plasma
membrane.

Co-transfection of WT with each of the Asp?® mutants (Fig. 3A)
leads to the most retention of WT GnRHR by Asp?8Lys, suggesting
that this mutant is retained in the ER. These observations sug-
gest that mutants Asp?®Ala and Asp8Asn exert a more modest
dominant-negative effect on (5ng) WT hGnRHR.

When the dominant-negative effect on WT hGnRHR due to co-
transfection with the double mutants was examined, it resulted in
a very modest response, as occurred for Glu®0Lys. Glu®0Lys how-
ever could be rescued by either pharmacoperone, while mutants
Ser'®8Arg and Ser2!” Arg could not be rescued (Fig. 3A-C).
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Fig. 4. Effect of mutation of residue Lys'?' to Ala, Asp, Glu, Gly, Asn, GIn or Arg
on rescue with two classes of pharmacoperones. Cells were transiently transfected
with 25 ng of WT hGnRHR or mutant cDNA in which residue Lys'?! was replaced
by Ala, Asp, Glu, Gly, Asn, Gln or Arg. Cells were treated with or without pharma-
coperone TAK-013 or A177775 and IP response was measured to a saturating dose of
Buserelin (10~7 M). Empty vector (pcDNA3.1) was run as a control and was typically
175 £ 20 cpm. Averages and S.E.M. were calculated from at least three independent
experiments performed in replicates of 6.

We also examined the impact of mutations at K'2! and found
that the ability of all four pharmacoperone classes were highly sen-
sitive to changes at this site (Fig. 4 and Janovick et al., 2008). Only
the highly conservative change of K'2! to R?! resulted in rescue
by pharmacoperones. Likewise mutants that had binding activ-
ity (Fig. 5 and Janovick et al., 2008) showed that [123]]-Buserelin
binding could be displaced by pharmacoperones in a competitive
binding paradigm.

5. Creation of pharmacoperones by a rational process

Because of its small size, the GnRHR is a good model for stud-
ies of WT and mutant GPCR folding and trafficking to the plasma
membrane, as well as rescue by pharmacoperones. In principle, the
pharmacoperone rescue approach might apply to a diverse array
of human diseases that result from the misfolding of GPRCs and
other molecules—among these are cystic fibrosis (Amaral, 2006;
Dormer et al., 2001; Galietta et al., 2001; Zhang et al., 2003),
hypogonadotropic hypogonadism (HH; Ulloa-Aguirre et al., 2003),
nephrogenic diabetes insipidus (Bernier et al., 2004b; Bichet, 2006;
Morello and Bichet, 2001), retinitis pigmentosa (Noorwez et al.,
2004), hypercholesterolemia, cataracts (Benedek et al., 1999), neu-
rodegenerative diseases (Huntington’s, Alzheimer’s, Parkinson’s:
Forloni et al., 2002; Heiser et al., 2000; Muchowski and Wacker,
2005; Permanne et al., 2002; Soto et al., 2000) and cancer (Peng et
al,, 2003). In the case of particular proteins (e.g. the GnRHR, vaso-
pressin type 2 receptor (V2R) and rhodopsin), rescue has succeeded
with a striking number of different mutants, supporting the view
that pharmacoperones will become powerful ammunition in our
therapeutic arsenal (Conn et al., 2007).

In addition to mutants and, as noted above for the GnRHR, it has
also become clear that variable (but significant) amounts of other
WT GPCRs are misrouted (i.e. retained in the ER), apparently as
a result of misfolding (Andersson et al., 2003; Cook et al., 2003;
Janovick et al., 2003b; Lu et al., 2003, 2004; Petaja-Repo et al.,
2000, 2001; Pietila et al., 2005), suggesting that this level of post-
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Fig. 5. Displacement of 125I-Buserelin binding to the GnRHR by pharmacoperones
TAK-013 or A177775. Cells were plated, transfected with the indicated vector and
incubated in 1.25 x 10° cpm/ml of [25]]-Buserelin in the presence of the indicated
concentrations of pharmacoperones (A) A177775 or (B) TAK-013. Binding was deter-
mined as described in Janovick et al. (2008).

translational control may itself provide another level of potential
therapeutic intervention (Ulloa-Aguirre et al., 2006).

Since mutants and WT proteins are subjected to scrutiny by
the QCS, it is clearly advantageous to be able to rely on pharma-
coperones as therapeutic agents to control the plasma membrane
expression levels of such molecules. One problem in reducing this
to practice is that almost all known pharmacoperones for GPCRs
are peptidomimetic antagonists of the native ligand; one agonist
has been used for this purpose (Petaja-Repo et al., 2002) and one
molecule has been used that does not appear to compete for the
agonist or antagonist binding site (Janovick et al., 2009). This “over-
lap” of the majority of the pharmacoperones with the binding
site means that there will likely be competition that will result
in issues in vivo that will necessitate episodic administration and
washout. From a therapeutic point of view, this presents a problem
since it makes oral dosing more difficult (there must be a washout
period if the pharmacoperone is competing with the endogenous
ligand).

We initially selected antagonists since we knew that they would
interact with the receptor; it was this interaction that we were
seeking and not the antagonism as such. It has certainly not been
established that antagonism is a necessary pre-requisite for pharma-
coperone activity and it may not be (Janovick et al., 2008a,b). This
would be an unexpected requirement since one could imagine pharma-
coperones that might stabilize the correctly routed form of the receptor
and not show any antagonism. The potential advantage of identify-
ing pharmacoperone drugs that do not compete with the naturally
occurring ligand binding site is that these agents may not have to
be given in a pulsatile fashion (since they would not have to be
removed prior to activation with an agonist).

Accordingly, a detailed understanding of the biochemical mech-
anism by which stabilization occurs (i.e. at what residues do
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interactions need to occur?) is valuable in order to understand this
process and allow rationale design of pharmacoperones, including
those that effect stabilization, without competing for the natural
ligand binding site. This information may open the door to the
rationale design of pharmacoperones that can stabilize without
inhibiting endogenous (or exogenous) agonists. It is, of course, con-
ceivable that it will turn out that all pharmacoperones must occupy
sites that overlap with the agonist binding site. This result would
be disappointing since it would make drug design more difficult
(pharmacoperone would have to be removed in vivo), but it would
be essential information. There is no reason, of which we are aware,
that this should be the case, but it is conceivable that there might
be selective pressure that the ligand binding site has some relation
to the overall receptor structure that passes the QCS.
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