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INTRODUCTION

The cumulative scientific evidence, including new data discussed at the
National Ingtitute on Drug Abuse (NIDA) technical review meseting and
presented elsewhere in this chapter, suggests that entire classes of
compounds which €licit the complex array of psychotomimetic responses
classifying them as hallucinogens shark specific actions on 5-hydroxy-
tryptamine (5-HT) receptors and bind to 5-HT binding sites (for some
additiona recent reviews see Glennon 1990; Glennon et al. 1991;
Peroutka 1991; Weinstein and Osman ‘1990a ; Weinstein et a. 1987). The
correlation between affinity for 5-HT,-type binding sites and receptors
and the doses required to elicit hallucinogenic responses in humans has
been demonstrated repeatedly (Glennon 1984, 1990). Of special interest
in this context are similarities and differences in the pharmacological
profiles of compounds belonging to the various families of chemical
structures that yield hallucinogenic agents, that is, tryptamine (TRYP)
derivatives (including the halucinogenic N,N,-dimethyltryptamine),
ergolines (including d-lysergic acid diethylamide [d-LSD]), and
derivatives of phenylethylamine and phenylisopropylamine (including
mescalineg, 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane [DOM],
and methylenedioxymethamphetamine [MDMA]). These families of
compounds are active both on the 5-HT;, and 5-HT, receptor systems
(Weinstein and Osman 1990a), but hallucinogenic action has been
connected with partial agonism on 5-HT, receptors (Sanders-Bush et al.
1988) and more recently on 5-HT, receptors (Burris et al. 1991).

If one can understand what in the structures of the ligands is most directly
involved in receptor activation and what receptor activation involves in
terms of specific changes in molecular structure resulting from ligand
binding, then one can design drugs to target such receptors and activate or
inactivate them, as required. The actions of any other receptor ligands,
the hallucinogens among #em, then could be understood and
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countermanded by such specifically targeted and designed drugs. In
addition to novel understanding of cellular signaling processes at the
molecular level, the practical significance of this insight is therefore
inherent to the potential it offers for targeted molecular design. Such
designed compounds should provide new tools for investigation of the
mechanisms of actions of hallucinogenic compounds and a promise of
new therapeutic and preventive modalities.

The design of effective therapeutic agents with predetermined actions at
specific receptors requires solid information on the pharmacology of the
target compounds. A detailed understanding of the processes of drug-
receptor interaction and the mechanisms involved in the evolution of
pharmacological responses dlicited by ligand-receptor interactions is also
required (Jensen et al. 1990). All of these requirements are essential
elementsin rationa design (Weinstein and Osman 1989a, 1989b, 1990b;
Weinstein et al. 1987) and are subjects of the authors' studies (Weinstein
and Osman 1990a; Weinstein et al. 1988). The resulting insights are
summarized elsewhere; recent developments are reviewed briefly in this
chapter. These insights and developments constitute the first stepsin a
novel understanding of the relationships between ligand structure,
receptor structure, and receptor response.

This novel understanding is achieved at an atomic level of resolution
from the analysis, modeling, and simulation of molecular mechanisms of
drug-receptor interaction. Such computational simulations have become
possible because of new information available on the molecular and
structural biology of 5-HT receptors (Adham et al. 1992; Demchyshyn et
al. 1992; Guan et al. 1992; Hen 1992; Julius et al. 1988, 1989; Shih et al.
1991) combined with insights from the molecular pharmacology of
hallucinogens and other 5-HT receptor ligands (Mylecharane et al. 1989;
Peroutka 1991).

An initia focus of the authors' work in the molecular and structural
biology of the 5-HT receptors has been the computational modeling of
the transmembrane helix bundle of the serotonin receptors of the 5-HT,
subtype. This chapter describes success in the first steps of constructing
macromolecular models of the membranal portions of the receptors
because of a redefinition and refinement of structural criteria and
functional considerations. These models are used to smulate
computationally the effects of some receptor ligands binding inside the
structure of the model receptor proteins under various conditions in order
to explore the mechanisms of receptor activation.
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The first aim of these computational simulations is to investigate the
structural correlates of properties that affect the receptor proteins
function. The current literature contains ample examples for simulations
of this kind, usually performed on cytosolic proteins and water-soluble
systems and leading to targeted experimental probing (e.g., through
mutation studies) (Aqvist and Warshel 1992; Karplus and Petsko 1990;
Levitt and Sharon 1988; Pascual-Ahuir et a. 1991; van Gunsteren et al.
1992; Weinstein 1986; Weinstein and Mehler 1992; Weinstein and
Osman 1989b, 1990b).

The computational exploration of membrane protein systems is more
complex because of methodological difficulties and uncertainties related
to the representation of the protein in the membrane environment and the
nature of the embedding of the entire system in a surrounding agueous
solvent (Ahlstrom et al. 1989; Milik et al. 1992; Stigter et al. 1992;
Wendoloski et a. 1989; Xing and Scott 1992). Nevertheless, cautious
computationa studies performed on the transmembrane bundle
components of the receptor structures, combined with the experimental
probing, can be used as described below to define molecular correlates of
pharmacological efficacy. In the context of computational simulations of
receptor function, these insights can be evaluated further with known
ligands exhibiting a range of efficacies at the 5-HT receptor subtypes.

Difficulties in the accurate description of the biophysical mechanisms
further increase the importance of experimental validation of the
inferences emerging from the computational simulations. Such validation
depends on a concomitant probing of al the resulting pharmacological
models and predictions in collaborative efforts, including experimental
determination of the pharmacological profiles of compounds acting at the
5-HT receptor subtypes. As illustrated by examples from recent
publications, the pharmacological assays used in the authors

collaborative studies have included measurements of responses mediated
by the 5-HT,A, receptor coupledto adenylate cyclase in membrane
preparations from rat hippocampus (DeVivo and Maayani 1990), the
contraction of the isolated rabbit aorta mediated by 5-HT, receptors (Ben-
Harari et al. 1991; Christ et al. 1990; Mahle et a. 1990), and the response
to 5-HT,C receptors coupled to the hydrolysis of phosphatidyl inositol in
selected areas of the brain (Burris et a. 1991). In addition, the
collaborative experimental studies probe the modulation of agonist
binding in various brain sections by receptor-guanosine triphosphate
binding protein (G-protein) interactions to learn about the relations
between receptor selectivity in vitro and the likelihood that the agonists
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will dicit responses on multiple receptors in the brain (Yocca et a. 1990).
The results are analyzed for clues on the chemical determinants required
for recognition (binding) and activation (efficacy) for each of the two
receptors.

The combination of computational simulation studies and experimental
verifications is expected to yield a quantitative relationship between the
molecular structures of such ligands and their efficacy in activating the
receptor. Such a mechanistic understanding of structure-function
relationships will lead to new molecular structures that will be selective
for 5-HT receptor subtypes and have a predicted degree of activity on
these receptors. The following sections provide a brief overview of
recent results from such studies.

CONSTRUCTION AND EXPLORATION OF MOLECULAR
MODELS FOR THE TRANSMEMBRANE PORTION
OF 5-HT RECEPTORS

Identification of an Appropriate Template

The construction of molecular models for the transmembrane region of
the 5-HT receptor subtypes by homology modeding and energy
refinement requires specific structural templates. The molecular
architecture of bacteriorhodopsin (BR) and the photosynthetic reaction
centers (PRCs) is commonly regarded as a model for membrane proteins
(Rees et al. 1989). In particular, BR has been offered as a structural
template for the three-dimensional (3-D) structure of membrane receptors
that are functionally coupled to regulatory guanine nucleotide-binding
proteins (G-proteins) (Findlay and Eliopoulos 1990).

More recently, specific molecular models of such G-protein coupled
receptors (GPCRs) were constructed on the basis of the functional and
structural relation of rhodopsin to BR and the sequence homology
between rhodopsin and the GPCR (Dahl et al. 1991; Hibert et al. 1991).
Such models of GPCRs suffer from the apparent lack of any significant
degree of sequence homology between the seven transmembranal helices
(TMHs) of BR and the portions in the sequence of the various GPCRs
that are considered their transmembrane domain (TMDs). However,
strong arguments have been proposed in favor of the structural relation
between BR and the opsins and, hence: the GPCR (Lefkowitz 1991).
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These arguments prompted the authors' investigation of the possibility
that the true sequence homology, including any existing similarity in the
distribution of kink-inducing proline (Pro) among the helices, might have
been obscured by the assumption that the TMHs maintained their
sequential order from BR in the evolution of the mammalian proteins.
With a definition of the TMHSs in the neurotransmitter GPCRs guided by
hydropathicity predictions and additional criteria used to define the span
of each helix, an optimal alignment is achieved for each pair of sequences
calculated with no gaps allowed in the matching (Pardo et a. 1992). This
proposed alignment reveals considerable homology between the TMHSs in
BR and those in GPCRs, if the sequential order of the helices is ignored.
The findings point to the possihilities of modifying the BR template to
account for the correct packing of the helices in the tertiary structures of
GPCRs.

This strategy was followed in the construction of a 3-D model of the
neurotransmitter GPCR of 5-HT, on the basis of specific interhelical
interactions such as those observed in BR and in PRC as well as on
additional criteria. The main advantage of the resulting modified
template for the modeling of GPCRs based on the nonsequential
homology to BR is that it is possible to incorporate several additional
criteria in the construction of the helix bundle at the level of protein
sequence comparisons as well as at the level of helix-helix and helix-
membrane interactions. Such considerations (described in the next
section) should improve the quality of 3-D models of GPCRs and
facilitate inferences on the mechanisms by which these proteins perform
their biological functions.

ANALYSIS AND REFINEMENT OF THE CRITERIA

FOR PREDICTING THE STRUCTURE AND RELATIVE
ORIENTATION OF TRANSMEMBRANE HELICES IN MODELS
OF THE NEUROTRANSMITTER RECEPTOR

The membrane-spanning domain of the serotonin GPCRs is considered to
share at least the general topology of a seven-transmembrane helix bundle
observed in BR. As a result of the significant homologies that were
found (as described above, by allowing for a rearrangement of the helix-
bundle template), the strategy for building the moddl for the 5-HT,
receptor has been to construct hypotheses concerning helix-helix
interactions, their orientations, and their arrangement in bundles
surrounded by lipid based on inferences and observations from the

245



3.5 angstrom (A) resolution structure of BR (Henderson et al. 1990).
Criteria resulting from such considerations are being tested against the
2.3 A resolution Structure of the PRC from Rhodobacter viridis
(Deisenhofer and Michael 1989).

These comparisons led to a reevaluation of some of the methods available
for the prediction and relative orientations of membrane-embedded

o- helices (Ballesteros and Weinstein 1992a). The authors found that
methods used in the construction of helical transmembrane domains
could be misleading; e.g., by assuming that the arginine (Arg) and lysine
(Lys) residues that appear preferentially at the cytoplasmic end of the
transmembrane helices of BR and PRC must be inside the cell because of
their polar nature. More careful structural considerations would place
only the ends of these residues close to the phospholipid headgroups of
the membrane, with the rest of the residues inside the lipid portion. Thus,
the intramembrane helix “gains’ 1 to 1.5 turns, and the span is redefined
by 3 to 7 residues (Ballesteros and Weinstein 1992a). Because the
orientation of the p-carbon atom positions the Arg-Lys side chainsin a
direction pointing from the C-terminus toward the N-terminus of the
hdlix, the inaccuracy in determining the helix span caused by the Arg-Lys
residues affects the helices traversing the membrane from inside to
outside (i.e., N-terminal to C-termina) more than it affects those oriented
inward.

Consequently, the inaccuracy can lead to significant errors in packing the
helices against each other in the transmembrane bundle and thus induce
errors in the construction of models for these structures. Therefore, these
considerations will have a significant effect on the results of methods
commonly used in constructing such models, including the criteria based
on hydrophobicity profiles, hydrophobic moments, helix amphiphilicity,
and charge neutralization.

Another consideration centers on the structural role of the kinks induced
by the presence of Pro residues in the a-helix. (For some recent reviews
of these structural properties of Pro-containing helices and their possible
consequences for protein function, see MacArthur and Thornton 1991
and Williams and Deber 1991.) Because the region of the Pro-induced
kink does not have a 3.6 amino acids/turn periodicity, one would expect a
twisting of the faces before/after the Pro-kink compared with the case of a
straight helix. Such an effect would vitiate the profiles for amphiphilicity
and hydrophobic moments of Pro-containing helices because the

246



algorithms for the calculation of these properties assume that the helices
are regular and straight.

Yet, such profiles are commonly used for the prediction/modeling of
transmembrane helices without special attention to the effects of Pro-
induced kinks. Consequently, the modeling approaches will require
modification according to the authors' findings. The proposed
refinements from the considerations presented above overcome some of
the shortcomings inherent in the use of the above-mentioned methods;
they congtitute an additional guide for identifying the cytoplasmic end of
a transmembrane helix. Importantly, such criteria can be explored
guantitatively from computational simulations after a specific mechanistic
model has been proposed.

The authors have recently described such a model for a dynamic
activation mechanism in the function of a transmembrane protein based
on the structural properties induced by the presence of Pro residues in key
transmembrane helices (Ballesteros and Weinstein 1992a,b). The model
takes advantage of the following properties of the kink region: A Pro
residue within a helix disrupts two 1-4 backbone H-bonds: the
C=0,...CN; due to the imide functional group replacing the amine and
the C=0,;.....HN;,; due to the axial kink. This can generate up to three
putatively H-bond-free reactive sites around the kink region, the C=0s
being unusually exposed (Woolfson and Williams 1990). Most charged
and polar side chains in transmembrane domains are likely to be involved
in extensive H-bonding because of the low dielectric constant of the
transmembrane domain. Consequently, the three types of reactive sites in
the backbone should be expected to make up a significant percentage of
the total number of free H-bonding donors or acceptors within the
transmembrane region.

The involvement of such available polar sites in the function of the
proteins has been illustrated recently in the structure of the bacteria
aspartate receptor where the crystal structure of the binding domain
shows the ligand binding site to include the -C=0 groups exposed by a
Pro-induced kink (Milburn et al. 1991) and by the structure of a bacteria
Ca®*-channel crystallized in nonpolar solvents (Karle et al. 1991).

The putative gating mechanism for a channel formed by the
transmembrane arrangement of a bundle of helical leucine (Leu)-
zervamicin peptides that the authors proposed recently (Ballesteros and
Weinstein 1992b) is based on the likely dynamic properties of the
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structure containing Pro-induced kinks in a transmembrane helix. These
dynamic properties are induced by the Pro-kink which, as shown below
from a molecular dynamics simulation of the 5-HT, receptor modd, is
likely to be involved in the propagation of the structural response of the
receptor protein to ligand binding. Thus, the dynamic mechanism
supported by the specia structure around a Pro site in a hdlix is likely to
be involved in the relay of information about ligand binding into the
transmembrane structure connected to the effector (i.e., a G-nucleotide
binding regulatory protein). This mechanism requires a low activation
energy as illustrated by the structure and dynamics of the Pro-containing
helix of melittin (Bazzo et a. 1988; Pastore et al. 1989) and thus provides
a reasonable mode for the transduction of a signal produced by ligand
binding. Such mechanistic hypotheses for receptor activation, anchored
in the structural and dynamic properties of a 3-D modd of the receptor
protein, are amenable to exploration by the methods of theoretical
biophysics used in the computational simulations described briefly below.

A Three-Dimensional Structural Model of the 5-HT, Receptor

The authors have constructed a complete 3-D model of the TMD of the
5-HT, receptor at atomic resolution. Preliminary molecular dynamics
simulations also have been carried out on the receptor model and its
complexes with ligands, including full agonists, partial agonists, and
antagonists. The results suggest an activation mechanism of the receptor
based on the structural response of the receptor to the binding of ligands.
Both the local effects at the recognition site, which produce the activation
trigger, and the distal effects, which are propagated from the recognition
site into the receptor region responsible for coupling to the effector, are
identifiable from the analysis of the dynamic behavior of the ligand-
receptor complex.

The 5-HT, receptor model was constructed based on specific criteria from
the following considerations: ligand, structure-affinity relationships
developed for pharmacologically well-characterized ligands, structural
features of membrane proteins for which structures are available at atomic
resolution (BR and PRC-see above), and results of studies on the
molecular biology of GPCRs.

The construction of the 5-HT, receptor model and the first computational
simulation of the dynamic behavior of the transmembrane helix bundle in
the presence and absence of ligand bound at the putative recognition site
are described in detail elsewhere (Zhang and Weinstein 1993). The main
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considerations in the congtruction of the model and the qualitative
features of the results from the computational smulations are outlined
briefly here.

Ligand Binding Ste. As discussed in detail elsewhere (Weinstein and
Osman 1990a), the nature of the interaction between ligands and
recognition sites in the various subtypes of 5-HT receptors is expected to
be different, consonant with the differences in ligand selectivity of the
receptor subtypes. The main molecular property related to recognition at
5-HT 5 receptors was shown to be the directional character of the
electrostatic potential generated by the ligands in the molecular region
corresponding to the indole in 5-HT. The corresponding recognition site
in the receptor was predicted to have properties of a positively charged
(imidazolium) form of the side chain of a higtidine residue (Mercier et a.
1988, 1989; Weinstein and Osman 1989b, 1990a,b).

From studies of model proteins incorporating the type of residues
proposed for the recognition site in the structural arrangement required to
be salective for 5-HT,, ligands, the mechanism of recognition at the
5-HT,, receptor was shown to be dectrostatic and conducive to a
triggering of the receptor response through the change in the eectronic
structure of the imidazolium recognition site when it interacts with an
activating ligand (agonist) (Weinstein and Osman 1990u). This effect
was shown to induce a proton transfer from the ring to a neighboring
residue to which it can be hydrogen bonded in the resting state (Mercier
et al. 1988, 1989; Weinstein and Osman 1990b).

However, a different model was proposed for selective recognition at the
5-HT receptors based on structural details of 5-HT-binding peptides
(Weinstein and Osman 1990a). The recognition site in the 54-HT,
receptor was thus proposed to consist of two aromatic residues separated
by a hydrophilic residue.

In contrast to the model for 5-HT 4, the recognition was considered to be
based on the interaction of neutral molecules with the stabilization
provided by dispersion forces (Weinstein and Osman 1990a and
references therein). These inferences from structure-activity relationships
(SAR) and specific calculations of molecular complexes (see Weinstein
and Osman 1990a and references therein) were incorporated in the
construction of the receptor modd.
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Putative residues of the ligand binding site in the 5-HT, receptor
sequence were determined according to the requirements for matching
recognition sites in the ligand binding pocket based on specific models
proposed from SAR studies (Glennon et a. 1991; Weinstein and Osman
1990a); the specific sequence of amino acids in the receptor subtype and
its relation to BR (Pardo et a. 1992) and the other 5-HT receptors
(Adham et al. 1992; Hartig 1989; Hen 1992), and published results of
GPCR structures modification using methods of molecular biology,
including point mutations and chimeric receptors of various types (Guan
et al. 1992; Shih et al. 1991; Strader et al. 1989). The positions of the
putative residues of the ligand binding site were used as constraints in
positioning the TMHSs relative to one ancther.

The ligand bhinding sites are assumed to be aspartic acid (Asp) 133
(TMH3) to interact with the protonated amine group of the ligand; side
chains of phenylalanine (Phe)-218 and Phe-222 (TMH 5) to interact with
the aromatic rings of the ligand; methionine (Met)-313 (TMH 6) to match
the region of the ligand corresponding to N1, C7 of the indole ring in
5-HT; and serine (Ser)-350 (TMH 7) to interact with the region
corresponding to the 5-OH of 5-HT.

Assembly of the Helix Bundle. With 5-HT as the template of ligands,
TMH 3,5, 6, and 7 were positioned so that the residues in the putative
ligand binding site could interact with the key groups of 5-HT as
mentioned above. These initial positions of the TMHs were refined by
the guiddine of maximizing interactions between conserved residues.
The position of TMH 2 is determined further by possible interaction
between conserved residues, specifically Asp-98 (TMH 2), Ser-140
(TMH 3), and asparagine (Asn)-354 (TMH 7). The position of TMH 1 is
determined by alowing for an interaction between Asn-79 (TMH 1) and
histidine (His)-143 (TMH 3), which also interacts with Asp-98 (TMH 2).
Such a positioning of TMH 1 relative to TMH 2 is based on the
assumption that conserved residues in a receptor sequence play an
important role in determining the structure and function of the receptor
and that their interaction is essentia for accomplishing this function.
Consequently, the conserved residues, like the polar residues, were
placed in the interior of the assembled helix bundle to the fullest extent
possible.

Molecular Dynamics Smulations. After the assembly of the seven

TMHSs, energy minimization and dynamics simulation were run to
optimize the structure of the model. Average structures were obtained
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from the simulations, energy was minimized, and then the average
structures were used as the starting structures for studies on the
interaction between the receptor model and ligands of the receptor.
Ligands were roughly docked into the putative ligand binding site with
nuclear overhauser effect (NOE)-type constraints to the ligand
recognition sites. Molecular dynamics simulations were applied again to
obtain the structure of model/ligand complexes and to study the
interactions between ligands and the modd.

All the molecular dynamics simulations on the modd were performed
with the CHARMmMm program, following protocols similar to those
described in other publications (Mehler and Weinstein 1990; Pascual -
Ahuir et al. 1991) but with a fixed dielectric permittivity constant of

€:= 4. The energy-minimized average (more than 20 picoseconds [ps]) of
afinal equilibrated structure was taken as a starting structure for studies
of the interaction between the receptor modd and various ligands.

The detailed analysis of the ligand-receptor complexes is expected to
yield information on the mode of ligand recognition expressed as the
physicochemical nature of the complex between the ligand and the
recognition sites as well as on the mechanism by which the response of
the receptor to ligand binding is triggered and then propagated toward the
effector. The resulting activation mechanism from such a mode of ligand
recognition and binding is based on a structural rearrangement
propagated from the recognition site into the receptor protein structure
connected to the portion that interacts with the effector protein. These
inferences were explored with the computational simulations of the
dynamics of the modeled transmembranal region of the 5-HT, receptor.

Dynamics of the Receptor Response to Ligand Binding. The
conformational changes of the receptor modd induced by the interaction
with ligands were analyzed from the root mean square (rms) deviation of
the alpha-carbon (C-a)) atoms of the complexes with respect to the
starting structures to obtain information on the structural response of the
receptor to the binding of the ligand. The preliminary results indicate that
the patterns of the distribution of rms are different for the three
complexes of full agonists, partial agonists, and antagonists, suggesting
that different types of the ligands induce different types or degrees of
conformational changes of the receptor model (Zhang and Weinstein
1993). In the results from initial simulations, these conformational
changes were found to be consistent with experimental results, most
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significantly by their concentration in the region connecting TMHs
5and 6.

Mutation experiments and the pharmacology of chimera from different’
receptor subtypes have indicated that the beginning and ending regions of
the third intracellular loop are important for GPCRs to interact with
G-proteins and that the regions that affect the binding of the activating
ligands are the extensions of TMH 5 and TMH 6 in the intracdlular side
(Strader et al. 1989; Kjelsberg et al. 1992).

Therefore, it is reasonable to expect that the binding of an agonist would
induce the most significant conformational changes in these two helices
and that the binding of a partial agonist also would induce conformational
changes similar to, but less significant than, those induced by an agonist.
The binding of an antagonist should not induce conformational changes
of thiskind. All these expectations were met by the first results from the
computational simulations (Zhang and Weinstein 1993).

Thus, figure 1 illustrates a comparison between the averaged structures
obtained from a simulation of the receptor model and a simulation of the
receptor with a 5-HT ligand in the recognition site described above. The
initial position of the 5-HT molecule is indicated in the same shade as the
structure of the receptor without the ligand (light grey), but the molecular
dynamics run had been performed in the absence of ligand. The
structures of the helices and the ligand outlined in solid black represent
the result of the simulation of the receptor-ligand complex. It is evident
that the position of 5-HT in the recognition pocket changes significantly
during the simulation (compare the position of the initial [gray] structure
of 5-HT with that of the final black one).

Although the interaction with Asp-133 is maintained at the same distance,
there is considerable rearrangement around the flexible side chain with a
resulting strengthening of the interactions indicated in the description of
the recognition site. However, the overal orientation of the indole ring
remains similar to the starting point, and the planes are nearly parallél.
This finding isin striking contrast to the results obtained with TRYP as a
ligand (figure 2), where a “flip” of the indole ring positions the bond
dipole of the N-H group in the indole in roughly the same position
relative to the recognition site that the -OH group occupies in the
complex with 5-HT (Zhang and Weinstein 1993).

252
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FIGURE 1. Comparison of the structures of the molecular model of
the transmembrane helix bundle of the 5-HT, receptor
in the absence and presence of 5-HT. The C-a ribbon
structures of the helices are shown in a view paralle to
the membrane bilayer. The structures represent the
results from molecular dynamics simulations (see text)
of the receptor model without ligand (40 picosecond
average structure representing 215 picosecond run, in
shaded gray) and in the presence of 5-HT bound in the
recognition site (snapshot at 65 picoseconds, in solid
black). The initial position of 5-HT in the receptor is
indicated in the gray shade; the position after dynamics
simulation is shown in solid black.
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FIGURE 2. Comparison of the structure of the 5-HT, receptor
mode! in the presence of different ligands bound
in the recognition site: 5-HT (snapshot at 65
picoseconds, in solid black) and TRYP (snapshot at
115 picoseconds, shaded gray). The view is
perpendicular to the plane of the membrane, from
outside the cell. Seetext and figure | legend for
other details.

The structural rearrangement in the helix bundle also is identifiable
gualitatively from the comparison in figure 1. The Ca ribbons of helices
1, 2, 3,4, and 7 are similarly arranged, whereas those of helices 5 and

6 show clear differences in the lower half pointing toward the cell
interior. It is noteworthy that the major rearrangements in the structures
of the two helices occur after the Pro-kink that exists in both. All the
helices move during the dynamics simulation, but the major changes
occur only in helices 5 and 6.

The differences in the structures of these helices in the presence and
absence of the ligand are recognized in the dynamic averages from the
results of the simulation, showing that the binding of the ligand has
induced a force that causes the distortion in the positions of these two
helices more than for the others in the bundle. The involvement of only
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helices 5 and 6 at this level of comparative analysis (for more extensive
details and analyses see Zhang and Weinstein 1993) is significant because
these helices are the intramembrane ends of the cytoplasmic Loop Il that
congtitutes the major structural element in the interaction of the receptor
with the effector system (Kjelsberg et al. 1992; Strader et al. 1989).

As aprobe of the validity of this receptor modd, it is most gratifying that
the main structural response to ligand binding seems to be in the region
required for transmission of the signal to the effector system. The strong
correlation between the structure of this region and ligand binding has
been demonstrated from mutation studies in the general area of the loop
(Strader et al. 1987) and has focused more specifically on one residue in
that region (Kjelsberg et al. 1992).

Further support for the relation between the structural rearrangement
caused by the ligand binding in the recognition site and the mechanism of
receptor activation toward interaction with the effector is provided by the
correlation the authors observed between the extent of the rearrangement
and the known pharmacological efficacy of the ligand (Zhang and
Weingtein 1993). This is illustrated in figure 2, which shows the
comparison between the receptor helix bundle in the presence of the full
agonist 5-HT and the partial agonist TRYP. The view of the helix
bundles in figure 2 is perpendicular to the plane of the membrane.

Careful inspection reveals that the bundles representing complexes with
5-HT (solid black) and TRYP (gray) differ little with the exception of
hdix 6. In fact, helix 6 in the TRY P-bound receptor is not significantly
distorted from its position in the free receptor. Because 5-HT distorts
hedlix 6, the superposition shown in figure 2 identifies a difference in that
region. On the other hand, helix 5 superimposes well from the dynamics
of the receptors with 5-HT and with TRY P, showing that the distortion
produced by 5-HT (see above) is similar to that induced by the binding of
TRYP. Overal, TRYP induces less distortion in the structure of the
Loop Il region than 5-HT does, consonant with its lower efficacy
indicated by the pharmacological property of partial agonism.

A computational simulation of the receptor complex with the structurally
related 5-HT ,-receptor antagonist gramine (not shown here) is remarkable
in that no distortion in the average structure of the receptor bundleis
observed in the key regions of helices 5 and 6 (Zhang and Weinstein
1993). Similar results are being obtained in preliminary studies with the
5-HT, antagonist ketanserin and with the hallucinogenic DOM, which
behaves in this simulation in accordance with its pharmacological profile
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as a partial agonist. Therefore, it is clear that a coherent outline of the
molecular mechanism of ligand recognition and receptor response to
ligand binding is emerging from the computational simulations with the
present modd of the transmembrane helix bundle of the 5-HT, receptor.
The qualitative features of this mechanism of receptor function at atomic
resolution are in good agreement with the molecular pharmacology of the

receptor.

CONCLUSION

The major work of probing against experimental data the inferences
obtained here for the first time from the simulation of the dynamic
response of a receptor model to the binding of structurally related ligands
is gtill ahead. To validate the modd and the inferences to produce a
reliable description of the molecular pharmacology of halucinogens, it is
necessary to extend these exciting preliminary findings to agonists, partial
agonists, and antagonists in different chemical classes and to relate the
structural effects of ligand binding to a reliable mechanistic hypothesis at
atomic resolution. Such developments would permit specific
physicochemical testing of the mechanisms and examination in detail of
the behavior of hallucinogenic compounds in models of this type for
other relevant receptor subtypes (e.g., 5-HTy¢).

These aims constitute only some of the exciting tasks that can be
addressed by computational simulations with the 3-D receptor model.
Such projects offer a comprehensive analysis of fundamental aspects of
mechanisms of drug-receptor interactions and receptor function described
at atomic resolution and also offer arguably the best hope of interfering
with and/or exploiting the properties of hallucinogenic substances based
on rational mechanistic means and specificaly designed medications.

REFERENCES

Adham, N.; Romanienko, P.; Hartig, P.; Weinshank, R.L.; and Branchek,
T. The rat 5-HT 5 receptor is the species homologue of the human
5-HT;p beta receptor. Mol Pharmacol 41:1-7, 1992.

Ahlstrom, P.; Teleman, 0.; and Jonsson, B. Interfacial water studied by
molecular dynamics simulations. Chim Scripta 29A:97-101, 1989.

Aqvist, J., and Warshel, A. Computer simulation of the initia proton
transfer step in human carbonic anhydrase. J Mol Biol 224:7-14, 1992.

256



Ballesteros, JA., and Weingtein, H. Analysis and refinement of criteria
for predicting the structure and relative orientations of transmembranal
helica domains. Biophys J 62:107-109, 1992a.

Ballesteros, JA., and Weinstein, H. The role of Pro/Hyp-kinks in
determining the transmembrane helix length and gating mechanism of
a Leu-zervamicin channel. Biophys J 62:110-111, 1992b.

Bazzo, R.; Tappin, M.J,; Pastore, A.; Harvey, T.S.; Carver, JA.; and
Campbell, 1.D. The structure of mdlittin. Eur J Biochem 173:139-146,
1988.

Ben-Hararl, R.R.; Ddton, B.A.; Osman, R.; and Maayani, S. Kinetic
characterization of 5-hydroxytriptamine receptor desensitization in
isolated guinea-pig trachea and rabbit aorta. J Pharmacol Exp Ther
257:416-424, 1991.

Burris, K.D.; Breeding, M.; and Sanders-Bush, E. (+)Lysergic acid
diethylamide, but not its nonhallucinogenic congeners, is a potent
serotonin 5-HT ;. receptor agonist. J Pharmacol Exp Ther 258:891-
896,199I.

Christ, G.J.; Goldfarb, J.; and Maayani, S. Receptor-mediated mutual-
effect amplification dicited by phenylephrine and serotonin in isolated
rabbit aorta. J Pharmacol Exp Ther 252:500-506, 1990.

Dahl, S.G.; Edvardsen, 0.; and Sylte, . Molecular dynamics of dopamine
at the D, receptor. Proc Natl Acad Sci U SA 88:8111-8115, 1991.
Deisenhofer, J., and Michael, H. The photosynthetic reaction center from
the purple bacterium Rhodopseudomonas viridis. Science 245:1463-

1473, 1989.

Demchyshyn, L.; Sunahara, R.K.; Miller, K.; Teitler, M.; Hoffman, B.J.;
Kennedy, J.L.; Seeman, P.; van Tol, H.H.M.; and Niznik, H.B. A
human serotonin, receptor variant (5-HT,p beta) encoded by an
intronless gene on chromosome 6. Proc Natl Acad Sci U S A 89:5522-
5526, 1992.

DeVivo, M., and Maayani, S. Stimulation and inhibition of adenylyl
caclase by distinct 5-hydroxytryptamine receptors. Biochem
Pharmacol 40:1551-1558, 1990.

Findlay, J., and Eliopoulos, E. Three-dimensional modelling of G
protein-linked receptors. Trends Pharmacol Sci 11:492-499, 1990.

Glennon, R.A. Evidence for 5-HT, involvement in the mechanism of
action of hallucinogenic agents. Life Sci 35:2505-25 11, 1984.

Glennon, R.A. Do classical hallucinogens act as 5-HT, agonists or
antagonists? Neuropsychophar macol ogy 3:509-517, 1990.

257



Glennon, R.A.; Westkaemper, R.B.; and Bartyzel, P. Medicina chemistry
of serotonergic agents. In: Peroutka, S.J., ed. Serotonin Receptor
Subtypes: Basic and Clinical Aspects. New York: Wiley-Liss, Inc.,
1991. pp. 19-64.

Guan, X.-M.; Peroutka, S.J.; and Kobilka, B.K. Identification of a single
amino acid residue responsible for the binding of a class of beta-
adrenergic receptor antagonists to 5-HT 1, receptors. Mol Pharmacol
41:695-698, 1992.

Hartig, P.R. Molecular biology of 5-HT receptors. Trends Pharmacol Sci
10:64-69, 1989.

Hen, R. Of mice and flies:. Commonalities among 5-HT receptors. Trends
Pharmacol Sci 13:160-165, 1992.

Henderson, R.; Badwin, JM.; Ceska, T.A.; Zemlin, F.; Beckmann, E.;
and Downing, K.H. Model for the structure of Bacteriorhodopsin
based on high-resolution electron cryo-microscopy. J MoZ Biol
213:899-929, 1990.

Hibert, M.F.; Trumpp-Kalmeyer, S.; Bruinvels, A.; and Hoflack, J.
Three-dimensional models of neurotransmitter G-binding protein-
coupled receptors. Mol Pharmacol 40:8-15, 1991.

Jensen, B.; Jorgensen, F.S.; and Kofod, H., eds. Frontiersin Drug
Research: Crystallographic and Computational Methods. Alfred
Benzon Symposia 28. Copenhagen: Munksgaard, 1990.

Julius, D.; Livdlli, T.J,; Jessell, T.M.; and Axel, R. Ectopic expression of
the serotonin 1C receptor and the triggering of malignant
transformation. Science 244:1057-1062, 1989.

Julius, D.; MacDermott, A.B.; Axdl, R.; and Jessel, T.M. Molecular
characterization of a functional cDNA encoding the serotonin 1C
receptor. Science 241:558-564, 1988.

Karle, I.L.; Flippen-Anderson, J.L.; Adarwalla, S.; and Balaram, P.
Crystal structure of [Leu]zervamicin, a membrane ion channel peptide:
Implications for gating mechanisms. Proc Natl Acad Sci U SA
88:5307-5311, 1991.

Karplus, M., and Petsko, G.A. Molecular dynamics simulations in
biology. Nature 347:631-639, 1990.

Kjelsherg, M.A.; Cotecchia, S.; Ostrowski, J.; Caron, M.G.; and
Lefkowitz, R.J. Constitutive activation of the alphal B-adrenergic
receptor by all amino acid substitutions at a single site. J Biol Chem
267:1430-1433, 1992.

Lefkowitz, R.J. Variations on atheme. Nature 35 1:353-354, 199 1.

Levitt, M., and Sharon, R. Accurate simulation of protein dynamics in
solution. Proc Natl Acad Sci U SA 85:7557-7561, 1988.

258



MacArthur, M.W., and Thornton, J.M. Influence of proline residues on
protein conformation. J Mol Biol 218:397-412, 1991.

Mahle, C.D.; Weiner, H.L.; Yocca, F.D.; and Maayani, S. Destabilization
of hormone/receptor/G-protein (H-R-G) ternary complex is dependent
on receptor occupancy but independent of drug efficacy. Neuroscience
16:1036, 1990.

Mehler, E.L., and Weinstein, H. Computer-simulation studies of
calmodulin and troponin C in solution. Experientia 46:A4, 1990.

Mercier, G.A.; Osman, R.; and Weinstein, H. A molecular theoretical
model of recognition and activation of a 5-HT receptor. In: Rein, R.,
and Golombek, A., eds. Computer Assisted Modeling of Receptor-
Ligand Interactions. New York: Alan R. Liss, 1989. pp. 399-410.

Mercier, G.A.; Osman, R.; and Weinstein, H. Role of primary and
secondary protein structure in neurotransmitter activation mechanisms.
Protein Eng 2:261-270, 1988.

Milburn, M.V.; Prive, G.G.; Milligan, D.L.; Scott, W.G.; Yeh, J.;
Jancarik, J.; Koshland, D.E.; and Kim, S.-H. Three-dimensiona
structure of the ligand binding domain of the bacterial aspartate
receptor with and without a ligand. Science 254:1342-1347, 1991.

Milik, M.; Skolnick, J.; and Kolinski, A. Monte Carlo studies of an
idealized modd of alipid-water system. J Phys Chem 96:4015-4022,
1992.

Mylecharane, E. J.; Angus, J. A.; delaLande, |.S.; and Humphrey, P.P.A.,
eds. Serotonin: Actions, Receptors, Pathophysiology. London: The
Macmillan Press Ltd., 1989.

Pardo, L.; Ballesteros, JA.; Osman, R.; and Weinstein, H. On the use of
the transmembrane domain of bacteriorhodopsin as a template for
modeling the three-dimensional structure of guanine nucleotide-
binding regulatory protein-coupled receptors. Proc Natl Acad <ci
U S A 89:4009-4012, 1992.

Pascual-Ahuir, J.-L.; Mehler, E.L.; and Weinstein, H. Calmodulin
structure and function: Implication of arginine residues in the
compaction related to ligand binding. Molec Eng 1:231-247, 1991.

Pastore, A.; Harvey, T.S.; Dempsey, C.E.; and Campbell, I.D. The
dynamic properties of melittin in solution. Eur Biophys J 16:363-367,
1989.

Peroutka, S.J., ed. Serotonin Receptor Subtypes: Basic and Clinical
Aspects. Vol. 15. New York: Wiley-Liss, 1991.

Rees, D.C.; Komiya, H.; Yeates, T.O.; Allen, J.P.; and Feher, G. The
bacterial photosynthetic reaction center as a model for membrane
proteins. Annual Rev Biochem 58:607-633, 1989.

259



Sanders-Bush, E.; Burt-is, K.D.; and Knoth, K. Lysergic acid
diethylamide and 2,5-dimethoxy-4-methylamphetamine are partia
agonists at serotonin receptors linked to phosphoinositide hydrolysis.
J Pharmacol Exp Ther 246:924-928, 1988.

Shih, J.C.; Yang, W.; Chen, K.; and Gallaher, T. Molecular biology of
serotonin (5-HT) receptors. Pharmacol Biochem Behav 40:1053-1058,
1991.

Stigter, D.; Mingins, J.; and Dill, K.A. Phospholipid interactions in model
membrane systems. Biophys J 61:1616-1629, 1992.

Strader, C.D.; Dixon, R.A.F.; Cheung, A.H.; Candelore, M.R.; Blake,
A.D.; and Sigd, |.S. Mutations that uncouple the beta-adrenergic
receptor from Gs and increase agonist affinity. J Biol Chem
262:16439-16443, 1987.

Strader, C.D.; Sigd, |.S.; and Dixon, R.A.F. Structural basis of
(>-adrenergic receptor function. FASEB J 3:1825-1831, 1989.

van Gunsteren, W.F.; Brunne, R.M.; Mark, A.E.; and van Helden, S.P.
Computer simulation of biomolecules. Comparison with experimental
data. In: Bertran, J., ed. Molecular Aspects of Biotechnology:
Computational Models and Theories. Dordrecht, The Netherlands:
Kluwer Academic Publishers, 1992. pp. 105- 122.

Weingtein, H., ed. Computational Approaches to Enzyme Structure and
Function. (Enzyme, Vol. 36.) Basdl, Switzerland: Karger Scientific
Publishers, 1986.

Weingtein, H., and Mehler, E.L. Structural specificity in the engineering
of biologica function: Insights from the dynamics of calmodulin. In:
Bertran, J., ed. Molecular Aspects of Biotechnology: Computational
Models and Theories. Dordrecht, The Netherlands; Kluwer Academic
Publishers, 1992. pp. 153-173.

Weingtein, H., and Osman, R. Interaction mechanisms at biological
targets. Implications for design of serotonin receptor ligands. In:
Richards, W.G., ed. Computer-Aided Molecular Design. London:
IBC Technical Services, 1989a. pp. 105-108.

Weingtein, H., and Osman, R. Molecular biophysics of specificity and
function in enzymes, receptors and calcium binding proteins. In:
Beveridge, D.L., and Lavery, R., eds. Theoretical Biochemistry and
Molecular Biophysics: A Comprehensive Survey. New York: Adine
Press, 1989b. pp. 275-289.

Weinstein, H., and Osman, R. On the structura and mechanistic basis of
function, classification, and ligand design for 5-HT receptors.

Neur opsychophar macology 3:397-409, 1990a.

260



Weingtein, H., and Osman, R. Simulations of ligand-receptor interactions
as guides for design. In: Jensen, B.; Jorgensen, F.S.; and Kofod, H.,
eds. Frontiersin Drug Research: Crystallographic and
Computational Methods. Alfred Benzon Symposium 28. Copenhagen:
Munksgaard, 1990b. pp. 169-182.

Weinstein, H.; Osman, R.; and Mazurek, A.P. Simulations of molecular
stereoel ectronic mechanisms for the interaction of hallucinogens and
indole derivatives at 5-HT receptors. In: Naray-Szabo, G., and
Kaman, S, eds. Seric Aspects of Biomolecular Interactions. Boca
Raton, FL: CRC Press, 1987. pp. 199-210.

Weingtein, H.; Osman, R.; and Mercier, G., Jr. Recognition and
activation of a 5-HT receptor by hallucinogens and indole derivatives.
In: Harris, L.S., ed. Problems of Drug Dependence 1988: Proceedings
of the 50th Annual Scientific Meeting, The Committee on Problems of
Drug Dependence, Inc. National Institute on Drug Abuse Research
Monograph No. 90. DHHS Pub. No. (ADM)89-1605. Washington,
DC: Supt. of Docs., U.S. Govt. Print. Off., 1988. pp. 243-255.

Wendoloski, J.J.; Kimatian, S.J.; Schutt, C.E.; and Salemme, F.R.
Molecular dynamics simulation of a phospholipid micelle. Science
243:636-638, 1989.

Williams, K.A., and Deber, C.M. Proline residues in transmembrane
helices: Structural or dynamic role? Biochemistry 30:8919-8923,
1991.

Woolfson, D.N., and Williams, D.H. The influence of proline residues on
alpha-helical structure. FEBS Lett 277:185-188, 1990.

Xing, J., and Scott, H.L. Monte Carlo studies of a modd for lipid-
gramicidin A bilayers. Biochim Biophys Acta 1106:227-232, 1992.

Yocca, F.D.; Moon, S.L.; Torrente, J.; Iben, L.; Ryan, E.; and Lamy, R.
Region-dependent drug efficacy in brain: Pre- vs. postsynaptic actions
of drugs on the 5-HT, receptor in rat hippocampus and cortex.
FASEB J 4:A810, 1990.

Zhang, D., and Weinstein, H. Signal transduction by 5-HT, receptor: A
mechanistic hypothesis from molecular dynamics simulations of the
three-dimensional model of the receptor complexed to ligands, J Med
Chem 36:934-938, 1993.

ACKNOWLEDGMENTS
The work was supported in part by National Institute on Drug Abuse

grant DA-06620 and Research Scientist Award DA-00060 (to HW) and
by a Fulbright/MEC scholarship (to JAB). Computations were performed

261



on the supercomputer systems at the Pittsburgh Supercomputer Center
(sponsored by the National Science Foundation), Cornell National
Supercomputer Facility (sponsored by the National Science Foundation
and IBM), Advanced Scientific Computing Laboratory at the Frederick
Cancer Research Facility of the National Cancer Institute (Laboratory for
Mathematical Biology), and University Computer Center of the City
University of New York.

AUTHORS

Harel Weinstein, D.Sc.
Professor and Chairman

Dagun Zhang, B.Sc.
Graduate Student

Juan A. Bahesteros, B.Sc.
Graduate Student

Department of Physiology and Biophysics

Mount Sinai School of Medicine of the City University of New Y ork
New York, NY 10029-6574

262



