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Abstract

Cholecystokinin (CCK) acts at the type 1 cholecystokinin receptor (CCK1R) to elicit satiety and is
a well-established drug target for obesity. To date, small molecule agonists have been developed,
but have failed to demonstrate adequate efficacy in clinical trials, and concerns about side effects
and potential toxicity have limited further development of full agonists. The use of positive
allosteric modulators (PAMS) without intrinsic agonist activity that are active only for a brief
period of time after a meal might represent a safer alternative. Here, we propose a possible novel
strategy to develop such compounds by modifying the agonist “trigger” of an existing small
molecule agonist. We have studied analogues of the 1,5-benzodiazepine agonist, GI181771X, in
which the N1-isopropyl agonist “trigger” was modified. While agonist activity was greatly
reduced in these compounds, they acted as negative, rather than positive modulators. The parent
drug was also found to exhibit no positive modulation of CCK action. Receptor structure-activity
relationship studies demonstrated that the mode of docking these derivatives was distinct from that
of the parent compound, perhaps explaining their action as negative allosteric modulators. We
conclude that this outcome is likely characteristic of the parental agonist, and that this strategy
may be more successfully utilized with a parental ago-PAM, possessing intrinsic positive
modulatory activity.

Keywords
Cholecystokinin; CCK1R; G protein-coupled receptors; positive allosteric modulator; obesity

© 2015 Published by Elsevier Ltd.

Address for correspondence: Laurence J. Miller, M.D., Mayo Clinic, 13400 East Shea Blvd, Scottsdale, AZ 85259, Tel.: (480)
301-4217, Fax: (480) 301-8387, miller@mayo.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Desai et al.

Page 2

Cholecystokinin (CCK) is a gastrointestinal peptide hormone that is secreted from
enteroendocrine | cells in the proximal small intestine in response to protein and fat in the
diet. It plays important roles in nutritional homeostasis, acting through the type 1 CCK
receptor (CCK1R) to stimulate gallbladder contraction and pancreatic exocrine secretion and
to regulate gastrointestinal motility and transit. CCK is also known to act through the vagal
afferent CCK1R to induce postcibal satiety?, an activity important for maintenance of
normal body weight2=. The activity of CCK to stimulate satiety has been demonstrated in
various animal and human studies'-24-6, supporting a substantial effort to develop CCK1R
agonists as a possible treatment for obesity. Indeed, several major pharmaceutical companies
have developed potent agonists of this receptor, with candidate drugs advancing to clinical
trials®-11. However, none of these drug development programs have apparently advanced
beyond Phase Il to reach regulatory approval for this application. The most advanced of
these compounds, GI1181771X synthesized at GlaxoSmithKline Research Laboratories
(Research Triangle Park, NC), did not meet its primary weight loss efficacy endpointina 3
month trial in obese patients12. Another issue with using potent CCK1R agonists as drugs
has been associated with on-target side effects of nausea, abdominal cramping, and/or
diarrhea, and there is a theoretical concern that chronic dosing of full agonists might lead to
the development and/or potentiation of pancreatic cancer314,

One possible strategy to take advantage of this drug target, while minimizing the
aforementioned on-target side effects and possible toxicity, is to develop positive allosteric
modulators (PAMSs) without any intrinsic agonist activity. This strategy has been effectively
utilized at other receptors, including the G protein-coupled calcium-sensing receptor and the
GABA-A receptor, to yield highly effective and well tolerated drugs!®16. Such an agent
would be expected to potentiate CCK1R pharmacology only during the limited and finite
period of time when nutrients enter the duodenum to stimulate the release of CCK. This
close mimicry of the natural effects of CCK might lead to body weight reduction while
minimizing the side effects observed with CCK1R full agonists. Additionally, since the sites
of action of allosteric drugs are distinct from those utilized by the natural orthosteric
agonists, they are generally less well conserved evolutionarily and provide the possibility of
a greater degree of specificityl’. There is also the possibility of such drugs introducing
ligand-directed bias to the signaling profilel812, Given all the possible benefits of this type
of drug over a full CCK1R agonist, however, no ligands of this receptor have been
developed yet that demonstrate such a pharmacological profile.

In this study, we propose a new strategy to develop PAMSs without intrinsic agonist activity
that is directed at the CCK1R. This involves modification of small molecule agonist ligands
to eliminate their intrinsic agonist activity, while retaining the molecular determinants for
inducing conformational change in their target receptor toward its active state. We postulate
that this could reduce the energy barrier to achieving the receptor conformation that
stabilizes G protein association, without fully achieving that state. Furthermore, this would
represent a conformation of the allosteric small molecule-binding pocket in the receptor
helical bundle that is intermediate between the inactive and active states that can lower the
threshold for CCK-induced activation, while not yet stabilizing G protein association on its
own.
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In order to test this approach, we have focused our attention on the 1,5-benzodiazepine full
agonist of the CCK1R, G1181771X0 (Fig. 1A), which docks to an active conformation of
the intramembranous small molecule ligand-binding site2%. We have characterized this
binding site as being allosteric, which is spatially distinct from that of the orthosteric CCK
peptide ligand, using a series of experimental approaches?1-23, Additionally, this
intramembranous interhelical pocket has been shown to assume distinct conformations, with
clear differences in its inactive state occupied by antagonist ligand?4 from its active state
occupied by agonist ligand2. Previous ligand structure-activity relationships have
established that the N1-isopropyl substituent of the G1181771X represents its “trigger”
region that is responsible for inducing CCK1R agonist activity of this compound??, and it
has been shown that this group interacts with a specific residue (Leu 7.39, Ballesteros-
Weinstein numbering system2°) within TM7 of this receptorZ0.

We hypothesize that by modifying or eliminating the N1-isopropyl agonist “trigger”, the
resultant derivative ligand will still be accommodated within the small-molecule binding
pocket with a conformation that is close to its active conformation, while not inducing the
conformational change associated with G protein activation. This could result in the desired
pharmacological profile, with the absence of intrinsic activity and, hopefully, exhibit PAM
activity. In order to study this hypothesis, we utilized two structural derivatives of
G1181771X, GR134056X and GR135470X, also prepared at GlaxoSmithKline Research
Laboratories that lacked the N1-isopropyl agonist “trigger” present in G1181771X (Fig. 1
B,C). Accordingly, GR134056X has a hydrogen (compound 11a0), and GR135470X
possesses a methyl group (compound 11b19) replacing the N1-isopropyl group (Fig. 1).

We studied the receptor binding characteristics of these compounds. We evaluated their
abilities to inhibit the binding of the CCK-like radioligand, 12°1-D-Tyr-Gly-
[(Nle28:31)CCK-26-33]26 (125]-CCK), at the CCK1R or CCK2R expressed in membranes
prepared from Chinese Hamster Ovary (CHO) cells stably expressing these receptors, as
described previously?4. The binding data were graphed and analyzed for ICsg values using
the nonlinear least-squares curve-fitting routine in Prism (GraphPad, San Diego, CA). Both
GR134056X and GR135470X bound to both CCK1R and CCK2R, reducing the binding of
the orthosteric agonist radioligand, 1251-CCK, by ~80% and 100%, respectively (Fig. 2A,
D). Unlabeled cholecystokinin octapeptide (CCK-26-33, based on the numbering of
CCK-33; also known as CCK-8, Peninsula Laboratories) at 1uM concentration was used to
determine non saturable binding. Of note, the ICgq values were significantly lower at the
CCKZ2R by ~12-fold and ~9-fold, respectively, than at the CCK1R, indicating higher
affinities for this receptor subtype (nM, 541 + 139 vs. 46.3 + 10.6 for GR134056X; 450 +
104 vs. 48.6 + 13.3 for GR135470X) (p< 0.05). The parent compound, GI1181771X, had
ICsq values for the binding of 1251-CCK of 105 + 13nM at CCK1R and 5.6 + 0.1nM at
CCK2R%,

Since the intramembranous small molecule binding pockets within CCK1R and CCK2R
represent the site of docking of benzodiazepine-based allosteric ligands2%:24, the binding
characteristics of GR134056X and GR135470X were also determined using previously
characterized, highly selective allosteric antagonist radioligands of CCK1R (12°1-BDZ-1,
(S)-1-(3-iodophenyl)-3-(1-methyl-2-oxo-5-phenyl-2,3-dihydro-1H-enzo[e][1,4]diazepin-3-
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yl)urea?’) and CCK2R (1251-BDZ-2, (R)-1-(3-iodophenyl)-3-(1-methyl-2-ox0-5-phenyl-2,3-
dihydro-1H-benzo[e][1,4]diazepin-3-yl)urea2’). Neither GR134056X nor GR135470X
inhibited 1251-BDZ-1 binding at the CCK1R when used in concentrations as high 1uM,
whereas they completely inhibited 1251-BDZ-2 binding at the CCK2R with 1Csy (M) values
of 31.7 £ 8.6 and 20.3 £ 5.3, respectively (Fig. 2 B, E). Here, non-saturable binding was
determined by using 1uM concentration of respective unlabeled BDZ compounds. Of note,
G1181771X inhibited binding of 125]-BDZ-1 to CCK1R with ICs value of 128 + 49nM, and
inhibited 1251-BDZ-2 binding to CCK2R with 1Csq value of 2.7 + 0.9nM. Evidently, the
binding of GR134056X and GR135470X was greatly reduced when compared with
G1181771X20, supporting an important role of the N1-isopropyl group to stabilize contact
with functionally important residues in the receptor. Substitution of the isopropyl group by a
hydrogen (GR134056X) or methyl group (GR135470X) would be expected to decrease the
size and lipophilicity of this region of the ligand, possibly contributing to weaker binding.
Also, GR134056X tended to bind with lower affinity than GR135470X, although this did
not reach statistical significance. Any difference may reflect the size and/or lipophilicity of
the isopropyl group relative to the hydrogen, and could also relate to differences in the
populations of the amide rotamers in these compounds. Another potential explanation for
possible weaker binding of GR134056X could be the conformational impact of the exposure
of the hydrogen bond donor on the nitrogen (N1).

We also studied the abilities of GR134056X and GR135470X to stimulate intracellular
calcium responses in CCK receptor-expressing cells. For this, we utilized intact receptor-
bearing CHO cell lines, measuring intracellular calcium responses to the drug candidates
using methods previously described?0-28, Calcium responses are reported as percentages of
maximal stimulation in response to 10nM CCK or 0.1mM ATP. Data were plotted using
GraphPad Prism software, and peak responses and resulting ECsg values were identified.
Although these compounds have higher affinities for the CCK2R than the CCK1R, they
stimulated no intracellular calcium responses at the CCK2R-expressing cells (Fig. 2 F).
Despite modification of the agonist “trigger”, some agonist activity (submaximal) was
retained and observed in response to very high concentrations of these compounds (1uM) at
the CCK1R (Fig. 2 C). It is not clear whether higher concentrations of these compounds may
have demonstrated full efficacy, however the potencies for stimulating intracellular calcium
responses were markedly reduced relative to the parent G1181771X, ECgy 0.8 £ 0.2nM. The
ligand with the methoxy substitution (GR135470X) retained more potent stimulatory
activity (ECsg 90 + 40nM) than the compound with the hydrogen substitution (GR134056X)
(ECsg >1uM).

We also studied whether these GR134056X and GR135470X exhibited any PAM activity at
the CCK1R. For this, the same cells and assay were utilized, studying full CCK dose-
response curves in the presence of a series of concentrations of the potential modulatory
allosteric ligands. It was observed that GR134056X exhibited a low, but significant intrinsic
agonist response at very high concentrations (13% of the ATP positive control at 100nM,
42% at 1uM). It did not exhibit any significant changes in the CCK response curve up to a
concentration of 1uM, and caused a shift to the right in this curve by 2.8-fold, along with a
significant 11% decrease in the efficacy (p < 0.05) (Fig. 3 A, B, Table 1). In a similar
protocol, GR135470X yielded a higher intrinsic response with increasing concentrations
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when compared with GR134056X (43% at 100nM and 48% at 1uM). It also induced a
significant concentration-dependent shift to the right in the CCK dose-response curve (3.6-
fold shift at 100nM, 8.5-fold shift at 1uM), and a corresponding significant reduction in
efficacy of the CCK response by 14% in the presence of 1uM concentration (p < 0.05) (Fig.
3 C, D, Table 1). These effects are typical of negative allosteric modulation of the CCK
responses, rather than the positive allosteric effects we desired.

We also studied the parent agonist, G1181771X, to see if it exhibited any allosteric
modulatory activity of CCK action. Increasing concentrations of the compound did not yield
a significant left-shift or an increase in efficacy of the CCK-dose response curve, as
expected for an ago-PAM (Fig. 4, Table 1). A significant dose-dependent increase in the
agonist response to GI1181771X was observed, making it difficult to determine an accurate
ECgq value for the higher concentrations of compound.

We further tested whether GR134056X and GR135470X might be docked differently than
the G1181771X, suggesting the presence of a distinct conformation of the allosteric pocket,
rather than one intermediate between the inactive and active conformations, as desired by
our experimental strategy in order to exhibit PAM activity. For this, we utilized chimeric
receptor constructs in which the residues within the helical bundle that line the allosteric
pocket that are distinct in CCK1R and CCK2R were exchanged. Here, specific residues of
individual TM2, TM3, TM6, and TM7 were exchanged with the corresponding residues of
the other receptor subtype in binding assays (Fig. 5), thereby providing experimental data to
help dock the ligands effectively. We have previously experimentally characterized the
mode of docking of the allosteric antagonist, BDZ-124, and agonist, G1181771X2°, by using
the same constructs. We used tracers representing both of the allosteric antagonist
radioligands, 12°1-BDZ-1 or 1251BDZ-2, and the orthosteric agonist radioligand, 12°I-CCK.

GR134056X and GR135470X were much less effective in competing for benzodiazepine
radioligand binding than was G1181771X, with these competition-binding curves far to the
right from what had been observed for the full agonist (Fig. 6 A, C, Table 2). These data
also showed that the affinities of these compounds to bind to CCK1R were lower than
CCK2R. We previously reported that the full agonist, G1181771X, displaced 1251-BDZ-1
almost completely at CCK1R TM mutant constructs, with a statistically significant increase
in affinity only at the CCK1R TM3 mutantZ0. In contrast, GR134056X exhibited no
competition for binding of 12°|-BDZ-1 to CCK1R, with significant competition observed for
the CCK1R TM3 and TM7 constructs (70% and 80%, respectively) (p < 0.05) and with
CCK1R TM6 trending in this direction. GR135470X also exhibited little competition for
binding of 125]-BDZ-1 to CCK1R, while it showed significant competition for the CCK1R
TM3 and TM7 constructs (90% and 75%, respectively), and with CCK1R TM2 and TM6
trending in this direction.

Using the 1251-CCK radiolabel, GR134056X was more efficient to inhibit binding at the
TM2 mutant, exhibiting a significant 4.2-fold left shift, whereas GR135470X demonstrated
an even greater increase in this effect, with an 11-fold left shift. GR135470X also exhibited
a 3-fold shift for the TM6 construct and a 3-fold left shift with the TM7 construct (Fig. 6
B,D, Table 2).
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As previously observed, substitution of T2.61 present in the TM2 segment of CCK2R
caused inhibition of BDZ-2 binding?4, interfering with the usefulness of this construct

in 1251-BDZ-2 binding studies. Substitution of TM3 of CCK2R with CCK1R residues gave a
4.2-fold right shift when compared to the wild type receptor, whereas the TM7 chimera gave
a 5-fold left shift, when GR134056X was competed against 1251-BDZ-2 (Fig. 7 A, Table 3).
In the case of GR135470X, none of the chimeras tested exhibited a change in binding
affinities (Fig. 7 C, Table 3). Of note, G1181771X exhibited a significant decrease in
binding affinity at both CCK2R TM3 and 7 mutants20. When using 1251-CCK radiolabel
with GR134056X, the TM7 substitution yielded a 4-fold left shift, whereas the TM2
substitution resulted in a 4-fold right shift relative to wild type receptor (Fig. 7 B, Table 3).
In the case of GR135470X, the TM3 substitution yielded a 5-fold left shift, while the TM2
and TM6 mutants exhibited significantly poorer affinities in 1251-CCK competition
experiments (10-fold and 3.4-fold, respectively) (Fig. 7 D, Table 3).

Overall, the benzodiazepine radioligand binding data at both series of CCK1R and CCK2R
TM mutants supported the interpretation that both GR134056X and GR135470X clearly
dock differently from the full agonist, G1181771X, and also exhibit differences from each
other. Due to this, the compounds did not achieve the envisioned conformation of this
allosteric ligand-binding pocket that was close to that of the active conformation, which
likely explains the reason they failed to exhibit PAM activity.

In conclusion, this work relates to the possible role for a CCK1R PAM without intrinsic
activity as a novel therapeutic for obesity. As an alternative to high-throughput screening to
identify such compounds, we propose a new strategy based on modifying or removing the
agonist “trigger” of an existing allosteric small molecule agonist. We tested this approach by
utilizing the 1,5 benzodiazepine agonist, G1181771X. The advantage of using the 1,5-
benzodiazepine, G1181771X, as a parent compound is that it has already been shown to
represent a full agonist at the CCK1R1%:20 jts action has been demonstrated to be allosteric,
with its site of docking distinct from that of CCK20, and its agonist “trigger” has already
been defined’®. We observed that agonist activity at the CCK1R was greatly reduced in two
structurally-related 1,5-benzodiazepines without the N1-isopropyl group, GR134056X and
GR135470X. However, these compounds did not enhance the CCK-mediated responses at
this receptor, and, instead, acted as negative allosteric modulators, reducing the potency and
efficacy of CCK activation of this receptor.

Using a receptor structure-activity relationship approach, we discovered that these
compounds docked differently from the parent compound. Due to this, it is suggested that
the conformation that is intermediate between the inactive and active states that was hoped
for to lower the threshold for CCK-induced activation, while not yet stabilizing G protein
association on its own, was not achieved. It is also notable that the parent compound,
G1181771X, was found to exhibit no positive allosteric activity itself. This may explain why
modification of the agonist trigger region did not result in PAM activity, while it did reduce
agonist activity. This likely reflects these specific compounds, rather than a general property
of this approach. This experimental strategy may be more successful when an agonist
“trigger” can be modified in a ligand having a clear ago-PAM activity. Unfortunately,
CCKI1R ligands having that activity profile have not yet been identified.
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FIGURE 1.
Structures of the 1,5-benzodiazepine ligands for the CCK1R used in the current study. Note

the key differences in the N1-isopropyl group of the full agonist, G1181771X (A), that are
present in the other two compounds, GR134056X that contains a hydrogen in this position
(B) and GR135470X that contains a methyl group in this position (C).
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FIGURE 2.
Binding and biological activity of GR134056X and GR135470X at CCK1R and CCK2R.

Shown are the data from competition-binding experiments with the orthosteric

radioligand, 1251-CCK (A, D), or the allosteric radioligands, 12°1-BDZ-1 or 2 (B, E) at the
CCKI1R (top panel) or the CCK2R (bottom panel) expressed on CHO membranes. Also
shown are the intracellular calcium responses of these compounds at both subtypes of CCK
receptors expressed on CHO-CCK1R and CHO-CCKZ2R cells (C, F). Data are represented as
means + S.E.M. from duplicate determinations from at least three independent experiments.
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Effect of increasing concentrations of GR134056X and GR135470X on CCK responses at
the CCK1R. Shown are CCK-stimulated intracellular calcium dose-response curves on
CHO-CCKIR cells in the absence or presence of increasing concentrations of GR134056X
(A, B), or GR135470X (C, D), with values expressed as percentages of the response to
maximal stimulation achieved by 0.1mM ATP. Background responses were determined by
addition of buffer only in the absence of any ligands, while maximal activation by 0.1mM
ATP was used as a positive control. Curves shown in B and D represent values above the
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background stimulated by the agonist activity of the modulators. Data represent means +
S.E.M. of duplicate determinations from at least three to five independent experiments.
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Effect of increasing concentrations of G1181771X on CCK responses at the CCK1R. Shown
are CCK-stimulated intracellular calcium dose-response curves on CHO-CCK1R cells in the
absence or presence of increasing concentrations of G1181771X, with values expresses as
percentages of the response to maximum stimulation achieved by 0.1mM ATP. The gray
arrow indicates no significant change in the ECsq values of the CCK response curves,
indicating no PAM activity of GI1181771X. Data represent means + S.E.M. from duplicate
determinations from at least four independent experiments.
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Kr r chimeri nstr

CCK1R TM2: N2.61T

CCK2R TM2: T2.61N

CCK1R TM3: T3.28V, T3.29S

CCK2R TM3: V3.28T, S3.29T

CCK1R TM6: 16.51V, F6.52Y

CCK2R TM6: V6.511, Y6.52F

CCK1R TM7: L7.39H

CCK2R TM7: H7.39L

Chimeric CCK receptor constructs used in this work. Shown is the alignment of primary
sequences of transmembrane segments 2, 3, 6 and 7 of type 1 and type 2 CCK receptors,
with those residues lining the intramembranous small molecule-binding pocket shaded. The
most highly conserved residue in each segment is identified as number 50 according to the
Ballesteros and Weinstein2> scheme. Those residues that line this pocket that are different in
the two receptors were exchanged to create the noted chimeric CCK receptor constructs.
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Competition-binding studies using CCK1R-based chimeric constructs. Shown are the
competition-binding curves for GR134056X and GR135470X using the allosteric antagonist
radiolabel, 1251-BDZ-1 (A, C), or the orthosteric CCK-like radiolabel (B, D) to CHO cell

membranes expressing CCK1R TM chimeric constructs, where specific residues for

individual TM segments were exchanged with the corresponding residue of CCK2R. Values
represent percentages of maximal saturable binding that were observed in the absence of
competitor. Non saturable binding was determined by using 1uM unlabeled BDZ-1 or CCK.
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Data are expressed as means + S.E.M. of duplicate determinations from at least three
independent experiments.
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Competition-binding studies using CCK2R-based chimeric constructs. Shown are the
competition-binding curves for GR134056X and GR135470X using the allosteric antagonist
radiolabel, 12°1-BDZ-2 (A, C), or the orthosteric CCK-like radiolabel (B, D) to CHO cell
membranes expressing CCK2R TM chimeric constructs, where specific residues for
individual TM segments were exchanged with the corresponding residue of CCK1R. Values
represent percentages of saturable binding that were observed in the absence of competitor.
Non-saturable binding was determined by using 1uM unlabeled BDZ-2 or CCK. Data are
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expressed as means = S.E.M. of duplicate determinations from at least three independent
experiments.
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TABLE 1

Page 19

CCK-stimulated responses at CHO-CCK1R cells in the presence of increasing concentrations of GI1181771X,
GR134056X, and GR135470X.

Concentration of compound  + GI181771X, + GR134056X, + GR135470X,
(nM) CCK ECsy (pM) CCKECs; (pM) CCK ECsg (pM)
0 70+1.0 14+£1.0 14+1.0

0.01 13+4.0 ND ND

0.1 10+3 ND ND

0.316 24+0.6 ND ND

1 190 + 120 ND ND

10 ND 19+£5.0 20+8.0

100 ND 14440 51470

1000 ND 3940 120£35""

*kk

p < 0.0001, values compared with control; ND - not determined.
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