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Chapter 7.  Efforts toward docking the endogenous MAO substrates

                   in the MAO-A and MAO-B active site models developed

                   using tetrahydropyridinyl derivatives

There have been several proposed models151,196 of the active sites of

MAO generated using various types of MAO substrates and inhibitors as

previously discussed in Chapter 2 (section 2.2).  There have been two basic

approaches to generating models of the active sites of MAO in which

researchers define the contours of the active site using comparative molecular

field analysis (CoMFA)195,196,269 or researchers derive models of the MAO

active sites by modeling the geometry and volume/space in the active sites.196

Testa and colleagues196 using CoMFA were able to identify areas and volumes

of favorable lipophilic and steric interactions with the contour of the active sites

of MAO-A and -B.  However, using a more geometrical approach, Efange and

colleagues151 proposed models consisting of a tetrahydropyridinyl pocket and

a C4 substituent pocket.  It was recognized by both research groups that

substrate activities for MAO-A and B are modulated by a variety of parameters

and that no simple correlation could relate MAO-A and B activities.  Currently,

updated models of the active sites of MAO-A and MAO-B, approached from a

geometry/volume analysis, have been proposed by us269 based on a wide

variety of large 4-substituted-1,2,3,6-tetrahydropyridines designed to probe the

outer dimensions of the active sites.  The compounds used were taken from the

literature and are among the bulkiest tetrahydropyridines reported to display

MAO activity (>10% of MPTP activity).  The list of tetrahydropyridinyl derivatives

used to generate the MAO-A and MAO-B models include the following C-4



137

substituents:  for MAO-A, phenyl (3) , α-naphthyl (134), ortho-biphenyl (133),

ortho-phenylphenoxy (95), meta-phenylphenoxy (96), para-phenylphenoxy

(97), 2,6-dimethylphenyl (168), 2-iso-propylphenyl (38); and for MAO-B,

phenyl (3), α -naphthyl (134), meta-biphenyl (132), β-naphthyl (135), ortho-

phenylphenoxy (95), meta-phenylphenoxy (96), para-phenylphenoxy (97);

2,6-dimethylphenyl (168), 4-methylphenyl (45).

N

CH3

CH3H3C

168

In the absence of structural information on the enzyme active site, we

developed active sites models using the minimum energy conformers of the

various substrates,151,196 obtained using the semi-empirical method AM1.247

AM1 has proven, over the last years, to give accurate estimates of steric and

energetic parameters for non-charged, small organic molecules.  These

calculations, which estimate gas phase conformations, may not reflect the

structures in solution or in the active site of the enzyme, but should nevertheless

allow for comparative relationship and should provide an approximation of the

relative interactions within the active sites of the enzymes.  The van der Waals

volumes of the compounds were overlaid with the tetrahydropyridinyl ring

occupying the same space in all cases as would be expected in the active site if

catalysis is to take place.  With the exception of MPTP (3), all of these
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compounds display N1-C4 axial asymmetry.  Estimations of the relative

energies of the conformers with the substituent pointing towards and away from

the tetrahydropyridinyl double bond always showed that the "cis" orientation

was slightly more stable, presumably due to the reduced steric interaction of the

C4-substituent with the hydrogen C5 on the sp2 hybridized C5.  This led us to

build the models to reflect the "cis" orientation.  This rotational preference is

consistent with the observations by Carrupt and Testa who report the best

statistical fits in their QSAR analyses with the "cis" structures.196  The energy

difference calculated between the two lowest conformers (< 0.5 kcal/mol in

many cases between "cis" and "trans" conformations) and the energy barrier

between the two lowest energy conformers are both very low.  Based on the

rationale and methodology described above, we generated the MAO-A active

site using C4 substituted tetrahydropyridinyl analogs with good MAO-A activity

and the MAO-B active site model using tetrahydropyridinyl analogs that display

good MAO-B activity.  These models are shown in Figure 18a and 18b.



139

MAO - A Active Site Side View of MAO - A Active Site

Figure 18a.  The Front and Side View of the MAO-A Active Site Generated

Using Substituted Tetrahydropyridines.

MAO - B Active Site Side View of MAO -B Active Site

Figure 18b.  The Front and Side View of the MAO-B Active Site Generated

Using Substituted Tetrahydropyridines.



140

7.1  Rationale for the selection of the hydroxylated

       tetrahydropyridinyl derivatives

In earlier MAO model studies the interaction of endogenous substrates

such as DA (8), T (9), E (10), NE (11), and 5-HT (12) previously discussed in

Chapter 1, were not addressed with the proposed active sites.  The roles of the

mitochondrial bound flavoenzymes MAO-A and MAO-B in neurotransmitter

regulation and neurodegenerative processes188,270 have been recognized for

some time.  These enzymes also serve to detoxify exogenous primary and

secondary amines that enter the body.  It would be useful to be able to explain

and predict some of the observed substrate enzyme selectivities with not only

the potentially neurotoxic tetrahydropyridines, but also with the primary and

secondary endogenous MAO substrates as well.  In this section of this thesis we

discuss our efforts to gain insight into the orientation of the hydroxylated

endogenous substrates in the updated models of the MAO-A and MAO-B active

sites and to understand how MPTP analogs and endogenous neurotransmitters

may superimpose in the active sites.  Placing the neurotransmitters in the active

site models generated using tetrahydropyridinyl derivatives becomes difficult

due to the flexibility of the natural amine substrates.  The question that must be

assessed now is can we define regions in the active sites were polar

functionality is accommodated using less flexible tetrahydropyridinyl

derivatives.  Tetrahydropyridines that match the topology of the endogenous

substrates can be rationally designed and should provide new and important

information concerning the relative orientation of the natural amines and the

MPTP analogs.  Predictions of the orientation of flexible analogs of MPTP in the
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active sites in not fail proof, but these more rigid molecules are likely to give

useful information on the topology of the active sites.  MPTP derivatives are

quite useful because the geometry of these analogs is relatively easy to control

and the molecular modeling of these compounds can provide interpretable

information.

The hydroxyl substituted MPTP analogs 173, 177, 180, 193, 197, and

205 (Chart 6) were selected because we can use them to systematically probe

the active sites for the regions that accept hydroxyl groups and display good

activity with the purified MAO-A and B enzymes.  The ether derivatives 183,

186, 189, 201 and 204 (Chart 6) should indicate if it is the hydroxyl group

itself that enhances activity or if the oxygen placement controls the activity.

These comparisons also may identify the effects of hydrogen bonding on

enzyme catalysis.  All of these analogs are important because they have at

least two regions in common with the endogenous substrate; the hydroxyl

region and the nitrogen region.  The following Chapter discusses the efforts to

dock the endogenous neurotransmitters in the updated models of the MAO-A

and MAO-B active sites using these designed polar tetrahydropyridinyl analogs.
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Chart 6.  Target Hydroxylated 1-Methyl-4-substituted-1,2,3,6-

tetrahydropyridines
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7.2  Synthesis of the hydroxylated derivatives

*Synthesis of the para- and meta-hydroxyl substituted MPTP derivatives

173 and 177 (Scheme 19) began with the t-butyl dimethyl silane (TBDMS)

protection of the commercially available starting materials 170 and 174 under

the previously described conditions to afford the quanatitative yield of the

protected bromoarenes 171272 and 175273, respectively.  The lithiated

species derived from 171 and 175 with 1.1 equivalence of n-butyl lithium (n-

BuLi) underwent condensation with 1-methyl-4-piperidone (119) to yield the

corresponding piperidinols 172 and 176.  Using the previously described

procedure, 172 and 176 were dehydrated and deprotected simultaneously,

and the resulting tetrahydropyridines i173197 and 177274 stored as their

stable oxalate salts.  The ortho-hydroxylated MPTP derivative 180 was

synthesized using the procedure developed by Talley and Evans275 for the

generation of 2-substituted phenols.  The dianion of the commercially available

starting material 2-bromophenol (178) was generated using n-BuLi and was

allowed to react with 119 to yield the piperidinol 179274,276 (Scheme 20).  The

piperidinol was directly dehydrated in a 1:3 mixture of HCl and acetic acid and

the resulting tetrahydropyridine 180 was converted to its oxalate salt in an

overall yield of 41%.

* The syntheses of the 4-phenoxy- and 4-thiophenoxy-1-cyclopropyl analogs were carried out in
collaboration with Dr. John Rimoldi.
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Scheme 19.  Synthesis of 4' and 3' Hydroxyl MPTP Derivatives 173 and

177 .
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R1 = OH, R2 = H  170
R1 = H, R2 = OH  174

R1

R2

Br

R1

1. AcOH/HCl,
 
2.

N

CH3

TBDMSCl ,
 imidazole

DMF @ RT

HO

1. n-BuLi
THF,  -78 ˚ C

2. 119

R1

R2

(CO2H)2
MeOH / Et2O

(CO2H)2

R1 = OTBDMS, R2 = H  172
R1 = H, R2 = OTBDMS  176



145

Scheme 20.  Synthesis of the 2' Hydroxyl MPTP Analog 180.
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The syntheses of the methoxy MPTP derivatives 183, 186, and 189

were achieved via the initial anion formation of the commercially available

bromomethoxy arenes 181, 184, and 187 which underwent condensation with

the piperidine 119 to yield the respective piperidinol intermediates 182197,

18579, and 188 (Scheme 21).  The piperidinol intermediates were directly

dehydrated and the resulting tetrahydropyridines 183197, 18679, and 189

were obtained as their oxalate salts in overall yields ranging from 43% to 70%.
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Scheme 21.  Synthesis of p-, m-, and o-Methoxy MPTP Derivatives 183,

186, and 189.
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The meta- and ortho-(hydroxymethyl)phenyltetrahydropyridinyl analogs

193 and 197 were prepared using the same methodology as described for the

hydroxylated tetrahydropyridinyl derivatives 173 and 177.  The commercially

available starting materials 190 and 194 were protected as there TBDMS

derivatives 191277 and 195278 in quantitative yields under conditions

previously described (Scheme 22).  The protected starting materials 191 and

195 underwent condensation with 119 to yield the respective piperidinol

derivatives 192 and 196, which were directly deprotected, dehydrated, and the

tetrahydropyridine derivative 193 and 197279 were isolated as their oxalate

salts in overall yields of 49% and 62%, respectively.
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Scheme 22.  Synthesis of 3- and 2-(Hydroxymethyl)phenyl Substituted MPTP

Derivatives 193 and 197.
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The 3,4-benzodioxane derivative 201  was synthesized from the

purchasable starting material bromo-2,3-benzodioxane (198).  The piperidinol

intermediate 199 was generated from the condensation of the organolithium

anion of 198 with 119 (Scheme 23).  The general acid catalyzed dehydration
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method used previously could not be used for 198 because under these

rigorous conditions the diol unmasked.  Thus a thermal dehydration was carried

out using a method described by Werner and colleagues.280  The piperidinol

intermediate 199  was converted to the ethylcarbonate 200  with ethyl

chloroformate.  This intermediate 200 underwent thermal elimination in decalin

to yield the tetrahydropyridine 201 which was isolated as its oxalate salt in an

overall yield of 69%.

Scheme 23.  Synthesis of the 3,4-Benzodioxane Derivative of MPTP 201.
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The syntheses of the indolyl MPTP analogs 204 and 205, designed to

help dock serotonin in the active site models, were achieved using chemistry

that was reported by Agarwal and colleagues.250  This chemistry is attractive

because we can obtain both of the desired tetrahydropyridinyl analogs by one

synthetic pathway.  The commercially available compound 5-methoxyindole

(202) we treated with sodium methoxide and the resulting anion added across

the carbonyl group of 119 to from 203250 that was isolated as its oxalate salt

204.  The methoxyindolyltetrahydropyridinyl derivative 204 was deprotected

by treatment with BBr3 (4 equiv), to give 205 in 33%. yield.281
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Scheme 24.  Synthesis of 5-Methoxy-3-indolyl and 5-Hydroxy-3-indolyl

Tetrahydropyridine Derivatives 204 and 205.
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7.3  Enzymology

The enzymology of analogs 173, 177, 180, 183, 186, 189, 193, 197,

201, 204, and 205 was carried out with purified MAO A and B using an assay

similar to the assay described in Chapter 3 (section 3.3) and the results are

summarized in Table 36.  UV scans of a 1.0 mM solution of 1-methyl-4-(4-
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hydroxyphenyl)-1,2,3,6-tetrahydropyridine (173) in the presence 0.16 µM MAO-

A at 30 °C revealed that there was no detectable MAO-A substrate activity with

this compound.  It has been reported that 173 is inactive with MAO-B.197

UV scans of a 0.5 mM solution of 1-methyl-4-(3-hydroxyphenyl)-1,2,3,6-

tetrahydropyridine (177) in the presence of 0.08 µM MAO-B at 30 °C revealed

the time-dependent formation of a chromophore with maximal absorption at

353 nm.  The kinetic analysis of substrate activity of 177 with 0.08 µM MAO-B

performed by monitoring the dihydropyridinium product 208 (Scheme 25) at

λmax = 353 nm and monitoring at substrate concentrations of 1.0 mM, 0.75 mM,

0.50 mM, and 0.25 mM established that analog 177 was a good MAO-B

substrate (1.5 times more active than MPTP).  The Lineweaver-Burke analysis

of the data yielded the double reciprocal plot in Figure 19, from which we

obtained Vmax and Km.  The kinetic parameters were calculated with the ε of

MPTP (16000) as the dihydropyridinium was not available.  Taking Vmax/Km as

an overall estimate of the efficiency of catalysis, the substrate activity of 177

was 804 (min . mM)-1 (Table 36b).  The scans of 177 with 0.16 µM MAO-A at a

substrate concentration 1.0 mM revealed that this analog had no detectable

MAO-A substrate properties, thus concluding that analog 177 is a specific

MAO-B substrate.

The substrate activities of analogs 180 , 183 , 186 , 189 , 193 , 197 ,

201, 204, and 205 were examined in an manner analogous to the procedure

described for 177.  The tetrahydropyridinyl analogs were initially scanned with

0.08 µM MAO-B or 0.16 µM MAO-A at concentrations ranging from 0.5 mM to 2

mM.  The proposed metabolic fates of analogs 180, 183, 186, 189, 193,

197, 201, 204, and 205 are summarized in Schemes 25 - 28 and indicate the
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structures of the respective dihydropyridinium metabolites monitored in these

analyses.  The kinetic analyses of MAO-A and MAO-B substrate properties for

these tetrahydropyridinyl analogs were performed by monitoring the

appropriate dihydropyridinium metabolites (Table 36a) at various substrate

concentrations (0.125 - 3 mM).  The Lineweaver-Burke plots resulting from

these substrate studies with MAO-A and MAO-B are summarized in Figures 19

- 32.

Scheme 25.  Proposed Metabolic Fate of 173, 177, and 180 When

Incubated with MAO.
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Scheme 26.  Proposed Metabolic Fate of 183, 186, 189, 193 and 197

When Incubated with MAO.
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Scheme 27.  Proposed Metabolic Fate of 201 When Incubated with MAO.
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Scheme 28.  Proposed Metabolic Fate of 204 and 205 When Incubated with
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Figure 19.  Analysis of 177 with MAO-B Figure 20.  Analysis of 180 with MAO-B

Figure 21.  Analysis of 180 with MAO-A Figure 22.  Analysis of 186 with MAO-B

Figure 23.  Analysis of 189 with MAO-B Figure 24.  Analysis of 189 with MAO-A
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Figure 27.  Analysis of 197 with MAO-B Figure 28.  Analysis of 197 with MAO-A
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Table 36a.  Summary of Dihydropyridinium Intermediates Monitored to Obtain

Kinetic Parameters for Various Polar Tetrahydropyridinyl Derivatives.

Tetrahydropyridinyl

Analog

Expected DP+

Metabolite

Wavelength (nm) of DP+

Monitored

1 7 7 2 0 8 353

1 8 0 2 1 0 348

1 8 6 2 1 4 345

1 8 9 2 1 6 353

1 9 3 2 1 8 356

1 9 7 2 2 0 352

2 0 1 2 2 2 395

2 0 4 2 2 4 427

2 0 5 2 2 6 433
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Table 36b.  Vmax and Km Values for the MAO-A and MAO-B Catalyzed

Oxidation of Various Polar 4-Substituted 1-methyl-1,2,3,6-tetrahydropyridine

Derivatives

N R MAO-A MAO-B

Compound Vmax Km Vmax/Km Vmax Km Vmax/Km SCB/A b

Ph 3 20 0.14 143 204 0.39 523 3.66

4-OH-Ph 173 NSD a NSD --

3-OH-Ph 177 NSD 370 0.46 804 --

2-OH-Ph 180 108 0.34 316 71 0.44 162 0.51

4-OCH3-Ph 183 NSD (68) (0.94) (73) --

3-OCH3-Ph 186 NSD 292 0.20 1460 --

2-OCH3-Ph 189 84 0.37 227 176 1.00 176 0.78

3-CH2OH-Ph 193 33 0.51 64 156 0.76 205 3.20

2-CH2OH-Ph 197 132 0.73 181 137 1.21 113 0.62

2,3-OCH2O-Ph 201 NSD 298 0.24 1242 --

5-OMe- indolyl 204 201 1.20 168 494 0.86 547 3.26

5-OH- indolyl 205 479 0.80 383 NSD --

indolyl 147 NSD 358 0.90 397 --

a NSD = no substrate properties detected.  In parentheses are values reported

in the literature.197  b SC = Selectivity coefficient.

The kinetic results of this series of MPTP analogs (Table 36b, Chart 6)

have provided information about polar interactions in the MAO-A and MAO-B

active sites.  The 2-hydroxy and 2-methoxy MPTP derivatives 180 and 189, the
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3- and 2-hydroxymethyl analogs 193 and 197, and the 5-methoxyindol-3-yl

derivative 204 all display moderate to good activity for MAO-A and MAO-B with

Vmax/Km values ranging from 64 to 547 mM-1min-1.  We have obtained from this

series the MAO-B selective analogs 177, 183, 186, and 201.  The 3-hydroxy

and 3-methoxy derivatives of MPTP 177 and 183 are consistent with the

earlier observation that substitution at the meta position of MPTP enhances

MAO-B activity and selectivity.  With the ortho substituted polar analogs 180,

189, and 197 we observe MAO-A selectivity which is also consistent with the

finding that ortho substitution enhances MAO-A activity.

The selectivity of the MAO-B analog 201 would be expected based on

previous selectivities observed with the MAO-B selective 3-indolyl MPTP

analog 147 (Chapter 3).  The overlap of the 3-indolyl derivative 147 (pink)

analog  and 201 (blue), illustrated below, indicate that these selective MAO-B

analogs occupy similar volumes.

The 4-methoxy analog 183 is active for MAO-B but not MAO-A which is

consistent with the finding the N1-C4 axis is longer for MAO-B than MAO-A.
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The 4-hydroxy derivative of MPTP 173 is devoid of MAO-B activity which the 4-

methoxy derivative 183 retains MAO-B activity.  This result clearly indicates that

polarity, not molecular size, removes MAO-B activity in this region.

We also obtained the MAO-A selective analog 1-methyl-4-(5-

hydroxyindol-3-yl)-1,2,3,6-tetrahydropyridine 205 which has a Vmax/Km of 383

mM-1min-1 (Table 36b).  The 3-methoxy indolyl derivative 204 displays both

MAO-A and MAO-B activity.  The fact that 205 is devoid of MAO-B activity

indicated that polar interactions in this region reduce MAO-B activity.

7.4  Molecular modeling of the hydroxylated tetrahydropyridinyl

analogs

The minimum energy conformers of the hydroxy, methoxy, and

ethylenedioxy derivatives 173 , 177 , 180 , 183 , 186 , 189 , 193 , 197 , 201 ,

204 and 205 were generated as follows:

The conformers of interest (listed above) were drawn in the molecular

modeling software MacSpartan (Wavefunction, Inc) starting from the already

AM1 minimized conformer of MPTP.  The energies of the analogs were

minimized using the semi empirical AM1 method.

The AM1 program runs a precision gradient of change of 0.01 and

change in energy of 1 x 10-5 kcal between successive cycles in order to capture

the geometric optimization of the compounds.  In practical terms, the software is

designed to search for an approximate solution to the Schrödinger equation

(HΨ = εΨ) which describes the kinetic energy of the particles which make up a

molecule (nuclei and electrons).  AM1 applies the Hartree-Fock approximation
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to separate the electron motions.  What is actually done is to represent the

electron wavefunctions (Ψ) as the sum of wavefunctions of the electrons that

occupy molecular orbitals.

Using AM1, the minimum energy conformer for each polar

tetrahydropyridinyl derivative was transferred in PDB file format to the display

program MacMimic to generate an activity color coded van der Waals volume

(dot surfaces, Figure 33a).  For example, the 4-hydroxyl MPTP analog 173 was

found to be inactive with MAO-B and the 3-hydroxymethylphenyl analog of

MPTP 193 was found to be moderately active with MAO-B.  Figure 33a

illustrates how the minimum energy conformers of 173  and 193  are

superimposed with the van der Waals volume about the polar functionality.

Figure 33b illustrates the appearance when the skeleton is removed and only

the van der Waals volumes are retained.  The polar MPTP analogs were then

superimpose to define areas of favorable and unfavorable activity within the

active sites (Figure 33b).

For both the MAO-A and MAO-B maps of the regions of favorable and

unfavorable polar interactions, the following color code was used:  Yellow was

used to define regions of high activity; green for regions of low to moderate

activity; and blue for regions of no activity.  All of the minimum energy

conformers of analogs 173, 177, 180, 183, 186, 189, 193, 197, 201, 204

and 205 were superimposed and color coded according to their respective

activities for MAO-A and MAO-B (Figure 33a).  For clarity, the structural skeleton

was removed (Figure 33b), keeping only the tetrahydropyridinyl ring as a

template and the van der Waals volumes (dot surfaces).  All of the analogs were

superimposed using this method to generate color coded mappings of the
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MAO-B active site (Figure 34) and the MAO-A active site (Figure 35).

173 193 Superimposition of 173 and 193

Figure 33a.  The Superimposition of the Minimum Energy Conformers of

Analogs 173 and 193.
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Superimposition of 173 and 193

Figure 33b.  The Superimposition of 173 and 193 With Only the

Tetrahydropyridinyl Template and the van der Waals Volume Represented.
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Front View Side View

Figure 34.  The Polar Mapping of the MAO-B Active Site.



166

Front View Side View

Figure 35.  The Polar Mapping of the MAO-A Active Site.

The maps of the regions in the active sites where polar interactions are

favored (yellow) and the regions where unfavorable polar interactions occur

(blue) differ for the MAO-B and MAO-A active sites (Figures 34 and 35,

respectively).  These differences in the active regions elude to the fact that

MAO-A and MAO-B are selective in processing amines with polar functionality,

i.e. MAO-A and -B display substrate selectivity with polar tetrahydropyridines as

well as hydroxylated neurotransmitters.  However, the green regions Where

there is moderate tolerance of polar interactions in the mappings of the active

sites of MAO-A and MAO-B appear to be localized in the same area.  Since the

very active polar regions (yellow) in the MAO-A and MAO-B active sites

markedly differ, the polar interactions (i.e. hydrogen bonding or inductive
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interactions) with the enzyme active sites are highly specific.  The polar MPTP

derivatives (Chart 6, section 7.1)  used in this series were useful in allowing us

to define very specific regions in the MAO-A and MAO-B active sites that

accommodate polar interactions which could be useful in the docking

dopamine and serotonin in the polar regions defined.  These derivatives could

also allow us to evaluate the relative orientations of tetrahydropyridine

substrates and endogenous amine substrates.

7.4.1  Modeling of dopamine and the docking of dopamine in the 

 active site

The energy of the endogenous substrate DA (8), a selective MAO-B

substrate, was minimized first using the molecular mechanics program MM2 by

performing a grid search to get the lowest energy conformers.  Molecular

mechanics basically generates the conformers having the lest steric

interactions.  DA was drawn in the MacMimic and exported as an MM2 file.  We

rotated two dihedral angles, θ1 and θ2, in 30 degree increments simultaneously

to obtain the dihedral angles that produced 10 low energy conformer (Table

37).  With the resulting ten energy minima of DA, θ3 defined in Figure 36 was

rotated, to obtain the angles that produced the lowest energy conformers

(kcal/mol).  This produces several conformers that were close in energy.  These

conformers were then imported into MacSpartan and minimized using AM1.
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Table 37.  The Dihedral Angles and Energies of the Ten Minimum Energy

Conformers of Dopamine.

θ1 (degrees) θ2 (degrees) Energy (kcal . mol-1)

60 90 -10.0780

60 -90 -10.0509

60 60 -10.0219

60 -120 -9.5877

60 -150 -9.5288

-60 -90 -9.3980

-60 90 -9.3883

180 -60 -9.3663

-60 -60 -9.3205

180 60 -9.2561

θ1 = 1 - 18 - 20 - 23
θ2 = 2 - 1 - 18 - 20
θ3 = 18 - 20 - 23 - 24

23
1

2
20 18

 Dopamine 8

24

Figure 36.  The Defined Angles of Dopamine (8).

Two types of conformers were obtained; a so called "nonfolded" chain

conformer 8-A (Figure 37) and a "folded" chain conformer 8-B (Figure 37).  θ1,
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θ2, and θ3 are defined for both conformers in Figure 37.  These conformers

differ in energy by 0.4 kcal/mol with 8-B being more stable.  Because the

energy difference is so small we have used the "unfolded" conformer of DA (8-

A) as it produces the best overlap with the nitrogen of the tetrahydropyridinyl

ring.  The nitrogen of dopamine is overlapped with the nitrogen of the

tetrahydropyridinyl ring and the hydroxyl groups of DA are placed in the active

regions (yellow and green) of the MAO-B active site previously defined in

Figure 34.  Using this method we were able to dock the selective endogenous

substrate DA (SCB/A = 4.4) in the MAO-B active site (Figure 39a).  This hydroxyl

functionality of dopamine falls in the regions of the MAO-B active site where

polar interactions are tolerated.  Although DA is MAO-B selective it does have

some MAO-A activity.  When DA is docked in the MAO-A active site defined

previously in Figure 35, we obtain the Figure 39b which illustrates that one of

the hydroxyl groups of dopamine falls in a region in the MAO-A active site

where polar interactions are not favored.  We attempted to dock the folded

conformer of dopamine (8-A, Figure 37) in the MAO-A and MAO-B mappings

but the polar functionality does not fall in regions for which we have information.

Dopamine is and MAO-B selective substrate (SCB/A = 4.4) as well as the

tetrahydropyridinyl substrate MPTP (SCB/A = 3.7).  In an attempt evaluate the

relative orientations of the two MAO-B selective substrates, the DA conformer 8-

A was superimposed with MPTP using dummy atom created to allow for the

best overlap.  DA and  MPTP overlap such that the two molecules are

completely intertwined (Figure 38).  These molecules can be oriented in the

active sites such that they occupy the similar space which may account for the

MAO-B selectivity that we observe for both substrates.
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8-A 8-B

θ1 = 75 0

θ2 = 175 0

θ3 = -60 0

θ1 = 90 0

θ2 = 60 0

θ3 = -85 0

+ 0.4 kcal/mol

θ1 = 1 - 18 - 20 - 23
θ2 = 2 - 1 - 18 - 20
θ3 = 18 - 20 - 23 - 24

Figure 37.  The Minimum Energy Conformers of Dopamine (8-A and 8-B).
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Front View Side View

Figure 38.  The Superimposition of Dopamine and MPTP.
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Figure 39a.  The Docking of Dopamine in the MAO-B active Site.
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Figure 39b.  The Docking of Dopamine in the MAO-A active Site.
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7.4.2  Modeling of serotonin and the docking of serotonin in the 

 active site

In order to model the endogenous substrate serotonin (12) we used the

same methodology as described for DA.  We first performed angle rotations in

MacMimic on the serotonin template molecule 231 shown below rotating θ1,

θ2, simultaneously, followed by rotation of θ3 defined below :

θ1 = 7 - 9 - 11 - 15
θ2 = 9 - 11 - 15 - 19
θ3 = 11 - 15 - 19 - 22

7911

15 19

22

231

This template allowed us to propose the most stable side chain arrangements

for serotonin.  From this analysis we arrived at 14 possible conformations for

serotonin.  Each of these angle conformations were applied to the serotonin

molecule and all 14 conformers imported into MacSpartan and minimized using

AM1.  From this analysis we arrived at 4 minimum energy conformers of

serotonin displayed in Figure 40.  These conformers differ in energy by a

maximum of 0.5 kcal/mol.
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θ1 = 8 - 10 - 12 - 20
θ2 = 10 - 12 - 20 - 24
θ3 = 12 - 20 - 24 - 25

θ1 =  -112
θ2 =  60
θ3 =  64

θ1 =  96
θ2 =  60
θ3 =  -59

θ1 = 96
θ2 = 60
θ3 = 60

θ1 = -50
θ2 = 120
θ3 = 90

   0.0 kcal/mol + 0.46 kcal/mol

+ 0.17 kcal/mol
+ 0.50 kcal/mol

12 - A

12 - B

12 - C 12 - D

8
10

12

20

24
25

Serotonin 12

Figure 40.  The Minimum Energy Conformers of Serotonin.
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The minimum energy conformers of serotonin 12-A - 12-D, like DA, fall in to

two categories, "folded" chain conformers and "unfolded" chain conformers

which differ in energy by 0.5 kcal/mol.  Because the energy differences between

the "folded" and "unfolded" conformers of serotonin are so small, we have used

the "unfolded" conformer (12-A) as it allowed for the best overlap of the

nitrogen's of serotonin and the tetrahydropyridinyl ring.  Using similar

methodologies and rationales as described for DA, we were able to dock

serotonin in the MAO-A active site (Figure 42a) such that the polar functionality

of serotonin occupies the active regions (yellow and green) of active site.  The

endogenous substrate serotonin (SCA/B = 120) is basically an exclusive MAO-

A substrate and when we dock serotonin in the MAO-B active site (Figure 42b)

we can begin to explain the selectivies observed.  The polar functionality of

serotonin falls in a region in the MAO-B active site where polar interactions are

completely disfavored.  We also attempted to dock the other conformers (12B-

D ) of serotonin in the MAO-B and MAO-A active sites but none of the

conformers could be oriented such that you obtain activity with MAO-B.  The

conformers could not be oriented to reach the regions for which we have

information.

Serotonin is 120 times more selective for MAO-A than MAO-B.  This

MAO-A selectivity is also observed with the tetrahydropyridinyl analog 1-methyl-

4-(5-hydroxyindol-3-yl)-1,2,3,6-tetrahydropyridine (205).  In an effort to

evaluate the relative orientations of the two MAO-A selective substrates, the

serotonin conformer 8-A  was superimposed with the 5-hydroxyindol-3-yl

derivative 205  to provide the best overlap of the nitrogen and hydroxyl

functionalities of each.  Serotonin conformer 12-A is completely intertwined
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with 205 when we superimpose the two molecules using the nitrogen's of both

205 and 12-A and the C4 and C5 carbons of the indolyl rings these MAO-A

substrates (arrows, Figure 41). As illustrated, the polar functionality

superimposed nicely, such that they occupy similar volumes.  The good overlap

between the tetrahydropyridinyl analog 205 and serotonin may explain the

similar enzyme selectivities observed with these compounds.

Front ViewSide View

Figure 41.  The Superimposition of Serotonin (12-A) and the (5-

hydroxylindol-3-yl) Derivative 205.
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Figure 42a.  The Docking of Serotonin in the MAO-A active Site.
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Figure 42b.  The Docking of Serotonin in the MAO-B active Site.

7.5  Discussion

The polar MPTP derivatives synthesized in this study (Chart 6) 173,

177 , 180 , 183 , 186 , 189 , 193 , 197 , 201 , 204  and 205  are semi-rigid

compounds, are useful for mapping the active sites of MAO-A and MAO-B to

identify regions of polar interactions.  The MAO-B polar mapping and the MAO-

A polar mapping, Figures 34 and 35, respectively, illustrate that the regions in

the active sites that favor polar interactions are different in nature, which begin

to explain some of the selectivities observed with the polar endogenous MAO

substrates.  From these studies on polar interactions in the MAO active sites we

were also able to begin to develop structure-selectivity relationship between

endogenous substrates and tetrahydropyridinyl substrates.
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7.6  Preliminary efforts toward the docking of (R)-norepinephrine

        and (R)-epinephrine in the MAO active site models

The MPTP analog 3-hydroxy-1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (230, Chart 6) has been tested in vivo with mice and

determined to be neurotoxic.271  The compound is converted to MPP+ but the

conclusions remained unclear as to whether the dehydration step was

occurring before or after the oxidation step catalyzed by MAO, i.e. whether the

dihydropyridine 166 of the tetrahydropyridine 230 was actually an MAO

substrate (Scheme 18).  It would be useful to determine the substrate activity of

230 in vitro with the purified MAO enzyme.  If this compound is active, it would

prove useful in orienting the endogenous substrate norepinephrine and

epinephrine in the MAO-A and MAO-B active sites models.
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Scheme 18.  Possible Metabolic Fate of 1-Methyl-4-phenyl-3-

tetrahydropyridinol derivative 230.
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7.6.1  Synthesis of 3-hydroxy-1-methyl-4-phenyl-1,2,3,6-

          tetrahydropyridine

The synthesis of 3-hydroxy-1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(230) was carried out by a previously described method.282-284  We formed the

3,4-epoxide 229 from the bromoalcohol intermediate 228.  This intermediate

228 was stirred at 0 °C with 10% aqueous sodium hydroxide to give 229.  This

epoxide was treated with sec-BuLi at -78 °C in anhydrous THF followed by

reaction at room temperature for 2 hours.  The reaction mixture was treated with

saturated ammonium chloride and extracted to yield 3-hydroxy-1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (230) which was isolated as its oxalate salt.

Analog 230  was a racemic mixture of the R- and S-enantiomers.  The

preliminary data reported here used this racemate.
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Scheme 29.  Synthesis of 3-Hydroxy-1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (230).

N N

O

N

HO

N
HCl

OH
Br

Br2, NaBr

 H2O

 10 % NaOH

  H2O   0 ˚C

1. sec-BuLi , THF 
 -78 ˚C to RT
2. 
   MeOH / Et2O

(CO2H)2

(CO2H)2

3 228 229

230

7.6.2.  Enzymology

UV scans of a 1.0 mM solution of the racemic mixture of 3-hydroxy-1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (230) in the presence of 0.08 µM

MAO-B at 30 °C revealed the time-dependent formation of a chromophore with

maximal absorption at λmax = 341 nm which shifted to λmax = 292 nm (Figure

43).  The rate of conversion at 1 mM substrate concentration was very slow.  At

15 minutes the absorbance was only 0.09.  The question that had to be

addressed was whether or not enzyme the oxidation observed was enzyme
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catalyzed.  The following experiment was carried out with the selective MAO-B

inhibitor (R)-deprenyl to address this question.  A control experiment was

performed in which 10 µL of MAO-B was incubated with 10 µL of phosphate

buffer for 30 min at 30 °C.  After 30 min, a 5 µL aliquot of the incubation mixture

was added to 495 µL of a 1 mM solution of 230 and the resulting mixture

scanned at time = 0, 5, 10, 15, and 20 min (Figure 44a).  In order to inactivate

the MAO-B enzyme, 10 µL of MAO-B was incubated with 10 µL of deprenyl (20

µM) for 30 min at 30 °C.  After 30 min, a 5 µL aliquot of the incubation mixture

was added to 495 µL of a 1mM solution of 230 and scanned at time = 0, 5, 10,

15, and 20 min (Figure 44b).  Since 230 stable in the mixture containing the

inactivated enzyme, we conclude that this compound is a marginal substrate for

MAO-B.  The turnover number (TN) estimated at 1 mM was less than 5 min-1.  If

analog 230 was in its pure enantiomeric form, the maximum TN possible is

9.38 min-1.  Because of its very poor substrate properties this analog was not

investigated further.
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Figure 43.  Scans of 1-Methyl-3-hydroxy-4-phenyl-1,2,3,6-tetrahydropyridine

(230) with MAO-B.
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Figure 44a and 44b.  Control Scans of 230 With MAO-B ( 44a - Left) and

Scans of 230 With Deprenyl Treated MAO-B (44b - Right).

7.6.3  Discussion

Due to the fact that the enzyme activity of 230 was so poor we were

unable to use it to dock the neurotransmitters (R)-epinephrine and (R)-

norepinephrine in the active sites by overlapping the polar functionality.  The

search for a better model compound to help in this effort is ongoing.


