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With computer modeling, an initial three-component pharmacophore for specific 5-HT3 receptor ligands ICS-205-930 
(1), ondansetron (2), zacopride (3), and 3-[2-(guanidinylmethyl)-4-thiazolyl]indol (4) has been identified. Two parts 
represent electrostatic interactions, one as a hydrogen-bond-donating interaction and the other as a hydrogen-
bond-accepting interaction. The third part is represented by a plane in which the lipophilic aromatic groups align. 
The generation of the pharmacophore relies on the interactions of these ligands with probe atoms representative 
of a possible hydrogen-bond donor or hydrogen-bond acceptor within the receptor. A carboxylate oxygen was used 
as a hydrogen-bond-accepting probe and a serine-like hydroxyl was utilized as a hydrogen-bond-donating probe. 

Computer-aided molecular modeling (CAMM) is a 
powerful tool used by researchers to help explain and/or 
predict a variety of molecular properties. Drug design is 
an area of research that is strongly associated with CAMM. 
With the ever-increasing cost and complexity of structures 
to be synthesized and evaluated, CAMM is used whenever 
possible to help sift through the unlimited number of 
possibilities. When the three-dimensional structure of a 
receptor or enzyme and its substrate is known, CAMM 
becomes an extremely useful tool. Key interactions be­
tween substrate and enzyme are easily visualized and 
calculated, and new or modified substrates can be pro­
posed. However, when no information is known about the 
receptor or enzyme, one must rely on structure-activity 
relationships (SAR) in attempts to understand the im­
portant interactions necessary for binding. This approach 
is referred to as receptor mapping or pharmacophore 
identification. When one uses SAR to identify a phar­
macophore for an unknown receptor or enzyme, a critical 
assumption is that all the compounds bind at the same site. 
Within a closely related series of compounds, this as­
sumption can be considered safe. However, when dealing 
with diverse chemical entities this assumption may not 
always be correct. Using CAMM, an initial three-com­
ponent pharmacophore for specific 5-HT3 receptor ligands 
ICS-205-930 (I),1 ondansetron (2),2 zacopride (3),3 and 
compound 44 (Chart I) has been identified. 

The 5-HT3 receptor, or serotonin M-receptor, has been 
identified in the periphery,5 and more recently in the 
brain.6 Specific antagonists of this serotonin receptor 
subtype have demonstrated the ability to block chemo­
therapy-induced emesis in man.7 On the basis of animal 
models, it has been suggested that 5-HT3 receptor antag­
onists may have utility in the treatment of psychosis,8 

anxiety,9 and migraine.10 Several 5-HT3 antagonists have 
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Chart I. Specific 5-HT3 Receptor Ligands 

Table I. Activity of Specific 5-HT3 Receptor Ligands 
5-HT3 binding B-J reflex 

compound affinity,0 K1, nM inhibn6 

1 (ICS-205-930) 2.7 ± 0.3 76 ± 6 
2 (ondansetron) 16.0 ± 5.7 43 ± 9 
3 (zacopride) 0.7C 84 ± 8 
4 3.3 ± 1.3 51 ± 13 

"[3H]-I used as the radiolabeled ligand (n = 5). 'Percent in­
hibition at 2.0 Mg/kg administered iv (n = 5). 'Single point de­
termination. 

been identified and are presently being evaluated in these 
indications. Included among these are the reported agents 
1 (ICS-205-930), 2 (ondansetron), and 3 (zacopride). 
Compound 4 was discovered to be a novel and potent 
specific ligand for the 5-HT3 receptor. It demonstrates the 
ability to block the Bezold-Jarisch (B-J) reflex in rats (a 
5-HT3 receptor mediated response)1 and displaces [3H]-I 
from 5-HT3 binding sites on NG-108-15 mouse neurob­
lastoma-glioma cells.11 Table I compares the B-J reflex 
activity and the binding-affinity data for the three reported 
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antagonists and compound 4. 
Compound 4 is novel in that it diverges from the general 

structural motif of other specific 5-HT3 receptor ligands 
in which a lipophilic aromatic group and a basic nitrogen 
moiety are linked by a carbonyl-containing side chain. 
Quipazine, another potent 5-HT3 receptor ligand,11 also 
deviates from this general pattern. However, quipazine 
also binds to the 5-HT2 receptor.12 Compound 4 maintains 
a basic guanidine residue and an aromatic ring but replaces 
the carbonyl-containing linkage with a thiazole ring. The 
pK& of a thiazole ring is generally between 3 and 4 and it 
is in an unprotonated form at physiological pH. Therefore, 
it is expected to act as a weak proton acceptor, similar to 
a carbonyl oxygen, rather than a basic nitrogen, which 
would be protonated at physiological pH, thus suggesting 
that the thiazole moiety may represent a bioisostere for 
a carbonyl oxygen in this system. 

General Methodology 
CAMM identification of a common pharmacophore for 

the four compounds described above involved a general 
three-step approach using QUANTA and CHARMM13 software. 
Initially, the lowest energy conformation (global minima) 
for each of the four molecules was identified. This does 
not necessarily imply that the lowest energy conformation 
is the binding conformation; it only provides an initial 
point to which other potential conformations must be 
compared. However, it would not be expected that the 
energy of the binding conformation be much greater than 
that of the global minima, unless the gain in energy ob­
tained from binding outweighs the loss in energy necessary 
to force the molecule into the required conformation. 

Upon identification of the lowest energy conformation 
for each compound, areas of interactions between the 
molecule and a hydrogen-bond donor or a hydrogen-bond 
acceptor were mapped in three-dimensional space em­
ploying the program, GRIN & GRID.14 This program sets 
up a 3-D grid about the molecule and systematically moves 
a probe atom throughout the grid computing energy values 
of interaction at each point, with a Lennard Jones po­
tential, an electrostatic potential, and a hydrogen-bonding 
potential. Favorable areas of interaction were then dis­
played as contours in 3-D space. In this study, a carbox-
ylate oxygen and a serine-like hydroxyl group were used 
as probes for hydrogen-bond-acceptor regions and hydro­
gen-bond-donor regions, respectively. 

The final step of the process involves the overlaying of 
similar contours for the various molecules. The contours 
were aligned in QUANTA ignoring any atom-for-atom ov­
erlays. The advantage of such an approach is that it allows 
for the comparison of structurally diverse molecules that 
do not normally overlap well on an atom-for-atom basis. 
Subsequently, a continuing analogue approach can be used 
to map out additional requirements, such as steric 
boundaries within the receptor, providing a working model 
for rationalizing SAR and the prediction of novel struc­
tures. 

Results and Discussion 
Each of the four 5-HT3 receptor ligands described above 

was initially constructed with the 2-D draw option in 
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QUANTA. Charges were assigned by the Gasteiger method 
within QUANTA, and each compound was minimized in 
CHARM by using the adopted-basis Newton-Raphson 
technique. At this point, a systematic bond rotation was 
used to identify the lowest energy conformation. This 
process involved an initial two-bond search about the 
bonds denoted as "a" and "b" (Chart I) with an increment 
of 5°, resulting in 5184 conformations explored for each 
molecule. For each conformation, the molecule was held 
rigid and an energy value was calculated. The lowest 
energy conformation from this search was extracted and 
reminimized to an energy tolerance of 0.001 kcal/mol. For 
compounds 1 and 3 an additional search about the Ar— 
C=O bond was also examined. The preferred conforma­
tion about this bond for compound 3 (by approximately 
2.5 kcal/mol) was the one in which the amide NH was 
capable of forming a hydrogen-bond to the oxygen of the 
neighboring methoxy group. Compound 1 preferred to 
maintain the carbonyl bond in the plane of the aromatic 
ring. However, there was no preference for the cisoid or 
the transoid form relative to the indole C2-C3 bond based 
on calculations. Since an additional ring constraint forced 
the carbonyl group of compound 2 to maintain a transoid 
conformation, it was the transoid conformation that was 
chosen for compound 1. Additional support for this de­
cision comes from the X-ray of the very closely related 
5-bromoindole derivative of 1, in which the carbonyl bond 
was found to be in the transoid conformation.15 

The new conformation for each molecule obtained from 
above was resubmitted to the systematic bond rotation 
about the same two bonds but with a 10° increment. 
However, in this second search, 500 steps of minimization 
were performed on each of the 1296 conformations. This 
step size was found to be sufficient to fully energy minimize 
all but unreasonable conformations resulting from un­
realistic steric interactions. The lowest energy confor­
mation from the second search was extracted and used for 
further evaluation. 

Compounds 1 and 4 have a plane of symmetry that 
passes through the indole ring. Therefore, there are two 
identical energy minima on opposite sides of the plane that 
represent mirror images of one another. Arbitrarily, the 
conformation chosen for further evaluation was that in 
which the side chain nitrogen is above the plane of the 
indole ring. Compounds 2 and 3 each possess a chiral 
center which must be considered. For consistency, the 
enantiomers used in subsequent evaluations were those in 
which the side chain nitrogen is maintained above the 
plane of the indole ring in 2 and the substituted aromatic 
ring in 3. Compound 2 has an additional degree of com­
plexity in that the side chain can occupy either a pseu-
doaxial or pseudoequatorial position, yielding two different 
low energy conformations, neither of which may be elim­
inated on the basis of energy (within 0.1 kcal/mol). 
Therefore, both were taken on for further evaluation. 

Each of the five minimum-energy structures (two for 
compound 2) was evaluated with the program GRIN & GRID. 
As described above, a carboxylate oxygen was used as a 
hydrogen-bond-acceptor probe, and a serine-like hydroxyl 
was used as a hydrogen-bond-donator probe. A grid size 
of 0.5 A was used for each probe, and the charges used on 
each compound were assigned by the program GRIN. 
Figure 1 shows the results from the GRIN & GRID program, 
with each of the lowest energy conformations for the four 
ligands in which favorable interactions with the probes 
have been contoured. In each case, the blue contour is for 

(15) Unpublished results. 
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Figure 1. (Stereo view) Contours represent areas of favorable interaction between 5-HT3 receptor ligands and a carboxylate oxygen 
probe (red, yellow) or a serine-like hydroxyl probe (blue) generated with the GRIN & GRID program. Part A shows 1 (ICS-205-930): 
red = -8.0 kcal/mol, blue = -4.4 kcal/mol. Part B shows 2 (ondansetron): red/yellow = -7.5 kcal/mol, blue = -4.4 kcal/mol. Part 
C shows 3 (zacopride): red = -8.5 kcal/mol, blue = -4.8 kcal/mol. Part D shows 4: red = -11.5 kcal/mol, blue = -5.4 kcal/mol. 

the serine probe, and the red (or yellow) contour is for the 
carboxy 1 probe. 

Compound 1 (IA) has areas of interaction in which the 
protonated amine function and the carbonyl function could 
interact with a carboxylate oxygen (red contour) and a 
serine-like hydroxyl (blue contours), respectively. The 
serine probe interaction with the carbonyl of the ester is 
divided into two areas, one for each set of lone-pair elec­

trons associated with the carbonyl oxygen. The hydrogen 
on the indole nitrogen is also capable of interacting with 
a carboxylate oxygen, although it is not shown in this figure 
due to the energy level chosen for contouring. The in­
teraction energy between a carboxylate oxygen and a 
protonated nitrogen is greater than that of a neutral ni­
trogen. In order to visualize the interactions with the 
indole NH, a lower energy value must be used for con-
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Figure 2. (Stereo view) Overlay of specific 5-HT3 receptor ligands 1 (green), 2 (blue), 3 (yellow), and 4 (red) based on the three-component 
pharmacophore. The red sphere represents the preferred position of the carbonyl oxygen probe and the white sphere represents the 
preferred position of the hydrogen in the serine-like hydroxyl probe. 

Table II. Distance between the Two Electrostatic Components 
of the Pharmacophore 

Hydrogen Bond 

Donor 

Hydrogen Bond 

Acceptor 

distance 

compound distance, A compound distance, A 

1 
2 

4.65 7.70 

axial 7.66 10.90 
equatorial 8.88 11.20 

3 
4 

7.71 10.65 

minimized 0.50 
overlap 1.20 

5.22 6.88 
6.15 7.64 

touring. This interaction area was assumed not to be 
critical, since methylation at this position, as in 2, does not 
result in a lack of 5-HT3 receptor binding affinity. 
Therefore, this contour is not displayed. 

Figure IB shows the pseudoaxial conformation for 
compound 2 overlayed onto the pseudoequatorial con-
former. The carbonyl moiety of 2 is coincidental in both 
conformations and results in the same blue contour for 
interaction with a serine-like hydroxyl. The red and yellow 
contours represent the interaction of the pseudoaxial and 
pseudoequatorial conformers with the carboxylate probe, 
respectively. Compound 4 (ID) displays the three expected 
red contours for the carboxylate probe, resulting from the 
distribution of the positive charge among all five hydrogens 
of the protonated guanidine residue. Thus, any one of the 
three red contours could be involved in a hydrogen bond 
with a receptor. 

Similarities among the four compounds were identified 
and two regions, one for hydrogen-bond accepting and one 
for hydrogen-bond donating, were common to all mole­
cules. The point of strongest interaction within each 
contour was established, and the distance between the 
hydrogen-bond-donating area and hydrogen-bond-ac­
cepting area was measured. Table II shows these distances 
for each compound. Compounds 1-3 have two distances, 
one for each of the two blue contours. Compound 4 has 
three distances, one for each of the three red contours. 
Identified in Table II is the common distance between 
regions of interest (approximately 7.7 A) that 1, the 
pseudoaxial conformation of 2, and 3 all share, the 
pseudoequatorial conformation of 2 does not share this 
common distance, with 8.88 A being the smallest distance. 
Compound 4, in its minimum energy conformation, does 
not share the common distance of 7.7 A between electro­
static regions. It was necessary to rotate the bond between 
the thiazole ring and the side chain carbon (bond "a") 20° 
in order to get a distance that was similar to that of the 

Chart II. Minimum Structure Containing Necessary 
Pharmacophore for 5-HT3 Binding 

NH 

N ^ JL 
' - - ^ ^ N H ^ N H 2 

NH 

^ ^ JL 
r ^ * * * f ^ N H " ^ NH2 KJ 

5 ( K| = 82 t 31 nM ) 7 ( K| * 1.0 JiM ) 

NH 

6 ( Kj = 116 -15 nM ) 

JL 
N H N H 2 

8 (K | > 1.0 nM ) 

Chart HI. Structure-Activity Relationships within the Thiazole 
Series 

X. CH» 

9 ( K1 > 1.0 nM ) 10 ( K1 > 1.0 nM ) 11 ( K | = 1 0 * 3 nM ) 

other compounds. This conformational change results in 
the loss of an intramolecular electrostatic interaction be­
tween the nitrogen in the thiazole ring and one of the 
hydrogens of the charged guanidine moiety. This rather 
small change results in an increase in conformational en­
ergy of 7.3 kcal/mol when calculated in a vacuum. In order 
to get a more meaningful value, the effect of aqueous 
solvent was taken into account. A dynamics simulation 
was performed on each conformation at 300 K in a 15-A 
cube of water with periodic boundary conditions.16 Each 
conformation was held rigid while the water underwent 10 
ps of simulation with the verlet algorithm in CHARMM. 
After the 10-ps simulation, the temperature was reduced 
to 0 K, and the final coordinates were minimized with the 
conjugate gradient algorithm in CHARMM to a tolerance of 
0.01 kcal/mol. Thus, the 20° rotation results in a 2.3 
kcal/mol increase in conformational energy relative to the 
global minima when solvent effects are incorporated into 
the calculation. This energy difference is not considered 
large enough to preclude this from being the binding 
conformation. 

(16) Brooks, C. L., Ill; Karplus, M.; Pettitt, B. M. in Proteins: A 
Theoretical Perspective of Dynamics, Structure, and Ther­
modynamics; Prigogine, I., Rice, S. A., Eds.; John Wiley & 
Sons: New York, 1988, pp 36-38. 
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The four compounds were overlayed based on their 
common distance of 7.7 A, resulting in the first two com­
ponents of the pharmacophore. The third component 
involves the alignment of the aromatic rings within the 
same plane. Figure 2 illustrates the overlap, with the red 
sphere representing the preferred position of the carbox-
ylate oxygen and the corresponding white sphere repre­
senting the optimal position for the hydrogen of the se-
rine-like hydroxyl. The advantage of overlaying structures 
based on common interactions with potential receptor 
probes is that it removes the constraint of having to align 
diverse molecules based on an atom-for-atom overlap. For 
example, of the four compounds involved in this study, 
three have an indole system and in the proposed overlap 
neither of them align with each other. 

In support of the model, compounds 517 and 6 (Chart 
II) represent the minimum structures that maintain the 
necessary electrostatic interactions for binding activity. 
The aromatic nitrogens are responsible for the hydrogen-
bond accepting-interaction, and the protonated guanidine 
moiety for the hydrogen-bond-donating interaction. It is 
anticipated that the hydrogen-bond-donating portion of 
these molecules would be important for activity, in that 
many of the small neurotransmitters such as serotonin also 
contain protonated amines capable of donating a hydrogen 
bond. However, the ability to accept a hydrogen bond and 
its importance to binding is not as obvious. Removal of 
the aromatic nitrogen eliminates this ability to accept a 
hydrogen bond and compounds 718 and 8 do not exhibit 
significant 5-HT3 receptor binding affinity at concentra­
tions as great as 1.0 nM. 

The next phase of the study was to rationalize SAR 
based on the proposed model. Compound 9 (Chart III), 
a methylated analogue of 4, displayed significantly less 
binding affinity for the 5-HT3 receptor than compound 4. 
The methyl group on the disubstituted nitrogen of the 
guanidine moiety protrudes directly into one of the car-
boxylate interaction regions shown in Figure ID. The zone 
that is affected is the one that shares the common distance 
described in Table II. Therefore, the lack of 5-HT3 re­
ceptor binding affinity is rationalized by a steric interaction 
between the methyl group and the proposed region of 
receptor-ligand interaction. 

Compound 10,4 a hybrid structure between 2 and 4, lacks 
significant binding affinity to the 5-HT3 receptor (Chart 
III). Modeling of compound 10 reveals that the methyl 
group on the imidazole points directly into the important 
hydrogen-bond-donating region defined by the other 
compounds. This creates an unfavorable steric interaction 
disfavoring binding to the 5-HT3 receptor. In order to 
alleviate this unfavorable interaction and optimize binding, 
it was predicted by this model that removal of the methyl 
group and rotation of the imidazole moiety such that the 
nitrogen is positioned as in compound 11, would greatly 
favor binding. This modification forces a protonated ni­
trogen to point directly at the carboxylate area deemed 
important and results in compound l l 4 which has excellent 
affinity (Chart III) for the 5-HT3 receptor. 

In summary, we have described a hypothetical model 
for specific 5-HT3 receptor binding involving a three-
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(18) LaMattina, J. L.; Mularski, C. J.; Muse, D. E. Tetrahedron 

1988, 44, 3073. 
(19) Rosen, T.; Nagel, A. A.; Rizzi, J. P.; Ives, J. L.; Daffeh, J. B.; 

Ganong, A. H.; Guarino, K.; Heym, J.; McLean, S.; Nowakow-
ski, J. T.; Schmidt, A. W.; Seeger, T. F.; Siok, C. J.; Vincent, 
L. A. J. Med. Chem. preceding paper in this issue. 

component pharmacophore. Optimal binding requires two 
key electrostatic interactions, a hydrogen-bond-accepting 
interaction and a hydrogen-bond-donating interaction. 
The third component of the model involves occupancy of 
a plane by a lipophilic aromatic ring. The method used 
to define the model avoids the perception that molecules 
must overlap on an atom-for-atom basis. This model was 
used to rationalize SAR19 and, perhaps most importantly, 
to predict modifications resulting in enhanced binding 
potency. A systematic analogue approach is being em­
ployed to both test and further refine this 5-HT3 binding 
model. 

Experimental Section 
Pharmacology. In vitro binding affinity for the 5-HT3 receptor 

was determined with NG-108-15 mouse neuroblatoma-glioma cells 
according to the procedure of Hoyer and Neijt11* with a minimum 
of two determinations. The von Bezold-Jarisch reflex assay was 
run according to the paradigm outlined by Richardson1 with the 
following exceptions. Intravenous injection of test compounds, 
as well as serotonin, were made through a cannula placed in the 
right femoral vein. 

Chemistry. All compounds gave high-field 1H NMR (Varian 
XL-300), high-resolution MS (A.E.I. MS-30), and/or C, H, N 
analysis (Pfizer microanalytical laboratory) consistent with the 
structure reported. Compounds 6 and 8 were prepared by con­
densation of the corresponding amine with 2-methyl-2-thio-
pseudourea sulfate.20 

4-Methyl-2-(thiazolylmethyl)guanidine (6): mp 134-137 
0C dec; 1H NMR (DMSO-d6) b 2.34 (s, 3 H), 6.95 (m, 1 H), 7.02 
(m, 1 H), 7.42 (d, 1 H, J = 5 Hz); HR-MS m/e 170.0605 (M'+) 
(C6H10N4S). 

2-(Thienylmethyl)guanidine (8): mp 144-146 0C dec; 1H 
NMR (DMSO-d6) 5 4.52 (s, 2 H), 6.95 (m, 1 H), 7.02 (m, 1 H), 
7.42 (d, 1 H, J = 5 Hz); HR-MS m/e 155.0467 (M,+) (C6H9N3S). 

2-[(l-Methyl-l-guanidinyI)methyl]-4-thiazolylindole (9) 
was prepared analogously to compound 4 by the method of 
Zawistoski:20 mp 135-136 0C dec; 1H NMR )DMSO-d6) b 2.90 
(s, 3 H), 4.80 (s, 2 H), 7.12 (m, 2 H), 7.42 (d, 1 H, J = 8 Hz), 7.64 
(s, 1 H), 8.07 (d, 1 H, J = 8 Hz), HR-MS m/e 285.1091 (M*+) 
(C14H16NsS). 

Modeling. AU minimization of structures was done within 
CHARMM18 using the adopted-basis Newton-Raphson technique 
with the following settings: energy tolerence = 0.001 kcal/mol, 
nonbond cutoff = 8.00 A, constant dielectric = 1.00, and update 
frequency for nonbonds = 50. The systematic bond search for 
compounds 1-3 could be done with either the free base or the 
protonated amine with little or no effect on the result. Compound 
4 needs to be in the protonated form with an overall charge of 
1+. 

Aqueous dynamics was done with the SHAKE algorithm to 
constrain bonds to hydrogen. Heating was done over 3 ps to 300 
K with a time step of 0.001 and a heating frequency of 50. 
Equilibration was done over 2 ps followed by 10 ps of dynamics 
simulation. Cooling was accomplished over 4 ps with a cooling 
frequency of 50. Additional settings for the dynamic simulation 
are supplied as supplemental material. 

Settings used for the two probes used with the GRIN & GRID 
program are supplied as supplemental material. One parameter 
changed from the default was DWAT, as the dielectric of water. 
This is normally set at 80 for a compound in a free aqueous 
environment and 4 when in a pure protein environment. Even 
with no information about the binding site of the receptor, it is 
safe to assume that the environment is not like that of pure water. 
Therefore, DWAT was lowered to 10. 

Supplementary Material Available: Coordinates for com­
pounds 1-4 as shown in Figure 2 and input settings for the 
CHARMM dynamic simulation and for the two probe atoms used 
with the program GRIN & GRID (7 pages). Ordering information 
is given on any current masthead page. 

(20) Zawistoski, M. J. Heterocycl. Chem., in press. 


