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Although CoMFA studies have been carried out on other classes of DA reuptake

inhibitors, such as tropanes, 24 '26 mazindols,42 and benztropines, 36 '38 no CoMFA or

CoMSIA studies have been done on 1 analogs. A chemometric QSAR study was done on

1 analogs, but used only a single minimized structure for each analog. 53 The study used

GRID67 independent descriptors (GRIND), 68 a method that takes the molecular

interaction fields (for example, hydrophobic or hydrogen-bond donor) calculated by

GRID to create several variables that represent regions where energetically favorable

interactions can occur, to model DAT/SERT selectivity and found predictive models. In

contrast, the present study looks at multiple low energy conformations, and no

assumption is made that the GEM is the conformation a molecule must achieve (the

bioactive conformation) in order to bind to a target. This project is the first detailed

CoMFA and CoMSIA study on multiple potential bioactive conformers of 1 analogs.

The objectives of this study are:

• To use conformational analysis and clustering methods to identify low-energy
conformations that represent the wide range of conformations attainable by
the piperazine 2 and the piperidine 3

• To use CoMFA and CoMSIA 3D-QSAR techniques to identify a model for
DAT/SERT selectivity

• To provide the modeling results as a contribution to the iterative cycle of
synthesis, pharmacological testing, and modeling with a goal of development
of a treatment for cocaine abuse

2.2	 Cocaine Addiction and the Dopamine Hypothesis

DA reuptake inhibitors target the "cocaine binding site" on the DAT. Cocaine's

addictive properties are thought to be at least in part due to an increase in synaptic DA

achieved by reuptake inhibition of DA at the DAT. The "dopamine hypothesis"3'4
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implicates cocaine's inhibition of DA reuptake as the reason for cocaine addiction.

However, it is noted that cocaine and methyiphenidate (the active ingredient in the

common attention-deficit/hyperactivity disorder medication Ritalin ®) both bind to the

DAT and cause DA reuptake inhibition, yet methyiphenidate is not addictive like cocaine

and does not cause the same level of negative side effects. 69 Using methyiphenidate or 1

analogs to treat cocaine abuse is dependent upon the complex nature of cocaine's effect

on the body; the methyiphenidate and 1 analogs are dissimilar enough from cocaine to

not have the multi-target binding profile of cocaine. The "reward response" to cocaine

use mediated by the DAT is mimicked by methyiphenidate analogs and 1 analogs,

without some of the negative side effects such as addiction." Use of 1 for agonist

substitution therapy has been proposed, because 1 binds to the DAT, but does not

substantially increase extracellular DA. 7

Chief attributes of the best candidates for treating cocaine addiction via agonist

substitution are expected to be:

• high binding affinity at the "cocaine binding site" on the DAT,

• partial (i.e., minimal) DA reuptake inhibition,

• high selectivity for the DAT versus the SERT, and

• desirable kinetics of slow on-rate and slow off-rate when binding to the DAT.

The first three attributes can be predicted from models using the following activities:

• DAT binding affinity, measured by the displacement of radiolabeled cocaine
analog [125I]RTI-55 5 from the DAT,

• DA reuptake inhibition, measured by the decrease of synaptic DA in response
to binding, and
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• SERT binding affinity, measured by the displacement of radiolabeled cocaine
analog [125I]RTI-55 from the SERT.

Binding affinities are equal to Kid, calculated from: 72

where the Kid is the inhibition constant (the dissociation constant of the test compound),

1C50 is the concentration of the radiolabeled cocaine analog [ 1251]RTI-55 that is displaced

from the DAT or SERT, S is the concentration of free [ 1251]RTI-55, and Kid is the binding

affinity constant of [1251]RTI-55, calculated from saturation binding experiments. It can

be seen that if the amount of free radioligand is small compared to the binding affinity of

the radioligand, the Kid is nearly identical to the 1C50 value. This is the case for all of the

experimental data provided for this study by Richard Rothman of the National Institutes

of Health (N1H).

DAT/SERT selectivity is calculated from the following equation:

DAT/SERT selectivity = log[ (DAT binding activity) / (SERT binding activity) ] (2.2)

where:

DAT binding activity = 1 / (DAT binding affinity Kid)	 (2.3)

SERT binding activity = 1 / (SERT binding affinity IQ 	 (2.4)

therefore:

DAT/SERT selectivity = log[ (SERT binding affinity IQ / (DAT binding affinity Kid)

(2.5)

DAT/SERT selectivity is modeled in this study because selectivity for the DAT over the

SERT increases specificity for the DAT and decreases potential side effects from SERT

binding. Most of the DAT binding affinities of the analogs studied are in an acceptable
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low nanomolar range of DAT binding affinity. The direct DAT/SERT selectivity was

used instead of scaling against cocaine's DAT/SERT selectivity because experimental

values for cocaine's DAT/SERT selectivity are near 1. 7 DAT/SERT selectivity has been

a target for the N1H and other researchers as well. 14
'

20
'

46
'

53
'

73
'

74

2.3 Classes of Dopamine Reuptake Inhibitors

There are five major classes of DA reuptake inhibitors being studied for their cocaine-

blocking properties: tropanes, benztropines, mazindols, methylphenidates, and 1 analogs.

The structure of cocaine and typical structures of the first four classes are shown in

Figure 1.1. A recent review of DAT binding compounds has been published and a

slightly older, but extremely comprehensive review of DAT binding compounds oriented

towards treatment of cocaine abuse is available

2.3.1 Tropanes and Other Cocaine-Like Dopamine Reuptake Inhibitors

Tropanes were developed based on the bicyclic cocaine backbone. Like cocaine, they

have the bicyclic backbone with a quaternary nitrogen and acetyl side chain, but in

position 3, various substituents replace the benzoyl moiety. 75 Three tropanes are

commonly used for binding studies; each has a phenyl substituent instead of the benzoyl

substituent. WIN35065-2 (C1T) 78  has a phenyl substituent, W1N35428 (CFT) 76 '77 has a

4-fluorophenyl substituent, and RTI-55 (C1T) 78 has a 4-iodophenyl substituent. 79

Cocaine and related tropanes bind to other proteins, especially the SERT and the

norepinephrine transporters, and thus may cause side effects or dilution of activity. The

tropanes CPT, CFT, and C1T have been used extensively for radiolabeling DAT and

SERT; this QSAR study is based on [ 1251]RTI-55-labeled DAT and SERT, using



13

techniques to isolate one transporter or the other. 80° Many other tropane compounds that

act on the DAT have been synthesized and analyzed. 24-2729"3077"79 
,

81-123

Piperidine-based cocaine analogs have also been developed, with a piperidine ring

in place of the tropane ring. These compounds have shown varying levels of

activity.79,124 A recent QSAR study of piperidine-based cocaine analogs identified two

potential binding modes with different 3a- substituent binding characteristics. 37

2.3.2 Benztropine Dopamine Reuptake Inhibitors

Benztropines are similar to cocaine and other tropanes, but lack the acetyl side chain and

have a diphenyl methoxy or similar substituent in position 3, which makes them more

similar to 1 analogs than any other DAT binding ClaSS.36 ,38 ,39 ' 125-133 Benztropine is

currently used to treat Parkinson's disease, as well as drug-induced Parkinsonian

symptoms.

2.3.3 Mazindol Dopamine Reuptake Inhibitors

Mazindol has been used as an appetite-suppressant with actions similar to amphetamine.

Although mazindol analogs contain a quaternary nitrogen and aromatic moieties, the

resemblance to cocaine, tropanes, and benztropines ends there. Mazindol itself consists

of three fused rings, with a phenyl ring attached to the center ring. There has been

considerable SAR work on the series, including accompanying 3D-QSAR studies in

some cases. 42,134-142
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2.3.4 Methyiphenidate Dopamine Reuptake Inhibitors

Methylphenidate also has a different structure than cocaine, but includes the quaternary

nitrogen and aromatic substituent present in the other DAT binding families. 43

Methylphenidate is familiar as the active ingredient in Ritaline®, although that

prescription drug is a mixture of the active 2R, 2'R (D-threo) and the much less active 2S,

2'S (L-threo) enantiomers. 143,144 SAR studies and analyses have been completed on

methyiphenidate analogs,l45-153 including pyran analogs that are among the first DAT

binders developed to have high affinity for the DAT without containing a nitrogen

atom. 154 The Venanzi group has completed detailed conformational analysis of

methylphenidate60° and CoMFA studies on phenyl-substituted methylphenidates. 155,156

These CoMFA studies will be published along with comparisons to novel rigid

methylphenidate60 The conformational analysis and CoMFA work on methyiphenidate

is summarized below.

2.3.4.1 Conformational Analysis of Methylphenidate. To identify possible bioactive

conformers, the Venanzi group performed detailed conformational analysis of

methylphenidate and related rigid methylphenidates using multiple molecular modeling

methods.60° Hartree-Fock 6-31G* 158 basis set calculations as well as density functional

theory (B3 LYP/6-3 1 G*),159 Am1ism5.4,160-162 and Tripos force field l63 calculations

were performed using the Gaussian 98 164 (available from Gaussian, Inc., Wallingford,

CT), Spartan (available from Wavefunction, Inc., Irvine, CA), and SYBYL ® (available

from Tripos, Inc., St. Louis, MO) software. These techniques were used to explore the

potential energy surface (PES) of neutral and protonated methyiphenidate, as well as that

of several rigid methylphenidate invertamers. In addition, methods were compared to
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determine whether the less computationally-intensive force field molecular mechanics

method gave similar results to molecular orbital methods. All methods gave local

minima in approximately the same regions of torsional angle space. The Tripos force

field molecular mechanics random search found at least one conformation in each local

minimum area of the methyiphenidate PES, thus validating the utility of this technique

compared to more computationally-intensive ab initio methods.

2.3.4.2 Methyiphenidate CoMFA Studies. CoMFA studies were performed on

representative templates of neutral 155 and protonated156  phenyl-substituted

methylphenidate analogs The DAT binding affinities for methyiphenidate and 29

analogs were modeled using CoMFA at a comprehensive set of steric cutoff/electrostatic

cutoff/column filtering (a) combinations. Template conformers of the conformational

families with the best CoMFA results were compared to the conformations of rigid

methyiphenidate analogs that have the same binding affinity for the DAT, leading to

three potential bioactive conformations whose results matched well for both neutral and

protonated studies.

2.3.5 GBR 12909 Dopamine Reuptake Inhibitors

2.3.5.1 Discovery of GBR 12909 and Applications. Compound 1 is a 1,4-disubstituted

piperazine that was first synthesized in the 1970's at Gist-Brocades N.V., a Netherlands-

based food product and biotechnology company. It was initially investigated in Europe

as an antidepressant, but was targeted as a potential treatment for cocaine abuse in the

late 1980's. 165 Researchers at the N1H have studied 1 and related compounds for their

potential use to modulate cocaine addiction.
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Towards this end, over 300 related compounds were synthesized and their DAT

and SERT binding affinities tested by the Rice and Rothman groups at N1H, 12,l4,16-

18,20,166,167 exploring many aspects of the complex structure of 1. The data has been

provided to the Venanzi group for QSAR and pharmacophore modeling. The present

study is the first step in the computational analysis of these compounds. Forty-five

analogs of 1 that are based on the structures of 2 and 3 were selected for this study

because they have fewer rotatable bonds than 1 and thus are easier to model. Three

additional compounds, including 1 and two similarly flexible 1 analogs, were added as

additional test set compounds. The range of DAT/SERT selectivities (equal to the

logarithm of the ratio of DAT binding affinity to SERT binding affinity) covers more

than three log units, a recommended range for QSAR studies. 168

2.3.5.2 Structure-Activity Relationships of GBR 12909 Analogs. The three major

areas of 1, noted above in Figure 1.2, have been subjected to many changes. 12

Elimination of the B-side resulted in extremely poor DAT binding (K = 30,000 nM for

both DA uptake and DAT binding). Addition of single atom para substituents to both B-

side phenyl rings has been well tolerated. Adding substituents to only one phenyl ring

has been studied, with position 3' substitutions being better tolerated than 4'-

substitutions. 169 Selectivity studies have generally not been performed for B-side

structures other than those with para hydrogen and para fluorine phenyl ring

substituents.

The center ring has been modified in various ways, including conversion to a

tropane-like bicyclic ring, 17° and addition or removal of a carbon atom. Changing the

piperazine to a seven-membered diazepane ring resulted in no detectable DAT binding by
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measuring [125I]RTI-55 displacement: Other variations on the center ring include a five-

membered 1,2-substituted azolidine ring with a nitrogen in the second position from the

center ring: This compound showed approximately one-fifth the DAT binding affinity of

1: DAT binding affinity was also poor when the center ring was changed to an acyclic

N,N-dimethyl-1,2-diamine ethane; no displacement of [125I]RTI-55 from the DAT was

detected at all: Removal of the A-side resulted in no detectable DAT binding for

[125I]RTI-55 studies, and poor DA uptake (Kid = 71 nM): Methyl substituents at the 2- and

5- positions have been added, improving DAT activity but these compounds performed

poorly in studies on laboratory animals: A similar trend was seen when adding a two-

carbon bridge to compound 1 across the A-side nitrogen: Other researchers have

explored center rings with oxygen instead of nitrogen 171 and constrained bicyclics as

well:46 The modification from a piperazine ring to a piperidine ring has resulted in better

DAT binding affinity and DAT/SERT selectivity; 74 ' 172 for this reason, both piperazine

and piperidine 1 analogs are included in this study:

A-side substitutions have been numerous: The original 3-phenylpropyl

substituent has been modified to include a double bond (slightly improved DAT binding)

or a bisphenyl substituent (better DAT binding in bench experiments but performs poorly

in animal models): Removal of flexible bonds from the A-side has been a focus of

studies; substituents include methylnaphthyl substituents and other double ring systems

(for example, thiophene, benzofuran, and quinoline): Different attachments of the double

ring systems have been explored: Adamantyl and ethynylbenzyl substituents have also

been used as A-side substituents: Work on piperidine analogs has resulted in many para-

substituted phenyl rings with high DAT binding affinities, with the cyan and
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trifluoromethyl substituents showing especially good DAT binding: These multiple

studies have shown that the SAR characteristics of 1 are complex indeed, with hundreds

of data points available on as many permutations of the structure: This study focuses on

a sample (forty-five 1 analogs) of the hundreds of compounds studied, to highlight the

effect of A-side substitution on the DAT/SERT selectivity of 1 analogs:

2.3.6 Shared Pharmacophore Elements of Dopamine Reuptake Inhibitors

As noted, all of the above classes of DA reuptake inhibitors share at least two

pharmacophore elements: a quaternary nitrogen and an aromatic ring. Figure 1:1 shows

that the torsional angles T 1 and T2 in methyiphenidate determine the relative orientation

of these two pharmacophore elements: Figure 1:2 shows that Al and A2 provide a

similar relationship for 2 and 3:	 The Venanzi group has performed conformational

analysis of methyiphenidate, 2, and 3 in order to investigate whether these two classes of

DA reuptake inhibitors might share a common pharmacophore: Figure 2.2 shows

conformational energy minima for methyiphenidate, plotted in (Ti, T2) torsional angle

space, and 2 and 3, plotted in their counterpart (Al, A2) conformational space:

Comparison of the local minima of methyiphenidate to those of 2 and 3 indicates that

these two very different classes of DA reuptake inhibitor appear to attain a similar

orientation of their quaternary nitrogen and aromatic substituents. The similarity of the

T1 and T2 torsional angles in methyiphenidate to the Al and A2 torsional angles in 2 and

3, and the fact that these compounds all displace [1251]RTI-55 bound to the DAT supports

the hypothesis that the pharmacophores for the two classes of partial DA reuptake

inhibitors are similar:
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Figure 2.2 Local conformational minima for protonated methyiphenidate and GBR
12909 analogs. Ti and T2 values for protonated methylphenidate (black circles), and Al
and A2 values for analog 2 (red triangles), and analog 3 (blue diamonds): Results for
protonated methylphenidate are shown with both positive and negative T2 values because
of the symmetry of the phenyl ring: Local minima are SYBYL random search
conformations found within 20 kcal/mol of the GEM for each molecule:

2.4 Synthesis and Pharmacology

Synthetic work was carried out by Dr: Kenner C. Rice's group at the National Institute

for Diabetes and Disorders of the Kidneys, part of N1H: Binding and uptake experiments

were conducted by Dr: Richard B: Rothman's laboratory at the National Institute on Drug

Abuse at Nat l2,l4,16-20,71,73,80,166,167,170,173-193 Four experimental results are of interest to

this project: DAT binding, DA uptake, SERT binding, and serotonin (SER) uptake:

DAT binding was measured by loading synaptosomes with radiolabeled [ 125I]RTI-55 and

measuring the amount of radiolabel remaining after incubation with a test compound.

DA uptake inhibition was measured by determining the decrease in the amount of DA in

the synaptosomes after incubation with a test compound: SERT binding and SER uptake
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inhibition were measured in a similar way, using blocking techniques to isolate SERT

binding from DAT binding.80

2.5 Molecular Modeling and Conformational Analysis

With the advent of the computer in the 1980's, computerized molecular modeling began

to progress rapidly as well, being previously relegated to large institutions with extensive

computing resources and costing inordinate amounts of computational time:

Computerized molecular modeling is based on a set of approximations of the interactions

of atoms and how they form molecules: Molecular mechanics uses empirical force field

parameters to define the shape, potentials, and interactions of atoms in a given molecule.

The molecular modeling package SYBYL uses the Tripos force field 163 to calculate the

attributes of molecules, including atom locations and relationships: Classical mechanical

forms, such as springs with differing elasticity constants, are used to represent different

atoms: Force field parameters are derived by fitting equations to experimental results:

Molecular mechanics methods use a series of equations to derive the locations of

atoms in a molecular structure. All molecular mechanics methods use a total energy

equation calculated as a result of different intra- and inter-atomic forces in the molecule:

The Tripos force field uses the following equation to calculate the total energy of a

molecule:

where: Est is the energy of a bond stretched or compressed from its natural bond length,

Abend is the energy of bending bond angles from their natural values,

E001, is the energy of bending planar atoms out of the plane,
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Etors is the energy due to twisting (torsion) about bonds, and

Evdwis the energy due to van der Waals forces between non-bonded atoms.

Eel, is the energy due to electrostatic interactions, and is optional depending on the user's

selection. Absolute values of the energies found when using empirical molecular

mechanics calculations are meaningless. Relative energies for different conformations of

the same molecule, and conformational energy differences between different molecules

(that is, relative to their own GEM) do have meaning. These techniques lend themselves

to mathematical comparison of molecules in order to predict relative activities of the

compounds.

Conformational analysis of molecules with many rotatable bonds is

computationally intensive. A full grid search, by systematically changing all eight key

torsional angles and subsequent minimization of each resulting structure, would produce

over 400 million conformations for 30° increments of the torsional angles. A wider grid

spacing of 60° for each torsional angle would produce almost 1.7 million conformations.

For this reason, the random search method l94 was selected as an appropriate way to

sample the energy minima on the PES of these flexible molecules. SYBYL's

implementation of random search uses random variation of selected torsional angles and

minimization of the randomized structures with the Tripos force field. An

interconformational root mean square deviation (RMSD) cutoff is used to remove

duplicate conformers. The RMSD is calculated from the atom locations of the new

conformer and each existing conformer; a new conformer that is within the RMSD cutoff
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of any existing conformer is discarded. The exhaustiveness of a random search can be

estimated by the following equation: 194

Probability of finding all conformers = 1 - (0.5) n	(2.7)

where n = the minimum number of times any conformer is found. Finding almost all

low-energy conformations is probable with small and less flexible molecules, within a

reasonable search time. However, for molecules like 1, 2, and 3, it is probable that not all

energy minima will be found, or that conformations must be limited by a high RMSD

between atoms in similar conformations (equivalent to a wider grid spacing for a grid

search). Random search combined with clustering of the conformations can be a

computationally efficient method to facilitate representation of all potential low-energy

binding conformations, instead of using a high interconformational RMSD cutoff value

which may arbitrarily remove important conformations based on search order.

2.6 Clustering

CoMFA results are notoriously dependent upon the conformer used as the template

structure. Highly flexible molecules have a continuum of conformers covering the many

changes in their torsional angles. In the present work, a series of CoMFA and CoMS1A

calculations are carried out on different template structures, which are representative

conformers identified using hierarchical clustering. Clustering is a method that takes

many data points (or sets of data points) and finds groupings based on the similarities of

one or more features of the data set. Items that share a cluster are assumed to be similar;

items that are not in the same cluster are assumed to be dissimilar. Clustering can be



23

applied to many systems, but chemists have found it especially useful to reduce large sets

of conformations to a few representative conformers. 195

2.6.1 Types of Clustering

Clustering techniques can range from visual inspection to complex computational

techniques. All clustering techniques involve a feature set selected either manually by

the user, or automatically by the computer program. For molecules, a feature set might

consist of atom locations, distances between atoms, angles, or torsional angles. Visual

inspection can be performed on graphs created by selection of two features, one for each

axis. Automatic and exhaustive searching of possible feature sets (realizing that a feature

set can have any combination of features, from one to the maximum in the set) is not

available for general chemical systems. However, clustering based on root-mean-square

deviations (RMSDs) of all key atoms in a data set, such as carbon backbones in proteins,

has been used for very large data sets, such as those in the Protein Data Bank. 196

Two basic types of clustering methods exist: hierarchical and non-hierarchical. 197

Hierarchical methods can be perceived as "joining" clusters if proceeding from individual

data points to agglomerated clusters, or "splitting", if clusters are separated from one

cluster comprising the entire data set. Many hierarchical clustering algorithms join

clusters, where data points are joined into clusters by the highest similarity (for example,

the lowest RMSD), going from N clusters, where N = number of data points, to one

cluster. Identification of the optimal clustering level can be performed automatically or

manually to meet the specifications of the user, such as number of clusters desired or size

of average cluster. A further division of hierarchical clustering methods is between

"single-chain" linking and "multiple-chain" linking. Single-chain linking hierarchical
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clustering programs, such as XCluster, 198 successively look for pairs of data points which

have the highest similarity in terms of the feature set. The relationship between a single

data point and the other members of the cluster it is joining, other than its nearest

neighbor in the cluster, is immaterial, although this nearest neighbor was obviously found

earlier to link to another member of the cluster. Multiple-link clustering can drastically

increase computational time, as each member in a cluster needs to be compared to a

potential new member. A compromise is to compare the feature set of a potential new

member to the centroid of the feature set of the existing cluster, the centroid being made

up of the average value of each feature.

Non-hierarchical clustering methods generally require selection of the desired

number of clusters as an input, in addition to identifying a feature set where necessary.

Although the computational time is decreased compared to hierarchical clustering

because the number of clusters is usually set low (less than 10), the possibility of partial

membership in a cluster (e.g., fuzzy clustering) increases computational time. k-means

clustering is non-hierarchica1, 199  finding the n most dissimilar data points, where n equals

the target number of clusters, then adding data points to each cluster by similarity to this

initial set.

Clustering data points is not usually an end in itself in conformational analysis of

a single molecule; rather, finding the centroid or data point nearest the centroid in each

cluster is the goal. Versatile clustering programs allow identification of data points

representing clusters that are inside (a member of) or outside (not an actual member) of

the data set, based on average values of features or other criteria.


