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Abstract

Modulation of interactions between activated GPCRs (G-protein coupled receptors) and the
intracellular (IC) signal transducers, heterotrimeric G-proteins, is an attractive, yet essentially
unexplored, paradigm for treatment of certain diseases. Regulating downstream signaling for
treatment of congenital diseases due to constitutively active GPCRs, as well as tumors where GPCRs
are often overexpressed, requires the development of new methodologies. MEDSET (Modeling,
Experimental data, Docking, Scoring and Experimental Testing) was developed to discover inhibitors
that target the IC loops of activated GPCRs. As proof-of-concept, MEDSET developed and utilized
a model of the interface between photoactivated rhodopsin (R*) and transducin (Gt), its G-protein.
A National Cancer Institute (NCI) compound library was screened to identify compounds that bound
at the interface between R* and its G-protein. High-scoring compounds from this virtual screen were
obtained and tested experimentally for their ability to stabilize R* and prevent Gt from binding to
R*. Several compounds that modulate signal transduction have been identified.

GPCRs (G-coupled protein receptors) are seven-helix transmembrane (TM) proteins that
transduce extracellular (EC) signals to intracellular (IC) effectors for broad ranges of
physiological signal processes, including chemical (hormonal peptides and proteins, as well
as neurotransmitters), smell, taste and vision. In GPCRs, a conformational change from an
inactive to an activated state upon agonist binding to the EC loops regulates G-protein binding
to the IC loops and subsequent activation of signal transduction (1).

GPCRs have historically been targets for drug development. About 50% of recently launched
drugs target GPCRs, yielding annual sales greater than $30 billion (2). With data available
from the human genome project, the number of drugs that target GPCRs is expected to grow,
as several hundred orphan GPCRs, the most common protein family in the human genome,
were revealed by sequence comparisons. Only about 30 GPCRs are currently targeted by drugs
on the market (2).
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Despite the abundance of GPCRs targeted by the pharmaceutical industry, very little 3D
structural data exists for the family of GPCRs, making structure-based agonist and antagonist
design problematic. In 2000, rhodopsin, in its inactive state (R), was the first GPCR for which
a X-ray crystal structure was solved (3). A X-ray crystal structure spectrally similar to the MII-
photoactivated state (R*) was solved (4), but the TM structure observed in that crystal
conflicted with a large amount of biophysical data that suggests significant movement of
helices associated with the conformational change from R—R* (5,6). The X-ray crystal
structure of the human B2-adrenergic receptor, a Type A GPCR similar to rhodosopin, has also
been solved (7,8). Recently, ab initio models (9) and homology models (10-15) of GPCRs
based on R have been shown to be adequate for structure-based virtual screening for EC agonist
and antagonists. In these cases, the homology models and virtual screening have focused on
the TM domain closest to the EC side, usually attempting to find a molecule that will bind and
block agonist binding. An alternative target for inhibition of signal transduction is the interface
between the IC side of the activated GPCR and its G-protein. Various peptides based on the
C-terminal end of the G-protein a-subunit are known to bind to GPCRs and block signaling
(16), and only recently, a small molecule, BIM-46174 (2-Amino-1-(8-cyclohexylmethyl-2-
phenyl-5,6-dihydro-8H-imidazo[1,2-a]pyrazin-7-yl)-3-mercapto-propan-1-one), was
reported that inhibited the binding of a GPCR to G-protein, as well as growth in a number of
human cancer cell lines (17). These results demonstrate the feasibility of targeting the interface
between an activated GPCR and its G-protein to block signal transduction.

In this study, a combination of experiments and computational techniques were used to find
inhibitors that modulate GPCR/G-protein signal transduction by binding to GPCR activated
IC loops. The method, MEDSET (integration of Modeling, Experimental data, Docking,
Scoring, and Experimental Testing), provides a systematic approach for modeling activated
GPCR/G-protein complex interfaces, then virtually screens compound libraries to find lead
compounds for treatment of congenital diseases caused by continuous activation of GPCRs.
The visual GPCR of the eye, rhodopsin, and its G-protein, transducin (Gt), were used as a
model system for proof-of-principle of MEDSET. A working model of photoactivated
rhodopsin (R*) bound to Gt was deduced by combining molecular modeling and docking with
mutational data and experimental TrNOE structures of the recognition motif of the C-terminal
segment of the a-subunit of Gt. To validate this model of the interaction of the IC loops of R*
with Gt, a small molecule library was virtually screened for potential leads that could inhibit
R*/Gt interactions. This is the first time a model of the IC loops of an activated GPCR bound
to a G-protein has been used to identify compounds that inhibit signal transduction by binding
at the GPCR/G-protein interface. MEDSET, integrating experimental data with modeling, is
generally applicable to modulating transduction mediated by all classes of G-protein/GPCRs
of pharmaceutical interest, particularly in oncology where multiple GPCRs are overexpressed
on many tumor cells.

Virtual Screening Results

A working model of Gt (340-350) bound to the R* IC loops was generated in a previous study
(18). Out of 1,990 compounds of the NCI Diversity Set docked to the “inferred” model of R*
IC loops, 55,680 poses were obtained (Fig. 1, Panel A & B). X-Score, Autodock, and CSCORE
were run on all of these poses (Fig. 1, Panel C) and were ranked independently. The top 10%
of poses (5,568) from each scoring function were placed in separate sets. CSCORE had many
compounds with the same consensus score. The CSCORE Scores ranged from 1 to 4, with 4
being the best score. Compounds that scored a 4 were all in the top 10% of poses, but the total
number of compounds that scored either a 3 or a 4 exceeded the top 10% of poses. The

compounds with a CSCORE of 3 were also ranked with ChemScore when taking the top 10%
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of solutions. For X-Score, compounds that had a LogP value calculated by X-Score greater
than 5 were eliminated from the list, yielding 48,688 poses, then the top 5,568 poses were taken
and placed into a set. The intersection of poses from Autodock, X-Score, and CSCORE sets
were calculated, yielding 682 total poses of 133 unique compounds. The intersection of the
Autodock and X-Score sets yielded 1,927 poses, the Autodock and CSCORE sets yielded 1,832
poses, and CSCORE and X-Score sets yielded 1,591 poses. Only 177 of the 682 poses passed
through the distance filter (Fig. 1, Panel D), yielding 51 unique compounds. A subset of these
unigue compounds (Fig. 1, Panel E) were chosen for experimental testing by ranking the poses
by either the X-Score or the Autodock score, and the top 10 compounds from each ranking
were investigated further (1 (NSC1614), 2 (NSC88135), 3 (NSC88915), 4 (NSC93241), 5
(NSC95090), 6 (NSC128437), 7 (NSC159628), 8 (NSC521777), 9 (NSC601364)). The NCI
Diversity Set provides information about the purity of a compound and also verifies the
theoretical molecular weight experimentally. Only compounds with experimental molecular
weights validated by the NCI were ordered from the NCI for testing (Fig. 2). Compounds
sometimes were ranked highly by both Autodock and X-Score, so the two sets overlapped
(Supporting Information, Fig. 1). The binding pose of Gt,(340-350) found previously (18) was
also scored using Autodock, X-Score, and CSCORE for comparison with the most promising
docked small molecules. Gt,(340-350) scored higher because the peptide is much larger than
compounds in the NCI Diversity Set with more binding interactions from its larger surface
interface (Supporting Information, Fig. 1).

Experimental Testing

Compounds ordered from the NCI were assayed by monitoring extra Ml stabilization (19).
The compounds all had limited solubility with the assay buffer typically used. Instead of
dissolving the compounds in assay buffer, the compounds were first dissolved in DMSO,
diluted into assay buffer and filtered. Experiments showed that the rhodopsin Mll-assay
tolerated up to 50% DMSO; however, the equilibrium between MI and MII gradually shifted
toward MII with higher concentrations of DMSO, increasing the background level of MlI in
the assay. In the initial scan for compound activity, the final concentration of DMSO in the
assay was 5%. Compound activity was assessed using UV/Visible difference spectroscopy,
based on the ability of the compound to stabilize the MII state when compared to a negative
control without compound and to a positive control with the Gt,(340-350) peptide. Compounds
2 and 3 were both considered “hits” after the initial scanning round because they showed
increased M| stabilization compared to the negative control. Given that NCI compounds vary
in purity, a pure sample of 2 was obtained to ensure that 2, rather than some unknown
contaminant, was responsible for activation and to accurately determine its ECsg value. The
other hit, compound 3 was not available commercially, but the structure was verified using 1-
D NMR; ECsgq values were measured using 3 obtained from the NCI Diversity Set. The
ECsq value of 2 and 3 were 120 uM and 45 uM, respectively (Fig. 3a). Further, the dose-
dependent inhibition of R*-Gt showed that both 2 and 3 inhibited Gt with an ICsq value of 180
uM and 15 uM, respectively (Fig. 3b). The dose-response MII stabilization curves for 2 and
3 show a decline in MII stabilization around 20 to 40 uM for 3 and 200 to 250 puM for 2, similar
to the decline in M1 stabilization for Gt,(340-350) between 1 mM and 2 mM seen previously
(20). The decline in Meta Il stabilization appears to be due to the stabilization of Meta I at high
compound concentrations (21) and partial non-specific effect on the Schiff base in R* (22,
23). High concentrations of compound do not affect R. For 2 and 3, the ECsq value was derived
from the initial phase of the curve. The UV/Visible difference spectra are shown in the
Supporting Information, Fig. 2. Acid-trapping experiments showed that the compounds
stabilized M|, as there was a shift in Apax from 380 nm to 440 nm upon protonation of the
Schiff base formed between rhodopsin and retinal.
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The calculated docked conformations for 2 and 3 are shown in Fig. 4a & b. Compounds 2 and
3 dock in generally the same position as the docked conformation of Gt,(340-350) found
previously (Fig. 4c) (18). Further, compound 2 makes several important interactions with the
IC loop structure: hydrogen bonds with K245, Q312, P71; hydrophobic contacts with L72,
A233, V138, K231, E249; and a salt bridge with K141. Compound 3 docks in two equally
good poses. The main scaffold remains docked in the same position, but the aromatic group
with Br in the para position can occupy either of two positions. Both conformations have the
following contacts with the IC loop structure: hydrophobic contacts with K245, A246, A233,
K231, K141, V137, V138. Conformation 1 has the following additional contacts: hydrophobic
contacts with P71, F148; conformation 2 has the following additional contacts: hydrophobic
contacts with T70, Q312.

Similarity Search

Searching the entire Open NCI Database of 140,000 compounds (the NCI Diversity Library
of 1990 compounds is a subset of this database) for compounds similar to 3, only compound
10 (NSC81395) (Fig. 2) was similar by 90% or greater (based on the Tanimoto index) and
obtained from the NCI. The similarity search of the entire Open NCI Database yielded 15
additional compounds that were similar to 2 by 88% or greater based on the Tanimoto index.
However, only 6 of these compounds were available through the NCI: 11 (NSC4060), 12
(NSC35347), 13 (NSC35350), 14 (NSC82878), 15 (NSC114945), 16 (NSC382025) (Fig. 2).

These seven similar compounds were assayed using the extra MII stabilization assay in 5%
DMSO in the same manner as the initial compounds, except the concentration of compounds
were 250 uM. Some compounds still precipitated, so all compounds were filtered. Thus, many
of the compounds were at unknown saturating concentrations; therefore, estimated activity was
a maximum. Compound 16 (Fig. 2), was significantly active in extra MII assay. Compounds
12 and 13 also showed some activity in the extra Ml assay in the initial screen; however,
neither showed significant activity when assayed using pure compound. In the docking
experiment, compound 16 docks in the same position as 2 and 3 (Fig. 4d), making the following
contacts with the IC loop: hydrophobic contacts with L72, K141, A233; hydrogen bonds with
N73, K245; and a salt bridge with K141. Compound 16 yielded an EC5g value of 350 uM (Fig.
3a). Further, 16 inhibited the interaction between R* and Gt with an ICsg value of 2 mM in the
R*-Gt assay (Fig. 3b).

Discussion

By combining both experimental data and computational techniques (MEDSET), compounds
that modulate an activated GPCR/G-protein interaction were found. Rhodopsin, the GPCR
involved in vision, and its G-protein, Gt, were used for proof-of-principle of MEDSET.
Molecular modeling, docking, mutational data, and experimental TrNOE structures were used
to create a working model of R* bound to Gt. For the first time, a model of GPCR loops of an
activated GPCR was used to virtually screen a compound library for leads that inhibited signal
transduction by blocking R*/Gt interactions.

Nine promising compounds were obtained using MEDSET to virtually screen a library of 1990
compounds, and these compounds were tested experimentally for their ability to stabilize R*
and block the interaction between R* and Gt. Two of the nine compounds (2 and 3) stabilized
R* and inhibited the interaction between R* and Gt. The compounds found in our
computational screen had ECsgq values similar to those found previously using an experimental
high-throughput screen of a different small molecule library containing 10,000 compounds
(24). Solubility and the colored nature of some compounds were limiting factors when
screening in the present study. Hence, the results presented here are lower estimates for the
number and affinities of compounds that stabilize R*. Further, compound 16, which had a 94%
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similarity score to 2, also stabilized R* and blocked the interaction between R* and Gt.
Determining compounds similar to 2 and 3 that bind, or do not bind, experimentally should
provide further information regarding the binding mode and the importance of functional
groups in the ligand for binding. Modification for greater potency or specificity could be made
using a focused combinatorial library based upon these leads, as well as providing indirect
information about the binding site on R* to allow refinement of the working model of the
complex. The main differences between the two sapogenins 16 and 2 are substitution of a
carboxyl group on ring A for a hydroxyl methyl group, relocation of a methyl group from
carbon 19 to 20 on ring E and removal of a hydroxyl group from carbon 6 on ring B. This
observation suggests that additional affinity or specificity can be introduced by the synthesis
of derivatives of 2 and 16.

The binding poses and contacts with the receptor for compounds 2 and 3 were investigated.
The compounds dock to the loop structure in much the same way, stretching along the inside
of the IC loop structure in a manner similar to our model of Gt,(340-350). The rings of the
compounds extend nearly parallel to the helical axis of Gt,(340-350) (Fig. 4c). This is expected,
considering the distance cutoffs imposed in the virtual screening process required that the small
molecule be in proximity to certain residues throughout the loop structure. Other compounds
that were tested experimentally also bound in a pose similar to 2, 3, and Gt,(340-350), so the
scoring function played an important role in the screening process. In fact, 2 and 3 had a very
high rank with both X-Score and Autodock score when compared to the other seven compounds
tested experimentally, whereas the Autodock score for many other compounds had a much
better rank than the X-Score or vice versa. Compound 3 has hydrophobic contacts with the
receptor, whereas compound 2 makes hydrophobic contacts, some hydrogen bonds, and a salt
bridge with the receptor. The difference in interaction may indicate a difference in specificity,
as hydrophobic contacts are much less specific, and rationalize the difference in potency
between 2 and 3. For 2, greater specificity may be attained through hydrogen bonding and a
salt bridge, but this decreases binding affinity when compared to the cumulative hydrophobic
contacts 3 makes.

To test how sensitive MEDSET was for the IC loop structure of the model of R*/ Gt and to
determine if 2 and 3 were specific for the R* loop structure from Taylor et al. (18), loop models
of inactive R were virtually screened as well to determine if 2 and 3 would have passed those
filters and been chosen for testing. The R loop model was the “most open” loop structure from
Nikiforovich et al (25). Neither 2 nor 3 would have been chosen for experimental testing with
this R loop structure. Compound 3 passed through the scoring function and distance cutoffs
(only distance cutoffs from experimental data were used); however, it did not rank high enough
to be selected for testing experimentally. Compound 3 may have scored well because of the
large number of hydrophaobic contacts that it makes with both R and R* IC loops.

Compounds 2, 3, and 16 stabilize the M1 state with nearly the same ECs value, but vary much
more in potency when tested for their ability to inhibit Gt binding to R*. These results are
consistent with previous experimental evidence by Kisselev et al. comparing activities of Gta
(340-350) with Gty(60-71) farnesyl (26) and corroborate the hypothesis by Nikiforovich et
al. that different binding modes may be necessary to either stabilize the MII or to inhibit Gt
binding to the IC loops (27). The results from this study also indicate that it may be necessary
to screen for both MII stabilization and G-protein inhibition when testing promising
compounds that result from MEDSET.

Two of the three compounds found in this study are natural products, sapogenins. The second
most potent compound (2), which had an ECsg value of 120 uM (about 3 times better than the
eleven-residue peptide Gt,(340-350)), is a derivative of asiatic acid commonly known as

madecassic acid. Found in the plant Centella asiatica in southeast Asia, extracts from this plant
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have many known medicinal properties, such as antiinflammatory, antineoplastic, ulcer-
protective, wound healing, and for treatment of venous hypertension (28). Madecassic acid is
orally available as a nutrapharmaceutical in both pill and liquid dosages (28). Compound 16
is also known as medicagenic acid, which is found in Medicago sativa (alfalfa) (28). In China,
extract from Medicago sativa has been found to have therapeutic value for use as a diuretic,
treating intestinal and kidney disorders, kidney stones, and poor night vision (29), as well as
to enhance insulin activity and antibody production (30). It also has antifungal properties
(31). Whether these diverse biological activities are related to modulation of GPCR/G-protein
signal transduction is an interesting speculation that requires much further experimentation.

In conclusion, we have shown that a combination of experimental data and computational
techniques allowed us to build a working model for the interacting interface between R* and
Gt,(340-350). The model was used to virtually screen for compounds that stabilize R* and
inhibit the interaction between R* and Gt. This is the first example of virtual screening on
modeled IC loop structures of activated GPCRs. Three compounds both stabilized R* and
blocked Gt binding, with one compound having an ECgq nine times better than that of the much
larger Gt,(340-350) peptide itself and an ICgq in the low uM range. Using MEDSET, we were
able to find compounds with ECs values similar to those found in an experimental high-
throughput screen done with far more compounds (24). The compounds found in this study
are powerful leads for treating diseases such as retinitis pigmentosa and congenital night
blindness, as the compound will bind and modulate the constitutive downstream activation of
the vision cascade that is believed to be the mechanistic basis of the pathology associated with
these diseases. Further, MEDSET could be used for fast and economical discovery of small
molecule inhibitors of signal transduction for other important GPCRs associated with disease.

Modeling, Experimental Data, and Docking

Screening

The 3D IC loop model used in this study resulted from a previous computational docking study
(Supporting Information) (18). Experimental TrNOE structures of Gt,(340-350) and its
analogs (32-34) were docked onto the IC loops and revealed a common binding mode that
make similar residue-residue interactions necessary for complex formation between R* and
Gt,(340-350). The rhodopsin loop structure to which Gt,(340-350) docked in this common
binding mode was used for the virtual screening experiments.

The NCI Diversity Set (35), containing 1,990 compounds, was downloaded in 3D format
(36) (Fig. 1, Panel A). Certain compounds in this library were deemed problematic because
Autodock3 could not properly process the compounds and were eliminated due to the presence
of metal atoms or multiple fragments, yielding 1,856 compounds to use for screening (36,
37). Two additional compounds were found to be problematic after processing, due to the
presence of metal atoms (Bis(2,2,6,6- Tetramethyl-4-piperidinone thiosemicarbazon)nickel(l1)
(NSC: 227147) and Bis(N-(2,4-dimethylphenyl)-3-hydroxy-2-naphthalenecarboxamidato)
nickel(I1) (NSC: 306698), and were eliminated. The compound structures had non-polar
hydrogen atoms merged and Gasteiger charges added for docking with Autodock3. To prepare
the loop structures, non-polar hydrogen atoms were merged, and Kollman charges were added
to the rhodopsin loop structures using AutoDockTools.

The grid was centered on the receptor and a grid spacing of 0.375 A with 120x120x120 points
in each dimension. Autodock3 was used to sample conformational space around the receptor
and within the rotatable bonds of the ligands using the Lamarkian genetic algorithm (37) (Fig.
1, Panel B). The default parameters for Autodock3 were used with the following exceptions:
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tstep, 0.5; gstep, 5.0; dstep, 5.0; ga_pop_size, 100; ga_num_evals, 5 000 000;
ga_num_generations, 35 000; ga_elitism, 5; and ga_run, 30. These parameters were found to
be efficient for screening and yield favorable compound enrichment in a MDM2 test case
(Zhang and Marshall, unpublished). Any clustering done by Autodock3 was not used, and all
poses obtained from the docking runs were considered in subsequent steps.

Scoring Solutions

The final docked binding energy from Autodock3 (37), the average X-Score (38), and
CSCORE (39) were used to evaluate the poses generated by Autodock3 (Fig. 1, Panel C). First,
the final docked binding energy, which consists of the final intermolecular energy of the
complex plus the final internal energy of the ligand, was obtained from Autodock3 (37).
Because Autodock merges non-polar hydrogens, hydrogens were added to the docked solutions
using OpenBabel 2.0.2 (http://openbabel.sourceforge.net) before scoring with X-score and
CSCORE. Secondly, the average X-Score, which is an average of three similar scoring
functions that calculate hydrophobic contribution differently, was also used to score the docked
poses (38). Third, CSCORE was used to evaluate all the binding poses (39). The following
scoring functions were evaluated in SYBYL (G Score, PMF Score, D Score, and ChemScore),
then CSCORE was used to obtain a consensus score. The coefficient of determination (R2)
between the different scoring functions was found to be 0.23 or less, indicating that inclusion
of each of the scoring functions provided additional data that was not present in the other
scoring functions. Although this is a novel combination of scoring functions used in a virtual
screening application, utilizing combinations of scoring functions has been shown to improve
the results of virtual screening studies (40-43).

To choose compounds to test experimentally, poses that scored within the top 10% of poses
using each scoring function were noted. In assessing the top 10% of X-Score solutions, a LogP
filter was also imposed to try to eliminate large hydrophobic compounds that might be
insoluble. Compounds that had a LogP calculated by X-Score greater than 5 were eliminated
from consideration, and then the top solutions were noted. The intersection of the top 10% of
poses that resulted from each scoring function was determined and was passed to the distance
filter.

The distance filters (Fig. 1, Panel D) required that at least one of the atoms of a ligand in a
particular pose be within 5 A of one or more residues in each loop that had been determined
to be important for Gt binding to R* via site-directed mutagenesis (Y136, V137, V138, V139,
E247, K248, E249, N310, K311, Q312) (44-46). In addition, residues on R* (T70, L72, K141,
K231, N244) found to be important for complex formation between R* and Gt,(340-350)
during previous docking studies (18) were also included in a distance filter. Atoms of a pose
were also required to be within 5 A of each of these residues. Only polar hydrogens were
considered on the compounds during distance measurements; however, all hydrogens were
present on the receptor. Poses, meeting all distance cutoffs and filters, were ranked by Autodock
score and X-Score, and the top 10 compounds resulting from Autodock and X-Score rankings
(Fig. 1, Panel E) were chosen for experimental testing (Fig. 1, Panel F).

Similarity Search

A similarity search was done using the NCI Enhanced Web Browser
(http://129.43.27.140/ncidb2/), which contains 140,000 compounds, to find compounds similar
to compounds that stabilized R* in experiments. The browser was used to search the entire
Open NCI Database, and compound similarity was assessed using the Tanimoto index (47).
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Compounds Tested

The Gt,(340-350) peptide was manually synthesized using standard solid-phase Fmoc methods
on Wang resin as described previously (32). The following compounds were ordered from the
Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, Division of
Cancer Treatment and Diagnosis, NCI for use in the initial screen: 1, 2, 3,4, 5, 6, 7, 8, 9 (Fig.
2). Subsequently, compound 10 resulted from the similarity search with 3, and 2 yielded the
following compounds: 11, 12, 13, 14, 15, and 16. The purity of the compounds supplied by
the NCI was used unless otherwise noted. To obtain more accurate ECgy and 1Csq values for
2, pure compound was ordered from LKT Laboratories, Inc., St. Paul, MN. The experiments
were performed in triplicate to derive error bars.

Rod Outer-Segment Preparation

Dark-adapted frozen bovine retinas were obtained from W. L. Lawson Co., Lincoln, NE. Rod
outer segments (ROS) were prepared according to the method of Papermaster and Dreyer
(48), and urea-washed ROS membranes as described (49,50). The purity of rhodopsin was
assessed on a silver-stained SDS-PAGE gel. ROS disc membranes were resuspended in buffer
containing: 10mM Tris-HCI (pH 7.4), 100 mM NaCl, 5 mM MgCl,, 1 mM DTT, and 0.1 mM
PMSF, then stored at —70 °C.

Stabilization Assay

The absorbance spectra of rhodopsin in urea-washed rod outer-segment membranes (UM) were
measured in the presence of the compounds ordered from the NCI; Gt,(340-350) was used as
a control. Compounds obtained from the NCI were essentially insoluble in water and were
dissolved in DMSO. The final concentration of the peptide in the assay was 3 mM, and the
final concentration of the NCI compounds was 6 mM. However, the NCI compounds did not
dissolve completely upon adding assay buffer to the DMSO solution, so the mixtures were
filtered. Thus, saturating amounts of NCI compounds were used in the initial screen. The final
concentration of DMSO in the initial screen was 5%, and the final concentration of rhodopsin
in UM in the assay was 5 pM. The final buffer in the assay consisted of 20 mM Tris/HCI, 130
mM NaCl, 1 mM MgCl,, 1 uM EDTA, and 2 mM DTT, pH 8.0. After being dissolved in
DMSO initially, compounds 2 and 16 were soluble in buffer with 5% DMSO so accurate dose-
response measurements could be made. Compound 3 dissolved in a DMSO/butanol solution
and remained soluble after adding buffer so that the final concentration of solvent in the buffer
was 3% DMSO/3% butanol. Various concentrations of the compounds tested were added
immediately before light activation. The concentration of organic solvents was equalized in
all samples and did not exceed 5% DMSO for 2 and 16 and 3% DMSO/3% butanol mixture
for 3. During the experiment, the samples were kept on ice and all solutions containing
rhodopsin were prepared under a dim red light to prevent the rhodopsin from bleaching
prematurely. The absorbance spectra was measured essentially as described (32,33).

Acid-Trapping MIl Intermediate

The MII state was verified by acid trapping (32,51). Generally, the procedure is the same as
the extra MlIl-stabilization assay with some exceptions. The absorbance spectra of rhodopsin
and compound (NCI compound or Gt,(340-350)) was done in the dark, then after light
activation. Following the light-activation scan, 1% HCI (v/v) was added and mixed. The sample
was allowed to incubate for 5 minutes, and the absorbance spectrum was taken again.

R*-Gt Binding and Release Assay

The amount of Gt bound to R* was measured essentially as before (52). Briefly, the assay was
performed in the linear range of dose-dependent Gt binding using the following conditions: 2
ug of Gt was reconstituted with 30 pg of UM in 100 ul of ROSIso buffer (10 mM Tris-HCI
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pH 7.4, 100 mM NaCl, 5 mM MgCly, 1 mM DTT, 0.1 mM PMSF) under dark-red light on ice,
essentially as described. Compounds 2 and 16 were dissolved in DMSO and remained soluble
after adding buffer to a final concentration of 5% DMSO. Compound 3 dissolved in a DMSO/
butanol solution and remained soluble after adding buffer so that the final concentration of
solvent in the buffer was 3% DMSO/3% butanol. Various concentrations of the compounds
tested were also added before light activation, and the mixture was incubated at 4 °C for 15
min. The concentration of organic solvents was equalized in all samples, including a positive
control with no compound added and did not exceed 5% DMSO for 2 and 16 and 3% DMSO/
3% butanol mixture for 3. The reaction was initiated by exposure of the samples to 480 nm
light, followed by a 15 min incubation at 4 °C. UM were centrifuged at 109,000 x g, 4 °C for
10 min in a TLA-100.3 rotor on a Beckman TL-100 Ultracentrifuge. The pellet was washed
twice with ROS-1so buffer. UM with Gt bound was resuspended in buffer (10 mM Tris-HCI
pH 7.4, 0.5 mM MgCl,, 1 mM DTT, 0.1 mM PMSF, and 250 uM GTPyS), incubated on ice
for 30 min, and centrifuged as described above. The supernatant was analyzed for the presence
of G-protein subunits by immunoblotting. Quantification was by image analysis of the ECL
films. Band intensity calculations were in Image Gauge (FujiFilm). The experiment was
performed in triplicate to derive error bars.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations Footnote

GPCR, G-protein coupled receptor

NCI, National Cancer Institute

R, dark-adapted rhodopsin

R*, Mll-photoactivated rhodopsin

TrNOE, transferred nuclear Overhauser effect
IC, intracellular

EC, extracellular

TM, transmembrane

UM, urea-washed rod outer-segment membranes
ROS, rod outer segment

RMS, root mean square

Gt, transducin

Gt,(340-350), transducin a-subunit C-terminal region
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Flow chart of virtual screening methodology. The final docked binding energy, which consists
of the final intermolecular energy of the complex plus the final internal energy of the ligand,

was obtained from Autodock3. The average X-Score is an average of three similar scoring

functions that calculate hydrophobic contribution differently. The following scoring functions
were evaluated in SYBYL (G Score, PMF Score, D Score, and ChemScore), then CSCORE
was used to obtain a consensus score.
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Compounds experimentally tested. Compounds 1-9 are from the NCI Diversity Set. These
compounds scored highest with either the X-Score or Autodock scoring functions. Compound
10 is from the Open NCI Database and is similar to 3, and Compounds 11-16 are from the

Open NCI Data base and are similar to 2.
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Experimental results of extra MI| stabilization and inhibition of R*-Gt. a. Dose dependent
stabilization of extra MII in the presence of specified compounds. For compounds 2 and 3, the
ECsq values were fit based on the initial phase of the curve. b. Dose-dependent inhibition of
R*-Gt interactions by the specified compounds.
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Fig. 4.
Compounds docked to the R* IC loops. Docked pose of Compound a. 2, b. 3, ¢. Overlap of
Gt,4(340-350), compound 2 and 16 on the loop structure, and d. 16. (Rendered using PyMol)
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