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Abstract

G-protein coupled receptors (GPCRs) play an essential role in many biological processes. Despite
an increase in the number of solved X-ray crystal structures of GPCRs, capturing a GPCR in its
activated state for structural analysis has proven to be difficult. An unexplored paradigm is
stabilization of one or more conformational states of a GPCR via binding a small molecule to the
intracellular loops. A short tetrazole peptidomimetic based on the R*-bound structure of
Gt,(340-350) was previously designed and shown to stabilize the photoactivated state of
rhodopsin (R*), the GPCR involved in vision. A pharmacophore model derived from the designed
tetrazole tetrapeptide was used for ligand-based virtual screening to enhance the possible
discovery of novel scaffolds. Maybridge Hitfinder and National Cancer Institute (NCI) diversity
libraries were screened for compounds containing the pharmacophore. Forty-seven compounds
resulted from virtually screening the Maybridge library, whereas no hits resulted with the NCI
library. Three of the 47 Maybridge compounds were found to stabilize the MII state. As these
compounds did not inhibit binding of transducin to R*, they were assumed to be allosteric ligands.
These compounds are potentially useful for crystallographic studies where complexes with these
compounds might capture rhodopsin in its activated conformational state.
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INTRODUCTION

G-protein coupled receptors (GPCRs) are the largest family of transmembrane (TM)
receptor proteins and involved in many physiological processes in humans. GPCRs are
involved in transducing extracellular (EC) signals such as light, hormones,
neurotransmitters, amino acids, peptides, and odorants to intracellular (1C) effectors (1,2).
The binding of the agonist, or other signal mediator (e.g. light), causes a conformational
change in the GPCR. This physical change activates the GPCR and allows its G-protein to
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bind to the IC interface of the GPCR and catalyze the exchange of GDP to GTP on the a-
subunit of the G-protein. The a-subunit then dissociates from the By complex of the G
protein and activates an effector protein that modulates 1C second messengers (3).

GPCRs are extremely important pharmaceutical targets (1,4). Out of approximately 35,000
genes in the human genome, about 720 genes encode GPCRs of which roughly 400 are
thought to be potential drug targets (3). Currently, 50% of marketed drugs (e.g. Inderal, an
adrenoreceptor antagonist, and Zantac, a histamine-receptor antagonist) target the GPCR
family (1). However, the full potential of GPCR therapeutics has not been realized due to
many uncharacterized orphan GPCRs and difficulties in obtaining X-ray crystallographic
data for structural determination of these receptors (1). Based on a recent review, only six
GPCRs in the PDB have solved crystal structures (5). Despite the lack of structural data, ab
initio (6,7) and homology models (7-13) have been shown to be of use for structure-based
virtual screening of EC agonist and antagonists. Furthermore, there have been other cases of
ligand-based virtual screening that have been successful in finding EC agonists and
antagonists (4,11,14).

Over the past decade, it has become clear that GPCRs can adopt multiple biologically active
states that modify their coupling to intracellular effectors. Such states can be stabilized by
ligands that bind to topographically different (allosteric) sites than their normal biological
ligands (15-18). These observations in multiple GPCR systems require a multistate model of
receptor activation in which ligand-specific conformations are capable of differentially
activating distinct IC signaling partners. Such orthosteric and allosteric binding sites offer
new opportunities for modulating GPCR signal transduction.

The focus of this research was stabilization of a GPCR-activated state via a small molecule
binding intracellularly to the GPCR IC activated loops, rather than targeting the EC or TM
portions of a GPCR (19,20). This potentially provides a method for stabilizing GPCR
structures in their activated states for crystallization studies and a starting point for
developing novel compounds that can modulate the interaction between a GPCR and its G-
protein. Although the number of X-ray crystal structures of GPCRs has grown over the past
few years (5), capturing the GPCR in an active conformation in which it interacts with its G-
protein has proven to be difficult (21). Previously, we have used computational modeling
and structure-based virtual screening to find small molecules that stabilize the activated state
of rhodopsin and also modulate the interaction between a GPCR and its G-protein on the IC
side (20). In this study, we use a ligand-based virtual screening method to find other
compounds that stabilize the activated state of a GPCR. Ligand-based virtual screening is a
fast and powerful tool and, most important, applicable even when the structure of the
receptor is unknown (4,11,14). In particular, the data presented herein supports modulation
of GPCR conformational states at multiple binding sites by intracellular ligands.

As proof of concept, rhodopsin, the GPCR of the human eye that transduces signals in the
vision cascade, was utilized. The absorbance of light causes the chromophore bound to
rhodopsin, 11-cis-retinal, to isomerize to all-trans retinal in a series of seven
spectroscopically detectable changes (22). This transformation changes the conformation of
the IC loops of rhodopsin that complex and activate its G-protein, transducin (5). The
metarhodopsin | state (MI) and metarhodopsin 11 state (MI1) are in equilibrium following
photoactivation, and stabilization of the Ml state (R*) occurs when transducin binds (5).
The 340-350 region of the a-subunit of transducin, the 11-membered peptide
IKQNLKDCGLF (Gt ((340-350)), was shown to stabilize the photoactivated state of
rhodopsin (22). The three-dimensional structure of this peptide in complex with rhodopsin
was determined by TrNOE and was found to contain a reverse-turn region (23), see Fig. 1a.
A tetrazole-containing peptidomimetic designed to mimic the presumed surface of the
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reverse turn interacting with R* was designed, synthesized and found to stabilize the MII
state of rhodopsin (24). We have used the designed conformation of this tetrazole
tetrapeptide to generate a pharmacophore model to search the Maybridge HitFinder and NCI
diversity libraries to expand the diversity of possible scaffolds. The search for this
pharmacophore in the Maybridge HitFinder library yielded compounds that stabilized the
MII state of rhodopsin. This study provides the first example of developing a unique
pharmacophore from a TrNOE structure and using the pharmacophore for ligand-based
virtual screening to find small drug-like molecules that allosterically stabilize the activated
state of a GPCR.

MATERIALS AND METHODS

Database Creation

Two databases, one with compounds from the National Cancer Institute Diversity Library
(1,992 compounds, accessed July 6, 2008) and the other with compounds from the
Maybridge Hitfinder Library version 5 (14,400 compounds, accessed July 6, 2008), were
imported into UNITY, a cheminformatic program within the Sybyl 7.3 software package
(25). The molecular libraries were read into Sybyl as an sdf file and created with the default
import options with a few exceptions recommended by the Tripos Bookshelf tutorial for
Sybyl 7.3 (25). Chirality was determined when importing the files at carbon, nitrogen, and
phosphorus atoms, as well as at double bonds. CONCORD, a program in Sybyl, was used to
generate 3D coordinates.

Generating the Pharmacophore

The TrNOE structure of the Gt,(340-350) peptide was used to model a hypothesized bound
conformation of Ac-Leu-¥[CNy4]-Gly-Leu-Phe-OH (Figure 1a). In the TrNOE structure, the
a-helix on the Gt (340-350) peptide was deleted, part of the turn was replaced with a
tetrazole ring to impose a reverse turn, the cysteine was replaced with leucine, and the
changed areas were minimized using default settings in Sybyl 7.3 (25). The designed
peptidomimetics that showed MII stabilization were basically 4-residue peptides, LGLF and
L-DAla-LF. The tetrazole ring mimics the cis-amide bond between Leu and Gly to force a
cis-amide-like conformation (26-29) that placed the side chain of the first Leu close to the
phenyl ring of the terminal phenylalanine. Despite the limited structural similarity to
Gt,(340-350)-peptide in composition, both compounds stabilized the MII state. The
compounds suffered from solubility problems, precluding an accurate ECsy measurement
and promoting the development of an alternative scaffold that may be more soluble.
Hydrophobic, hydrogen-bond acceptor, and donor features were placed on regions of the
tetrazole compound assumed to be important, and distance constraints were added, each
with a 0.20 A tolerance (Figure 1b). This pharmacophore model was used to search both the
NCI Diversity Library and the Maybridge Hitfinder Library using UNITY flex search in
Sybyl 7.3 (25).

Rod Outer-Segment Preparation

W.L. Lawson Co., Lincoln, NE supplied the frozen, dark-adapted bovine retinas. The
method of Papermaster and Dreyer (30) was used to prepare the ROS membranes, and the
urea-washed ROS membranes were prepared as described previously (31,32). A silver-
stained SDS-PAGE gel determined the purity of the purified rhodopsin as >99%. Rhodopsin
concentration was determined by using a molar extinction coefficient value ggqq of 40,600
m~1 cm™1, and a molecular weight of 40,000 Da. The ROS disk membranes were
resuspended in the following buffer, then stored at =70 °C: 10 mM Tris-HCI (pH 7.4), 100
mM NaCl, 5 mM MgCl,, 1 mM DTT, and 0.1 mM PMSF.
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MIl Stabilization Assay

Compounds obtained from Maybridge, with purity greater than 90%, were combined with
rhodopsin in urea-washed ROS membranes (UM), and the absorbance spectra of rhodopsin
was measured using UV/Vis spectroscopy. An analog of Gt,(340-350) with high affinity for
the MII state, VLEDLKSCGLF (33), was used as a positive control, whereas a solution with
no compound was used as a negative control. Compounds obtained from Maybridge were
essentially insoluble in water and were dissolved in DMSO, then diluted using buffer. The
final concentration of VLEDLKSCGLF was 1.5 mM, and the final concentration of the
Maybridge compounds in the initial screen was 3 mM. In many cases, the Maybridge
compounds became insoluble upon adding the assay buffer to the compound dissolved in
DMSO, so the mixtures were filtered. For these compounds, saturating amounts of
compound were used in the initial screen and the pH of the compound solution was not
titrated to 7.7. The final buffer in the assay consisted of 20 mM Tris/HCI, 130 mM NacCl,
3% v/v DMSO, pH 7.7 at 4 °C. The final concentration of rhodopsin in UM was 5 uM.

After determining the active compounds in the initial screen, compounds 3, 4, and 5 were
solubilized in buffer containing 5% DMSO so that accurate dose-response measurements
could be determined. The pH of the compound in a 1:1 solution of DMSO:buffer was
adjusted such that the pH was between 7.5 and 8.0 and dilutions were made from this stock.
The compounds, at a variety of concentrations, were added to rhodopsin immediately before
light activation. The samples were kept on ice for the duration of the experiment, and all
solutions containing rhodopsin were handled under dim red light to prevent rhodopsin from
bleaching before light activation. The experiment was conducted essentially as described
previously (23,34). All curve fitting was done using Kaleidagraph 4.0. The ECsq values
reported are the average of two experiments done on different stocks of Maybridge
compound with their pH determined separately. The error bars shown in Figure 4 were
derived from one experiment performed in duplicate or greater number.

R*-Gt Binding and Release Assay

To test if the compounds directly inhibited the interaction between rhodopsin and
transducin, a binding-and-release assay was performed as described before with some
alterations (35). The assays were performed with 150 xg of washed native rod outer segment
membranes (WM) dissolved in ROS-Hypo buffer (10 mM Tris-HCI pH 7.4, 0.5 mM MgCl,,
1 mM DTT, 0.1 mM PMSF). The same 1:1 DMSO:buffer stock solution used for the MII
stabilization assay was used for this assay, and the final concentration of DMSO in the
experiment was 5%. The concentration of compound where the MII stabilization was
maximal was used to test for inhibition of transducin (3 - 25 mM, 4 - 12.5 mM, 5-125
mM). The reaction was initiated by exposure of the samples to bright ambient light,
followed by a 3 min incubation at 4 °C. Following light activation, the remainder of the
assay was done in the light. WM were centrifuged at 45,000 rpms in a Beckman TLA45
rotor using an Optima TL ultracentrifuge, at 4 °C, for 10 min. The pellet was washed twice
with ROS-Hypo buffer. WM with G; bound was resuspended in ROS-Hypo buffer
containing 0.25 mM GTPyS, incubated on ice for 3 min and centrifuged as described above.
Immunoblotting was used to analyze the supernatant for the presence of G-protein subunits.

RESULTS

Virtual Screening Results

A potential bound conformation of the tetrazole molecule was modeled from the TrNOE
structure of Gt,(340-350). The TrNOE structure of Gt,(340-350) is nearly identical to the
X-ray crystal structure of the mutant Gt,(340-350) with Lys341 changed to Leu when bound
to opsin, as shown in the supplemental information by Scheerer et al. (36). It should be
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noted, however that the crystallographic resolution of the complex was only 3.2 A, making
interpretation of any perceived differences problematic. It is intriguing that the crystal
structure of the complex which has been assumed to be representative of the photoactivated
state is stabilized by the eleven-residue peptide and show the same movement of 6-7 A for
transmembrane helix-6 found for R* by Altenbach et al. using SDSL EPR studies (21). A
pharmacophore model that assumed important features of the peptidomimetic was generated
in Sybyl 7.3. The Maybridge HitFinder and the NCI Diversity Libraries were searched using
UNITY within Sybyl 7.3 for compounds exhibiting the same pharmacophore signature. The
flexible search option within UNITY has a stochastic component, so UNITY was run 9
times to insure adequate sampling. The following 47 compounds, listed by product code,
were virtual hits from Maybridge: RH 01652, KM 06188, SCR 00616, PD 00556, SPB
06654, NRB 00350, AW 00932, HTS 01763, BTB 15187, CD 09278, KM 06189, RJC
01340, HTS 04162, HTS 00241, DSHS 00855, NRB 00264, SPB 08099, BLT 00208, KM
03270, AW 00987, HTS 00495, SPB 08081, GK 02096, KM 05703, HTS 00036, KM
04213, NRB 00351, HTS 03612, HTS 12751, SCR 00611, KM 10347, JFD 03000, HTS
00437, HTS 08293, HTS 05143, SPB 02443, RH 02224, SPB 08098, RJC 02196, HTS
08665, RDR 03021, KM 01884, BTB 13772, DSHS 00248, BTB 01696, HTS 09453, and
BTB 08637. No additional compound hits were obtained by searching the NCI Diversity
Library. As a control, we tested another 6 compounds chosen at random from the Maybridge
library. None of these compounds stabilized the Ml state of rhodopsin.

Experimental Testing

The compounds from Maybridge found by ligand-based virtual screening were assayed
using the extra Ml stabilization assay (20,37). Many of the compounds were sparingly
soluble in the buffer typically used in this assay. The compounds were first dissolved in
DMSO and then diluted into the assay buffer. The solutions were centrifuged at maximal
speed for 10 min in a benchtop microfuge, and the supernatant was removed and used in the
assay. Previous experiments demonstrated the extra MII stabilization assay could tolerate up
to 50% DMSO (20). With increasing concentrations of DMSO, the equilibrium between Ml
and MII was shifted toward MII, which increases the background levels of MII in the assay.
The extra Ml stabilization assay was used to determine if a compound was active when
compared to the positive control peptide, VLEDLKSCGLF. After the initial screen, 1 (BTB
15187), 2 (RJC 02196), 3 (RJC 01340), 4 (KM 05703), and 5 (AW 00987) all exhibited
significant levels of extra MII stabilization when compared to the negative control and were
considered hits (see structures in Figure 2). However, after adjusting the compound stock
solution for pH, only compounds 3, 4, and 5 retained activity as shown in Figure 3 and 4.

The dose response of the compounds was measured using various concentrations of
compounds to derive the ECsg. The ECsq values were calculated based on the maximal
amount of MII stabilization for each compound and on separate experiments done in
duplicate or greater number. The ECsq values of compounds 3, 4, and 5 were 16.3+12.3
mM, 3.0£0.28 mM, and 11.8+6.7 mM. The binding curves shown in Figure 4 show a
representative experiment repeated at least two times. The assay was very sensitive to pH,
leading to variation between separate experiments whose pH values were determined
independently. For comparison, the ECsq value of Gt,(340-350) was reported as ~100 uM
(23), and the ECsgq value for the high affinity peptide, VLEDLKSCGLF, was reported as
~3.5 uM.(33).

Compounds 3, 4, and 5 were also screened using the R*-G; Binding and Release Assay (35),
which measured the ability of the compound to inhibit transducin from binding to the MII
state (R*). As in the extra MII stabilization assay, the compounds were dissolved in DMSO
and then diluted into assay buffer. The same 1:1 stock solution was used for this assay and
the MII stabilization assay. Using 5% DMSO did not affect the results in this assay (data not
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shown). In the western blot shown in Figure 5, none of the compounds inhibited transducin
binding to R* completely. The wells that contained the samples and the positive control (no
compound added) look nearly identical. A slight decrease in band density might have been
present at the highest concentrations tested, but the decrease in transducin binding was not
more than 30%. If the compounds had inhibited transducin binding fully, the well containing
the compound would have looked similar to the negative control.

Acid-trapping experiments were done on the three hit compounds to determine if they
stabilized just the MII state, or multiple states of rhodopsin. Unfortunately, all three
compounds precipitated when the acid was added. Therefore, the necessary spectra were not
obtained.

DISCUSSION

Through the use of ligand-based virtual screening, three novel compounds that stabilized the
activated state of a GPCR were found. In this study, we tested ligand-based virtual screening
using the GPCR, rhodopsin, and its G-protein, transducin, which are found in the eye and
involved in vision. Ligand-based virtual screening utilized a pharmacophore pattern based
on important regions on the designed peptidomimetic (Figure 1b) previously found to bind
and stabilize the Ml state of rhodopsin (24). Because the precise bound structure of the
peptidomimetic was not determined experimentally, its bound conformation was modeled by
superimposing the peptidomimetics onto the reverse-turn region of the TrNOE structure of
Gt,(340-350) (Figure 1a). The pharmacophoric pattern derived from the peptidomimetic
was used to search the Maybridge HitFinder Library of 14,400 compounds, as well as the
smaller NCI diversity library.

The search of the Maybridge HitFinder Library yielded 47 compounds that were tested
experimentally for their ability to stabilize the MII state of rhodopsin and inhibit transducin
binding. Of the 47 compounds, three stabilized the M1l state and none inhibited the
interaction between rhodopsin and transducin. Another 6 compounds were randomly chosen
from the Maybridge HitFinder Library and showed no activity. Obviously, the
pharmacophore model derived from the peptidomimetic compound encoded some aspects of
the recognition motif of Gt,(340-350) that also does not completely block transducin
binding. Gt,(340-350) and VLEDLKSCGLF do not completely block transducin binding
(38), and concentrations 20- to 30-fold higher than their respective ECgq values in the extra
MII stabilization assay are needed to see some inhibition (39). Because the ECsq values of
the compounds found in this ligand-based virtual screen are so high, the compound
concentration necessary to see significant inhibition of transducin has not been reached. It
has been hypothesized that there may be a sequential mechanism of transducin binding to
rhodopsin (39) and multiple binding poses for Gt,(340-350) are thought to exist (40). One of
the multiple-binding sites for Gt,(340-350) and compounds 3, 4, and 5 must be an allosteric
site that allows stabilization of photoactivated rhodopsin without inhibiting transducin
binding. Allosteric modulaters of GPCRs have shown great promise in recent years due to
their novel mechanism of control and may lead to therapies that treat multiple psychiatric
and neurological disorder (17).

Compounds found in this study were very different from compounds that modulated the
interaction between rhodopsin and transducin found in our previous structure-based
screening (20). The structures of the current hits are much more “peptide-like” compared to
the previous study where compounds contained conjugated rings. As a result, the peptide-
like compounds are much more soluble and higher concentrations can be used. There is the
possibility that all of these compounds may not be stable in aqueous solution, depending on
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time and experimental conditions; however, their results for extra MII stabilization were
highly reproducible.

This study complements our previous study, which used a structure-based approach to find
inhibitors of the rhodopsin/transducin interaction (20). As the MlI-bound state of the C-
terminal recognition motif of the a-subunit was known (it is much easier to determine the
bound conformation of a ligand by TrNOE NMR than to obtain the X-ray crystal structure
of the complex with the entire receptor), a pharmacophore model was generated and used to
virtually search molecule libraries for leads. There is much sequence homology between
Gt,(340-350) and most subclasses of C-terminal regions of G-protein a-subunits (24). In
fact, the TrNOE structure of Gt,(340-350) (23) is very similar in structure to that seen in the
crystal structure of Gjo a rhodopsin-family G-protein (41) with backbones differing by only
0.5 A RMSD. Potentially, a homology model of the desired C-terminal region of Gt,, could
be generated and used to generate similar pharmacophoric models. Given that GPCRs are
important pharmaceutical targets, this alternative method for generating hits that stabilize
the activated state of a GPCR may prove to be effective for other GPCR proteins. The
method could be used to design small molecules that stabilize the activated state of a GPCR
for crystallographic purposes as well.

CONCLUSIONS AND FUTURE DIRECTIONS

In this study, computational and experimental techniques were used to successfully find
small molecules that allosterically stabilized R*. Using receptor-bound ligand-based virtual
screening, three compounds that stabilized the MII-photoactivated state of rhodopsin were
found. This receptor-bound ligand-based approach for finding lead compounds could readily
be adapted for other GPCRs given the large sequence homology of all C-terminal regions of
the G-protein a-subunits. Obviously, this approach can be used as an adjunct that
complements structure-based virtual screening of GPCR homology models to find different
lead motifs, especially when structural information on the protein target is limited.
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Figure 1.

a. Tetrazole peptidomimetic aligned with the first model from the TrNOE NMR structure of
Gt,(340-350) (PDB ID: 1AQG). The TrNOE structure is shown in gray, and the tetrazole

peptidomimetic is shown in green. b. Pharmacophore model with spatial features and
distance constraints. Rendered using Pymol (42).
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Figure 2.

The hit compounds from the initial screen. Compounds 3, 4, and 5 stabilized the Ml state.
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Figure 3.

Experimental results of extra MII stabilization. The dark spectrum from the UV/Vis scan
was subtracted from the spectrum taken after the rhodopsin was exposed to light.
Compounds: A. 3 (100mM), B. 4 (25mM), C. 5 (50mM) are shown. The light gray trace
shows the MII stabilization and M1 depletion with no compound, and the dark trace shows
MII stabilization and MI depletion when compound is present. In this test, there is a large
difference between MII stabilization in the sample containing the compound versus the
sample with no compound.
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Figure 4.
Dose-dependent stabilization of extra MII in the presence of specified compounds. The

curves were fit using Kaleidagraph 4.0 with the maximal amount of extra MII being the
saturating amount of extra MII for an individual compound and not the maximal MII from
the peptide VLEDLKSCGLF. The EC50 values for compounds 1, 2, and 3 were 16.3+12.3
mM, 3.0£0.28 mM, and 11.8+£6.7 mM, respectively.
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Figure 5.

Binding and Release Assay Results. A. Results of compounds found via ligand-based virtual
screening L1. Positive Control; L2. Negative Control; L3. 1 (12.5 mM), L4. 2 (50 mM); L5.
3 (25 mM); L6. 4 (12.5 mM); L7. 5 (12.5 mM). B. Results from the high affinity peptide L1.
Positive Control; L2. Negative Control; L3. 1 mM. All of the bands with compound added
look similar to the positive control. If the compound inhibited transducin from binding to
rhodopsin, the bands would have looked similar to the negative control. At these
concentrations, the compounds do not inhibit transducin from binding to rhodopsin.
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