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Prólogo	
  

La presente Tesis Doctoral se presenta como compendio de publicaciones. De 

acuerdo a la normativa vigente se ha dividido en 5 capítulos que incluyen los apartados 

de Introducción, Objetivos, Discusión, Resumen global de resultados y Conclusiones. 

Los dos últimos se han redactado en inglés para optar al título de Doctor con Mención 

Internacional. Para mayor claridad, la discusión de los resultados correspondiente al 

trabajo metodológico se acomete de forma separada de la discusión correspondiente a 

los estudios de modelización aplicada.  

El capítulo 1 contiene la introducción de la tesis, que a su vez se desglosa en tres 

partes. La primera versa sobre los aspectos generales del reconocimiento molecular y la 

modelización aplicada al diseño de fármacos. La segunda expone el fundamento teórico 

y los antecedentes en el desarrollo de la metodología Multinivel para la exploración 

conformacional de fármacos y pequeñas moléculas orgánicas. Finalmente, la tercera 

acomete una breve presentación sobre la enfermedad de Alzheimer y las estrategias 

terapéuticas actuales y en vías de desarrollo.  

El capítulo 2 presenta los objetivos planteados en la presente Tesis Doctoral. 

En el capítulo 3 se incluye la publicación “Assessing the Suitability of the 

Multilevel Strategy for the Conformational Analysis of Small Ligands” (J. Phys. Chem. 

B.) y se discuten los resultados obtenidos en la extensión de la estrategia Multinivel, 

(previamente desarrollada por el Dr. Forti en el seno del grupo de investigación) para 

hacer posible su combinación con campos de fuerza clásicos y evaluar la fiabilidad de la 

técnica al aplicarla al estudio de moléculas con carga neta. 

En el capítulo 4 se incluyen los artículos “Synthesis, Biological Evaluation and 

Molecular Modeling of Donepezil and N-[(5-(Benzyloxy)-1-methyl-1H-indol-2-

yl)methyl]-N-methylprop-2-yn-1-amine Hybrids as New Multipotent 

Cholinesterase/Monoamine Oxidase Inhibitors for the Treatment of Alzheimer’s 

Disease” (J. Med. Chem.), “Exploring the StructuralBbasis of the Selective Inhibition of 

Monoamine oxidase A by Dicarbonitrile Aminoheterocycles: Role of Asn181 and Ile335 

Validated by Spectroscopic and Computational Studies” (BBA Proteins and 



Proteomics) y “Synthesis and Multitarget Biological Profiling of a Novel Family of 

Rhein Derivatives As Disease-Modifying Anti-Alzheimer Agents.” (J. Med. Chem.). 

Dichos trabajos son fruto de un esfuerzo multidisciplinar y de colaboración con diversos 

grupos de investigación para el diseño, síntesis y evaluación farmacológica de nuevos 

compuestos de potencial interés terapéutico en la enfermedad de Alzheimer. La 

discusión de este capítulo se analiza a la vista de los resultados obtenidos en la 

modelización y elucidación de modos de unión y relaciones estructura-actividad. 

La presente memoria concluye con un resumen global de resultados en el 

capítulo 5 y el apartado de conclusiones en el capítulo 6.  

Finalmente, en un apartado anexo se describen otras publicaciones afines a la 

temática y desarrolladas durante la elaboración de la presente Tesis Doctoral. 

 



Abreviaturas	
  y	
  Acrónimos	
  

ACh Acetilcolina / Acetylcholine 

AChE Acetilcolinesterasa / Acetylcholinesterase 

AD Enfermedad de Alzheimer / Alzheimer's Disease 

ADMET 
Absorción-Distribución-Metabolismo-Excreción-Toxicidad / 

Absorption-Distribution-Metabolism-Excretion-Toxicity 

AMPA 
 Ácido α-amino-3-hidroxi-5-metil-4-isoazolepropionico / 

α-amino-3-hydroxi-5-methyl-4-isoazolepropionic acid 

APP Proteina Precursora del Amiloide / Amyloid Precursor Protein 

βA Amiloide β / β-amyloid 

BACE-1 β-secretasa / β-secretase 

BuChE Butirilcolinesterasa / Butirylcholinesterase 

CAS Sitio de unión catalítico / Catalytic Anionic Site 

DFT - / Density Functional Theory 

FAD Flavina-Adenina Dinucleotido / Flavine-Adenine Dinucleotide 

FDA - / Food and Drug Administration 

gaff - / Generic Amber Force Field 

HF Hartree-Fock 

HL Alto Nivel / High Level 

Kd Constante de disociación / Dissociation Constant 

Ki Constante de inhibición / Inhibition Constant 

LL Bajo Nivel / Low Level 

MAO Monoamino oxidasa / Monoamine oxidase 

MC Metropolis-Monte Carlo 

MLS Estrategia Multinível / Multilevel Strategy 

MM/PBSA - / Molecular Mechanics/Poisson Boltzmann-Surface Area 

MTDL Compuestos Multipotentes, Multitarget Directed Ligands 

NMDA N-Metil-D-aspartato / N-Methyl-D-aspartate 

PAS Sitio de unión periférico / Periferal Anionic Site 

PDB - / Protein Data Bank 

PES Superficie de Energía Potencial / Potential Energy Surface 

RMN/NMR Resonancia Magnética Nuclear / Nuclear Magnetic Resonance 

ROS Especies reactivas de oxígeno / Reactive Oxygen Species 

SAR Relaciones Estructura-Actividad / Structure-Activity Relationships 

SIE - / Solvated Interaction Energy 

SNC / CNS Sistema nervioso central / Central Nervous System 

ZPE Energía de Punto Cero / Zero Point Energy 
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1.1 Reconocimiento	
  molecular	
  	
  

Desde la replicación de un virus a la neurotransmisión en los organismos 

superiores, la interacción selectiva de dos entidades químicas es un fenómeno básico en 

casi todos los procesos biológicos1. Por ello, el reconocimiento molecular es objeto de 

numerosos estudios desde finales del siglo XIX. En el marco del diseño de fármacos es 

especialmente interesante conocer qué factores determinan que una pequeña molécula 

bioactiva (ligando, L) se una selectivamente a la macromolécula que constituye su diana 

terapéutica (receptor, R) para formar el complejo que origina una respuesta biológica. 

En los últimos 150 años, y paralelamente al desarrollo de disciplinas como la biología 

molecular, la física cuántica, la cristalografía, la termodinámica estadística o la 

informática, nuestro conocimiento sobre los mecanismos que subyacen en el 

reconocimiento molecular se ha incrementado notablemente, hasta el punto que, hoy en 

día, disponemos de las herramientas necesarias para describir a nivel atómico aquellos 

factores que influyen en la complementariedad entre ligando y receptor.  

1.1.1 El	
  modelo	
  rígido	
  de	
  Fisher	
  o	
  de	
  llave-­‐cerradura	
  

Para explicar la interacción enzima-sustrato, el químico y premio Nobel alemán 

Emil Fisher propuso en 1894 el primer mecanismo de reconocimiento molecular al 

concluir que “una enzima y un glucósido deben encajar como una llave en una 

cerradura para que tenga lugar una reacción química entre ellos”2. Este modelo 

introducía el concepto de complementariedad estructural entre las dos especies 

implicadas en el reconocimiento molecular, pero concebidas como estructuras rígidas, 

complementarias y no intercambiables. Semejantes restricciones hicieron que la validez 

del modelo de Fisher quedase restringida a situaciones muy concretas y hoy en día se 
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considera un modelo superado. A pesar de esto, el modelo de llave-cerradura constituyó 

una aportación de indudable importancia al estudio del reconocimiento molecular y 

sentó las bases para el desarrollo de posteriores estudios. 

1.1.2 	
  Modelos	
   flexibles:	
   Adaptación	
   inducida	
   y	
   selección	
  

conformacional	
  

Sesenta años después de la publicación del modelo de Fisher, Daniel E. 

Koshland presentó un estudio sobre síntesis proteica en un simposio de la Academia 

Nacional de Ciencias de EE.UU3. Dicho estudio evidenciaba las limitaciones del 

modelo rígido de reconocimiento molecular y sugería que la interacción con el sustrato 

originaba cambios en el enzima que maximizaban la complementariedad molecular en 

un proceso conocido como adaptación inducida. Construido sobre la base del modelo 

de Fisher, el modelo propuesto por Koshland introducía el concepto de flexibilidad en el 

reconocimiento molecular, aunque la supeditaba a la interacción con otra entidad 

química. Años más tarde, combinando las observaciones de Schellman sobre 

fluctuaciones conformacionales en proteínas y el concepto de adaptación inducida de 

Koshland, Bruno Straub propuso el modelo de adaptación fluctuante. El modelo de 

Straub proponía un enzima que alternaba diferentes conformaciones, de las cuales sólo 

una podía unirse al sustrato y ser estabilizada por la interacción con el mismo4.  

Desde el punto de vista de la dinámica macromolecular, ambos modelos 

descansan en conceptos diferentes. El modelo de Straub, también conocido como de 

selección conformacional, describe dos entidades químicas (enzima y sustrato) que 

fluctúan entre múltiples conformaciones. Algunas conformaciones favorecen la 

interacción entre ambas especies y, cuando ésta tiene lugar, dichas conformaciones son 

secuestradas por la formación del complejo, desplazándose el equilibrio hacia 
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poblaciones que favorecen la interacción5. El modelo de adaptación inducida, por el 

contrario, propone que las conformaciones que permiten formar el complejo son 

inducidas sólo cuando las dos especies están presentes y, por tanto, se añaden al número 

de conformaciones accesibles para cada una de ellas6. 

 
Figura 1.1 Comparación conceptual de los modelos flexibles de reconocimiento molecular. En el 

modelo de adaptación inducida el espacio conformacional del complejo sólo es accesible cuando ligando 

y receptor están presentes. En el modelo de selección conformacional los subconjuntos de 

conformaciones compatibles entre ligando y receptor determina el espacio conformacional del complejo . 

Existe numerosa bibliografía que revisa y discute los méritos de ambos modelos 

5,7–13 y aunque existen evidencias de que el modelo de selección conformacional es el 

que mejor describe el comportamiento de numerosos sistemas biológicos12, en una 

revisión reciente se sugiere que un modelo híbrido entre los dos mecanismos sería el 

más adecuado para describir algunos sistemas6. 

1.1.3 	
  Concepto	
  de	
  conformación	
  bioactiva.	
  

Independientemente del modelo, la concepción del reconocimiento molecular 

como la interacción entre entidades químicas flexibles apareja la noción de que algunas 

conformaciones de dichas entidades son más adecuadas para la interacción que otras. En 

el contexto del diseño de fármacos, el término conformación bioactiva se utiliza para 

designar la conformación adoptada por el ligando en su interacción con el receptor (o 
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viceversa). Indudablemente, esta concepción resulta reduccionista, pues para la mayoría 

de moléculas no existirá una única conformación bioactiva, sino un conjunto de 

conformaciones delimitado por las características del centro de unión. No obstante, 

dicho concepto, que está fuertemente influenciado por la visión estática asociada al uso 

de estructuras cristalográficas, resulta útil para describir la contribución que la 

reorganización conformacional tiene en la energía libre de unión asociada a la 

interacción ligando-receptor.  

1.2 	
  Relaciones	
  termodinámicas	
  del	
  reconocimiento	
  molecular	
  

Las leyes de la física proporcionan las herramientas para el estudio cuantitativo 

del reconocimiento molecular. Para un proceso de formación del complejo ligando-

receptor (ec. 1.1) la constante de disociación (Kd; ec. 1.2), permite caracterizar la 

afinidad entre un ligando y su receptor a partir de la energía libre de Gibbs de unión 

(∆𝐺!"#° ;  ec. 1.3)14. 

 1.1 

𝐾! =
! !
!"

 1.2 

∆𝐺!"#° = 𝑅𝑇 ln𝐾!  1.3 

En base a las expresiones anteriores, es intuitivo que cuanto menor sea  ∆𝐺!"#° , 

más desplazado estará el equilibrio del proceso 1.1 hacia la formación del complejo y, 

por tanto, mayor será la afinidad del ligando por el receptor. Con objeto de analizar los 

diferentes factores que influyen sobre la afinidad ligando-receptor, conviene expresar 

∆𝐺!"!°  a partir del ciclo descrito en la figura 1.1. 

L + RLR
Kd
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Figura 1.2 Ciclo termodinámico para el proceso de formación del complejo ligando receptor. La 

descomposición empleada permite considerar la energía libre de unión (∆𝐺!"#° ) como la suma de 

contribuciones debida a la energía libre de interacción (∆𝐺!"#) y el coste energético de adopción de la 

conformación bioactiva (∆𝐺!"#$). 

Según la figura 1.1, la energía libre de unión podría obtenerse a partir de las 

contribuciones debidas a la adopción de la conformación bioactiva por parte del 

receptor (∆𝐺!"#$! ) y del ligando (∆𝐺!"#$! ), así como a la interacción entre ellos (∆𝐺!"#). 

Este último término es el componente que favorece la formación del complejo y es 

reflejo de la complementariedad estérica, electrostática e hidrofóbica entre el ligando y 

el receptor15,16. En contraposición, los términos ∆𝐺!"#$!  y ∆𝐺!"#$!  son desfavorables a la 

formación del complejo y reflejan el coste energético asociado a los cambios 

estructurales requeridos para adoptar la conformación bioactiva 17–19.  

1.3 	
  Modelización	
  molecular	
  y	
  diseño	
  computacional	
  de	
  fármacos	
  

El físico británico Paul Dirac argumentó en 1929 que sólo la complejidad de las 

ecuaciones resultantes evitaba la descripción matemática de todos los procesos 

químicos y casi todos los procesos físicos, y preconizaba el desarrollo de modelos 
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simplificados que requiriesen menos poder de cálculo20. Lo que Dirac no podía intuir es 

que el desarrollo exponencial de la informática permitiría la solución de ecuaciones 

altamente complejas de forma rutinaria y el desarrollo de modelos cada vez más 

avanzados y de mayor exactitud. El campo de la Modelización Molecular es un ejemplo 

de este desarrollo y hoy en día es posible crear modelos computacionales de múltiples 

procesos químicos y biológicos21. En este contexto, el diseño computacional de 

fármacos plantea emplear herramientas informáticas para modelizar el reconocimiento 

de un pequeño ligando (el fármaco) con su receptor (la macromólecula que constituye 

su diana terapéutica), lo que a su vez dará origen a una determinada respuesta biológica.  

Según lo descrito en el apartado 1.2, la obtención de un modelo predictivo de 

∆𝐺!"#°  requerirá conocer los determinantes moleculares subyacentes a cada una de las 

contribuciones a la energía libre de unión. En primer lugar, ∆𝐺!"#  refleja las 

contribuciones de diversos factores entálpicos y entrópicos16. Así, incluye las 

interacciones establecidas entre ligando y receptor15, que a su vez dependerán del 

tamaño, la forma y las propiedades fisicoquímicas conferidas por los grupos químicos 

presentes en el ligando, de forma que una mayor complementariedad electrostática, 

estérica e hidrofóbica reflejará una mayor afinidad. Por otra parte, el establecimiento de 

interacciones intermoleculares requiere la desolvatación previa tanto del ligando como 

del sitio de unión del receptor, desplazando las moléculas de solvente (generalmente 

agua, en entorno fisiológico) que se encuentran en contacto con ligando y receptor. No 

obstante, el coste entálpico de romper las interacciones con el solvente se ve 

compensado por la ganancia entrópica que experimentan las moléculas de agua y, en 

última instancia, la contribución de la desolvatación a la ∆𝐺!"# depende del balance 

entre estos dos términos. A su vez, ∆𝐺!"#$ refleja el coste energético para la adopción 

de la conformación bioactiva. También en este caso intervienen factores entálpicos, 
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debidos al coste energético de reorganización, y entrópicos, ya que adoptar dicha 

conformación bioactiva impone restricciones al espacio conformacional de las especies 

implicadas, lo que apareja una disminución entrópica.  

Intuitivamente, es evidente que los fármacos más afines por su receptor serán 

aquéllos cuya unión para formar el complejo ligando-receptor conlleve cambios en 

∆𝐺!"# sustancialmente estabilizantes, así como nulas penalizaciones por reorganización 

conformacional. Cabe hacer notar que, debido a la relación exponencial entre energía de 

unión y constantes de disociación, una diferencia de 1.4 kcal/mol se traduce en un orden 

de magnitud de diferencia en la afinidad. Así, pues, la afinidad entre ligando y receptor 

depende de diferencias sutiles en el balance entre ∆𝐺!"# ,  ∆𝐺!"#$!  y ∆𝐺!"#$! . 

En este contexto, la presente tesis doctoral ha abordado dos problemas altamente 

relevantes en el diseño de fármacos. Por un lado, se ha contribuido al desarrollo, 

extensión y evaluación de una metodología Multinivel para la exploración de las 

preferencias conformacionales de pequeñas moléculas bioactivas. Por otro lado, en el 

marco de esfuerzos multidisciplinares y de colaboración teórico-experimentales, se han 

aplicado técnicas computacionales contrastadas para contribuir el desarrollo de nuevas 

moléculas de potencial interés terapéutico en la enfermedad de Alzheimer. 
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1.4 	
  Predicción	
  conformacional	
  en	
  diseño	
  de	
  fármacos	
  

En el proceso de hit to lead es una situación común que series de compuestos 

estructuralmente relacionados sean ensayados para encontrar el ligando más afín a un 

receptor común. Si se considera que modificaciones químicas dentro de la misma serie 

pueden alterar drásticamente el panorama conformacional de una molécula sin por ello 

afectar a las interacciones que esta establece con el receptor, resulta evidente el efecto 

positivo que herramientas de predicción del coste de reorganización conformacional de 

pequeñas moléculas podrían tener en el proceso de desarrollo fármacos. Conocer a 

priori el coste asociado a la selección de la conformación bioactiva permitiría valorar la 

capacidad de un compuesto para llegar a ser un buen candidato a fármaco y ahorrar 

tiempo y recursos al permitir descartar aquellas moléculas con mayor coste de 

reorganización conformacional.  

1.5 	
  La	
  estrategia	
  Multinivel	
  	
  

Como parte de la tesis del Dr. Flavio Forti, en el grupo de investigación se 

concibió la estrategia Multinivel (MLS)22 como una herramienta para la exploración 

conformacional de pequeñas moléculas y la predicción del coste conformacional 

asociado a la adopción de conformaciones bioactivas.  

1.5.1 Fundamento	
  teórico	
  	
  

La aproximación de estados predominantes desarrollada por Gilson et. al. 23,24 

establece que el espacio conformacional de una molécula se puede dividir en un 

conjunto de mínimos locales (M) y que la integral configuracional es igual a la suma 

sobre todos los pozos de las integrales configuracionales individuales. En este contexto, 
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la energía libre (A) de una molécula flexible puede aproximarse a partir de las 

contribuciones de un número finito de pozos conformacionales. (ec. 1.4). 

𝐴 ≈ −𝑅𝑇  𝑙𝑛 𝑒!!! !"!
!!!  1.4 

𝐴! ≈ −𝑅𝑇  𝑙𝑛 !!
!!

𝑒!!! !"!!
!!!
!∈!

 1.5 

donde Aj corresponde a la energía libre asociada al pozo j, vj es el volumen del 

espacio conformacional muestreado para ese pozo, Nj es el número de estados 

conformacionales y Ek es la energía de cada estado perteneciente al pozo. 

Para caracterizar las preferencias conformacionales de un ligando, es 

especialmente interesante centrar la atención en las diferencias relativas entre mínimos 

conformacionales. La diferencia de energía libre entre dos pozos i y j (∆𝐴!
!) vendría 

dada por la expresión 1.6. 

∆𝐴!
! = 𝐴! − 𝐴! = −𝑅𝑇 ln

!!
!!

!!!! !"!!
!!!

!!
!!

!!!! !"!!
!!!

 1.6 

en la que la energía libre de cada pozo conformacional puede indicarse relativa 

al confórmero de mínima energía (ec. 1.7). 

𝐴! = −𝑅𝑇 ln
𝑣!
𝑁!

𝑒!!!_!"# !" 𝑒!∆!! !"

!!

!!!

=   

=   𝐸!_!"# − 𝑅𝑇 ln 𝑒!∆!! !"!!
!!! − 𝑅𝑇 ln !!

!!
 1.7 

donde 𝐸!_!"# es la energía del mínimo conformacional y ∆𝐸! = 𝐸! − 𝐸!_!"# es 

la diferencia de energía relativa entre dicho mínimo y el resto de conformaciones 

pertenecientes al mismo pozo, de tal forma que el término central de la expresión 4.6 
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describe la curvatura o distribución de conformaciones asociada a dicho pozo i (𝐴!!"#$!; 

ec. 1.8). 

 𝐴!!"#$! = −𝑅𝑇 ln 𝑒!∆!! !"!!
!!!   1.8 

Con ello, es posible rescribir la ecuación 1.7 de una forma más compacta tal 

como se indica en la expresión 1.9, que permite conocer la diferencia de energía entre 

dos pozos i y j a partir de las diferencias de energía entre sus conformaciones más 

estables y la curvatura local de los pozos, teniendo en cuenta que el último término de la 

ec. 1.7 cancelará si se realiza un muestreo uniforme de los volúmenes asociados a cada 

pozo. 

∆𝐴!
! =   ∆𝐸!!"#,!_!"# + ∆𝐴!,!

!"#$! − 𝑅𝑇 ln !!!!
!!!!

 1.9 

Basándose en las consideraciones anteriores, la estrategia multinivel propone 

emplear métodos de bajo nivel de teoría (Low Level, LL) para muestrear la superficie de 

energía potencial (PES),  identificar mínimos de energía y caracterizar su energía libre 

local (𝐴!"#$!), para, posteriormente caracterizar con exactitud la contribución de la 

conformación (𝐸!"#) más estable empleando métodos de alto nivel de teoría (High 

Level, HL).  
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Figura 1.3 Representación esquemática de la Estrategia Multinivel. El empleo de un método de bajo 

nivel de teoría permite explorar un gran número de conformaciones y estimar la energía libre asociada a 

cada pozo de energía potencial, mientras que el re-escalado de estructuras puntuales con un método de 

alto nivel permite describir con exactitud la energía potencial del mínimo.  

1.5.2 	
  Implementación	
  original	
  

En la implementación original del método22, el muestreo de la PES se llevaba a 

cabo empleando un algoritmo de Metropolis Monte Carlo (MC)25,26 empleando el 

hamiltoniano semiempírico RM127 para describir la energía del sistema. En el caso de 

una exploración en fase gas, la energía de una determinada conformación era descrita 

por su energía interna obtenida con dicho hamiltoniano. En el caso de una simulación en 

solución, se utilizaba una energía efectiva obtenida al combinar la energía interna de la 

conformación con la energía libre de solvatación estimada mediante la versión RM1 del 

método IEF-MST28. 
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Para la descripción HL, se realizaba un cálculo puntual a nivel MP2/aug-cc-

pvDZ sobre las geometrías optimizadas a nivel B3LYP/6-31G(d), incluyendo la energía 

de punto cero (ZPE), considerando los efectos del solvente mediante la versión B3LYP 

del modelo contínuo polarizable IEF-MST29. La estimación final de la energía de un 

mínimo conformacional empleando la estrategia multinivel ( 𝐴!!") se obtenía de la 

aplicación de la expresión 1.10. 

𝐴!!" = 𝐸!_!"#!"! +   𝐴ℎ!",!_!"#
!!!"#||!"#!!"# + 𝑍𝑃𝐸!_!"#

!!!"#||!"#!!"# + 𝐴!
!"#$!,!"! 1.10 

donde el primer término corresponde a la energía de la conformación de mínima 

energía determinada a nivel MP2/aug-cc-pVDZ (𝐸!_!"#  !"! ), el segundo y tercer términos a 

la energía de solvatación y a la ZPE  respectivamente, ambos determinados a nivel  IEF-

MST/B3LYP/6-31G(d), y el último término a la energía conformacional del pozo, 

obtenida mediante la expresión 1.8, empleando el hamiltoniano RM1. 

Mientras que el valor de los tres primeros términos de la ec. 1.10 se obtenía 

mediante cálculo cuántico, el valor de  𝐴!!"#$! requería el post-procesado del muestreo 

LL. Concretamente, para determinar el tamaño de cada pozo conformacional, los 

resultados de las simulaciones MC IEF-MST/RM1 se proyectaban sobre una cuadrícula 

n-dimensional (siendo n el número de torsiones activas) espaciada a intervalos 

regulares, de forma que cada conformación (entendida como una combinación de 

valores de sus torsiones activas) quedaba asignada a un punto (Figura 1.4). Si dos 

estructuras eran asignadas al mismo punto de la cuadrícula, sólo la estructura de mínima 

energía se retenía como representativa de ese punto. Posteriormente, la estructura de 

mínima energía en la cuadrícula se empleaba como punto de partida para una búsqueda 

sistemática sobre cada una de las n dimensiones a su alrededor. Cuando la búsqueda 

sobre una determinada dimensión encontraba una estructura de mayor energía que el  



 

 

	
  
Introducción	
  

	
  
	
   	
  

15 

punto precedente, se asumía que correspondía al mismo pozo conformacional que la 

estructura de partida. Si, por el contrario, la búsqueda encontraba una estructura de 

menor energía, se consideraba perteneciente a otro pozo y se detenía la búsqueda en esa 

dirección. También cesaba la búsqueda si no se encontraba ninguna estructura en un 

punto determinado de la cuadrícula, ya que se consideraba que correspondía a 

estructuras de muy alta energía (y por tanto excluidas del pozo). Cuando la búsqueda 

finalizaba en las n dimensiones, el tamaño del pozo se estimaba en base a los valores de 

las torsiones más externos en el espacio n-dimensional y se repetía el proceso buscando 

la estructura de mínima energía una vez excluido el espacio conformacional ya asignado 

a un pozo. Una vez definidos sus límites, para cada pozo era posible obtener el valor de 

𝐴!!"#$! (ec. 1.8). 

 
Figura 1.4 Representación esquemática de la generación de la cuadrícula y del proceso de búsqueda 

de pozos en el espacio conformacional. Se toma como ejemplo un espacio conformacional 

tridimensional. Tras la generación de la cuadrícula a intervalos regulares, se proyectan las estructuras 

sobre ella y se buscan sistemáticamente aquellas estructuras relacionadas (ver texto). El tamaño de los 

pozos se determina en base a los valores extremos de las torsiones activas. 
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1.6 La	
   enfermedad	
   de	
   Alzheimer:	
   Aproximaciones	
   terapéuticas	
  

clásicas	
  

Descrita por primera vez en 1906 por el psiquiatra del hospital de Frankfurt 

Alois Alzheimer, la enfermedad de Alzheimer (EA) es un trastorno neurodegenerativo 

que se caracteriza por una insidiosa pérdida de capacidades cognitivas y la paulatina 

aparición de desórdenes neuropsiquiátricos y del comportamiento que desembocan en 

demencia en el estadio final de la enfermedad30. En el año 2000 alrededor de 25 

millones de personas padecían la EA en todo el mundo y se estima que, sin terapias 

neuroprotectoras efectivas, la cifra de casos alcanzará los 114 millones a mediados de 

siglo31.  

 
Figura 1.5. Estructura química de los fármacos tacrina, galantamina, rivastigmina, donepezilo y 

memantina. Los inhibidores de AChE incrementan la neurotransmisión colinérgica y alivian la 

sintomatología cognitiva. Memantina modula la actividad del receptor NMDA de glutamato y reduce la 

excitoxicidad. 

El elevado coste social y económico de la EA ha hecho que la comunidad 

científica de todo el mundo haya dedicado gran atención al desarrollo de fármacos 

contra la enfermedad. A día de hoy, sin embargo, sólo cinco fármacos (Figura 1.5) han 
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sido aprobados por la Food and Drug Administration (FDA) estadounidense y por la 

European Medicines Agency (EMA) para el tratamiento de la EA. 

Entender las estrategias y los principios terapéuticos detrás de estos fármacos 

resulta imprescindible como un primer paso al desarrollo ulterior de nuevas entidades 

químicas de potencial interés en el tratamiento de la enfermedad. 

1.6.1 Inhibidores	
   de	
   acetilcolinesterasa	
   y	
   restablecimiento	
   de	
   la	
  

actividad	
  colinérgica	
  	
  en	
  el	
  sistema	
  nervioso	
  central	
  

La pérdida de memoria y de capacidades cognitivas durante la EA se asocia 

principalmente al descenso del número y actividad de neuronas colinérgicas en el 

núcleo basal. La llamada hipótesis colinérgica establece que empleando agentes 

colinomiméticos es posible compensar el déficit de acetilcolina (ACh) en el sistema 

nervioso central (SNC) y mejorar así la sintomatología de la EA32. Debido a los efectos 

secundarios asociados a la administración de agentes colinérgicos directos, la estrategia 

terapéutica consiste en aumentar los niveles de ACh mediante la inhibición de la 

principal enzima encargada de su metabolización, la acetilcolinesterasa (AChE, E.C. 

3.1.1.7). Desde el punto de vista del desarrollo de fármacos, esta estrategia es la que ha 

cosechado mayor éxito, ya que cuatro de los cinco fármacos aprobados por la FDA son 

inhibidores reversibles de esta proteína. 

La AChE humana es una proteína de 583  aminoácidos (más un péptido señal de 

31 residuos) que cataliza la hidrólisis de ACh en la fosa sináptica interrumpiendo el 

estímulo colinérgico. La reacción tiene lugar en el sitio catalítico (Catalytic Anionic 

Site, CAS) de la enzima localizado en el extremo interno de un canal de 20 Å de largo 

denominado como garganta catalítica. En el CAS se localiza la tríada catalítica formada 
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por los residuos Ser203-His447-Glu334 (Ser200-His440-Glu327 en Torpedo 

Californica, TcAChE) y los residuos accesorios Trp86 y Gln202 (Trp 84 y Glu199 en 

TcAChE), que contribuyen a orientar y estabilizar el sustrato durante la hidrólisis. En el 

extremo externo del canal se localiza el centro de unión periférico (Periferal Anionic 

Site, PAS), que facilitaría el proceso de unión de ACh, aumentando de esta forma la 

eficiencia del enzima a bajas concentraciones de sustrato33.  

 
Figura 1.6. Estructura de AChE con detalle de los sitios de unión catalítico (CAS) y periférico 

(PAS). En el sitio catalítico se localiza la triada Ser203-His447-Glu334. El sitio periférico actúa como 

inductor de la agregación de βA.  

Recientemente, Inestrosa et al. describieron la presencia de AChE en las placas 

seniles y la posibilidad de que el PAS permitiera que AChE actuara como chaperona 

promotora de la agregación del péptido ß-amiloide (ßA)34. Este descubrimiento 

posibilitó un nexo de unión entre las hipótesis colinérgica y amiloidogénica (ver sección 

1.6.2), siendo la base del diseño y síntesis de los conocidos como inhibidores de sitio de 

unión dual de AChE, con los que mediante la inhibición simultáqnea del sitio catalítico 
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y del PAS se buscaba incrementar los niveles de ACh y reducir la agregación inducida 

por AChE del ßA. 

1.6.2 Disminución	
   de	
   la	
   actividad	
   glutamatérgica	
   y	
   control	
   de	
   la	
  

excitotoxicidad	
  

El glutamato es el principal neurotransmisor estimulador del sistema nervioso 

central en mamíferos y, mediante la activación de receptores NMDA, kainato y AMPA, 

la transmisión glutamatérgica tiene un papel decisivo en el desarrollo de procesos 

cognitivos y de aprendizaje35,36. En el enfermo de EA, se observa una liberación 

sostenida de pequeñas cantidades de glutamato, que si bien son inferiores a las 

producidas durante la neurotransmisión, provocan una sobrexcitación continuada del 

receptor NMDA, que se ha asociado con un incremento del estrés oxidativo, un 

procesado alterado de la proteína precursora de ßA (APP) y la muerte neuronal en un 

proceso conocido como excitoxicidad37. A día de hoy, memantina, un inhibidor no 

competitivo del canal NMDA, sigue siendo el único fármaco que no actúa sobre AChE 

aprobado para el tratamiento de la EA. 

1.7 	
  Mecanismos	
  patogénicos	
  implicados	
  en	
  la	
  EA:	
  La	
  búsqueda	
  de	
  

nuevas	
  estrategias	
  terapéuticas.	
  

A pesar de los esfuerzos de la comunidad científica, la variedad y complejidad 

de los mecanismos implicados en el establecimiento y progresión de la EA hacen que el 

éxito de las aproximaciones terapéuticas clásicas sea muy limitado. La búsqueda de 

nuevos fármacos debería aprovechar la experiencia en el uso clínico de inhibidores de 

AChE y del canal NMDA para desarrollar fármacos con un mejor perfil farmacológico 

e, idealmente, ser capaces de modificar la progresión de la enfermedad. Si bien una 
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revisión pormenorizada de los diversos mecanismos propuestos para el establecimiento 

y progresión de la EA excede el ámbito de la presente tesis, es conveniente describir los 

mecanismos que en años recientes han sido validados como dianas terapéuticas de 

potencial interés. 

1.7.1 Formación	
  de	
  placas	
  del	
  péptido	
  ß-­‐amiloide.	
  	
  

La hipótesis amiloidogénica de la EA sitúa la formación, agregación y 

deposición de ßA en el espacio extraneuronal como el factor desencadenante de una 

cascada de procesos neurotóxicos que conlleva la muerte neuronal masiva, causa última 

de la sintomatología38,39. Los agregados de ßA, conocidos como placas seniles, 

constituyen uno de los rasgos histopatológicos característicos de la EA. Se trata de 

mezclas complejas, insolubles, de gran tamaño (60 µM), que además de ßA contienen 

otros componentes como proteoglicanos o restos celulares34 y cuya formación se asocia 

a un procesado anómalo de la APP. Así, en condiciones fisiológicas, la APP es sustrato, 

de forma secuencial y preferente, de las enzimas proteolíticas α- y γ-secretasa, 

originando fragmentos solubles40,41. En el enfermo de EA, en cambio, la APP es 

procesada en primer lugar por la enzima ß-secretasa (BACE-1; E.C. 3.4.23.46) y tras la 

acción de la γ-secretasa origina péptidos de 42 aminoácidos (ßA42), insolubles y cuya 

elevada tendencia a autoagregarse origina las placas seniles. Las estrategias terapéuticas 

basadas en la hipótesis amiloidogénica tratan de reducir la formación de placas seniles 

principalmente por dos vías: 1) disminuir la formación de ßA42, ya sea inhibiendo la 

actividad de BACE-1 y/o γ-secretasa o promoviendo la actividad de α-secretasa; y 2) 

inhibiendo la agregación del péptido ßA42 ya formado y promoviendo su eliminación42 

(Figura 1.7). 
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Figura 1.7 Esquema del procesamiento de la APP y estrategias terapéuticas enfocadas a reducir la 

formación de péptido ßA. A: Inducción de la actividad α-secretasa. B: Inhibición de β-secretasa; C: 

inhibición de γ-secretasa y D: Inhibición de la agregación de péptido βA ya formado.  

La falta de eficacia mostrada en ensayos clínicos de fase III del inhibidor de γ-

secretasa semagacestat (Lilly)43 y del anticuerpo monoclonal anti-ßA bapineuzumab 

(Wyeth)44,45 han posicionado la inhibición de β-secretasa como la estrategia más 

prometedora para desarrollar un fármaco capaz de retrasar la progresión de la EA. 

BACE-1 es una aspartil proteasa expresada de forma heterogénea en todos los 

tejidos, pero especialmente presente en cerebro46. Su atractivo como diana terapéutica 

reside principalmente en el hecho de que estudios con ratones BACE-1-knockout 

muestran que estos animales no producen ß-amiloide, una indicación de que no existen 

mecanismos compensatorios en mamíferos42,46. A diferencia del modelo knockout para 

γ-secretasa47, estos animales son viables y el principal defecto fenotípico detectado, una 

hipomielinización severa de los nervios centrales y periféricos asociado a 
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esquizofrenia48,49, no se reproduce cuando se administran de forma crónica inhibidores 

de BACE-1 a ratones normales adultos50.  

Existe abundante información cristalográfica de BACE-1 (280 entradas en 

Agosto de 2014 en el Protein Data Bank) que ha permitido su caracterización 

estructural. Se trata de una proteína monomérica con dos dominios que adopta el 

plegamiento común a la familia de las proteasas. El sitio de unión es una hendidura 

hidrofílica de 20 Å de longitud y de más de 1000 Å3  situada en la interfície entre los 

dos dominios51. Parte de la hendidura se encuentra parcialmente ocluida por la región 

tapa o flap, un hairpin-loop altamente flexible que regula el acceso del sustrato a la 

cavidad catalítica, dónde se localiza la díada Asp32 y Asp228.  

 
Figura 1.8 Estructura de la β-secretasa con detalle del sitio catalítico. La díada Asp32-Asp228 se 

localiza aproximadamente en el centro del surco y el acceso es regulado por la región de tapa (en azul). 
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1.7.2 Agregación	
  intracelular	
  de	
  la	
  proteína	
  Tau	
  fosforilada	
  

Junto con las placas seniles, la presencia de ovillos intraneuronales de proteína 

Tau (τ) es el otro rasgo histopatológico característico de la EA. En el cerebro sano, tau 

es una proteína soluble que forma parte del citoesqueleto de las neuronas y que facilita 

la actividad de los microtúbulos en el transporte axonal. En el cerebro de los pacientes 

de EA, en cambio, se produce una fosforilación excesiva de esta proteína, su agregación 

en forma de ovillos y su precipitación. En el desarrollo de la EA estarían involucrados 

tanto el efecto tóxico directo de estos agregados como la disminución del transporte 

axonal asociada a los bajos niveles de τ en forma fisiológica52. 

Existen a priori dos aproximaciones farmacológicas posibles para reducir la 

formación de los ovillos intraneuronales: inhibir la agregación de τ fosforilada o, 

aceptando la premisa de que la hiperfosforilación es la causa de la agregación, emplear 

inhibidores de kinasas para prevenir dicho proceso.  

1.7.3 	
  Desequilibrio	
   de	
   la	
   neurotransmisión	
   mediada	
   por	
   aminas	
  

biógenas	
  y	
  estrés	
  oxidativo	
  

Aunque la depleción colinérgica se encuentra en la base de la pérdida de 

capacidades cognitivas del enfermo de EA, otras vías de neurotransmisión como la 

serotoninérgica y la noradrenérgica también se ven severamente afectadas y contribuyen 

a la sintomatología de la enfermedad53,54. De forma análoga a como los inhibidores de 

AChE incrementan la neurotransmisión colinérgica, la inhibición de Monoamino 

Oxidasa (MAO; E.C. 1.4.3.4), contribuye a restablecer los niveles de neurotransmisión 

monoaminérgica.  
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MAO es una flavoenzima mitocondrial que cataliza la desaminación oxidativa 

de aminas biógenas. El sitio de unión es un canal que conecta la superficie de la 

proteína con el anillo de isoxazolina del cofactor Flavín Adenín Dinucleótido (FAD) y 

en el que pueden diferenciarse dos cavidades (Figura 1.9). La región próxima a la 

superficie de la proteína, o región de entrada, es hidrofóbica, con un volumen de 290 Å3 

y cuya entrada queda parcialmente ocluida por el loop 99-11255. El sitio catalítico se 

encuentra más allá de la región de entrada y consiste en una cavidad más amplia (de 

aproximadamente 400 Å3), altamente hidrofóbica y en la que el sustrato se encuentra 

con el cofactor. Entre la cavidad de entrada y la cavidad catalítica se sitúan los residuos 

del bottleneck, que juegan un papel clave en la selectividad de sustrato por las isoformas 

A y B.  

 
Figura 1.9. Estructura de MAO con detalle de las principales diferencias entre los sitios de unión de 

MAO A y MAO B. Las diferencias en la región de bottleneck juegan un papel clave en la selectividad de 

sustrato. 
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La existencia de isoformas con diferente selectividad de sustrato es un hecho 

extremadamente relevante en el desarrollo de inhibidores de MAO. Concretamente, 

MAO A preferentemente metaboliza serotonina, adrenalina y noradrenalina, en tanto 

que los sustratos preferentes de MAO B son benzilamina y ß-feniletilamina56. Los 

inhibidores irreversibles no selectivos de MAO (iMAO), como ipronazid, fueron 

empleados ampliamente como antidepresivos a partir de la segunda mitad del siglo XX. 

A pesar de su eficacia en la restauración de la neurotransmisión monoaminérgica, los 

iMAO fueron cayendo en desuso debido principalmente a un efecto adverso de alta 

incidencia conocido como “enfermedad del queso”, que se daba en pacientes en 

tratamiento con iMAO que consumían queso y otros alimentos fermentados ricos en la 

amina simpaticomimética tiramina. En homeostasis, esta amina es metabolizada por la 

MAO intestinal (correspondiente a la isoforma A en un 80%) en especies inocuas, pero 

en el paciente tratado con un inhibidor irreversible y no selectivo de MAO, la tiramina 

accede al torrente sanguíneo causando un incremento de la liberación de noradrenalina 

que puede dar lugar a crisis hipertensivas muy severas57.  

A principios del siglo XXI, el interés por los inhibidores de MAO volvió a 

crecer por el papel que podrían jugar en controlar el establecimiento y progresión de 

enfermedades neurodegenerativas como la enfermedad de Parkinson o la EA. Así, 

además de mejorar la transmisión monoaminérgica, podrían ayudar a paliar el cuadro 

depresivo que muchas veces acompaña a estas enfermedades58. Por otra parte, el uso de 

iMAOs se asocia con una disminución de la formación de peróxido de hidrógeno y 

aldehídos, compuestos derivados de la actividad enzimática de MAO, que promueven la 

formación de especies reactivas de oxígeno (Reactive Oxigen Species, ROS). Estas 

especies, como el anión superóxido (O2
−), tienen una reactividad extrema y son 

susceptibles de causar daños en la célula en situación de estrés oxidativo59.  
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Existen tres características neuronales60 que apoyan un papel determinante del 

estrés oxidativo en el establecimiento y progresión de la EA: 

I) El bajo contenido neuronal de glutatión. 

II) El alto contenido en ácidos grasos poliinsaturados de la membrana 

neuronal. 

III) La alta demanda de oxígeno por parte del metabolismo cerebral. 

A pesar de su potencial, la severidad de las reacciones adversas anteriormente 

descritas descartaba la inclusión de iMAOs clásicos en la terapia de enfermedades 

neurodegenerativas, dado que su uso requería desarrollar inhibidores selectivos MAO B 

o inhibidores MAO A reversibles que ejercieran su efecto exclusivamente en el sistema 

nervioso central (SNC)57.  

1.8 	
  Multipotencia:	
  Fármacos	
  inhibidores	
  de	
  múltiples	
  dianas	
  

La complejidad de la EA pone en evidencia las limitaciones de la aproximación 

clásica del diseño de fármacos, consistente en optimizar la interacción de moléculas 

bioactivas para su interacción con una sola diana. Esta estrategia es cuestionable en el 

caso de enfermedades de etiología multifactorial como la EA, pero también en el caso 

del cáncer, las enfermedades cardiovasculares o la diabetes tipo II entre otras.  

Una alternativa ha consistido en el empleo simultáneo de diversas 

especialidades, lo que es conocido como cóctel de fármacos. Con un claro impacto en la 

esperanza de vida de los pacientes (por ejemplo, enfermos de SIDA), esta aproximación 

presenta diversos inconvenientes, sobretodo en cuanto a posibles efectos adversos (dado 

que los diferentes perfiles de ADMET pueden superponerse y potenciar los efectos 

adversos) y del cumplimiento terapéutico. En este último caso, es posible desarrollar 
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especialidades farmacéuticas que contengan más de un principio activo, siempre y 

cuando sea viable según la tecnología farmacéutica.  

Asimismo, varios autores61–64 han propuesto que el tratamiento de enfermedades 

multifactoriales precisa un cambio de paradigma desde el clásico “una molécula, una 

diana terapéutica” hacia uno nuevo: “una molécula, múltiples dianas, una enfermedad”. 

Potencialmente, el desarrollo de un compuesto multipotente o multidiana (MTDL, de 

sus siglas en inglés) presenta múltiples ventajas, pues permitiría obtener los beneficios 

de las terapias combinadas manteniendo perfiles ADMET más sencillos y sin los 

inconvenientes de las mezclas galénicas. También presenta ventajas económicas, dado 

que sólo requeriría la realización de un único conjunto de estudios de fase preclínica y 

clínica, mientras que para una combinación de fármacos es necesario estudios separados 

de cada molécula y, en ocasiones, de la mezcla. No obstante, el diseño de un compuesto 

multidiana presenta tres grandes desafíos. Así, es necesario conseguir un balance 

adecuado de afinidades hacia las dianas involucradas. Además, la estrategia de 

hibridación molecular empleada para desarrollar estos fármacos, que consiste en la 

combinación de farmacóforos contra las potenciales dianas en una molécula, puede 

llevar a compuestos fuera del espacio definido por las reglas de Lipinsky65, lo que se 

asocia con perfiles de ADMET problemáticos. Por último, al tratarse de moléculas 

promiscuas, es posible su interacción con otras dianas terapéuticas más allá del espectro 

deseado, lo que podría originar efectos adversos. 

1.8.1 Ejemplos	
  de	
  compuestos	
  multipotentes	
  de	
  interés	
  terapéutico	
  en	
  

enfermedades	
  neurodegenerativas	
  

A pesar de que su desarrollo es previo al trabajo de Inestrosa, donepezilo puede 

considerarse un ejemplo de fármaco multipotente. De acuerdo con la información 
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cristalográfica, este inhibidor ocupa toda la garganta catalítica de AChE e interacciona 

simultáneamente con el residuo Trp86 en el CAS y el residuo Trp286 en el PAS, lo que 

se traduce en una sobresaliente actividad inhibitoria (IC50 = 6.7 nM)66. 

Simultáneamente, la interacción con el PAS le confiere un efecto antiagregante de ßA 

moderado. 

Siguiendo la línea de donepezilo y los descubrimientos de Inestrosa, existen 

diversos ejemplos en la literatura de inhibidores de la AChE de sitio de unión dual que 

han sido descritos como inhibidores de la agregación de ßA. Así, cabe citar como 

ejemplos dímeros de tacrina67, derivados de donepezilo y cumarina68 y de tacrina e 

indol69 o bien híbridos, como tacrina-huprina70 y tacrina-propidio71, entre otros.  

 
Figura 1.10 Inhibidores duales de la AChE con actividad sobre la agregación de péptido βA. bis(7)-

tacrina (6)67, AP2238 (7)68 e híbridos clorotacrina-indol (8)69 , clorotacrina-propidio (9)71 y tacrina-

huprina (10)70. 

Además de los inhibidores duales de AChE, compuestos multipotentes que 

combinan diversos mecanismos de acción han demostrado que pueden ser de potencial 

interés en el tratamiento de la EA y de otras enfermedades neurodegenerativas. Cabe 

destacar dos ejemplos especialmente relevantes. En primer lugar ladostigil72, que fue 

desarrollado como un inhibidor mixto ChE-MAO. Si bien este compuesto no superó los 
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ensayos clínicos de fase II como tratamiento de la EA, en la actualidad se investiga 

como neuroprotector en ensayos de fase III por su capacidad de reducir el estrés 

oxidativo en las células de microglia73. En segundo lugar, cabe destacar memoquina, un 

compuesto surgido de una colaboración teórico-experimental en el ámbito académico74, 

concebido como fármaco anti-EA. Su sobresaliente perfil farmacológico combina una 

excelente actividad inhibitoria de AChE (IC50 = 1.5 nM), una gran capacidad de 

inhibición de la agregación de βA tanto espontánea (IC50 = 6 µM) como inducida por 

AChE (28 µM), así como una elevada actividad inhibitoria de BACE-1 (IC50 = 108 nM) 

y un importante efecto antioxidante64. 

 
Figura 1.11 Inhibidores multipotentes diseñados como anti-EA. Memoquina (11) presenta un perfil 

farmacológico sobresaliente que combina actividad neuroprotectora y antioxidante con gran afinidad por 

AChE y BACE-1. Ladostigil (12) combina propiedades neuroprotectoras derivadas de la inhibición de 

MAO B con la mejora de la neurotransmisión colinérgica derivada de la inhibición de AChE.  
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El coste de reorganización conformacional asociado a la interacción de un 

ligando con su diana, así como la complementariedad de las propiedades fisicoquímicas 

del ligando y de los residuos presentes en el centro de reconocimiento de la diana, son 

factores clave en la afinidad entre ligando y receptor. La modelización de estos 

fenómenos plantea el reto científico de describir con exactitud y de forma cuantitativa 

los determinantes moleculares que subyacen en dichas propiedades. 

Con el objetivo de contribuir al estudio de estas cuestiones, que son cruciales en 

diseño de fármacos, esta tesis plantea dos líneas de investigación. Por un lado, desde un 

punto de vista metodológico, la tesis persigue la expansión y validación del Método 

Multinivel propuesto por el grupo de investigación como una herramienta para la 

exploración conformacional de pequeñas moléculas y la determinación del coste 

asociado a la adquisición de la conformación bioactiva. Por otra parte, en el marco de 

colaboraciones teórico-experimentales en diseño racional de fármacos, la tesis plantea el 

uso de técnicas contrastadas de modelización molecular y diseño basado en estructura 

para el desarrollo de moléculas multipotentes, diseñadas siguiendo el paradigma de 

“una molécula, múltiples dianas”, de potencial interés terapéutico en el tratamiento de 

la Enfermedad de Alzheimer.  

2.1 Extensión	
  de	
  la	
  estrategia	
  Multinivel	
  

En la vertiente metodológica, los objetivos específicos del presente trabajo son: 

1) la adaptación del método Multinivel para que sea posible emplear campos de 

fuerza clásicos en la exploración de bajo nivel, y 
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2) la evaluación del método para la predicción conformacional de moléculas 

cargadas, teniendo presente el reto computacional que plantea la descripción entre 

interacciones intramoleculares y la contribución debida a la solvatación. 

2.2 Modelización	
   de	
   compuestos	
   multipotentes	
   de	
   interés	
  

terapéutico	
  en	
  la	
  enfermedad	
  de	
  Alzheimer	
  

En la línea de aplicación, se combinaron diversas técnicas de modelización 

molecular aplicadas al diseño de fármacos y se definieron las relaciones estructura-

actividad para dos familias de fármacos multipotentes, de acuerdo con los objetivos 

siguientes: 

2.2.1 Inhibidores	
   multipotentes	
   ChE-­‐MAO:	
   Híbridos	
   donepezilo-­‐

PFN9601	
  

La modelización de inhibidores multipotentes frente a acetilcolinesterasa, 

butirilcolinesterasa y monoamino oxidasas A y B, prestando especial énfasis en la 

elucidación de los determinantes moleculares que influyen en el perfil farmacológico de 

los compuestos. 

2.2.2 Explorando	
   la	
   inhibición	
   selectiva	
   en	
   MAO:	
   Dicarbonitrilo	
  

aminoheterociclos	
  

La identificación de residuos relacionados con la selectividad de sustrato entre 

isoformas de MAO, de cara a la exploración de motivos estructurales alternativos 

susceptibles de mejorar el perfil farmacológico de dichos inhibidores multipotentes. 
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2.2.3 Híbridos	
   huprina-­‐rheína:	
   Hacia	
   un	
   fármaco	
   con	
   capacidad	
  

modificadora	
  de	
  la	
  progresión	
  de	
  la	
  enfermedad	
  de	
  Alzheimer.	
  

La modelización de inhibidores híbridos huprina-rheína y la identificación del 

modo de unión en BACE-1, una actividad no prevista inicialmente en el diseño de 

dichos compuestos.  
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ABSTRACT: Predicting the conformational preferences of flexible compounds is a
challenging problem in drug design, where the recognition between ligand and receptor is
affected by the ability of the interacting partners to adopt a favorable conformation for the
binding. To explore the conformational space of flexible ligands and to obtain the relative
free energy of the conformation wells, we have recently reported a multilevel
computational strategy that relies on the predominant-state approximation−where the
conformational space is partitioned into distinct conformational wells−and combines a
low-level method for sampling the conformational minima and high-level ab initio
calculations for estimating their relative stability. In this study, we assess the performance
of the multilevel strategy for predicting the conformational preferences of a series of
structurally related phenylethylamines and streptomycin in aqueous solution. The charged nature of these compounds and the
chemical complexity of streptomycin make them a challenging test for the multilevel approach. Furthermore, we explore the
suitability of using a molecular mechanics approach as a source of approximate ensembles in the first stage of the multilevel
strategy. The results support the reliability of the multilevel approach for obtaining an accurate conformational ensemble of small
(bio)organic molecules in aqueous solution.

■ INTRODUCTION

The chemical complementarity between the functional groups
present in the ligand and the residues that delineate the binding
site is an essential requirement for enhancing the binding
affinity in ligand−receptor complexes.1−5 Achieving such
complementarity often requires the occurrence of conforma-
tional changes in both ligand and receptor.6−11 The structural
changes in the receptor may involve a range of conformational
alterations of different amplitude and extent, varying from
rearrangements affecting either the side chains or the backbone
of residues in the binding cavity to large-scale shifts in
secondary structural elements or even domains. With regard to
the ligand, those conformational changes are related to the
selection of the “bioactive” conformation, that is, the
conformation adopted in the bound state, from the set of
conformational families populated in aqueous solution. The
conformational changes triggered upon ligand binding
contribute to the binding free energy, which can be expressed
as the addition of the free-energy contribution due to the
recognition between ligand and receptor in the bound state and
the reversible work associated with the selection of the

bioactive conformation (in both ligand and receptor) from
the equilibrium ensemble in solution.
Finding the bioactive conformation of a flexible ligand is a

challenging question in drug design, as the outcome of virtual
screenings of compound libraries for hit identification depends
on the ability to generate conformers that mimic the ligand in
the bound state.12−21 Because the bioactive conformation of the
ligand may differ from the global minimum of the free ligand in
the physiological environment, one has to evaluate the
energetic cost required for adopting the bioactive conformation.
Nevertheless, the uncertainties in the free-energy penalty
associated with selecting the bioactive species may lead to a
significant error in the predicted activity of the compound.22−25

To address these issues, we have recently reported a
multilevel strategy conceived as an efficient methodology for
the conformational search of drug-like compounds in solution
and for estimating the relative stability of the most populated
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conformations.26 This approach relies on the predominant-
states approximation adopted by Gilson and coworkers.27,28 In
this framework, one can assume that the conformational space
can be partitioned intoM local energy wells and that the sum of
the configurational integral within each well equals the full
configurational integral. Hence, the free energy (A) of a flexible
molecule can be approximated from the free-energy contribu-
tions (Am) of a finite number of M conformational wells (eq 1).
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where vm is the volume of configurational space for the energy
well m and Nm denotes the number of conformational states for
the conformational well m.
For a given well, the conformational free energy can be

expressed as noted in eq 3, which separates the contribution of
the minimum energy conformer from the rest of conformers
that populate the conformational family.
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where Em_min is the energy of the minimum energy conformer
in well m, ΔEk is the relative energy of conformer k relative to
the minimum energy conformer (ΔEk = Ek − Em_min), and Am

local

stands for the local curvature of the well (eq 4).
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By adopting the preceding expression, the relative free-energy
difference between two conformational wells i and j (ΔAi,j) can
then be rewritten as noted in eq 5, where the first term in the
right-hand side denotes the relative energy between the
minimum energy conformations in wells i and j (eq 6), and
the second term stands for the free-energy contribution due to
the distribution of conformational states in those wells (eq 7).
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If a uniform sampling of the conformational volume associated
with wells i and j is performed, then the last term in eq 5
cancels. In this case, the accuracy in predicting the relative
stability between two conformational families is mainly
determined by the energy difference between the minimum
energy structures of the conformational wells (eq 6) and the
relative contribution due to the curvature around these minima

(eq 7). To satisfy these requirements, the multilevel strategy
combines a low-level (LL) method to explore the conforma-
tional landscape of a flexible compound and a high-level (HL)
method to refine the relative stability of the structures
corresponding to the minima of the conformational wells (eq
8). This approach is thus reminiscent of previous composite
formalisms proposed for the study of complex chemical
systems.29,30

Δ = Δ + Δ_ _A E A(HL) (LL)i j i j i j, min, min ,
local

(8)

In our previous work,26 the Metropolis Monte Carlo (MC)
technique was used in conjunction with the semiempirical RM1
Hamiltonian31 as LL sampling method due to a two-fold
reason. First, this choice avoids the need to carry out the
explicit parametrization of any (bio)organic ligand, as the RM1
method was developed using data of 1736 compounds relevant
in organic and biochemical areas, thus avoiding the substantial
effort and intrinsic limitations assumed in the force-field
parametrization of drug-like compounds. Second, solvent
effects can be accounted for consistently due to the
implementation of the MST continuum in the RM1 frame-
work.32 Following Riley et al.,33 the HL refinement of the
structures chosen as minimum energy conformers was
performed by means of single-point calculations at the MP2/
aug-cc-pVDZ level using the molecular geometries optimized at
the B3LYP/6-31G(d) level34 with inclusion of solvent effects
with the B3LYP-parametrized version of the IEF-MST
continuum model.35,36

We pursue the analysis of our multilevel approach by
examining two open issues. First, while the original calibration
of the multilevel strategy was focused on a variety of neutral
molecules, the performance of the method to unravel the
conformational landscape of charged, highly flexible ligands has
to be examined. Second, because the main limitation of the
preceding implementation was the computational cost
associated with the LL semiempirical sampling, classical force
fields might be a suitable alternative to carry out the LL
sampling. To this end, we report here the results obtained for
the conformational preferences of two classes of compounds,
which encompass a series of structurally related 2-phenylethyl-
amines, which is the scaffold found in catecholamines, and
streptomycin, which is an aminoglycoside antibiotic chosen for
its high chemical complexity. The conformational preferences
are examined in light of the available experimental data (see
below), which will allow us to test the accuracy of the multilevel
strategy.

■ METHODS
Low-Level Conformational Sampling. To perform the

LL conformational search, we ran a series of classical molecular
dynamics (MD) simulations using the CUDA-accelerated
version of the PMEMD module as implemented in
AMBER1237 software package. The necessary parametrization
of molecules was made taking advantage of the AnteChamber
tool. Briefly, the series of phenylethylamines were parametrized
using the gaf f force field,38 while the parm99bsc-ILDN39,40

force field was used to assign atom types to streptomycin. For
all compounds the atomic point charges were determined using
the RESP41 procedure by fitting the HF/6-31G(d) electrostatic
potential calculated with Gaussian 09.42

Each ligand was immersed in an octahedral box of TIP3P43

water molecules, and the Xleap module was used to add the
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proper number of Cl− counterions44 to neutralize the overall
charge of the simulated system. Prior to the production runs,
the energy of each system was minimized, and then the system
was equilibrated by rising the temperature from 50 to 298 K in
200 ps at constant volume. Finally, the density of the system
was equilibrated in a subsequent 200 ps run using the NPT
(298 K, 1 bar) ensemble. For production runs SHAKE45 was
used for bonds involving hydrogen atoms, concomitantly with
an integration time step of 1 fs, periodic boundary conditions at
constant volume and temperature, Particle Mesh Ewald46 for
the treatment of long-range electrostatic interactions, and a
cutoff of 11 Å for nonbonded interactions.
For the sake of comparison, besides the classical force field,

the LL sampling was also performed using the Metropolis MC
technique in conjunction with an effective energy for the ligand
in aqueous solution, which was determined by adding the
energy of the ligand determined with the RM1 Hamiltonian
and the hydration free energy estimated with the IEF-MST/
RM1 method, following the strategy reported in our previous
work.26

Mining Conformational Wells. To determine the extent
of a conformational well, we projected the results from the MC
IEF-MST/RM1 simulations onto a regularly discretized n-
dimensional grid (n being the number of active torsions) so
that each conformation (characterized by a set of active
torsions) is assigned to a given element of the grid. When two
or more structures are assigned to the same grid element, then
only the structure with the lowest effective energy is retained as
a representative conformation for the corresponding set of
conformational variables. This procedure then yields a
uniformly distributed sampling of the conformers in the n-
dimensional grid, which results in the cancellation of the last
term in eq 4. Then, the lowest energy structure in the grid is
identified and used as a starting point to determine the
extension of the conformational well. When a higher energy
structure is found in the neighboring grid element, it is assigned
to the same conformational well of the minimum energy
conformer. When the search leads to a grid element where the
energy of the representative structure is lower compared with
the energy of the preceding grid element, then the search is
stopped. Alternatively, the search is ceased when it leads to a
grid element that contains no representative structure. This
procedure allows us to define the outermost grid elements of
the conformational well. The whole process is then repeated by
searching for the lowest energy conformation upon exclusion of
the conformational space already assigned to the previously
found energy minima.
The application of this procedure to the conformational

distribution obtained from the LL classical MD sampling would
require, for each conformation of the ligand projected onto the
n-dimensional grid, to combine the internal energy of the ligand
and the solvation free energy arising from the surrounding
solvent molecules, which would increase the complexity and
computational time of the postprocessing analysis. To generate
the uniformly distributed sampling, we projected the con-
formers collected along the MD trajectory onto the n-
dimensional grid, and for each grid element the centroid of
the projected structures was chosen as the representative
conformation. Furthermore, the effective (free) energy of the
representative conformer associated with each grid point of a
given conformational well was obtained from the conformer
population in the MD trajectory (eq 9).

Δ = −A RT
p

p
lnk

k

ref (9)

where pk denotes the population of sampled structures that
correspond to the torsional grid element k and pref stands for
the population of grid point containing the largest number of
structures sampled along the MD trajectory.

High-Level Refinement. The HL protocol was taken from
the implementation calibrated in the previous study.26 In
essence, the geometry of the representative structure chosen as
the minimum energy conformer for each conformational well
was first optimized using the IEF-MST//B3LYP/6-31G(d)
continuum model, and the minimum energy nature of the
stationary point was verified by analysis of the vibrational
frequencies. Then, the energy of the optimized structure was
refined by a single-point calculation at the MP2/aug-cc-pVDZ
level. The final estimate of the relative free-energy conforma-
tional families i and j is then determined as
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where the terms on the right-hand side stand for the relative
energy of the conformational minima determined at the MP2/
aug-cc-pVDZ (ΔEi_min,j_min

MP2 ) level, the difference in the zero-
point energy correction calculated at the IEF-MST/B3LYP/6-
31G(d) level (Δ(ZPE)i_min,j_minIEF−MST/B3LYP), the relative hydration free
e n e r g y d e r i v e d f r om IEF -MST compu t a t i o n s
(ΔΔAhyd

IEF−MST/B3LYP), and the difference in the local free energy
contribution of wells i and j determined from the LL sampling
(ΔAi,j

local(LL); eq 7).

■ RESULTS
Phenylethylamines. Catecholamines are known to play an

important role in neurotransmission and endocrinal signaling.
The basic structural motif is an arylethylamine unit, which is
also found in compounds of therapeutic interest (i.e.,
ephedrine) or drugs of abuse (i.e., amphetamine). The
relatively simple structure of these molecules has been the
focus of several conformational analyses due to their relevance
to gain insight into the biological activity of this class of
compounds and the interaction with their biological targets.
Thus, a significant number of NMR-based studies have
examined the conformational preferences of these compounds
in aqueous solution, paying attention to the effect of
substituents on the balance between trans and gauche
conformations.47−57

With the aim to assess the performance of the multilevel
approach for predicting the conformational preferences of
catecholamines and the suitability of the LL classical sampling,
we have examined a series of six compounds (Figure 1), which
include phenylethylamine (PEA), amphetamine (AMP),
adrenaline (AD), noradrenaline (NA), ephedrine (EPH), and
norephedrine (NE).
The conformational landscape of these compounds is

primarily dictated by the relative abundance of the gauche
and trans rotamers around the Cα−Cβ bond, which, in turn,
depends on the balance between the intramolecular contacts
that can be formed by the distinct functional groups and the
intermolecular interactions formed with the hydrating water
molecules in aqueous solution. In particular, such solvation
terms are expected to be important because the amine group
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will be protonated at physiological pH, thus leading to
enhanced interactions with water molecules. Hence, they
represent an appropriate set for calibrating the suitability of
the multilevel strategy in predicting the conformational
distribution of these compounds.
Low-Level Sampling. The LL classical sampling was

performed by running a 100 ns MD of the hydrated compound,
with structures saved every picosecond. Additionally, an MC
IEF-MST/RM1 sampling (4 × 105 configurations) was
performed for each compound, allowing us to compare the
results obtained with the two sampling approaches. It is worth
noting that the length of the classical simulations was found to
be adequate for achieving a converged distribution of the
conformational families in water.
The coverage of the conformers obtained from LL samplings

was generally larger than 97% for the MD(gaff) simulations and
94% for the MC(IEF-MST/RM1) calculations. Only for AMP
and NE was the coverage of the MC(IEF-MST/RM1)
sampling found to be slightly lower (∼90%).
Although the LL MD and MC samplings led to similar

conformers, there were notable differences regarding the

relative abundance of the conformational families (Table 1).
Thus, whereas the RM1 sampling showed a clear tendency to
overestimate the population of the trans conformations, the
classical sampling led to a more balanced distribution between
gauche and trans conformers. In fact, the conformational
distribution obtained for PEA, AMP, AD, and NA from the
classical MD sampling is in close agreement with the
experimental values, as the population of the trans conformer
ranges from 39% for AMP to 69% for AD, which compare with
the available experimental values (from 50 to 77%,
respectively). In contrast, the LL RM1 sampling predicts a
population of the trans conformer higher than 70% in all cases.
Moreover, whereas the population of the gauche(−) conformer
is in the range 13−17% for EPH and NE, thus reflecting the
experimental data (10−21%), the RM1 sampling leads to a
much higher population (53 and 81% for EPH and NE,
respectively).

High-Level Refinement. As a first step, the geometry of the
representative minimum energy conformer chosen for each
conformational well was optimized at the IEF-MST//B3LYP/
6-31G(d) level. The QM optimization did not lead to drastic
changes in the torsional angles of the conformers, which
resembled the starting structures taken from the LL sampling.
(Typically the RMSD between starting and optimized geo-
metries was <0.4 Å.)
Introduction of the HL correction in the framework of the

multilevel strategy yields a distribution of conformational
families almost independent of the LL sampling method, as
noted in the values shown in Table 2. The largest difference
between the conformational preferences obtained from the two
LL samplings is found for AMP, where the population of the
trans conformer is predicted to be 75 and 55% according to the
HL calculations performed for the conformational structures
taken from the LL MC(IEF-MST/RM1) and MD(gaff)
samplings, respectively. This represents a significant decrease
in divergence relative to the populations obtained at the LL
sampling (87 and 39% at the MC(IEF-MST/RM1) and
MD(gaff) levels, respectively; see Table 1). The population
of the trans conformer of AMP obtained after HL refinement is
closer to the experimental value (50%; see Table 2).
The multilevel results exhibit a close agreement with the

experimental data, leading to a quantitative prediction of the
distribution of conformers. This is shown in Figure 2, which
displays the population of the trans conformer determined
experimentally and from the multilevel calculations. (Note that
for EPH and NE, the representation includes the population of
both trans and gauche(+) conformers, as they could not be
determined separately in the experimental studies.) The largest
discrepancy between predicted and experimental populations of

Figure 1. Representation of the major rotameric species arising from
the conformational flexibility around the Cα−Cβ bond in the series of
cathecolamines: phenylethylamine (PEA), amphetamine (AMP),
adrenaline (AD), noradrenaline (NA), norephedrine (NE), and
ephedrine (EPH).

Table 1. Relative Population (%) of Conformational Species Obtained from the LL Sampling (obtained from either MC and
MD sampling simulations; see text) for the Series of Phenylethylamines

MC (IEF-MST/RM1) MD (gaff) experimentala

compound g (−) trans g (+) g (−) trans g (+) g (−) trans g (+)

PEA 2 90 2 22 56 22 22 56 22
AMP 0 87 4 5 39 53 5 50 45
AD 5 80 12 15 69 13 6 77 17
NA 1 71 24 27 62 11 10 76 14
EPH 53 40 2 13 61 22 10 90
NE 81 4 2 17 53 30 21 79

aData taken from refs 48 and 52.
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the trans conformer amounts to 25% for AMP (i.e., a
discrepancy in free energy <0.3 kcal/mol) when the MC-
(IEF_MST/RM1) sampling is considered and to 24% for PEA
when the LL MD(gaff) sampling is used in the multilevel
framework. This agreement is very encouraging, especially
when one realizes the subtle differences between gauche and
trans conformers associated with the different patterns of
chemical substitutions present in the series of phenylethyl-
amines Noteworthy, this trend is of particular relevance for
EPH and NE, as the multilevel strategy is capable of reverting
the preference for the gauche(−) conformer found at the LL
semiempirical sampling.
Streptomycin. This aminoglycoside represents a more

challenging test for the multilevel strategy due to its high
structural complexity, as streptomycin comprises three rings
and three positively charged groups at physiological pH.
Streptomycin can be decomposed into three units: the
streptidine moiety (S1 subunit), which is linked to a central
α-L-streptose core (R2 subunit), which, in turn, is bound to an
N-methyl-α-L-glucosamine (G3 subunit) residue (Figure 3).
Protruding from this core, up to five flexible side chains may
influence the conformational preferences at physiological pH:
the streptidine moiety bears two guanidinium groups and the
glucosamine moiety contains a charged N-methyl-amine group.
In aqueous solution, the aldehyde group in R2 subunit is
hydrated, forming a germinal diol.
The conformational flexibility of streptomycin is primarily

dictated by two pairs of endocyclic dihedral angles, which
describe the relative arrangement between streptidine and
streptose subunits (ϕ12/ψ12) and between this latter unit and
the glucosamine moiety (ϕ23/ψ23). To the best of our
knowledge, two experimental works have examined the
conformational preferences of streptomycin in aqueous
solution.58,59 Using a combination of NMR experiments and

computational studies, Corzana et al.58 reported that the three
rings of streptomycin are primarily found in two conforma-
tional arrangements. The first family has a relative population of
50−60% and is characterized by dihedral angles ϕ12/ψ12 = 270/
190° and ϕ23/ψ23 = 265/60°. The second family (40−45%) is
defined by dihedral angles ϕ12/ψ12 = 295/265° and ϕ23/ψ23 =
290/165°. The authors highlighted that the two pairs of
endocyclic bonds change in a concerted way. This conforma-
tional distribution has been challenged by the recent work
reported by Blundell et al.,59 as their NMR data led to two
conformations that differ only in the pair of torsional angles
ϕ23/ψ23. Thus, the major conformation (∼62%) is charac-
terized by dihedral angles ϕ12/ψ12 = 285/225° and ϕ23/ψ23 =
257/103°, and the minor one (∼38%) is defined by torsional
angles ϕ12/ψ12 = 285/225° and ϕ23/ψ23 = 279/173°. Taking
into account the fact that the values of ϕ12 and ψ12 reported by
Blundell et al.59 lie within the range of torsional angles
determined by Corzana et al.58 and that the librational
amplitudes are 16 and 22° for ϕ12 and ψ12, respectively, it is
clear that the conformational preferences of streptomycin
primarily depend on the relative arrangement of the R2 and G3
subunits.

Low-Level Sampling. The LL sampling of streptomycin was
performed by means of four independent 250 ns MD
simulations. In the first simulation, the starting structure was
generated from the data reported by Blundell et al.59 for the
major conformational species. Then, the snapshot sampled at
100 ns was used as the starting structure for the second 250 ns
simulation (with reassignment of velocities), and this procedure
was subsequently repeated for the third and forth runs.
The analysis of the classical sampling shows that the dihedral

angle ϕ12 has a bimodal distribution, as it adopts values around
200 and 290°, whereas the angle ψ12 is primarily centered in the

Table 2. Relative Population (%) of Conformational Species Obtained from the Multilevel (HL Refinement) Strategy for the
Series of Phenylethylamines

MC (IEF-MST/RM1) MD (gaff) experimentala

compound g (−) trans g (+) g (−) trans g (+) g (−) trans g (+)

PEA 20 54 26 33 33 34 22 56 22
AMP 2 75 23 6 55 38 5 50 45
AD 3 96 1 3 95 2 6 77 17
NA 3 91 6 12 80 7 10 76 14
EPH 1 92 7 1 92 7 10 90
NE 2 64 34 2 76 22 21 79

aData taken from refs 48 and 52.

Figure 2. Representation of the population of the trans conformer
determined experimentally (yellow) and from the multilevel strategy
after HL refinement of the LL MC(IEF-MST/RM1) and MD (gaff)
samplings (red and blue, respectively). For EPH and NE, the
representation includes both trans and gauche(+) conformers.

Figure 3. Representation of streptomycin and numbering of the
dihedral angles used in this work (ϕ12: O-1-O-4′; ψ12: 1-O-4′-3′; ϕ23:
O-1″-O-2; ψ23: 1″-O-2−1). The torsional angles of selected functional
groups are also shown (χ1: 6′-1′−N-C; χ2: 2′-3′−N-C; χ3: 4″-5″−C-
O). The streptidine, streptose, and N-methyl-α-L-glucosamine subunits
are denoted as S1, R2, and G3, respectively.
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range 200−250°, although a minor population around 90° is
also found (Figure 4). The dihedral angle ϕ23 is close to 295°,
while a bimodal distribution is also found for ψ23 (with values
around 90 and 160°), in agreement with the experimental data.

Up to five major conformational families (i.e., with a
population equal or larger than 5%), which account for
∼89% of the structures sampled in the MD simulations, are
found in the LL sampling (Table 3). The population of the
major conformational state (I in Table 3) is 41% and is
characterized by representative dihedral angles ϕ12/ψ12 = 190/
200° and ϕ23/ψ23 = 295/170°, thus differing from the relative
orientation found experimentally for the streptidine and

streptose subunits (see above). Compared with conformation
I, a conformational state characterized by similar dihedral ϕ12/
ψ12/ϕ23 angles but differing in ψ23 is found with a minor
population (5%; IV in Table 3). The conformational family
more similar to the experimentally predominant state (II in
Table 3) is found to account for ∼20% of the sampled
conformers. Finally, the experimentally minor conformational
state is reflected in conformation III, which has a population of
18%. Overall, even though the two conformational states
derived from NMR data are found in the LL sampling, they do
not correspond to the predominant state, which would be
conformation I, nor do they reflect the different population
found experimentally between major and minor conformations.

High-Level Refinement. The use of the multilevel approach
leads to a relatively simple conformational landscape, which is
characterized by two conformations (Table 4). The major

conformer is characterized by representative dihedral angles
ϕ12/ψ12 = 277/212° and ϕ23/ψ23 = 272/95°, accounting for a
population of 85%, in agreement with the experimental
data.58,59 This conformation contains two subfamilies, which
differ in the orientation of the guanidinium group bound at
position 1′ (see Figure 3), which is found in two orientations
characterized by dihedral torsions (χ1) of either 95 or 140°.
This trend agrees with the experimental data, as this group has
a bimodal distribution with mean angles of 78 and 162°.59 The
guanidinium group bound at position 3′ adopts a single
conformation with a torsional angle (χ2) of 98°, which reflects
the unimodal behavior (χ2 = 128°) found in NMR analysis.59

Such behavior is dictated by the formation of hydrogen-bond
interactions between the guanidinium unit and the oxygen
atoms of the glucosamine ring and the hydroxyl group attached
to position 5″. Nevertheless, whereas the orientation of this
group is predicted to have an average angle (χ3) of 175°, the
experimental data reflects a mean angle close to 300°.
The multilevel approach also suggests the existence of a

minor conformation (14%) characterized by dihedral angles
ϕ12/ψ12 = 191/209° and ϕ23/ψ23 = 272/149° (Table 4 and
Figure 5). Compared with the major conformation (I in Table
4), it reflects a distinct arrangement of streptidine and streptose
units that breaks the intramolecular hydrogen bond of the
guanidinium unit, which becomes more exposed to the aqueous
solvent. This conformational family, however, is not reflected in
the NMR-derived conformational preferences of the free
streptomycin in solution. This discrepancy can be attributed
to the difficulties in reproducing the delicate balance between
the internal energy of conformers and the hydration
contribution, highlighting the difficulty of continuum solvation
models to provide an accurate description of the solvation
contribution in highly charged molecules. In turn, this makes it
necessary to search for further refinements in the description of
solvent effects, such as the inclusion of a reduced set of discrete
water molecules. This can be easily achieved by means of QM/
MM techniques, as illustrated for instance in the study of the

Figure 4. Heatmap representation of the torsional angles found for
streptomycin in the LL MD simulations.

Table 3. Representative Dihedral Angles for the Five Major
Conformational Families Obtained from the LL MD
Simulations of Streptomycin in Aqueous Solutiona

conformer ϕ12 ψ12 ϕ23 ψ23 %

I 190 200 295 170 41
II 280 220 275 85 20

285 225 257 103 ∼62
III 290 250 290 150 18

285 225 279 173 ∼38
IV 205 215 290 105 5
V 300 90 285 120 5

aDihedral angles of the major and minor conformation found from
NMR data by Blundell et al.,59 and their population is indicated in
italics.

Table 4. Representative Dihedral Angles for the Two Main
Conformational Families Obtained from the Multilevel
Analysis for Streptomycin in Aqueous Solution

conformer ϕ12 ψ12 ϕ23 ψ23 χ1 χ2 χ3 %

I 277 212 272 95 95 98 175 47
140 96 177 38

II 191 209 272 149 140 135 178 14
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reactive properties of volatile organic compounds at the air/
water interface.60 Future studies will address these issues, which
can be of particular relevance in the refinement of the
molecular geometries during the transition from the LL
sampled structures to the HL ones.
As a final remark, it is worth noting that present results

support the suitability of MD simulations as LL sampling
method in the framework of the multilevel strategy. In our
previous study, the LL sampling was performed using a Monte
Carlo search in conjunction with the effective energy derived
from the IEF-MST version of the RM1 Hamiltonian.26 This
alleviates the need to carry out a careful parametrization of the
ligand, which would demand an intense effort if the
conformational analysis has to be performed for a series of
chemically diverse small-molecule ligands. Nevertheless,
because the multilevel results obtained from both MC(IEF-
MST/RM1) and MD(gaff) samplings are very consistent, the
availability of generalized force fields for (bio)organic
compounds appears promising for exploring the LL sampling
of drug-like compounds with classical simulations. Further-
more, this permits to take into account the structural effects
played by the hydrating water molecules, an effect that is not
properly accounted for in continuum solvation models. Finally,
from a computational point of view, the MD simulations carried
out for ephedrine and streptomycine (calculated using an
M2090 NVIDIA GPU) are very similar despite the significant
increase in ligand size. In contrast, the cost of the MC(IEF-
MST/RM1) approach (run in a 64-bit Intel Xeon X7542
processor) for ephedrine is estimated to be around three times
larger compared with the classical approach. Hence, it can be
deduced that the expensiveness of the MC(IEF-MST/RM1)
sampling would have been much larger for streptomycin, thus
making this latter approach less efficient for larger (bio)organic
compounds.

■ CONCLUSIONS
In this work, we have provided evidence that supports the
reliability of the multilevel strategy as a tool for exploring the
conformational landscape of molecules in solution, keeping a
reasonable balance between chemical accuracy and computa-
tional expensiveness. In particular, the results obtained for the
series of phenylethylamines point out that the conformational

preferences of these compounds are independent of the LL
conformational sampling methodology. Accordingly, the multi-
level strategy can benefit from the use of both classical force
fields and semiempirical methods to perform the LL sampling.
We also have proven that this strategy is capable of finding the
major conformation of streptomycin in aqueous solution,
leading to a representative conformer that agrees well with the
available NMR data.
Despite this encouraging finding, the results also point out

that caution is needed for the application of the multilevel
approach to molecules with multiple charged sites due to the
need of maintaining a very accurate description of intra-
molecular interactions and solvation effects. In our view, further
methodological improvements, including the explicit descrip-
tion of solvent molecules at the HL step, may contribute to
enhance the predictive power of the technique. Furthermore,
the extension of these studies to (bio)organic molecules with
complex chemical scaffolds is also necessary to calibrate the
suitability of computational methods for achieving an accurate
description of the conformer distribution in small biomolecules
and drug-like compounds.

■ AUTHOR INFORMATION
Corresponding Author
*Tel: +34 93 402 45 57. E-mail: fjluque@ub.edu.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Spanish MINECO (SAF2011-
27642, SAF2012-33481, BIO2012-32868) and the Generalitat
de Catalunya (2014SGR1189 and 2014SGR134). J.J.-J. is a
fellow from the Fondo de Investigaciones Sanitarias, Ministerio
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3.2 Extensión	
  de	
  la	
  metodología	
  Multinivel	
  	
  

La implementación original de la MLS se utilizó para la exploración 

conformacional del dicloroetano y de la histamina neutra, tanto en vacío como en medio 

acuoso, así como para estimar el coste energético ligado a la adopción de la 

conformación bioactiva de un conjunto de inhibidores de la retro-transcriptasa del 

VIH22. Si bien los resultados fueron alentadores, dejaban en el aire dos cuestiones clave. 

En primer lugar, las moléculas ensayadas eran neutras y era necesario evaluar la 

efectividad de la MLS en el caso de moléculas flexibles con carga. En segundo lugar, 

aunque el uso del hamiltoniano RM127 permitía eludir la parametrización de 

compuestos, conllevaba una gran carga computacional que incrementaba notablemente 

el coste global de la estrategia.  

Para dar respuesta a esta cuestiones, en la presente tesis se llevó a cabo la 

extensión del método MLS en dos etapas. Primero, se compararon las preferencias 

conformacionales obtenidas para un grupo de catecolaminas cuando el muestro 

conformacional LL se realizaba empleando el hamiltoniano RM1 o el campo de fuerzas 

clásico gaff75. Segundo, se exploró el espacio conformacional del antibiótico 

aminoglucósido estreptomicina empleando el campo de fuerzas parm99-nmr-ildn76,77 

durante el muestro LL y se evaluó el comportamiento del método comparando los 

resultados con los datos de RMN disponibles en la literatura78,79.    

3.2.1 Ajuste	
   de	
   la	
   expresión	
   Multinivel	
   al	
   uso	
   de	
   campos	
   de	
   fuerza	
  

clásicos	
  

En el caso de una simulación de dinámica molecular en solvente explícito, 

obtener la energía efectiva de una determinada conformación requeriría separar la 
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contribución de la energía interna del ligando de la contribución de la energía libre de 

solvatación. Si bien sería posible realizar un post-procesado de las trayectorias, ello 

resultaría complejo e incrementaría el coste computacional del método. Por ello, 

alternativamente se planteó el uso de una energía libre efectiva basada en la abundancia 

relativa de cada estructura representada en la cuadrícula n-dimensional obtenida 

directamente de la trayectoria de dinámica molecular (ec. 3.1) 

∆𝐴! = −𝑅𝑇 ln !!
!!,!"#

 3.1 

donde 𝑃!  corresponde a la población de estructuras en un punto k de la 

cuadrícula y 𝑃!,!"# a la población del punto más poblado del pozo conformacional. 

3.2.2 Aplicación	
  a	
  moléculas	
  cargadas:	
  Ariletilaminas	
  

El motivo estructural ariletilamina y derivados como la  ariletanolamina o la 

arilpropanolamina son parte integral de muchos compuestos de interés terapéutico y/o 

biológico. Así, neurotransmisores como la dopamina o la noradrenalina son ejemplos de 

catecolaminas con un papel en la neurotransmisión, pero también encontramos fármacos 

como el antihistamínico efedrina o compuestos psicoactivos como la anfetamina que 

pueden adscribirse a estas familias estructurales. Debido a la diversidad de funciones 

asociadas a esta estructura, durante décadas ha habido gran interés en describir las 

preferencias conformacionales de cara a comprender su efecto en la actividad 

biológica80–90.  

Para calibrar la exactitud de la metodología en el caso de moléculas cargadas y 

la influencia del nivel de teoría escogido para el muestreo LL (el hamiltoniano RM1 o el 

campo de fuerza gaff), aplicamos la estrategia Multinivel a un conjunto de 6 

compuestos tipo ariletilaminas (Figura 4.3) formado por feniletilamina, anfetamina,  
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adrenalina, noradrenalina, efedrina y norefedrina (PEA, AMP, AD, NA, EPH y NE). 

Con el fin de comparar los resultados con estudios de RMN disponibles en la literatura, 

el panorama conformacional se describió en función de la orientación del enlace central 

Cα-Cβ agrupando las conformaciones en los tres rotámeros clásicos, gauche(-), trans y 

gauche(+). Cabe hacer notar que las poblaciones conformacionales dependerán no sólo 

de los contactos intramoleculares, sino que, debido al carácter básico del grupo amina, 

que se encontrará protonado a pH fisiológico, dependerá notablemente de las 

interacciones con el solvente. Si estos efectos se describiesen con exactitud, sería 

posible conocer el conjunto de conformaciones accesibles para una molécula a una 

determinada temperatura, ya que sólo estarán pobladas significativamente ( > 3%) 

aquellas conformaciones cuya diferencia de energía libre respecto al mínimo global sea 

inferior o similar a 4KBT (2.4 kcal/mol a 298K). 

 
Figura 3.1 Rotámeros clásicos sobre un enlace sencillo y estructuras estudiadas empleando la 

metodología Multinivel. Las moléculas comparten la unidad estructural ariletilamina y su conformación 

en agua difiere en función de los sustituyentes sobre la cadena alifática. 
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Los resultados del muestreo a bajo nivel revelaron notables discrepancias según 

el método empleado (Tabla 3.1). Así, mientras la simulación de Monte Carlo con RM1 

mostraba una tendencia a sobrestimar la población del confórmero trans en el caso de 

PEA, AMP, AD y NA, la exploración empleando el campo de fuerzas clásico daba 

lugar a una representación de confórmeros más equilibrada, concordante con los 

resultados experimentales. Como ejemplo, cabe mencionar que la conformación trans 

determinada experimentalmente para PEA, AMP, AD y NA oscila entre 50 y 77%, en 

tanto que los valores obtenidos por dinámica molecular con el campo de fuerza gaff 

varían entre 39 y 69%. Asimismo, el muestreo con el hamiltoniano semiempírico 

mostró una sobrestimación de la población del confórmero gauche(-) en el caso de NE y 

EPH, que contrastaba tanto con la predicción obtenida mediante el campo de fuerzas 

como con los resultados experimentales. 

 MC (IEF-MST/RM1) MD (gaff) Experimental 

 g (-) trans g (+) g (-) trans g (+) g (-) trans g (+) 

PEA 2 90 2 22 56 22 22 56 22 

AMP 0 87 4 5 39 53 5 50 45 

AD 5 80 12 15 69 13 6 77 17 

NA 1 71 24 27 62 11 10 76 14 

EPH 53 40 2 13 61 22 10 90 

NE 81 4 2 17 53 30 21 79 

Tabla 3.1 Población relativa (%) de las especies conformacionales obtenida del muestreo LL. La 

exploración empleando el campo de fuerzas clásico (MD) es coherente con los resultados 

experimentales80,85 y contrasta con los resultados obtenidos empleando el método semiempírico. 

Al aplicar las correcciones HL al muestreo anterior, sin embargo, se obtiene una 

predicción de las preferencias conformacionales muy similar, independientemente del 

método de muestreo empleado y en consonancia con los resultados experimentales 
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(Tabla 3.2). De hecho, puede considerarse que empleando la metodología multinivel es 

posible obtener una predicción cuantitativa de las preferencias conformacionales del 

conjunto estudiado de ariletilaminas, ya que las mayores discrepancias (de 

aproximadamente un 25%) corresponden a diferencias de energía libre inferiores a 0.3 

kcal/mol.  

 MC (IEF-MST/RM1) MD (gaff) Experimental 

 g (-) trans g (+) g (-) trans g (+) g (-) trans g (+) 

PEA 20 54 26 33 33 34 22 56 22 

AMP 2 75 23 6 55 38 5 50 45 

AD 3 96 1 3 95 2 6 77 17 

NA 3 91 6 12 80 7 10 76 14 

EPH 1 92 7 1 92 7 10 90 

NE 2 64 34 2 76 22 21 79 

Tabla 3.2 Población relativa (%) de las especies conformacionales obtenida tras la aplicación de la 

Metodología Multinivel. El refinado HL permite obtener una predicción similar independiente del 

método de muestreo inicial y coherente con los resultados experimentales80,85. 

En conclusión, los resultados revelan que la metodología multinivel no varía al 

emplear un campo de fuerzas clásico para llevar a cabo el muestreo de bajo nivel. Por 

ello, la disponibilidad de campos de fuerza generales, como gaff, permitiría obviar el 

tedioso proceso de parametrización de ligandos y llevar a cabo la exploración LL 

mediante dinámica molecular, permitiendo así tener en cuenta el efecto de las 

interacciones directas con el solvente, como la formación de puentes de hidrógeno, 

sobre la flexibilidad conformacional. 
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3.2.3 	
  Aplicación	
  a	
  moléculas	
  cargadas:	
  Estreptomicina	
  

En base a los resultados precedentes, se usó la misma estrategia clásica en el 

caso de una molécula mucho más compleja: el antibiótico aminoglucósido 

estreptomicina, cuya estructura incluye tres anillos, cinco cadenas laterales flexibles y 

tres cargas positivas.  

Desde el punto de vista estructural, la estreptomicina se puede descomponer en 

tres subunidades correspondientes a tres motivos estructurales cíclicos (Figure 3.2): el 

anillo de estreptidina (subunidad S1), el anillo central de α-L-estreptosa (subunidad R2) 

y el anillo de N-metil-α-L-glucosamina (subunidad G3). A este esqueleto central se 

encuentran unidos cinco grupos flexibles (dos grupos guanidil, un grupo N-metilamina, 

un grupo hidroximetil y un grupo diol geminal proveniente de la hidratación del 

aldehído en la subunidad R2). De ellos, sólo los grupos guanidil y el grupo hydroxi-

metil parecen tener un papel determinante en la conformación de la molécula79. 

 
Figura 3.2 Estructuras 2D (izquierda) y 3D (derecha) de estreptomicina. Se destacan los ángulos diedro 

que dictan la conformación en agua.  

La disposición relativa de los tres anillos determina la conformación que adopta 

la molécula en medio acuoso, que según los trabajos de Corzana et. al.78 y de Blundell 
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et. al.79, depende de las torsiones φ12/ψ12 para describir la orientación relativa entre las 

subunidades S1 y R2, y φ23/ψ23 para las subunidades R2 y G3. Los resultados de RMN 

indican que las subunidades S1 y R2 se orientan principalmente en una conformación 

con valores φ12/ψ12 = 282º(±13º) / 227º(±38º), mientras que las subunidades R2 y G3 se 

hallan en dos conformaciones: la mayoritaria (con una abundancia de alrededor del 

60%) quedaría definida por unos valores de diedro φ23/ψ23 = 261º(±4º) / 81º(±22º), en 

tanto que en la minoritaria serían φ23/ψ23 = 284º(±5º) / 169º(±4º). 

El muestreo a bajo nivel se llevo a cabo mediante 4 simulaciones de 250 ns 

empleando coordenadas y velocidades iniciales diferentes, obteniéndose un total de 106 

conformaciones. Al agrupar estas conformaciones por el valor de sus ángulos diedros 

endocíclicos, se obtuvieron 5 familias conformacionales de abundancia relativa superior 

al 5% ( Tabla 3.3). 

 
Familia 

Conformacional φ12 ψ12 φ23 ψ23 % 

I 190 200 295 170 41 
II 280 220 275 85 20 
III 290 250 290 150 18 
IV 205 215 290 105 5 
V 300 90 285 120 5 

Tabla 3.3 Valores de ángulos diedro endocíclicos y población relativa (%) de las familias 

conformacionales obtenida del muestreo LL. Sólo se consideraron representativas aquellas familias 

con poblaciones superiores al 5%.  

El análisis del muestreo a bajo nivel reveló que, aunque las familias 

conformacionales descritas experimentalmente eran capturadas a este nivel de teoría, su 

abundancia relativa quedaba lejos de los valores experimentales. Concretamente, las 

familias II y III (las más similares a las familias experimentales mayoritaria y 

minoritaria respectivamente) quedan lejos de las abundancias descritas por RMN, en 
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tanto que la familia I que sería mayoritaria según la simulación de dinámica molecular, 

no es descrita en ninguno de los trabajos experimentales previos.  

En contraste con los resultados anteriores, la re-evaluación de las familias 

conformacionales en el marco de la estrategia Multinivel permitió obtener un panorama 

conformacional más simple y cercano a los resultados experimentales. De acuerdo con 

esta metodología, existiría un confórmero mayoritario (con una abundancia del 85%) 

caracterizado por los diedros φ12/ψ12 = 277º / 212º y  φ23/ψ23 = 272º / 95º, valores 

cercanos a los descritos experimentalmente para la conformación más abundante. De 

hecho, al comparar esta estructura con la orientación de los diedros descrita por 

Blundell et. al. (Figura 3.3 A y B) puede comprobarse el alto grado de similitud entre 

ellas. De esta forma, se demostró que la reevaluación de los mínimos a alto nivel 

permitía corregir deficiencias en el muestreo a bajo nivel y proporcionaba una mejor 

descripción del panorama conformacional de la molécula.  

 
Figura 3.3 Conformaciones representativas de estreptomicina en solución acuosa. Las 

conformaciones mayoritarias halladas por resonancia magnética (A)79 y mediante la metodología 

multinivel (B) son coincidentes. La estructura minoritaria (C) se caracteriza por una mayor exposición a 

solvente de los grupos polares. 
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Es importante destacar, sin embargo, que además de la familia mayoritaria, la 

metodología predijo una segunda familia (abundancia del 15%) caracterizada por una 

orientación diferente  de las subunidades S1 y R2 (φ12/ψ12 = 191º / 209º) que conllevaba 

una gran exposición a solvente de los grupos guanidil, especialmente del descrito por el 

ángulo diedro χ3 y una disposición eclipsada de las subunidades S1 y G3, tal y como 

puede apreciarse en la figura 3.3 C. Esta familia no había sido reflejada por los estudios 

de RMN y su presencia en el análisis final debería atribuirse a la dificultad de describir 

de forma ponderada el balance entre la energía interna de los confórmeros y la 

contribución de hidratación, que es especialmente relevante en esta molécula debido a la 

presencia de tres cargas positivas.  

Considerados globalmente, los resultados permitieron identificar el confórmero 

más estable en solución de un fármaco de estructura compleja pero, simultáneamente, 

resaltaron los puntos de la técnica que son susceptibles de ser mejorados en próximas 

implementaciones del método. En particular, en futuros estudios se considerará la 

posible inclusión de aguas discretas con objeto de obtener una mejor representación 

entre efectos intra e intermoleculares en el balance conformacional. 
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ABSTRACT: A new family of multitarget molecules able to interact with
acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE), as well as
with monoamino oxidase (MAO) A and B, has been synthesized. Novel
compounds (3−9) have been designed using a conjunctive approach that
combines the benzylpiperidine moiety of the AChE inhibitor donepezil (1)
and the indolyl propargylamino moiety of the MAO inhibitor N-[(5-
benzyloxy-1-methyl-1H-indol-2-yl)methyl]-N-methylprop-2-yn-1-amine
(2), connected through an oligomethylene linker. The most promising
hybrid (5) is a potent inhibitor of both MAO-A (IC50 = 5.2 ± 1.1 nM) and
MAO-B (IC50 = 43 ± 8.0 nM) and is a moderately potent inhibitor of
AChE (IC50 = 0.35 ± 0.01 μM) and BuChE (IC50 = 0.46 ± 0.06 μM).
Moreover, molecular modeling and kinetic studies support the dual binding
site to AChE, which explains the inhibitory effect exerted on Aβ
aggregation. Overall, the results suggest that the new compounds are promising multitarget drug candidates with potential
impact for Alzheimer’s disease therapy.

■ INTRODUCTION
Alzheimer’s disease (AD), the most common form of adult
onset dementia, is an age-related neurodegenerative disorder
characterized by a progressive memory loss, a decline in
language skills, and other cognitive impairments.1 Although the
etiology of AD is not completely known, several factors such as
amyloid-β (Aβ)2 deposits, τ-protein aggregation,3 oxidative
stress,4,5 and low levels of acetylcholine (ACh) are thought to
play significant roles in the pathophysiology of the disease.6

The selective loss of cholinergic neurons in AD results in a
deficit of ACh in specific brain regions that mediate learning
and memory functions.7 However, alterations in other neuro-
transmitter systems, especially serotoninergic and dopaminer-
gic,8,9 are also thought to be responsible for the behavioral
disturbances observed in patients with AD.10 This evidence has
led to the suggestion that inhibitors of monoamine oxidase
(IMAOs) might be also valuable for the treatment of AD.11,12

Thus, monoamine oxidase (MAO, EC 1.4.3.4), the enzyme that
catalyzes the oxidative deamination of a variety of biogenic and
xenobiotic amines,13 is also an important target to be
considered for the treatment of specific features of this
multifactorial disease. MAO exists as two distinct enzymatic
isoforms, MAO-A and MAO-B, based on their substrate and
inhibitor specificities.14 MAO-A preferentially deaminates
serotonin, adrenaline, and noradrenaline and is selectively and
irreversibly inhibited by clorgyline. In contrast, MAO-B
preferentially deaminates β-phenylethylamine and benzylamine
and is irreversibly inhibited by R-(−)-deprenyl.15 Selective
inhibitors for MAO-A have been shown to be effective
antidepressants, whereas MAO-B inhibitors, although appa-
rently devoid of antidepressant action, are useful in the
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treatment of Parkinson’s disease.16 Besides the increased amine
neurotransmission, the beneficial properties of IMAOs are also
related to the reduction of the formation of the neurotoxic
products, such as hydrogen peroxide and aldehydes, which
promote the formation of reactive oxygen species (ROS) and
may ultimately contribute to increased neuronal damage.17,18

Moreover, AD patients commonly present depressive symp-
toms that have even been considered as a risk factor for the
development of the disease.19 Increased MAO-B levels due to
enhanced astrogliosis in the brain of AD patients have also been
reported.11 Overall, these observations suggest that dual
inhibition of MAO-A and MAO-B, rather than MAO-B alone,
may be of value for AD therapy.
At present, there are three FDA-approved drugs (donepezil,

galanthamine, and rivastigmine)20−22 that improve AD
symptoms by inhibiting acetylcholinesterase (AChE, EC
1.1.1.7), i.e., the enzyme responsible for the hydrolysis of
ACh, and thereby raising ACh content in the synaptic cleft.
Apart from the beneficial palliative properties of AChE
inhibitors in AD,23−25 cholinergic drugs have shown little
efficacy to prevent the progression of the disease. In fact, the
multifactorial nature of AD supports the most current
innovative therapeutic approach based on the “one molecule,
multiple targets” paradigm.26,27 Thus, a single drug that acts on
a specific target to produce the desired clinical effects might not
be suitable for the complex nature of AD. Accordingly, the
multitarget-directed ligand (MTDL) approach has been the
subject of increasing attention by many research groups, which
have developed a variety of compounds acting on very diverse
targets.28−33 A very successful approach came from the
combination of the carbamate moiety of rivastigmine with the
indolamine moiety present in rasagiline, a well-known MAO-B
inhibitor, leading to the compound ladostigil.34 Besides
inhibiting MAO and AChE, it possesses neuroprotective and
antiapoptotic activities,35 which have been attributed to the
propargylamine group present in the molecule, thus retaining
the beneficial properties observed for rasagiline.36 The potential
therapeutic effect of this compound, which has reached clinical
trials,37 is also supported by recent findings showing the ability
of propargylamine-containing compounds to modulate cleavage
of β-amyloid protein precursor.38 Hybrid compounds targeting
cholinesterases and amyloid plaques,39 as well as site-activated
chelators targeting MAO and AChE, have also been recently
attempted.40−43

In the development of IMAOs for the treatment of
neurodegenerative diseases, our group initially extensively
investigated the effect of the introduction of a benzyloxy
group in a series of acetylenic and allenic derivatives of
tryptamine, which were previously reported to be selective for
MAO-A.44 We observed that the introduction of this moiety
changed the selectivity toward the B isoform of the enzyme and
that it was significantly decreased when a hydrogen atom was
attached to the nitrogen atom of the indole ring and/or the side
chain was substituted by a CH3 group.45,46 On the basis of
these previous works, we have designed a novel family of hybrid
compounds of type I to act as potential inhibitors of both MAO
and AChE (Figure 1). The novel hybrids have been conceived
by a conjuctive approach that combines donepezil (1) and N-
[(5-benzyloxy-1-methyl-1H-indol-2-yl)methyl]-N-methylprop-
2-yn-1-amine (2), which is one of the most interesting IMAOs
previously investigated in our laboratory.46 The underlying
strategy is to retain the 1-benzylpiperidine fragment present in
donepezil (1), which binds to the catalytic and mid-gorge sites

of AChE, with the 1-methyl-1H-indol-2-yl)methyl]-N-methyl-
prop-2-yn-1-amine moiety shown in compound 2 (Figure 1),
which should occupy the substrate binding site in MAO.
With this conjunctive approach, the novel hybrids are

expected to behave as dual binding site AChE inhibitors,
since the 1-methyl-1H-indol-2-yl)methyl]-N-methylprop-2-yn-
1-amine moiety could presumably interact at the peripheral
anionic site (PAS) of AChE. The possibility of targeting both
catalytic active site (CAS) and PAS of AChE will largely
depend on the length of the linker, a crucial structural feature to
facilitate the binding of both 1-benzylpiperidine and [(1-
methyl-1H-indol-2-yl)methyl]-N-methylprop-2-yn-1-amine
moieties to CAS and PAS, respectively, in AChE. This
particular mode of action should result in a significant AChE
inhibitory potency, of interest for the management of the
symptomathology of AD arising from the cholinergic deficit,
but more interestingly, it could also recognize the peripheral
site, which appears to mediate the Aβ proagreggating action of
AChE.47−50 On the other hand, the correct alignment of the 1-
benzylpiperidine and 1-methyl-1H-indol-2-yl)methyl]-N-meth-
ylprop-2-yn-1-amine moieties in MAO will also depend on the
tether, as the length and chemical nature of the linker should
also affect the accommodation of the hybrid through the
residues that define the bottleneck between the entrance and
substrate cavities in MAO.
In this work we describe the synthesis, pharmacological

evaluation, and molecular modeling of representative molecules
of this new family of compounds (I, Figure 1). The
pharmacological evaluation of these novel compounds includes
AChE and butyrylcholinesterase (BuChE) inhibition, the
inhibition of MAO-A and MAO-B, the kinetics of enzyme
inhibition, and the AChE-dependent and self-induced Aβ
aggregation. Finally, molecular modeling studies are performed

Figure 1. Schematic representation of the conjunctive approach
designed to synthesize the novel IMAO/IAChE hybrids.
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to gain insight into the binding mode and structure−activity
relationships of the novel hybrid compounds.

■ RESULTS AND DISCUSSION
Chemistry. To explore the suitability of the conjunctive

strategy outline above, compounds 3−9 (Figure 2) were

synthesized, differing in the length of the tether and the
location and/or the number of nitrogens in the tethered-benzyl
substituted cyclohexane ring linked to the indolyl moiety.
The 1-benzyl 4-substituted piperidine derivatives 3−6 were

synthesized by sodium hydride/DMF promoted reaction of
compounds 10−13 and 1-methyl-2-{[ethyl(prop-2-yn-1-yl)-
amino]ethyl}-1H-indol-5-ol 1451 (Scheme 1).

1-Benzyl-4-(chloromethyl)piperidine 10 and 1-benzyl-4-
(chloroethyl)piperidine 11 were synthesized following the
methods reported in the literature.52 1-Benzyl-4-(3-
chloropropyl)piperidine 12 was prepared as shown in Scheme
2, starting from commercial 4-pyridinecarboxaldehyde 15, via
the known intermediate 16,53 whose hydrogenation,54 under
Pd/C and PtO2, in the presence of hydrochloric acid and
workup with methanol afforded methyl ester 17.55 Next, N-
benzylation to give 1-benzylpiperidine 18, reduction with
lithium aluminum hydride (LAH) to provide alcohol 19,56 and
treatment with thionyl chloride furnished the chloride
derivative 12 in quantitative yield.
1-Benzyl-4-(4-chlorobutyl)piperidine 13 was prepared as

shown in Scheme 3. Treatment of commercial 1-benzyl-4-

piperidone 20 with triethyl 4-phosphonocrotonate in the
presence of sodium hydride in dry ethanol afforded compound
21 in 78% yield, whose catalytic hydrogenation over Pd/C in
ethanol at room temperature gave ester 22 in 99% yield.57

Next, reaction of 22 with benzyl bromide to give ester 23
followed by reduction with LAH gave the desired alcohol 24,
which was then treated with thionyl chloride to give the chloro
derivative 13 in almost quantitative yield.57

Compounds 7−9 (Figure 2) were synthesized as shown in
Schemes 4 and 5. Reaction of indole 14 with 1,2-dibromo-
ethane gave 25, which after treatment with 4-benzylpiperidine
afforded 7 (Scheme 4).51 Similarly, the reaction of indole 14
with 1,3-dibromopropane gave intermediate 26, whose reaction
with 4-benzylpiperidine or 1-benzylpiperazine afforded 8 and 9,
respectively (Scheme 5).51

All new compounds showed analytical and spectroscopic data
in good agreement with their structures (see Experimental
Part).

Figure 2. General structure for the target molecules 3−9.

Scheme 1a

aReagents and conditions: (a) NaH, DMF, room temp.

Scheme 2a

aReagents and conditions: (a) (EtO)2P(O)CH2CO2Et, THF, K2CO3,
reflux (92%); (b) (i) H2, Pd/C 10%, PtO2, 4 N HCI in dioxane,
EtOH, room temp; (ii) MeOH (90%); (c) BnBr, TEA, CH2CI2
(75%); (d) LiAIH4, THF, reflux (98%); (e) SOCI2, CH2CI2, reflux
(99%).

Scheme 3a

aReagents and conditions: (a) (EtO)2P(O)CH2CHCHCO2Et,
EtOH, NaH, reflux (78%); (b) H2, Pd/C 10%, EtOH, room temp
(99%); (c) BnBr, TEA, CH2CI2 (70%); (d) LiAIH4, THF, reflux
(99%); (e) SOCI2, CH2CI2, reflux (99%).

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm200853t | J. Med. Chem. 2011, 54, 8251−82708253



AChE and BuChE Inhibition. To study the multipotent
profile of the hybrid compounds, they were first evaluated as
inhibitors of AChE and BuChE. The AChE inhibitory activity
was tested against the Electrophorus electricus enzyme (Ee-
AChE), and the inhibition of BuChE was carried out using the
equine serum enzyme (eqBuChE). The inhibitory activities of
the hybrids were compared with those determined for the
parent compounds, donepezil (1) and N-[(5-benzyloxy-1-
methyl-1H-indol-2-yl)methyl]-N-methylprop-2-yn-1-amine
(2).46

Biological Evaluation. The 1-benzylpiperidin-4-yl deriva-
tives 3−6 were found to be moderately potent regarding the
inhibition of EeAChE. IC50 values were similar in all cases
(ranging from 0.26 to 0.42 μM, Table 1). Moreover, they
exhibit similar potencies against eqBuChE, as IC50 values range
from 0.46 to 2.1 μM, leading to a very slight selectivity for
AChE (the ratio IC50(eqBuChE)/IC50(EeAChE) varies from
1.3 to 5.0). Accordingly, the length of the linker does not seem
to be a crucial factor for the inhibitory potency against AChE
and BuChE. The most potent compounds are 5 and 6, which
are characterized by IC50 values of 0.35 and 0.26 μM against
AChE and IC50 values of 0.46 and 0.99 μM against BuChE.
Compared with donepezil (1), they are, respectively, 52- and
39-fold less potent for the inhibition of AChE but 16- and 7-
fold more potent regarding the BuChE inhibition.
Compared to derivatives 3−6, reversion of the piperidine

ring in 7 and 8 has a dramatic effect on the inhibitory potency

in EeAChE. A drastic reduction in activity is also found upon
replacement of the piperidine by a piperazine unit (leading to
compound 9). Thus, compounds 7 and 9 are completely
inactive against EeAChE, whereas the inhibitory activity of 8 is
decreased 52-fold. Nevertheless, these chemical modifications
have less effect on the eqBuChE potency, as compounds 7−9
are roughly equipotent (7) or slightly less potent (8 and 9)
compared to 3−6.
Overall, the results point out the relevant role played by the

1-benzylpiperidin-4-yl unit on the AChE inhibitory activity,
suggesting that this moiety is the main factor in mediating the
binding to AChE. On the other hand, it is worth noting that
compounds 3−6 are active for the BuChE inhibition. This is
particularly important in view of the renewed interest in dual
AChE/BuChE cholinergic inhibitors as therapeutic agents for
AD, as they have been described to improve cognition.58 More
specifically, compound 5 is presented as a dual ChE inhibitor
by having both AChE and BuChE inhibition in the same
submicromolar level. For this reason and because of its
pharmacological properties, we evaluated its inhibitory activity
against human recombinant AChE (hrAChE), the cerebral
enzyme expressed in the HEK-293 cell line, and human serum
BuChE (hBuChE). Thus, compound 5 inhibited hrAChE with
an IC50 of 0.38 ± 0.05 μM (tacrine, used as a standard,
inhibited hrAChE with an IC50 of 122 ± 2 nM) and hBuChE
with an IC50 of 1.7 ± 0.2 μM (tacrine inhibited hBuChE with
an IC50 of 36 ± 4 nM).

Kinetic Studies. To gain further insight into the mechanism
of action of this family of compounds on AChE, a kinetic study
was carried out with the most promising compound of the
series, 5, using EeAChE. Graphical analysis of the reciprocal
Lineweaver−Burk plots (Figure 3) showed both increased
slopes (decreased Vmax) and intercepts (higher Km) at
increasing concentration of the inhibitor. This pattern indicates
a mixed-type inhibition and therefore supports the dual site
binding of this compound. Replots of the slope versus
concentration of compound 5 gave an estimate of the inhibition
constant, Ki, of 149 nM.
MAO Inhibition. To complete the study of the multipotent

biological profile of the hybrid compounds, the inhibitory
activity against MAO-A and MAO-B (from rat liver
mitochondria) was determined and compared with the
inhibition exerted by the parent compounds donepezil (1)

Scheme 4a

aReagents and conditions: (a) Br(CH2)2Br, 2-butanone, K2CO3, 85
°C, 6 h (37%); (b) 4-benzylpiperidine, K2CO3) THF, 80 °C (77%).

Scheme 5a

aReagents and conditions: (a) Br(CH2)3Br, 2-butanone, K2CO3, 85
°C, 6 h (80%); (b) 4-benzylpiperidine, K2CO3, THF, 80 °C (64%);
(c) 1-benzylpiperazine, K2CO3, THF, 80 °C (85%).

Table 1. AChE and BuChE Inhibitory Activities of
Donepezil (1), the Reference Compound 2, and N-[(1-
Methyl-1H-indol-2-yl)methyl]-N-methylprop-2-yn-1-amines
3−9

IC50 (μM)a

compd EeAChE eqBuChE
selectivity

eqBuChE/EeAChE

1 (donepezil) 0.0067 ± 0.0004 7.4 ± 0.10 1100
2 >100 >100 >100
3 (n = 0) 0.31 ± 0.04 1.1 ± 0.20 3.5
4 (n = 1) 0.42 ± 0.04 2.1 ± 0.20 5.0
5 (n = 2) 0.35 ± 0.01 0.46 ± 0.06 1.3
6 (n = 3) 0.26 ± 0.07 0.99 ± 0.08 3.8
7 (n = 1) >100 0.80 ± 0.10 >100
8 (n = 2) 18.1 ± 0.40 2.2 ± 0.40 0.12
9 (n = 2) >100 7.6 ± 0.40 >100

aValues are expressed as the mean ± standard error of the mean of at
least three different experiments in quadruplicate.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm200853t | J. Med. Chem. 2011, 54, 8251−82708254



and N-[(5-benzyloxy-1-methyl-1H-indol-2-yl)methyl]-N-meth-
ylprop-2-yn-1-amine (2).

Biological Evaluation. The 1-benzylpiperidin-4-yl deriva-
tives 3−6 showed a potent MAO-A inhibition (Table 2), acting

in the nanomolar range (IC50 ranging from 82 ± 3.0 to 5.2 ±
1.1 nM). In contrast, they were less potent against MAO-B,
with the exception of 5, which was found to be the most potent
compound toward both isoforms (IC50 of 5.2 ± 1.1 and 43 ±
8.0 nM for MAO-A and MAO-B, respectively). The most
selective inhibitor was compound 6 (n = 3) toward MAO-A,
whereas 5 was much less selective. It is worth noting the large
sensitivity of the inhibitory potency on the length of the tether.
Thus, removal of a single methylene group in 6 to yield 5
increased the inhibitory potency against MAO-A and MAO-B
by a factor of 2 and 63, respectively. Likewise, further reduction
of the tether to just one methylene (from 5 to yield 4) did not
affect the MAO-A inhibitory potency but reduced the potency
against MAO-B by 3-fold.
Compounds 7 and 8, bearing a 4-benzylpiperidin-1-yl

residue, also inhibited MAO-A quite potently but showed less
potency toward MAO-B. Similarly, compound 9, containing a
4-benzylpiperazin-1-yl residue, also showed a good MAO-A

inhibitory potency but a lower activity toward MAO-B.
Interestingly, we found that compound 7 was 21-fold and 11-
fold less potent for MAO-A and MAO-B, respectively, than the
analogous inhibitor 4. Similarly, compounds 8 and 9 were
significantly less potent for both isoforms than the analogous
inhibitor 5 (12-fold and 6-fold for MAO-A and 256-fold and
38-fold for MAO-B, respectively). Altogether, these results
show that compounds bearing the donepezil 1-benzylpiperidin-
4-yl motif were the best MAO inhibitors and that, among them,
5 was the most potent inhibitor, even more than the reference
compound 2.

Kinetic Studies. To study the type of inhibition toward
MAO, we analyzed the reversibility/irreversibility of the
binding of compound 5, the most potent inhibitor of the
series. We observed that 5 irreversibly inhibited MAO-A, since
the inhibition was not reverted after three consecutive
centrifugations and washings with buffer (Figure 4A). This
hypothesis is also in agreement with the time-dependent
inhibition of MAO-A upon incubation with the inhibitor
(Figure 4B) and thus reflects the inhibition mechanism found
for the parent compound 2.46 Strikingly, whereas the inhibition
of MAO-B was also found to depend on the incubation time
(Figure 4D), a significant fraction (80.5 ± 3.3%) of the activity
was recovered by washing the enzyme three times after
incubation for 30 min (Figure 4C). These findings point out
that the addition of the benzylpiperidine unit to the reference
compound 2 in order to yield 5 does not affect the proper
alignment of the indolylpropargylamino moiety in the binding
cavity of MAO-A, thus leading to the complete inactivation of
the enzyme by chemical modification of the cofactor. However,
the present results suggest that docking of 5 into the binding
cavity of MAO-B is more impeded than in MAO-A, which
should prevent the proper alignment of the propargylamino
moiety, thus making less efficient the inactivation of the
enzyme.
To clarify the different behavior of 5 toward MAO-A and

MAO-B, we further investigated the progress curves of
substrate consumption for a longer period in the presence of
the inhibitor. As expected, the final rate became zero in both
cases, proving that the inhibition of 5 toward both MAO-A and
MAO-B occurs in an irreversible process. Nevertheless, the
time needed for the total inactivation of MAO-B was higher
than that needed for MAO-A (Figure 5), thus showing that
although irreversible, the inactivation of MAO-B by 5 is clearly
slower. These findings explain the different behavior found in
the reversibility studies, which were performed preincubating
the enzymes with 5 for 30 min. Figure 5 shows that at this time
the velocity of the reaction for MAO-A was clearly decreased
and thus substrate consumption was rapidly approaching zero.
In contrast, the velocity of the reaction for MAO-B shows a
little reduction at 30 min preincubation time, thus supporting
the suggestion that docking of 5 into the cavity of MAO-B is
more impeded than in MAO-A, resulting in a slower substrate
consumption and explaining the recovery of MAO-B activity in
the reversibility study.
The kinetic behavior of 5 toward MAO-B determined from

the initial rates showed that this compound behaves as a
noncompetitive inhibitor, as shown in the Lineweaver−Burk
plot (Figure 6A). Thus, the Vmax decreased as the amount of 5
was increased, whereas the KM value remained constant (Figure
6B). Determination of Michaelis constants gave a value of KM =
6.7 ± 0.3 μM and Vmax = 277.8 ± 6.1 pmol/min for MAO-B

Figure 3. Kinetic study on the mechanism of EeAChE inhibition by
compound 5. Overlaid Lineweaver−Burk reciprocal plots of AChE
initial velocity at increasing substrate concentration (0.1−1 mM) in
the absence of inhibitor and in the presence of 5 are shown. Lines were
derived from a weighted least-squares analysis of the data points.

Table 2. MAO-A and MAO-B Inhibitory Activities of
Donepezil (1), Reference Compound 2, and the N-[(1-
Methyl-1H-indol-2-yl)methyl]-N-methylprop-2-yn-1-amine
Derivatives (3−9)

IC50 (nM)a

compd MAO-A MAO-B
selectivity

MAO-B/MAO-A

1 (donepezil) 850000 ± 13000 15000 ± 2200 0.020
2 100 ± 7.0 63 ± 2.0 0.63
3 (n = 0) 82 ± 3.0 750 ± 20 9.1
4 (n = 1) 6.7 ± 1.8 130 ± 41 19
5 (n = 2) 5.2 ± 1.1 43 ± 8.0 8.3
6 (n = 3) 10 ± 4.0 2700 ± 110 260
7 (n = 1) 140 ± 44 1400 ± 500 10
8 (n = 2) 65 ± 17 11000 ± 2400 170
9 (n = 2) 31 ± 14 1600 ± 710 54

aValues are expressed as the mean ± standard error of the mean of at
least three different experiments in quadruplicate.
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substrate, β-phenylethylamine (PEA), and an estimated Ki of
11.0 ± 0.39 nM.
Molecular Modeling. The preceding studies point out

that 5 seems to be a promising multitarget inhibitor. However,
they also show distinctive trends in the pharmacological profile.
First, it is unclear why the inhibitory potency against AChE
(and BuChE) is slightly affected by the length of the tether,
whereas it has a large effect in the inhibition of both MAO-A

and MAO-B. Moreover, reversion of the piperidine unit in
compounds 5 and 8 notably affects the inhibition of both AChE
and MAO. Finally, 5 leads to an irreversible inhibition of MAO-
A, whereas inactivation of MAO-B is slower. To shed light onto
these questions, a series of docking and molecular dynamics
(MD) simulations were conducted to identify the binding
mode of 5 to AChE, BuChE, MAO-A, and MAO-B.

AChE Inhibition. The binding mode of 5 to AChE was
investigated by considering three structural models of the
enzyme, which were built up taking advantage of the X-ray
structure of donepezil bound to Torpedo californica AChE
(TcAChE, PDB entry 1EVE).59 These models retain the
structural details of the benzylpiperidine moiety bound to the
AChE gorge but differ in the orientation of Trp279 (numbering
in TcAChE), as the inspection of the available X-ray structures
for complexes of AChE with dual site binding inhibitors reveals
that Trp279 adopts three main conformations at the PAS.60,61

Thus, the side chain of Trp279 can be characterized by dihedral
angles χ1 (N−Cα−Cβ−Cγ) and χ2 (Cα−Cβ−Cγ−Cδ2) close to
(i) −60° and −80°, (ii) −120° and +50°, and (iii) −160° and
−120°. Representative structures of these orientations are PDB
entries 1EVE, 2CKM, and 1Q83, which correspond to the
AChE complexes with donepezil, bis(7)-tacrine,62 and syn-
TZ2PA6,63 respectively. In the following these models will be
denoted AChE(1EVE), AChE(2CKM) and AChE(1Q83).
The binding of 5 to the three AChE models was first

explored by docking calculations performed with rDock,64,65

which yielded reliable predictions for the binding mode of

Figure 4. Reversibility studies of MAO-A and MAO-B inhibition by compound 5. MAO-A (A) and MAO-B (C) were inhibited at 6 and 45 nM 5,
respectively, for 30 min. Then three consecutive washings were performed with buffer. MAO-B inhibition (C) was reverted (recovering 80.5 ± 3.3%
of enzyme activity), whereas the inhibition of MAO-A remained unaltered after washings (A). Time-dependence inhibition was studied at several
times of preincubation (0−30 min) of MAO with compound 5. Both MAO-A (B) and MAO-B (D) inhibition were found to be time-dependent.
Data are the mean ± SEM of four independent experiments in triplicate.

Figure 5. Progress curves of substrate consumption for MAO-A (5-
HT, 100 μM) and MAO-B (PEA, 20 μM) in the presence of 5 (10 nM
for MAO-A and 100 nM for MAO-B). MAO-A and MAO-B were
preincubated with the inhibitor for a long period (0−420 min), and
the catalytic activity was determined. The time needed for the total
inactivation of the enzyme was greater for MAO-B than for MAO-A.
Data are the mean ± SEM of three independent experiments in
triplicate.
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known dual site binding AChE inhibitors.60 Suitable restraints
were introduced to impose the benzylpiperidine moiety to
mimic the known binding mode of the same fragment of
donepezil in its complex with TcAChE.59 In turn, this permits
enhancement of the conformational sampling of the
indolylpropargylamino moiety at the PAS. Finally, the structural
integrity and energetic stability of the binding mode proposed
for each AChE−5 complex were examined from the snapshots
sampled in 20 ns MD simulations. For the sake of comparison,
an additional 20 ns MD simulation was run for the complex
between AChE and donepezil.
MD simulations yielded stable trajectories in the last 10 ns, as

noted by the time evolution of the potential energy and the
root-mean-square deviation (rmsd) of the protein backbone,
which ranged from 1.4 to 1.6 Å (a rmsd value of 1.3 Å was
obtained for the AChE−donepezil complex; see Figures S1 and
S2 in Supporting Information). The rmsd values of the residues
that delineate the binding site in catalytic, mid-gorge, and
peripheral sites (defined as those residues with at least one
atom placed at a distance less than 4 Å from the ligand) were
stable for AChE−donepezil (1.4 Å) and AChE(1EVE)−5 (1.6
Å) complexes, they being similar to the rmsd values determined
for the backbone. Larger rmsd values were found for the
binding site residues in AChE(2CKM) (2.0 Å) and AChE-
(1Q83) (1.7 Å).
No large structural alterations were found in the catalytic site,

and the benzylpiperidine moiety adopts a similar arrangement
in all cases (Figure 7). Little structural fluctuations were also
found in the mid-gorge and peripheral sites for complexes
AChE−donepezil and AChE(1EVE)−5. In particular, the
indanone unit of donepezil and the indolyl ring of 5 were
stacked against Trp279, whose side chain was stable along the
trajectory. Thus, the torsional angles χ1 and χ2 showed small
fluctuations around average values of −70° and −110° (see
Figure S3 in Supporting Information; the corresponding angles
in 1EVE are −52° and −84°). In contrast, larger rearrange-
ments were found at the PAS, mainly involving Trp279, for
AChE(1Q83)−5 and AChE(2CKM)−5. In the former case χ1,
which was initially assigned a value close to 180° (as found in
1Q83), remained stable during the first 11 ns but then suddenly
changed to a value close to −60° (see Figure S3). Thus, the
initial binding mode, which was chosen to mimic the
orientation of syn-TZ2PA6 bound to TcAChE, was lost and
Trp279 adopted a new arrangement close to the conformation

found in the AChE−donepezil and AChE(1EVE)−5 complexes
(see above and Figure 7). With regard to AChE(2CKM)−5,
Trp279 was initially oriented to reproduce the conformation
found in the TcAChE−bis(7)-tacrine complex (characterized
by χ1 and χ2 close to −120° and +50°). After 3 ns, the angle χ1
changed to 180° and remained stable for 3 ns but then changed
to a new value of +60°, which was stable along the rest of the
trajectory (see Figure S3 in Supporting Information). Such a
change was accompanied by the readjustment of χ2, which

Figure 6. Kinetic study on the mechanism of MAO-B inhibition by 5. (A) Overlaid Lineweaver−Burk reciprocal plots of MAO-B initial velocity at
increasing substrate concentration (PEA, 1−200 μM) in the absence or presence of 5 (10−100 nM) are shown. Lines were derived from a weighted
least-squares analysis of the data points. (B) Vmax decreased as the amount of 5 increased, whereas the KM value remained constant. Data are the
mean ± SEM of four independent experiments in triplicate.

Figure 7. Representation of the binding mode of donepezil and 5 at
the beginning and end of the MD simulations: (top left) AChE−
donepezil (started from the X-ray structure in PDB entry 1EVE); (top
right) AChE(1EVE)−5; (bottom left) AChE(1Q83)−5; (bottom-
right) AChE(2CKM)−5. Relevant residues at the catalytic (Trp84,
Phe330) and peripheral (Trp279, Tyr70) binding sites are also shown.
The ligand/residues at the end of the simulations are shown in blue/
green, respectively (the representation at the beginning of the
simulation is made in orange/yellow).
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adopted a value close to +90°. At the end of the simulation, a
novel structure was obtained where the protonated propargy-
lamino unit remains close to Tyr70 but has lost the interactions
with Trp279 (see Figure 7).
The preceding analysis demonstrates the structural integrity

of the AChE(1EVE)−5 model, which mimics the structural
features of the binding of donepezil to TcAChE. The reliability
of this binding mode is reinforced by the conformational
change observed in the PAS of the AChE(1Q83)−5 complex,
which leads to a binding mode close to that found in
AChE(1EVE)−5, and by the structural change found in
AChE(2CKM)−5, which leads to a binding mode characterized
by a conformation of Trp279 that, to the best of our
knowledge, has no counterpart in the available X-ray structures
of AChE complexes deposited in the PDB. As a further test, we
have determined the relative binding affinity between models
AChE(1EVE)−5 and AChE(2CKM)−5 by means of MM/
PBSA calculations. They were performed for 100 snapshots
taken evenly during the last 5 ns of the trajectories using both
the standard radii implemented in the AMBER force field and
an alternative set of atomic radii that have been explicitly
optimized for their use in MM/PBSA calculations with
AMBER.66 The results (see Table S1 in Supporting
Information) indicate that binding of 5 to AChE(1EVE) is
favored by near 2.3 (standard radii) and 4.0 (optimized radii)
kcal/mol relative to AChE(2CKM). Similar trends were
observed when MM/PBSA computations were performed by
retaining a single water molecule that was hydrogen-bonded to
the protonated nitrogen of the piperidine unit of the ligand
along the trajectories (data not shown).
The preceding structural and energetic analysis suggests that

compound 5 mimics the binding mode of donepezil (see Figure
S4). Thus, the benzylpiperidine moieties of donepezil and 5
exhibit a similar alignment in the CAS, though there is a weaker
overlap between the benzene unit of 5 and the indole ring of
Trp84. More importantly, there is a change in the orientation of
residues Tyr334 and Asp72, which remain hydrogen-bonded
but are displaced toward the PAS. In turn, this structural change
facilitates the stacking of the indole ring of 5 between the
aromatic rings of Tyr334 and Trp279. On the other hand, there
is a water molecule that bridges the protonated nitrogen of the
piperidine unit with the hydroxyl groups of Tyr121 and Ser122
(not shown in Figure 8 for the sake of clarity). Finally, the

largest structural flexibility of the inhibitor is localized in the
propargylamino unit, which forms transient van der Waals
interactions with the benzene ring of Tyr70.
This binding mode allows us to rationalize the low sensitivity

of the inhibitory activity on the length of the tether, as (i) it is
reasonable to expect that the benzylpiperidine moiety will fill
the same binding pocket but (ii) shortening or lengthening of
the tether will be accompanied by displacements of the indole
ring of 5 along the gorge that would retain the stacking against
Tyr334 or Trp279 (see Figure S5 in Supporting Information).
On the other, the lower inhibitory potency associated with
reversion of the piperidine unit (compounds 5 and 8) can be
explained by two factors: (i) the lost of the water-assisted
hydrogen bonds formed between the protonated nitrogen and
Tyr121 and Ser122 (data not shown) and (ii) the weakening of
the electrostatic stabilization due to cation−π interactions with
the aromatic rings of Phe330 and Trp84 and with the negative
charges of Asp72 and Glu198 (see Figure S6).
As a final test, we explored the suitability of an alternative

binding mode where the orientation of 5 was reverted so that
the propargylamino group fills the CAS and the benzylpiper-
idine moiety occupies the PAS. As in the preceding discussion,
compound 5 was docked in the binding site of the enzyme for
the three AChE structural models (1EVE, 1Q83, and 2CKM)
but without imposing positional restraints. Inspection of the
first ranked poses showed a preference for the placement of the
benzylpiperidine moiety in the CAS. Thus, only 1, 7, and 2
poses out of the first 13, 15, and 7 ranked solutions (covering a
range of 8 kcal/mol in the score in each case) corresponded to
the reverted orientation of 5 upon docking to models
AChE_1EVE, AChE_1Q83 and AChE_2CKM, respectively,
which reinforces the reliability of the binding mode discussed
above. To further explore the suitability of the inverted binding
mode, a series of 20 ns MD simulations were run for the three
AChE complexes with the reversed orientation of the inhibitor.
Inspection of the binding mode sampled along the last 10 ns of
the trajectory run for AChE_1EVE (Figure S7) shows that the
propargylamino unit remains stacked onto the indole ring of
Trp84, filling part of the region occupied by the benzyl moiety
of donepezil. However, there are notable structural fluctuations
of the methylated indole ring of 5, which eventually leads to
steric clashes with the benzene ring of Phe330. Similarly, the
large fluctuations of the benzylpiperidine moiety also argue
against a firm stacking with Trp279 at the PAS. The structural
instability of the ligand was also found in the simulations run
for AChE_1Q83 and AChE_2CKM (see Figure S7),
particularly seen in the large mobility of the ligand at the
PAS, which affects the stacking between Trp279 and Tyr70. In
fact, comparison of the relative free energies determined from
MM/PBSA calculations for the different AChE complexes also
supports the energetic destabilization of the inverted binding
mode (see Table S2). Finally, let us remark that the enhanced
flexibility of the piperidine moiety in the PAS, which reflects the
lack of strong interactions, does not provide a straightforward
explanation to the significant reduction in the inhibitory
potency found upon reversion of the ring (compare 5 and 8 in
Table 1).

BuChE Inhibition. The binding mode of 5 to BuChE was
explored by means of docking calculations (see Experimental
Part). The results indicate a marked preference for the insertion
of the benzylpiperidine moiety in the CAS, as noted by the fact
that only 4 out of the first 20 ranked poses (comprising a range
of 5 kcal/mol in the score) were found with the inverted

Figure 8. Representation of the binding mode of 5 in (top) MAO-A
and (bottom) MAO-B. Five snapshots taken every ns along the last 5
ns of the trajectory are superposed. The ligand is shown as orange
sticks, FAD as blue sticks, and selected residues in the entrance and
substrate cavities as green sticks.
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arrangement (in fact, the first inverted pose was ranked as the
ninth solution). Hence, a new docking calculation was run
imposing the benzene unit of 5 to stack against Trp79
(equivalent to Trp84 in the CAS of AChE), thus mimicking the
interaction found in the AChE complex with donepezil (PDB
entry 1EVE). Even in this case, the results indicate a substantial
degree of flexibility to accommodate 5 in the binding site of
BuChE, especially regarding the indolylpropargylamine moiety
but also even the piperidine ring (see Figure S8). Nevertheless,
this finding is not unexpected because of the wider volume of
the binding site in BuChE compared to AChE, which can be
ascribed to mutations between specific binding site residues in
the two enzymes, such as the replacement of Phe330 in the
CAS of AChE by Ala, the substitution of Tyr70 and Phe290 at
the mid-gorge of AChE by Asn and Val, respectively, and the
mutation of Trp279 in the PAS of AChE by Ala. Accordingly, it
can be expected that the binding of 5 to BuChE will be mainly
guided by the interactions due to the benzylpiperidine moiety,
thus explaining the lack of large differences in the selectivity
between the two enzymes.

MAO Inhibition. The binding mode of hybrid 5 in MAO-A
and MAO-B was investigated in order to explain the different
inhibitory behavior found for the two isoforms. To this end, we
first explored the potential binding mode of 5 by means of
docking calculations, which showed a clear preference to
accommodate the indolylpropargylamino unit in the substrate
cavity. In fact, this is not surprising, as the reference compound
2 was found to be an irreversible inhibitor of the two MAO
isoforms, which indicates that the binding mode places the
propargylamino unit properly oriented to react with the flavin
adenine dinucleotide (FAD) present in the substrate cavity of
both MAO-A and MAO-B.43 Then a representative member of
the most populated cluster of the docked poses was chosen as
starting structure for MD simulations of the complexes of 5
with MAO-A and MAO-B. In the two cases MD simulations
yielded stable trajectories, as noted by inspection of the time
evolution of the potential energy and by the small fluctuations
of the rmsd profile along the last 5 ns of the trajectories (see
Figures S9 and S10). Thus, the rmsd determined for the
protein backbone in the MD simulations run for MAO-A and
MAO-B is close to 1.4 Å, whereas the rmsd determined for the
residues that define the walls of the binding cavity amounts to
2.0 Å.
Inspection of Figure 8 clearly shows that binding of 5 to

MAO-A has little effect on the residues that delineate the
binding site, suggesting a suitable fit of the indolylpropargyla-
mino unit in the substrate cavity. In fact, the indole fragment of
5 matches well the corresponding moiety in harmine, as noted
upon superposition of the X-ray structure of the human MAO-
A−harmine complex67 and the last snapshot of the MD
simulation (see Figure S11). The only exception to the
structural integrity of the binding pocket concerns few residues
located at the entrance of the gorge leading to the substrate
cavity, which reflects the adjustment of the ligand, as expected
from the larger flexibility of the solvent-exposed loops that
shape the entrance cavity (see Figure S11). It is worth noting
how the tether fills the hydrophobic region that defines the
bottleneck of the binding pocket, which is mainly due to
Phe208 and Ile325. The dependence of the inhibitory potency
with the length of the tether can be explained by the steric
contraints imposed by the side chains of vicinal apolar residues,
such as Leu97, Leu337, Val210, and Cys323, as shortening of
the tether would lead to steric clashes with the piperidine unit

of the ligand. On the other hand, simulations also show that the
positive charge of the piperidine unit in 5 is stabilized by water-
mediated hydrogen bond interactions with the backbone
carbonyl groups of Arg109 and Gly110.
The structural integrity of the binding mode of 5 in MAO-B

is also supported by inspection of the snapshots collected at the
end of the trajectory (Figure 8). The five-membered ring of the
indole moiety of 5 superposes the benzene ring of deprenyl in
its complex with human MAO-B (PDB entry 2BYB;67 see
Figure S12). As in MAO-A, the tether occupies the hydro-
phobic region delineated by residues Ile199, Ile316, Tyr326,
and Leu88, which presumably would lead to steric clases with
the piperidine ring upon shortening of the methylenic chain of
the inhibitor. Finally, besides water-mediated contacts with the
carbonyl groups of Arg100 and Gly101, the positive charge of
the piperidine unit in 5 appears to be stabilized by the
carboxylate group of Glu84.
As noted above, treatment of MAO-A with 5 leads to a

significant inactivation of the enzyme, which remains unaltered
after repeated washings. In contrast, a significant recovery of
MAO-B activity is found after washings because of a slower
inactivation of this isoform. This different behavior suggests
that the propargylamino moiety of 5 in MAO-A is better
oriented for chemical modification of FAD than in MAO-B.
Nevertheless, since both ligand and FAD are treated classically
in MD simulations, the electronic effects that promote the
chemical inactivation of the enzyme by the propargyl moiety
are not properly accounted for. Therefore, we have compared
the relative orientation of 5 obtained from MD simulations
with the orientation found for clorgyline, deprenyl, rasagiline,
and its ((ethyl(methyl)amino)carbonyl)oxy derivative (PDB
entries 2BXR, 2BYB, 1S2Q, and 2C65),67−69 paying attention
to the relative positioning of the carbon atom attached to the
protonated amine of 5 relative to the nitrogen atom of FAD
involved in chemical modification by the irreversible inhibitors.
Inspection of Figure 9 shows that in MAO-A such carbon atom
is slightly closer to the FAD nitrogen atom than in MAO-B.
Thus, the distance between those atoms (averaged over the
snapshots sampled in the last 5 ns) amounts to 6.8 ± 0.3 Å in
MAO-A and to 7.7 ± 0.4 Å in MAO-B (see Figure S13). The
larger separation found in MAO-B agrees with the lower degree
of enzyme inactivation found upon incubation with 5.
To further check this assumption, we have run additional

simulations forcing the nitrogen atom of the propargylamino
group to occupy the position and orientation relative to FAD
found for the corresponding atom in complexes of MAO-A
with clorgyline, and MAO-B with deprenyl, rasagiline, and its
((ethyl(methyl)amino)carbonyl)oxy derivative (structurally
related to ladostigil). Noteworthy, superposition of the X-ray
structures of those complexes reveals that the nitrogen atom of
the inhibitor occupies the same spatial location in the binding
site, as expected from the similar geometrical arrangement of
the propargylamino unit after chemical reaction with FAD (see
Figure 9). To this end, restrained simulations (1 ns) were run
in triplicate for each enzyme in order to force compound 5 to
occupy the position expected after chemical reaction with FAD.
With the aim to avoid artifactual results arising from steric
clashes of the propargylamino group with binding site residues
while steering the nitrogen atom, a methyl unit was used to
replace the propargyl moiety. Finally, we have determined the
difference in the interaction energy (from MM/PBSA
calculations) between the inhibitor and the enzyme.
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Figure 10 shows the time evolution of the distance between
the ligand carbon atom (linked to the amino nitrogen) and the

nitrogen atom of FAD along the restrained trajectories, and the
corresponding change in the ligand−receptor interaction free
energy estimated from MM/PBSA computations. The re-
strained simulations bring the nitrogen atom of 5 to the
position expected for the covalent adduct with FAD (distance
N(inhibitor)···N(FAD) at around 5.0 Å), the attached carbon
atom being located at around 6.4 Å. Interestingly, the results
indicate that the interaction energy in MAO-A becomes more
negative (relative to the initial state) at around 7 kcal/mol,
whereas it is destabilized at around 6 kcal/mol in MAO-B.
Therefore, from a qualitative point of view, these results
reinforce the notion that adoption of a reactive configuration of
5 in MAO-B is more impeded than in MAO-A, which agrees
with the different rates of enzyme inactivation.

Finally, additional 20 ns MD simulations were run to
simulate the adduct of 5 covalently bound to FAD. In the two
cases MD simulations yielded stable trajectories, as noted by
inspection of the time evolution of the potential energy (see
Figure S14) and by the small fluctuations of the rmsd profile
along the last 5 ns of the trajectories (see Figure 11). However,

it is also worth stressing the different profile of the rmsd along
the whole trajectory. Thus, whereas there is a slight increase in
the rmsd determined for both the backbone atoms and the
heavy atoms of the residues that define the binding site in the
simulation run for the MAO-A−5 adduct (the rmsd increases
from 1 to 1.5 Å; see Figure 11), there is a more abrupt increase
in the rmsd determined for the binding site residues in the
simulation run for the MAO-B−5 adduct (the rmsd increases
from 1 to 2.2 Å; see Figure 11). This trend agrees with the
results derived from the restrained MD simulations discussed
above and indicates that the proper accommodation of the
inhibitor in a conformation suitable for covalent attachment to
FAD requires a larger rearrangement in the binding site of
MAO-B.
The different trends regarding the inhibitory activity of 5 in

MAO-A and MAO-B can be mainly ascribed to the residues
that define the bottleneck in the gorge that leads to the
substrate binding site. In particular, the replacement of Ile199
in MAO-B by Phe208 in MAO-A pushes the inhibitor toward
the FAD, whereas the replacement of Ile325 in MAO-A by
Tyr326 in MAO-B triggers the opposite effect. Thus, even
though there is a slight net stabilization in the interaction
energy of the inhibitor covalently bound to FAD in both MAO-

Figure 9. Superposition of the X-ray crystallographic structures of
MAO-A complexed with clorgyline (white, PDB entry 2BXR) and
MAO-B complexed with deprenyl (magenta, PDB entry 2BYB),
rasagiline (blue, PDB entry 1S2Q), and its ((ethyl(methyl)amino)-
carbonyl)oxy derivative (yellow, PDB entry 2C65). The spheres show
the position of the carbon atom that bears the protonated amine of 5
(orange) and the chemically modified nitrogen atom of FAD (blue).
Representation includes the positions of those atoms in snapshots
taken every ns along the last 5 ns of the trajectory run for the complex
(top) MAO-A−5 and (bottom) MAO-B−5.

Figure 10. Time evolution of the distance between the ligand carbon
atom (linked to the amino nitrogen) and the nitrogen atom of FAD
along the restrained MD simulation (shown in dashed lines; MAO-A
in black and MAO-B in red). The change in the interaction energy
(estimated from MM/PBSA calculations) is shown by solid lines
(MAO-A in black and MAO-B in red). For clarity of comparison, the
interaction energy profiles are shown relative to the initial snapshot.

Figure 11. Time evolution of the rmsd determined for the backbone
atoms (black) and the heavy atoms of the residues that define the
binding site (red) along the trajectories run for the (top) MAO-A−5
adduct and (bottom) MAO-A−5 adduct.
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A and MAO-B (relative to the noncovalent form; see Table
S3), present results suggest that there is a larger barrier for the
proper accommodation of 5 in MAO-B. In this context, though
the methylenic (n = 2) tether designed for 5 seems well suited
to fit the gorge in the two isoforms, the spatial constraints
imposed on the orientation of the indole ring upon binding to
MAO-B leads to a less effective chemical interaction with the
FAD. In turn, these findings suggest that extension of the
((methyl)amino)propargylamino unit in 5 could be a useful
strategy to enhance the inactivation of MAO-B while reducing
the inhibition at MAO-A. This strategy could be beneficial to
minimize side effects related to the potentiation of the
cardiovascular effect of tyramine (the so-called “cheese effect”),
a limited side effect of older generation of nonselective MAO
inhibitors.
Inhibition of Aβ Self-Aggregation and AChE-Induced

Aggregation. A number of dual binding site AChE inhibitors
have been found to exhibit a significant inhibitory activity on
Aβ self-aggregation.60,70−75 Thus, compound 5 was also tested
for its ability to inhibit the self-induced Aβ1−42 aggregation and
the AChE-induced Aβ1−42 aggregation. In the former case a
47.8 ± 2.1% inhibition was found when compound 5 was tested
at 10 μM (Table 3) (concentration ratio Aβ/inhibitor = 4/1).

We used propidium iodide (PI) as reference compound, and
we obtained a reduction of Aβ self-induced aggregation of 33.3
± 2.1%, this value being significantly lower than that found for
5. When PI was tested at equimolar concentrations (Aβ/PI =
1/1), similar to that previously reported by other groups, we
found a reduction of Aβ aggregation of 78.6 ± 3.8%. This effect
is significantly higher than that reported for donepezil (<5%)
under similar experimental conditions72 and similar to that
found for other IAChE.60,71,72 Then 5 can be considered a
moderate inhibitor of Aβ1−42 self-induced aggregation. Regard-
ing the inhibition of the human AChE-dependent Aβ1−40
aggregation, the results indicate that 5 at 100 μM was able to
prevent hAChE-induced Aβ1−40 aggregation in a 32.4 ± 7.0%
(Table 3). This value is similar to the inhibition elicited by
donepezil (22%) and significantly higher than that found for
tacrine (7%), two of the first FDA-approved drugs for the
treatment of AD. However, it is significantly lower than that of
propidium76 and other IAChEs previously described,70−72

which show potencies in the low micromolar range.

■ CONCLUSIONS
A new series of hybrid compounds containing the benzylpiper-
idine moiety of donepezil and the indolylpropargylamino
moiety of N-[(5-benzyloxy-1-methyl-1H-indol-2-yl)methyl]-N-
methylprop-2-yn-1-amine have been investigated as novel
multitarget agents against AChE, BuChE, and MAO (A/B).
These new compounds have been designed to simultaneously

interact with the active, peripheral, and mid-gorge binding sites
of AChE, as well as to occupy the substrate binding site in
MAO.
The length of the tether that connects the two main

structural fragments of the novel hybrids has a relevant effect
on the binding to MAO, whereas it seems to have little impact
on the inhibitory activity against AChE and BuChE. Among
these hybrid compounds, 5 is the most potent IMAO, even
more than the parent compounds. Surprisingly, although
donepezil (1) is a slight inhibitor of BuChE and 2 is not
even active, the ability of 5 to inhibit BuChE is found on the
submicromolar range. This is particularly important in view of
the renewed interest in dual cholinergic inhibitors as
therapeutic agents for AD.58 Normally, AChE predominates
in the brain, while BuChE activity levels are low. However, in
AD the relative enzymatic activity is altered such that BuChE
increases while AChE decreases.77,78 Then, if the therapeutic
goal is to increase ACh levels in the brain, a compound able to
inhibit both AChE and BuChE would be valuable to elicit a
larger protective response. In addition, the inhibition of MAO-
B by 5 might be beneficial for modulating the cholinergic
neurotransmission and for restoring the serotoninergic neuro-
transmission. Moreover, the potent MAO-A inhibition enables
the drug to exert an antidepressant activity like that of
amitriptyline and moclobemide, two triciclic antidepressants
primarily used to treat depression. Compound 5 also presents a
significant inhibitory profile of Aβ-self-induced and human
AChE-dependent aggregation, being more potent (human
AChE-dependent) than or similar (self-induced) to the parent
compound donepezil (1). Overall, the present data indicate that
5 not only is an interesting lead compound for the design of
novel MTDL with a good IMAO/IAChE inhibitory potency
and a significant activity against amyloid aggregation but also
may have a potential disease-modifying role in the treatment of
AD.

■ EXPERIMENTAL PART
General Methods. Melting points were determined in a Koffler

apparatus and are uncorrected. 1H NMR and 13C NMR spectra were
recorded at room temperature in CDCl3 or DMSO-d6 at 300, 400, or
500 MHz and at 75.4, 100.6, or 125.6 MHz, respectively, using solvent
peaks [CDCl3, 7.27 (D), 77.2 (C) ppm; DMSO-d6, 2.50 (D) and 39.7
(C) ppm] as internal references. The assignment of chemical shifts is
based on standard NMR experiments (1H, 13C, 1H−1H COSY,
1H−13C HSQC, HMBC, DEPT). Mass spectra were recorded on a
GC/MS spectrometer with an API-ES ionization source. TLC was
performed on silica F254. Detection was by UV light at 254 nm or by
spraying with phosphomolybdic-H2SO4 dye reagent. Column
chromatographies were performed on silica gel 60 (230 mesh).
“Chromatotron” separations were performed on a Harrison Research
model 7924. The circular disks were coated with Kieselgel 60 PF254
(E. Merck). The chlorydrate salts were prepared by solubilizing the
compound in a minimum of ether, and a solution of ether saturated
with HCl(g) was added dropwise. A white solid was formed
immediately. The precipitated hydrochloride was separated by
filtration, washed with ether, and dried. The purity (≥95%) of the
samples was determined by elemental analysis, carried out at the
IQOG (CSIC, Spain).
Methyl 4-(Piperidin-4-yl)butanoate (17).55 A solution of (E)-

ethyl 3-(pyridin-4-yl)acrylate 1652 (1.52 g, 8.58 mmol) in EtOH (20
mL) and 4 N HCl in 1,4-dioxane (2 mL) was hydrogenated under
10% Pd/C (0.152 g) and PtO2 (152 mg) overnight at room
temperature. Then the catalyst was filtered off, washed with MeOH,
and the filtrate was concentrated. The residual solid was triturated with
Et2O, filtered, washed with Et2O, and dried to give the known methyl

Table 3. Inhibition of AChE-Induced Aβ1‑40 Aggregation and
Aβ1‑42 Self-Induced Aggregation by Compound 5

% inhibition of Aβ aggregation ± SEM

compd AChE-induceda,c self-inducedb,c

5 32.4 ± 7.0 47.8 ± 2.1
aInhibition of AChE-induced Aβ1−40 aggregation. The concentration
of 5 and Aβ1−40 was 100 and 40 μM, respectively. The ratio Aβ/AChE
was equal to 100/1. bInhibition of self-induced Aβ1−42 aggregation (40
μM) produced by 5 at 10 μM. cData are the mean ± SEM of at least
three independent experiments.
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ester 17 (1.60 g, 90%) as a solid. 1H NMR (300 MHz, DMSO-d6) δ
9.29−9.10 (br, 2H), 3.55 (s, 3H, CO2CH3), 3.16−3.12 (m, 2H),
2.78−2.67 (m, 2H), 2.31−2.27 (m, 2H), 1.73−1.69 (m, 2H), 1.46−
1.21 (m, 5H); MS (ES) m/z 172 [M + H]+.
1-Benzyl-4-piperidinepropanol (19).56 To a solution of methyl

4-(piperidin-4-yl)butanoate 1755 (1.60 g, 7.21 mmol) and benzyl
bromide (1.85 g, 10.82 mmol) in 20 mL of CH2Cl2 was added
triethylamine (3.3 mL, 21.65 mmol) while the internal temperature in
the mixture was below 20 °C by cooling with an ice−water bath. The
mixture was stirred at room temperature overnight. After complete
reaction (TLC analysis), the mixture was concentrated and purified by
column chromatography to give methyl 3-(1-benzylpiperidin-4-
yl)propanoate (18) [(1.41 g, 75%): oil; 1H NMR (300 MHz,
CDCl3) δ 7.35−7.23 (m, 5H), 3.66 (s, 3H, CO2CH3), 3.51 (s, 2H,
CH2-Ph), 2.89 (br d, J = 11.5 Hz, 2H), 2.32 (br t, J = 7.5 Hz, 2H, CH2-
CO2CH3), 1.94 (t, J = 10.9 Hz, 2H), 1.66−1.54 (m, 4H), 1.34−1.21
(m, 3H, CH + CH2); MS (EI) m/z (%) 91 (100) [PhCH2]

+, 188 (66)
[M − CH2CH2CO2Me]+, 202 (13) [M − CO2Mt]+, 230 (19) [M −
OMe]+, 246 (9) [M − CH3]

+, 260 (73) [M − H]+, 261 (50) [M]+],
which was used in the next reaction without further analysis.

To a suspension of LAH (0.176 g, 4.66 mmol, 2 equiv) in dry THF
(10 mL) was added methyl 3-(1-benzylpiperidin-4-yl)propanoate (18)
(0.61 g, 2.33 mmol, 1 equiv) in dry THF (10 mL), at 0 °C. The
mixture was refluxed for 2 h, and after cooling unreacted LiAlH4 was
quenched by careful addition of 10% NaOH solution (20 mL). The
solution was filtered and washed with H2O and EtOAc. The filtrate
was extracted with EtOAc, and the combined organic layers, dried over
Na2SO4, were concentrated to give known compound 1956 (0.535 g,
98%): oil; 1H NMR (300 MHz, CDCl3) δ 7.32−7.20 (m, 5H), 3.60 (t,
J = 6.4 Hz, 2H, CH2O), 3.48 (s, 2H, CH2Ph), 2.87 (br d, J = 11.5 Hz,
2H), 1.92 (br d, J = 11.1 Hz, 2H), 1.68−1.60 (m, 2H), 1.61−1.49 (m,
2H), 1.30−1.15 (m, 5H); MS (EI) m/z (%): 91 (100) [PhCH2]

+, 142
(26) [M − CH2Ph]

+, 156 (17) [M − Ph]+, 174 (8) [M −
(CH2)3OH]+, 188 (18) [M − (CH2)2OH]+, 202 (14) [M −
CH2OH]+, 232 (37) [M − H]+, 233 (20) [M]+.
1-Benzyl-4-(3-chloropropyl)piperidine (12). To a solution of

1-benzyl-4-piperidinepropanol (19)56 (0.53 g, 2.27 mmol) in CH2Cl2
(5 mL), SOCl2 (0.66 mL, 9.08 mmol, 4 equiv) was added dropwise
with ice cooling. The mixture was refluxed for 3 h and then
evaporated. The residue was rendered alkaline with 10% K2CO3
solution and extracted with CH2Cl2. The organic layer, dried over
Na2SO4, was evaporated under reduced pressure to give compound 12
(0.582 g, 99%): oil; IR 3027, 2923, 2849, 2800, 2756, 1672, 1493,
1452, 1366, 1342, 1263, 738, 698 cm−1; 1H NMR (400 MHz, CDCl3)
δ 7.22−7.36 (m, 5H), 3.51 (t, J = 8.0 Hz, 2H, CH2Cl), 3.51 (s, 2H,
CH2Ph), 2.89 (br d, J = 11.5 Hz, 2H), 1.95 (br t, J = 11.0 Hz, 2H),
1.78 (dt, J = 11.9 and 6.9 Hz, 2H, CH2-CH2Cl), 1.65 (br d, J = 11.4
Hz, 2H), 1.32−1.42 (m, 2H), 1.21−1.30 [m, 3H, CH + CH2-
(CH2)2Cl];

13C NMR (100 MHz, CDCl3) δ 138.1 (C-Ph), 129.1 (2 ×
CH-Ph), 128.0 (CH-Ph), 126.8 (CH-Ph), 63.3 (CH2-Ph), 53.6
(2CH2-piperidine), 45.2 (CH2Cl), 35.1 (CH), 33.6 [CH2-(CH2)2Cl],
32.1 (2CH2-pieridine), 29.9 (CH2, CH2-CH2Cl); MS (EI) m/z (%) 91
(100) [PhCH2]

+, 160 (23) [M − Bn]+, 174 (27) [M − (CH2)3Cl]
+,

188 (17) [M − (CH2)2Cl]
+, 202 (9) [M − CH2 Cl]

+, 216 (88) [M −
Cl]+, 250 (35) [M − 1]+. Anal. Calcd for C15H22ClN: C, 71.55; H,
8.81; N, 5.56. Found: C, 71.84; H, 9.02; N, 5.83.
1-Benzyl-4-(4-chlorobutyl)piperidine (13). To a solution of 1-

benzyl-4-(4-hydroxybutyl)piperidine (24)57 (0.508 g, 2.05 mmol) in
CH2Cl2 (5 mL), SOCl2 (0.6 mL, 8.214 mmol, 4 equiv) was added
dropwise with ice cooling. The mixture was refluxed for 2 h and then
evaporated. The residue was rendered alkaline with 10% K2CO3
solution and extracted with CH2Cl2. The organic layer, dried over
Na2SO4, was evaporated under reduced pressure to give compound 13
(0.54 g, 99%) as a yellow oil. IR 3062, 3027, 2921, 2847, 2799, 2757,
1493, 1454, 1366, 1341, 1311, 1287, 1126, 1073, 1029, 979, 737, 698
cm−1; 1H NMR (300 MHz, CDCl3) δ 7.34−7.21 (m, 5H), 3.53 (t, J =
6.7 Hz, 2H, CH2Cl), 3.50 (s, 2H, CH2Ph), 2.88 (br d, J = 11.4 Hz,
2H), 1.93 (br t, J = 11.9 Hz, 2H), 1.75 (tt, J = 8 Hz, 2H, CH2-CH2Cl),
1.70−1.59 (m, 2H), 1.49−1.37 (m, 2H), 130−1.20 (m, 5H); 13C
NMR (100 MHz, CDCl3) δ 32.2 (2CH2), 32.7 (CH2, CH2-CH2Cl),

32.8 (CH2), 36.2 (CH2), 45.0 (CH2Cl), 53.8 (2CH2), 63.4 (CH2-Ph),
126.8 (CH-Ph), 128.0 (2 × CH-Ph), 129.1 (2 × CH-Ph), 138.3 (C-
Ph); MS (EI) m/z (%) 91 (100) [PhCH2]

+, 174 (42) [M −
(CH2)4Cl]

+, 188 (43) [M − (CH2)3Cl]
+, 202 (16) [M − (CH2)2Cl]

+,
216 (8) [M − CH2Cl]

+, 230 (28) [M − Cl]+, 264 (45) [M]+. HRMS
(ES+), exact mass calcd for C16H25ClN (M + H)+: 266,1676. Found:
m/z 266.1687.
N-((5-((1-Benzylpiperidin-4-yl)methoxy)-1-methyl-1H-indol-

2-yl)methyl)-N-methylprop-2-yn-1-amine (3). To a solution of
1-methyl-2-{[ethyl(prop-2-yn-1-yl)amino]ethyl}-1H-indol-5-ol 452

(0.21 g, 0.94 mmol) and 1-benzyl-4-(chloromethyl)piperidine 1027

(0.33 g, 1.51 mmol, 1.5 equiv) in acetonitrile (5 mL), NaH (120 mg, 3
mmol, 3 equiv, 60% mineral oil) was added. The reaction mixture was
stirred at 50 °C for 10 h. After complete reaction (TLC analysis), the
mixture was concentrated, diluted with water, and extracted with
CH2Cl2. The organic phase was washed with brine, dried (MgSO4),
and evaporated. The crude product was purified by flash
chromatography (CH2Cl2/MeOH, 100:1) to give compound 3
(126.3 mg, 32%) as white solid: Rf = 0.24 (CH2Cl2/MeOH, 10:1);
mp 123−5 °C; IR (KBr) ν 3252, 2938, 2913, 1620, 1489, 1466, 1195,
1163, 1029, 1008 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.35−7.24 (m,
5H), 7.18 (d, J = 8.8 Hz, 1H, CH7-indole), 7.04 (d, J = 2.3 Hz, 1H,
CH4-indole), 6.86 (dd, J = 8.8 and 2.3 Hz, 1H, CH6-indole), 6.34 (s,
1H, CH3-indole), 3.85 (d, J = 6.0 Hz, 2H, -CH2O-), 3.73 (s, 3H, N-
CH3), 3.68 (s, 2H, indole-CH2-N), 3.53 (s, 2H, CH2-Ph), 3.31 (d, 2H,
J = 2.2 Hz, CH2-CCH), 2.95 (d, J = 11.4 Hz, 2H), 2.35 (s, 3H, N-
CH3), 2.30 (t, J = 2.2 Hz, CCH), 2.02 (t, J = 16, 2H), 1.91−1.81
(m, 3H), 1.49−1.39 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 153.3
(C5-indole), 138.3 (C1′-Ph), 137.8 (C2-indole), 133.3 (C7a-indole),
129.1 (2 × CH-Ph), 128.1 (2 × CH-Ph), 127.5 (C3a-indole), 126.8
(CH4′-Ph), 111.9 (CH6-indole), 109.5 (CH7-indole), 103.3 (CH4-
indole), 102.0 (CH3-indole), 78.4 (-C), 73.6 (CH2-O), 73.4 (
CH), 63.4 (CH2-Ph), 54.0 (2 × CH2), 63.4 (Ph-CH2), 53.4 (2 ×
CH2), 51.7 (Ind-CH2-N), 44.6 (CH2-C), 41.5 (N-CH3), 35.9 (CH-
piperidine), 29.8 (N-CH3), 29.1 (2 × CH2); MS (EI) m/z (%) 416
(100) [M + H]+, 438 (2) [M +Na]+. 3·2HCl: white powder; mp 230−
3 °C; IR (KBr) ν 3423, 3200, 2933, 2511, 1620, 1486, 1466, 1208
cm−1; 1H NMR (300 MHz, D2O) δ 7.34−7.25 (m, 6H, CH7-indole +
5H-Ph), 7.05 (d, J = 2.2 Hz, 1H, CH4-indole), 6.85 (dd, J = 9.0, 2.2
Hz, 1H, CH6-indole), 6.59 (s, 1H, CH3-indole), 4.47 (s, 2H, CH2),
4.11 (s, 2H, CH2), 3.86 (d, J = 2.4 Hz, 2H, CH2-CCH), 3.79 (t, J =
6.0 Hz, 2H, O-CH2-), 3.59 (s, 3H, indole-CH3), 3.38 (d, J = 12.8 Hz,
2H, CH2), 2.97 (t, J = 2.3 Hz, 1H, CCH), 2.85 (t, J = 12.7 Hz, 2H,
CH2), 2.76 (s, 3H, N-CH3), 1.98 (d, J = 12.8 Hz, 2H, CH2), 1.89−
1.83 (m, 1H, CH), 1.48−1.34 (m, 2H, CH2). Anal. Calcd for
C27H35Cl2N3O: C, 66.39; H, 7.22; Cl, 14.52; N, 8.60. Found: C, 66.21;
H, 7.43; Cl, 14.42; N, 8.63.
N-{[5-(2-(1-Benzylpiperidin-4-yl)ethoxy)-1-methyl-1H-indol-

2-yl]methyl}-N-methylprop-2-yn-1-amine (4). To a solution of
1-methyl-2-{[ethyl(prop-2-yn-1-yl)amino]ethyl}-1H-indol-5-ol 1452

(160 mg, 0.7 mmol) and 1-benzyl-4-(2-chloroethyl)piperidine 1153

(0.25 g, 1.05 mmol, 1.5 equiv) in DMF (5 mL), NaH (84 mg, 2.1
mmol, 3 equiv, 60% mineral oil) was added. The reaction mixture was
stirred at room temperature for 3 h. After complete reaction, the
solvent was removed and the crude was diluted with water and
extracted with CH2Cl2. The organic phase was washed with brine,
dried (MgSO4), and evaporated at reduced pressure. The crude
product was purified by flash chromatography (CH2Cl2/MeOH,
100:1) to give compound 4 (0.216 g, 72%) as a white solid: Rf = 0.27
(CH2Cl2/MeOH, 10:1); mp 86−7 °C; IR (KBr) ν 3275, 2941, 2921,
2876, 2807, 2782, 2768, 1619, 1488, 1473, 1289, 1250, 1207, 1161,
1030 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.34−7.23 (m, 5H), 7.18
(d, J = 8.8 Hz, 1H, CH7-indole), 7.03 (d, J = 2.4 Hz, 1H, CH4-indole),
6.85 (dd, J = 8.8 and 2.4 Hz, 1H, CH6-indole), 6.33 (s, 1H, CH3-
indole), 4.03 (t, J = 6.5 Hz, 2H, O-CH2-), 3.74 (s, 3H, N-CH3), 3.67
(s, 2H, N-CH2), 3.52 (s, 2H, CH2-Ph), 3.31 (d, 2H, J = 2.3 Hz, CH2-
CCH), 2.91 (d, J = 11.6 Hz, 2H), 2.34 (s, 3H, N-CH3), 2.29 (t, J =
2.3 Hz, CCH), 2.0 (t, J = 10.8, 2H), 1.77−1.72 (m, 4H), 1.41−1.31
(m, 2H), 1.62−1.52 (m, CH); 13C NMR (100 MHz, CDCl3) δ 153.5
(C5-indole), 138.4 (C-Ph), 133.6 (C-indole), 137.2 (C-indole), 129.5
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(2 × CH-Ph), 128.3 (2 × CH-Ph), 127.7 (C-indole), 127.2 (CH-Ph),
112.2 (CH6-indole), 109.5 (CH7-indole), 103.5 (CH4-indole), 102.0
(CH3-indole), 78.6 (-C), 73.6 (CH), 66.7 (CH2-O), 63.6 (CH2-
Ph), 53.9 (2 × CH2), 52.0 (CH2-indole), 44.9 (CH2-CCH), 41.8
(N-CH3), 36.2 (CH2), 32.8 (CH2), 32.4 (CH2), 30.1 (N-CH3); MS
(EI) m/z (%) 91 (48) [PhCH2]

+, 202 (100), 361 (3) [M −
NCH3CH2CCH)]+, 429 (4) [M]+. Anal. Calcd for C28H35N3O: C,
78.28; H, 8.21; N, 9.78. Found: C, 77.99; H, 8.45; N, 9.79. 4·2HCl:
white powder; mp 221−3 °C; IR (KBr) ν 3424, 3195, 2928, 2561,
2506, 1619, 1486, 1471, 1210 cm−1; 1H NMR (300 MHz, D2O) δ
7.33−7.25 (m, 6H, CH7-indole + 5H-Ph), 7.06 (d, J = 2.4 Hz, 1H,
CH4-indole), 6.84 (dd, J = 9.0, 2.4 Hz, 1H, CH6-indole), 6.58 (s, 1H,
CH3-indole), 4.45 (s, 2H, CH2), 4.08 (s, 2H, CH2), 3.96 (t, J = 6.2
Hz, 2H, O-CH2-), 3.84 (d, J = 2.4 Hz, 2H, CH2-CCH), 3.59 (s, 3H,
indole-CH3), 3.32 (d, J = 12.6 Hz, 2H, CH2), 2.96 (t, J = 2.4 Hz, 1H,
CCH), 2.85−2.75 (m 5H, CH2 + N-CH3), 1.84 (d, J = 13.6 Hz, 2H,
CH2), 1.75−1.63 [m, 1H, CH], 1.61−1.53 (m, 2H, CH2-CH2O-),
1 . 3 2 − 1 . 1 8 ( m , 2 H , C H 2 ) . A n a l . C a l c d f o r
C28H35N3O·2HCl·1/3(H2O): C, 66.13; H, 7.47; Cl, 13.94; N, 8.26.
Found: C, 66.04; H, 7.89; Cl, 13.84; N, 8.59.
N-{[5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-methyl-1H-

indol-2-yl]methyl}-N-methylprop-2-yn-1-amine (5). To a solu-
tion of 1-methyl-2-{[ethyl(prop-2-yn-1-yl)amino]ethyl}-1H-indol-5-ol
452 (0.22 g, 0.963 mmol) and 1-nenzyl-4-(3-chloropropyl)piperidine
12 (0.36 g, 1.44 mmol, 1.5 equiv) in DMF (5 mL), NaH (69.4 mg,
1.73 mmol, 1.8 equiv, 60% /mineral) was added. The reaction mixture
was stirred at room temperature overnight and then heated at 100 °C
for 1 h. After complete reaction (TLC analysis), the mixture was
concentrated, diluted with water, and extracted with CH2Cl2. The
organic phase was washed with brine, dried (MgSO4), and evaporated
at reduced pressure. The crude product was purified by flash
chromatography (CH2Cl2/AcOEt, 10:1 to 5:1, v/v) to give compound
5 (0.268 g, 63%) as a white solid: Rf = 0.28 (CH2Cl2/MeOH, 20:1);
mp 90−91 °C; IR (KBr) ν 3265, 2935, 2908, 2799, 2760, 1619, 1489,
1471, 1395, 1269, 1204, 1190, 1160, 1029 cm−1; 1H NMR (400 MHz,
CDCl3) δ 7.35−7.25 (m, 5H, Ph), 7.19 (d, J = 8.8 Hz, 1H, CH7-
indole), 7.05 (d, J = 2.14 Hz, 1H, CH4-indole), 6.85 (dd, J = 8.8 and
2.3 Hz, 1H, CH6-indole), 6.35 (s, 1H, CH3-indole), 3.98 (t, J = 6.6
Hz, 2H, O-CH2-), 3.75 (s, 3H, indole-CH3), 3.69 (s, 2H, indole-CH2),
3.52 (s, 2H, CH2-Ph), 2.33 (d, J = 2.2 Hz, 2H, CH2-CCH), 2.91 (d,
J = 10.8 Hz, CH2), 2.36 (s, 3H, N-CH3), 2.31 (t, J = 2.0 Hz, CCH),
1.97 (t, J = 12 Hz, 2H, CH2), 1.83 [m, 2H, CH2-(CH2O)], 1.72 (d, J =
9.1 Hz, 2H, CH2), 1.46−1.41 [m, 2H, CH2-(CH2)2O], 1.29−1.31 (m,
3H, CH+CH2);

13C NMR (100 MHz, CDCl3) δ 153.2 (C5-indole),
138.3 (C-Ph), 136.9 (C2-indole), 133.3 (C-indole), 129.2 (2 × CH-
Ph), 128.0 (2 × CH-Ph), 127.4 (C-indole), 126.8 (CH-Ph), 112.0
(CH6-indole), 109.5 (CH7-indole), 103.3 (CH4-indole), 102.0
(CH3-indole), 78.3 (-C), 73.4 (CH), 69.0 (CH2-O), 63.4
(CH2-Ph), 53.8 (2 × CH2), 51.7 (indole-CH2), 44.6 (CH2-C),
41.5 (N-CH3), 35.5 (CH-piperidine), 32.8 [CH2-(CH2)2O], 32.2
(2CH2), 29.8 (indole-N-CH3), 26.7 [CH2-CH2O]; MS (EI) m/z (%)
91 (77) [PhCH2]

+, 352 (22) [M − CH2Ph]
+, 374 (100) [M −

NCH3CH2CCH)]+, 404 (7) [M − CH2CCH)]+, 428 (5) [M -
CH3]

+, 443 (40)[M]+. Anal. Calcd for C29H37N3O: C, 78.51; H, 8.41;
N, 9.47. Found: C, 78.36; H, 8.31; N, 9.23. 5·2HCl: white powder; mp
203−5 °C; IR (KBr) ν 3193, 2937, 2512, 1619, 1486, 1469, 1209
cm−1; 1H NMR (300 MHz, D2O) δ 7.32−7.22 (m, 6H, CH7-indole +
5H-Ph), 7.05 (d, J = 2.2 Hz, 1H, CH4-indole), 6.83 (dd, J = 9.0, 2.3
Hz, 1H, CH6-indole), 6.58 (s, 1H, CH3-indole), 4.45 (s, 2H, CH2),
4.07 (s, 2H, CH2), 3.90 (t, J = 6.1 Hz, 2H, O-CH2-), 3.83 (d, J = 2.2
Hz, 2H, CH2-CCH), 3.59 (s, 3H, indole-CH3), 3.30 (d, J = 12.0 Hz,
2H, CH2), 2.97−2.94 (m, 1H, CCH), 2.81−2.72 (m 5H, CH2 + N-
CH3), 1.84−1.75 (m, 2H, CH2), 1.65−1.55 (m, 2H, CH2), 1.49−1.36
(m, 1H, CH), 1.41−1.46 [m, 2H, CH2-(CH2)2O], 1.29−1.09 (m, 4H).
Anal. Calcd for C29H37N3O·2HCl: C, 67.43; H, 7.61; Cl, 13.73; N,
8.13. Found: C, 67.38; H, 7.81; Cl, 13.13; N, 8.02.
N-{[5-(4-(1-Benzylpiperidin-4-yl)butoxy)-1-methyl-1H-indol-

2-yl]methyl}-N-methylprop-2-yn-1-amine (6). To a solution of
1-methyl-2-{[ethyl(prop-2-yn-1-yl)amino]ethyl}-1H-indol-5-ol 452

(0.35 g, 1.56 mmol) and 1-benzyl-4-(4-chlorobutyl)piperidine 13

(0.5 g, 1.88 mmol, 1.2 equiv) in 8 mL of DMF, NaH (0.1 g, 2.5 mol,
1.6 equiv, 60% mineral oil) was added. The reaction mixture was
stirred at room temperature overnight and then heated at 70 °C for 8
h. Then the mixture was concentrated, diluted with water, and
extracted with CH2Cl2. The organic phase was washed with brine,
dried (MgSO4), and evaporated. The crude product was purified by
flash chromatography (CH2Cl2/MeOH, 50:1 to 30:1, v/v) to give
compound 6 (0.547 g, 76%) as a white solid: Rf = 0.28 (CH2Cl2/
MeOH, 20:1); mp 93−94 °C; IR (KBr) ν 3260, 2937, 2918, 1619,
1489, 1472, 1203, 1193, 1160, 1008 cm−1; 1H NMR (500 MHz,
CDCl3) δ 7.32−7.23 (m, 5H), 7.17 (d, J = 8.8 Hz, 1H, CH7-indole),
7.03 (d, J = 2.3 Hz, 1H, CH4-indole), 6.85 (dd, J = 8.8 and 2.4 Hz, 1H,
CH6-indole), 6.32 (s, 1H, CH3-indole), 3.98 (t, J = 6.6 Hz, 2H,
-CH2O-), 3.67 (s, 2H, CH2-N), 3.73 (s, 3H, N-CH3), 3.49 (s, 2H,
CH2-Ph), 3.31 (d, J = 2.4 Hz, CH2-CCH, 2H), 2.88 (d, J = 10.5 Hz,
2H, CH2pip), 2.34 (s, 3H, N-CH3), 2.28 (t, J = 2.4 Hz, 1H, CCH),
2.00−1.85 (m, 2H, CH2pip), 1.83−1.73 (m, 2H, CH2-CH2O), 1.66
(br d, J = 9.4 Hz, CH2pip), 1.51−1.45 (m, 2H, CH2-(CH2)2O), 1.34−
1.22 (M, 4H, CH2pip + CH2-(CH2)3O); 13C NMR (125 MHz,
CDCl3) δ 153.5 (C5-indole) 138.5 (C-Ph), 137.0 (C2-indole), 133.3
(C7a-indole), 129.2 (2 × CH2Ph), 128.1 (2 × CHPh), 127.5 (C3a-
indole), 126.8 (CH-Ph), 112.0 (CH6-indole), 109.5 (CH7-indole),
103.4 (CH4-indole), 102.0 (CH3-indole), 78.4 (-C), 73.4 (CH),
68.8 (CH2-O), 63.5 (CH2-Ph), 53.9 (2 × CH2-piperidine), 51.8 (N-
CH2-indole), 44.7 (CH2-CCH), 41.7 (N-CH3), 36.3 (CH2-
(CH2)3O), 35.6 (CH-piperidine), 32.3 (2 × CH2-piperidine), 29.8
(N-CH3), 29.7 (CH2-CH2O), 23.3 [CH2-(CH2)2O]; MS (EI) m/z
(%) 91 (55) [PhCH2]

+, 172 (71), 228 (45), 366 (41) [M − Bn]+, 388
[M − NCH3CH2CCH)]+, 418 (8) [M − CH2CCH)]+, 457 (26)
[M]+. Anal. Calcd for C30H39N3O: C, 78.73; H, 8.59; N, 9.18. Found:
C, 78.65; H, 8.71; N, 9.07. 6·2HCl: white powder; mp 197−9 °C; IR
(KBr) ν 3421, 3195, 2928, 2851, 2561, 2509, 1619, 1485, 1472, 1458,
1408, 1209 cm−1; 1H NMR (300 MHz, D2O) δ 7.33−7.24 (m, 6H,
CH7-ind + 5H-Ph), 7.05 (d, J = 2.2 Hz, 1H, CH4-ind), 6.84 (dd, J =
9.0, 2.4 Hz, 1H, CH6-ind), 6.59 (s, 1H, CH3-ind), 4.48 (s, 2H, CH2),
4.05 (s, 2H, CH2), 3.90 (t, J = 6.5 Hz, 2H, O-CH2-), 3.86 (d, J = 2.2
Hz, 2H, CH2-CCH), 3.58 (s, 3H, indole-CH3), 3.28 (d, J = 12.3 Hz,
2H, CH2), 2.98 (t, J = 2.3 Hz, 1H, CCH), 2.77−2.70 (m 5H, CH2 +
N-CH3), 1.76 (d, J = 13.9 Hz, 2H, CH2), 1.61−1.51 (m, 2H, CH2),
1.41−1.23 (m, 3H, CH + CH2), 1.29−1.05 (m, 4H). Anal. Calcd for
C30H39N3O·2HCl: C, 67.91; H, 7.79; Cl, 13.36; N, 7.92. Found: C,
67.54; H, 7.45; Cl, 13.25; N, 8.10;
N-{[5-(2-Bromoethoxy)-1-methyl-1H-indol-2-yl)methyl}-N-

methylprop-2-yn-1-amine (25). A mixture of 1-methyl-2-{[ethyl-
(prop-2-yn-1-yl)amino]ethyl}-1H-indol-5-ol 1452 (0.215 g, 0.942
mmol), 1,2-dibromoethane (1.77 g, 9.42 mmol), and potassium
carbonate (0.65 g, 4.71 mmol) in 2-butanone (8 mL) was reacted at 85
°C for 6 h. The mixture was evaporated in vacuo, and the residue was
partitioned between dichloromethane (10 mL) and water (10 mL).
The organic layer was dried (Na2SO4) and evaporated. The residue
was purified by column chromatography, eluting with 4% methanol in
dichloromethane, affording compound 25 (117.3 mg, 37%): Rf = 0.76
(CH2Cl2/AcOEt, 10:1); mp 75−77 °C; IR 3274, 29712937, 2877,
2800, 1619, 1579, 1488, 1473, 1400, 1267, 1205, 1198, 1159, 1118,
1025, 889, 842, 794, 776, 690 cm−1; 1H NMR (300 MHz, CDCl3) δ
7.2 (d, J = 8.8 Hz, 1H, CH7-indole), 7.07 (d, J = 2.4 Hz, 1H, CH4-
indole), 6.9 (dd, J = 8.8, 2.5 Hz, 1H, CH6-indole), 6.36 (s, 1H, CH3-
indole), 4.33 (t, J = 6.4 Hz, 2H, -CH2-O-), 3.75 (s, 3H, N-CH3), 3.69
(s, 2H, N-CH2), 3.66 (t, J = 6.4 Hz, 2H, -CH2-Br), 3.32 (d, J = 2.4 Hz,
2H, N-CH2-C), 2.36 (s, 3H, N-CH3), 2.31 (t, J = 2.4 Hz, 1H, 
CH); 13C NMR (75 MHz, CDCl3) δ 152.2 (C5-indole), 137.3 (C2-
indole), 133.8 (C7a-indole), 127.4 (C3a-indole), 112.2 (CH6-indole),
109.7 (CH7-indole), 104.4 (CH4-indole), 102.1 (CH3-indole), 78.3
(-C), 73.5 (CH), 69.1 (CH2-O), 51.7 (CH2-N), 44.7 (-CH2-
C), 41.5 (N-CH3), 29.9 (N-CH3), 29.6 (CH2-Br); MS (EI) m/
z(%): 131 (48), 160 (66) [M − ((Br(CH2)2)-NCH3CH2CCH)]+,
267 (100) [M − NCH3CH2CCH)]+, 334 (25)[M]+. Anal. Calcd for
C16H19BrN2O: C, 57.32; H, 5.71; Br, 23.83; N, 8.36. Found: C, 57.50;
H, 5.70; Br, 23.24; N, 8.54.
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N-{[5-(2-(4-Benzylpiperidin-1-yl)ethoxy)-1-methyl-1H-indol-
2-yl]methyl}-N-methylprop-2-yn-1-amine (7). 4-Benzylpiperi-
dine (36 μL, 0.2 mmol) was added to a mixture of 25 (34 mg, 0.1
mmol) and potassium carbonate (42 mg, 0.3 mmol) in N,N-
dimethylformamide (1 mL). The reactants were heated at 80 °C
overnight under an atmosphere of argon. The reaction mixture was
poured into water (5 mL) and extracted with dichloromethane (3 × 20
mL). The organic layers were combined, dried (Na2SO4), and
concentrated. The residue was purified by column chromatography,
eluting with 3.3% methanol in dichloromethane, affording compound
7 (33.5 mg, 77%): white solid; Rf = 0.49 (CH2Cl2/MeOH, 10:1); 1H
NMR (400 MHz, CDCl3) δ 7.31−7.25 (m, 2H), 7.23−7.14 (m, 4H),
7.06 (d, J = 2.36 Hz, 1H, CH4-indole), 6.88 (dd, J = 8.83 and 2.43 Hz,
1H, CH6-indole), 6.35 (s, 1H, CH3-indole), 4.16 (t, J = 6.06 Hz, 2H,
-CH2-O), 3.74 (s, 3H, CH3), 3.68 (s, 2H, N-CH2), 3.32 (d, J = 2.35
Hz, 2H, CH2), 3.034 (d, J = 11.7 Hz, CH2), 2.83 (t, J = 6.03 Hz, CH2),
2.56 (d, J = 7.016 Hz, CH2), 2.35 (s, 3H, CH3), 2.31 (t, J = 2.37 Hz,
CCH), 2.086 (td, J = 11.77, 2.18 Hz, 1H, CH2), 1.67 (d, J = 12.87
Hz, CH2), 1.56 (m, CH), 1.38 (qd, J = 12.15, 3.79 Hz, CH2);

13C
NMR (100 MHz, CDCl3) δ 152.9 (C5-indole), 140.6 (C-Ph), 137.0
(C2-indole), 133.3 (C7a-indole), 129.0 (2 × CH-Ph), 128.0 (2 × CH-
Ph), 127.4 (C3a-indole), 125.7 (CH-Ph), 111.0 (CH6-indole), 109.5
(CH7-indole), 103.4 (CH4-indole), 102.0 (CH3-indole), 78.3 (
CH), 73.4 (-C), 66.6 (CH2O), 57.6 (CH2), 54.2 (2 × CH2), 51.7
(indole-CH2), 44.65 (CH2), 43.1 (CH2), 41.5 (N-CH3), 37.67 (CH),
32.0 (2 × CH2), 29.8 (CH3); MS (EI) m/z (%) 188 (100), 202 (42),
429 (6)[M]+. 7·2HCl: white powder; mp 218−220 °C; IR (KBr) ν
3421, 3189, 2929, 2498, 1619, 1486, 1208, 1163 cm−1; 1H NMR (300
MHz, D2O) δ 7.28 (d, J = 8.9 Hz, 1H, CH7-indole), 7.20−7.15 (m,
2H), 7.10−7.06 (m, 4H), 6.87 (dd, J = 9.0, 1.9 Hz, 1H, CH6-indole),
6.61 (s, 1H, CH3-indole), 4.49 (s, 2H, CH2), 4.25−4.13 (m, 2H,
-CH2O), 3.87 (d, J = 1.8 Hz, 2H, CH2), 3.60 (s, 3H, CH3), 3.47 (d, J =
12.2 Hz, 2H, CH2), 3.39−3.30 (m, 2H, CH2), 2.98 (t, J = 1.9 Hz, 1H,
CCH), 2.87−2.77 (m, 5H, CH2 + N-CH3), 2.43 (d, J = 6.6 Hz, 2H,
CH2), 1.75−1.71 (m, 3H, CH + CH2), 1.41−1.28 (m, 2H, CH2). Anal.
Calcd for C28H37Cl2N3O·2/3(H2O): C, 65.36; H, 7.51; N, 8.17. Found:
C, 65.08; H, 7.74; N, 8.40.
N-{[5-(3-Bromopropoxy)-1-methyl-1H-indol-2-yl]methyl}-N-

methylprop-2-yn-1-amine (26). A mixture of 1-methyl-2-{[ethyl-
(prop-2-yn-1-yl)amino]ethyl}-1H-indol-5-ol 1452 (21 mg, 0.092
mmol), 1,3-dibromopropane (186 mg, 0.92 mmol), and potassium
carbonate (64 mg, 0.46 mmol) in 2-butanone (1 mL) was reacted at
85 °C for 6 h. The mixture was evaporated, and the residue was
partitioned between dichloromethane (10 mL) and water (10 mL).
The organic layer was dried (Na2SO4) and evaporated in vacuo to give
compound 26 (25.4 mg, 80%): Rf = 0.62 (CH2Cl2/AcOEt, 10:1); mp
71−2 °C; IR (KBr) ν 3275, 1488, 1468, 1206, 1026 cm−1; 1H NMR
(400 MHz, CDCl3) δ 7.2 (d, J = 8.9 Hz, 1H, CH7-indole), 7.07 (d, J =
2.4 Hz, 1H, CH4-indole), 6.87 (dd, J = 8.8 and 2.4 Hz, 1H, CH6-
indole), 6.35 (s, 1H, CH3-indole), 4.14 (t, J = 5.8 Hz, 2H, -CH2-OH),
3.75 (s, 3H, N-CH3), 3.69 (s, 2H, ind-CH2-N), 3.65 (t, J = 6.5 Hz, 2H,
-CH2-Br), 3.32 (d, J = 2.4 Hz, 2H, CH2-C), 2.36 (s, 3H, N-CH3),
2.33 [t, J = 5.9 Hz, CH2-(CH2O)], 2.30 (t, J = 2.4 Hz, 1H, CH);
13C NMR (100 MHz, CDCl3) δ 152.8 (C5-indole), 137.1 (C2-indole),
133.5 (C7a-indole), 127.2 (C3a-indole), 111.9 (CH6-indole), 109.6
(CH7-indole), 103.6 (CH4-indole), 102.1 (CH3-indole), 78.3 (-C),
73.4 (CH), 66.3 (CH2-O), 51.7 (CH2-N), 44.6 (CH2-C), 41.5
(N-CH3), 32.6 [CH2-(CH2O)], 30.3 (CH2−Br), 29.8 (N-CH3); MS
(EI) m/z (%): 131 (60), 160 (100) [M − ((Br(CH2)3)-
CH3NCH2CCH)]+, 227 (7) [M − (Br(CH2)3)]

+, 281 (96)
[CH3NCH2CCH)]+, 348 (21)[M]+. Anal . Calcd for
C17H21BrN2O: C, 58.46; H, 6.06; Br, 22.88; N, 8.02. Found: C,
58.49; H, 6.08; Br, 22.11; N, 8.23.
N-{[5-(3-(4-Benzylpiperidin-1-yl)propoxy)-1-methyl-1H-

indol-2-yl]methyl}-N-methylprop-2-yn-1-amine (8). 4-Benzylpi-
peridine (0.111 mL, 0.632 mmol, 2 equiv) was added to a mixture of
26 (111 mg, 0.316 mmol, 1 equiv) and potassium carbonate (131 mg,
0.648 mmol, 3 equiv) in N,N-dimethylformamide (4 mL). The
reaction mixture was heated at 70 °C for 7 h under an atmosphere of
argon. The reaction mixture was poured into water (5 mL) and

extracted into dichloromethane (3 × 20 mL). The organic layers were
combined, dried (Na2SO4), and concentrated. The residue was
purified by column chromatography, eluting with 4% methanol in
dichloromethane, affording compound 8 (89.2 mg, 64%) as white
crystalline solid: Rf = 0.43 (CH2Cl2/MeOH, 10:1); mp 82−3 °C; IR
(KBr) ν 3274, 2923, 1619, 1487, 1469, 1390, 1205, 1133, 1027 cm−1;
1H NMR (400 MHz, CDCl3) δ 7.31−7.25 (m, 2H), 7.21−7.12 (m,
4H), 7.02 (d, J = 2.26 Hz, 1H, CH4-indole), 6.83 (dd, J = 8.83 and
2.43 Hz, 1H, CH6-indole), 6.32 (s, 1H, CH3-indole), 4.03 (t, J = 6.28
Hz, 2H, -CH2O), 3.73 (s, 3H, CH3), 3.67 (s, 2H, CH2-N), 3.30 (d, J =
2.36 Hz, 2H, CH2), 3.02 (d, J = 11.45 Hz, CH2), 2.59 (t, J = 7.37
Hz, CH2), 2.55 (d, J = 6.77 Hz, CH2), 2.34 (s, 3H, CH3), 2.29 (t, J =
2.33 Hz, CCH), 2.08−1.92 (m, 4H, 2 × CH2), 1.66 (d, J = 12.7 Hz,
CH2), 1.55 (m, CH), 1.40 (qd, J = 12.19, 3.24 Hz, CH2);

13C NMR
(100 MHz, CDCl3) δ 153.1 (C5-indole), 140.5 (C-Ph), 137.0 (C2-
indole), 133.3 (C7a-indole), 129.0 (2 × CH-Ph), 128.1 (2 × CH-Ph),
127.4 (C3a-indole), 125.7 (CH-Ph), 111.9 (CH6-indole), 109.5
(CH7-indole), 103.4 (CH4-indole), 102.0 (CH3-indole), 78.3 (
CH), 73.4 (-C), 67.2 (CH2-O), 55.7 (CH2), 53.8 (2 × CH2), 51.7
(CH2), 44.7 (CH2), 43.0 (CH2), 41.5 (N-CH3), 37.7 (CH), 31.7 (2 ×
CH2), 29.8 (CH3), 26.7 (CH2); MS (ES) m/z (%) 188 (99), 444
(100) [M + H]+, 445 (40) [M + 2H]+, 466 (2)[M + Na]+. Anal. Calcd
for C29H37N3O: C, 78.51; H, 8.41; N, 9.47. Found: C, 78.63; H, 8.59;
N, 9.44. 8·2HCl: white powder; mp 216−218 °C; IR (KBr) ν 3196,
2931, 2559, 2509, 1619, 1485, 1472, 1454, 1250, 1211 cm−1; 1H NMR
(300 MHz, D2O) δ 7.27 (d, J = 9.1 Hz, 1H, CH7-indole), 7.20−7.15
(m, 2H), 7.10−7.06 (m, 4H), 6.84 (dd, J = 9.0, 1.5 Hz, 1H, CH6-
indole), 6.60 (s, 1H, CH3-indole), 4.48 (s, 2H, CH2), 3.99 (t, J = 5.4
Hz, 2H, -CH2O), 3.87 (s, 2H, CH2), 3.59 (s, 3H, CH3), 3.41 (d, J =
11.8 Hz, 2H, CH2), 3.16−3.05 (m, 2H), 2.99−2.97 (m,1H, CCH),
2.81−267 (m, 5H, CH2 + N-CH3), 2.43 (d, J = 6.1 Hz, 2H, CH2),
2.06−1.97 (m, 2H, CH2), 1.74−1.70 (m, 3H, CH + CH2), 1.34−1.22
(m, 2H, CH2). Anal. Calcd for C29H37N3O·2HCl·1/2(H2O): C, 66.27;
H, 7.67; Cl, 13.49; N, 8.00. Found: C, 66.02; H, 7.62; Cl, 13.45; N,
8.25.
N-{[5-(3-(4-Benzylpiperazin-1-yl)propoxy)-1-methyl-1H-

indol-2-yl]methyl}-N-methylprop-2-yn-1-amine (9). 1-Benzylpi-
perazine (0.148 g, 0.845 mmol) was added to a mixture of 26 (0.147 g,
0.422 mmol) and potassium carbonate (0.116 g, 0.845 mmol) in N,N-
dimethylformamide (10 mL). The reactants were heated at 70 °C
overnight under an atmosphere of argon. The reaction mixture was
poured into water (50 mL) and extracted into ethyl acetate (3 × 100
mL). The organic layers were combined, dried (Na2SO4), and
concentrated in vacuo. The residue was purified by column
chromatography, eluting with 2% MeOH in CH2Cl2, affording
compound 9 (0.16 g, 85%) as a solid: Rf = 0.43 (CH2Cl2/MeOH,
10:1); mp 103−4 °C; IR (KBr) ν 3138, 2958, 2943, 2806, 2762, 1621,
1492, 1480, 1207, 1159 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.37−
7.25 (m, 5H), 7.19 (d, J = 8.8 Hz, 1H, CH7-indole), 7.07 (d, J = 2.4
Hz, 1H, CH4-indole), 6.88 (dd, J = 8.8 and 2.4 Hz, 1H, CH6-indole),
6.35 (s, 1H, CH3-indole), 4.06 (t, J = 6.4 Hz, 2H, -CH2O), 3.75 (s,
3H, N-CH3), 3.69 (s, 2H, CH2Ph), 3.54 (s, 2H, CH2-N), 3.33 (d, J =
2.3 Hz, 2H, CH2C), 2.53 (m, 8H, 4 × CH2), 2.36 (s, 3H, N-CH3),
2.32 (t, J = 2.3 Hz, 1H, CCH), 2.01 [m, 2H, CH2(CH2O)]; 13C
NMR (100 MHz, CDCl3) δ 153.1 (C5-indole), 138.0 (C-Ph), 136.9
(C2-indole), 133.2 (C7a-indole), 129.1 (2 × CH-Ph), 128.1 (2 × CH-
Ph), 127.4 (C3a-indole), 126.9 (CH-Ph), 111.9 (CH6-indole), 109.5
(CH7-indole), 103.2 (CH4-indole), 101.9 (CH3-indole), 78.3 (-C),
73.4 (CH), 67.1 (CH2-O), 63.0 (CH2-N), 55.33 (CH2), 53.1
(CH2), 53.0 (2 × CH2), 51.7 (CH2), 44.6 (CH2), 41.5 (N-CH3), 29.8
(N-CH3), 26.9 [CH2(CH2O)]; MS (ES) m/z (%) 445 (100) [M +
H]+, 467 (2) [M + Na]+. Anal. Calcd for C28H36N4O: C, 75.64; H,
8.16; N, 12.60. Found: C, 75.39; H, 8.40; N, 12.52. 9·3HCl: white
powder; mp 227−230 °C; IR (KBr) ν 3195, 2953, 2561, 2516, 2442,
1620, 1485, 1472, 1442, 1211 cm−1; 1H NMR (300 MHz, D2O) δ
7.36−7.31 (m, 5H), 7.27 (d, J = 9.1 Hz, 1H, CH7-indole), 7.05 (d, J =
2.4 Hz, 1H, CH4-indole), 6.84 (dd, J = 9.0, 2.5 Hz, 1H, CH6-indole),
6.61 (s, 1H, CH3-indole), 4.50 (s, 2H, CH2), 4.21 (s, 2H, CH2), 4.00
(t, J = 5.7 Hz, 2H, -CH2O), 3.88 (d, J = 2.5 Hz, 2H, CH2-C), 3.60
(s, 3H, CH3), 3.50−3.35 (m, 4H), 3.33−3.22 (m, 2H), 2.98 (t, J = 2.5
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Hz, 1H, CCH), 2.78 (s, 3H, N-CH3), 2.14−1.98 (m, 2H, CH2).
Anal. Calcd for C28H39Cl3N4O·1/2(H2O): C, 59.73; H, 7.16; N, 9.95.
Found: C, 59.59; H, 7.49; N, 10.20.
Biological Evaluation. Inhibition Experiments of AChE and

BuChE. To assess the inhibitory activity of the compounds toward
AChE (EC 3.1.1.7) or BuChE (EC 3.1.1.8), we followed the
spectrophotometric method of Ellman78 using purified AChE from
Electrophorus electricus (type V-S) or human recombinant (expressed in
the HEK-293 cell line) or BuChE from equine or human serum
(lyophilized powder) (Sigma-Aldrich, Madrid, Spain). The reaction
took place in a final volume of 3 mL of a phosphate-buffered solution
(0.1 M) at pH 8, containing 0.035 U/mL EeAChE, 0.24 U/mL
hrAChE, or 0.05 U/mL BuChE, and 0.35 mM 5,5′-dithiobis-2-
nitrobenzoic acid (DTNB, Sigma-Aldrich, Madrid, Spain). Inhibition
curves were made by preincubating this mixture with at least nine
concentrations of each compound for 10 min. A sample with no
compound was always present to determine the 100% of enzyme
activity. After this preincubation period, acetylthiocholine iodide (0.35
mM) or butyrylthiocholine iodide (0.5 mM) (Sigma-Aldrich, Madrid,
Spain) was added, allowing 15 min more of incubation, where the
DTNB produces the yellow anion 5-thio-2-nitrobenzoic acid along
with the enzymatic degradation of acetylthiocholine iodide or
butyrylthiocholine iodide. Changes in absorbance were detected at
405 nm in a spectrophotometric plate reader (FluoStar OPTIMA,
BMG Labtech). Compounds inhibiting AChE or BuChE activity
would reduce the color generation; thus, IC50 values were calculated as
the concentration of compound that produces 50% AChE activity
inhibition. Data are expressed as the mean ± SEM of at least three
different experiments in quadruplicate.
Kinetic Analysis of AChE Inhibition. To obtain estimates of the

mechanism of action of compound 5, reciprocal plots of 1/V versus 1/
[S] were constructed at different concentrations of the substrate
acetylthiocholine (0.1−1 mM) by using Ellman’s method.78 Experi-
ments were performed in a transparent 48-well plate, each well
containing 350 μL of the DTNB solution in PBS and 1 μL of buffer
(control) or inhibitor solution to give the desired final concentration.
Final volume (1 mL) was reached by adding phosphate buffer solution
(pH 8). Reaction was initiated by adding 45 μL of AChE at 30 °C to
give a final concentration of 0.18 U/mL. Progress curves were
monitored at 412 nm over 1.33 min in a fluorescence plate reader
Fluostar Optima (BMG-Technologies, Germany). Progress curves
were characterized by a linear steady-state turnover of the substrate,
and values of a linear regression were fitted according to Lineweaver−
Burk replots using Origin software. The plots were assessed by a
weighted least-squares analysis. Determination of Michaelis constant
for the substrate ATCh was done at seven different concentrations
(0.1−1 mM) to give KM = 0.29 ± 0.01 mM and Vmax = 2.82 ± 0.06
min−1. Slopes of the reciprocal plots were then plotted against the
concentration of 5 (0−10 μM) as previously described80 to evaluate Ki
data. Data analysis was performed with Origin Pro 7.5 software
(Origin Lab Corp.).
Inhibition Experiments of MAO-A and MAO-B. A purification

of mitochondria from rat liver homogenates was prepared as
previously described81 and used as source for MAO activities. Total
protein was measured by the method of Bradford using bovine-serum
albumin as standard. The inhibitory activity of the compounds toward
MAO-A and MAO-B was determined following the method of Fowler
and Tipton82 using 14C-labeled substrates (Perkinelmer, USA). MAO-
B activity was determined toward 20 μM [14C]phenylethylamine
(PEA) (2.5 mCi/mmol) and MAO-A activity toward 100 μM [14C]-
(5-hydroxy-triptamine) (5-HT) (0.5 mCi/mmol). Inhibition curves
were made by preincubating this mixture with at least nine
concentrations of each compound for 30 min. A sample without
compound was always present to determine the 100% of enzyme
activity. The reaction was carried out at 37 °C in a final volume of 225
μL in 50 mM phosphate buffer (pH 7.2) and stopped by the addition
of 100 μL of 2 M citric acid. Radiolabeled aldehyde product was
extracted into toluene/ethyl acetate (1:1, v/v) containing 0.6% (w/v)
2, 5-diphenyloxazole (PPO) before liquid scintillation counting (Tri-

Carb 2810TR). Data are the mean ± SEM of at least four different
experiments in triplicate.
Reversibility Studies. To study the nature of the enzymatic

inhibition exerted by 5, we determined the activity of the enzyme in
the presence and in the absence of the inhibitor by two different
methods: after three consecutive washings with buffer and after
different times of preincubation of the enzyme with the inhibitor. For
the first method, enzyme samples were preincubated for 30 min at 37
°C with 6 nM compound 5 for MAO-A and 45 nM for MAO-B.
Samples were then washed and centrifuged at 25000g for 10 min at 4
°C consecutively three times. Finally, total protein was measured and
MAO-A and MAO-B activities were determined as above-described.
For the second method, samples of enzyme and inhibitor 5 at the
indicated concentration were preincubated for 0, 5, 15, and 30 min
before measuring MAO-A and MAO-B activities as above-described.
Progress Curves of Substrate Consumption. To clarify the

behavior of 5 toward MAO-A and MAO-B, the inhibitor was
preincubated for long periods (0−420 min) with MAO-A (10 nM
inhibitor concentration) and MAO-B (100 nM inhibitor concen-
tration). The concentrations of 5 used in this assay were 2 times the
corresponding IC50 value. After the corresponding periods, substrates
were added and MAO activities were determined as above-described.
Data are the mean ± SEM of three independent esperiments in
triplicate.
Kinetic Analysis of MAO-B Inhibition. To obtain estimates of

the mechanism of action of compound 5, reciprocal plots of 1/V
versus 1/[S] were constructed at different concentrations of the
substrate β-phenylethylamine (1−200 μM) by using Fowler and
Tipton’s method.82 The plots were assessed by a weighted least-
squares analysis. Data analysis was performed with GraphPad Prism
3.0 software (GraphPad Software Inc.). Determination of Michaelis
constants gave KM = 6.7 ± 0.3 μM and Vmax = 277.8 ± 6.1 pmol/min.
Slopes of the reciprocal plots were then plotted against the
concentration of 5 (0−10 μM) as previously described79 to evaluate
Ki data.
Inhibitory Capacity on Aβ1−42 Self-Aggregation. The inhib-

ition of Aβ1−42 self-aggregation by compound 5 was studied by using
the thioflavin T-based fluorometric assay previously described by
Bartolini et al.83 with little modifications. Briefly, Aβ1−42 peptide
(Bachem AG, Switzerland) was pretreatted with 1,1,1,3,3,3-hexafloro-
2-propanol (HFIP, Sigma Chemicals) and redissolved in 10 mM
phosphate buffer (PBS, pH 11.2 adjusted with NH4OH). Final Aβ1−42
stock solution concentration was 443 μM. To study the effect of 5 on
fibril formation, experiments were performed by incubating the
peptide (final Aβ concentration of 40 μM) with and without 10 μM
compound 5 (Aβ/inhibitor = 4/1). Blanks containing only the
inhibitor were also prepared. Propidium iodide (PI, Sigma-Aldrich)
was used as reference compound in the experiments at the conditions
described aboved and also at equimolar ratio Aβ/PI. Samples were
diluted to a final volume of 200 μL with 10 mM PBS (pH 7.4), and 35
μM thioflavin T in 50 mM glycine−NaOH buffer (pH 8.5) was added.
Experiments were performed on a Synergy HT microplate
spectrofluorometer (Bio-Tek, U.S.). The fluorescence intensity was
carried out (λexc = 485 nm; λem = 528 nm) every 10 min for 10 h, and
values at plateau (400 min) were averaged after subtracting the
background fluorescence of 35 μM thioflavin T solution. The
fluorescence intensities were compared, and the percent inhibition
due to the presence of the inhibitor was calculated by the following
expression: 100 − [(IFi/IF0) × 100], where IFi and IF0 are the
fluorescence intensities obtained in the presence and absence of
inhibitor, respectively.
Inhibition of hAChE-Induced Aβ1−40 Aggregation. Aliquots of

231 μM Aβ1−40 (Bachem AG, Switzerland) lyophilized from 1 mg/mL
HFIP solution were redissolved in 10 mM phosphate buffer (PBS, pH
11.2 adjusted with NH4OH). For co-incubation experiments, aliquots
of human recombinant AChE (Sigma Chemicals) (0.4 μM final
concentration, ratio Aβ/AChE = 10/1) in the presence of 100 μM
compound 5 were added. Blanks containing Aβ, AChE, Aβ plus
compound 5, and AChE plus compound 5 were also prepared. To
quantify the amyloid fibril formation, the thioflavin T fluorescence
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method82 was performed as above-described. The fluorescence
intensities were compared, and the percent inhibition due to the
presence of the inhibitor was calculated by the following expression:
100 − [(IFi/IF0) × 100] where IFi and IF0 are the fluorescence
intensities obtained in the presence and absence of inhibitor,
respectively.
Molecular Modeling. Setup of the Systems. All protein

models were derived from X-ray crystallographic structures taken
from the Protein Data Bank (PDB). AChE models were built up from
the AChE−donepezil complex 1EVE.59 The enzyme was modeled in
its physiological active form with neutral His440 and deprotonated
Glu327, which together with Ser200 forms the catalytic triad. The
standard ionization state at neutral pH was considered for the rest of
the ionizable residues with the exception of Asp392 and Glu443, which
were neutral, and His471, which was protonated, according to previous
studies.84 Three disulfide bridges were defined between Cys residues
66−93, 254−265, 402−521, and histidine residues 398 and 440 were
set up to represent the δ tautomer.85 MAO models were built up using
X-ray structures 2Z5X67 and 2C6586 for isoforms A and B,
respectively. Structural waters were defined as those common to five
different high-resolution X-ray crystallographic structures (PDB entries
2Z5X, 2Z5Y, 2V5Z, 2C70, 2VZ2).
Docking. The binding mode of compound 5 was explored by

means of docking calculations carried out with rDock, which is an
extension of the program RiboDock, using an empirical scoring
function calibrated on the basis of protein−ligand complexes.64,65

Docking computations were performed with a 2-fold purpose: (1) to
explore suitable starting orientations of the inhibitor in the binding site
of AChE, MAO-A, and MAO-B and (2) to examine the docking of
compound 5 for the three main orientations adopted by the indole
ring of Trp279 in the peripheral binding site in Torpedo californica
AChE.61 At this point, it is worth noting that the reliability of rDock
has been assessed by docking a set of known dual binding site IAChEs,
taking advantage of the X-ray crystallographic structures of their
complexes with AChE.60 The docking of 5 in AChE was then explored
using the three structural models of the target AChE differing in the
orientations of Trp279 (PDB entries 1EVE, 1Q83, and 2CKM).
Structural water molecules that mediate relevant interactions between
the benzylpiperidine moiety and the enzyme were retained in the
target models. Similarly, five water molecules found in the binding site
of MAO-A and MAO-B were retained in docking calculations. The
docking volume was defined as the space covered by catalytic, mid-
gorge, and peripheral sites in AChE and by the substrate and entrance
cavities in MAO. Suitable restraints were introduced to position the
benzylpiperidine moiety of 5 in AChE. Each compound was subjected
to 100 docking runs. Whereas the protein was kept rigid, rDock
accounts for the conformational flexibility of the ligand around
rotatable bonds during docking calculations. The output docking
modes were analyzed by visual inspection in conjunction with the
docking scores.

The X-ray structure of the recombinant human BuChE (PDB entry
2PM8)87 was used to explore the binding mode of 5 in this enzyme.
Some graphical manipulation was required, including addition of the
hydrogen atoms according to the parm99SB force field and modeling
of poorly resolved loop between residues Leu478 and Lys486, which
was modeled using the X-ray structure of the BChE−tabun complex
(PDB entry 3DJY).88 Additionally, three disulfide bonds were defined
between residues 94−120, 280−291, and 428−547. Residue Glu469
was modeled in the protonated state, and residue His466 was modeled
as the Nδ-H tautomer. Docking calculations were performed using the
same protocol mentioned above.
MM-PBSA Analysis. The ligand−protein poses were clusterized

and reranked using the MM-PBSA approach in conjunction with the
parmm99 force field of the AMBER (version 9) package.89 The partial
atomic charges of compound 5 were derived using the RESP
protocol90 by fitting to the molecular electrostatic potential calculated
at the HF/6-31G* level with Gaussian 03.91 Calculations were
performed for 100 snapshots taken evenly during the last 5 ns of the
simulations. The internal conformational energy was determined using
the standard formalism and parameters implemented in AMBER. The

electrostatic contribution was computed using a dielectric constant of
78.4 for the aqueous environment, while a dielectric constant of 1 was
assigned to the interior of the protein. Even though the choice of the
internal dielectric constant is a subject of debate, this value is usually
adopted when calculations are performed for ensembles of snapshots
taken from simulations, whereas higher values are generally used for
calculations of static structures.92,93 The electrostatic potentials were
calculated using a grid spacing of 0.25 Å. Besides the standard atomic
radii implemented in AMBER, calculations were also performed using
a set of optimized radii developed for MM/PBSA computations with
the AMBER force field.66 The nonpolar contribution was calculated
using a linear dependence with the solvent-accessible surface as
implemented in AMBER. Finally, entropy changes upon complexation
were assumed to cancel out in the comparison of the different poses.
Molecular Dynamics. The binding mode of compound 5 was

explored by means of 20 ns molecular dynamics (MD) simulations
performed for their complexes to AChE (using three different models;
see above), MAO-A, and MAO-B. An additional MD simulation was
run for the complex with donepezil and used to calibrate the results of
the simulations performed for AChE complexes. In addition, MD
simulations were also performed for the complexes corresponding to
the covalent adduct formed between 5 and FAD in both MAO-A and
MAO-B. To this end, suitable parameters were developed for the
corresponding imine fragment formed in the chemical reaction
(parameters available upon request to the authors).

The simulation protocol was based on the computational strategy
used in our previous studies,60 which is briefly summarized here. MD
simulations were run using the PMEMD module of AMBER 9 and the
parm99SB parameters for the protein.94 The GAFF force field95,96 was
used to assign parameters to the inhibitor (and to the FAD cofactor in
MAO simulations). The charge distribution of the inhibitor was
further refined based on the electrostatic charges determined from a fit
to the “HF/6-31G(d)” electrostatic potential obtained with Gaussian
0391 using the RESP procedure. Na+ cations were added to neutralize
the negative charge of the system with the XLEAP module of AMBER
9. The system was immersed in an octahedral box of TIP3P97 water
molecules, preserving the crystallographic waters inside the binding
cavity. The final systems contained the protein−ligand complex, Na+

cations, and around 17 000 water molecules, leading to simulations
systems that comprise around 53 000 atoms.

The geometry of the system was minimized in four steps. First, the
position of hydrogen atoms was optimized using 3000 steps of steepest
descent algorithm. Then water molecules were refined through 2000
steps of steepest descent followed by 3000 steps of conjugate gradient.
Next, the ligand, water molecules, and counterions were optimized
with 2000 steps of steepest descent and 4000 steps of conjugate
gradient, and finally the whole system was optimized with 3000 steps
of steepest descent and 7000 steps of conjugate gradient. Thermal-
ization of the system was performed in five steps of 25 ps, increasing
the temperature from 100 to 298 K. Concomitantly, the residues that
define the binding site were restrained during thermalization using a
variable restraining force. Thus, a force constant of 25 kcal mol−1 Å−2

was used in the first stage of the thermalization and was subsequently
decreased by increments of 5 kcal mol−1 Å−2 in the next stages. Then a
series of 20 ns trajectories were run for the two compounds using a
time step of 1 fs. In MAO simulations, an additional restraint force was
used for the backbone of residues 487−492, which define the
transmembrane segment at the C-terminus of the protein. SHAKE was
used for those bonds containing hydrogen atoms, in conjunction with
periodic boundary conditions at constant pressure (1 atm) and
temperature (298 K), particle mesh Ewald for the treatment of long-
range electrostatic interactions, and a cutoff of 11 Å for nonbonded
interactions.
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Franco, M. I.; Huertas, O.; Dafni, T.; Luque, F. J. Pyrano[3,2-
c]quinoline-6-chlorotacrine Hybrids as a Novel Family of

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm200853t | J. Med. Chem. 2011, 54, 8251−82708268



Acetylcholinesterase- and Beta-Amyloid-Directed Anti-Alzheimer
Compounds. J. Med. Chem. 2009, 52, 5365−5379.
(61) Galdeano, C.; Viayna, E.; Arroyo, P.; Bidon-Chanal, A.; Blas, J.
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 S3

Figure S1. Time (ns) evolution of the potential energy (x 103; kcal/mol) for the MD 
simulations of (top; left) the AChE-donepezil complex, and the complexes of 5 bound 
to (top; right) AChE(1EVE), (bottom; left) AChE(2CKM) and (bottom; right) 
AChE(1Q83). 
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  AChE(2CKM)-5   AChE(1Q83)-5 

 

 



 S4

Figure S2. Time (ns) evolution of the positional root-mean square deviation (RMSD; 
Å) for the MD simulations of (top; left) the AChE-donepezil complex, and the 
complexes of 5 bound to (top; right) AChE(1EVE), (bottom; left) AChE(2CKM) and 
(bottom; right) AChE(1Q83). The RMSD was determined for the backbone atoms 
(black), and the heavy atoms of the residues that delineate the binding site (red) relative 
to the energy minimized structure of each AChE-5 complex. 
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 S5

Figure S3. Time (ns) evolution of the torsional angles (degrees) that define the 
orientation of the side chain of Trp279 for the MD simulations of (top; left) AChE-
donepezil complex, and the complexes of 5 bound to (top; right) AChE(1EVE), 
(bottom; left) AChE(2CKM) and (bottom; right) AChE(1Q83).  Dihedral angles N–Cα–
Cβ–Cγ and Cα–Cβ–Cγ–Cδ are shown in orange and blue, respectively. 
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 S6

Figure S4. Representation of the binding mode of (top) donepezil and (bottom) 5 bound 
to AChE. The binding mode of donepezil is taken from the X-ray structure (PDB entry 
1EVE). For the binding of 5 to AChE(1EVE), five snapshots taken every ns along the 
last 5 ns of the trajectory are superposed. Selected residues in the binding site are shown 
as yellow (X-ray) and green (AChE(1EVE)) sticks, whereas the ligand is shown as 
orange (donepezil) and blue (5) sticks. 
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Figure S5. View of the stacking interaction formed by the indole ring of 5 with the 
aromatic rings of Tyr334 and Trp279. Shortening or lengthening of the tether should be 
accompanied by displacements of the indole ring along the gorge that would increase 
the stacking against Tyr334 or Trp279. 
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Figure S6. View of the spatial location of residues Asp70 and Glu198 in the CAS for 
(top) the X-ray structure of the complex between AChE (yellow) and donepezil 
(orange), and (bottom) the complex between AChE(1EVE) (green) and 5 (blue).  
Selected distances are given in angstroms. 
 

Glu198

Tyr334

Asp72

 

Glu198

Tyr334

Asp72
 



 S9

Figure S7. Representation of the inverted binding mode of 5 in the binding site of 
AChE for the AChE_1EVE model. Superposition of the snapshots taken every 2 ns 
along the last 10 ns of the trajectory for the complex with (top) AChE_1EVE, (middle) 
AChE_1Q83 and (bottom) AChE_2CKM. The ligand is shown in orange, and selected 
residues at the CAS (Trp84, Phe330) and PAS (Tyr70, Trp279) are shown in green. 
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ACHE_2CKM 
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Figure S8. Representation of poses 1, 3, 5, 7 and 12 (covering a range of 5 kcal/mol in 
the score) obtained upon docking of compound 5 (blue) into the binding site of BuChE. 
Selected residues in the binding site of BuChE are also shown (green) together with the 
residue numbered in the enzyme (PDB entry 2PM8), and the corresponding residues in 
AChE. 
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Figure S9. Time (ns) evolution of the potential energy (x 103; kcal/mol) for the MD 
simulations of 5 noncovalently bound to (top) MAO-A and (bottom) MAO-B. 
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Figure S10. Time (ns) evolution of the positional root-mean square deviation (RMSD; 
Å) for the MD simulations of hybrid 5 bound to (top) MAO-A and (bottom) MAO-B. 
The RMSD was determined for the backbone atoms (black) and the heavy atoms of the 
residues that delineate the binding site (red). 
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Figure S11. (Top) Superposition of the last snapshot obtained from the MD simulation 
run for the MAO-A complex of 5 with harmine (shown as magenta sticks) as found in 
the X-ray structure of its complex to human MAO-A (PDB entry 2Z5X). (Bottom) 
Superposition of the initial (yellow sticks) and final snapshots of the 20 ns MD 
simulation run for the MAO-A-5 complex. 
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Figure S12. (Top) Superposition of the last snapshot obtained from the MD simulation 
run for the MAO-B complex of 5 with deprenyl (shown as magenta sticks) and 
rasagiline (shown as white sticks) as found in the X-ray structures of their complexes to 
human MAO-B (PDB entries 2BYB and 1S2Q, respectively). (Bottom) Superposition of 
the initial (yellow sticks) and final snapshots of the 20 ns-MD simulation run for the 
MAO-A-5 complex. 
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Figure S13. Time evolution (ns) of the distance (Å) from the carbon atom that bears the 
protonated amine in 5 to the nitrogen atom involved in chemical modification of FAD 
by deprenyl and rasagiline.  Profiles for MAO-A and MAO-B are shown in blue and 
orange, respectively. 
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Figure S14. Time (ns) evolution of the potential energy (x 103; kcal/mol) for the MD 
simulations of 5 covalently bound to (top) MAO-A and (bottom) MAO-B. 
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Table S1. MM−PBSA analysis of the binding affinity (kcal/mol) of compound 5 to 
AChE(1EVE) and AChE(2CKM). Calculations were performed for a set of 100 
snapshots taken during the last 5 ns of the simulations (A) using standard atomic radii 
implemented in AMBER force field, and (B) the atomic radii optimized for MM/PBSA 
calculations with the AMBER force field. 

A) Standard atomic radii. 

 
Target  

(ele/vW) 

    

1EVE -500.4 

(-443.5/-56.9) 

470.9 -7.3 -36.8 0.0 

2CKM -511.9 

(-455.2/-53.2) 

484.6 -7.3 -34.5 +2.3 

 
B) Optimized atomic radii 
Target  

(ele/vW) 

    

1EVE -500.4 

(-443.5/-56.9) 

444.9 -7.3 -62.7 0.0 

2CKM -511.9 

(-455.2/-53.2) 

460.6 -7.3 -58.7 +4.0 
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Table S2. MM−PBSA analysis of the relative stability (kcal/mol) of the different 
complexes between 5 and AChE(1EVE) and AChE(2CKM). Normal and inverted 
denote the orientation with the benzylpiperidine moiety in the CAS or in the PAS, 
respectively. Calculations were performed for a set of 100 snapshots taken during the 
last 5 ns of the simulations using standard atomic radii implemented in AMBER force 
field. 

 
Target ∆∆GMM  ∆∆Gele

sol  ∆∆Gnon−polar
sol   

Normal orientation 

1EVE 0.0 0.0 0.0 0.0 

2CKM -29.3 149.2 -1.6 118.2 

Inverted orientation 

1EVE -69.6 175.2 -3.3 102.3 

1Q83 -2.0 69.4 -1.4 65.9 

2CKM -9.0 124.1 -2.4 112.6 

 
 
Since the initial state of the binding process of 5 to AChE is common for all the 
different complexes, the relative stability of the distinct binding modes can be directly 
taken from the comparison of the stabilities of the bound state (i.e., the AChE-5 
complex), which takes into account not only the interaction between ligand and protein, 
but also the contribution due to structural deformations. 
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Table S3. MM−PBSA analysis of the binding affinity (kcal/mol) of compound 5 to 
MAO-A and MAO-B. Calculations were performed for a set of 100 snapshots taken 
during the last 5 ns of the simulations using standard atomic radii implemented in 
AMBER force field. 
 
 
a) Simulation of compound 5 in the binding site prior to chemical reaction with FAD. 
Data determined for the whole ligand. 
 
 
Target  

(ele/vW) 

   

MAOA -127.1 

(-66.5/-60.6) 

108.4 -7.1 -25.7 

MAOB -253.1 

(-194.3/-58.8) 

219.6 -7.1 -40.5 

 
 
b) Simulation of compound 5 in the binding site prior to chemical reaction with FAD. 
Data determined for a truncated ligand where the propargyl unit has been replaced by a 
dummy atom. 
 
 
Target  

(ele/vW) 

   

MAOA -104.6 

(-51.9/-52.7) 

89.0 -7.0 -22.6 

MAOB -225.5 

(-172.6/-52.4) 

193.2 -7.0 -38.8 

 
 
c) Simulation of the adduct formed by compound 5 after chemical reaction with FAD. 
Data determined for a truncated ligand where the propargyl unit has been replaced by a 
dummy atom. 
 
Note that due to the covalent linkage with FAD, there is a substantial charge 
redistribution in the ligand, which affects the magnitude of and  in 
MM/PBSA calculations compared to the noncovalently form of 5. Therefore, caution is 
required for the comparison of the separate free energy components in the noncovalent 
and covalent forms of the inhibitor. 
 



 S21

Target  

(ele/vW) 

   

MAOA -69.7 

(-14.4/-55.3) 

50.7 -7.0 -26.0 

 

MAOB2 -167.0 

(-105.3/-61.7) 

129.6 -7.0 -44.4 
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Since cyanide potentiates the inhibitory activity of several monoamine oxidase (MAO) inhibitors, a series of
carbonitrile-containing aminoheterocycles was examined to explore the role of nitriles in determining the inhib-
itory activity against MAO. Dicarbonitrile aminofurans were found to be potent, selective inhibitors against MAO
A. The origin of the MAO A selectivity was identified by combining spectroscopic and computational methods.
Spectroscopic changes induced inMAOA bymono- and dicarbonitrile inhibitorswere different, providing exper-
imental evidence for distinct binding modes to the enzyme. Similar differences were also found between the
binding of dicarbonitrile compounds to MAO A and to MAO B. Stabilization of the flavin anionic semiquinone
by monocarbonitrile compounds, but destabilization by dicarbonitriles, provided further support to the distinct
binding modes of these compounds and their interaction with the flavin ring. Molecular modeling studies sup-
ported the role played by the nitrile and amino groups in anchoring the inhibitor to the binding cavity. In partic-
ular, the results highlight the role of Asn181 and Ile335 in assisting the interaction of the nitrile-containing
aminofuran ring. The network of interactions afforded by the specific attachment of these functional groups pro-
vides useful guidelines for the design of selective, reversible MAO A inhibitors.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Monoamine oxidase (MAO) catalyzes the oxidative deamination of
biogenic amines. Two isoforms of MAO (A and B) coded by distinct
gene loci are found inmammalian tissues. Although thefirstMAO inhib-
itors were used for the treatment of depression [1], MAO inhibition is
also valuable for the treatment of several neurodegenerative disorders.
While non-specific and MAO A inhibitors are effective antidepressants,
MAO B blockers have been emphasized in the treatment of Parkinson's
and Alzheimer's diseases [2–4].

The two isoforms exhibit different substrate specificities, as noted in
the fact that serotonin is primarily metabolized by MAO A, whereas 2-
phenylethylamine is a better substrate of MAO B. Furthermore, the
activity of the two isoforms can be distinguished by their sensitivity
to selective inhibitors: MAO A is inhibited by low concentrations of
clorgyline, while MAO B is blocked by low concentrations of selegiline
(l-deprenyl). Non-specific irreversible inhibitors have been associated
adenine dinucleotide; QM/MM,

44 1334 462595.

ights reserved.
with unfavorable adverse effects, such as the well known “cheese
effect” due to the inhibition of tyramine oxidation by intestinal
MAOA. As a result, efforts have been invested in the development of se-
lective inhibitors, such as the anti-Parkinson MAO B drug rasagiline,
which bears an N-propargyl group that also confers neuroprotective
properties [6–10]. The development of selective reversible MAO A in-
hibitors has also been pursued to minimize side effects resulting from
inhibition of intestinal MAO A; reversibility allows dietary tyramine to
displace them from the peripheral enzyme [11–14]. To avoid side effects
on blood pressure, reversible inhibitors are now considered a safer goal
for future development [5].

Knowledge of the structural similarities and differences between the
binding sites of the two MAO isoforms is useful for the design of se-
lective ligands. This is facilitated by the availability of high-resolution
X-ray structures [15–19], which revealed the existence of a very high
similarity between the residues that shape the substrate cavity of
human MAO A and B. A relevant difference between the two isoforms
is the replacement of the pair Phe208/Ile335 in MAO A by Ile199/
Tyr326 inMAOB, since it alters the shape of the substrate cavity, leading
to the distinction between “substrate” and “entrance” sites in MAO B.
Moreover, these residues have been implicated in the affinity and selec-
tive recognition of substrates and inhibitors, as noted for the binding of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbapap.2013.11.003&domain=pdf
http://dx.doi.org/10.1016/j.bbapap.2013.11.003
mailto:rrr@st-andrews.ac.uk
http://dx.doi.org/10.1016/j.bbapap.2013.11.003
http://www.sciencedirect.com/science/journal/15709639


Table 1
IC50 and Ki values (μM) for inhibition of human MAO A by compounds 1–8. IC50 values
were determined using a substrate concentration twice the KM value for purified MAO
A. Ki values for selected compounds were determined for purified MAO A in the spectro-
photometric assay by varying both substrate (kynuramine) and inhibitor, where all the
compounds showed a competitive inhibition.

Compound X, Y, Z MAO A

IC50 (μM) Ki (μM)

1a X_Cl 19 3.0
1b X_CH3 10
1c X_H 35
1d X_NO2 22
1e X_OCH3 39
1f X_F 89 26
2a X_N, Y_CH, Z_CN 40% at 500 μM
2b X_CH, Y_N, Z_CN 130
2c X_N, Y_CH, Z_CO2H None

3a X_O 475
3b X_S 67

4 50% at 1 mM

5a X_Cl 6.6 2
5b X_CH3 15 3.4
5c X_H 23
5d X_OCH3 11 7.5

6a X_Cl 0.77 0.10
6b X_CH3 0.55 0.08
6c X_OCH3 0.10 0.02

7a X_Cl None
7b X_CH3 10% at 30 μM

8 1.2 0.17
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the antiepileptic drug zonisamide to MAO B [20]. The replacements of
Ile180/Asn181 and Val210 in MAO A by Leu171/Cys172 and Thr201 in
MAOB are additional distinctive features between the substrate cavities
of the two isoforms.

This study examines the effect of nitrile groups on the inhibitory ac-
tivity against MAO A and B in light of the implications of these differ-
ences for the design of selective reversible inhibitors. Even though
cyanide is known to be a poor reversible inhibitor of the oxidation of
benzylamine by MAO [21], previous studies have indicated that the in-
hibitory activity of several compounds against MAO is potentiated by
cyanide [22–24]. Thus, an earlier study from Davison on the inhibition
of mitochondrial MAO by the irreversible inhibitor iproniazid revealed
that although at low concentrations this compound alone had little effect
on enzyme activity, the inhibitory activity was significantly enhanced in
the presence of cyanide ions [22]. A similar potentiating effect was also
reported for phenelzine and pheniprazine [23]. Remarkably, Tipton and
collaborators demonstrated that, in the case of pheniprazine, cyanide
potentiates the inhibition by increasing the apparent binding affinity to
MAO, without causing significant changes in the rate of the reaction
that yields the irreversibly inhibited species [24]. This finding suggests
that the potentiating effect of cyanide can be ascribed to an activation
mechanism whereby cyanide assists the binding of the inhibitor to the
enzyme.

In this context, this work reports the pharmacological behavior of
a series of carbonitrile-containing aminoheterocycles as inhibitors of
MAO. The inhibitory capacity against MAO A and B was determined
through experimental assays for the enzyme in solution and bound to
the membrane. The selective binding of the most potent dicarbonitrile
compounds to MAO A was then explored by measuring the differential
spectroscopic changes triggered upon ligand binding in conjunction
with molecular modeling studies. The results allow us to identify the
molecular determinants that modulate the selective inhibition of MAO
A by this compound, providing guidelines that may be valuable for the
design of novel selective inhibitors.

2. Materials and methods

2.1. Carbonitrile compounds

To investigate the potential role of cyanide in assisting the binding
of MAO inhibitors, a series of mono- and dicarbonitrile-containing
aminoheterocycles (1–7; see Table 1) were synthesized following the
procedure described in previous studies [25–27]. In order to complete
the analysis of structure–activity relationships, two novel compounds,
5d and 8, were synthesized and characterized (see Supplementary
information). The melting point was determined on a Koffler apparatus
and was uncorrected. The assignment of chemical shifts was based on
standard NMR experiments (1H, 13C-DEPT, 1H, 1H-COSY, gHSQC,
gHMBC). Mass spectra were recorded on a GC/MS spectrometer with
an API-ES ionization source. Elemental analyses were performed on a
LECO CHNS-932 apparatus. TLC was performed on silica F254 and de-
tection by UV light at 254 nm or by charring with either ninhydrin
and anisaldehyde, or phosphomolybdic-H2SO4 dyeing reagents. Col-
umn chromatography was performed on silica gel 60 (230 mesh).

2.2. Pharmacological assays

Kynuramine, benzylamine, Ampliflu Red™ (10-acetyl-3,7-
dihydroxyphenoxazine), and membrane-bound human MAO A and
MAO B were purchased from Sigma-Aldrich, UK. For the purified en-
zymes, MAO A and MAO B (human liver forms) were purified after ex-
pression in yeast [28–30].

Each inhibitor was dissolved in DMSO (in glass vials). Dilutionswere
prepared in DMSO so that a constant volume of 10 μl was added to each
1 ml assay. The control assay contained the same amount of DMSO
(1% v/v final concentration). Human MAO A (usually around 30 nM)
in 50 mM potassium phosphate, pH 7.4, containing 0.05% Triton X100
was assayed spectrophotometrically following the formation of product
at 314 nm at 30 °C with kynuramine as the substrate. For the inhibition
studies, MAO A activity was determined using 0.36 mM kynuramine
(2 × KM) and MAO B with 0.6 mM benzylamine (2 × KM). The activity
of membrane-bound MAO A and MAO B (1 nM) with the same sub-
strates was assayed by coupling the generation of H2O2 to horse-radish
peroxidase to generate the fluorescent compound, resorufin [31,32].

2.3. Determination of IC50 and Ki

Enzyme was added last to buffer containing substrate (2 × KM) and
fixed concentrations of inhibitors. The IC50 values for the MAO inhibi-
tion were calculated by plotting the remaining activity of the enzyme
(determined at multiple concentrations of the compounds) against
the log concentration of compound. The inhibition constants (Ki) were
determined using a substrate range of 0.1–0.9 mM kynuramine at six
different inhibitor concentrations over a 10-fold range. The program
GraphPad Prism v4 (GraphPad Software Inc.) was used to analyze the
data by non-linear regression for the dose–response curves and global
analysis for the Ki determination.

2.4. Spectral measurements

Spectra were recorded using a Shimadzu UV2101 spectrophotome-
ter following the protocol described in previous studies [33]. Briefly, ab-
sorbance spectra were obtained for the enzyme (9–20 μM, 300 μl in a
low-volume quartz cuvette) in 50 mM potassium phosphate buffer

Unlabelled image
Unlabelled image
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(pH 7.4, 25 °C) containing 0.05% Brij. Since inhibitor-induced spectral
changes are known to be fast [34,35], spectra were recorded as soon
as the absorbance had stabilized. Aliquots of dithionite were subse-
quently added to the anaerobic enzyme–inhibitor mixture to reduce
the flavin. Spectra were recorded 10 min after the additions to allow
redox equilibration.

2.5. Docking

The binding mode of one of the most potent compounds was ex-
plored by combining docking calculations and molecular dynamics
(MD) simulations. The protein models for MAO A were derived from
the X-ray crystallographic structure of the complex with harmine
(PDB ID: 2Z5X) [36]. The structure was refined by removal of the co-
crystallized inhibitor, shortening of the transmembrane domain to res-
idue Lys503, and addition of missing hydrogen atoms using the
parm99SB [37] force field. A thioether bond was created between resi-
due Cys406 and the FAD cofactor. Finally, structural waters common
to five different high-resolution X-ray crystallographic structures of
MAO (PDB IDs: 2Z5X, 2Z5Y, 2V5Z, 2C70, 2VZ2) were retained.

Docking was performed with the rDock program (derived from
RiboDock), which uses an empirical scoring function calibrated on the
basis of protein–ligand complexes [38,39]. Calculations were carried
out following the procedure adopted in recent studies [40]. Briefly, a
cavity of 12 Å of radius centered on the FAD N5 atom was defined as
the docking volume. While rDock accounts for the conformational
flexibility of the ligand around rotatable bonds and the reorientation
of water molecules, conformational adjustments of the side chains of
residues were accounted for indirectly by rescaling the van der Waals
volume of the side chains (by a factor of 0.9). Each compound was sub-
jected to 100 docking runs, and the poses were sorted according to its
docking score. The top25best scoredposeswere further analyzed by vi-
sual inspection.

2.6. Molecular dynamics simulations

The structural integrity of the bindingmodewas further explored by
means of 30 ns MD simulations performed for the complexes with the
oxidized and reduced forms of MAO A. Simulations were run using the
PMEMDmodule of theAmber software package [41]. The parm99SB pa-
rameterswere used for the protein and the gaff forcefield [42]was used
to assign parameters to the ligand. The torsion between phenyl and
furan ringswas parameterized byfitting to the quantummechanical en-
ergies derived at theMP2/6-31G(d) level, and the charge distribution of
the inhibitor was refined using RESP charges [43] fitted to the B3LYP/6-
31G(d) electrostatic potential obtained with Gaussian03 [44]. Sodium
cations were added to neutralize the system, which was immersed in
an octahedral box of around 13,000 TIP3P water molecules [45].

The simulation system was equilibrated using a multistep protocol.
First, the system was energy minimized in a sequential way: i) water
molecules and counterions (5000 steps of steepest descent algorithm
followed by 10,000 steps of conjugate gradient), ii) hydrogen atoms
(500 steps of steepest descent and 4500 steps of conjugate gradient),
iii) hydrogen atoms, water molecules and counterions (15,000 steps of
conjugate gradient.), and iv) the whole system was optimized (15,000
steps of conjugate gradient). Thermalization was performed in the
NVT ensemble during five 25 ps steps, using a time step of 1 fs and in-
creasing the temperature from50 to 298 K. Concomitantly, the inhibitor
and the residues that define the binding site were restrained during
thermalization using a variable restraint force. A force constant of
25 kcal mol−1 Å−2 was used in the first stage of thermalization,
and was subsequently decreased by increments of 5 kcal mol−1 Å−2

in the next stages. Prior to the production runs, a short MD simulation
of 1 ns in theNPT ensemblewas conducted in order to allow the system
to achieve a stable density value at 1 atm. Then, a 30 ns production tra-
jectory was run using SHAKE to all those bonds involving hydrogen
atoms, allowing for a timestep of 2 fs, in conjunction with periodic
boundary conditions at constant volume and temperature (298 K;
Langevin thermostat with a collision frequency of 3 ps−1), particle
mesh Ewald for long-range electrostatic interactions, and a cutoff
of 10 Å for nonbonded interactions. Through the complete simulation
a restraint force of 20 kcal mol−1 Å−2 was applied to the backbone of
the residues 498–503, which define the transmembrane segment at
the C-terminus of MAO A.

Comparison of the binding free energy of distinct poses for the inhib-
itor was performed using the SIETRAJmodule, which is based in the Sol-
vated Interaction Energy (SIE) approach [46,47]. SIE relies on the MM/
PBSA technique and uses parameters that have been fitted to reproduce
the binding free energies of a data set of 99 protein–ligand complexes.
The binding affinity was estimated by averaging the results obtained
for 100 snapshots taken evenly during the last 5 ns of the trajectories.

2.7. Quantum mechanical/molecular mechanical calculations

Time-dependent DFT calculations were performed to estimate the
electronic spectra properties of the inhibitor–MAO complex following
the procedure reported by Götze et al. [48]. To this end, geometries of
the isoxazoline ring, awatermolecule and compound 6awere indepen-
dently optimized at the CAM-B3LYP/6-31G(d) level. Later, a subset of
100 snapshots taken evenly along the last 5 ns of the trajectories were
used for quantum mechanical/molecular mechanical (QM/MM) com-
putations. For each snapshot the QM cluster included the isoxazoline
ring, the inhibitor and all the water molecules at a distance up to 8 Å
of the FAD N5 atom. Then, the optimized geometries of the isoxazoline
ring, water and compound 6awere separately superimposed to the cor-
responding moieties in the QM cluster. All the surrounding residues
around 12 Å of the isoxazoline ring and not included in the QM part
were treated classically. CAM-B3LYP, a Coulomb-attenuated version of
the B3LYP functional [49], with a 6-31G(d) basis was used for time-
dependent calculations. Test calculations showed that this method re-
duced the occurrence of non-relevant dark states, while keeping the
quality of the B3LYP functional. The calculated energies and oscillator
strengths for the first excited states were calculated and averaged
over the 100 snapshots.

3. Results

3.1. Carbonitrile-containing compounds as potential MAO inhibitors

To investigate the potential role of cyanide in assisting the bind-
ing of MAO inhibitors, a series of mono- and dicarbonitrile-containing
aminoheterocycles, including oxazole, furan, thiophene and pyrrole
derivatives, has been studied (see Table 1). The series includes com-
pounds containing a single nitrile unit ortho to the amino group in 5-
amino-2-alkyl(aryl)oxazole-4-carbonitriles (1–4). The influence of
the heteroaromatic ring and of the attachment of an additional ni-
trile was explored by testing 2-amino-5-phenylfuran-3-carbonitriles
(5), 2-amino-5-phenylfuran-3,4-dicarbonitriles (6), 2-amino-1,5-
diphenyl-1H-pyrrole-3-carbonitriles (7) and 5-amino-2-phenylfuran-
3-carbonitrile (8).

The choice of these compounds was motivated by several reasons.
First, among pentatomic systems, previous studies have pointed out
that the inhibitory activity does not appear to be affected by the hetero-
atom in the heterocyclic ring [50–52], suggesting that theymay be used
as bioisosteric moieties [53,54]. In addition, the phenylfuran derivatives
are structurally similar to brofaromine (4-(7-bromo-5-methoxy-2-
benzofuranyl)-piperidine), which is a reversible inhibitor of MAO A. Fi-
nally,while thepresence of an aryl unit is expected to facilitate the bind-
ing to the hydrophobic cavity present in MAO, the substitution pattern
is expected to modulate the potency of reversible MAO inhibitors
[55,56]. In particular, the nucleophilic character of the cyano nitrogen
atom assisted by the hydrogen-bond donor ability of the neighboring
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amino group might synergistically modulate the formation of specific
interactions with both the flavin ring and residues in the substrate
cavity.
3.2. MAO inhibitory activity of carbonitrile-containing compounds

In the initial screening against the purified MAO A and B, the type 1
compounds were found to act asmoderate inhibitors of purified human
MAO A (Table 1), but only weak inhibition of MAO B (data not shown)
was detected up to the limits of solubility of each compound. The substi-
tution of the C2 phenyl ringwith polar heterocycles (pyridine, furan and
thiophene; types 2 and3) or an isopropyl group (type4) led to a notable
decrease in the inhibitory activity. In contrast, replacement of the
oxazole ring in 1 by furan in the 5-amino-2-phenylfuran-4-carbonitrile
series (5) enhanced the inhibitory activity, leading to a Ki of 2 μMfor the
chloro derivative (5a).

The introduction of an additional nitrile group at C4 in type 6
compounds was successful in leading the enzyme inhibition to
submicromolar levels, leading to a 20-fold reduction in the Ki for
the chloro derivative (6a) compared to the monocarbonitrile com-
pound (5a). The most potent compound is 6c (X_OCH3), with a Ki

of 20 nM, though the electronic properties of the substituent seem
to play a moderate effect because the Ki is 4- and 5-fold lower com-
pared with 6b (X_CH3) and 6a (X_Cl), respectively. In fact, QM cal-
culations showed no relevant differences in the charge distribution
of the furan ring for these compounds (see Fig. S1 in Supporting in-
formation). This suggests that the aminofuran moiety of compounds
6a–c may form similar interactions at the binding site, and that the
larger inhibitory potency of 6c likely stems from a better steric com-
plementarity of themethoxybenzenemoiety to the binding cavity. In
contrast, the attachment of a phenyl unit to the pyrrole ring in 7
nearly abolishes the inhibitory activity. Finally, comparison of com-
pounds 5a, 6a and 8 clearly shows that the addition of the second nitrile
unit in type6 compounds is the crucial factor for the enhancement in in-
hibitory potency, because the Ki of 8 (0.17 μM) nearly matches the
value determined for 6a (Ki of 0.10 μM).

Species origin and membrane attachment are known to influence
the binding of some ligands toMAO [57–60]. Therefore, key compounds
of types 5, 6 and 8were re-tested with membrane-bound human MAO
A and B (Table 2). The compounds inhibit the two isoforms of human
MAO. However, the most striking observation is the selective inhibi-
tion of MAO A by the 2-amino-5-phenylfuran-3,4-dicarbonitrile se-
ries (6). Thus, whereas type 5 monocarbonitrile derivatives exhibit
similar inhibitory activities on MAO A and MAO B, the compound 8
monocarbonitrile exhibits a moderate selectivity toward MAO A in-
hibition, and the dicarbonitrile compounds (6) were between 11-
and 77-fold more potent against MAO A compared to MAO B (see Fig. 1
and Table 2). The IC50 values determined for the membrane-bound
MAO A are similar or slightly lower than the data measured for the en-
zyme in solution (see Tables 1 and 2). The ratio of the IC50 values of
compounds 6a and 6c is decreased from 7.7 for the solubilized MAO A
Table 2
Inhibition of membrane-bound human MAO A and B. MAO activity was measured using
the coupled assay with kynuramine as substrate (0.3 mM kynuramine for MAO A and
0.08 mM for MAO B). The IC50 values are mean ± s.d. from at least 3 experiments.

Compound X IC50 (μM)

MAO A MAO B

5a Cl 1.3 ± 0.2 3.5 ± 1.9
5b CH3 4.0 ± 0.8 3.1 ± 0.4
5d OCH3 4.1 ± 0.7 6.1 ± 0.8
6a Cl 0.29 ± 0.03 3.2 ± 0.3
6b CH3 0.11 ± 0.01 8 ± 1
6c OCH3 0.10 ± 0.02 2.3 ± 0.2
8 5.6 ± 0.8 N10
to 2.9 for the membrane-bound form, suggesting that partitioning to
the membrane has a modest effect on the inhibitory potency.

Overall, these findings show that the 2-amino-5-phenylfuran-3,4-
dicarbonitriles (6) behave as selective inhibitors of MAO A, and that
the nitrile group attached to C4 is crucial in conferring the selectivity
against MAO A.

3.3. Mechanism of inhibition

The 2-amino-5-phenylfuran-3-carbonitriles (5) and 2-amino-5-
phenylfuran-3,4-dicarbonitriles (6) were used to investigate the
mechanismof inhibition ofMAOA. All compounds studiedwere revers-
ible inhibitors as demonstrated by recovery of activity after either dilu-
tion or size exclusion filtration before addition of substrate. Kinetic data
(initial rates) were fitted to the competitive inhibitor version of the
Michaelis–Menten equation by non-linear regression in PRISM (Fig. S2
in Supporting information), giving the competitive Ki values shown in
Table 1. Other modes of inhibition did not fit the data.

3.4. Potential as substrates for MAO A and MAO B

Compound5a acted as a very poor substrate forMAOA, reducing the
flavin cofactor by 47% when incubated with MAO A anaerobically
overnight (15 h). The oxidation product from 5a was characterized
by a strong absorbance peak at 360 nm (extinction coefficient
15,200 M−1 cm−1) but has not yet been characterized. This estab-
lishes that 5a can adopt a catalytically competent pose close to the
N5-C4a atoms of the flavin cofactor. This proximity is also supported by
the steady-state kinetic assays performed with kynuramine as the sub-
strate, since at concentrations of 5a above 1 μM there was apparently in-
complete inhibition (Fig. 1). Furthermore, in the absence of kynuramine,
hydrogen peroxide was generated in the presence of 5a alone at con-
centrations above 1 μM. Using the sensitive coupled assay, a KM of
1.6 ± 0.5 μM was obtained, and the kcat was 0.005 ± 0.004 s−1

(i.e., about 0.16% of the kcat value determined for kynuramine). It
should be noted that the raw data were only just above the noise in
the coupled assay and the resulting uncertainty is reflected in the
standard errors.

Compound 6a incubated alone with MAO A did not produce detect-
able hydrogen peroxide. No flavin reduction was observed during over-
night anaerobic incubation of 6awith MAO A. Nevertheless, a slow leak
of oxygen in that single experiment could not be excluded because a
new absorbance peak at 300 nm formed at the rate of 0.003 absorbance
units per hour at the expense of the 360 nm absorbance of 6a, thus sug-
gesting some extremely slow conversion of 6a in this incubation.

With regard to MAO B, both 5a and 6a acted as very poor substrates
as they reduced the flavin cofactor by 26% and 39% respectively over
15 h under anaerobic conditions. However, in the Ampliflu Red coupled
assay, the resorufin fluorescence detecting hydrogen peroxide genera-
tion was not significantly different from the control wells without any
substrate or inhibitor present. In inhibition assays performed using ei-
ther benzylamine or phenylethylamine as substrate, full inhibition of
the hydrogen peroxide generation was observed. Thus, any oxidation
of these compounds by MAO B in steady state assays is negligible.

Summing up, these findings indicate that 5a and 6a can reach the
substrate cavity with the amine close to the flavin, but they are only
very poor substrates, and thus exert enzyme inhibition through a re-
versible competitive inhibition mechanism.

3.5. Interaction with the FAD prosthetic group of MAO A

Changes in the spectral properties of prosthetic groups in proteins
are informative about alterations in their environment. This is the case
of flavin in MAO A, since several studies have reported changes in the
visible absorption spectrum when a ligand occupies the active site
[33,35,61]. We have therefore examined the influence exerted by the



Fig. 1. Inhibition of membrane-bound MAO A and B. MAO activity was measured by detection of hydrogen peroxide in the coupled assay using 0.3 mM kynuramine as the substrate for
MAOA (left) and0.6 mMbenzylamine forMAOB (right). These concentrations represent approximately 2 × KM for each enzyme. Thepoints aremean ± se (n = 3)but the error bars are
smaller than the symbols in the MAO B graph (right).
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binding of carbonitrile compounds on the spectral properties of the
flavin.

Fig. 2 shows that compound 5a induced a clear decrease in the inten-
sity of theMAO A spectrum in the 400–500 nm region and a shift in the
peak absorbance from 455 nm to 453 nm. In contrast, compound 6a
induced an increase in the absorbance around 500 nm and a red shift
in the absorbance maximum from 456 to 459 nm. Each of three in-
hibitors with a single carbonitrile group (5a–c) induced a three-
band pattern of decreased absorbance in the spectrum of MAO A,
but all 3,4-dicarbonitrile compounds (6a–c) promoted a distinct in-
crease at 502 nm (as shown for 5a and 6a in Fig. 2). The different
trends of these spectral changes suggest the involvement of distinct
interaction patterns in the MAO A substrate cavity for mono- and
dicarbonitrile compounds.

The interaction of a ligand with the active site of MAO A also alters
the redox properties of the flavin co-factor [33,35,61]. Fig. 3 shows
that type 5 compounds enhance the yield of semiquinone (seen as the
412 nmabsorbance peak) observed during chemical reduction compared
to the enzyme titrated with dithionite in the absence of inhibitors. In
contrast, type 6 compounds prevent the formation of the semiquinone
species andno412 nmpeak is observed. Thisfinding also suggests the oc-
currence of differences in the interaction of these compoundswith thefla-
vin unit.

A further confirmation of the occurrence of distinct binding modes
for monocarbonitriles comes from the spectral changes recorded for 8.
The binding of this compound decreased the absorbance of MAO A at
Fig. 2. Spectral changes in MAO A. (Left) 13.4 μMMAO A alone (solid line) and with 100 μM 5a
(right) on an expanded scale, the difference spectra for the MAO A-inhibitor complexes minus
500 nm in the same way as monocarbonitrile (5a) rather than in-
creasing it (like 6a). However, unlike 5a, no semiquinone was ob-
served during reduction of the MAO A-8 complex with dithionite
(data not shown). Thus, both carbonitrile groups are necessary for
the specific effects on the flavin cofactor triggered upon binding of
6a to MAO A.

The change in the absorbance spectrum of MAO B triggered upon
binding of compound 6a is shown in Fig. 4 which, for the sake of com-
parison, also shows the spectral change found in MAO A. Fig. 4 shows
that binding of 6a leads to a decrease in absorbance, centered at
495 nm, which differs from the increase at 500 nm found upon binding
to MAO A, but similar to the reduction observed for the binding of 5a to
MAO A (see Fig. 2). Keeping in mind that the IC50 values for 5a and 6a
against MAO B are the same (see Table 2), these findings allow us to hy-
pothesize that if a specific interaction mediates the binding of 6a to
MAO A and stabilizes a close contact with the flavin cofactor, then it
should be absent in the MAO B complex.

3.6. Molecular modeling: binding to the oxidized MAO A

Docking studies were performed to explore the binding mode of
compound 6a to the oxidized form of MAO A. The analysis of the set
of 25 best ranked poses showed two distinct binding modes. In one
case the inhibitor is oriented so that the amino group is pointing toward
Asn181, and the nitrile unit at position C3 lies below the plane of thefla-
vin ring (see Fig. 5A; hereafter termed down pose). In the other case, the
(dotted line); (middle) 12 μMMAO A alone (solid line) and with 20 μM 6a (dotted line);
MAO A alone.

image of Fig.�1
image of Fig.�2


Fig. 3.Reduction ofMAOA-inhibitor complexeswith dithionite. (Left) AnaerobicMAOA (18.2 μM) complexedwith 50 μM 5b (about 15 × Ki, limited by the solubility of the compound in
buffer) formed semiquinone during chemical reduction. (Right) In contrast, the complex ofMAOA (15 μM)with 30 μM(375 × Ki) 6bwas reduced immediately to the fully reduced form
by addition of one equivalent of dithionite.
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inhibitor is flipped by ~180° along the molecular axis (see Fig. 5B; de-
noted up pose in the following), so that the amino group is pointing to-
ward the flavin N5 atom. The suitability of the two binding modes was
then examined by means of MD simulations (30 ns).

The trajectory run for the downpose revealed a stable bindingmode.
In particular, the structural integrity of the residues that shape the bind-
ing cavity is reflected in a root-mean square deviation (RMSD) lower
than 1.5 Å (see Fig. S3 in Supporting information). The stability of the
binding mode is also confirmed by the close superimposition of the
poses of the ligand, which is tightly bound at the substrate cavity
(see Fig. 5A). The amino group participates in two chains of water-
mediated interactions. Thus, a water molecule acts as a bridge linking
the amino group with the side chain amido unit of Asn181 and with
the carbonyl group of Ile207. In the other chain, the amino group is
linked to the carbonyl group of Gly443. Furthermore, the nitrile on
C3 is slightly displaced from the flavin unit (average distance of
N(nitrile)-N5(flavin) close to 3.6 Å) and interacts with a water mol-
ecule, which is hydrogen-bonded to the flavin N5 atom and to the
amino group of Lys305. Note that similar water-bridged interactions
have been observed in the X-ray structures for the sulfonamide
group of zonisamide (PDB ID: 3PO7) and for one of the carbonyl groups
of isatin (PDB ID: 2BK5) inMAO B [20,62]. On the other hand, the nitrile
group on C4 anchors in a lipophilic pocket defined by Tyr69, Ile335,
Leu337, Met350 and Phe352. Finally, the chlorine atom attached to
the phenyl group interacts with Leu97.
Fig. 4. Comparison of the spectral changes for 6a binding in MAO A and MAO B. (Left) MAO B
complex minus MAO alone: MAO A (dotted line, data from Fig. 2) or MAO B (solid line).
In contrast, the trajectory run for the up pose showed a fast structur-
al rearrangement of the inhibitor at the beginning of the simulation (see
Fig. S4 in Supporting information). Moreover, the inhibitor exhibited
larger fluctuations in the binding site, as expected from the lower num-
ber of specific interactions formed by the ligand, which suggests a poor
fit to the binding cavity (see Fig. 5B).Moreover, it is locatedmore distant
from the FAD cofactor (average distance of N(amino)…N5(flavin) of
6.2 Å; see Fig. 5B), so that the shell of water molecules that surround
the flavin ring is not disrupted.

The energetic stability of the two binding modes was examined
using the Solvent Interaction Energy (SIE) technique. Note that the
comparison of the binding affinities predicted for down and up poses
of compound 6awill also benefit from the cancelation of certain contri-
butions to the binding free energy. The binding affinitieswere estimated
for 100 snapshots evenly taken along the last 5 ns of the trajectories,
which should suffice to obtain stable estimates of the predicted binding
affinity [63]. The results point out that the down pose is the preferred
binding mode for 6a by nearly 1 kcal/mol, as the average binding
affinities estimated for the down and up poses amount to −7.2
and −6.3 kcal/mol, respectively.

Further support to the down binding mode was provided by time-
dependent QM/MM calculations carried out to determine the change
in the oscillator strength of the first allowed excited state, a property
that is directly related to the integral of the absorption band [64]. Com-
pared to the average value of the oscillator strength obtained for the
(9.4 μM) alone (solid line) or with 10 μM 6a. (Right) Difference spectra for the MAO–6a

image of Fig.�3
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Fig. 5.Representation of the two bindingmodes (A: down; B: up) found inMD simulations
for 6a (shown as orange sticks) bound to the oxidized form of MAO A (selected residues
shown as green sticks, the flavin cofactor as blue sticks and the backbone as light blue rib-
bon). Water molecules involved in hydrogen bonding are shown as red spheres. The plot
shows the position of ligand and watermolecules collected at 20, 22, 24, 26, 28 and 30 ns.

Fig. 6. Representation of the binding mode found in the MD simulation for 6a (carbon
atoms shown as orange sticks) bound to reduced MAO A (selected residues shown as
green sticks, the flavin cofactor as blue sticks and the backbone as light blue ribbon).
Water molecules involved in hydrogen bonding are shown as red spheres. The plot
shows the position of ligand and watermolecules collected at 20, 22, 24, 26, 28 and 30 ns.
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unliganded enzyme (0.266 ± 0.004), the results obtained for the inhib-
itor in the down orientation indicate an increase in the oscillator
strength of 0.008, which is in agreement with the increased absorbance
observed experimentally for 6a (see Fig. 2). In contrast, the same calcu-
lations for the up orientation showed no significant change (the oscilla-
tor strengthwas altered by less than 0.001), which is in agreementwith
the displacement of the inhibitor from the flavin cofactor found in MD
simulations.

3.7. Molecular modeling: binding to the reduced MAO A

Docking studieswere also performed to explore the bindingmode of
compound 6a to the reduced form of MAO A. In this case, a single orien-
tation was found for the inhibitor in the 25 best-scored poses taken
from 100 independent docking runs (Fig. 6). This bindingmodemimics
the essential features of the down pose found for the oxidized enzyme
(compare Figs. 5A and 6).

The structural integrity of the docked posewas explored bymeans of
a 30 nsMD simulation of the complex between reducedMAO A and 6a.
The simulation yielded a stable trajectory, as noted in the stability of the
positional RMSD for the residues in the binding site (around 1.7 Å;
Fig. S5 in Supporting information). After 11 ns, the inhibitorwas slightly
shifted and adopted anorientationwhich remained stable along the rest
of the trajectory. The amino group forms water-assisted hydrogen
bonds with Asn181 and the flavin O4 atoms, and the nitrile group on
C4 fills the lipophilic pocket defined by Tyr69, Ile335, Leu337, Met350
and Phe352. On the other hand, the nitrile unit at C3 forms a water-
mediated hydrogen bondwith Lys305. It is worth noting that this nitrile
group is also hydrogen bonded to the flavin NH unit (average distance
of 3.0 ± 0.2 Å). This binding mode can thus justify the experimental
finding that 6a favors full reduction of the flavin (see above) through
the hydrogen bond formed by the nitrile group on C3.

4. Discussion

The pharmacological data determined for the carbonitrile-furan de-
rivatives confirmed the suitability of the phenylfuran scaffold for the de-
sign of reversibleMAO inhibitors. The properties of the aryl substituents
play only a moderate effect on the inhibitory potency, and their in-
fluence is clearly less relevant than the presence of the nitrile units
bound to the aminofuran moiety. Thus, whereas the IC50 values de-
termined for the membrane-bound human MAO A for 6a–c vary
from 0.10 to 0.29 μM, monocarbonitriles are less potent by a factor
varying from 4.5 (5a) to 41 (5c). More importantly, the presence of
the nitrile groups is crucial for modulating the selectivity of the com-
pounds. Thus, whereas dicarbonitriles are 11–73-fold more potent
inhibitors of MAO A, type 5 compounds were nearly equally effective
against the two MAO isoforms.

These findings suggest that the dicarbonitrile aminofuran moiety is
crucial for the MAO A selectivity of type 6 compounds. Indeed, molecu-
lar modeling studies point out that both the amino and the nitrile unit
on C4 provide anchoring points that keep the inhibitor tightly bound
in the substrate cavity: i) the nitrile group fills a pocket defined by
residues Tyr69, Leu337, Met350 and Phe352, and ii) the amino group
participates in a network ofwater-mediated hydrogen bonds. This bind-
ing mode allows us to rationalize the lower inhibitory potency of the
monocarbonitrile type 5 compounds (with Ki values between 2 and
7.5 μM compared to values of 0.02–0.10 μM for type 6 compounds;
see Table 1), as the absence of the nitrile group on C4 eliminates one

image of Fig.�5
image of Fig.�6


396 J. Juárez-Jiménez et al. / Biochimica et Biophysica Acta 1844 (2014) 389–397
of the anchoring points, thusweakening the interactionwith residues at
the substrate cavity. Likewise, it also justifies the similar potency of
compounds 8 (Ki = 0.17 μM) and 6a (Ki = 0.10 μM), as the structure
of the former should preserve the formation of the same pattern of in-
teractions found for dicarbonitrile compounds.

The bindingmode of compound 6a also provides a basis to rationalize
the larger inhibitory potency toward MAO A compared to MAO B. Thus,
the replacement of Asn181 in MAO A by Cys172 in MAO B would alter
the network of water-mediated hydrogen bonds formed by the furan
amino group. On the other hand, the replacement of Ile335 in MAO
A by Tyr326 in MAO B should introduce severe clashes with the
chlorophenyl ring and with the nitrile group at C4, which necessarily
must alter the binding mode. To confirm the effect of these muta-
tions on the binding mode of compound 6a, a 30 ns MD simulation
was run for the complex between 6a andMAO B. The results revealed
a dramatic alteration in the bindingmode, because the inhibitor pen-
etrates deeper in the substrate cavity, so that the aminofuran ring
fills the cage defined by Tyr407 and Tyr444 below the flavin ring
(see Fig. S6 in Supporting information). In fact, the binding mode
mimics the orientation found for mofegiline upon binding to human
MAO B [65] (see Fig. S7 in Supporting information).

Finally, the bindingmode proposed for 6a places the nitrile on C3 in
the proximity of the flavin N5 atom,which disrupts the shell of hydrating
water molecules around the flavin cofactor. This feature appears to be re-
sponsible for the distinct spectral changes observed for dicarbonitriles.
First, the increase in absorbance at around 500 nm found for 6a is in
agreement with the enhanced oscillator strength predicted by time-
dependent QM/MM calculations. Second, the nitrile group on C3 is capa-
ble of forming a hydrogen bond with the NH unit of the reduced flavin,
thus explaining the experimental finding that 6a favors full reduction of
MAOA. Finally, since the charge distribution of the furan ring is not signif-
icantly altered by the electronic influence of the aryl substituents, these
trends should be common to type 6 compounds, as found experimentally
(see above).

To the best of our knowledge, only one previous study has examined
the potential role of nitrile groups in the inhibition of MAO. In such
study, the authors examined the inhibition of MAO B by a series of
C4-subtituted phthalonitriles and a series of homologs lacking the
nitrile units [66]. It was found that the nitrile unit was a requirement
for high binding affinity to both MAO A and MAO B. However,
phthalonitriles were found to be selective reversible inhibitors to-
ward MAO B, in contrast to the selective MAO A inhibition found
for dicarbonitrile aminofuran compounds here. The different MAO
selectivity is even more surprising when one realizes that the
ortho arrangement of the nitrile groups is a common structural fea-
ture exhibited by both phthalonitriles and dicarbonitrile aminofuran
compounds (Fig. S8 in Supporting information). Though the re-
placement of the benzene ring in phthalonitriles by the furan moiety
in type 6 compounds may modulate the fitting to the substrate cav-
ity of the two MAO isoforms, we suggest that the specific pattern of
interactions conferred by the nitrile at C4 and the amino group of
the dicarbonitrile derivatives is responsible for the selective inhibi-
tion of MAO A.

Summing up, this study highlights the synergistic effect played by
nitrile and amino groups in assisting the preferential binding of type 6
compounds to MAO A and to interpret their pharmacological and spec-
tral properties, including the experimentally observed differences in
binding to the oxidized and reduced forms of the enzyme during turn-
over [67,68]. In particular, the MAO A selective inhibition is assisted by
the interactions formed with Asn181, while its replacement by Cys172
(in conjunction with the steric clash due to the mutation of Ile335 by
Tyr326) contributes to the weakened potency against MAO B. Thus,
the ability to consider the substitution of Asn181 in MAO A by Cys172
in MAO B and the corresponding alteration of the network of interac-
tions formed with nitrile and amino groups offers promise for the ratio-
nal design of selective MAO inhibitors.
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Chemistry	
  

The	
   synthesis	
   of	
   mono-­‐	
   and	
   dicarbonitrile	
   aminoheterocycles	
   followed	
   the	
  

procedure	
   described	
   in	
   previous	
   studies	
   [1-­‐3].	
   The	
   series	
   includes	
   compounds	
  

containing	
   a	
   single	
   nitrile	
   unit	
   in	
   ortho	
   to	
   the	
   amino	
   group	
   in	
   5-­‐amino-­‐2-­‐

alkyl(aryl)oxazole-­‐4-­‐carbonitriles	
  (1-­‐4;	
  Scheme	
  1).	
  	
  

	
  

	
  

Scheme	
  1.	
  Synthesis	
  of	
  5-­‐amino-­‐2-­‐alkyl(aryl)oxazole-­‐4-­‐carbonitriles	
  (1-­‐4)	
  [1,	
  2].	
  

	
  



The	
   influence	
   of	
   the	
   heteroaromatic	
   ring	
   and	
   of	
   the	
   attachment	
   of	
   an	
   additional	
  

nitrile	
  was	
  explored	
  by	
  synthesizing	
  2-­‐amino-­‐5-­‐phenylfuran-­‐3-­‐carbonitriles	
  (5),	
  2-­‐

amino-­‐5-­‐phenylfuran-­‐3,4-­‐dicarbonitriles	
   (6)	
   and	
   2-­‐amino-­‐1,5-­‐diphenyl-­‐1H-­‐

pyrrole-­‐3-­‐carbonitriles	
  (7)	
  (Scheme	
  2).	
  	
  

	
  

	
  

Scheme	
   2.	
   Syntheses	
  of	
   the	
  2-­‐amino-­‐5-­‐phenylfuran-­‐3-­‐carbonitriles	
   (5),	
  2-­‐amino-­‐

5-­‐phenylfuran-­‐3,4-­‐dicarbonitriles	
   (6),	
   and	
   2-­‐amino-­‐1,5-­‐diphenyl-­‐1H-­‐pyrrole-­‐3-­‐

carbonitriles	
  (7)	
  [3].	
  	
  

	
  

Compound	
   5d	
   was	
   synthesized	
   following	
   the	
   protocol	
   described	
   in	
   previous	
  

studies	
  [4,	
  5].	
  To	
  gain	
  further	
  insight	
  into	
  the	
  role	
  of	
  the	
  nitrile	
  group	
  attached	
  to	
  

positions	
  3	
  and	
  4	
  in	
  mediating	
  the	
  inhibitory	
  activity	
  of	
  type	
  6	
  compounds,	
  which	
  

were	
  the	
  most	
  potent	
  in	
  the	
  series	
  (see	
  below),	
  carbonitrile	
  8	
  was	
  also	
  synthesized	
  

to	
   facilitate	
   comparison	
   with	
   the	
   structurally	
   related	
   compounds	
   5a	
   and	
   6a	
  

(Scheme	
  3).	
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Scheme	
   3.	
   Synthetic	
   route	
   adopted	
   to	
   derive	
   the	
   5-­‐amino-­‐2-­‐phenylfuran-­‐3-­‐

carbonitrile	
  (8).	
  

	
  

Attempts	
  were	
  made	
   to	
   synthesize	
   a	
  derivative	
   that	
   replaces	
   the	
  4-­‐chlorophenyl	
  

present	
   in	
   8	
   with	
   4-­‐methoxyphenyl	
   in	
   order	
   to	
   explore	
   the	
   effect	
   of	
   electron	
  

delocalization	
   on	
   the	
   inhibitory	
   activity,	
   but	
   they	
  were	
   unsuccessful.	
   Keeping	
   in	
  

mind	
  the	
  low	
  yield	
  (~	
  11%)	
  found	
  in	
  the	
  synthesis	
  of	
  8,	
  it	
  seems	
  that	
  changing	
  the	
  

electron-­‐withdrawing	
   character	
   of	
   chlorine	
   by	
   the	
   electro-­‐donating	
   methoxy	
  

prevented	
  the	
  synthesis	
  of	
  the	
  desired	
  compound.	
  

	
  

Chemical	
  synthesis	
  of	
  compounds	
  5d	
  and	
  8	
  

	
  

2-amino-5-(4-methoxyphenyl)-furan-3-carbonitrile (5d) 

To a suspension of 2-[2-(4-methoxy-phenyl)-2-oxo-ethyl]-malonitrile (259.4 mg, 1.21 

mmols), prepared as described in [6], in glacial acetic acid (2.5 mL) was added conc. 

hydrogen chloride (0.3 mL). The mixture was stirred at room temperature for 2 h., and 

then poured into water. The resultant precipitation was filtrated, washed with water and 

ethanol, and dried under reduced pressure to afford 5d (41 %, 105 mg). Mp. 216-218 

ºC; IR (ATR)  ν3409 (NH), 3321, 2204 (CN), 1642, 1593, 1578, 1507, 1452, 1441, 

1298, 1242, 1178, 1068, 1025, 826, 797, 698, 574; 1H-RMN (400 MHz, CDCl3) δ 7.42 

(d, J = 8.8 Hz, 2H, H-2, H-6), 6.90 (d, J = 8.4 Hz, 2H, H-3, H-5), 6.38 (s, 1H, H-4 



furan), 4.74 (br s, 2H, NH2), 3.83 (s, 3H, -OMe). 13C NMR (101 MHz, (CD3)2SO): 

163.7 (C4-Ph), 158.1 (C-2 furan), 142.0 (C-5 furan), 123.7 (C-2, C-6 Ph), 122.3 (C-1 

Ph), 116.2 (CN), 114.4 (C-3, C-5 Ph), 104.5 (C4-furan), 65.9 (C-3 furan), 55.2 (- OMe); 

HRMS (ESI): Calcd. for C12H10N2O2: 214.0815; found: 214.0815. 

 

5-amino-2-(4-chlorophenyl)furan-3-carbonitrile (8) 

To a suspension of 4-chlorobenzoylacetonitrile (1.065 g; 5.75 mmol) in triethylamine 

(15 mL) was added dropwise chloroacetonitrile (0.42 mL, 6.57 mmol) over an ice bath. 

The mixture was refluxed for 64 h. After the end of reaction, cold water was poured 

down over the mixture and the suspension was extracted with dichloromethane (5x50 

mL). The organic phase was dried with Na2SO4 and the solvent was evaporated to 

dryness. The solid residue was fractionated by column chromatography using hexane-

ethyl acetate 15% as eluent, affording a dark orange solid (11 %; 143 mg); Mp. 

Dec.143-146º C;IR (KBr) ν3436 (NH), 3345, 2922, 2228 (CN), 1888, 1639, 1576, 

1553, 1487, 1412, 1394, 1283, 1167, 1096, 1010, 1001, 821, 768, 728, 706, 666, 502, 

481 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.8 Hz, 2H, H-2, H-6 Ph), 7.40 (d, 

J = 8.8 Hz, 2H, H-3, H-5 Ph), 5.50 (s, 1H, H-4 furan), 4.02 (s, 2H; NH2); 13C NMR (101 

MHz, CDCl3) δ 154.2 (C-5 furan), 150.4 (C-2 furan), 134.5 (C-4 Ph), 129.2 (C-3, C-5 

Ph), 126.8 (C-1 Ph), 125.4 (C-2, C-6 Ph), 115.3 (CN), 93.3 (C-3 furan), 88.0 (C-4 

furan); MS (EI+) m/z: 220 [(37Cl)M+, 33], 218 [(35Cl)M+, 100), 183 (M-Cl+, 15), 174 

(14), 163 (7), 139 (36), 128 (13), 111 [M-C5H3N2O+, 30], 105 (11), 101 (5), 85 (7), 75 

(26), 63 (7), 52 (14); MS (ESI) m/z: 243 [(37Cl)M+Na]+, 241 [(35Cl) M+Na]+; 221 

[(37Cl)M+H]+, 219 [(35Cl)M+H]+; HRMS(ESI): Calcd for C11H7N2OCl: 218.0247; 

found: 218.0257.	
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Figure	
   S1.	
   Charge	
   distribution	
   (determined	
   at	
   the	
   HF/6-­‐31G(d)	
   level)	
   of	
  

compounds	
  6a	
  and	
  6c.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



Figure	
  S2.	
  Lineweaver-­‐Burk	
  plot	
  illustration	
  of	
  the	
  competitive	
  inhibition	
  of	
  MAO	
  

A	
  by	
  6c.	
  The	
  enzyme	
  was	
  added	
  last	
  to	
  the	
  cuvette	
  to	
  ensure	
  initial	
  rate	
  data	
  and	
  

analysed	
   using	
   non-­‐linear	
   regression	
   with	
   the	
   Michaelis-­‐Menten	
   equation.	
   Ki	
  

values	
  were	
  the	
  mean	
  of	
  3	
  experiments.	
  The	
  linearised	
  plot	
  of	
  a	
  single	
  experiment	
  

is	
  shown	
  here	
  to	
  illustrated	
  the	
  competitive	
  pattern	
  of	
  inhibition.	
  

	
  

	
  



Figure	
  S3.	
  Time	
  evolution	
  of	
  the	
  potential	
  energy	
  (x	
  103	
  kcal/mol)	
  and	
  root-­‐mean	
  

square	
  deviation	
  (Å;	
  backbone	
  in	
  black,	
  residues	
  in	
  binding	
  site	
  in	
  red,	
  and	
  ligand	
  

in	
  green)	
  for	
  the	
  complex	
  between	
  compound	
  6a	
   in	
  the	
  down	
  orientation	
  and	
  the	
  

oxidized	
  enzyme.	
  

	
  



Figure	
  S4.	
  Time	
  evolution	
  of	
  the	
  potential	
  energy	
  (x	
  103	
  kcal/mol)	
  and	
  root-­‐

mean	
  square	
  deviation	
  (Å;	
  backbone	
  in	
  black,	
  residues	
  in	
  binding	
  site	
  in	
  red,	
  

and	
   ligand	
   in	
   green)	
   for	
   the	
   complex	
   between	
   compound	
   6a	
   in	
   the	
   up	
  

orientation	
  and	
  the	
  oxidized	
  enzyme.	
  

	
  



Figure	
  S5.	
  Time	
  evolution	
  of	
  the	
  potential	
  energy	
  (x	
  103	
  kcal/mol)	
  and	
  root-­‐mean	
  

square	
  deviation	
  (Å;	
  backbone	
  in	
  black,	
  residues	
  in	
  binding	
  site	
  in	
  red,	
  and	
  ligand	
  

in	
  green)	
  for	
  the	
  complex	
  between	
  compound	
  6a	
  and	
  the	
  reduced	
  enzyme.	
  	
  

	
  

	
  



Figure	
   S6.	
  Representation	
  of	
   the	
  binding	
  modes	
   found	
   in	
  MD	
  simulations	
   for	
  6a	
  

bound	
  to	
  MAO	
  A	
  and	
  MAO	
  B.	
  The	
  inhibitor	
  is	
  shown	
  as	
  orange	
  and	
  yellow	
  sticks	
  in	
  

MAO	
  A	
  and	
  MAO	
  B,	
  respectively.	
  Common	
  residues	
  to	
  the	
  two	
  binding	
  cavities	
  are	
  

shown	
   as	
   blue	
   sticks,	
   whereas	
   the	
   mutated	
   residues	
   are	
   shown	
   as	
   green	
   and	
  

magenta	
  sticks	
  for	
  MAO	
  A	
  and	
  MAO	
  B,	
  respectively.	
  The	
  flavin	
  cofactor	
  is	
  shown	
  as	
  

blue	
   sticks	
   and	
   the	
   backbone	
   as	
   light	
   blue	
   ribbon.	
   For	
   the	
   sake	
   of	
   clarity,	
   only	
  

mutated	
  residues	
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Figure	
   S7.	
   Superposition	
   of	
   the	
   binding	
   mode	
   found	
   in	
   MD	
   simulations	
   for	
   6a	
  

(yellow	
   sticks)	
   bound	
   to	
  MAO	
  B	
   and	
   the	
   adduct	
   formed	
   by	
  mofegiline	
   (magenta	
  

sticks)	
  in	
  MAO	
  B	
  as	
  found	
  in	
  the	
  X-­‐ray	
  crystallographic	
  structure	
  (PBD	
  entry	
  2VZ2).	
  

The	
   flavin	
   cofactor	
   is	
   shown	
   as	
   blue	
   (MD	
   simulation)	
   and	
   magenta	
   (X-­‐ray	
  

structure)	
  sticks.	
  

	
  

	
   	
  



Figure S8. Schematic representation of C4-substituted phthalonitriles (green; ref. 66) 

and dicarbonitriles aminofurans (blue; this work). 
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ABSTRACT: We have synthesized a family of rhein−huprine
hybrids to hit several key targets for Alzheimer’s disease.
Biological screening performed in vitro and in Escherichia coli
cells has shown that these hybrids exhibit potent inhibitory
activities against human acetylcholinesterase, butyrylcholines-
terase, and BACE-1, dual Aβ42 and tau antiaggregating activity,
and brain permeability. Ex vivo studies with the leads (+)- and
(−)-7e in brain slices of C57bl6 mice have revealed that they
efficiently protect against the Aβ-induced synaptic dysfunction,
preventing the loss of synaptic proteins and/or have a positive
effect on the induction of long-term potentiation. In vivo
studies in APP-PS1 transgenic mice treated ip for 4 weeks with
(+)- and (−)-7e have shown a central soluble Aβ lowering effect, accompanied by an increase in the levels of mature amyloid
precursor protein (APP). Thus, (+)- and (−)-7e emerge as very promising disease-modifying anti-Alzheimer drug candidates.

■ INTRODUCTION

Alzheimer’s disease (AD), the most common type of dementia, is
associated with ever increasing unacceptable personal and
economic costs owing to its high prevalence, mortality and,
worryingly, to the elusiveness of efficacious drugs.1

There has been a general consensus that β-amyloid peptide
(Aβ) is the main culprit of a straightforward cascade process
that begins with its increased formation by processing of the
amyloid precursor protein (APP) by β-secretase (BACE-1) and
γ-secretase and aggregation into oligomers and fibrils. This
follows with a series of downstream events including synaptic
dysfunction, tau protein hyperphosphorylation and aggregation,
neuroinflammation and oxidative stress, and eventually leads to
neuronal death and neurotransmitter deficits.2,3 Because these
deficits account for the cognitive and functional decline, which
are the main diagnostic criteria for AD, the first and so far the sole
marketed anti-Alzheimer drugs, namely the acetylcholinesterase

(AChE) inhibitors tacrine, donepezil, rivastigmine, and galant-
amine and the NMDA receptor antagonist memantine, were
developed to hit those neurotransmitter deficits, particularly cholinergic
and glutamatergic, but are regarded as merely symptomatic.
In the past years, there has been an intense research activity for

developing drugs able to tackle the underlying mechanism of AD
by hitting Aβ formation or aggregation or, to a minor extent,
other downstream targets.4 However, despite the acute need
and the hopes raised for the discovery of effective disease-
modifying anti-Alzheimer drugs, a number of clinically advanced
Aβ-directed drug candidates have recently failed to show efficacy
over placebo or they have been discontinued because of their
toxicity. The efficacy issues of these drug candidates have been
ascribed, at least partly, to the fact that AD pathology might not
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result from a straightforward process but from a robust network of
interconnected events, whereby Aβ aggregation is not the cause
but just one of the causes, together with tau hyperphosphorylation
and aggregation, synaptic dysfunction, or neuroinflammation.5

This novel conception of AD would allow explaining why
modulation of a single target might be ineffective, whereas
simultaneous modulation of several targets of the network,
including Aβ, holds promise for deriving the eagerly awaited
effective disease-modifying anti-Alzheimer drugs.6−10

In the past years, many research groups have pursued the
development of multitarget anti-Alzheimer drugs as an advanta-
geous approach over multitarget multidrug strategies (drug
cocktails and fixed-dose combinations).11−15 Multitarget com-
pounds have been usually designed to hit at least Aβ formation
and aggregation and AChE activity,16 especially prompted by the
finding that AChE can bind Aβ, thereby promoting its
aggregation and increasing its neurotoxicity.17−19 The recog-
nition site of Aβ within AChE is the so-called peripheral anionic
site (PAS), and it is located at the entrance of a 20 Å deep narrow
gorge that leads to the catalytic anionic site (CAS).20 The design
of inhibitors able to simultaneously reach both sites of AChE, i.e.,
dual binding site AChE inhibitors (AChEIs), emerged some
years ago as a promising source of multitarget anti-Alzheimer
compounds, inasmuch as they should be endowed at least with
potent anticholinesterase and Aβ antiaggregating effects.21−29

Moreover, the multitarget profile of these compounds can be
enlarged by introducing pharmacophoric moieties that are also
suitable for separate interactions with additional targets of interest
other than AChE and Aβ. Two major challenges in the design and
therapeutic potential of multitarget anti-Alzheimer agents are the
choice of the targets to be hit and the potency of the compounds at
the different targets. Indeed, it must be recognized that the timing of
the different events in the progression of AD can be overlooked
when selecting the biological targets to be hit. However, this issue
will remain very difficult to be addressed until a precise description
of the sequence of events that give rise to the neuropathogenesis of
AD becomes available. On the other hand, a multitarget action will
be only effective when balanced activities are achieved at the
different targets, which is also not an easy task.
Recently, the hydroxyanthraquinone derivatives emodin, 1,

and PHF016, 2 (Chart 1), have been shown to inhibit tau

aggregation in vitro with IC50 values in the low micromolar
range.30,31 The structurally related compound rhein, 3 (Chart 1),
is a natural product found in the traditional Chinese herbal
medicine rhubarb, which is well tolerated in humans.32 In the
form of a doubly acetylated prodrug, diacerein, it is used for the
treatment of arthritis. Even though rhein has been reported to be

essentially inactive as inhibitor of AChE33,34 and of Aβ
aggregation,35 its aromatic rings seem appropriate for establish-
ing π-stacking interactions with the characteristic aromatic
residue at the PAS of AChE, namely Trp286 (human AChE
(hAChE) numbering). Moreover, its hydroxyanthraquinone
scaffold might confer tau antiaggregating properties to its
derivatives. Thus, we inferred that combination in a hybrid of
the hydroxyanthraquinone system of rhein with a moiety with
high affinity for the CAS of AChE might result in a multitarget
compound of interest for the treatment of AD, which should be
endowed at least with AChE, Aβ aggregation, and tau
aggregation inhibitory activities.
Herein, we describe the synthesis, biological profiling, and

investigation of the mechanism of action of a novel family of
multitarget hybrid compounds, which are composed of a unit of
rhein attached, through different linkers, to a unit of huprine Y, 4
(Chart 1), a high affinity AChE’s CAS inhibitor, developed in our
group some years ago.36−39 The biological profiling includes (i)
the in vitro evaluation of the inhibitory activities against hAChE,
human butyrylcholinesterase (hBChE), hAChE-induced, and
self-induced Aβ aggregation and human BACE-1 (hBACE-1),
(ii) the evaluation of the Aβ and tau antiaggregating activities in
intact Escherichia coli cells overexpressing these peptides, (iii) the
evaluation of the protective effects on synaptic integrity from Aβ-
induced alterations by measuring the induction of long-term
potentiation and levels of synaptic proteins in hippocampal slices
of 2-month-old C57bl6 mice, (iv) the in vivo evaluation of the
central Aβ lowering effect in APP-PS1 mice, and (v) the assess-
ment of their brain permeability using an artificial membrane
model. Furthermore, kinetic and molecular modeling studies have
been performed to shed light on the binding mode of these com-
pounds with two of their main targets, namely AChE and BACE-1.

■ RESULTS AND DISCUSSION
Chemistry. The linkage between the huprine and rhein

moieties was envisioned at one end through an N−C bond from
the exocyclic amino group of huprine Y, as in a recently reported
family of huprine-based dual binding site AChEI hybrids40 and at
the other end through an amide bond from the carboxylic acid of
rhein. Such linkages have proven to be chemically stable at
physiological pH up to 4 days at 37 °C in a structurally related
family of hybrid compounds.41 Chains from 5 to 11 methylene
groups were considered for the linkers (in hybrids 7a−g,
Scheme 1) to afford suitable distances between huprine and rhein
moieties to achieve a dual site binding to AChE and to explore
the effect of the length of the linker in a target with a large binding
site such as BACE-1. The incorporation of an aromatic ring
within the linker, i.e., a 1,4-phenylene-bis(methylene) linker (in
hybrid 7h, Scheme 1), was also envisaged to explore potential
additional interactions with the targets, i.e., interactions with
midgorge residues of AChE or disruption of protein−protein
interactions in the case of Aβ and tau aggregation.
Rhein−huprine hybrids 7a−h were synthesized through a

three- or four-step sequence from readily available racemic or
enantiopure huprine Y, (±)-, (−)-, or (+)-4,36−38 and
commercial rhein, 3 (Scheme 1). Alkylation of racemic huprine
Y with commercial or described ω-bromoalkanenitriles42−44 in
the presence of KOH in DMSO afforded nitriles (±)-5a−g
in moderate yields (25−87%). Nitrile (±)-5h was prepared in
72% overall yield by condensation of racemic huprine with
4-cyanobenzaldehyde followed by NaBH3CN reduction of the
resulting imine. LiAlH4 reduction of nitriles (±)-5a−h gave in
excellent yields amines (±)-6a−h, which were reacted with the

Chart 1. Structures of Tau Aggregation Inhibitors 1 and 2,
Rhein and Huprine Y
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mixed anhydride formed from rhein and ethyl chloroformate to
afford in 9−27% yield the rhein−huprine hybrids (±)-7a−h.
In the light of the biological results obtained for the racemic

hybrids 7a−h, we decided to synthesize the two enantiomers of
the most interesting racemic hybrid, namely 7e. Thus,
enantiopure (−)- and (+)-7e were prepared from (−)- and
(+)-4 (>99% ee) using the same methodology.
The novel rhein−huprine hybrids were fully characterized in

the form of hydrochloride salts through their spectroscopic data
(IR, 1H, and 13C NMR), HRMS and elemental analysis.

Hydrochloride salts were also used for the activity profile
assessment.

In Vitro Biological Profiling of Racemic Rhein−Huprine
Hybrids. Inhibition of Human Cholinesterases andMolecular
Modeling Study of hAChE Inhibition. Apart from AChE, BChE
is another target of interest in the search for anti-Alzheimer
drugs, inasmuch as this enzyme exerts a compensatory effect in
response to a greatly decreased AChE activity in central nervous
system (CNS) when AD progresses.45 Accordingly, the
inhibitory activity of the novel rhein−huprine hybrids and of
the reference compounds rhein and huprine Y against human
recombinant AChE (hAChE) and human serumBChE (hBChE)
was evaluated by the method of Ellman et al.46

All the racemic hybrids, (±)-7a−h, turned out to be potent
inhibitors of hAChE, with IC50 values in the low nanomolar range
(Table 1), even though both the length of the linker and the
presence of an aromatic ring in the linker seemed to have only a
moderate effect on the hAChE inhibitory activity. Indeed, the
inhibitory potency gradually decreased from the shortest
pentamethylene-linked hybrid (±)-7a to the longest undeca-
methylene homologue, (±)-7g (16-fold less potent), whereas
introduction of an aromatic ring within the linker seemed to be
detrimental for hAChE inhibitory activity, hybrid (±)-7h being
12-fold less potent than hybrid (±)-7b with a similar tether
length. Hybrid (±)-7a, the most potent hAChEI of the series
(IC50 1.07 nM), was equipotent to the parent racemic huprine Y
[(±)-4]. In agreement with the reported data,33,34 the parent
rhein, 3, was found essentially inactive against hAChE.
The binding mode of the rhein−huprine hybrids to AChE was

explored for compound 7h, taking advantage of the reduced
flexibility imposed by the aromatic ring. Docking studies showed
that (−)-7h binds much more favorably than (+)-7h, as expected
from the fact that the eutomer of huprines for AChE inhibition is
the levorotatory (7S,11S)-enantiomer, (−)-4. The results show
that (−)-7h may fit the hAChE gorge (Figure 1), placing (i) the
huprine moiety in an orientation that perfectly matches the
arrangement of (−)-huprine X, the 9-ethyl-analogue of (−)-huprine
Y, in the CAS (PDB entry 1E66, Supporting Information Figure S1),
and (ii) the hydroxyanthraquinone system of rhein stacked between

Scheme 1. Synthesis of the Rhein−Huprine Hybrids 7a−h

Table 1. Inhibitory Activities of the Hydrochlorides of Rhein−Huprine Hybrids and Reference Compounds toward AChE, BChE,
BACE-1, and AChE-Induced and Self-Induced Aβ Aggregation and BBB Predicted Permeabilitiesa

compd
hAChE IC50

(nM)b
hBChE IC50

(nM)b
hBACE-1 IC50

(nM)b
hAChE-induced Aβ40 aggregation

(% inhib.)c
self-induced Aβ42 aggregation

(% inhib.)d
Pe (10

−6 cm s−1)e

(prediction)

(±)-7a 1.07 ± 0.05 950 ± 30 naf 45.0 ± 7.5 38.7 ± 5.0 20.0 ± 1.0 (CNS+)
(±)-7b 1.52 ± 0.08 1070 ± 40 naf 50.5 ± 8.7 40.8 ± 5.7 ndg

(±)-7c 3.18 ± 0.16 1460 ± 160 naf 52.5 ± 2.9 40.6 ± 1.9 27.5 ± 0.7 (CNS+)
(±)-7d 4.36 ± 0.22 350 ± 20 980 ± 170 44.7 ± 8.4 33.1 ± 5.4 22.4 ± 1.3 (CNS+)
(±)-7e 3.60 ± 0.21 620 ± 20 120 ± 90 48.7 ± 8.4 38.0 ± 4.6 21.5 ± 0.7 (CNS+)
(+)-7e 2930 ± 285 265 ± 21 80 ± 10 36.9 ± 3.4 38.4 ± 5.5 ndg

(−)-7e 2.39 ± 0.17 513 ± 58 80 ± 10 38.1 ± 0.7 43.2 ± 4.7 ndg

(±)-7f 7.61 ± 0.45 1100 ± 40 1190 ± 180 29.2 ± 2.4 40.9 ± 4.4 18.1 ± 0.7 (CNS+)
(±)-7g 17.4 ± 2.2 645 ± 67 1200 ± 150 38.2 ± 2.6 35.3 ± 4.0 16.4 ± 1.0 (CNS+)
(±)-7h 18.2 ± 2.2 510 ± 20 2020 ± 440 35.2 ± 1.8 32.4 ± 3.6 16.3 ± 2.5 (CNS+)
3 >10000 17000 ± 4220 nah ndg ndg 2.7 ± 0.1 (CNS±)
(±)-4 1.07 ± 0.05 181 ± 15 ndg 17.1 ± 4.5 ndg 23.8 ± 2.7 (CNS+)
(+)-4 321 ± 16 170 ± 17 >5000i 9.1 ± 3.6 13.2 ± 1.9 25.4 ± 2.9 (CNS+)
(−)-4 0.74 ± 0.06 222 ± 17 >5000j 24.7 ± 1.3 11.5 ± 5.2 23.6 ± 1.1 (CNS+)

aValues are expressed as mean ± standard error of the mean (SEM) of at least three experiments (n = 3), each performed in duplicate. bIC50
inhibitory concentration (nM) of human recombinant AChE, human serum BChE, or human recombinant BACE-1. c% inhibition with inhibitor at
100 μM, Aβ40 at 230 μM, and hAChE at 2.3 μM. d% inhibition with inhibitor at 10 μM and Aβ42 at 50 μM ([Aβ]/[I] = 5/1). ePermeability values
from the PAMPA-BBB assay. fNot active at 1 μM. gNot determined. hNot active. i13.6 ± 2.3% inhibition at 5 μM. j14.0 ± 0.1% inhibition at 5 μM.
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the aromatic rings of Trp286 and Tyr72 in the PAS, mimicking the
arrangement of the tacrine unit of bis(7)-tacrine (PDB entry 2CKM,
Supporting Information Figure S2).47 Even though these findings
support the ability of the hybrids to interact simultaneously at both
CAS and PAS, the inhibitory potencies in Table 1 suggest that the
rhein unit has a weak contribution to the binding, presumably due to
the lack of a positive charge that would reinforce the stacking
interaction, as compared with the inhibitory potency of bis(7)-tacrine
(IC50 hAChE 0.81 nM)48 and huprine−tacrine hybrids (IC50 hAChE
up to 0.31nM)40 and to the lack of specific interactions formedby the
polar groups of the hydroxyanthraquinone moiety at the PAS,
thereby preventing a net gain in potency compared to huprine Y,
(±)-4.
All the rhein−huprine hybrids turned out to be selective for

hAChE over hBChE inhibition, with selectivities in the range
28−888. However, these hybrids still exhibited a moderately
potent hBChE inhibitory activity, with IC50 values in the
submicromolar to low micromolar range (Table 1). The most
potent hBChE inhibitor of the series, (±)-7d (IC50 = 350 nM),
was slightly less potent than the parent huprine (2-fold) but
50-fold more potent than the parent rhein, 3.
Inhibition of AChE-Induced Aβ Aggregation. The occu-

pancy of the AChE’s PAS by the rhein−huprine hybrids,
predicted by docking simulations (see above), should result in a
hindrance of the interaction of Aβ with AChE and, hence, in a
blockade of the Aβ proaggregating action of the enzyme. The
inhibitory activity of these hybrids and the parent rhein and
huprine Y against the AChE-induced aggregation of Aβ40 was
assessed using a thioflavin T-based fluorescent method.49

Rhein−huprine hybrids exhibited a significant inhibitory activity
against the AChE-induced Aβ40 aggregation, exhibiting
percentages of inhibition ranging from 29 to 52% at a 100 μM
concentration, which are clearly superior to that found for the
AChE’s CAS inhibitor huprine Y, 4 (Table 1). These activities are
similar to those reported for other families of dual binding site
AChEIs,40,50−55 even though more potent inhibitors of the
AChE-induced Aβ40 aggregation have been described.56,57 In
agreement with the hypothesis that both inhibitory activities are
related to some extent to the ability of interacting with the
AChE’s PAS, the inhibitory activities of the rhein−huprine
hybrids against the AChE-induced Aβ40 aggregation roughly
match the SAR trends for hAChE inhibition, i.e., the shorter
homologues are the most potent and the presence of a benzene
ring in the linker is slightly detrimental for the activity.
Inhibition of Self-Induced Aβ Aggregation. The inhibitory

activity of the rhein−huprine hybrids against the spontaneous
aggregation of Aβ42 was determined in vitro using a thioflavin T-
based fluorometric assay.58 These compounds exhibit a

significant Aβ42 antiaggregating activity, displaying percentages
of inhibition in the narrow range 32−41% when tested at a
concentration equal to 1/5 of that of Aβ42 ([I] = 10 μM, [Aβ42] =
50 μM), these being clearlymore potent than the parent huprine Y
(Table 1). Of note, rhein could not be evaluated because of
solubility problems under the assay conditions.

Inhibition of Human BACE-1 and Molecular Modeling
Study. BACE-1 catalyzes the first and rate-limiting step of the
biosynthesis of Aβ from APP, thereby constituting a prime target
in the search for disease-modifying anti-Alzheimer drugs.59,60

Strikingly, a number of dual binding site AChEIs have been
found to be potent or moderately potent inhibitors of BACE-1,
even if they were not purported to display this activity.61 In most
cases, these compounds inhibit BACE-1 with low micromolar
IC50 values, as it happens with the prototypic dual binding site
AChEI bis(7)-tacrine (IC50 7.5 μM)62 or with huprine−tacrine
heterodimers (IC50 4.9−7.3 μM).40 However, another dual
binding site AChEI with more potent BACE-1 inhibitory activity,
i.e., memoquin (IC50 108 nM),56 has also been reported.
In the light of these results, the novel racemic rhein−huprine

hybrids were tested in vitro against human recombinant BACE-1
using a FRET assay.63 Results clearly showed the importance of
the linker chain length. The pentamethylene- to hepta-
methylene-linked hybrids (±)-7a−c were inactive for BACE-1
inhibition at a concentration of 1 μM, whereas the longer
homologues (±)-7d, (±)-7f, and (±)-7g, as well as (±)-7h,
containing an aromatic ring in the linker, exhibited a moderately
potent BACE-1 inhibitory activity, with IC50 values around 1−2 μM
(Table 1). Far beyond our expectations, the BACE-1 inhibitory
activity in this series peaked for the nonamethylene-linked hybrid
(±)-7e, with a remarkable IC50 value of 120 nM. Thus, (±)-7e was
roughly equipotent tomemoquin,56 about 50-foldmore potent than
bis(7)-tacrine62 and other huprine-based hybrids.40 Very interest-
ingly, the BACE-1 inhibitory activity of (±)-7e seems to be slightly
higher than that of the Lilly’s BACE-1 inhibitor LY2811376, a very
promising anti-Alzheimer drug candidate whose phase I clinical
trials were recently discontinued due to toxicity issues unrelated to
BACE-1 inhibition,59 even though a head-to-head test in the same
assay conditions would be required to confirm that point. Thus, the
combination of huprine Y and rhein in a new hybridmolecule with a
proper linker chain led to a significant enlargement of the activity
profile, namely the strong inhibitory activity on BACE-1 that is not
present in any of the parent compounds.
The preceding findings made it worthwhile to determine the

binding mode of the hybrids to BACE-1. In a first step, this was
accomplished by examining the druggable pockets present in the
enzyme in order to determine their ability to accommodate the
huprine and hydroxyanthraquinone moieties (see Experimental
Section). Among the seven druggable pockets shared by the four
X-ray structures explored with the MDpocket program (PDB
entries 1M4H, 1SGZ, 2OHL, and 3CIB), only two of them,
namely BS1, which encompasses the catalytic site, and BS2,
which includes subsites P5−P7 (Figure S3, Supporting
Information), were found to be suitable for binding of the
huprine and hydroxyanthraquinone moieties present in hybrids.
Furthermore, the distance between the centroids of the most
populated clusters of huprine and hydroxyanthraquinone in
these pockets was comprised between 7 and 11 Å, thus satisfying
the geometrical criteria required for the tether in the rhein−
huprine hybrids. Accordingly, docking of (+)-7h and (−)-7h was
performed by exploring the volume defined by both BS1 and BS2
sites. Even though this compound is not the most potent within
the series, it was chosen due to the limited number of rotatable

Figure 1. Binding mode of compound (−)-7h (shown as yellow sticks)
in the AChE gorge.
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bonds, which thus makes it easier to perform a more exhaustive
exploration of the binding mode and examine the potential
interaction at the two pockets identified separately for huprine
and hydroxyanthraquinone moieties. Calculations led to a clear
binding mode, in which the huprine moiety is accommodated at
the BS1 pocket, and the hydroxyanthraquinone moiety fills the
BS2 site. The structural integrity of this binding mode was
supported by the analysis of four independent 50 ns molecular
dynamics simulations run for both (+)-7h and (−)-7h bound to
the enzyme (Figure 2). The huprine moiety remains tightly

bound to BS1 in all cases, as expected from the electrostatic
stabilization between the protonated aminoquinoline system and
the catalytic dyad (Asp32 and Asp228), whereas the bicyclic
system of the huprine moiety fills the hydrophobic pocket
formed by residues Leu30, Phe108, Ile110, and Ile118 from
subsites P2 and P3. On the other hand, the hydroxyanthraqui-
none moiety in (+)-7h exhibits a common binding mode, which
involves the electrostatic interaction with Lys321, hydrogen
bonds with the backbone of Phe322 and the side chain of
Asn233, and hydrophobic contacts with Val309. For (−)-7h, the
results show that, besides the preceding binding mode, the
hydroxyanthraquinone moiety can adopt an alternative arrange-
ment, which mainly involves the direct electrostatic interaction
with Arg307. On the basis of these findings, it is reasonable to
expect that the larger flexibility afforded by the linker in 7e will
facilitate a proper accommodation to both BS1 and BS2 in
BACE-1, thus explaining the increase in BACE-1 inhibitory
activity compared to 7h. Overall, this analysis suggests that BS2
may be exploited to find novel moieties, leading to enhanced
binding affinity and hence to hybrid compounds with more
potent inhibitory activity against BACE-1.
In Vitro Biological Profiling of Enantiopure Rhein−

Huprine Hybrids (+)- and (−)-7e. After the in vitro biological
profiling of the racemic rhein−huprine hybrids, (±)-7e emerged
as the most interesting member of the series, mainly by virtue of
its outstanding BACE-1 inhibitory potency, but also because it
was one of the most potent compounds of the series for hAChE,
hBChE, AChE-induced, and self-induced Aβ aggregation. To
further optimize the lead of the series, the two enantiomers of 7e
were synthesized separately (see above) and subjected to in vitro
biological profiling with the aim of unveiling potential
enantioselective interactions with the different targets.
In agreement with the stereoselective interaction of the parent

huprine Y, the levorotatory rhein−huprine hybrid (−)-7e was a

far more potent hAChE inhibitor than its enantiomer (+)-7e,
with an enantioselectivity (1200-fold) somewhat more pro-
nounced than that found for the parent huprine Y (430-fold)
(Table 1), in agreement with the docking calculations (Figure 1).
To further confirm the inhibition mechanism, a kinetic study of
the interaction of (−)-7e with hAChE was also carried out. The
mode of inhibition of (−)-7e was determined with the aid of
Lineweaver−Burk double reciprocal plot. The interception of the
lines in the Lineweaver−Burk plot above the x-axis (Figure 3)

demonstrated that (−)-7e acts as a mixed-type inhibitor of
hAChE.
The inhibitor dissociation constants Ki and K′i, which denote

the dissociation constant for the enzyme−inhibitor and
enzyme−substrate−inhibitor complexes, respectively (see Ex-
perimental Section), were estimated and resulted to be 2.65 and
3.41 nM, respectively.
Contrary to the inhibition of hAChE by the enantiomers of

huprines, for hBChE inhibition the eutomer is the dextrorotatory
(7R,11R)-enantiomer, (+)-4. Thus, not unexpectedly, for
hBChE inhibition, the rhein−huprine hybrid (+)-7e was 2-fold
more potent than (−)-7e, the enantioselectivity being quite
similar to that found for huprine Y (1.3-fold) (Table 1).
In contrast to hAChE and hBChE inhibition and in agreement

with the idea that the enantioselective inhibition of the
cholinesterase catalytic activity is related to the interaction with
CAS, no enantioselectivity was found in the inhibition by (+)-
and (−)-7e of the AChE-induced aggregation of Aβ40 (37−38%
inhibition at 100 μM). Similarly, no differences were highlighted
for the inhibition of the self-induced aggregation of Aβ42 (38−
43% inhibition at 10 μM) and hBACE-1 activity (IC50 80 nM in
both enantiomers) by (+)- and (−)-7e.

In Vitro Blood−Brain Barrier Permeation Assay. CNS
drugs must be able to efficiently cross the blood−brain barrier
(BBB). However, cell permeability and brain penetration
constitute a major hurdle in the development of some classes
of anti-Alzheimer drugs, particularly in BACE-1 inhibitors and in
Aβ and tau aggregation inhibitors.4,31,60,64 Moreover, compounds
designed by combination of two pharmacophoric moieties, such as
the novel rhein−huprine hybrids, usually have molecular weights

Figure 2. Superposition of the last snapshots sampled in four
independent MD simulations of hybrid compounds (A) (+)-7h
(shown as orange sticks) and (B) (−)-7h (shown as yellow sticks)
bound to BACE-1 (shown as cyan cartoon). Selected residues that
mediate the binding of the hybrids are shown as sticks, and the “flap”
loop is shown in blue.

Figure 3. Kinetic study on the mechanism of AChE inhibition by
(−)-7e. Overlaid Lineweaver−Burk reciprocal plots of AChE initial
velocity at increasing substrate concentration (ATCh, 0.56−0.11 mM)
in the absence and in the presence (0.84−3.65 nM) of (−)-7e are
shown. Lines were derived from a weighted least-squares analysis of the
data points.
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over 500, which might challenge their ability to cross cell
membranes.65,66 However, different families of anti-Alzheimer
hybrid compounds with molecular weights over 500 have shown
good oral availability and/or brain permeability in ex vivo and in
vivo studies in mice.12,40,67,68 Even though the potential of a CNS
drug to enter into the brain also depends on a low P-glycoprotein
efflux liability,69,70 a good brain permeability is a necessary
requirement. In this work, the brain permeability of the novel
rhein−huprine hybrids has been predicted through the widely
known parallel artificial membrane permeation assay (PAMPA-
BBB).71 The in vitro permeability (Pe) of racemic rhein−huprine
hybrids through a lipid extract of porcine brain was determined
using phosphate-buffered saline (PBS)/EtOH 70:30. Assay
validation was carried out by comparing the experimental and
literature permeability values of 14 commercial drugs (Table S1,
Supporting Information), which gave a good linear correlation:
Pe (exp) = 1.4525 Pe (lit) − 0.4926 (R2 = 0.9199). Using this
equation and the limits established by Di et al. for BBB
permeation,71 the following ranges of permeability were
established: Pe (10

−6 cm s−1) > 5.3 for compounds with high
BBB permeation (CNS+), Pe (10

−6 cm s−1) < 2.4 for compounds
with low BBB permeation (CNS−), and 5.3 > Pe (10

−6 cm s−1) >
2.4 for compounds with uncertain BBB permeation (CNS±). All
the tested rhein−huprine hybrids were predicted to be able to
cross the BBB, their measured Pe values being far above the
threshold for high BBB permeation (Table 1), as it is also the case
for the parent huprine Y, (±)-4, but not for rhein, 3, for which an
uncertain BBB permeability was predicted. Indeed, rhein is
therapeutically used against arthritis in the form of the more
lipophilic and cell permeable doubly acetylated prodrug diacerein.
Inhibition of Aβ42 and Tau Aggregation in Intact

Escherichia coli Cells. The aggregation of two amyloidogenic
proteins, namely Aβ and tau, plays a pivotal role in the
pathological network of AD. Protein aggregation also occurs
during the production of heterologous proteins in bacteria,
leading to the formation of insoluble inclusion bodies (IBs).
Because IBs contain highly ordered amyloid-like structures and
their formation seems to share mechanistic features with amyloid
self-assembly, they have been recently proposed as a model to
study amyloid aggregation.72,73 We have recently developed a
methodology that allows a fast, simple, and inexpensive
evaluation of the antiaggregating activity of putative inhibitors,
which is based on the in vivo staining with thioflavin S of IBs in
intact E. coli cells that overexpress a given amyloidogenic protein
in the presence and absence of the inhibitors and monitoring of
the corresponding changes in the fluorescence of thioflavin S.74

The applicability of this method to the screening of both Aβ42
and tau aggregation inhibitors has been recently demonstrated.74

It is worth noting that the Aβ42 antiaggregating activities
determined through this method for a number of known active
and inactive inhibitors were very similar to those previously reported
in in vitro assays using synthetic peptides, thereby validating this
methodology.74 A potential limitation of this method lies in the fact
that only compounds that are membrane permeable can be
detected, whereas potential hits that are active as aggregation
inhibitors but unable to cross biological membranes would remain
undetected. In light of the results obtained in the PAMPA-BBB
assays, this should not be an issue for the novel rhein−huprine
hybrids, which were tested for their ability to inhibit both Aβ42 and
tau aggregation in intact E. coli cells (Table 2).
All the rhein−huprine hybrids exhibited a moderately potent

Aβ42 antiaggregating activity in E. coli cells, with percentages of
inhibition in the range 41−68% at 10 μM and, hence, with IC50

values below 10 μM in most cases (Table 2). Some clear SAR
trends became apparent, namely a higher Aβ42 antiaggregating
activity for the hybrids with the shortest oligomethylene linkers
and for the dextrorotatory over the levorotatory enantiomer of
7e. The presence of an aromatic ring within the linker seemed
not to be detrimental for Aβ42 antiaggregating activity, hybrid
(±)-7h displaying a notable 58% inhibition at 10 μM, albeit
slightly lower than that of the oligomethylene-linked hybrid of
similar tether length, (±)-7b. Interestingly, the Aβ42 anti-
aggregating activities measured for the rhein−huprine hybrids in
intact E. coli cells were of similar magnitude to those determined
in the in vitro assay, albeit somewhat higher in most cases.
Regarding the parent compounds, huprine Y was found to be
essentially inactive in E. coli as it was in the in vitro assay, whereas
rhein, which could not be evaluated in vitro for solubility
problems under the assay conditions, was found to exhibit an
interesting 50% inhibition at 10 μM in E. coli cells.
In agreement with our design strategy, the parent hydroxyan-

thraquinone derivative rhein was found to be active as inhibitor
of tau aggregation in intact E. coli cells (41% inhibition at 10 μM),
and this was also the case for the novel rhein−huprine hybrids
(23−57% inhibition at 10 μM) but not for the parent huprine Y,
which was inactive, as expected (Table 2). For the inhibitory
activity on tau aggregation, the presence of an aromatic ring
within the linker seemed to be detrimental and the levorotatory
enantiomer of 7e was more potent than (+)-7e. However, a clear
SAR trend regarding the length of the linker could not be derived.
The dual Aβ42 and tau antiaggregating action of the novel

rhein−huprine hybrids seems very promising for anti-Alzheimer
drug candidates. These results are also important in the context
of the treatment of amyloidoses in general, insofar as they
support the increasingly accepted notion that all diseases that
involve the pathological aggregation of a particular protein might
share common mechanisms and common therapeutic inter-
ventions.75,76 Indeed, other examples of compounds able to
inhibit the aggregation of several amyloidogenic proteins have
been reported.40,75,77

Protection Against the Synaptic Failure Induced by Aβ
Oligomers in Hippocampal Slices of C57bl6Mice. In light
of the outstanding multitarget pharmacological profile found in
vitro and in E. coli cells for the enantiopure rhein−huprine
hybrids (+)- and (−)-7e, involving the modulation of crucial

Table 2. Inhibitory Activities of theHydrochlorides of Rhein−
Huprine Hybrids and Reference Compounds Toward Aβ42
and Tau Aggregation in Intact E. coli Cellsa

compd Aβ42 aggregation (% inhibition)b tau aggregation (% inhibition)b

(±)-7a 68.0 ± 0.8 43.7 ± 1.1
(±)-7b 68.4 ± 8.9 30.9 ± 3.1
(±)-7c 63.2 ± 9.8 52.0 ± 1.1
(±)-7d 50.2 ± 5.6 29.2 ± 1.3
(±)-7e 47.9 ± 14.5 29.6 ± 8.5
(+)-7e 58.6 ± 7.1 24.9 ± 0.4
(−)-7e 47.2 ± 5.1 34.3 ± 0.1
(±)-7f 43.3 ± 4.1 57.1 ± 1.9
(±)-7g 40.7 ± 2.2 46.3 ± 0.7
(±)-7h 57.9 ± 0.0 23.1 ± 5.1
3 49.9 ± 6.4 40.8 ± 0.7
(±)-4 nac nac

aValues are expressed as mean ± standard error of the mean (SEM) of
four independent experiments (n = 4). b% inhibition with inhibitor at
10 μM. cNot active.
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targets of the pathological network of AD, these compounds were
selected as leads for further pharmacological characterization.
Even though all aggregated forms of Aβ are likely

pathological,78 it has been reported that Aβ oligomers (Aβ-o)
cause an impairment of synaptic functions observed in AD

patients andmouse models of AD.79 Because the target of Aβ-o is
located at the postsynaptic region,80,81 processes associated to
synaptic plasticity as long-term potentiation (LTP) are critically
altered, leading to diminished synaptic strength and efficacy.
These dysfunctions are correlated with reduction in the levels of

Figure 4. Electrophysiological assays in hippocampal slices of 2-month-old C57bl6 mice incubated with Aβ oligomers (1 μM) and (+)- or (−)-7e
(10 μM). (A) Electrophysiological registers. (B) Quantification of field excitatory postsynaptic potentials (fEPSP).

Figure 5. Synaptic protein levels of hippocampal slices of 2-month-old C57bl6 mice incubated with Aβ oligomers and (−)-7e (A) or (+)-7e (B).
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synaptic proteins that participate in events associated with
learning and memory such as glutamatergic receptors and
scaffold proteins.82 To further assess the disease-modifying
effects of the rhein−huprine hybrids (+)- and (−)-7e, their
potential protective effect on synaptic integrity was assessed in
hippocampal slices of 2-month-old C57bl6 male mice incubated
with Aβ42 oligomers.
Electrophysiological Assays. First, electrophysiological regis-

ters of the hippocampal slices were used to evaluate synaptic
transmission through the LTP. Hippocampal slices were
incubated with Aβ42 oligomers (1 μM) 10 min prior and 10
min after LTP induction. No induction of LTP was observed in
hippocampal slices incubated either with Aβ42 oligomers alone
or with Aβ42 oligomers and (−)-7e (10 μM) (Figure 4A, white
circles and light-gray circles, respectively). On the contrary,
treatment with (+)-7e (10 μM) led to a 200% LTP induction
(Figure 4A, dark-gray circles), similarly to the effect found in the
control slices treated only with artificial cerebrospinal fluid
(ACSF). In Figure 4B, the quantification at min 60 of the field
excitatory postsynaptic potentials (fEPSP) are shown. Treatment
with (+)-7e led to a 200% magnitude response when compared
to slices treated either with Aβ42 oligomers alone or with Aβ42
oligomers and (−)-7e. These results indicate that (+)-7e
protects against the synaptic failure induced by acute treatments
with Aβ42 oligomers within the context of LTP induction.
Synaptic Protein Levels. Changes in the synaptic protein

levels of hippocampal slices of 2-month-old C57bl6 mice treated
with Aβ42 oligomers and different concentrations of (+)- and
(−)-7e (1−100 μM) for 1 h were studied by densitometric
analysis of Western blots gels. Treatment of the hippocampal
slices with Aβ42 oligomers (Figure 5, black bars) produced a
decrease in the levels of the postsynaptic proteins GluA2

(a subunit of the AMPA receptor) and PSD95 (postsynaptic
density protein 95, a scaffold protein within the postsynaptic
density) and of the presynaptic proteins synapsin (SYN) and the
vesicular glutamate transporter 1 (VGlut1) in comparison with
control slices (Figure 5, white bars), whereas the levels of the
presynaptic protein synaptophysin (SYP) remained unchanged.
In hippocampal slices cotreated with (−)-7e (Figure 5A), a
neuroprotective effect was observed. Evident increases in the
levels of GluA2 and PSD95 were observed at 10 and 100 μM and
in the levels of VGlut1 for every used concentration of (−)-7e,
whereas increases in the levels of SYN and SYP were found only
at the highest assayed concentration or were not observed. Co-
treatment with (+)-7e produced increases, albeit more modest,
in the levels of GluA2, PSD95, and SYN with every used
concentration, whereas it had no effect on the levels of VGlut1
and SYP. Thus, both (+)- and (−)-7e exert a protective effect on
synaptic proteins related with the stability of the synapses and the
synaptic plasticity in the hippocampus.
Prevention of the Aβ-o-induced loss of synaptic proteins by

treatment of hippocampal slices of 2-month-old C57bl6 mice
with (+)-7e is in agreement with the results found in the
electrophysiological assays and with the antiamyloid activities
found in the in vitro and in E. coli assays, namely its potent
BACE-1 and Aβ aggregation inhibitory activities. Thus, the
protective effects of (+)-7e and also (−)-7e on synaptic integrity
might be ascribed to a reduction of the amount of Aβ aggregated
species or to a reduction of Aβ production through the inhibition
of APP processing, although participation of alternative or
additional mechanisms can not be ruled out. For example, it has
been reported that the increased levels of neurotransmitter
acetylcholine due to AChE inhibition may promote changes in
synaptic plasticity improving LTP.83,84 Indeed, (−)-7e, the

Figure 6. Soluble Aβ and APP protein levels of hippocampal samples from 7-month-old APP-PS1mice treated with (−)-7e or (+)-7e for 4 weeks. Lanes
1−3 show hippocampus lysates from control mice (n = 3), lanes 4−6 show hippocampus lysates from (+)-7e treated mice (n = 3), and lanes 7−8 show
hippocampus lysates from (−)-7e treated mice (n = 2), each lane being an independent animal.
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eutomer for hAChE inhibition, seems to be more potent
regarding the preservation of synaptic proteins even though it
does not improve LTP. Different mechanisms are likely involved
in the neuroprotective effect shown by (+)- and (−)-7e.
In Vivo Aβ Lowering Effect. Among the different

interesting biological activities found in vitro, in E. coli, and ex
vivo for the enantiopure rhein−huprine hybrids (+)-7e and
(−)-7e, likely the most notable effect is the potent inhibition of
BACE-1 (IC50 80 nM). To gain further insight into the relevance
of this activity, we have determined the in vivo effects of (+)-7e
and (−)-7e on the level of total soluble Aβ oligomers, thought to
be involved in synapse destruction and memory impairment in
AD.85 To this end, we used a well-established animal model of AD,
namely the double transgenic mice APP-PS1 (see Experimental
Section). This aggressive model of AD has been characterized both
in the generation of senile plaques in the brain and in their
behavioral changes,86 describing the age at which these animals
exhibit early senile plaques and cognitive impairment from7months
of age, which occur mainly in the cortex and hippocampus.86 Six-
and 10-month-old APP-PS1 mice were treated with 2 mg/kg of
(+)-7e or (−)-7e intraperitoneally three times per week for 4 weeks
to evaluate the effects of these compounds on the production and
aggregation of Aβ species in two different stages of the AD model,
initial and severe, respectively. The soluble protein fraction from
hippocampus homogenates of control and treated APP-PS1 mice
was separated in tris-tricine gels, each lane being a different mouse,
and specificmouse anti-β peptide 6E10 antibody was used, followed
by immunoblot analysis.
Young (7-month-old after the treatment, n = 3 control, n = 3

(+)-7e treated, and n = 2 (−)-7e treated APP-PS1 mice) and
aged (11-month-old after the treatment, n = 3 control, n = 3

(+)-7e treated, and n = 3 (−)-7e treated APP-PS1 mice) APP-
PS1 mice exhibit several forms of Aβ peptides, including
hexamers (ca. 24 kDa) and higher levels of Aβ dodecamers
(ca. 56 kDa). Interestingly, young and aged APP-PS1 mice treated
with (+)-7e showed a significant decrease in the levels of dodecamers,
whereas only in youngmice a reduction in the levels of hexamers was
observed (Figures 6 and 7). In addition, youngAPP-PS1mice treated
with (−)-7e showed a tendency toward decreased levels of both
oligomeric species, whereas aged APP-PS1 mice treated with (−)-7e
showed a diminution in the levels of dodecamers without altering the
levels of hexamers (Figures 6 and 7). The results observed in
11-month-old mice might be due to the high load of Aβ present in
aging APP-PS1 mice. However, the reduction in the levels of
dodecamers, considered to be synaptotoxic, is very important,
because it might be indicative of a reversion in the neurodegenerative
process observed in the animal. More studies are necessary to
corroborate this possibility. Together, these results suggest that
rhein−huprine hybrids (+)-7e and (−)-7e either could favor the
formation of senile plaques and the decrease of the soluble Aβ forms
or prevent the APP processing and the subsequent aggregation
through inhibition of BACE-1. To corroborate the last hypothesis,
the levels of APP protein were analyzed in the same gel described
beforewhere each lane represents an independent animal. The results
showed that in young and aged APP-PS1 mice treated with (+)-7e
and (−)-7e, the levels of mature APP (ca. 100 KDa) are increased
(Figures 6 and 7), indicating that these rhein−huprine hybrids are
able to prevent APP processing, Aβ production, and aggregation.

■ CONCLUSIONS

We have synthesized a series of racemic and enantiopure hybrid
compounds that combine a unit of the hydroxyanthraquinone

Figure 7. Soluble Aβ and APP protein levels of hippocampal samples from 11-month-old APP-PS1 mice treated with (−)-7e or (+)-7e for 4 weeks.
Lanes 1−3 show hippocampus lysates from control mice (n = 3), lanes 4−6 show hippocampus lysates from (+)-7e treated mice (n = 3), and lanes 7−9
show hippocampus lysates from (−)-7e treated mice (n = 3), each lane being an independent animal.
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drug rhein and a unit of the potent AChE’s CAS inhibitor
huprine Y, connected through penta- to undecamethylene or 1,4-
phenylene-bis(methylene) linkers. These hybrids were purport-
edly designed to exhibit a multitarget profile of interest for the
efficient management of AD, which included the inhibitory
actions expected for dual binding site inhibitors of AChE against
the catalytic and the Aβ-proaggregating activities of this enzyme
and the tau antiaggregating effect known for some hydroxyan-
thraquinone compounds similar to rhein. In agreement with the
design rationale, the novel rhein−huprine hybrids are endowed
with very potent hAChE inhibitory activity and moderately
potent inhibitory activities against hAChE-induced and self-
induced aggregation of Aβ and against hBChE. Far beyond our
expectations, some rhein−huprine hybrids additionally display a
very potent BACE-1 inhibitory activity. Of note, these hybrids
have been predicted to be able to cross the BBB using an artificial
membrane model, likely having the ability to exert the same
actions in vivo. Both cell permeability and the Aβ antiaggregating
activity found in vitro for the rhein−huprine hybrids, as well as
their expected tau antiaggregating activity, have been confirmed
by some assays based on the direct thioflavin S staining of IBs in
intact E. coli cells that were genetically altered to overexpress
Aβ42 and tau protein. On the basis of the biological profiling in
vitro and in E. coli, (+)- and (−)-7e have been selected as lead
rhein−huprine hybrids and their protective effects against the
synaptic failure induced by Aβ oligomers in hippocampal slices of
2-month-old C57bl6 mice have been assessed. These studies
have shown that both hybrids prevent the loss of synaptic
proteins. Additionally, the beneficial effects of (+)-7e on synaptic
integrity were apparent in the context of LTP induction. Finally,
in vivo experiments with transgenic APP-PS1 mice have shown
that (+)- and (−)-7e are able to lower the levels of hippocampal
total soluble Aβ and increase the levels of APP both in initial and
advanced stages of this AD model, thus suggesting a reduction of
APP processing, as expected from their potent BACE-1
inhibitory activity. Overall, the novel rhein−huprine hybrids
(+)- and (−)-7e emerge as very promising multitarget anti-
Alzheimer drug candidates with potential to positively modify
the underlying mechanisms of this disease.

■ EXPERIMENTAL SECTION
Chemistry.Melting points were determined in open capillary tubes

with a MFB 595010 M Gallenkamp melting point apparatus. 400 MHz
1H/100.6 MHz 13C NMR spectra, and 500 MHz 1H/125.7 MHz 13C
NMR spectra were recorded on Varian Mercury 400 and Varian Inova
500 spectrometers, respectively. The chemical shifts are reported in ppm
(δ scale) relative to internal tetramethylsilane, and coupling constants
are reported in hertz (Hz). Assignments given for the NMR spectra of
the new compounds were carried out on the basis of DEPT, COSY
1H/1H (standard procedures), and COSY 1H/13C (gHSQC or gHMBC
sequences) experiments. The syn (anti) notation of the protons at
position 13 of the huprine moiety of the hybrids means that the
corresponding proton at position 13 is on the same (different) side of
the quinoline moiety with respect to the cyclohexene ring. IR spectra
were run on a Perkin-Elmer Spectrum RX I spectrophotometer.
Absorption values are expressed as wavenumbers (cm−1); only
significant absorption bands are given. Optical rotations were measured
on a Perkin-Elmer model 241 polarimeter. The specific rotation has not
been corrected for the presence of solvent of crystallization. Column
chromatography was performed on silica gel 60 AC.C (40−60 mesh,
SDS, ref 2000027). Thin-layer chromatography was performed with
aluminum-backed sheets with silica gel 60 F254 (Merck, ref 1.05554), and
spots were visualized with UV light and 1% aqueous KMnO4. NMR
spectra of all of the new compounds were performed at the Centres
Cientifícs i Tecnolog̀ics of the University of Barcelona (CCiTUB), while

elemental analyses and high resolution mass spectra were carried out at
theMycroanalysis Service of the IIQAB (CSIC, Barcelona, Spain) with a
Carlo Erba 1106 analyzer and at the CCiTUB with a LC/MSD TOF
Agilent Technologies spectrometer, respectively. The synthetic
procedures for the preparation of the intermediate nitriles 5a−h and
amines 6a−h are exemplified through the synthesis of 5a and 6a. The
synthesis of the rest of nitriles and amines is included in the Supporting
Information. The analytical samples of all of the rhein−huprine hybrids
which were subjected to pharmacological evaluation possess a
purity ≥95% as evidenced by their elemental analyses.

(± ) -5- [ (3-Chloro-6 ,7 ,10,11-tetrahydro-9-methyl -7,11-
methanocycloocta[b]quinolin-12-yl)amino]pentanenitrile [(±)-5a].
A suspension of (±)-huprine Y, (±)-4 (300 mg, 1.06 mmol), and finely
powdered KOH (85% purity, 139 mg, 2.11 mmol), and 4 Å molecular
sieves in anhyd DMSO (6 mL) was stirred, heating every 10 min
approximately with a heat gun for 1 h and at rt one additional hour, and
then treated with 5-bromovaleronitrile (0.15 mL, 208 mg, 1.28 mmol).
The reaction mixture was stirred at rt overnight, diluted with 5N NaOH
(25mL), and extracted with EtOAc (3× 40mL). The combined organic
extracts were washed with H2O (3 × 50 mL), dried over anhyd Na2SO4,
and evaporated under reduced pressure to give a yellow oil (469 mg),
which was purified by column chromatography (40−60 μm silica gel,
CH2Cl2/MeOH/50% aq NH4OH mixtures, gradient elution). On
elution with CH2Cl2/50% aq NH4OH 100:0.2, the N,N-dialkylated
derivative (±)-8a (78 mg, 16% yield) was isolated as a yellow oil. On
elution with CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2, nitrile (±)-5a
(273 mg, 70% yield) was isolated as a beige solid; Rf [(±)‑5a] 0.50, Rf[(±)‑8a]
0.77 (CH2Cl2/MeOH/50% aq NH4OH 9:1:0.05).

A solution of (±)-5a (52 mg, 0.14 mmol) in CH2Cl2 (4.5 mL) was
filtered through a 0.2 μmPTFE filter, treated with methanolic HCl (1.40
N, 0.30 mL), and evaporated under reduced pressure. The resulting
solid was washed with pentane (3× 2mL) to give, after drying at 65 °C/2
Torr for 48 h, (±)-5a·HCl (58 mg) as a yellow solid: mp 181−183 °C
(CH2Cl2/MeOH 94:6). IR (KBr) ν 3500−2500 (max at 3364, 3254,
3049, 3014, 2926, 2885, 2651, N-H, N+-H, and C-H st), 2243 (CN st),
1635, 1629, 1602, 1582, 1570, 1562 (ar-C-C and ar-C-N st) cm−1. 1H
NMR (400 MHz, CD3OD) δ 1.59 (s, 3H, 9′-CH3), 1.79 (tt, J ≈ J′ ≈ 7.2
Hz, 2H, 3-H2), 1.93 (d, J = 17.6 Hz, 1H, 10′-Hendo), superimposed in part
1.92−1.98 (m, 1H, 13′-Hsyn), 2.01 (tt, J ≈ J′ ≈ 7.2 Hz, 2H, 4-H2), 2.09
(dm, J = 12.8 Hz, 1H, 13′-Hanti), 2.56 (t, J = 7.2 Hz, 2H, 2-H2),
superimposed in part 2.53−2.60 (m, 1H, 10′-Hexo), 2.77 (m, 1H, 7′-H),
2.88 (ddd, J = 18.0 Hz, J′ = J″ = 1.6 Hz, 1H, 6′-Hendo), 3.22 (dd, J = 18.0
Hz, J′ = 5.2 Hz, 1H, 6′-Hexo), 3.47 (m, 1H, 11′-H), 4.03 (t, J = 7.6 Hz, 2H,
5-H2), 4.85 (s, NH and +NH), 5.59 (br d, J = 4.4 Hz, 1H, 8′-H), 7.57
(dd, J = 9.2Hz, J′ = 2.0Hz, 1H, 2′-H), 7.78 (d, J≈ 2.0Hz, 1H, 4′-H), 8.40
(d, J ≈ 9.2 Hz, 1H, 1′-H). 13C NMR (100.6 MHz, CD3OD) δ 17.1 (CH2,
C2), 23.4 (CH3, 9′-CH3), 23.9 (CH2, C3), 27.3 (CH, C11′), 27.9 (CH,
C7′), 29.3 (CH2, C13′), 30.3 (CH2, C4), 36.1 (CH2), 36.2 (CH2) (C6′,
C10′), 48.8 (CH2, C5), 115.8 (C, C12a′), 117.9 (C, C11a′), 119.2 (CH,
C4′), 120.9 (C, CN), 125.1 (CH, C8′), 126.8 (CH, C2′), 129.4 (CH,
C1′), 134.6 (C, C9′), 140.3 (C, C3′), 141.0 (C, C4a′), 151.5 (C, C5a′),
157.0 (C, C12′). HRMS (ESI) calcd for (C22H24

35ClN3 + H
+), 366.1732;

found, 366.1729.
A solution of (±)-8a (78 mg, 0.17 mmol) in CH2Cl2 (4.5 mL) was

filtered through a 0.2 μm PTFE filter, treated with methanolic HCl
(0.65N, 0.64 mL), and evaporated under reduced pressure. The
resulting solid was washed with pentane (3 × 2 mL) to give, after drying
at 65 °C/2 Torr for 48 h, (±)-8a·HCl (80 mg) as a yellow solid; mp
196−198 °C (CH2Cl2/MeOH 88:12). IR (KBr) ν 3500−2450 (max at
3430, 3044, 2919, 2875, 2464, N+-H and C-H st), 2243 (CN st), 1632,
1604, 1574 (ar-C-C and ar-C-N st) cm−1. 1H NMR (400 MHz,
CD3OD) δ 1.59 (s, 3H, 9′-CH3), 1.65 (tt, J ≈ J′ ≈ 7.2 Hz, 4H, 3-H2),
1.72−1.98 (complex signal, 4H, 4-H2), 2.00 (br d, J = 17.6 Hz, 1H, 10′-
Hendo), superimposed in part 2.06 (dm, J ≈ 12.8 Hz, 1H, 13′-Hsyn), 2.12
(dm, J = 12.8 Hz, 1H, 13′-Hanti), 2.48 (t, J = 7.2 Hz, 4H, 2-H2), 2.69 (dd,
J = 17.6 Hz, J′ = 5.6 Hz, 1H, 10′-Hexo), 2.82 (m, 1H, 7′-H), 3.17 (ddd, J =
18.0 Hz, J′≈ J″≈ 1.8 Hz, 1H, 6′-Hendo), 3.39 (dd, J = 18.0 Hz, J′ = 5.6Hz,
1H, 6′-Hexo), superimposed in part 3.73 (m, 1H, 11′-H), 3.73 (ddd, J =
13.6 Hz, J′ = 9.6 Hz, J″ = 5.6 Hz, 2H) and 3.80 (ddd, J = 13.6 Hz, J′ = 9.2
Hz, J″ = 6.0 Hz, 2H) (5-H2), 4.84 (s,

+NH), 5.68 (br d, J = 4.4 Hz, 1H,
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8′-H), 7.72 (dd, J = 9.2 Hz, J′ = 2.4 Hz, 1H, 2′-H), 7.99 (d, J = 2.4 Hz,
1H, 4′-H), 8.26 (d, J = 9.2 Hz, 1H, 1′-H). 13C NMR (100.6 MHz,
CD3OD) δ 17.1 (CH2, C2), 23.3 (CH3, 9′-CH3), 23.9 (CH2, C3), 27.6
(CH, C7′), 28.6 (CH2, C13′), 28.9 (CH2, C4), 29.7 (CH, C11′), 37.7
(CH2, C6′), 38.7 (CH2, C10′), 55.1 (CH2, C5), 120.0 (CH, C4′), 120.9
(C, CN), 125.5 (C, C12a′), 125.7 (CH, C8′), 192.2 (CH, C2′), 130.1
(CH, C1′), 132.5 (C, C11a′), 134.3 (C, C9′), 140.36 (C), 140.43 (C)
(C3′, C4a′), 157.6 (C, C5a′), 163.9 (C, C12′). HRMS (ESI) calcd for
(C27H31

35ClN4 + H+), 447.2310; found, 447.2309.
(± ) -N-(3-Chloro-6 ,7 ,10 ,11-tetrahydro-9-methy l -7 ,11-

methanocycloocta[b]quinolin-12-yl)pentane-1,5-diamine [(±)-6a].
To a suspension of LiAlH4 (0.17 g, 4.47 mmol) in anhyd Et2O (63
mL), nitrile (±)-5a (0.76 g, 2.08 mmol) was added, and the reaction
mixture was stirred at rt overnight. The resulting mixture was treated
with wet Et2O (200 mL) and evaporated under reduced pressure. The
solid was suspended in CH2Cl2, filtered through Celite, and evaporated
under reduced pressure to give amine (±)-6a (750 mg, 98% yield) as a
yellow oil; Rf 0.03 (CH2Cl2/MeOH/50% aq NH4OH 9:1:0.05).
A solution of (±)-6a (50 mg, 0.14 mmol) in CH2Cl2 (3.5 mL) was

filtered through a 0.2 μm PTFE filter, treated with methanolic HCl
(1.4N, 0.87 mL), and evaporated under reduced pressure. The resulting
solid was washed with pentane (3× 2mL) to give, after drying at 65 °C/
2Torr for 48 h, (±)-6a·2HCl (54mg) as a yellow solid; mp 193−194 °C
(CH2Cl2/MeOH 80:20). IR (KBr) ν 3500−2500 (max at 3396, 3253,
2925, 2856, N-H, N+-H and C-H st), 1628, 1583, 1570, 1558 (ar-C-C
and ar-C-N st) cm−1. 1H NMR (400 MHz, CD3OD) δ 1.55 (tt, J ≈ J′ ≈
7.6 Hz, 2H, 3-H2), 1.59 (s, 3H, 9′-CH3), 1.76 (m, 2H, 4-H2), 1.90−2.02
(complex signal, 4H, 10′-Hendo, 13′-Hsyn, 2-H2), 2.09 (dm, J = 12.8 Hz,
1H, 13′-Hanti), 2.57 (ddm, J = 17.6 Hz, J′ = 6.0 Hz, 1H, 10′-Hexo), 2.78
(m, 1H, 7′-H), 2.87 (br d, J = 18.0 Hz, 1H, 6′-Hendo), 2.97 (t, J = 7.6 Hz,
2H, 5-H2), 3.21 (dd, J = 18.0 Hz, J′ = 5.6 Hz, 1H, 6′-Hexo), 3.49 (m, 1H,
11′-H), 4.01 (t, J≈ 7.6 Hz, 2H, 1-H2), 4.85 (s, NH and +NH), 5.59 (br d,
J = 4.4 Hz, 1H, 8′-H), 7.57 (dd, J = 9.2 Hz, J′ = 2.0 Hz, 1H, 2′-H), 7.78
(d, J = 2.0 Hz, 1H, 4′-H), 8.41 (d, J = 9.2 Hz, 1H, 1′-H). 13C NMR
(100.6 MHz, CD3OD) δ 23.5 (CH3, 9′-CH3), 24.7 (CH2, C3), 27.3
(CH, C11′), 27.9 (CH, C7′), 28.2 (CH2, C4), 29.3 (CH2, C13′), 30.8
(CH2, C2), 36.0 (CH2), 36.2 (CH2) (C6′, C10′), 40.5 (CH2, C5), 49.4
(CH2, C1), 115.7 (C, C12a′), 117.8 (C, C11a′), 119.2 (CH, C4′), 125.1
(CH, C8′), 126.8 (CH, C2′), 129.4 (CH, C1′), 134.6 (C, C9′), 140.3
(C, C3′), 141.0 (C, C4a′), 151.4 (C, C5a′), 156.9 (C, C12′). HRMS
(ESI) calcd for (C22H28

35ClN3 + H+), 370.2045; found, 370.2041.
(±)-N-{5-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]pentyl}-9,10-dihydro-
4,5-dihydroxy-9,10-dioxoanthracene-2-carboxamide [(±)-7a]. A
suspension of rhein, 3 (477 mg, 1.68 mmol), in anhyd CH2Cl2
(6 mL) was cooled to 0 °C with an ice bath and treated dropwise
with freshly distilled Et3N (0.47 mL, 341 mg, 3.38 mmol) and ClCO2Et
(0.16 mL, 182 mg, 1.68 mmol). The resulting solution was stirred at
0 °C for 30 min and treated with a solution of amine (±)-6a (621 mg,
1.68 mmol) in anhyd CH2Cl2 (6 mL). The reaction mixture was stirred
at rt for 3 days, diluted with 10% aq Na2CO3 (50 mL), the phases were
separated, and the aqueous phase was extracted with CH2Cl2 (3 × 35 mL).
The combined organic extracts were dried over anhyd Na2SO4 and
evaporated under reduced pressure to give a red solid (770 mg), which was
purified by column chromatography (40−60 μm silica gel, CH2Cl2/
MeOH/50% aq NH4OH mixtures, gradient elution). On elution with
CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2, hybrid (±)-7a (140 mg, 13%
yield) was isolated as a red solid; Rf 0.45 (CH2Cl2/MeOH/50% aq
NH4OH 9:1:0.05).
A solution of hybrid (±)-7a (79 mg, 0.12 mmol) in CH2Cl2 (4 mL)

was filtered through a 0.2 μm PTFE filter, treated with methanolic HCl
(1.4N, 0.26 mL) and evaporated under reduced pressure. The resulting
solid was washed with pentane (3× 2mL) to give, after drying at 65 °C/2
Torr for 48 h, (±)-7a·HCl (80 mg) as a yellow solid; mp 213-215 °C
(CH2Cl2/MeOH 94:6). IR (KBr) ν 3500−2500 (max at 3224, 3047,
3005, 2923, 2852, O-H, N-H, N+-H, and C-H st), 1669, 1628, 1582, 1565
(CO, ar-C-C and ar-C-N st) cm−1. 1H NMR (500 MHz, CD3OD) δ
1.54−1.64 (complex signal, 2H, 3′-H2), superimposed in part 1.59 (s, 3H,
9″-CH3), 1.77 (tt, J ≈ J′ ≈ 7.0 Hz, 2H, 2′-H2), superimposed in part
1.90−2.00 (complex signal, 3H, 4′-H2, 13″-Hsyn), 1.94 (d, J≈ 17.0Hz, 1H,

10″-Hendo), 2.08 (br d, J = 12.5Hz, 1H, 13″-Hanti), 2.56 (br dd, J = 17.0Hz,
J′ = 4.0 Hz, 1H, 10″-Hexo), 2.77 (m, 1H, 7″-H), 2.84 (d, J = 17.5 Hz, 1H,
6″-Hendo), 3.18 (dd, J = 17.5 Hz, J′ = 5.5 Hz, 1H, 6″-Hexo), 3.42−3.52
(complex signal, 3H, 1′-H2, 11″-H), 4.00 (dt, J=J′ = 7.5 Hz, 2H, 5′-H2),
4.87 (s, NH, +NHandOH), 5.58 (br d, J = 4.5Hz, 1H, 8″-H), 7.35 (dd, J =
7.5 Hz, J′ = 2.0 Hz, 1H, 6-H), 7.47 (br d, J = 8.5 Hz, 1H, 2″-H), 7.62 (br s,
2H, 3-H, 4″-H), 7.76 (d, J = 7.5Hz, 1H, 8-H), 7.78 (dd, J = J′= 7.5Hz, 1H,
7-H), 8.04 (s, 1H, 1-H), 8.34 (d, J = 8.5 Hz, 1H, 1″-H). 13C NMR (125.7
MHz, CD3OD) δ 23.5 (CH3, 9″-CH3), 25.1 (CH2, C3′), 27.3 (CH,
C11″), 27.9 (CH, C7″), 29.3 (CH2, C13″), 29.9 (CH2, C2′), 31.0 (CH2,
C4′), 36.1 (CH2, C6″), 36.2 (CH2, C10″), 40.7 (CH2, C1′), 49.5 (CH2,
C5′), 115.7 (C, C12a″), 117.0 (C, C10a), 117.6 (C, C11a″), 118.6 (C,
C4a), 118.8 (CH, C1), 119.1 (CH, C4″), 120.9 (CH, C8), 123.7 (CH,
C3), 125.1 (CH, C8″), 125.8 (CH, C6), 126.7 (CH, C2″), 129.3 (CH,
C1″), 134.6 (C, C9″), 134.8 (C, C8a), 135.2 (C, C9a), 138.8 (CH, C7),
140.2 (C, C3″), 140.9 (C, C4a″), 143.4 (C, C2), 151.4 (C, C5a″),
156.7 (C, C12″), 163.4 (C, C4), 163.7 (C, C5), 167.3 (C, CONH), 182.2
(C, C9), 193.7 (C, C10). HRMS (ESI) calcd for (C37H34

35ClN3O5 +H
+),

636.2260; found, 636.2255. Anal. (C37H34ClN3O5·HCl·1.5H2O)
C, H, N, Cl.

(±)-N-{6-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-
methanocycloocta[b]quinolin-12-yl)amino]hexyl}-9,10-dihydro-
4,5-dihydroxy-9,10-dioxoanthracene-2-carboxamide [(±)-7b]. It was
prepared as described for (±)-7a. From rhein, 3 (1.19 g, 4.18 mmol),
and amine (±)-6b (1.60 g, 4.18 mmol), a red solid (2.00 g) was obtained
and purified by column chromatography (40−60 μm silica gel, hexane/
EtOAc/MeOH/Et3N mixtures, gradient elution). On elution with
hexane/EtOAc/MeOH/Et3N 10:90:0:0.2 to 0:80:20:0.2, hybrid
(±)-7b (647 mg, 24% yield) was isolated as a red solid; Rf 0.54
(CH2Cl2/MeOH/50% aq NH4OH 9:1:0.05).

(±)-7b·HCl.Melting point 203−205 °C (CH2Cl2/MeOH 89:11). IR
(KBr) ν 3500−2500 (max at 3228, 3042, 2927, 2859, 2722, O-H, N-H,
N+-H and C-H st), 1627, 1586, 1570 (CO, ar-C-C and ar-C-N st)
cm−1. 1H NMR (500 MHz, CD3OD) δ 1.49−1.56 (complex signal, 4H,
3′-H2, 4′-H2), 1.59 (s, 3H, 9″-CH3), 1.70 (tt, J≈ J′≈ 6.7 Hz, 2H, 2′-H2),
superimposed in part 1.87−1.94 (complex signal, 3H, 5′-H2, 13″-Hsyn),
superimposed in part 1.94 (br d, J = 17.5 Hz, 1H, 10″-Hendo), 2.07
(dm, J = 12.0 Hz, 1H, 13″-Hanti), 2.54 (br dd, J ≈ 17.5 Hz, J′ ≈ 3.5 Hz,
1H, 10″-Hexo), 2.77 (m, 1H, 7″-H), 2.82 (br d, J = 18.0Hz, 1H, 6″-Hendo),
3.17 (dd, J = 18.0 Hz, J′ = 5.0 Hz, 1H, 6″-Hexo), 3.39−3.49 (complex
signal, 3H, 1′-H2, 11″-H), 3.96 (dt, J =J′ = 6.7 Hz, 2H, 6′-H2), 4.84 (s,
NH, +NH andOH), 5.58 (br d, J = 5.0 Hz, 1H, 8″-H), 7.35 (dd, J = 7.5 Hz,
J′ = 1.5 Hz, 1H, 6-H), 7.46 (d, J ≈ 9.0 Hz, 1H, 2″-H), 7.60 (s, 1H, 4″-H),
7.64 (s, 1H, 3-H), superimposed in part 7.75 (d, J = 8.0 Hz, 1H, 8-H),
superimposed in part 7.77 (dd, J≈ J′≈ 8.0Hz, 1H, 7-H), 8.07 (s, 1H, 1-H),
8.32 (d, J ≈ 9.0 Hz, 1H, 1″-H). 13C NMR (125.7 MHz, CD3OD) δ 23.4
(CH3, 9″-CH3), 27.2 (CH, C11″), 27.3 (2CH2, C3′, C4′), 27.9 (CH, C7″),
29.3 (CH2, C13″), 30.0 (CH2, C2′), 31.1 (CH2, C5′), 36.1 (2CH2, C6″,
C10″), 40.7 (CH2, C1′), 49.5 (CH2, C6′), 115.7 (C, C12a″), 117.0 (C,
C10a), 117.7 (C, C11a″), 118.6 (C, C4a), 118.8 (CH, C1), 119.1 (CH,
C4″), 120.9 (CH, C8), 123.7 (CH, C3), 125.1 (CH, C8″), 125.8 (CH, C6),
126.6 (CH, C2″), 129.4 (CH, C1″), 134.6 (C, C9″), 134.8 (C, C8a), 135.3
(C, C9a), 138.8 (CH, C7), 140.2 (C, C3″), 141.0 (C, C4a″), 143.6 (C, C2),
151.3 (C, C5a″), 156.8 (C, C12″), 163.4 (C, C4), 163.8 (C, C5), 167.3 (C,
CONH), 182.2 (C, C9), 193.8 (C, C10). HRMS (ESI) calcd for
(C38H36

35ClN3O5 +H
+), 650.2416; found, 650.2414. Anal. (C38H36ClN3O5·

HCl·1.25H2O) C, H, N, Cl.
(±)-N-{7-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]heptyl}-9,10-dihydro-
4,5-dihydroxy-9,10-dioxoanthracene-2-carboxamide [(±)-7c]. It was
prepared as described for (±)-7a. From rhein, 3 (1.43 g, 5.04 mmol),
and amine (±)-6c (2.00 g, 5.04 mmol), a red solid (2.20 g) was obtained
and purified by column chromatography (40−60 μm silica gel, hexane/
EtOAc/MeOH/Et3N mixtures, gradient elution). On elution with
hexane/EtOAc/MeOH/Et3N 40:60:0:0.2 to 0:80:20:0.2, hybrid (±)-7c
(864 mg, 26% yield) was isolated as a red solid; Rf 0.48 (CH2Cl2/
MeOH/50% aq NH4OH 9:1:0.05).

(±)-7c·HCl. Melting point 202−203 °C (EtOAc/CH2Cl2/MeOH
75:19:6). IR (KBr) ν 3500−2500 (max at 3048, 2926, 2855, 2742, O-H,
N-H, N+-H and C-H st), 1654, 1628, 1593, 1583, 1569, 1546 (CO,
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ar-C-C and ar-C-N st) cm−1. 1H NMR (500 MHz, CD3OD) δ 1.49
(complex signal, 6H, 3′-H2, 4′-H2, 5′-H2), 1.58 (s, 3H, 9″-CH3), 1.69 (tt,
J ≈ J′ ≈ 6.5 Hz, 2H, 2′-H2), superimposed in part 1.87−1.94 (complex
signal, 3H, 6′-H2, 13″-Hsyn), superimposed in part 1.94 (br d, J ≈ 18.0
Hz, 1H, 10″-Hendo), 2.07 (dm, J = 12.0 Hz, 1H, 13-Hanti), 2.53 (br dd, J =
18.0 Hz, J′ = 5.0 Hz, 1H, 10-Hexo), 2.75 (m, 1H, 7″-H), 2.79 (br d, J ≈
18.0 Hz, 1H, 6″-Hendo), 3.14 (dd, J ≈ 18.0 Hz, J′ = 5.5 Hz, 1H, 6″-Hexo),
3.37−3.48 (complex signal, 3H, 1′-H2, 11″-H), 3.92 (dt, J = 7.5 Hz, J′ =
4.0 Hz, 2H, 7′-H2), 4.84 (s, NH,

+NH and OH), 5.58 (br d, J = 5.0 Hz,
1H, 8″-H), 7.36 (dd, J = 8.5 Hz, J′ = 1.0 Hz, 1H, 6-H), 7.44 (dd, J ≈ 9.0
Hz, J′ = 2.0Hz, 1H, 2″-H), 7.59 (d, J = 2.0Hz, 1H, 4″-H), 7.66 (d, J≈ 2.0
Hz, 1H, 3-H), 7.73 (dd, J = 7.5 Hz, J′ ≈ 1.0 Hz, 1H, 8-H), 7.78 (dd, J ≈
J′ ≈ 7.5 Hz, 1H, 7-H), 8.09 (d, J = 2.0 Hz, 1H, 1-H), 8.26 (d, J = 9.0 Hz,
1H, 1″-H). 13C NMR (125.7 MHz, CD3OD) δ 23.4 (CH3, 9″-CH3), 27.3
(CH, C11″), 27.6 (CH2), 27.7 (CH2) (C4′, C5′), 27.9 (CH, C7″), 29.3
(CH2, C13″), 29.7 (CH2), 29.9 (CH2) (C2′, C3′), 31.1 (CH2, C6′), 36.0
(CH2), 36.1 (CH2) (C6″, C10″), 41.0 (CH2, C1′), 49.7 (CH2, C7′), 115.6
(C, C12a″), 117.1 (C, C10a), 117.6 (C, C11a″), 118.6 (C, C4a), 118.7
(CH,C1), 119.2 (CH,C4″), 120.9 (CH,C8), 123.7 (CH,C3), 125.1 (CH,
C8″), 125.8 (CH, C6), 126.6 (CH, C2″), 129.3 (CH, C1″), 134.6 (C,
C9″), 134.8 (C, C8a), 135.3 (C, C9a), 138.8 (CH, C7), 140.2 (C, C3″),
141.0 (C, C4a″), 143.7 (C, C2), 151.3 (C, C5a″), 156.6 (C, C12″), 163.5
(C, C4), 163.8 (C, C5), 167.4 (C, CONH), 182.2 (C, C9), 193.6 (C, C10).
HRMS (ESI) calcd for (C39H38

35ClN3O5 +H
+), 664.2573; found, 664.2569.

Anal. (C39H38ClN3O5·HCl·0.5H2O) C, H, N, Cl.
(±)-N-{8-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]octyl}-9,10-dihydro-4,5-
dihydroxy-9,10-dioxoanthracene-2-carboxamide [(±)-7d]. It was
prepared as described for (±)-7a. From rhein, 3 (213 mg, 0.75 mmol),
and amine (±)-6d (307mg, 0.75mmol), a red solid (740mg)was obtained
and purified by column chromatography (40−60 μm silica gel, CH2Cl2/
MeOH/50% aq NH4OH mixtures, gradient elution). On elution with
CH2Cl2/MeOH/50% aq NH4OH 98:2:0.2 to 80:20:0.2, hybrid (±)-7d
(80 mg, 16% yield) was isolated as a red solid; Rf 0.30 (CH2Cl2/MeOH/
50% aq NH4OH 9:1:0.05).
(±)-7d·HCl. Melting point 180−182 °C (EtOAc/CH2Cl2/MeOH

66:17:17). IR (KBr) ν 3500−2500 (max at 3222, 3047, 3007, 2924,
2852, 2640, O-H, N-H, N+-H, and C-H st), 1766, 1674, 1628, 1607,
1582, 1566, 1522 (CO, ar-C-C and ar-C-N st) cm−1. 1H NMR (500
MHz, CD3OD) δ 1.44 (complex signal, 8H, 3′-H2, 4′-H2, 5′-H2, 6′H2),
1.59 (s, 3H, 9″-CH3), 1.67 (tt, J≈ J′≈ 7.0 Hz, 2H, 2′-H2), superimposed
in part 1.86 (tt, J≈ J′≈ 7.0 Hz, 2H, 7′-H2), superimposed 1.85−1.94 (m,
1H, 13″-Hsyn), superimposed in part 1.93 (br d, J ≈ 18.0 Hz, 1H, 10″-
Hendo), 2.06 (dm, J = 12.0 Hz, 1H, 13″-Hanti), 2.53 (br dd, J ≈ 18.0 Hz,
J′ = 4.5 Hz, 1H, 10″-Hexo), 2.75 (m, 1H, 7″-H), 2.82 (br d, J = 18.0 Hz,
1H, 6″-Hendo), 3.13 (dd, J = 18.0 Hz, J′ = 5.0 Hz, 1H, 6″-Hexo), 3.39−3.47
(complex signal, 3H, 1′-H2, 11″-H), 3.87 (dt, J≈ J′≈ 6.0 Hz, 2H, 8′-H2),
4.86 (s, NH, +NH and OH), 5.58 (br d, J = 5.0 Hz, 1H, 8″-H), 7.26 (d,
J = 8.5 Hz, 1H, 6-H), 7.35 (d, J≈ 9.0 Hz, 1H, 2″-H), 7.54 (s, 1H, 4″-H),
7.58 (s, 1H, 3-H), superimposed in part 7.57−7.61 (m, 1H, 8-H), 7.69
(dd, J≈ J′≈ 8.0 Hz, 1H, 7-H), 7.97 (s, 1H, 1-H), 8.19 (d, J = 9.0 Hz, 1H,
1″-H). 13C NMR (125.7 MHz, CD3OD) δ 23.5 (CH3, 9″-CH3), 27.2
(CH, C11″), 27.5 (CH2), 27.6 (CH2), (C5′, C6′), 27.8 (CH, C7″), 29.3
(CH2, C13″), 29.86 (CH2), 29.92 (CH2), 30.0 (CH2) (C2′, C3′, C4′),
31.1 (CH2, C7′), 36.0 (2CH2, C6″, C10″), 41.0 (CH2, C1′), 49.7 (CH2,
C8′), 115.4 (C, C12a″), 116.7 (C, C10a), 117.5 (C, C11a″), 118.3 (C, C4a),
118.8 (CH, C1), 119.0 (CH, C4″), 120.8 (CH, C8), 123.7 (CH, C3), 125.1
(CH, C8″), 125.8 (CH, C6), 126.6 (CH, C2″), 129.2 (CH, C1″), 134.4 (C,
C9″), 134.6 (C, C8a), 134.9 (C, C9a), 138.8 (CH, C7), 140.1 (C, C3″),
140.8 (C,C4a″), 143.6 (C,C2), 151.1 (C,C5a″), 156.5 (C,C12″), 163.3 (C,
C4), 163.5 (C, C5), 167.1 (C, CONH), 181.8 (C, C9), 193.4 (C, C10).
HRMS (ESI) calcd for (C40H40

35ClN3O5 + H+), 678.2729; found,
678.2734. Anal. (C40H40ClN3O5·HCl·H2O) C, H, N, Cl.
(±)-N-{9-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]nonyl}-9,10-dihydro-
4,5-dihydroxy-9,10-dioxoanthracene-2-carboxamide [(±)-7e]. It was
prepared as described for (±)-7a. From rhein, 3 (213 mg, 0.75 mmol),
and amine (±)-6e (321 mg, 0.75 mmol), a red solid (550 mg) was
obtained and purified by column chromatography (40−60 μm silica gel,
hexane/EtOAc/MeOH/Et3N mixtures, gradient elution). On elution

with hexane/EtOAc/MeOH/Et3N 20:80:0:0.2 to 0:80:20:0.2, hybrid
(±)-7e (118mg, 23% yield) was isolated as a red solid; Rf 0.33 (CH2Cl2/
MeOH/50% aq NH4OH 9:1:0.05).

(±)-7e·HCl. Melting point 192−193 °C (EtOAc/CH2Cl2/MeOH
70:15:15). IR (KBr) ν 3500−2500 (max at 3401, 2925, 2853, O-H,N-H,
N+-H, and C-H st), 1628, 1584, 1566, 1524 (CO, ar-C-C and ar-C-N
st) cm−1. 1H NMR (500 MHz, CD3OD) δ 1.41 (complex signal, 10H,
3′-H2, 4′-H2, 5′-H2, 6′H2, 7′-H2), 1.59 (s, 3H, 9″-CH3), superimposed in
part 1.64 (m, 2H, 2′-H2), superimposed in part 1.66 (tt, J ≈ J′ ≈ 6.0 Hz,
2H, 8′-H2), superimposed 1.84−1.94 (m, 1H, 13″-Hsyn), superimposed
in part 1.92 (br d, J = 17.0 Hz, 1H, 10″-Hendo), 2.06 (dm, J≈ 10.5 Hz, 1H,
13″-Hanti), 2.53 (dm, J ≈ 17.0 Hz, 1H, 10″-Hexo), 2.76 (m, 1H, 7″-H),
superimposed in part 2.79 (br d, J≈ 18.0 Hz, 1H, 6″-Hendo), 3.14 (dd, J =
18.0 Hz, J′ = 3.5 Hz, 1H, 6″-Hexo), 3.38−3.42 (complex signal, 3H, 1′-
H2, 11″-H), 3.86−3.96 (m, 2H, 9′-H2), 4.85 (s, NH,

+NH andOH), 5.58
(br d, J = 4.0 Hz, 1H, 8″-H), 7.31 (d, J = 8.5Hz, 1H, 6-H), 7.38 (d, J = 8.5
Hz, 1H, 2″-H), 7.57 (s, 1H, 4″-H), 7.63 (s, 1H, 3-H), superimposed in
part 7.64 (d, J = 7.0 Hz, 1H, 8-H), 7.72 (dd, J ≈ J′ ≈ 8.0 Hz, 1H, 7-H),
8.04 (s, 1H, 1-H), 8.20 (d, J = 8.5 Hz, 1H, 1″-H), 8.82 (br s, 1H,
CONH). 13C NMR (125.7 MHz, CD3OD) δ 23.5 (CH3, 9″-CH3), 27.2
(CH, C11″), 27.5 (CH2), 27.6 (CH2) (C6′, C7′), 27.8 (CH, C7″), 29.3
(CH2, C13″), 29.7 (2CH2), 30.0 (CH2), 30.1 (CH2) (C2′, C3′, C4′,
C5′), 31.2 (CH2, C8′), 36.0 (2CH2, C6″, C10″), 41.0 (CH2, C1′), 49.6
(CH2, C9′), 115.4 (C, C12a″), 116.8 (C, C10a), 117.5 (C, C11a″),
118.4 (C, C4a), 118.8 (CH, C1), 119.1 (CH, C4″), 120.8 (CH, C8), 123.7
(CH, C3), 125.1 (CH, C8″), 125.8 (CH, C6), 126.6 (CH, C2″), 129.2
(CH, C1″), 134.6 (2C, C8a, C9″), 135.1 (C, C9a), 138.7 (CH, C7), 140.2
(C, C3″), 140.8 (C, C4a″), 143.7 (C, C2), 151.0 (C, C5a″), 156.6 (C,
C12″), 163.4 (C, C4), 163.6 (C, C5), 167.3 (C, CONH), 182.0 (C, C9),
193.5 (C, C10). HRMS (ESI) calcd for (C41H42

35ClN3O5 +H
+), 692.2886;

found, 692.2873. Anal. (C41H42ClN3O5·1.3HCl·1.25H2O) C, H, N, Cl.
(−)-N-{9-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]nonyl}-9,10-dihydro-
4,5-dihydroxy-9,10-dioxoanthracene-2-carboxamide [(−)-7e]. It was
prepared as described for (±)-7a. From rhein, 3 (422 mg, 1.49 mmol),
and amine (−)-6e (632 mg, 1.49 mmol), a red solid (1.10 g) was
obtained and purified by column chromatography (40−60 μm silica gel,
CH2Cl2/MeOH/50% aq NH4OH mixtures, gradient elution). On
elution with CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2, hybrid (−)-7e
(101 mg, 10% yield) was isolated as a red solid; Rf 0.33 (CH2Cl2/
MeOH/50% aq NH4OH 9:1:0.05).

(−)-7e·HCl. Melting point 168−170 °C (CH2Cl2/MeOH 83:17);
[α]20D =−154 (c = 0.10, MeOH). IR (KBr) ν 3500−2500 (max at 3226,
3048, 3002, 2925, 2853, 2743, O-H, N-H, N+-H and C-H st), 1766, 1705,
1675, 1629, 1604, 1582, 1566, 1524, 1509 (CO, ar-C-C and
ar-C-N st) cm−1. The 1H NMR and 13C NMR spectra were identical
to those of (±)-7e. HRMS (ESI) calcd for (C41H42

35ClN3O5 + H+),
692.2886; found, 692.2891. Anal. (C41H42ClN3O5·HCl·H2O) C, H, N, Cl.

(+)-N-{9-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-
methanocycloocta[b]quinolin-12-yl)amino]nonyl}-9,10-dihydro-
4,5-dihydroxy-9,10-dioxoanthracene-2-carboxamide [(+)-7e]. It was
prepared as described for (±)-7a. From rhein, 3 (477 mg, 1.68 mmol),
and amine (+)-6e (715 mg, 1.68 mmol), a red solid (1.50 g) was obtained
and purified by column chromatography (40−60 μm silica gel, CH2Cl2/
MeOH/50% aq NH4OH mixtures, gradient elution). On elution with
CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2, hybrid (+)-7e (191 mg, 16%
yield) was isolated as a red solid; Rf 0.33 (CH2Cl2/MeOH/50% aq
NH4OH 9:1:0.05).

(+)-7e·HCl. Melting point 164−165 °C (CH2Cl2/MeOH 88:12);
[α]20D = +154 (c = 0.10, MeOH). IR (KBr) ν 3500−2500 (max at 3226,
3049, 2926, 2852, O-H, N-H, N+-H, and C-H st), 1763, 1739, 1723,
1710, 1656, 1629, 1583, 1566, 1555, 1537, 1511, 1501 (CO, ar-C-C
and ar-C-N st) cm−1. The 1HNMR and 13CNMR spectra were identical
to those of (±)-7e. HRMS (ESI) calcd for (C41H42

35ClN3O5 + H+),
692.2886; found, 692.2877. Anal. (C41H42ClN3O5·1.25HCl·0.75H2O)
C, H, N, Cl.

(±)-N-{10-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-
methanocycloocta[b]quinolin-12-yl)amino]decyl}-9,10-dihydro-4,5-
dihydroxy-9,10-dioxoanthracene-2-carboxamide [(±)-7f]. It was
prepared as described for (±)-7a. From rhein, 3 (344 mg, 1.21 mmol),

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm401824w | J. Med. Chem. 2014, 57, 2549−25672560



and amine (±)-6f (530 mg, 1.21 mmol), a red solid (900 mg) was
obtained and purified by column chromatography (40−60 μm silica gel,
CH2Cl2/MeOH/50% aqNH4OHmixtures, gradient elution). On elution
with CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2, hybrid (±)-7f (115 mg,
13% yield) was isolated as a red solid; Rf 0.53 (CH2Cl2/MeOH/50% aq
NH4OH 9:1:0.05).
(±)-7f·HCl. Melting point 171−173 °C (EtOAc/CH2Cl2/MeOH

72:14:14). IR (KBr) ν 3500−2500 (max at 3229, 3049, 3002, 2925,
2852, O-H, N-H, N+-H, and C-H st), 1767, 1739, 1715, 1675, 1629,
1604, 1583, 1567, 1524 (CO, ar-C-C and ar-C-N st) cm−1. 1H NMR
(500 MHz, CD3OD) δ 1.34−1.44 (complex signal, 12H, 3′-H2, 4′-H2,
5′-H2, 6′H2, 7′-H2, 8′-H2), 1.58 (s, 3H, 9″-CH3), 1.66 (tt, J≈ J′≈ 7.0 Hz,
2H, 2′-H2), 1.83 (tt, J ≈ J′ ≈ 7.0 Hz, 2H, 9′-H2), superimposed 1.90−
1.93 (m, 1H, 13″-Hsyn), superimposed in part 1.92 (br d, J = 17.0 Hz, 1H,
10″-Hendo), 2.06 (dm, J ≈ 12.0 Hz, 1H, 13″-Hanti), 2.52 (br dd, J ≈ 17.0
Hz, J′ ≈ 4.3 Hz, 1H, 10″-Hexo), 2.75 (m, 1H, 7″-H), 2.82 (br d, J = 18.0
Hz, 1H, 6″-Hendo), 3.15 (dd, J≈ 18.0 Hz, J′ = 5.3 Hz, 1H, 6″-Hexo), 3.38−
3.45 (complex signal, 3H, 1′-H2, 11″-H), 3.87 (dt, J ≈ J′ ≈ 6.5 Hz, 2H,
10′-H2), 4.85 (s, NH,

+NH and OH), 5.57 (br d, J = 5.5 Hz, 1H, 8″-H),
7.27 (dd, J = 8.5 Hz, J′ = 1.0 Hz, 1H, 6-H), 7.39 (dd, J = 9.5 Hz, J′ = 1.5
Hz, 1H, 2″-H), superimposed in part 7.59 (s, 1H, 4″-H), 7.60 (d, J = 1.5
Hz, 1H, 3-H), 7.63 (dd, J = 7.5 Hz, J′ = 1.0 Hz, 1H, 8-H), 7.70 (dd, J ≈
J′ ≈ 8.0 Hz, 1H, 7-H), 8.01 (d, J = 1.5 Hz, 1H, 1-H), 8.21 (d, J = 9.5 Hz,
1H, 1″-H). 13C NMR (125.7 MHz, CD3OD) δ 23.5 (CH3, 9″-CH3),
27.2 (CH, C11″), 27.7 (2CH2), 27.8 (CH +CH2) (C6′, C7′, C8′, C7″),
29.3 (CH2, C13″), 30.03 (CH2), 30.05 (CH2), 30.22 (CH2), 30.25
(CH2) (C2′, C3′, C4′, C5′), 31.2 (CH2, C9′), 36.0 (2CH2, C6″, C10″),
41.1 (CH2, C1′), 49.6 (CH2, C10′), 115.5 (C, C12a″), 116.8 (C, C10a),
117.5 (C, C11a″), 118.4 (C, C4a), 118.9 (CH, C1), 119.1 (CH, C4″),
120.9 (CH, C8), 123.7 (CH, C3), 125.1 (CH, C8″), 125.8 (CH, C6),
126.7 (CH, C2″), 129.3 (CH, C1″), 134.6 (2C, C8a, C9″), 135.0 (C,
C9a), 138.7 (CH, C7), 140.2 (C, C3″), 140.8 (C, C4a″), 143.7 (C, C2),
151.0 (C, C5a″), 156.6 (C, C12″), 163.3 (C, C4), 163.6 (C, C5), 167.2
(C, CONH), 181.9 (C, C9), 193.5 (C, C10). HRMS (ESI) calcd for
(C42H44

35ClN3O5 + H+), 706.3042; found, 706.3038. Anal.
(C42H44ClN3O5·HCl·0.5H2O) C, H, N, Cl.
(±)-N-{11-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]undecyl}-9,10-dihydro-
4,5-dihydroxy-9,10-dioxoanthracene-2-carboxamide [(±)-7g]. It was
prepared as described for (±)-7a. From rhein, 3 (491 mg, 1.73 mmol),
and amine (±)-6g (785 mg, 1.73 mmol), a red solid (1.60 g) was
obtained and purified by column chromatography (40−60 μm silica gel,
CH2Cl2/MeOH/50% aq NH4OH mixtures, gradient elution). On
elution with CH2Cl2/MeOH/50% aq NH4OH 99:1:0.2, hybrid (±)-7g
(338 mg, 27% yield) was isolated as a red solid; Rf 0.50 (CH2Cl2/
MeOH/50% aq NH4OH 9:1:0.05).
(±)-7g·HCl. Melting point 171−172 °C (EtOAc/CH2Cl2/MeOH

60:20:20). IR (KBr) ν 3500−2500 (max at 3226, 3048, 3007, 2924,
2852, 2645, O-H, N-H, N+-H and C-H st), 1765, 1675, 1628, 1607,
1583, 1567, 1522 (CO, ar-C-C and ar-C-N st) cm−1. 1H NMR (500
MHz, CD3OD) δ 1.33−1.43 (complex signal, 14H, 3′-H2, 4′-H2, 5′-H2,
6′H2, 7′-H2, 8′-H2, 9′-H2), 1.58 (s, 3H, 9″-CH3), 1.66 (tt, J≈ J′≈ 7.0 Hz,
2H, 2′-H2), 1.82 (tt, J≈ J′≈ 17.0 Hz, 2H, 10′-H2), superimposed 1.89−
1.93 (m, 1H, 13″-Hsyn), superimposed in part 1.91 (br d, J = 17.0 Hz, 1H,
10″-Hendo), 2.05 (dm, J ≈ 10.5 Hz, Hz, 1H, 13″-Hanti), 2.52 (br dd, J ≈
17.0 Hz, J′ ≈ 4.5 Hz, 1H, 10″-Hexo), 2.75 (m, 1H, 7″-H), 2.82 (br d, J =
18.0 Hz, 1H, 6″-Hendo), 3.14 (dd, J ≈ 18.0 Hz, J′ = 5.5 Hz, 1H, 6″-Hexo),
superimposed in part 3.37 (m, 1H, 11″-H), superimposed in part 3.40
(tt, J ≈ J′ ≈ 7.0 Hz, 2H, 1′-H2), 3.86 (dt, J ≈ J′ ≈ 7.0 Hz, 2H, 11′-H2),
4.85 (s, NH, +NH and OH), 5.57 (br d, J = 5.5 Hz, 1H, 8″-H), 7.23 (dd,
J = 8.5Hz, J′ = 1.0Hz, 1H, 6-H), 7.37 (dd, J = 9.0Hz, J′≈ 1.5 Hz, 1H, 2″-
H), superimposed in part 7.57 (d, J = 1.5 Hz, 1H, 4″-H), superimposed
in part 7.58 (d, J = 2.0 Hz, 1H, 3-H), superimposed in part 7.58 (dd, J =
8.0 Hz, J′ = 1.0 Hz, 1H, 8-H), 7.67 (dd, J ≈ J′ ≈ 8.0 Hz, 1H, 7-H), 7.97
(d, J = 1.5 Hz, 1H, 1-H), 8.20 (d, J = 9.0 Hz, 1H, 1″-H). 13CNMR (125.7
MHz, CD3OD) δ 23.5 (CH3, 9″-CH3), 27.2 (CH, C11″), 27.7 (CH2),
27.82 (CH, C7″), 27.83 (2CH2) (C7′, C8′, C9′), 29.3 (CH2, C13″),
30.1 (2CH2), 30.2 (CH2), 30.36 (CH2), 30.40 (CH2) (C2′, C3′,
C4′, C5′, C6′), 31.2 (CH2, C10′), 36.0 (2CH2, C6″, C10″), 41.2 (CH2,
C1′), 49.6 (CH2, C11′), 115.4 (C, C12a″), 116.7 (C, C10a), 117.5

(C, C11a″), 118.3 (C, C4a), 118.9 (CH, C1), 119.1 (CH, C4″), 120.8
(CH, C8), 123.7 (CH, C3), 125.1 (CH, C8″″), 125.8 (CH, C6), 126.6
(CH, C2″), 129.3 (CH, C1″), 134.5 (C, C9″), 134.6 (C, C8a), 134.9 (C,
C9a), 138.7 (CH, C7), 140.2 (C, C3″), 140.8 (C, C4a″), 143.7 (C, C2),
151.0 (C, C5a″), 156.6 (C, C12″), 163.3 (C, C4), 163.5 (C, C5), 167.1
(C, CONH), 181.8 (C, C9), 193.4 (C, C10). HRMS (ESI) calcd
for (C43H46

35ClN3O5 + H+), 720.3199; found, 720.3195. Anal.
(C43H46ClN3O5·HCl·0.5H2O) C, H, N, Cl.

(±)-N-{4-{[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-
methanocycloocta[b]quinolin-12-yl)amino]methyl}benzyl}-9,10-di-
hydro-4,5-dihydroxy-9,10-dioxoanthracene-2-carboxamide
[(±)-7h]. It was prepared as described for (±)-7a. From rhein, 3
(548 mg, 1.93 mmol), and amine (±)-6h (780 mg, 1.93 mmol), a red
solid (1.07 g) was obtained and purified by column chromatography
(40−60 μm silica gel, hexane/EtOAc/Et3N mixtures, gradient elution).
On elution with hexane/EtOAc/Et3N 40:60:0.2, hybrid (±)-7h (113
mg, 9% yield) was isolated as a red solid; Rf 0.57 (CH2Cl2/MeOH/50%
aq NH4OH 9:1:0.05).

(±)-7h·HCl. Melting point 129−130 °C (EtOAc/CH2Cl2/MeOH
66:17:17). IR (KBr) ν 3500−2500 (max at 3245, 3055, 2925, 2852,
2790, O-H, N-H, N+-H, and C-H st), 1705, 1673, 1629, 1607, 1583,
1560, 1516 (CO, ar-C-C, and ar-C-N st) cm−1. 1H NMR (400 MHz,
CD3OD) δ 1.59 (s, 3H, 9″-CH3), superimposed 1.92−1.98 (m, 1H, 13″-
Hsyn), 1.97 (br d, J = 16.8 Hz, 1H, 10″-Hendo), 2.08 (dm, J = 12.4 Hz, 1H,
13″-Hanti), 2.53 (br dd, J≈ 16.8 Hz, J′≈ 5.0 Hz, 1H, 10″-Hexo), 2.78 (m,
1H, 7″-H), 2.86 (br d, J = 18.0 Hz, 1H, 6″-Hendo), 3.20 (dd, J ≈ 18.0 Hz,
J′ = 5.6 Hz, 1H, 6″-Hexo), 3.47 (m, 1H, 11″-H), 4.60 (s, 2H, CH2NH),
4.85 (s, NH, +NH and OH), 5.18 (s, 2H, CH2NHCO), 5.59 (m, 1H, 8″-
H), 7.28 (dd, J = 9.2 Hz, J′ = 2.0 Hz, 1H, 2″-H), 7.34 (dd, J = 8.0 Hz, J′ =
2.0 Hz, 1H, 6-H), 7.41 (d, J = 8.4 Hz, 2H) and 7.47 (d, J = 8.4 Hz, 2H)
[2′(6′)-H2, 3′(5′)-H2], 7.67 (d, J = 2.0 Hz, 1H) and 7.69 (d, J = 2.0 Hz,
1H) (3-H, 4″-H), 7.76 (dd, J ≈ J′ ≈ 7.2 Hz, 1H, 7-H), 7.79 (dd, J = 7.2
Hz, J′ = 2.0 Hz, 1H, 8-H), 8.15 (d, J ≈ 2.0 Hz, 1H, 1-H), 8.21 (d, J = 9.2
Hz, 1H, 1″-H). 13CNMR (125.7MHz, CD3OD) δ 23.5 (CH3, 9″-CH3),
27.5 (CH, C11″), 27.8 (CH, C7″), 29.3 (CH2, C13″), 36.0 (CH2, C6″),
36.2 (CH2, C10″), 44.3 (CH2, CH2NH), 51.9 (CH2, CH2NHCO),
115.4 (C, C12a″), 116.9 (C, C10a), 118.2 (C, C11a″), 118.5 (C, C4a),
118.8 (CH, C1), 119.0 (CH, C4″), 120.9 (CH, C8), 123.7 (CH, C3),
125.0 (CH, C8″), 125.8 (CH, C6), 126.6 (CH, C2″), 128.1 (CH), 129.8
(CH) [C2′(6′), C3′(5′)], 129.3 (CH, C1″), 134.6 (C, C9″), 134.7 (C,
C8a), 135.0 (C, C9a), 137.8 (C) and 139.2 (C) (C1′, C4′), 138.8 (CH,C7),
140.2 (C, C3″), 140.7 (C, C4a″), 143.1 (C, C2), 151.6 (C, C5a″), 157.1 (C,
C12″), 163.3 (C, C4), 163.6 (C, C5), 167.1 (C, CONH), 182.0 (C, C9),
193.5 (C, C10). HRMS (ESI) calcd for (C40H32

35ClN3O5 + H
+), 670.2103;

found, 670.2104. Anal. (C40H32ClN3O5·1.1HCl·1.4H2O) C, H, N, Cl.
In Vitro Biological Studies. AChE and BChE Inhibition Assay.

Human recombinant AChE (Sigma, Milan, Italy) inhibitory activity was
evaluated spectrophotometrically by the method of Ellman et al.46 Initial
rate assays were performed at 37 °C with a Jasco V-530 double beam
spectrophotometer. Stock solutions of the tested compounds (1 mM)
were prepared in MeOH and diluted in MeOH. The assay solution
consisted of a 0.1 M potassium phosphate buffer, pH 8.0, with the
addition of 340 μM5,5′-dithiobis(2-nitrobenzoic acid) (DTNB, used to
produce the yellow anion of 5-thio-2-nitrobenzoic acid), 0.02 unit/mL
hAChE, and 550 μM substrate (acetylthiocholine iodide). Assay
solutions with and without inhibitor were preincubated at 37 °C for
20min, followed by the addition of substrate. Blank solutions containing
all components except hAChE were prepared in parallel to account for
the nonenzymatic hydrolysis of the substrate. Five increasing
concentrations of the inhibitor were used, able to give an inhibition of
the enzymatic activity in the range of 20−80%. The results were plotted
by placing the percentage of inhibition in function of the decimal log of
the final inhibitor concentration. Linear regression and IC50 values were
calculated using Microcal Origin 3.5 software (Microcal Software, Inc.).

Human serum BChE inhibitory activities were also evaluated
spectrophotometrically by the method of Ellman et al.46 The reactions
took place in a final volume of 300 μL of 0.1 M phosphate-buffered
solution pH 8.0, containing hBChE (0.02 u/mL) and 333 μM DTNB
solution. Inhibition curves were performed in duplicates using at least
10 increasing concentrations of inhibitor and preincubated for 20 min at
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37 °C. One duplicate sample without inhibitor was always present to
yield 100% of BChE activity. Then substrate butyrylthiocholine iodide
(300 μM, Sigma-Aldrich) was added and the reaction was developed for
5 min at 37 °C. The color production was measured at 414 nm using a
labsystems Multiskan spectrophotometer. Data from concentration−
inhibition experiments of the inhibitors were calculated by nonlinear
regression analysis, using the GraphPad Prism program package
(GraphPad Software; San Diego, USA), which gave estimates of the
IC50 values. Results are expressed as mean ± SEM of at least four
experiments performed in duplicate.
Kinetic Analysis of AChE Inhibition. To assess the mechanism of

action of hybrid (−)-7e, reciprocal plots of 1/velocity versus 1/[Substrate]
were constructed at relatively low concentration of substrate (0.562−
0.112 mM) by using Ellman’s method46 and human recombinant AChE
(Sigma, Milan, Italy). Three concentrations of inhibitor were selected for
this study: 0.84, 1.34, 3.65 nM. The plots were assessed by a weighted least-
squares analysis that assumed the variance of the velocity (v) to be a
constant percentage of v for the entire data set. Data analysis was performed
with GraphPad Prism 4.03 software (GraphPad Software Inc.).
Calculation of the inhibitor constant (Ki) value was carried out by

replotting slopes of lines from the Lineweaver−Burk plot versus the
inhibitor concentration and Ki was determined as the intersect on the
negative x-axis. Ki′ (dissociation constant for the enzyme−substrate−
inhibitor complex) value was determined by plotting the apparent 1/vmax
versus inhibitor concentration.87

AChE-Induced Aβ40 Aggregation Inhibition Assay.49 Thioflavin T
(Basic Yellow 1), human recombinant AChE lyophilized powder, and
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were purchased from Sigma
Chemicals. Buffers and other chemicals were of analytical grade.
Absolute DMSO over molecular sieves was from Fluka. Water was
deionized and doubly distilled. Aβ40, supplied as trifluoroacetate salt,
was purchased from Bachem AG (Germany). Aβ40 (2 mg mL−1) was
dissolved in HFIP, lyophilized, and then resolubilized in DMSO to get a
2.3 mM Aβ40 solution. One mM solutions of tested inhibitors were
prepared by dissolution in MeOH.
Aliquots of 2 μL of Aβ40 peptide were incubated for 24 h at room

temperature in 0.215 M sodium phosphate buffer (pH 8.0) at a final
concentration of 230 μM. For coincubation experiments, aliquots
(16 μL) of hAChE (final concentration 2.30 μM, Aβ/AChE molar ratio
100:1) and AChE in the presence of 2 μL of the tested inhibitor (final
inhibitor concentration 100 μM) in 0.215 M sodium phosphate buffer
pH 8.0 solution were added. Blanks containing Aβ40 alone, human
recombinant AChE alone, and Aβ40 plus tested inhibitors in 0.215 M
sodium phosphate buffer (pH 8.0) were prepared. The final volume of
each vial was 20 μL. Each assay was run in duplicate. To quantify
amyloid fibril formation, the thioflavin T fluorescence method was then
applied.88 The fluorescence intensities due to β-sheet conformation
were monitored for 300 s at λem = 490 nm (λexc = 446 nm). The percent
inhibition of the AChE-induced aggregation due to the presence of the
tested compound was calculated by the following expression: 100 −
(IFi/IFo × 100) where IFi and IFo are the fluorescence intensities
obtained for Aβ plus AChE in the presence and in the absence of
inhibitor, respectively, minus the fluorescence intensities due to the
respective blanks.
Aβ42 Self-Aggregation Inhibition Assay. As reported in a previously

published protocol,58 HFIP pretreated Aβ42 samples (Bachem AG,
Switzerland) were first solubilized with a CH3CN/0.3 mM Na2CO3/
250 mM NaOH (48.4:48.4:3.2) mixture to obtain a 500 μM solution.
Experiments were performed by incubating the peptide in 10 mM
phosphate buffer (pH = 8.0) containing 10 mMNaCl, at 30 °C for 24 h
(final Aβ concentration 50 μM) with and without inhibitor (10 μM,
Aβ/inhibitor = 5/1). Blanks containing the tested inhibitors were also
prepared and tested. To quantify amyloid fibrils formation, the thioflavin
T fluorescence method was used.88 After incubation, samples were
diluted to a final volume of 2.0 mL with 50 mM glycine−NaOH buffer
(pH 8.5) containing 1.5 μM thioflavin T. A 300 s time scan of
fluorescence intensity was carried out (λexc = 446 nm; λem = 490 nm, FP-
6200 fluorometer, Jasco Europe), and values at plateau were averaged
after subtracting the background fluorescence of 1.5 μM thioflavin T
solution. The fluorescence intensities were compared and the percent

inhibition due to the presence of the inhibitor was calculated by the
following formula: 100 − (IFi/IFo × 100) where IFi and IFo are the
fluorescence intensities obtained for Aβ42 in the presence and in the
absence of inhibitor, respectively.

BACE-1 Inhibition Assay. β-Secretase (BACE-1, Sigma) inhibition
studies were performed by employing a peptide mimicking APP
sequence as substrate (methoxycoumarin-Ser-Glu-Val-Asn-Leu-
Asp-Ala-Glu-Phe-Lys-dinitrophenyl, M-2420, Bachem, Germany).
The following procedure was employed: 5 μL of test compounds (or
DMSO, if preparing a control well) were preincubated with 175 μL of
enzyme (in 20 mM sodium acetate pH 4.5 containing CHAPS 0.1% w/v)
for 1 h at room temperature. The substrate (3 μM, final concentration) was
then added and left to react for 15 min. The fluorescence signal was read at
λem = 405 nm (λexc = 320 nm). The DMSO concentration in the final
mixture was maintained below 5% (v/v) to guarantee no significant loss of
enzyme activity. The fluorescence intensities with and without inhibitor
were compared, and the percent inhibition due to the presence of test
compounds was calculated. The background signal was measured in
control wells containing all the reagents, except BACE-1, and subtracted.
The % inhibition due to the presence of increasing test compound
concentration was calculated by the following expression: 100 −
(IFi/IFo × 100) where IFi and IFo are the fluorescence intensities
obtained for BACE-1 in the presence and in the absence of inhibitor,
respectively. Inhibition curves were obtained by plotting the %
inhibition versus the logarithm of inhibitor concentration in the assay
sample, when possible. The linear regression parameters were
determined and the IC50 extrapolated (GraphPad Prism 4.0, GraphPad
Software Inc.). To demonstrate inhibition of BACE-1 activity a
peptidomimetic inhibitor (β-secretase inhibitor IV, Calbiochem) was
serially diluted into the reactions’ wells (IC50 = 13.0 ± 0.1 nM).

BBB Permeation Assay. The brain penetration of the synthesized
hybrids was assessed using the parallel artificial membrane permeation
assay for blood−brain barrier described by Di et al.71 The in vitro
permeability (Pe) of 14 commercial drugs through lipid extract of
porcine brain membrane together with that of the test compounds was
determined. Commercial drugs and synthesized hybrids were tested
using a mixture of PBS/EtOH 70:30. Assay validation was made by
comparing the experimental permeability of the different compounds
with the literature values of the commercial drugs, which showed a good
correlation: Pe (exp) = 1.4525 Pe (lit) − 0.4926 (R2 = 0.9199). From this
equation and taking into account the limits established by Di et al. for BBB
permeation, we established the following ranges of permeability: compounds
of high BBBpermeation (CNS+), Pe (10

−6 cm s−1) > 5.3; compounds of low
BBB permeation (CNS−), Pe (10−6 cm s−1) < 2.4, and compounds of
uncertain BBB permeation (CNS±), 5.3 > Pe (10

−6 cm s−1) > 2.4.
Aβ42 Aggregation Inhibition Assay in Intact Escherichia coli Cells

Overexpressing Aβ42 and Tau. Cloning and overexpression of Aβ42
peptide: Escherichia coli competent cells BL21 (DE3) were transformed
with the pET28a vector (Novagen, Inc., Madison, WI, USA) carrying
the DNA sequence of Aβ42. Because of the addition of the initiation
codon ATG in front of both genes, the overexpressed peptide contains
an additional methionine residue at its N terminus. For overnight
culture preparation, 10 mL of lysogeny broth (LB) medium containing
50 μg·mL−1 of kanamycin were inoculated with a colony of BL21 (DE3)
bearing the plasmid to be expressed at 37 °C. After overnight growth, the
OD600 was usually 2−2.5. For expression of Aβ42 peptide, 20 μL of
overnight culture were transferred into Eppendorf tubes of 1.5 mL
containing 980 μL of LB medium with 50 μg·mL−1 of kanamycin,
1 mM of isopropyl 1-thio-β-D-galactopyranoside (IPTG) and 10 μM of
each hybrid 7 or reference compound to be tested inDMSO. The samples
were grown for 24 h at 37 °C and 1400 rpm using a Thermomixer
(Eppendorf, Hamburg, Germany). In the negative control (without drug),
the same amount of DMSO was added in the sample.

Cloning and overexpression of tau protein: E. coli BL21 (DE3)
competent cells were transformed with pTARA containing the
RNA-polymerase gen of T7 phage (T7RP) under the control of the
promoter pBAD. E. coli BL21 (DE3) with pTARA competent cells were
transformed with pRKT42 vector encoding four repeats of tau protein in
two inserts. For overnight culture preparation, 10 mL of M9 medium
containing 0.5% of glucose, 50 μg·mL−1 of ampicillin, and 12.5 μg·mL−1
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of chloramphenicol were inoculated with a colony of BL21 (DE3)
bearing the plasmids to be expressed at 37 °C. After overnight growth,
the OD600 was usually 2−2.5. For expression of tau protein, 20 μL of
overnight culture were transferred into Eppendorf tubes of 1.5 mL
containing 980 μL of M9 medium containing 0.25% of arabinose, 0.5% of
glucose, 50 μg·mL−1 of ampicillin, and 12.5 μg·mL−1 of chloramphenicol
and 10 μMof each hybrid 7 or reference compound to be tested in DMSO.
The samples were grown for 24 h at 37 °C and 1400 rpm using a
Thermomixer (Eppendorf, Hamburg, Germany). In the negative control
(without drug), the same amount of DMSO was added in the sample.
Thioflavin-S (Th-S) steady-state fluorescence: Th-S (T1892) and other

chemical reagents were purchased from Sigma (St. Louis, MO). Th-S stock
solution (250 mM) was prepared in double-distilled water purified through a
Milli-Q system (Millipore, USA). Fluorescent spectral scans of Th-S were
analyzed using anAminco Bowman series 2 luminescence spectrophotometer
(Aminco-Bowman AB2, SLM Aminco, Rochester, NY, USA). For the
fluorescence assay, 25 μMof Th-S (20 μL of Th-S in 180 μL of sample) were
added to samples and spectra were recorded after 15 min equilibration at 37
°C. Excitation and emission slit widths of 5 nm were used. Finally, the
fluorescence emission at 520 nm, when exciting at 440 nm, was recorded. To
normalize the Th-S fluorescence as a function of the bacterial concentration,
OD600 was obtained using a Shimadzu UV-2401 PC UV−vis spectropho-
tometer (Shimadzu, Japan). Note that the fluorescence normalization has
been carried out considering as 100% the Th-S fluorescence of the bacterial
cells expressing the peptide or protein in the absence of drug and 0% the Th-S
fluorescence of the bacterial cells nonexpressing the peptide or protein.
Ex Vivo Studies in C57bl6 Mice. Electrophysiological Assays in

Hippocampal Slices Incubated with Aβ Oligomers. Hippocampal
slices were prepared according to standard procedures previously
described.89,90 Briefly, transverse slices (350 μm) from the dorsal
hippocampus were cut under cold artificial cerebrospinal fluid (ACSF, in
mM, 124 NaCl, 2.6 NaHCO3, 10 D-glucose, 2.69 KCl, 1.25 KH2PO4 2.5
CaCl2, 1.3 MgSO4, and 2.60 NaHPO4) using a Vibratome (Leica VT
1000s, Germany) and incubated in ACSF for 1 h at room temperature.
In all experiments, 10 μM picrotoxin (PTX) was added to suppress
inhibitory GABAA transmission. Slices were transferred to an
experimental chamber (2 mL), superfused (3 mL/min, at 20−22 °C)
with gassed ACSF, and visualized by trans-illumination with a binocular
microscope (MSZ-10, Nikon, Melville, NY). To evoke field excitatory
postsynaptic potentials (fEPSPs), we stimulated with bipolar concentric
electrodes (platinum/iridium, 125 μm OD diameter, FHC Inc.,
Bowdoin, ME) generated by a stimulator (Axon 700b, Molecular
Devices, Sunnyvale, CA) and connected to an isolation unit (Isoflex,
AMPI, Jerusalem, Israel). The stimulation was in the stratum radiatum
within 100−200 μm from the recording site. The paired pulse
facilitation index was calculated by ((R2 − R1)/R1), where R1 and
R2 were the peak amplitudes of the first and second fEPSP, respectively.
To generate LTP, we used theta burst stimulation (TBS) consisting of 5
trains of stimulus with an intertrain interval of 20 s. Each train consisted
of 10 bursts at 5 Hz and each burst having four pulses at 100 Hz. To
generate LTD we used low frequency stimulation (LFS) consisting in
900 paired pulses at 1 Hz. Recordings were filtered at 2.0−3.0 kHz,
sampled at 4.0 kHz using an A/D converter, and stored with pClamp 10
(Molecular Devices). Evoked postsynaptic responses were analyzed off-
line, using an analysis software (pClampfit, Molecular Devices), which
allowed visual detection of events, computing only those events that
exceeded an arbitrary threshold.
Determination of Synaptic Protein Levels in Hippocampal Slices

Incubated with Aβ Oligomers. Immunoblotting: The hippocampus of
C57bl6 mice were dissected on ice and immediately frozen at −150 °C
or processed. Briefly, hippocampal tissue was homogenized in RIPA
buffer (50 mMTris-Cl, pH 7.5, 150 mMNaCl, 1% NP-40, 0.5% sodium
deoxycholate, and 1% SDS) supplemented with a protease inhibitor
cocktail (Sigma-Aldrich P8340) and phosphatase inhibitors (50 mM
NaF, 1 mM Na3VO4, and 30 μM Na4P2O7) using a Potter
homogenizator and then passed sequentially through different caliber
syringes. Protein samples were centrifuged at 14000 rpm at 4 °C twice
for 10 min. Protein concentration was determined using the BCA
protein assay kit (Pierce Biotechnology, Rockford, IL). Then 20 and
40 μg of hippocampal samples were resolved by 10% SDS-PAGE,

transferred to a PVDF membrane. The reactions were followed by
incubation with primary antibodies, secondary antibodies antimouse,
antigoat, or antirabbit IgG peroxidase conjugated (Pierce) and developed
using an ECL kit (Western Lightning Plus ECL, PerkinElmer).

In Vivo Studies in APP-PS1 Mice. Animals and Treatment.
APPswe/PSEN1ΔE9 (APP-PS1) mice, which express the Swedish
mutation of APP (K595N/M596L) and PS1 with the deletion of exon 9
were obtained from The Jackson Laboratory (Bar Harbor, ME; mice
stock no. 004462). All animals were housed in temperature- and light-
controlled rooms, with food and water ad libitum during the treatment.
Six and 10 month-old mice were treated and handled according to the
National Institutes of Health guidelines (NIH, Baltimore, MD).
Treatments were performed by intraperitoneal (ip) injection of
2.0 mg/kg enantiopure rhein−huprine hybrids (+)-7e or (−)-7e with
saline solution as vehicle, three times per week during 4 weeks.
Transgenic control animals were injected only with the vehicle.

Immunoblotting. The hippocampus from control or treated APP-
PS1 mice were dissected on ice and immediately frozen at −150 °C or
processed as detailed previously.90,91 Briefly, hippocampus were
homogenized in RIPA buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl,
1%NP-40, 0.5% sodium deoxycholate, and 1% SDS) supplemented with
a protease inhibitor cocktail (Sigma-Aldrich P8340) and phosphatase
inhibitors (50 mM NaF, 1 mM Na3VO4, and 30 μM Na4P2O7) using a
Potter homogenizator and then passed sequentially through different
caliber syringes. Protein samples were centrifuged at 14000 rpm at 4 °C
twice for 20 min. Protein concentration was determined using the BCA
protein assay kit (Pierce Biotechnology, Rockford, IL).

Aβ detection. For the detection of soluble Aβ peptides, samples from
hippocampus were centrifugated to 20000g for 1 h, and the protein
concentration from supernatant was determined using the BCA protein
assay kit (Pierce Biotechnology, Rockford, IL). Then 80 μg of proteins
were resolved in 17.5% SDS polyacrylamide Tris-tricine gels, followed
by immunoblotting on PVDF membranes using mouse anti-Aβ protein
6E10 (Covance). To analyze the levels of APP the antibody MAB348
(Millipore) was utilized. Band intensities were visualized by ECL kit
(Western Lightning Plus ECL, PerkinElmer), scanned, and densito-
metrically quantified using ImageJ software.85,92

Docking in AChE. AChE models were built up from the human
recombinant AChE structure 3LII.93 The structure was refined by
addition of missing hydrogen atoms, removal of nonstandard residues,
and generation of disulfide bonds Cys69−Cys96, Cys257−Cys272, and
Cys405−Cys524. Because the fragment between residues Gly264 and
Pro258 is not observed in the X-ray structure, it was modeled from the
equivalent fragment of Torpedo californica AChE (TcAChE). Finally, the
enzyme wasmodeled in its physiological active formwith neutral His447
and neutral Glu334, which together with Ser203 forms the catalytic
triad. We considered the standard ionization state at physiological pH
for the rest of ionizable residues with exception of Glu450, which was
modeled in its neutral state.

The binding mode of (−)-7h and (+)-7h to AChE was explored by
means of docking calculations performed with rDock, whose reliability
in predicting binding mode for dual site inhibitors of AChE has been
largely demonstrated in previous studies.94 The orientation of Tyr337
residue was modified to mimic the conformation of the equivalent
residue Phe330 in the complex between TcAChE and (−)-huprine X
(PDB 1E66).39 To explore the binding at the PAS, three different AChE
models differing in the orientation of Trp286 were built. The side chain
of Trp286 was oriented following the three orientations found in X-ray
structures deposited in the Protein Data Bank, which can be
characterized by dihedral angles χ1 (N−Cα−Cβ−Cγ) and χ2 (Cα−Cβ−
Cγ−Cδ2) close to (i) −60° and −80°, (ii) −120° and +50°, and (iii)
−160° and−120°. PDB structures 1N5R (AChE−propidium complex),
2CKM (AChE−bis(7)-tacrine complex), and 1Q83 (AChE−
syn-TZ2PA6 complex), respectively, are representative cases of these
orientations and were used to generate the corresponding models. The
docking volume was defined as the space covered by the catalytic,
midgorge, and peripheral sites, and each compound was subjected to
100 docking runs and solutions clustered according to theRMSDamong its
heavy atoms using a threshold of 2.0 Å, selecting the best ranked pose to be
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representative of the cluster. The resulting bindingmodes were analyzed by
visual inspection in conjunction with the docking scores.
Docking and Molecular Dynamics in BACE-1. To explore the

binding mode of rhein−huprine hybrids, druggable pockets were
identified using the MDpocket program.95 Calculations were performed
for X-ray structures 1M4H, 1SGZ, 2OHL, and 3CIB chosen to account
for structural variability in the flexible “flap” loop located over the
catalytic site and of certain regions (loops 9−12 and 263−268) and side
chains in the peptide binding groove. The structures were refined by
addition of missing hydrogen atoms, removal of nonstandard residues,
and generation of disulfide bonds Cys155−Cys359, Cys217−Cys382,
and Cys269−Cys319. Only druggable pockets that shared α-spheres in
at least three different structures were retained and ranked according to
druggability criteria.96

GLIDE97 was used to explore the preferred binding sites of the
huprine and hydroxyanthraquinone moieties (obtained by replacing the
methylene chain by a methyl group) to the druggable sites and to explore
the binding mode of compound 7h. The docking cavity was defined as a
13824 Å3 cube whose center was located among residues Gly13, Leu30,
Tyr71, Ile110, Trp115, and Gly230. Three different protonation states
were considered for the catalytic diad (Asp32, Asp228), including the
doubly deprotonated form and the two single deprotonated forms. Default
settings were used, and the best poses were clustered according to the
RMSD between its heavy atoms, with a threshold of 2.0 Å, and
subsequently evaluated using the Glide-XP scoring function.
The binding modes proposed for (−)-7h and (+)-7h were assessed

by means of molecular dynamics (MD) using GPU-accelerated
PMEMD98 module from the AMBER12 software package.99 The
Parm99SB100 force field was used for the protein, and the gaff force
field101 was used to assign parameters to both ligands. Na+ cations added
to neutralize the system were treated according with Joung and Cheatham
parameters.102 The ligands charge distribution were determined from a fit
to the HF/6-31G(d) electrostatic potential obtained with Gaussian09103

using the RESP104 protocol as implemented in the Antechamber module
of AmberTools12 software package.
Each system comprised around 46000 atoms, including the protein−

ligand complex and eight Na+ cations solvated on a truncated octahedral
box of 13000 TIP3P water molecules.105 The geometry of the system
was minimized in four steps. First, water molecules were refined though
4500 steepest descent algorithm followed by 10500 steps of conjugate
gradient. Then, protein and ligand hydrogen atoms positions were
optimized using 500 steps of steepest descent and 4500 of conjugate
gradient. Next, the ligand, water molecules, and counterions were
further optimized with 2000 steps of steepest descent and 6000 of
conjugate gradient and, at the last step, the whole system was optimized
with 2500 steps of steepest descent and 4500 of conjugate gradient. At
this point, five different replicas for each ligand were generated by
randomly assigning different sets of velocities to the initial coordinates,
all fitting a Maxwell distribution for a temperature of 50K. For each one of
the replicas, thermalizationwas performed in the canonical ensemble during
five 25 ps steps, using a time step of 1 fs and increasing the temperature from
50 to 298 K. Concomitantly, the inhibitor and the residues in the binding
site were restrained during thermalization using a variable restraint force
that was decreased sequentially from 5 to 0 kcalmol−1 Å−2 using increments
of 1 kcal mol−1 Å−2 within the different thermalization stages. Prior to the
production runs, a short 1 ns simulation in the isothermal−isobaric
ensemble was performed in other to reach a stable density value of 1003 kg
m−3. Production runs consisted of 50 ns trajectories (accounting for a global
simulation time of 200 ns per ligand) using SHAKE for bonds involving
hydrogen atoms, allowing for a time step of 2 fs, in conjunction with
periodic boundary conditions at constant volume and temperature (298 K;
Langevin thermostat with a collision frequency of 3 ps−1), particle mesh
Ewald for long-range electrostatic interactions, and a cutoff of 10 Å for
nonbonded interactions.
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(18) Alvarez, A.; Alarcoń, R.; Opazo, C.; Campos, E. O.; Muñoz, F. J.;
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Synthetic Procedures for Intermediates 5a–h and 6a–h 

(±)-5-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]pentanenitrile [(±)-5a]. A suspension of 

(±)-huprine Y, (±)-4 (300 mg, 1.06 mmol) and finely powdered KOH (85% purity, 139 

mg, 2.11 mmol), and 4 Å molecular sieves in anhyd DMSO (6 mL) was stirred, heating 

every 10 min approximately with a heat gun for 1 h and at rt one additional hour, and 

then treated with 5-bromovaleronitrile (0.15 mL, 208 mg, 1.28 mmol). The reaction 

mixture was stirred at rt overnight, diluted with 5N NaOH (25 mL) and extracted with 

EtOAc (340 mL). The combined organic extracts were washed with H2O (350 mL), 

dried over anhyd Na2SO4, and evaporated under reduced pressure to give a yellow oil 

(469 mg), which was purified by column chromatography (4060 µm silica gel, 

CH2Cl2/MeOH/50% aq. NH4OH mixtures, gradient elution). On elution with 

CH2Cl2/50% aq. NH4OH 100:0.2, the N,N-dialkylated derivative (±)-8a (78 mg, 16% 

yield) was isolated as a yellow oil. On elution with CH2Cl2/MeOH/50% aq. NH4OH 

99:1:0.2, nitrile (±)-5a (273 mg, 70% yield) was isolated as a beige solid; Rf[(±)-5a] 0.50; 

Rf[(±)-8a] 0.77 (CH2Cl2/MeOH/50% aq. NH4OH 9:1:0.05). 

A solution of (±)-5a (52 mg, 0.14 mmol) in CH2Cl2 (4.5 mL) was filtered through a 

0.2 µm PTFE filter, treated with methanolic HCl (1.40N, 0.30 mL) and evaporated 

under reduced pressure. The resulting solid was washed with pentane (32 mL) to give, 

after drying at 65 ºC/2 Torr for 48 h, (±)-5a·HCl (58 mg) as a yellow solid: mp 181183 

°C (CH2Cl2/MeOH 94:6); IR (KBr) ν 35002500 (max at 3364, 3254, 3049, 3014, 

2926, 2885, 2651, N-H, N+-H and C-H st), 2243 (CN st), 1635, 1629, 1602, 1582, 1570, 

1562 (ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.59 (s, 3H, 9’-

CH3), 1.79 (tt, J≈J’≈7.2 Hz, 2H, 3-H2), 1.93 (d, J=17.6 Hz, 1H, 10’-Hendo), 

superimposed in part 1.92–1.98 (m, 1H, 13’-Hsyn), 2.01 (tt, J≈J’≈7.2 Hz, 2H, 4-H2), 2.09 
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(dm, J=12.8 Hz, 1H, 13’-Hanti), 2.56 (t, J=7.2 Hz, 2H, 2-H2), superimposed in part 

2.532.60 (m, 1H, 10’-Hexo), 2.77 (m, 1H, 7’-H), 2.88 (ddd, J=18.0 Hz, J’=J”=1.6 Hz, 

1H, 6’-Hendo), 3.22 (dd, J=18.0 Hz, J’=5.2 Hz, 1H, 6’-Hexo), 3.47 (m, 1H, 11’-H), 4.03 

(t, J= 7.6 Hz, 2H, 5-H2), 4.85 (s, NH and +NH), 5.59 (br d, J=4.4 Hz, 1H, 8’-H), 7.57 

(dd, J=9.2 Hz, J’=2.0 Hz, 1H, 2’-H), 7.78 (d, J≈2.0 Hz, 1H, 4’-H), 8.40 (d, J≈9.2 Hz, 

1H, 1’-H); 13C NMR (100.6 MHz, CD3OD) δ 17.1 (CH2, C2), 23.4 (CH3, 9’-CH3), 23.9 

(CH2, C3), 27.3 (CH, C11’), 27.9 (CH, C7’), 29.3 (CH2, C13’), 30.3 (CH2, C4), 36.1 

(CH2), 36.2 (CH2) (C6’, C10’), 48.8 (CH2, C5), 115.8 (C, C12a’), 117.9 (C, C11a’), 

119.2 (CH, C4’), 120.9 (C, CN), 125.1 (CH, C8’), 126.8 (CH, C2’), 129.4 (CH, C1’), 

134.6 (C, C9’), 140.3 (C, C3’), 141.0 (C, C4a’), 151.5 (C, C5a’), 157.0 (C, C12’). 

HRMS (ESI) calcd for (C22H24
35ClN3 + H+): 366.1732, found 366.1729. 

A solution of (±)-8a (78 mg, 0.17 mmol) in CH2Cl2 (4.5 mL) was filtered through a 

0.2 µm PTFE filter, treated with methanolic HCl (0.65N, 0.64 mL) and evaporated 

under reduced pressure. The resulting solid was washed with pentane (32 mL) to give, 

after drying at 65 ºC/2 Torr for 48 h, (±)-8a·HCl (80 mg) as a yellow solid: mp 196198 

ºC (CH2Cl2/MeOH 88:12); IR (KBr) ν 3500–2450 (max at 3430, 3044, 2919, 2875, 

2464, N+-H and C-H st), 2243 (CN st), 1632, 1604, 1574 (ar-C-C and ar-C-N st) cm1; 

1H NMR (400 MHz, CD3OD) δ 1.59 (s, 3H, 9’-CH3), 1.65 (tt, J≈J’≈7.2 Hz, 4H, 3-H2), 

1.721.98 (complex signal, 4H, 4-H2), 2.00 (br d,  J=17.6 Hz, 1H, 10’-Hendo), 

superimposed in part 2.06 (dm, J≈12.8 Hz, 1H, 13’-Hsyn), 2.12 (dm, J=12.8 Hz, 1H, 13’-

Hanti), 2.48 (t, J=7.2 Hz, 4H, 2-H2), 2.69 (dd, J=17.6 Hz, J’=5.6 Hz, 1H, 10’-Hexo), 2.82 

(m, 1H, 7’-H), 3.17 (ddd, J=18.0 Hz, J’≈J”≈1.8 Hz, 1H, 6’-Hendo), 3.39 (dd, J=18.0 Hz, 

J’=5.6 Hz, 1H, 6’-Hexo), superimposed in part 3.73 (m, 1H, 11’-H), 3.73 (ddd, J=13.6 

Hz, J’=9.6 Hz, J”=5.6 Hz, 2H) and 3.80 (ddd, J=13.6 Hz, J’=9.2 Hz, J”=6.0 Hz, 2H) 

(5-H2), 4.84 (s, +NH), 5.68 (br d, J=4.4 Hz, 1H, 8’-H), 7.72 (dd, J=9.2 Hz, J’=2.4 Hz, 
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1H, 2’-H), 7.99 (d, J=2.4 Hz, 1H, 4’-H), 8.26 (d, J=9.2 Hz, 1H, 1’-H); 13C NMR (100.6 

MHz, CD3OD) δ 17.1 (CH2, C2), 23.3 (CH3, 9’-CH3), 23.9 (CH2, C3), 27.6 (CH, C7’), 

28.6 (CH2, C13’), 28.9 (CH2, C4), 29.7 (CH, C11’), 37.7 (CH2, C6’), 38.7 (CH2, C10’), 

55.1 (CH2, C5), 120.0 (CH, C4’), 120.9 (C, CN), 125.5 (C, C12a’), 125.7 (CH, C8’), 

192.2 (CH, C2’), 130.1 (CH, C1’), 132.5 (C, C11a’), 134.3 (C, C9’), 140.36 (C), 140.43 

(C) (C3’, C4a’), 157.6 (C, C5a’), 163.9 (C, C12’); HRMS (ESI) calcd for (C27H31
35ClN4 

+ H+) 447.2310, found 447.2309. 

(±)-6-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]hexanenitrile [(±)-5b]. It was prepared as 

described for (±)-5a. From (±)-huprine Y, (±)-4 (1.50 g, 5.28 mmol) and 6-

bromohexanenitrile (0.77 mL, 1.02 g, 5.80 mmol), a yellow oil (2.88 g) was obtained 

and purified by column chromatography (4060 µm silica gel, CH2Cl2/50% aq. NH4OH 

100:0.2), to afford (±)-5b (1.26 g, 63% yield) as a yellow solid; Rf 0.77 

(CH2Cl2/MeOH/50% aq. NH4OH 9:1:0.05). 

(±)-5b·HCl: mp 143145 °C (CH2Cl2/MeOH 92:8); IR (KBr) ν 35002500 (max at 

3398, 3245, 3048, 2924, 2853, 2734, N-H, N+-H and C-H st), 2242 (CN st), 1724, 1618, 

1572 (ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.59 (s, 3H, 9’-

CH3), superimposed in part 1.541.62 (m, 2H, 4-H2), 1.71 (m, 2H, 3-H2), superimposed 

in part 1.91 (tt, J≈J’≈7.6 Hz, 2H, 5-H2), superimposed 1.901.95 (m, 1H, 10’-Hendo), 

superimposed in part 1.92–1.98 (dm, J≈12.8 Hz, 1H, 13’-Hsyn), 2.09 (dm, J≈12.8 Hz, 

1H, 13’-Hanti), 2.48 (t, J≈7.2 Hz, 2H, 2-H2), 2.56 (dm, J≈17.2 Hz, 1H, 10’-Hexo), 2.77 

(m, 1H, 7’-H), 2.87 (ddd, J=17.6 Hz, J’=J”=1.6 Hz, 1H, 6’-Hendo), 3.21 (dd, J=17.6 Hz, 

J’≈5.6 Hz, 1H, 6’-Hexo), 3.46 (m, 1H, 11’-H), 4.01 (t, J≈7.6 Hz, 2H, 6-H2), 4.85 (s, NH 

and +NH), 5.59 (br d, J=4.4 Hz, 1H, 8’-H), 7.57 (dd, J=9.2 Hz, J’=2.0 Hz, 1H, 2’-H), 

7.77 (d, J=2.0 Hz, 1H, 4’-H), 8.40 (d, J≈9.2 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, 
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CD3OD) δ 17.2 (CH2, C2), 23.4 (CH3, 9’-CH3), 26.0 (CH2, C3), 26.8 (CH2, C4), 27.3 

(CH, C11’), 27.9 (CH, C7’), 29.3 (CH2, C13’), 30.5 (CH2, C5), 36.0 (CH2), 36.2 (CH2) 

(C6’, C10’), 49.4 (CH2, C6), 115.7 (C, C12a’), 117.8 (C, C11a’), 119.2 (CH, C4’), 

121.0 (C, CN), 125.1 (CH, C8’), 126.8 (CH, C2’), 129.4 (CH, C1’), 134.6 (C, C9’), 

140.3 (C, C3’), 141.0 (C, C4a’), 151.4 (C, C5a’), 157.0 (C, C12’); HRMS (ESI) calcd 

for (C23H26
35ClN3 + H+) 380.1888, found 380.1889. 

(±)-7-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]heptanenitrile [(±)-5c]. It was prepared as 

described for (±)-5a. From (±)-huprine Y, (±)-4 (2.00 g, 7.04 mmol) and 7-

bromoheptanenitrile (1.21 mL, 1.53 g, 8.05 mmol), a yellow oil (3.50 g) was obtained 

and purified by column chromatography (4060 µm silica gel, CH2Cl2/50% aq. NH4OH 

100:0.2), to afford (±)-5c (2.40 g, 87% yield) as a yellow solid; Rf 0.66 

(CH2Cl2/MeOH/50% aq. NH4OH 9:1:0.05). 

(±)-5c·HCl: mp 125126 °C (CH2Cl2/MeOH 94:6); IR (KBr) ν 35002500 (max at 

3219, 3049, 2927, 2852, 2733, 2651, N-H, N+-H and C-H st), 2242 (CN st), 1620, 1571 

(ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.441.56 (complex 

signal, 4H, 4-H2 and 5-H2), 1.59 (s, 3H, 9’-CH3), 1.621.70 (m, 2H, 3-H2), 1.91 (tt, 

J=J’=7.2 Hz, 2H, 6-H2), superimposed 1.861.98 (complex signal, 2H, 10’-Hendo, 13’-

Hsyn), 2.09 (dm, J=13.2 Hz, 1H, 13’-Hanti), 2.46 (t, J=7.2 Hz, 2H, 2-H2), 2.56 (dm, 

J=17.6 Hz, 10’-Hexo), 2.77 (m, 1H, 7’-H), 2.87 (dm, J≈18.0 Hz, 1H, 6’-Hendo), 3.21 (dd, 

J=18.0 Hz, J’=5.6 Hz, 1H, 6’-Hexo), 3.46 (m, 1H, 11’-H), 3.99 (t, J≈7.2 Hz, 2H, 7-H2), 

4.85 (s, NH and +NH), 5.59 (br d, J=4.4 Hz, 1H, 8’-H), 7.56 (dd, J=9.6 Hz, J’=2.0 Hz, 

2’-H), 7.77 (d, J=2.0 Hz, 1H, 4’-H), 8.40 (d, J=9.6 Hz, 1H, 1’-H); 13C NMR (100.6 

MHz, CD3OD) δ 17.2 (CH2, C2), 23.4 (CH3, 9’-CH3), 26.3 (CH2, C3), 27.0 (CH2, C5), 

27.3 (CH, C11’), 27.9 (CH, C7’), 29.3 (2CH2, C4 and C13’), 31.0 (CH2, C6), 36.0 
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(CH2), 36.1 (CH2), (C6’, C10’), 49.6 (CH2, C7), 115.7 (C, C12a’), 117.7 (C, C11a’), 

119.2 (CH, C4’), 121.1 (C, CN), 125.1 (CH, C8’), 126.7 (CH, C2’), 129.5 (CH, C1’), 

134.6 (C, C9’), 140.2 (C, C3’), 141.0 (C, C4a’), 151.3 (C, C5a’), 156.9 (C, C12’). 

HRMS (ESI) calcd for (C24H28
35ClN3 + H+) 394.2045, found 394.2049. 

(±)-8-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]octanenitrile [(±)-5d]. It was prepared as 

described for (±)-5a. From (±)-huprine Y·HCl, (±)-4·HCl (1.86 g, 5.81 mmol) and 8-

bromooctanenitrile (1.39 g, 6.81 mmol), a yellow oil (2.30 g) was obtained and purified 

by column chromatography (4060 µm silica gel, CH2Cl2/50% aq. NH4OH 100:0.2), to 

afford (±)-5d (1.00 g, 42% yield) as a yellow solid; Rf 0.65 (CH2Cl2/MeOH/50% aq. 

NH4OH 9:1:0.05). 

(±)-5d·HCl: mp 130131 °C (CH2Cl2/MeOH 81:19); IR (KBr) ν 35002500 (max at 

3397, 3244, 3108, 3048, 3007, 2925, 2852, N-H, N+-H and C-H st), 2242 (CN st), 1701, 

1624, 1562 (ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.401.52 

(complex signal, 6H, 4-H2, 5-H2 and 6-H2), 1.58 (s, 3H, 9’-CH3), 1.64 (tt, J≈J’≈7.6 Hz, 

2H, 3-H2), superimposed in part 1.88 (tt, J≈J’≈7.2 Hz, 2H, 7-H2), superimposed in part 

1.94 (br d, J=17.2 Hz, 1H, 10’-Hendo), superimposed 1.901.98 (m, 1H, 13’-Hsyn), 2.08 

(dm, J=12.4 Hz, 1H, 13’-Hanti), 2.44 (t, J≈7.2 Hz, 2H, 2-H2), 2.56 (br dd, J=17.6 Hz, 

J’=4.4 Hz, 1H, 10’-Hexo), 2.77 (m, 1H, 7’-H), 2.89 (br d, J=18.0 Hz, 1H, 6’-Hendo), 3.21 

(dd, J=18.0 Hz, J’=5.6 Hz, 1H, 6’-Hexo), 3.47 (m, 1H, 11’-H), 3.99 (t, J=7.2 Hz, 2H, 8-

H2), 4.85 (s, NH and +NH), 5.58 (br d, J=5.2 Hz, 1H, 8’-H), 7.54 (dd, J=9.6 Hz, J’=1.6 

Hz, 1H, 2’-H), 7.79 (d, J=1.6 Hz, 1H, 4’-H), 8.40 (d, J=9.6 Hz, 1H, 1’-H); 13C NMR 

(100.6 MHz, CD3OD) δ 17.3 (CH2, C2), 23.5 (CH3, 9’-CH3), 26.3 (CH2, C3), 27.2 (CH, 

C11’), 27.5 (CH2, C6), 27.8 (CH, C7’), 29.3 (CH2, C13’), 29.4 (CH2), 29.6 (CH2) (C4, 

C5), 31.1 (CH2, C7), 36.0 (CH2), 36.1 (CH2) (C6’, C10’), 49.6 (CH2, C8), 115.6 (C, 
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C12a’), 117.6 (C, C11a’), 119.1 (CH, C4’), 121.2 (C, CN), 125.1 (CH, C8’), 126.6 (CH, 

C2’), 129.5 (CH, C1’), 134.5 (C, C9’), 140.1 (C, C3’), 140.9 (C, C4a’), 151.2 (C, C5a’), 

156.9 (C, C12’); HRMS (ESI) calcd for (C25H30
35ClN3 + H+) 408.2201, found 

408.2203. 

(±)-9-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]nonanenitrile [(±)-5e]. It was prepared as 

described for (±)-5a. From (±)-huprine Y·HCl, (±)-4·HCl (1.89 g, 5.91 mmol) and 9-

bromononanenitrile (1.56 g, 7.16 mmol), a yellow oil (2.86 g) was obtained and purified 

by column chromatography (4060 µm silica gel, CH2Cl2/50% aq. NH4OH 100:0.2), to 

afford (±)-5e (1.65 g, 66% yield) as a yellow solid; Rf 0.56 (CH2Cl2/MeOH/50% aq. 

NH4OH 9:1:0.05). 

(±)-5e·HCl: mp 121123 °C (CH2Cl2/MeOH 81:19); IR (KBr) ν 35002500 (max at 

3228, 3108, 3048, 3001, 2926, 2854, 2745, N-H, N+-H and C-H st), 2242 (CN st), 1718, 

1630, 1582, 1569, 1501 (ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 

1.321.50 (complex signal, 8H, 4-H2, 5-H2, 6-H2 and 7-H2), 1.59 (s, 3H, 9’-CH3), 

superimposed in part 1.62 (tt, J≈J’≈7.2 Hz, 2H, 3-H2), superimposed in part 1.87 (tt, 

J≈J’≈7.2 Hz, 2H, 8-H2), superimposed in part 1.93 (br d, J=18.0 Hz, 1H, 10’-Hendo), 

superimposed 1.901.96 (m, 1H, 13’-Hsyn), 2.08 (dm, J=12.4 Hz, 1H, 13’-Hanti), 2.43 (t, 

J=7.2 Hz, 2H, 2-H2), 2.56 (dm, J=17.6 Hz, J’=4.8 Hz, 1H, 10’-Hexo), 2.77 (m, 1H, 7’-

H), 2.88 (br d, J=17.6 Hz, 1H, 6’-Hendo), 3.21 (dd, J≈17.6 Hz, J’≈5.6 Hz, 1H, 6’-Hexo), 

3.46 (m, 1H, 11’-H), 3.99 (t, J=7.2 Hz, 2H, 9-H2), 4.85 (s, NH and +NH), 5.59 (d, J=4.4 

Hz, 1H, 8’-H), 7.55 (dd, J=9.6 Hz, J’=2.4 Hz, 1H, 2’-H), 7.78 (d, J=2.4 Hz, 1H, 4’-H), 

8.40 (d, J=9.6 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, CD3OD) δ 17.3 (CH2, C2), 23.5 

(CH3, 9’-CH3), 26.4 (CH2, C3), 27.3 (CH, C11’), 27.7 (CH2, C7), 27.8 (CH, C7’), 29.3 

(CH2, C13’), 29.6 (CH2), 29.7 (CH2), 30.0 (CH2) (C4, C5, C6), 31.2 (CH2, C8), 36.0 
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(CH2), 36.1 (CH2) (C6’, C10’), 49.6 (CH2, C9), 115.6 (C, C12a’), 117.6 (C, C11a’), 

119.1 (CH, C4’), 121.2 (C, CN), 125.1 (CH, C8’), 126.6 (CH, C2’), 129.5 (CH, C1’), 

134.5 (C, C9’), 140.2 (C, C3’), 141.0 (C, C4a’), 151.2 (C, C5a’), 156.9 (C, C12’); 

HRMS (ESI) calcd for (C26H32
35ClN3 + H+) 422.2358, found 422.2363. 

()-9-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]nonanenitrile [()-5e]. It was prepared as 

described for (±)-5a. From ()-huprine Y, ()-4 (>99% ee, 1.50 g, 5.28 mmol) and 9-

bromononanenitrile (1.39 g, 6.40 mmol), a yellow oil (2.20 g) was obtained and purified 

by column chromatography (4060 µm silica gel, CH2Cl2/50% aq. NH4OH 100:0.2), to 

afford ()-5e (750 mg, 34% yield) as a yellow solid; Rf 0.56 (CH2Cl2/MeOH/50% aq. 

NH4OH 9:1:0.05). 

()-5e·HCl: [α]20
D = 212 (c=0.10, MeOH); mp 106107 °C (CH2Cl2/MeOH 89:11); 

IR (KBr) ν 35002500 (max at 3341, 3136, 3064, 2928, 2858, 2671, N-H, N+-H and C-

H st), 2245 (CN st), 1605, 1573, 1525 (ar-C-C and ar-C-N st) cm1; the 1H NMR and 

13C NMR spectra were identical to those of ()-5e; HRMS (ESI) calcd for 

(C26H32
35ClN3 + H+) 422.2358, found 422.2362. 

(+)-9-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]nonanenitrile [(+)-5e]. It was prepared as 

described for (±)-5a. From (+)-huprine Y, (+)-4 (>99% ee, 1.50 g, 5.28 mmol) and 9-

bromononanenitrile (1.39 g, 6.40 mmol), a yellow oil (2.20 g) was obtained and purified 

by column chromatography (4060 µm silica gel, CH2Cl2/50% aq. NH4OH 100:0.2), to 

afford (+)-5e (929 mg, 42% yield) as a yellow solid; Rf 0.56 (CH2Cl2/MeOH/50% aq. 

NH4OH 9:1:0.05). 

(+)-5e·HCl: [α]20
D = +213 (c=0.10, MeOH); mp 109111 °C (CH2Cl2/MeOH 93:7); 

IR (KBr) ν 35002500 (max at 3379, 3228, 3111, 3038, 3007, 2926, 2854, N-H, N+-H 
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and C-H st), 2242 (CN st), 1627, 1620, 1576, 1558, 1542, 1522, 1511 (ar-C-C and ar-C-

N st) cm1; the 1H NMR and 13C NMR spectra were identical to those of ()-5e; HRMS 

(ESI) calcd for (C26H32
35ClN3 + H+) 422.2358, found 422.2356. 

(±)-10-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]decanenitrile [(±)-5f]. It was prepared as 

described for (±)-5a. From (±)-huprine Y, (±)-4 (2.00 g, 7.04 mmol) and 10-

bromodecanenitrile (87% purity, 2.15 g, 8.06 mmol), a yellow oil (2.84 g) was obtained 

and purified by column chromatography (4060 µm silica gel, CH2Cl2/MeOH/50% aq. 

NH4OH mixtures, gradient elution). On elution with CH2Cl2/50% aq. NH4OH 100:0.2, 

(±)-5f (756 mg, 25% yield) was isolated as a yellow solid. On elution with 

CH2Cl2/MeOH/50% aq. NH4OH 98:2:0.2, starting (±)-4 (382 mg) was recovered; Rf[(±)-

5f] 0.66 (CH2Cl2/MeOH/50% aq. NH4OH 9:1:0.05). 

(±)-5f·HCl: mp 129130 °C (CH2Cl2/MeOH 89:11); IR (KBr) ν 35002500 (max at 

3229, 3105, 3047, 3007, 2926, 2853, 2740, 2640, N-H, N+-H and C-H st), 2242 (CN st), 

1630, 1582, 1549, 1511 (ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 

1.351.45 (complex signal, 10H, 4-H2, 5-H2, 6-H2, 7-H2 and 8-H2), 1.59 (s, 3H, 9’-

CH3), superimposed in part 1.61 (tt, J≈J’≈7.2 Hz, 2H, 3-H2), superimposed in part 1.87 

(tt, J≈J’≈7.2 Hz, 2H, 9-H2), superimposed 1.851.96 (complex signal, 1H, 13’-Hsyn), 

superimposed in part 1.94 (d, J≈16.8 Hz, 1H, 10’-Hendo), 2.09 (dm, J=12.8 Hz, 1H, 13’-

Hanti), 2.43 (t, J≈7.0 Hz, 2H, 2-H2), 2.55 (dd, J=17.6 Hz, J’=4.4 Hz, 1H, 10’-Hexo), 2.77 

(m, 1H, 7’-H), 2.88 (br d, J=17.6 Hz, 1H, 6’-Hendo), 3.21 (dd, J=17.6 Hz, J’=5.6 Hz, 1H, 

6’-Hexo), 3.46 (m, 1H, 11’-H), 3.98 (t, J≈6.8 Hz, 2H, 10-H2), 4.85 (s, NH and +NH), 5.59 

(d, J=4.8 Hz, 1H, 8’-H), 7.55 (dd, J=9.6 Hz, J’=2.0 Hz, 1H, 2’-H), 7.77 (d, J=2.0 Hz, 

1H, 4’-H), 8.40 (d, J=9.6 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, CD3OD) δ 17.3 (CH2, 

C2), 23.5 (CH3, 9’-CH3), 26.4 (CH2, C3), 27.3 (CH, C11’), 27.7 (CH2, C8), 27.8 (CH, 
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C7’), 29.3 (CH2, C13’), 29.6 (CH2), 29.7 (CH2), 30.1 (CH2), 30.3 (CH2) (C4, C5, C6, 

C7), 31.2 (CH2, C9), 36.0 (CH2), 36.1 (CH2) (C6’, C10’), 49.7 (CH2, C10), 115.6 (C, 

C12a’), 117.6 (C, C11a’), 119.1 (CH, C4’), 121.2 (C, CN), 125.1 (CH, C8’), 126.6 (CH, 

C2’), 129.5 (CH, C1’), 134.5 (C, C9’), 140.2 (C, C3’), 141.0 (C, C4a’), 151.2 (C, C5a’), 

156.9 (C, C12’); HRMS (ESI) calcd for (C27H34
35ClN3 + H+) 436.2514, found 

436.2508. 

(±)-11-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]undecanenitrile [(±)-5g]. It was prepared 

as described for (±)-5a. From (±)-huprine Y, (±)-4 (1.70 g, 5.99 mmol) and 11-

bromoundecanenitrile (80% purity, 2.11 g, 6.86 mmol), a yellow oil (2.20 g) was 

obtained and purified by column chromatography (4060 µm silica gel, CH2Cl2/50% 

aq. NH4OH 100:0.2), to afford (±)-5g (1.09 g, 40% yield) as a yellow solid; Rf 0.62 

(CH2Cl2/MeOH/50% aq. NH4OH 9:1:0.05). 

(±)-5g·HCl: mp 131133 °C (CH2Cl2/MeOH 93:7); IR (KBr) ν 35002500 (max at 

3395, 3231, 3111, 3048, 3012, 2925, 2853, 2742, 2645, N-H, N+-H and C-H st), 2242 

(CN st), 1628, 1582, 1559, 1542, 1521, 1507 (ar-C-C and ar-C-N st) cm1; 1H NMR 

(400 MHz, CD3OD) δ 1.271.44 (complex signal, 12H, 4-H2, 5-H2, 6-H2, 7-H2, 8-H2 

and 9-H2), 1.59 (s, 3H, 9’-CH3), superimposed in part 1.62 (tt, J≈J’≈7.2 Hz, 2H, 3-H2), 

superimposed in part 1.87 (tt, J≈J’≈7.2 Hz, 2H, 10-H2), superimposed 1.861.96 

(complex signal, 1H, 13’-Hsyn), superimposed in part 1.94 (d, J≈17.2 Hz, 1H, 10’-Hendo), 

2.08 (dm, J=12.4 Hz, 1H, 13’-Hanti), 2.43 (t, J≈7.0 Hz, 2H, 2-H2), 2.56 (dd, J=17.6 Hz, 

J’=4.4 Hz, 1H, 10’-Hexo), 2.77 (m, 1H, 7’-H), 2.88 (d, J=18.0 Hz, 1H, 6’-Hendo), 3.21 

(dd, J≈18.0 Hz, J’=5.6 Hz, 1H, 6’-Hexo), 3.46 (m, 1H, 11’-H), 3.99 (t, J≈6.6 Hz, 2H, 11-

H2), 4.85 (s, NH and +NH), 5.59 (br d, J=4.8 Hz, 1H, 8’-H), 7.54 (dd, J=9.6 Hz, J’=2.0 

Hz, 1H, 2’-H), 7.79 (d, J=2.0 Hz, 1H, 4’-H), 8.40 (d, J=9.6 Hz, 1H, 1’-H); 13C NMR 
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(100.6 MHz, CD3OD) δ 17.3 (CH2, C2), 23.5 (CH3, 9’-CH3), 26.4 (CH2, C3), 27.3 (CH, 

C11’), 27.76 (CH2, C9), 27.83 (CH, C7’), 29.3 (CH2, C13’), 29.7 (CH2), 29.8 (CH2), 

30.2 (CH2), 30.3 (CH2), 30.4 (CH2) (C4, C5, C6, C7, C8), 31.2 (CH2, C10), 36.0 (CH2), 

36.1 (CH2) (C6’, C10’), 49.6 (CH2, C11), 115.6 (C, C12a’), 117.6 (C, C11a’), 119.1 

(CH, C4’), 121.2 (C, CN), 125.1 (CH, C8’), 126.6 (CH, C2’), 129.5 (CH, C1’), 134.5 

(C, C9’), 140.2 (C, C3’), 141.0 (C, C4a’), 151.2 (C, C5a’), 156.9 (C, C12’); HRMS 

(ESI) calcd for (C28H36
35ClN3 + H+) 450.2671, found 450.2664. 

(±)-4-{[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]methyl}benzonitrile [(±)-5h].  

1) Preparation of the imine (±)-4-{[(3-chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)imino]methyl}benzonitrile, (±)-9. A suspension 

of (±)-huprine Y, (±)-4 (2.00 g, 7.04 mmol) and 4 Å molecular sieves in anhyd toluene 

(19 mL) was treated with freshly distilled morpholine (0.67 mL, 675 mg, 7.75 mmol) 

and p-cyanobenzaldehyde (1.80 g, 13.7 mmol). The reaction mixture was stirred under 

reflux for 48 h, concentrated under reduced pressure. The resulting solid residue was 

purified through column chromatography (4060 µm silica gel, CH2Cl2), to afford (±)-9 

(2.20 g, 79% yield) as a yellow solid; Rf 0.17 (CH2Cl2). 

A solution of (±)-9 (100 mg,  0.25 mmol) in CH2Cl2 (6.6 mL) was filtered through a 

0.2 µm PTFE filter and evaporated under reduced pressure. The resulting solid was 

washed with pentane (32 mL) to give, after drying at 65 ºC/2 Torr for 48 h, the 

analytical sample of (±)-9 (94 mg) as a yellow solid: mp 208210 °C (CH2Cl2); IR 

(KBr) ν 2225 (CN st), 1721, 1639, 1600, 1570, 1553, 1500, 1479, 1455 (ar-C-C and ar-

C-N st) cm1; 1H NMR (400 MHz, CDCl3) δ 1.52 (s, 3H, 9’-CH3), 1.85 (br d, J=17.2 

Hz, 1H, 10’-Hendo), 1.951.97 (complex signal, 2H, 13’-Hsyn and 13’-Hanti), 2.35 (dd, 

J=17.2 Hz, J’=4.6 Hz, 1H, 10’-Hexo), 2.78 (m, 1H, 7’-H), 3.12 (br d, J=18.0 Hz, 1H, 6’-
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Hendo), 3.21 (dd, J≈18.0 Hz, J’=5.2 Hz, 1H, 6’-Hexo), 3.35 (m, 1H, 11’-H), 5.56 (br d, 

J=5.2 Hz, 1H, 8’-H), 7.31, (dd, J=9.2 Hz, J’=2.0 Hz, 1H, 2’-H), 7.47 (d, J=9.2 Hz, 1H, 

1’-H), 7.86 [dt, J=8.0 Hz, J’=1.6 Hz, 2H, 2(6)-H], 8.00 (d, J=2.0 Hz, 2H, 4’-H), 8.12 [d, 

J≈8.0 Hz, 2H, 3(5)-H], 8.42 (s, 1H, CHN); 13C NMR (100.6 MHz, CDCl3) δ 23.4 (CH3, 

9’-CH3), 28.1 (CH, C11’), 28.3 (CH, C7’), 28.6 (CH2, C13’), 37.1 (CH2, C10’), 40.0 

(CH2, C6’), 115.8 (C, C1), 117.8 (C, C12a’), 118.1 (C, CN), 122.9 (C, C11a’), 123.9 

(CH, C1’), 125.3 (CH, C8’), 126.4 (CH, C2’), 127.3 (CH, C4’), 129.4 [CH, C3(5)], 

132.3 (C, C9’), 132.8 [CH, C2(6)], 134.9 (C, C3’), 138.5 (C, C4), 147.2 (C, C4a’), 

153.4 (C, C12’), 159.8 (C, C5a’), 162.1 (CH, CHN); HRMS (ESI) calcd for 

(C25H20
35ClN3 + H+) 398.1419, found 398.1426. 

2) Reduction of imine (±)-9. A solution of (±)-9 (2.30 g, 5.79 mmol) in glacial 

AcOH (40 mL) was treated with NaBH3CN (764 mg, 12.2 mmol) portionwise for 1 h. 

The reaction mixture was stirred at rt for 3 h, cooled to 0 ºC with an ice bath, treated 

with 10N NaOH until pH 14, and extracted with EtOAc (2200 mL). The combined 

organic extracts were dried over anhyd Na2SO4 and concentrated under reduced 

pressure, to give (±)-5h (2.10 g, 91% yield) as a yellow solid; Rf 0.75 

(CH2Cl2/MeOH/50% aq. NH4OH  9:1:0.05). 

A solution of (±)-5h (60 mg,  0.15 mmol) in CH2Cl2 (5 mL) was filtered through a 0.2 

µm PTFE filter, treated with methanolic HCl (0.53N, 0.85 mL), and evaporated under 

reduced pressure. The resulting solid was washed with pentane (32 mL), to give, after 

drying at 65 ºC/2 Torr for 48 h, (±)-5h·HCl (62 mg) as a yellow solid: mp 217218 °C 

(CH2Cl2/MeOH 85:15); IR (KBr) ν 35002500 (max at 3229, 3101, 3050, 2999, 2901, 

2722, N-H, N+-H and C-H st), 2226 (CN st), 1718, 1631, 1582, 1555, 1507 (ar-C-C and 

ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.61 (s, 3H, 9’-CH3), 1.98 (br d, 

J=17.6 Hz, 1H, 10-Hendo), superimposed 2.00 (m, 1H, 13’-Hsyn), 2.10 (dm, J=12.4 Hz, 
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1H, 13’-Hanti), 2.57 (dd, J=18.0 Hz, J’=4.8 Hz, 1H, 10’-Hexo), 2.80 (m, 1H, 7’-H), 2.94 

(br d, J=18.0 Hz, 1H, 6’-Hendo), 3.26 (dd, J=18.0 Hz, J’=5.4 Hz, 1H, 6’-Hexo), 3.53  (m, 

1H, 11’-H), 4.85 (s, NH and +NH), 5.28 (s, 2H, CH2N), 5.61 (br d, J=4.8 Hz, 1H, 8’-H), 

7.39, (dd, J=9.2 Hz, J’=2.0 Hz, 1H, 2’-H), 7.63 [d, J=8.8 Hz, 2H, 3(5)-H], 7.79 

[complex signal, 3H, 4’-H, 2(6)-H], 8.10 (d, J=9.2 Hz, 1H, 1’-H); 13C NMR (100.6 

MHz, CD3OD) δ 23.4 (CH3, 9’-CH3), 27.6 (CH, C11’), 27.8 (CH, C7’), 29.2 (CH2, 

C13’), 36.2 (CH2), 36.4 (CH2) (C6’, C10’), 112.8 (C, C1), 115.7 (C, CN), 118.7 (C, 

C12a’), 119.4 (CH + C, C4’, C11a’), 125.1 (CH, C8’), 127.0 (CH, C2’), 128.7 [CH, 

C3(5)], 128.9 (CH, C1’), 134.0 [CH, C2(6)], 134.6 (C, C9’), 140.4 (C, C3’), 140.8 (C, 

C4a’), 144.6 (C, C4), 152.2 (C, C5a’), 157.4 (C, C12’); HRMS (ESI) calcd for 

(C25H22
35ClN3 + H+) 400.1575, found 400.1582. 

(±)-N-(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)pentane-1,5-diamine [(±)-6a]. To a suspension of 

LiAlH4 (0.17 g, 4.47 mmol) in anhyd Et2O (63 mL), nitrile (±)-5a (0.76 g, 2.08 mmol) 

was added, and the reaction mixture was stirred at rt overnight. The resulting mixture 

was treated with wet Et2O (200 mL) and evaporated under reduced pressure. The solid 

was suspended in CH2Cl2, filtered through Celite® and evaporated under reduced 

pressure, to give amine (±)-6a (750 mg, 98% yield) as a yellow oil; Rf 0.03 

(CH2Cl2/MeOH/50% aq. NH4OH 9:1:0.05). 

A solution of (±)-6a (50 mg, 0.14 mmol) in CH2Cl2 (3.5 mL) was filtered through a 

0.2 µm PTFE filter, treated with methanolic HCl (1.4N, 0.87 mL), and evaporated under 

reduced pressure. The resulting solid was washed with pentane (32 mL) to give, after 

drying at 65 ºC/2 Torr for 48 h, (±)-6a·2HCl (54 mg) as a yellow solid: mp 193194 ºC 

(CH2Cl2/MeOH 80:20); IR (KBr) ν 3500–2500 (max at 3396, 3253, 2925, 2856, N-H, 

N+-H and C-H st), 1628, 1583, 1570, 1558 (ar-C-C and ar-C-N st) cm1; 1H NMR (400 
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MHz, CD3OD) δ 1.55 (tt, J≈J’≈7.6 Hz, 2H, 3-H2), 1.59 (s, 3H, 9’-CH3), 1.76 (m, 2H, 4-

H2), 1.902.02 (complex signal, 4H, 10’-Hendo, 13’-Hsyn, 2-H2), 2.09 (dm,  J=12.8 Hz, 

1H, 13’-Hanti), 2.57 (ddm, J=17.6 Hz, J’=6.0 Hz, 1H, 10’-Hexo), 2.78 (m, 1H, 7’-H), 

2.87 (br d, J=18.0 Hz, 1H, 6’-Hendo), 2.97 (t, J=7.6 Hz, 2H, 5-H2), 3.21 (dd, J=18.0 Hz, 

J’=5.6 Hz, 1H, 6’-Hexo), 3.49 (m, 1H, 11’-H), 4.01 (t, J≈7.6 Hz, 2H, 1-H2), 4.85 (s, NH 

and +NH),  5.59 (br d, J=4.4 Hz, 1H, 8’-H), 7.57 (dd,  J=9.2 Hz, J’=2.0 Hz, 1H, 2’-H), 

7.78 (d, J=2.0 Hz, 1H, 4’-H), 8.41 (d, J=9.2 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, 

CD3OD) δ 23.5 (CH3, 9’-CH3), 24.7 (CH2, C3), 27.3 (CH, C11’), 27.9 (CH, C7’), 28.2 

(CH2, C4), 29.3 (CH2, C13’), 30.8 (CH2, C2), 36.0 (CH2), 36.2 (CH2) (C6’, C10’), 40.5 

(CH2, C5), 49.4 (CH2, C1), 115.7 (C, C12a’), 117.8 (C, C11a’), 119.2 (CH, C4’), 125.1 

(CH, C8’), 126.8 (CH, C2’), 129.4 (CH, C1’), 134.6 (C, C9’), 140.3 (C, C3’), 141.0 (C, 

C4a’), 151.4 (C, C5a’), 156.9 (C, C12’); HRMS (ESI) calcd for (C22H28
35ClN3 + H+) 

370.2045, found 370.2041. 

(±)-N-(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)hexane-1,6-diamine [(±)-6b]. It was prepared as 

described for (±)-6a. From nitrile (±)-5b (1.26 g, 3.32 mmol), amine (±)-6b (1.23 g, 

97% yield) was obtained as a yellow oil; Rf 0.02 (CH2Cl2/MeOH/50% aq. NH4OH 

9:1:0.05). 

(±)-6b·2HCl: mp 180181 ºC (CH2Cl2/MeOH 79:21); IR (KBr) ν 35002500 (max at 

3403, 3240, 2926, 2852, N-H, N+-H and C-H st), 1728, 1624, 1578 (ar-C-C and ar-C-N 

st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.461.51 (complex signal, 4H, 3-H2, 4-H2), 

1.59 (s, 3H, 9’-CH3), 1.70 (tt, J≈J’≈7.4 Hz, 2H, 5-H2), 1.851.97 (complex signal, 4H, 

2-H2, 10’-Hendo, 13’-Hsyn), 2.09 (dm, J≈12.6 Hz, 1H, 13’-Hanti), 2.56 (dd, J=17.6 Hz, 

J’=4.8 Hz, 1H, 10’-Hexo), 2.78 (m, 1H, 7’-H), 2.87 (dm, J≈18.0 Hz, 1H, 6’-Hendo), 2.94 

(t, J=7.6 Hz, 2H, 6-H2), 3.21 (dd, J=18.0 Hz, J’=5.6 Hz, 1H, 6’-Hexo), 3.47 (m, 1H, 11’-
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H), 4.00 (t, J=7.6 Hz, 2H, 1-H2), 4.85 (s, NH and +NH),  5.59 (br d, J=4.4 Hz, 1H, 8’-

H), 7.57 (dd,  J=9.2 Hz, J’=2.4 Hz, 1H, 2’-H), 7.77 (d, J=2.4 Hz, 1H, 4’-H), 8.41 (d, 

J≈9.2 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, CD3OD) δ 23.5 (CH3, 9’-CH3), 27.1 (CH2, 

C3), 27.3 (CH, C11’), 27.4 (CH2, C4), 27.9 (CH, C7’), 28.5 (CH2, C5), 29.3 (CH2, 

C13’), 31.1 (CH2, C2), 36.08 (CH2), 36.15 (CH2) (C6’, C10’), 40.6 (CH2, C6), 49.5 

(CH2, C1), 115.7 (C, C12a’), 117.7 (C, C11a’), 119.2 (CH, C4’), 125.1 (CH, C8’), 

126.7 (CH, C2’), 129.5 (CH, C1’), 134.6 (C, C9’), 140.2 (C, C3’), 141.0 (C, C4a’), 

151.3 (C, C5a’), 156.9 (C, C12’); HRMS (ESI) calcd for (C23H30
35ClN3 + H+) 384.2201; 

found 384.2197. 

(±)-N-(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)heptane-1,7diamine [(±)-6c]. It was prepared as 

described for (±)-6a. From nitrile (±)-5c (2.20 g, 5.60 mmol), amine (±)-6c (1.98 g, 

89% yield) was obtained as a yellow oil; Rf 0.07 (CH2Cl2/MeOH/50% aq. NH4OH 

9:1:0.05). 

(±)-6c·2HCl: mp 181183 ºC (CH2Cl2/MeOH 75:25); IR (KBr) ν 35002500 (max at 

3233, 2927, 2877, 2849, 2782, N-H, N+-H and C-H st), 1628, 1582, 1566, 1550, 1524, 

1508, 1492, 1476 (ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 

1.411.52 (complex signal, 6H, 3-H2, 4-H2, 5-H2), 1.59 (s, 3H, 9’-CH3), 1.68 (tt, 

J≈J’≈7.2 Hz, 2H, 6-H2), 1.841.95 (complex signal, 4H, 10’-Hendo, 13’-Hsyn, 2-H2), 2.09 

(dm, J=13.2 Hz, 1H, 13’-Hanti), 2.56 (dd, J=17.6 Hz, J’=4.8 Hz, 1H, 10’-Hexo), 2.77 (m, 

1H, 7’-H), 2.87 (ddd, J=18.0 Hz, J’≈J”≈1.6 Hz, 1H, 6’-Hendo), superimposed in part 

2.93 (t, J=7.6 Hz, 2H, 7-H2), 3.21 (dd, J=18.0 Hz, J’=5.6 Hz, 1H, 6’-Hexo), 3.47 (m, 1H, 

11’-H), 3.99 (t, J≈7.6 Hz, 2H, 1-H2), 4.85 (s, NH and +NH), 5.59 (br d, J=4.4 Hz, 1H, 

8’-H), 7.56 (dd, J=9.6 Hz, J’=2.0 Hz, 1H, 2’-H), 7.78 (d, J=2.0 Hz, 1H, 4’-H), 8.41 (d, 

J=9.6 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, CD3OD) δ 23.5 (CH3, 9’-CH3), 27.3 (CH, 
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C11’), 27.4 (CH2, C5), 27.7 (CH2, C4), 27.8 (CH, C7’), 28.5 (CH2, C3), 29.3 (CH2, 

C13’), 29.8 (CH2, C2), 31.2 (CH2, C6), 36.0 (CH2), 36.1 (CH2) (C6’, C10’), 40.7 (CH2, 

C7), 49.6 (CH2, C1), 115.6 (C, C12a’), 117.6 (C, C11a’), 119.1 (CH, C4’), 125.1 (CH, 

C8’), 126.7 (CH, C2’), 129.5 (CH, C1’), 134.6 (C, C9’), 140.2 (C, C3’), 141.0 (C, 

C4a’), 151.3 (C, C5a’), 156.9 (C, C12’); HRMS (ESI) calcd for (C24H32
35ClN3 + H+) 

398.2358, found 398.2357. 

(±)-N-(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)octane-1,8-diamine [(±)-6d]. It was prepared as 

described for (±)-6a. From nitrile (±)-5d (1.09 g, 2.68 mmol), amine (±)-6d (1.14 g, 

quantitative) was obtained as a yellow oil; Rf 0.07 (CH2Cl2/MeOH/50% aq. NH4OH 

9:1:0.05). 

(±)-6d·2HCl: mp 209211 °C (CH2Cl2/MeOH 77:23); IR (KBr) ν 35002500 (max at 

3395, 3245, 2927, 2854, 2780, N-H, N+-H and C-H st), 1628, 1583, 1524, 1508, 1501 

(ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.401.48 (complex 

signal, 8H, 3-H2, 4-H2, 5-H2, 6-H2), 1.59 (s, 3H, 9’-CH3), 1.66 (tt, J≈J’≈7.2 Hz, 2H, 7-

H2), superimposed 1.841.95 (m, 1H, 13’-Hsyn), superimposed in part 1.841.93 (tt, 

J≈J’≈7.2 Hz, 2H, 2-H2), superimposed in part 1.93 (br d, J=17.6 Hz, 1H, 10’-Hendo), 

2.10 (dm, J≈10.4 Hz, 1H, 13’-Hanti), 2.56 (dd, J=17.6 Hz, J’=4.8 Hz, 1H, 10’-Hexo), 2.77 

(m, 1H, 7’-H), superimposed in part 2.87 (ddd, J≈17.6 Hz, J’≈J”≈1.6 Hz, 1H, 6'-Hendo), 

2.92 (tt, J≈J’≈7.6 Hz, 2H, 8-H2), 3.21 (dd, J=17.6 Hz, J’=5.6 Hz, 1H, 6’-Hexo), 3.46 (m, 

1H, 11’-H), 3.99 (tt, J≈J’≈7.6 Hz, 2H, 1-H2), 4.85 (s, NH and +NH),  5.59 (br d, J=4.8 

Hz, 1H, 8’-H), 7.56 (dd, J=9.6 Hz, J’=2.0 Hz, 1H, 2’-H), 7.78 (d, J=2.0 Hz, 1H, 4’-H), 

8.40 (d, J≈9.6 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, CD3OD) δ 23.5 (CH3, 9’-CH3), 

27.3 (CH, C11’), 27.4 (CH2, C3), 27.8 (CH2, C4), 27.9 (CH, C7’), 28.5 (CH2, C5), 29.2 

(CH2, C13’), 30.1 (2CH2, C6, C7), 31.3 (CH2, C2), 36.0 (CH2), 36.1 (CH2) (C6’, C10’), 
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40.7 (CH2, C8), 49.7 (CH2, C1), 115.6 (C, C12a’), 117.6 (C, C11a’), 119.1 (CH, C4’), 

125.1 (CH, C8’), 126.7 (CH, C2’), 129.5 (CH, C1’), 134.5 (C, C9’), 140.2 (C, C3’), 

141.0 (C, C4a’), 151.2 (C, C5a’), 156.9 (C, C12’); HRMS (ESI) calcd for (C25H34
35ClN3 

+ H+) 412.2514, found 412.2509. 

(±)-N-(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)nonane-1,9-diamine [(±)-6e]. It was prepared as 

described for (±)-6a. From nitrile (±)-5e (1.60 g, 3.80 mmol), amine (±)-6e (1.39 g, 

86% yield) was obtained as a yellow oil; Rf 0.10 (CH2Cl2/MeOH/50% aq. NH4OH 

9:1:0.05). 

(±)-6e·2HCl: mp 169171 °C (CH2Cl2/MeOH 81:19); IR (KBr) ν 35002500 (max at 

3397, 3245, 2925, 2853, 2795, N-H, N+-H and C-H st), 1629, 1582, 1508 (ar-C-C and 

ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.341.48 (complex signal, 10H, 3-H2, 

4-H2, 5-H2, 6-H2, 7-H2), 1.59 (s, 3H, 9’-CH3), 1.66 (tt, J≈J’≈6.8 Hz, 2H, 8-H2), 

superimposed in part 1.87 (tt, J≈J’≈7.6 Hz, 2H, 2-H2), superimposed 1.831.96 (m, 1H, 

13’-Hsyn), superimposed in part 1.93 (br d, J≈18.0 Hz, 1H, 10’-Hendo), 2.09 (dm, J=14.8 

Hz, 1H, 13’-Hanti), 2.56 (dd, J=18.0 Hz, J’=4.8 Hz, 1H, 10’-Hexo), 2.77 (m, 1H, 7’-H), 

superimposed in part 2.87 (ddd, J=17.6 Hz, J’≈J”≈1.6 Hz, 1H, 6’-Hendo), 2.91 (br t, 

J=7.2 Hz, 2H, 9-H2), 3.21 (dd, J=17.6 Hz, J’=5.6 Hz, 1H, 6’-Hexo), 3.46 (m, 1H, 11’-H), 

3.98 (tt, J≈J’≈7.2 Hz, 2H, 1-H2), 4.85 (s, NH and +NH), 5.59 (br d, J=4.8 Hz, 1H, 8’-H), 

7.56 (dd, J=9.6 Hz, J’=2.0 Hz, 1H, 2’-H), 7.78 (d, J=2.0 Hz, 1H, 4’-H), 8.40 (d, J=9.6 

Hz, 1H, 1’-H); 13C NMR (100.6 MHz, CD3OD) δ 23.5 (CH3, 9’-CH3), 27.3 (CH, C11’), 

27.5 (CH2, C3), 27.8 (CH + CH2, C7’, C4), 28.6 (CH2, C5), 29.3 (CH2, C13’), 30.1 

(CH2), 30.2 (CH2), 30.4 (CH2) (C6, C7, C8), 31.3 (CH2, C2), 36.0 (CH2), 36.1 (CH2) 

(C6’, C10’), 40.8 (CH2, C9), 49.7 (CH2, C1), 115.6 (C, C12a’), 117.6 (C, C11a’), 119.1 

(CH, C4’), 125.1 (CH, C8’), 126.6 (CH, C2’), 129.5 (CH, C1’), 134.5 (C, C9’), 140.2 
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(C, C3’), 141.0 (C, C4a’), 151.2 (C, C5a’), 156.9 (C, C12’); HRMS (ESI) calcd for 

(C26H36
35ClN3 + H+) 426.2671, found 426.2664. 

(–)-N-(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)nonane-1,9-diamine [(–)-6e]. It was prepared as 

described for (±)-6a. From nitrile (–)-5e (664 mg, 1.58 mmol), amine (–)-6e (652 mg, 

97% yield) was obtained as a yellow oil; Rf 0.10 (CH2Cl2/MeOH/50% aq. NH4OH 

9:1:0.05). 

(–)-6e·2HCl: [α]20
D=170 (c=0.10, MeOH); mp 126128 °C (CH2Cl2/MeOH 81:19); 

IR (KBr) ν 35002500 (max at 3251, 2923, 2853, N-H, N+-H and C-H st), 1629, 1582, 

1512, 1501 (ar-C-C and ar-C-N st) cm1; the 1H NMR and 13C NMR spectra were 

identical to those of ()-6e; HRMS (ESI) calcd for (C26H36
35ClN3 + H+) 426.2671, 

found 426.2656. 

(+)-N-(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)nonane-1,9-diamine [(+)-6e]. It was prepared as 

described for (±)-6a. From nitrile (+)-5e (499 mg, 1.18 mmol), amine (+)-6e (429 mg, 

86% yield) was obtained as a yellow oil; Rf 0.10 (CH2Cl2/MeOH/50% aq. NH4OH 

9:1:0.05). 

(+)-6e·2HCl: [α]20
D=+186 (c=0.10, MeOH); mp 127128 °C (CH2Cl2/MeOH 65:35); 

IR (KBr) ν 35002500 (max at 3250, 2922, 2853, N-H, N+-H and C-H st), 1629, 1582, 

1512 (ar-C-C and ar-C-N st) cm1; the 1H NMR and 13C NMR spectra were identical to 

those of ()-6e; HRMS (ESI) calcd for (C26H36
35ClN3 + H+) 426.2671, found 426.2668. 

(±)-N-(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)decane-1,10-diamine [(±)-6f]. It was prepared as 

described for (±)-6a. From nitrile (±)-5f (645 mg, 1.48 mmol), amine (±)-6f (581 mg, 
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90% yield) was obtained as a yellow oil; Rf 0.06 (CH2Cl2/MeOH/50% aq. NH4OH 

9:1:0.05). 

(±)-6f·2HCl: mp 179180 °C (CH2Cl2/MeOH 82:18); IR (KBr) ν 35002500 (max at 

3382, 3235, 2997, 2926, 2853, 2790, N-H, N+-H and C-H st), 1630, 1582, 1512 (ar-C-C 

and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.301.46 (complex signal, 12H, 

3-H2, 4-H2, 5-H2, 6-H2, 7-H2, 8-H2), 1.58 (s, 3H, 9’-CH3), 1.66 (tt, J≈J’≈7.2 Hz, 2H, 9-

H2), superimposed in part 1.87 (tt, J≈J’≈7.6 Hz, 2H, 2-H2), superimposed 1.831.96 (m, 

1H, 13’-Hsyn), superimposed in part 1.94 (br d, J≈17.6 Hz, 1H, 10’-Hendo), 2.08 (dm, 

J≈12.4 Hz, 1H, 13’-Hanti), 2.56 (dd, J=17.6 Hz, J’=4.4 Hz, 1H, 10’-Hexo), 2.77 (m, 1H, 

7’-H), superimposed in part 2.88 (d, J=18.0 Hz, 6’-Hendo), superimposed in part 2.91 (tt, 

J≈J’≈7.8 Hz, 2H, 10-H2), 3.21 (dd, J=18.0 Hz, J’=5.6 Hz, 1H, 6’-Hexo), 3.47 (m, 1H, 

11’-H), 3.99 (tt, J≈J’≈7.2 Hz, 2H, 1-H2), 4.85 (s, NH and +NH), 5.59 (br d, J=4.8 Hz, 

1H, 8’-H), 7.55 (dd, J=9.6 Hz, J’≈2.0 Hz, 1H, 2’-H), 7.80 (d, J=2.0 Hz, 1H, 4’-H), 8.40 

(d, J=9.6 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, CD3OD) δ 23.5 (CH3, 9’-CH3), 27.3 

(CH, C11’), 27.5 (CH2, C3), 27.8 (CH + CH2, C7’, C4), 28.6 (CH2, C5), 29.3 (CH2, 

C13’), 30.2 (CH2), 30.3 (CH2), 30.4 (CH2), 30.5 (CH2) (C6, C7, C8, C9), 31.3 (CH2, 

C2), 36.0 (CH2), 36.1 (CH2) (C6’, C10’), 40.8 (CH2, C10), 49.7 (CH2, C1), 115.6 (C, 

C12a’), 117.6 (C, C11a’), 119.1 (CH, C4’), 125.1 (CH, C8’), 126.6 (CH, C2’), 129.5 

(CH, C1’), 134.5 (C, C9’), 140.2 (C, C3’), 141.0 (C, C4a’), 151.2 (C, C5a’), 156.9 (C, 

C12’); HRMS (ESI) calcd for (C27H38
35ClN3 + H+) 440.2827, found 440.2820. 

(±)-N-(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)undecane-1,11-diamine [(±)-6g]. It was prepared 

as described for (±)-6a. From nitrile (±)-5g (1.05 g, 2.33 mmol), amine (±)-6g (849 mg, 

81% yield) was obtained as a yellow oil; Rf 0.05 (CH2Cl2/MeOH/50% aq. NH4OH 

9:1:0.05). 
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(±)-6g·2HCl: mp 164165 °C (CH2Cl2/MeOH 79:21); IR (KBr) ν 35002500 (max at 

3385, 3232, 3043, 2924, 2852, 2790, 2651, N-H, N+-H and C-H st), 1630, 1582, 1512 

(ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.261.44 (complex 

signal, 14H, 3-H2, 4-H2, 5-H2, 6-H2, 7-H2, 8-H2, 9-H2), 1.58 (s, 3H, 9’-CH3), 1.67 (tt, 

J≈J’≈6.8 Hz, 2H, 10-H2), superimposed in part 1.87 (tt, J≈J’≈7.2 Hz, 2H, 2-H2), 

superimposed 1.811.93 (m, 1H, 13’-Hsyn), superimposed in part 1.94 (br d, J=17.2 Hz, 

1H, 10’-Hendo), 2.08 (dm, J = 12.4 Hz, 1H, 13’-Hanti), 2.56 (dd, J=17.2 Hz, J’=4.4 Hz, 

1H, 10’-Hexo), 2.77 (m, 1H, 7’-H), superimposed in part 2.91 (d, J=17.6, Hz, 6’-Hendo), 

superimposed in part 2.93 (tt, J≈J’≈7.6 Hz, 2H, 11-H2), 3.21 (dd, J=17.6 Hz, J’=5.6 Hz, 

1H, 6’-Hexo), 3.49 (m, 1H, 11’-H), 3.99 (tt, J≈J’≈7.2 Hz, 2H, 1-H2), 4.85 (s, NH and 

+NH), 5.58 (br d, J=5.2 Hz, 1H, 8’-H), 7.53 (dd, J≈9.6 Hz, J’=2.0 Hz, 1H, 2’-H), 7.82 

(d, J=2.0 Hz, 1H, 4’-H), 8.40 (d, J=9.6 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, CD3OD) 

δ 23.5 (CH3, 9’-CH3), 27.3 (CH, C11’), 27.5 (CH2, C3), 27.8 (CH + CH2, C7’, C4), 28.5 

(CH2, C5), 29.3 (CH2, C13’), 30.2 (CH2), 30.3 (CH2), 30.47 (CH2), 30.51 (CH2), 30.6 

(CH2) (C6, C7, C8, C9, C10), 31.2 (CH2, C2), 36.0 (CH2), 36.1 (CH2) (C6’, C10’), 40.8 

(CH2, C11), 49.6 (CH2, C1), 115.6 (C, C12a’), 117.6 (C, C11a’), 119.1 (CH, C4’), 

125.1 (CH, C8’), 126.6 (CH, C2’), 129.5 (CH, C1’), 134.5 (C, C9’), 140.1 (C, C3’), 

140.9 (C, C4a’), 151.2 (C, C5a’), 156.9 (C, C12’); HRMS (ESI) calcd for (C28H40
35ClN3 

+ H+) 454.2984; found 454.2969. 

(±)-4-{[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-7,11-

methanocycloocta[b]quinolin-12-yl)amino]methyl}benzylamine [(±)-6h]. It was 

prepared as described for (±)-6a. From nitrile (±)-5h (370 mg, 0.93 mmol), amine (±)-

6h (352 mg, 94% yield) was obtained as a yellow oil; Rf 0.11 (CH2Cl2/MeOH/50% aq. 

NH4OH 9:1:0.05). 
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(±)-6h·2HCl: mp 151152 °C (CH2Cl2/MeOH 75:25); IR (KBr) ν 35002500 (max at 

3390, 3245, 3043, 3002, 2899, 2795, 2609, N-H, N+-H and C-H st), 1715, 1700, 1631, 

1583, 1517 (ar-C-C and ar-C-N st) cm1; 1H NMR (400 MHz, CD3OD) δ 1.61 (s, 3H, 

9’-CH3), superimposed in part 2.00 (br d, J=18.4 Hz, 1H, 10’-Hendo), superimposed 

1.962.00 (m, 1H, 13’-Hsyn), 2.10 (dm, J=12.4 Hz, 1H, 13’-Hanti), 2.57 (dd, J≈18.4 Hz, 

J’≈4.8 Hz, 1H, 10’-Hexo), 2.80 (m, 1H, 7’-H), 2.82 (dm, J=18.0 Hz, 1H, 6’-Hendo), 3.25 

(dd, J=18.0 Hz, J’=5.8 Hz, 1H, 6’-Hexo), 3.54 (m, 1H, 11’-H), 4.14 (s, 2H, CH2NH2), 

4.85 (s, NH and +NH), 5.25 (s, 2H, CH2NH), 5.61 (br d, J=4.8 Hz, 1H, 8’-H), 7.34 (dd, 

J=9.2 Hz, J’=2.4 Hz, 1H, 2’-H), 7.507.57 [complex signal, 4H, 2(6)-H2 and 3(5)-H2), 

7.78 (d, J=2.4 Hz, 1H, 4’-H), 8.21 (d, J=9.2 Hz, 1H, 1’-H); 13C NMR (100.6 MHz, 

CD3OD) δ 23.5 (CH3, 9’-CH3), 27.6 (CH, C11’), 27.9 (CH, C7’), 29.3 (CH2, C13’), 

36.1 (CH2), 36.3 (CH2) (C6’, C10’), 43.9 (CH2, CH2NH), 51.7 (CH2, CH2NH2), 115.6 

(C, C12a’), 118.4 (C, C11a’), 119.3 (CH, C4’), 125.1 (CH, C8’), 126.7 (CH, C2’), 

128.5 [CH, C2(6)], 129.3 (CH, C1’), 130.9 [CH, C3(5)], 134.2 (C), 134.6 (C), 140.0 (C) 

(C1, C4, C9’), 140.3 (C, C3’), 140.9 (C, C4a’), 151.9 (C, C5a’), 157.3 (C, C12’); 

HRMS (ESI) calcd for (C25H26
35ClN3 + H+) 403.1575, found 403.1578. 
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Figure S1. Superposition of hybrid (–)-7h (bound to human AChE; shown as yellow 

sticks) and huprine X (bound to Torpedo californica AChE; shown as green sticks). 
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Figure S2. Superposition of hybrid (–)-7h (bound to human AChE; shown as yellow 

sticks) and bis(7)-tacrine (bound to Torpedo californica AChE; shown as orange sticks). 
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Figure S3. Representation of the two druggable sites in BACE-1 (shown as cyan 

cartoon) obtained from the analysis of MDpocket suitable to accommodate the huprine 

and hydroxyanthraquinone moieties present in the hybrids. The first binding site (BS1; 

yellow spheres) encompasses the catalytic site, including Asp32 and Asp228 (shown as 

magenta sticks) and is shaped by the β-hairpin loop commonly known as the "flap" 

(shown in blue). The second binding site (BS2; orange spheres) encompasses the 

exosites P5–P7 reported by Turner et al.1 
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BBB Permeation Assay.   

Table S1. Literature and Experimental Permeability (Pe 10–6 cm s–1) Values in the 

PAMPA-BBB Assay of 14 Commercial Drugs Used for Assay Validation. 

Compound  Bibliography 

valuea 

Experimental 

value (n=3)  ± S.D. 

Verapamil 16 23.4 ± 3.21 

Testosterone 17 22.6 ± 2.10 

Costicosterone 5.1 8.02 ± 0.90 

Clonidine 5.3 7.7 ± 0.5 

Ofloxacin 0.8 0.08 ± 0.01 

Lomefloxacin 1.1 0.70 ± 0.08 

Progesterone 9.3 16.8 ± 0.03 

Promazine 8.8 13.8 ± 0.4 

Imipramine 13 12.3 ± 0.1 

Hydrocortisone 1.9 1.52 ± 0.21 

Piroxicam 2.5 1.92 ± 0.29 

Desipramine 12 17.8 ± 0.1 

Cimetidine 0.0 0.7 ± 0.03 

Norfloxacin 0.1 0.9 ± 0.02 
a From ref. 2. 
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Appendix (elemental analysis data) 

 
 

Compound Molecular Formula Calculated Found 

  C H N Cl C H N Cl 

(±)-7a·HCl·1.5H2O C37H34ClN3O5·HCl·1.5H2O 63.52 5.47 6.01 10.13 63.39 5.72 5.64 10.91

(±)-7b·HCl·1.25H2O C38H36ClN3O5·HCl·1.25H2O 64.36 5.61 5.93 10.00 64.52 5.55 5.83 10.50

(±)-7c·HCl·0.5H2O C39H38ClN3O5·HCl·0.5H2O 66.01 5.68 5.92 9.99 66.26 5.64 5.90 9.63 

(±)-7d·HCl·H2O C40H40ClN3O5·HCl·H2O 65.57 5.92 5.73 9.68 65.52 5.86 5.83 9.35 

(±)-7e·1.3HCl·1.25H2O C41H42ClN3O5·1.3HCl·1.25H2O 64.61 6.06 5.51 10.70 64.51 6.00 6.10 10.97

(–)-7e·HCl·H2O C41H42ClN3O5·HCl·H2O 65.95 6.07 5.63 9.50 65.50 6.07 5.20 9.91 

(+)-7e·1.25HCl·0.75H2O C41H42ClN3O5·1.25HCl·0.75H2O 65.54 6.00 5.59 10.62 65.79 6.28 5.80 10.89

(±)-7f·HCl·0.5H2O C42H44ClN3O5·HCl·0.5H2O 67.11 6.17 5.59 9.43 66.76 6.26 5.27 9.91 

(±)-7g·HCl·0.5H2O C43H46ClN3O5·HCl·0.5H2O 67.44 6.32 5.49 9.26 67.52 6.46 5.30 9.51 

(±)-7h·1.1HCl·1.4H2O  C40H32ClN3O5·1.1HCl·1.4H2O 65.32 4.92 5.71 10.12 65.32 5.06 6.09 10.15
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4.4 Inhibidores	
   Multipotentes	
   ChE-­‐MAO:	
   Híbridos	
   donepezilo-­‐

PFN9601	
  	
  

La primera aproximación para obtener una familia de compuestos multipotentes 

de utilidad terapéutica en la EA partió de la amplia experiencia del grupo en el diseño 

de inhibidores de AChE69,91–93, y en concreto, de híbridos basados en donepezilo94–96. 

En colaboración con el grupo de la Prof. Mercedes Unzeta de la Universidad Autónoma 

de Barcelona se llevó a cabo el diseño de una familia de híbridos que combinaban 

características estructurales de donepezilo y de PFN960197, un inhibidor irreversible 

selectivo de MAO B, unidos mediante una cadena oligometilénica. La nueva familia de 

híbridos combinaría los efectos de mejora cognitiva de los inhibidores de AChE con el 

retraso en la neurodegeneración asociada a los iMAO B. Además, debido a su longitud 

y a la presencia de dos grupos cargados positivamente a pH fisiológico, los compuestos 

podrían actuar como inhibidores de sitio de unión dual en AChE, lo que permitiría 

reducir la agregación Aß inducida por este enzima34. 

 
Figura 4.1. Estrategia de hibridación conjuntiva planteada para la obtención de híbridos  

donepezilo-PFN9601. El motivo benzylpiperidina debería alojarse en el CAS de AChE, mientras que 

grupo indoil-propargyl-amino reúne las características para interaccionar con el PAS de AChE y actuar 

como inhibidor irreversible de MAO.  
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En base a la evaluación farmacológica llevada a cabo como parte del proyecto 

de tesis de la Dra. Irene Bolea en la Facultad de Medicina de la Universidad Autónoma 

de Barcelona, se propuso el compuesto 23 como cabeza de serie para su ulterior 

desarrollo. 

 IC50 (µM) IC50 (nM) 

 AChE BuChE Selectividad 
AChE /BuChE MAO A MAO B Selectividad 

B/A 
4, donepezilo 0.007 7.4 1100 850000 15000 - 

20, PFN9601 >100 >100 - 100 63 0.63 

21 0.31 1.1 3.5 82 750 9.1 

22 0.42 2.1 5.0 6.7 130 19 

23 0.35 0.46 1.3 5.2 43 8.3 

24 0.26 0.99 3.8 10 2700 260 

25 >100 0.80 - 140 1400 10 

26 18.1 2.2 0.12 65 11000 170 

27 >100 7.6 - 31 1600 54 

Tabla 4.1. Principales actividades farmacológicas de los híbridos donepezilo-PFN9601. Las 

principales singularidades de la relaciones estructura actividad se relacionan con la longitud de la cadena 

oligometilénica. 

A pesar de su moderada actividad frente a AChE y BuChE, el perfil 

farmacológico de 23 resultaba atractivo por su potente actividad inhibidora de ambas 

isoformas de MAO (mayor que la del compuesto original PFN9601), así como por su 

capacidad de inhibir tanto la autoagregación de ßA como la agregación inducida por 

AChE de forma similar a donepezilo (22% de inhibición a una concentración de 

100µM). 

Dentro del prometedor perfil farmacológico de 23, las relaciones estructura-

actividad presentaban algunas características llamativas. En primer lugar, la inhibición 
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de AChE no se veía afectada cuando la longitud de la cadena oligometilénica variaba de 

1 a 4 carbonos, pero esta misma modificación tenía un efecto significativo en la 

actividad frente a ambas isoformas de MAO. En segundo lugar, la posición del 

nitrógeno en el anillo de piperidina tenía un marcado efecto en la inhibición de todos los 

enzimas. Por último, 23 provocaba una rápida inhibición de MAO A, pero la inhibición 

de MAO B era más lenta y requería de un tiempo de incubación más prolongado para 

originar una inhibición irreversible. Con objeto de proporcionar una base estructural a 

las cuestiones anteriores, se llevaron a cabo una serie de estudios de modelización en los 

que se combinaron docking, dinámica molecular y métodos de estimación de la energía 

de unión. 

4.4.1 Inhibición	
  de	
  AChE	
  

La estructura de 23 reunía las características necesarias para actuar como 

inhibidor dual de AChE, y por este motivo era necesario considerar la plasticidad del 

sitio de unión periférico. Las diferentes conformaciones del PAS quedan determinadas 

principalmente por la orientación del residuo Trp286 (Trp279 en TcAChE) , dado que 

este residuo es capaz de adoptar al menos tres orientaciones diferentes en función del 

compuesto que ocupa la garganta catalítica (Tabla 4.2). Para representar dicha 

variabilidad estructural, se emplearon tres modelos de proteína en los que se conservó la 

orientación de los residuos del CAS correspondiente al complejo donepezilo-TcAChE y 

se varió la orientación del residuo Trp286 en el PAS. 
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Código 
PDB Ligando χ1: N-Cα-Cβ-Cγ χ2: Cα-Cβ-Cγ-Cδ2 

1EVE98 Donepezilo 308 276 
1Q8399 syn-TZ2PA6 198 196 

2CKM100 bis(7)-tacrina 239 44 

Tabla 4.2 Conformaciones descritas mediante cristalografía de rayos X para el residuo Trp286. 

Adaptada de Camps et. al.71 

Tras seleccionar 3 modos de unión posibles (1 por cada modelo de proteína) 

mediante cálculos de docking, las simulaciones de dinámica molecular demostraron la 

estabilidad del modo de unión AChE (1EVE), en el cual el compuesto 23 reproducía los 

rasgos estructurales hallados para donepezilo en su complejo con TcAChE. (Figura 4.2). 

 
Figura 4.2. Modo de unión de 23 en AChE. Los rasgos estructurales del sitio de unión y la orientación 

del compuesto son similares a los descritos para donepezilo. Se sobreponen la posición del ligando 

(átomos de C en naranja) y de los residuos del sitio de unión (átomos de C en verde) durante los últimos  

5 ns de dinámica molecular. La posición de donepezilo se representa en rosa. 
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En ambos casos el motivo benzilpiperidina ocuparía el sitio de unión catalítico, 

estableciendo una interacción de tipo π-stacking (asistida por la presencia de una carga 

positiva) con el residuo Trp86 (Trp84 en TcAChE), aunque esta interacción parecía 

menos estable en el caso de 23, ya que la movilidad del compuesto era mayor. El 

cambio de orientación del residuo Tyr341 (Tyr334 en TcAChE) facilitaría el 

acomodamiento del anillo de indol de 23 entre este residuo y el residuo Trp286 en el 

PAS. Una molécula de agua se situaría entre el nitrógeno protonado del motivo 

piperidina y el hidroxilo de los residuos Tyr124  y Ser125 (Tyr121 y Ser122 en 

TcAChE), mediando una interacción de puente de hidrógeno. 

Las relaciones estructura-actividad quedarían explicadas por el modelo 

AChE(1EVE), ya que en compuestos con una cadena oligometilénica más corta, 

asumiendo que el motivo benzilpiperidina ocupa el centro catalítico, podrían 

acomodarse fácilmente en la garganta catalítica y el anillo de indol podría acomodarse 

de forma similar, manteniendo la interacción por π-stacking con los residuos Trp286 y 

Tyr341. Por el contrario, la falta de afinidad observada al invertir el motivo piperidina 

estaría motivada por la pérdida de la interacción mediada por agua con los residuos 

Tyr124 y Ser125) y por un debilitamiento de la interacción con el residuo Trp86. 

4.4.2 Inhibición	
  de	
  MAO	
  

El punto de mayor interés en la unión a MAO concierne al diferente 

comportamiento cinético de 23 en ambas isoformas. En primer lugar, mediante cálculos 

de docking molecular se obtuvieron modelos iniciales de unión a ambas isoformas en 

los que los que el motivo indolilpropargilamino quedaba acomodado en la cavidad 

catalítica, cerca del anillo de isoxazolina del cofactor. Los modelos obtenidos se 

validaron empleando simulaciones de dinámica molecular, que en ambos casos 
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originaron trayectorias estables, con valores promedio de rmsd del esqueleto peptídico 

inferiores a 1.4 Å y de los residuos de la cavidad catalítica inferior a 2.0 Å. La relación 

de la actividad con la longitud de la cadena oligometilénica puede explicarse por el 

hecho de que es precisamente esta sección de la molécula la que ocupa la región de 

bottleneck, situada entre el sitio de entrada y la cavidad catalítica y definida por los 

residuos Phe208 e Ile325 en MAO A, y por Tyr326 e Ile199 en MAO B. Los derivados 

con cadenas oligometilénicas más cortas (de 0 y 1 metilenos) carecerían de la 

flexibilidad necesaria para acomodarse a través de este cuello de botella, mientras que 

en el caso del compuesto 17, con una cadena de 3 metilenos, sería demasiado largo para 

quedar alojado en el sitio de unión lo que explicaría su menor actividad inhibitoria 

(Figura 4.3). 
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Figura 4.3. Modo de unión de 23 en MAO A (A) y MAO B (B). La posición del compuesto en ambos 

casos es similar aunque la orientación es diferente. Se sobreponen la posición del ligando (átomos de C en 

naranja) y de los residuos del sitio de unión (átomos de C en verde) durante los últimos 5 ns de dinámica 

molecular.  

La estabilidad estructural de los modelos de unión en ambas isoformas 

(traducida a su vez en predicciones de energía libre de unión similares) no permitía 

explicar las diferencias en la cinética de inhibición de ambos compuestos. Sin embargo, 

cabe destacar que a pesar de compartir la mayor parte de los rasgos estructurales, los 

modelos divergían en la posición del grupo propargilamina. Así, al comparar la 

distancia entre el átomo de nitrógeno del FAD que queda modificado en la inhibición 
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covalente y el átomo de carbono unido al nitrógeno protonado del grupo propargilamina 

de 23, podía observarse que en MAO A esta distancia era, en promedio durante los 

últimos 5 ns de trayectoria de MD, de 6.8 Å, mientras que en MAO B era de 7.7 Å. El 

análisis de las estructuras cristalográficas de complejos de MAO modificados 

covalentemente con derivados tipo propargilamina, reveló que en estos complejos el 

carbono que soporta el nitrógeno protonado ocupa una posición cercana a la observada 

en el modelo 23-MAO A  (Figura 4.4), lo que podría explicar la mayor velocidad de 

inhibición. 

 
Figura 4.4. Superposición de las estructuras cristalográficas de los complejos de MAO B con 

selegilina (átomos de C en lila), rasagilina (átomos de C en blanco) y uno de sus derivados (átomos 

C en verde). Las esferas marcan la posición del carbono de 23 unido al nitrógeno cargado a lo largo de 

los últimos 5 ns de dinámica molecular en MAO A (izquierda) y MAO B (derecha). 

Para probar la hipótesis anterior, se emplearon dos aproximaciones. En primer 

lugar, mediante restricciones en cálculos de simulaciones de dinámica molecular se 

forzó que 23 ocupara la posición que debería tener tras reaccionar con el FAD, y se 

empleo la técnica de MM/PBSA para evaluar la estabilidad energética de las posiciones 

intermedias. En el caso del modelo 23-MAO A se observó que la energía de interacción 

era 7 kcal/mol más favorable en la posición reactiva que en la inicial, mientras que en el 

caso de MAO B se observó la tendencia opuesta, siendo la posición final menos estable 
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en 6 kcal/mol. Estos cambios indicarían que la adopción de una conformación reactiva 

está más impedida en MAO B, en concordancia con los resultados experimentales. En 

segundo lugar, la confirmación de los resultados anteriores se llevo a cabo realizando 

simulaciones de dinámica molecular del complejo post-reactivo entre 23 y el FAD. 

Ambos modelos dieron lugar a trayectorias estables, pero en el caso del modelo 23-

MAO B se observó que acomodar el complejo post-reactivo requería una mayor 

deformación de los residuos del sitio de unión, reflejada en un incremento mayor del 

rmsd con respecto a MAO A (Figura 4.5). 

 

Figura 4.5. Gráficos de evolución frente al tiempo de simulación de A) rmsd del complejo post-

reactivo 23-MAO A B) rmsd del complejo post-reactivo 23-MAO B. En negro se representa el rmsd del 

esqueleto peptídico y rojo el rmsd de los resiudos que delimitan el sitio de unión. C) Distancia de 23 al 

FAD (puntos) y energía libre de unión relativa con respecto a la posición inicial (línea) en MAO A 

(negro) y MAO B (rojo). 

En conjunto, los resultados de modelado permitieron racionalizar las 

inconsistencias detectadas en las relaciones estructura-actividad de los inhibidores 

AChe-MAO y permitieron definir las modificaciones que podrían contribuir a mejorar 

el perfil farmacológico, principalmente en cuanto a la selectividad MAO A – MAO B y 

reducir los riesgos de desencadenar las crisis hipertensivas asociadas al síndrome del 

queso. Una primera aproximación consistiría en extender la cadena oligometilénica y 

sustituir el fragmento correspondiente a PFN9601 un motivo estructural más pequeño 

que permitiera una mejor adaptación de los híbridos al sitio de unión de MAO B y no 
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modificara sustancialmente la capacidad de inhibición sobre AChE. Alternativamente, 

el empleo de motivos estructurales diferentes en el fragmento iMAO podría emplearse 

para obtener inhibidores reversibles de perfil farmacológico más seguro y que 

mantuvieran la actividad antidepresiva de los híbridos, ausentes en derivados selectivos 

MAO B. 

4.5 Exploración	
   de	
   la	
   selectividad	
   de	
   inhibidores	
   en	
   MAO:	
  

Dicarbonitrilo	
  aminoheterociclos	
  

Modular la actividad inhibitoria frente a ambas isoformas de MAO era uno de 

los aspectos en los que existía mayor margen de mejora del perfil farmacológico de los 

inhibidores multipotentes ChE-MAO. Debido a los efectos adversos asociados al uso de 

inhibidores irreversibles MAO A, un inhibidor ChE-MAO irreversible debería ser 

selectivo MAO B. Alternativamente, un perfil de inhibidor reversible permitiría la 

obtención de fármacos con acción antidepresiva, neuroprotectora y con menor 

probabilidad de causar efectos adversos, ya que en el intestino podrían ser desplazados 

por las aminas bioactivas ingeridas con la dieta101–104. Debido a la elevada identidad de 

secuencia (73%) entre las isoformas A y B de MAO, la selectividad de sustrato está 

determinada por sutiles diferencias en la estructura y el diseño racional de compuestos 

selectivos requiere conocer los factores moleculares que la determinan.  

En este contexto, en el grupo se inició una colaboración con el grupo de la Dra. 

Rona Ramsay de la Universidad de St. Andrews en Escocia, con el objetivo de 

identificar residuos aminoacídicos que pudieran jugar un rol en la selectividad de los 

inhibidores. Como modelo se escogió una serie de aminoheterociclos relacionados 

estructuralmente con brofaromina (Tabla 4.3), un inhibidor MAO A reversible, que 

presentaban una estructura tipo biarilo y cuya actividad estaba fuertemente influenciada 
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por el patrón de sustituciones. La presencia de sustituyentes tipo carbonitrilo pretendía 

reproducir el efecto potenciador de la inhibición de MAO previamente descrito para el 

ion cianuro105,106. 

Compuesto X, Y, Z MAO A 
IC50 Ki 

 

28a X= Cl 19 3.0 
28b X= CH3 10 - 
28c X= H 35 - 
28d X= NO2 22 - 
28e X= OCH3 39 - 
28f X= F 89 26 

 

29a X= N, Y= CH, Z= CN 40% at 500 µM - 
29b X=CH, Y= N, Z= CN 130 - 
29c X= N, Y= CH, Z= CO2H none - 

 

30a X= O 475 - 

30b X= S 67 - 

 

31 - 50% at 1 mM - 

 

32a X= Cl 6.6 2 
32b X= CH3 15 3.4 
32c X= H 23 - 
32d X= OCH3 11 7.5 

 

33a X= Cl 0.77 0.10 
33b X= CH3 0.55 0.08 
33c X= OCH3 0.10 0.02 

 

34a X= Cl none - 

34b X= CH3 10% at 30 µM - 

 

35 - 1.2 0.17 

Tabla 4.3. Principales actividades farmacológicas de los dicarbonitrilo aminoheterociclos. El patrón 

de substituciones es clave en la actividad de los compuestos 
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Sólo en el caso de los compuestos tipo 33 la serie alcanzaba valores de actividad 

submicromolar, siendo destacable el hecho de que la inclusión del segundo sustituyente 

carbonitrilo originaba una disminución en la constante de inhibición (Ki) de entre 20 

(X=Cl) a 350 veces (X=OCH3) con respecto a los derivados con un sólo sustituyente 

carbonitrilo. Por otra parte, la actividad inhibitoria de MAO B de ambos tipos de 

compuestos era muy similar (32a 3.5 µM / 33a 3.2 µM). El dato más llamativo, sin 

embargo, lo aportaron los estudios espectroscópicos realizados por la Dra. Ramsay, que 

demostró que las propiedades espectroscópicas del FAD eran alteradas de forma 

diferente por la unión de compuestos de la familia 33 o de la familia 32. Así, la unión de 

los primeros originaba efectos batocrómicos (desplazamiento del máximo de 

absorbancia de 456 a 459 nm) e hipercrómicos (aumento de la intensidad de absorción a 

500 nm). Contrariamente, la incubación de MAO A junto a compuestos de tipo 32 

ocasionaban un efecto hipocrómico en la región de 400 a 500 nm y un desplazamiento 

hipsocrómico (máximo de absorbancia desplazado de 455 a 453 nm). Por último la 

unión de 33a a la isoforma B producía un efecto hipocrómico a 495 nm similar al 

observado para el complejo 32a-MAO A. Paralelamente a los cambios 

espectroscópicos, la Dra. Ramsay también describió como ambas familias alteraban de 

forma diferente las propiedades redox del FAD, hecho reflejado en la aparición de una 

banda espectroscópica correspondiente a la presencia de la especie semiquinona 

(FADH�) durante la titulación del complejo 32a-MAO A con ditionito sódico. Por el 

contrario, la titulación del complejo 33a-MAO A no reveló la aparición de la especie 

semiquinona (Figura 4.6). 

Los cambios de las propiedades espectroscópicas y redox del cofactor reflejan 

las alteraciones en su entorno provocadas por la unión del ligando107–109, por lo que los 

diferentes efectos promovidos por la unión de compuestos tipo 32 y tipo 33 sugería que 
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la red de interacciones establecida por ambos tipos de compuesto en MAO A era 

diferente y, por tanto, implicaban modos de unión diferentes. 

 
Figura 4.6. Evidencias espectroscópicas de redes de interacciones diferentes para 32a y 33a en 

MAO A. A) Espectros de substracción para los complejos 32a-MAO A y 33a-MAO A B) Titulación con 

ditionito sódico de los complejos 32a-MAO A y 33a-MAO A. 

4.5.1 Modelización	
  de	
  la	
  unión	
  de	
  33a	
  a	
  MAO	
  A	
  oxidada	
  

Mediante la utilización de estudios de docking molecular se obtuvieron dos 

posibles modos de unión del compuesto 33a a la forma oxidada de MAO A. En el 

primero de ellos (modo NH2-down) la orientación del compuesto encaraba el 

sustituyente amino y el residuo Asn181, mientras que el grupo nitrilo en posición C3 se 

localizaba por debajo del anillo de isoxazolina del FAD. En el segundo modo de unión 

(modo NH2-up), la orientación del compuesto era opuesta, reflejando un giro de 

aproximadamente 180 grados respecto al modo NH2-down: el sustituyente amino 

quedaba orientado hacia el nitrógeno N5 del grupo prostético.  
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La combinación de simulaciones de dinámica molecular con la estimación de 

energía libre de unión obtenida con la técnica de Solvent Interaction Energy (SIE) 

permitió establecer la mayor estabilidad estructural y energética del modo NH2-down. 

En este modo de unión, la amina participaría en dos interacciones de puente de 

hidrógeno mediadas por agua con los residuos Asn181 y los carbonilos del esqueleto 

peptídico de los residuos Ile207 y Gly443. El grupo nitrilo en C3 interaccionaría con 

una molécula de agua, que a su vez se encontraría unida por puentes de hidrógeno al 

grupo amino del residuo Lys305 y al átomo de nitrógeno N5 del FAD, en una 

interacción similar a la observada para un grupo sulfonamida en el complejo entre 

zonisamida y MAO B (PDB ID: 3PO7110). El grupo nitrilo en C4 ocuparía la cavidad 

hidrofóbica definida por los residuos Tyr69, Ile335, Leu337, Met350 y Phe352. El  

átomo de cloro unido al benceno interaccionaría con el residuo Leu97. Estas 

interacciones anclarían firmemente 33a en la cavidad catalítica y explicarían la mínima 

distorsión ocasionada a los residuos que delimitan el sitio de unión ( RMSD < 1.5 Å ) y 

la energía de unión más favorable ( ∆∆Gbin ~ -1 kcal/mol). 

 
Figura 4.7 Representación de los modos de  NH2-down (A) y NH2-up (B) para 33a en la forma 

oxidada de MAO A. Cada uno de ellos presenta una red interacciones característica. Se representan la 

posición del ligando (átomos de C en naranja) y de las moléculas de agua relevantes (esferas rojas) a 20, 

22, 24,26,28 y 30 ns. 
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4.5.2 Modelización	
  de	
  la	
  unión	
  de	
  33a	
  a	
  MAO	
  A	
  reducida	
  

En contraste con los resultados obtenidos en la forma oxidada, los resultados de 

docking en la forma reducida de MAO A proporcionaron un sólo modo de unión entre 

las soluciones mejor puntuadas. Este modo de unión compartiría los principales rasgos 

estructurales del modo NH2-down en la forma oxidada. El refinado mediante dinámica 

molecular dio lugar a un modo de unión con una red de interacciones muy similar al 

hallado para la forma oxidada, pero en la que se establecía una interacción por puente 

de hidrógeno entre el nitrilo en C3 y el N5 del FAD, que en su forma reducida (FADH2) 

se comportaría como donador de puente de hidrógeno. Esta interacción estabilizaría la 

forma totalmente reducida del cofactor y permitiría explicar la desaparición del pico 

correspondiente a la especie semiquinona en los estudios espectroscópicos.  

 
Figura 4.8 Representación del modo de unión de 33a a la forma reducida de MAO A. El modo de 

unión presenta similitudes con el modo de unión NH2-down hallado en el caso de la forma oxidada. Se 

representan la posición del ligando (átomos de C en naranja) y de las moléculas de agua relevantes 

(esferas rojas) a 20, 22, 24,26,28 y 30 ns. 

De esta forma, los resultados de modelado molecular permitieron identificar 

como los sustituyentes amino y nitrilo en C4 modulaban la actividad y selectividad de 
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los compuestos. En primer lugar, el grupo amino sería el nodo central de una red de 

puentes de hidrógeno mediados por agua y, en segundo lugar, el nitrilo proporcionaría 

un punto de anclaje adicional al ocupar la cavidad hidrofóbica formada por los residuos 

Tyr69, Leu337, Met350 y Phe352. Este punto de anclaje explicaría la menor actividad 

de los compuestos tipo 32 (Ki en el rango µM bajo) y  la similar actividad de los 

compuestos 33a (Ki = 0.10 µM)  y 28 (Ki = 0.17 µM).  

Mediante los modos de unión obtenidos para 33a también fue posible explicar la 

selectividad MAO A de los compuestos. En primer lugar el cambio Ile335>Tyr326 que 

ocurre en la región entre la entrada y la cavidad catalítica conlleva una modificación  

del sitio de unión del anillo de clorofenilo y del nitrilo en C4, originando alteraciones en 

el modo de unión. En segundo lugar, la red de interacciones propuesta quedaría alterada 

por el cambio Asn181>Cys172 que ocurre en el sitio de unión de la isoforma B. Esta 

última alteración es especialmente importante, ya que abre la puerta al diseño racional 

de nuevos inhibidores selectivos de MAO en base al diferente patrón de interacciones 

establecidas con estos dos residuos. Así, compuestos capaces de establecer una red de 

interacciones similar a los aminoheterociclos dicarbonitrilados deberían presentar 

selectividad MAO A. En el otro extremo, sustituyentes capaces de interaccionar de 

forma estable con el grupo tiol del residuo Cys172 debería conducir al desarrollo de 

inhibidores de MAO B altamente selectivos. 

4.6 	
  Híbridos	
   huprina-­‐rheína:	
   Hacia	
   un	
   fármaco	
   con	
   capacidad	
  

modificadora	
   de	
   la	
   progresión	
   de	
   la	
   enfermedad	
   de	
  

Alzheimer	
  

Paralelamente al desarrollo de los híbridos iChE-iMAO, en el grupo de 

investigación se planteó la modelización de una familia de compuestos híbridos huprina 
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–rheína sintetizados como parte de la tesis de la Dra. Elisabet Viayna en el grupo del 

Dr. Diego Muñoz-Torrero de la Universidad de Barcelona. Dichos compuestos habían 

sido diseñados en base a la inhibición de AChE por parte de huprina Y, así como a la 

actividad inhibidora de la agregación de τ que se asocia a derivados de 

hidroxiantraquinona como emodina o PHF016111,112, bajo la premisa de que la unión de 

ambos compuestos mediante una cadena hidrofóbica permitiría obtener inhibidores de 

AChE de sitio de unión dual (el motivo hidroxiantraquinona reúne las características 

moleculares necesarias para interaccionar mediante π-stacking con el Trp286 del PAS). 

Dichos compuestos, en base a las actividades descritas para emodina y PHF016, 

también debería reducir la agregación de τ, originando compuestos con potencial de 

retrasar la progresión de las dos características histopatológicas principales de la EA. 

 
Figura 4.9. Estrategia de hibridación conjuntiva planteada para la obtención de híbridos huprina-

rheína. La unidad de huprina se incorporó para ser alojada en el CAS de AChE, mientras que el motivo 

antraquinónico de rheína se incorporó para actuar sobre la agregación de la proteína τ.  

El perfil farmacológico de algunos de estos híbridos resultó más amplio de lo 

esperado, ya que, además de inhibidores en rango nM de AChE e inhibidores 
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moderados de la agregación de Aβ y τ, sorprendentemente los compuestos con cadenas 

de 8, 10 y 11 metilenos, así como el derivado con un anillo aromático en la cadena, 

resultaron inhibidores moderados de BACE-1, una actividad ausente en los compuestos 

originales. Especial mención requiere el compuesto con la cadena de nueve metilenos 

45, que en forma racémica resultó ser un inhibidor comparable a memoquina74 y al 

candidato LY2811376 (descartado en ensayos clínicos de fase I por toxicidad ajena a la 

inhibición BACE-1)113.  

 

hAChE 
IC50 (nM)b 

hBChE 
IC50 

(nM)b 

hBACE-1 
IC50 (nM)b 

Agregación de ßA 
inducida por 

AChE 
 (% inhib.)c 

Pe (10−
6 cm s−

1)e 
(Predicción) 

(±)-40 1.07 ± 0.05 950 ± 30 naf 45.0 ± 7.5 20.0 ± 1.0 (SNC+) 
(±)-41 1.52 ± 0.08 1070 ± 40 naf 50.5 ± 8.7 ndg 

(±)-42 3.18 ± 0.16 1460 ± 
160 naf 52.5 ± 2.9 27.5 ± 0.7 (SNC+) 

(±)-43 4.36 ± 0.22 350 ± 20 980 ± 170 44.7 ± 8.4 22.4 ± 1.3 (SNC+) 
(±)-44 3.60 ± 0.21 620 ± 20 120 ± 90 48.7 ± 8.4 21.5 ± 0.7 (SNC+) 
(+)-45 2930 ± 285 265 ± 21 80 ± 10 36.9 ± 3.4 ndg 
(–)-45 2.39 ± 0.17 513 ± 58 80 ± 10 38.1 ± 0.7 ndg 
(±)-45 7.61 ± 0.45 1100 ± 40 1190 ± 180 29.2 ± 2.4 18.1 ± 0.7 (SNC+) 
(±)-46 17.4 ± 2.2 645 ± 67 1200 ± 150 38.2 ± 2.6 16.4 ± 1.0 (SNC+) 
(±)-47 18.2 ± 2.2 510 ± 20 2020 ± 440 35.2 ± 1.8 16.3 ± 2.5 (SNC+) 

38 >10000 17000 ± 
4220 nah ndg 2.7 ± 0.1 (SNC+/–) 

(±)-39 1.07 ± 0.05 181 ± 15 ndg 17.1 ± 4.5 23.8 ± 2.7 (SNC+) 
(+)-39 321 ± 16 170 ± 17 >5000i 9.1 ± 3.6 25.4 ± 2.9 (SNC+) 
(–)-39 0.74 ± 0.06 222 ± 17 >5000j 24.7 ± 1.3 23.6 ± 1.1 (SNC+) 

Tabla 4.4. Principales actividades farmacológicas de los híbridos huprina-rheína. De forma 

inesperada, algunos compuestos resultaron ser potentes inhibidores de BACE-1. 

4.6.1 	
  Inhibición	
  de	
  AChE	
  

Para determinar el modo de unión de los híbridos huprina Y-rheína a AChE, se 

utilizó el compuesto con menor flexibilidad de la serie 47. Mediante un protocolo de 

docking similar al descrito en el caso de los compuestos iChE-iMAO, se propuso un 

modo de unión en el que el motivo huprina ocuparía el CAS, de forma similar al 

complejo entre (−)-huprina X y AChE (PDB id: 1E66), mientras que el motivo rheína 
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formaría una doble interacción por π-stacking, quedando empaquetado entre los 

residuos Trp286 y Tyr72 del PAS, análogamente a lo que ocurre con una de las 

unidades de tacrina en el complejo entre AChE y bis(7)-tacrina (PDB ID: 2CKM), 

aunque en el caso de los híbridos huprina-rheína no existiría una carga positiva capaz de 

reforzar esta interacción (Figura 4.10). Esta menor intensidad del empaquetamiento, 

unido a la ausencia de interacciones específicas entre los grupos polares de la unidad de 

rheína y los residuos del PAS explicaría por que, comparados con huprina Y, todos los 

compuestos de la serie resultaron aproximadamente equipotentes. 

 
Figura 4.10. Modo de unión de 47 en AChE. Los rasgos estructurales del sitio de unión (lila) y la 

orientación del compuesto (azul) son similares a los descritos para bis(7)-tacrina (amarillo). Se muestra el 

modo de unión obtenido mediante cálculos de docking. 

4.6.2 Inhibición	
  de	
  BACE-­‐1	
  

El modo de unión de los híbridos huprina–rheína a BACE-1 se estudió en tres 

etapas. En primer lugar se empleo el programa MDpocket114 para localizar cavidades 

capaces de alojar moléculas tipo fármaco en un set de 4 estructuras obtenidas por 

cristalografía de Rayos X (PDB IDs: 1M4H115, 1SGZ116, 2OHL117 y 3CIB118). A 

continuación, en aquellas cavidades comunes a las 4 estructuras, se realizaron cálculos 
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de docking de las unidades huprina y rheína, lo que permitió identificar 2 sitios de unión 

que reunían las características fisicoquímicas necesarias para albergarlas. El primero de 

ellos (SU1) correspondía al sitio catalítico donde se localiza la díada Asp32-Asp228 

responsable de la actividad de la enzima. El segundo sitio de unión (SU2) se localizaba 

en la hendidura que acomoda el sustrato natural, a 9 Å de SU1. Finalmente, la tercera 

etapa consistió en explorar posibles modos de unión de los enantiómeros (+)47 y  (−)47 

a SU1 y SU2. La elección de 47 como compuesto modelo se debió a que, a pesar de ser 

el compuesto menos potente, su mayor rigidez estructural facilitaba una exploración 

exhaustiva de los posibles modos de unión.  

Combinando docking y simulaciones de dinámica molecular se identificó un 

modo de unión en el que la unidad de huprina Y ocuparía el sitio catalítico, mientras 

que el motivo hidroxiantraquinona ocuparía la cavidad SU2 (Figura 4.11). 

Concretamente, el motivo aminoquinolina de la unidad de huprina, protonado a pH 

fisiológico, establecería una interacción de puente salino con la díada catalítica, y el 

biciclo ocuparía la cavidad lipófila definida por los residuos Leu30, Phe108, Ile110 e 

Ile118. El motivo hidroxiantraquinona quedaría estabilizado por interacciones 

electrostáticas con la cadena lateral del residuo Lys321 y por puentes de hidrógeno con 

el carbonilo del esqueleto peptídico del residuo Phe332  y con la cadena lateral del 

residuo Asn223. Además, en el caso del enantiómero (−)47, se encontró un modo de 

unión alternativo de rheína a SU2 caracterizado por la interacción electrostática con el 

residuo Arg307. En ambos casos, la mayor flexibilidad de la cadena nonametilénica de 

45 con respecto a la cadena de 47 permitiría un mejor acomodo a ambos sitios de unión, 

explicando la mayor actividad del primero.  
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Figura 4.11. Modo de unión de 47 en BACE-1. El motivo huprina interacciona con el residuo Asp32, 

mientras que la unidad de rheína queda acomodado en el sitio de unión SU2.  

Recapitulando, el modelado molecular permitió describir como los híbridos 

huprina Y–rheína se unían a AChE, dando explicación a la ausencia de mejora de los 

híbridos con respecto al compuesto original y, principalmente, permitió obtener un 

modo de unión a BACE-1 en el que se identificaba una cavidad que, en nuestro 

conocimiento, no ha sido previamente explotada en el diseño basado en estructura de 

inhibidores de BACE-1, abriendo la puerta al diseño racional de nuevos inhibidores mas 

potentes.  
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The selective interaction of two chemical entities is a phenomenon relevant to 

almost any biological process. Starting from earlier works by Fisher and his “lock-and-

key” mechanism at the late XIXth century, to the latest reformulations of the 

“conformational selection” or “induced fit” mechanisms, more than a century of studies 

has attempted to unravel the key determinants that underlie molecular recognition2–5. In 

the framework of drug design, it is especially interesting to determine how 

physicochemical properties such as size, shape, hydrophobicity and polarity interplay to 

maximize the electrostatic, steric and hydrophobic complementarity of a small ligand 

with the binding site of a receptor. 

The extraordinary expansion of the Molecular Modeling field in the last years 

has facilitated the design of more and more complex computational experiments, 

reaching a stage where quasi-quantitative predictions of the physicochemical properties 

are feasible for very complex biomolecular systems. In this context, this Doctoral 

Thesis presents the results obtained in the development of new computational 

techniques aimed to the study of drug-like molecules and in the application of already 

established techniques to the rational design of new multitarget directed ligands. 

The objectives pursued during this Doctoral Thesis are focused on two major 

research lines. The first aim deals with the extension and validation of the Multilevel 

strategy (MLS)22 developed earlier in the research group for the exploration of 

conformational preferences of small ligands in condensed phase. The second one 

follows a multidisciplinary effort to rationally design new multitarget directed ligands61–

64 of potential therapeutic utility in Alzheimer’s Disease (AD). In particular, the 

objectives proposed were: 
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A) Extension of the Multilevel strategy. 

A.1) To explore the suitability of sampling methods based in classical 

force fields and to examine their reliability with those obtained with 

semiempirical methods. 

A.2) To apply the Multilevel strategy to charged ligands with the aim 

to calibrate the limits in the applicability of the method. 

B) Development of multitarget directed ligands against Alzheimer’s Disease. 

B.1) To design hybrid ChEi – MAOi compounds and to elucidate the 

molecular determinants that influence their pharmacological profile. 

B.2) To explore the interaction pattern of selective MAO A inhibitors 

in order to identify residues involved in isoform selectivity, which might then be 

utilized as guidelines to optimize the pharmacological profile of ChEi - MAOi 

compounds. 

B.3) To model huprine-rhein hybrids and to disclose the binding mode 

to AChE and BACE-1. 

5.1 Extension	
  of	
  the	
  Multilevel	
  strategy	
  

The Multilevel strategy relies in the Predominant States Approximation23  

developed by Gilson and co workers and pursues the quantitative prediction of the 

conformational preferences of small bioactive molecules, which is still a major 

unsolved challenge in drug design.  
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Figure 5.1. Schematic representation of the Multilevel approach. Minima located during the low level 

sampling (semiempirical or classical methods) are re-scaled according to the energy determined at the 

high level (ab initio methods). 

In the original implementation, a Metropolis-Montecarlo25 simulation 

(performed with the semiempirical RM1 hamiltonian27) was used to explore the 

conformational landscape of molecules and to locate energy wells. Subsequently, the 

relative stability of those wells was recalibrated using ab initio techniques (post-HF or 

DFT). Although the initial studies supported the viability of the methodology, its 

applicability was mainly limited by the computational burden associated to the 

semiempirical sampling, even though this choice avoided an ad hoc parametrization of 

the molecules. On the other hand, the performance of the technique when dealing with 

charged species remained to be explored.  

In this work the suitability of the MLS was tested using two distinct molecular 

systems. We first developed a new implementation that allowed the use of classical 

forcefields for the conformational exploration of a small set of arylethylamines. The 

obtained results were in agreement with the available experimental values and no 

significative differences were found with respect to the results obtained with the prior 

implementation of the method (Figure 5.2).   
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Figure 5.2. Conformational preferences of the arylehtylamines set in aqueous solution. Results are 

shown as relative percentual populations predicted for the classical rotamers gauche(+)-trans-gauche(−). 

Comparison of results obtained with the low level sampling performed using the RM1 semiempirical and 

the gaff classical forcefield75 (upper table). The multilevel refinement is able to correct the discrepancies 

between low level methods (lower table).  

In the second system we established the conformational preferences of the 

aminoglucoside antibiotic streptomycin. With three aliphatic rings and three ionizable 

groups at physiological pH, this molecule poses a scientific challenge and represents an 

excellent example of the complexity of bioactive compounds. Using the MLS we 

identified two major conformational families. The first conformation (ML1, accounting 

for 85% of the population) was attributed to a structure similar to the one previously 

identified using NMR studies79. A second conformation (ML2, with 15% abundance) 

was characterized by a highly tensioned arrangement that allowed for a better solvation 

of the polar groups. Such arrangement was not described in the NMR-derived 

conformational preferences of the free streptomycin in solution. This discrepancy 

should be attributed to the difficulty of accurately reproduce the subtle balance between 

internal energy of conformers and the hydration contribution.  
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Figure 5.3. Comparison of the representative conformation of streptomycin in aqueous solution. 

Major conformation found with NMR (A) and the Multilevel strategy (B) are highly similar. The minor 

conformation found with the Multilevel strategy (C) is characterized by a larger solvent exposure of the 

polar groups 

Altogether, the results established the validity of the new implementation of the 

Multilevel strategy that combines classical force fields with high-level ab initio 

methods. Nevertheless, future studies will be performed to introduce specific 

refinements, such as a more accurate description of solvent effects in high-level 

calculations.  

5.2 Development	
   of	
   multitarget	
   directed	
   ligands	
   against	
  

Alzheimer’s	
  Disease	
  

In the framework of the multidisciplinary collaboration maintained with other 

medicinal chemistry research groups, this doctoral thesis included the modeling of two 

different families of multipotent ligands directed towards validated targets in AD. 

5.2.1 Multipotent	
  ChEi-­‐MAOi:	
  Donepezil-­‐PFN9601	
  hybrids	
  

The first family of compounds was developed by molecular hybridization 

combining donepezil, a known AChE inhibitor, and PFN9601, a selective MAO B 
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inhibitor, in collaboration with Prof. Mercedes Unzeta (Universitat Autònoma de 

Barcelona). Modeling studies were performed to gain insight into the molecular 

determinants that explain the structure-activity relationship (SAR) for the hybrid 

compounds. First, the AChE inhibition was not significantly affected upon extension of 

the methylene chain (from 1 to 4 carbons), but the length of the tether had a dramatic 

effect in the affinity towards both MAO isoforms. Second, the position of the nitrogen 

atom in the piperidine ring was relevant to the inhibition of all enzymes. Last, but not 

least, incubation of MAO A with compound 23 leads to a fast irreversible inhibition, but 

longer incubation times were required to achieve similar results in the case of the 

isoform B. 

Combining docking and molecular dynamics techniques, it was established that 

23 mimicked the binding mode of the parent compound donepezil in AChE. In the case 

of MAO, subtle differences arose between isoforms A and B. Thus, although in both 

cases the propargylamino moiety was found to occupy the catalytic cavity of the 

protein, accounting for its irreversible character, in MAO B the orientation of the ligand 

was slightly different and placed the propargylamino moiety 1.1 Å further from the 

FAD cofactor that in the case of MAO A. The greater distance found in MAO B will 

preclude the propargylamino to be readily available to react with the FAD and will 

probably explain the increased incubation time required to observe the irreversible 

inhibition of the enzyme.  
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Figure 5.4. Binding modes proposed for compound 23 to its main targets. A) AChE B) MAO A and 

C) MAO B. Superposition over the last 5 ns of Molecular Dynamics simulations. 

5.2.2 Exploring	
   the	
   selective	
   inhibition	
   of	
   MAO:	
   Dicarbonitrile	
  

aminoheterocycles	
  

Despite the promising pharmacological profile of the lead compound, the 

inhibitory balance between MAO isoforms was the major concern because the 

combination of MAO A selectivity and irreversible inhibition behavior has been 

strongly associated with the so-called cheese effect57. For this reason, in collaboration 

with Prof. Rona Ramsay (University of St. Andrews), we explored the binding of a 

series of dicarbonitrile-containing aminoheterocycles to identify residues that influence 

inhibitor selectivity. 

Combining docking, molecular dynamics simulations and hybrid QM/MM 

calculations with experimental spectral measurements, we explored the molecular 

patterns that dictated isoform selectivity, but also how the oxidation state of the FAD 

cofactor may influence the binding of these compounds. The results suggested that 
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mono- and dicarbonitrile compounds adopt a distinct binding mode, which explained 

the differential spectral changes occurred upon compound binding. Additionally, they 

allowed us to firmly establishing the role of the substitution pattern of the molecules 

with regard to selectivity and, lastly, identified how the change Asn181 in MAO A to 

Cys172 in isoform B was crucial to explain the MAO A selectivity of the dicarbonitrile-

aminoheterocycle scaffold.  

 
Figure 5.5. Binding modes proposed for dicarbonitrile aminoheterocycle to the oxidized (A and B) 

and reduced (C) form of MAO A. Superposition over the last 10 ns of Molecular Dynamics 

simulations. 

5.2.3 Huprine-­‐rhein	
   hybrids:	
   Toward	
   a	
   disease	
   modifying	
   agent	
   for	
  

Alzheimer’s	
  Disease	
  

The second family of multipotent compounds modeled was a series of huprine-

rhein hybrids of promising pharmacological profile. Surprisingly, in addition to the 

intended AChE inhibition and anti-aggregation activity, some of the compounds 

showed an unexpected mild-to-potent BACE-1 inhibition that implied a potential role as 

disease modifying agents.  

In this context, docking and molecular dynamics simulations were 

complemented with the use of the MDpocket114 software to search for druggable 

cavities. The binding mode of the hybrids to AChE resembled the one described for the 
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bis-7-tacrine67 (PDB id: 2CKM100). In the case of BACE-1, the putative binding mode 

accommodated the huprine moiety close to the catalytic dyad, Asp32-Asp228, while the 

rhein unit was bound to an accessory pocket interacting with residues Arg307 and 

Lys321 (Figure 5.6). It is worth noticing that this cavity is located at the catalytic 

groove, but beyond the usually considered accessory pockets and, to the best of our 

knowledge, has not been previously exploited for rational drug design purposes.  

 
Figure 5.6.  Binding modes proposed for the huprine-rhein hybrids. A) To AChE, as established from 

docking calculations B) To BACE-1. Putative binding mode obtained by combining Mdpocket, docking 

and Molecular Dynamics simulations.  
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6.1 Extension	
  of	
  the	
  Multilevel	
  strategy	
  

- The new implementation of the Multilevel strategy has been successfully 

assessed, providing evidences that the results do not depend on the Low Level 

sampling technique, since the High Level re-calibration of the minima corrects 

the initial differences found between classical and RM1 samplings.  

- The Multilevel strategy predicts the trans/gauche conformational preferences of 

the series of charged arylethylamines with an uncertainty less than 0.4 kcal/mol. 

- The major conformation of streptomycin, a very challenging test due to the 

presence of three charged groups, is correctly identified, even though the results 

also suggest that further refinements might be advisable to improve the 

quantitative predictive power of the method. 

6.2 Development	
   of	
   multitarget	
   directed	
   ligands	
   against	
  

Alzheimer’s	
  Disease	
  

6.2.1 Multipotent	
  ChEi-­‐MAOi:	
  Donepezil-­‐PFN9601	
  hybrids	
  

- Compound 23 mimics the binding mode of donepezil in the catalytic gorge of 

AChE. Differences in the tether should have minor impact regarding the 

accommodation of the indolylpropargylamine unit at the PAS.  

- In MAO A and B, the indolylpropargylamine moiety fills the catalytic site close 

to the FAD accounting for the irreversible inhibition. The accommodation of the 

linker at the bottleneck region explains the dependence of the inhibitory activity 

on the length of the tether. 
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- The different positioning of the indolylpropargylamine moiety explains the 

kinetic differences in inhibiting MAO A and B.  

6.2.2 	
  Exploring	
   the	
   selective	
   inhibition	
   of	
   MAO:	
   Dicarbonitrile	
  

aminoheterocycles	
  	
  

- The different spectral changes triggered in MAO A upon binding of mono- or 

dicarbonitrile compounds likely reflect the different orientation of these 

compounds at the substrate site.  

- The amino and nitrile (at C4 position) susbtituents are essential for the inhibitory 

activity of dicarbonitrile compounds due to the key interactions formed at the 

substrate cavity. 

- The change of Asn181 in MAO A to Cys172 in MAO B is a major contributor 

to the MAO A selectivity exhibited by dicarbonitrile compounds and can be 

further exploited in the design of selective MAO inhibitors.  

6.2.3 	
  Huprine-­‐rhein	
   hybrids:	
   Toward	
   a	
   disease	
   modifying	
   agent	
   for	
  

Alzheimer’s	
  Disease	
  

- The huprine–rhein hybrids bind to AChE in a binding mode that resembles bis-

7-tacrine bound to AChE. While the interaction at the CAS retains the 

recognition trends described for (−)-huprine Y, the absence of a positive charge 

at the rhein unit weakens the interaction at the PAS, which likely accounts for 

the lower inhibitory activity with respect to the parent compound. 

- The proposed binding mode in BACE-1 places the huprine moiety close to the 

catalytic dyad, stabilized by an electrostatic interaction with residue Asp32. In 
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turn, the rhein moiety is accommodated in an accessory pocket identified using 

computational tools and, to the best of our knowledge, previously unexploited 

for rational drug design purposes.  
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