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1. Introduccion

dichos componentes y ser capaz de modularla requiere un profundo conocimiento sobre

la fisicoquimica de la interaccion.

En principio, cuanto mayor sea la complementariedad existente entre ligando y
receptor, tanto mayor sera la afinidad. Ello, pues, implica que debe existir una estrecha
correspondencia entre la distribucion tridimensional de los grupos quimicos presentes
en el ligando y el receptor, ya que ello redundard en un incremento del nimero de

interacciones estabilizantes tanto electrostaticas como de van der Waals.

Entre las contribuciones de tipo electrostatico, la formacion de puentes de
hidrégeno desempefia un papel crucial en el reconocimiento, debido especialmente a su
direccionalidad, aunque no existe un consenso sobre su contribucién energética’'’. La
formacion de un puente de hidrégeno es el resultado de la atraccion electrostatica entre
un adtomo de hidrégeno y un atomo electronegativo como por ejemplo un nitrégeno o un
oxigeno. La fortaleza de la interaccion depende de la distancia entre ambos (tipicamente
entre 2.5 y 3.2 A entre los 4tomos pesados) y del angulo formado por los tres (X-H:-Y,
habitualmente entre 130° y 180°). A distancias mas cortas el puente de hidrégeno puede
tomar un caricter mas covalente que aumenta la energia de interaccién.'' " Ademis, la
fortaleza de un puente de hidrégeno dependera del entorno en el que se encuentre,
siendo mas fuertes en las zonas internas de la proteina donde la constante dieléctrica es
mas pequefia que en las zonas expuestas a un solvente pt:ular."”5 Los puentes salinos y
las interacciones m-cation son igualmente importantes e incluso pueden llegar a ser
determinantes para la formacion del complejo.'® La naturaleza 4cida o basica de algunos
aminoacidos como la arginina, la lisina, la histidina, el glutdmico o el aspértico, hace
que éstos puedan adoptar diferentes estados de protonacion que les confieren carga
positiva 0 negativa. De esta manera, un ligando con carga opuesta podra interaccionar
formando lo que se conoce como un puente salino con un residuo cargado de la

proteina.'”

Las interacciones m-cation se producen entre las cadenas laterales
aromaticas de los residuos de la proteina y/o anillos aromaticos del ligando y se han
descrito como claves en la union de algunos ligandos, caso por ejemplo de (-)-huperzina

A al enzima acetilcolinesterasa (AChE, estructura 1VOT); véase Figura 1.

Finalmente, las interacciones de tipo van der Waals tienen protagonismo a

distancias cortas dado que su intensidad decrece con la distancia a razén de 1/1°.'° Este















































































2. Métodos

diferencial por métodos de diferencias finitas donde la etapa de integracion debe ser
siempre menor que el movimiento mas rapido del sistema (en la escala del

femtosegundo en sistema bioldgicos); véase Tabla 3.1.

A nivel practico hay desarrollados diferentes métodos. En el algoritmo de Verlet'’,
por ejemplo, se utilizan las posiciones y aceleraciones a un tiempo dado 7 y las
posiciones a un tiempo 7-d7 para calcular las posiciones en el siguiente paso, 1+6t. Eso
implica que las velocidades no tienen porqué calcularse y por lo tanto los requisitos de
almacenaje y calculo no son demasiado elevados. El problema de este algoritmo recae
en la precision con que se obtienen las coordenadas para las nuevas posiciones, ya que
éstas se obtienen por la ecuacion 3.12, donde se suma un valor muy pequefio a la

diferencia entre dos valores mucho mayores.
r(t+68t)=2r(t)-r(r—5t)+6t%a(r) (3.12)

Existen distintas variantes del método de Verlet que difieren principalmente en la
forma con que se obtienen las nuevas posiciones, como por ejemplo el algoritmo de
velocidades de Verlet'® o el de Beeman'’, pero la variante del algoritmo de Verlet mas

extendida es el método leap-frog™®. En éste, las posiciones a 1+ se obtienen a partir de

las velocidades a f +3Jt mediante las ecuaciones 3.13 y 3.14.

r(t+8t)=r(t)+orv(r+161) (3.13)

v(r+16t)=v(r—16t)+dma(r) (3.14)

De este modo, se evitan los problemas de precision del algoritmo de Verlet y
ademas pueden obtenerse las velocidades, aunque desfasadas respecto de las posiciones

16t . Las velocidades a un tiempo dado / se obtienen por la ecuacién 3.15.

v[r]=%[v(r+%5t)+v(r—{,—6t)] (3.15)
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4.1. Inhibidores duales del enzima acetilcolinesterass

se sintetizaron compuestos formados por un solo anillo de tacrina unido a una cadena
que finalizaba con un aminoderivado (-NHR siendo R=H, Ph, Pyr), que sirvieron para
determinar la importancia de la hidrofobicidad en la formacion de interacciones m-cation
en el centro periférico®. También se obtuvieron compuestos potentes derivados de la

272 L]
729 con buenos resultados en los ensayos de afinidad.

galantamina
En el disefio de nuevos inhibidores duales de AChE se debe tener en cuenta la
capacidad del compuesto para formar interacciones m-cation o n-m con el Trp279, por
ser éste el residuo clave del centro periférico. En el caso de donepezilo, su forma le
proporciona la capacidad de interaccionar con ambos centros aunque la interaccion con
el segundo es débil, pues existe un ligero recubrimiento entre el anillo de indol de
Trp279 y la unidad indanona de donepezilo. Aprovechando esta capacidad, distintos
derivados que contenian como motivo comin la N-benzilpiperidina de donepezilo
fueron analizados por técnicas de modelado molecular, obteniéndose en todos los casos
interacciones favorables con el Trp279 del centro periférico. Ejemplo de estos
compuestos son los compuestos hibridos huperzina-A-E2020%, 1,2,4-thidiazolidinona™’,

aminoacidos®, o derivados de benzazepina33.

3.3 Derivados de tacrina y donepezilo

Tacrina y donepezilo tienen estructuras completamente distintas que les confieren
modos de unidn igualmente diferentes (ver Figura 3.4). La tacrina, formada por un
anillo de acridina unida a un grupo amino, se une al centro catalitico de AChE
quedando confinada entre dos residuos aromaticos, el Trp84 y la Phe330, con los que
interacciona por apilamiento m-n. Asimismo, interacciona por puente de hidrégeno con
el carbonilo del esqueleto peptidico de la His440 y por dos puentes de hidrégeno
mediados por agua con el Asp72 y el carbonilo del Trp84. Por su lado, donepezilo es un
derivado de N-benzilpiperidina a la que se le ha adicionado un grupo 5,6-dimetoxi-1-
indanona. Por su disposicién en el centro activo interacciona por apilamiento 7-n con el
Trp84, mediante una interaccién cation-n con Phe330 y forma dos puentes de hidrogeno
mediados por agua, uno con el hidroxilo de Tyr121 y otro con el nitrégeno del grupo
amida de Phe288. La particularidad del donepezilo respecto a la tacrina es que tal

disposicion sitia el anillo de indanona parcialmente encima del anillo de indol de
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4.1. Inhibidores duales del enzima acetilcoli

Comp. IC50 AChE (nM)  1C50 BChE (nM)  Selectividad (AChE/BChE) Competencia Propidium (IM)

7 100 50 2 >1000
8 25 0.6 41.6 =1 000
9 504 98 5.1 >1000
10 10 220 0.04 10
11 20 660 0.03 100
12 (A) 28 75 0.04 10
17 3009 10 300 10
18 93 29 32 >1000
19 870 7.8 111.5 10
20 1550 711 22 100
21 1140 1010 1.1 >1000
22 (B) 24 90 0.02 1
Tacrine 167 24 6.9 1000
Donepezil 19 930 0.02 1

Tabla 3.1. Actividad inhibitoria de los inhibidores mixtos tacrina-ftalimida.

Las diferencias estructurales de los dos compuestos no tienen un efecto significativo
en cuanto a su actividad como inhibidores de AChE. El compuesto A presenta una
1Cs¢=2.8 nM, que en el caso del compuesto B pasa a ser 2.4 nM. Ello puede explicarse
por el hecho de que en ambos compuestos el anillo de acridina/tetrahidroacridina se
posiciona entre los residuos Trp84 y Tyr330, el mismo centro de unién que tacrina,
manteniéndose a distancias promedio de 3.6 (A) y 4.0 (B) A del Trp84, y de 4.3 (A) y
49 (B) A de la Tyr330 (Figura 3.6). El nitrégeno aromatico del anillo de
acridina/tetrahidroacridina forma un puente de hidrogeno con el oxigeno del grupo
carbonilo de la His440 (distancia promedio de 3.0 A en A), que en el compuesto B se
transforma en un puente mediado por agua durante el Gltimo nanosegundo de la
dinédmica (distancia promedio de 4.6 A). La presencia del 4tomo de cloro en el anillo de
tetrahidroacridina del compuesto A le disminuye la movilidad al quedar atrapado en un
el bolsillo hidrofébico formado por los residuos Trp432, Met436 y 11e439, aumentando
la estabilidad del puente de hidrégeno entre al nitrégeno aromatico del anillo y la
His440.

La diferencia principal entre los dos compuestos estd en la cadena que une los
anillos terminales. En A, la presencia del grupo metilamino cargado positivamente

provoca un cambio conformacional en la cadena lateral del Asp72 para formar un
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4.1. Inhibidores duales del enzima acetilcolinesterasa

con el nitrogeno del indol hace que las cadenas laterales de estos dos residuos queden
desplazadas respecto a la estructura inicial provocando el movimiento del Trp279, que
de esta manera pasa a adoptar una conformacion parecida a la encontrada por Bourne er.

al.y Senapati et. al.*

3.6 Compuestos Tacrina-donepezilo

En la ultima serie de inhibidores duales la estrategia sintética a seguir fue la union
del anillo de tacrina/clorotacrina con la cola de donepezilo formada por los anillos de
piperidina y indanona mediante una cadena hidrocarbonada con dos o tres unidades
metilénicas (Figura 3.9). Se pretendia asi aprovechar por un lado, como en los casos
anteriores, la potencia de tacrina/clorotacrina para unirse al centro catalitico y por otro

aumentar la capacidad de inhibicién del centro periférico apreciada en donepezilo.

MeO

MeO

14, X=0,R=H
15, X=0;R=Cl »
16, X=HH;R=H HN n
17, X=HH;R=CI
| P il
oy
7-11a/1417a | 2 N R

7-11b/14-17b| 3

Figura 3.9. Representacion esquematica de los derivados tacrina-donepezilo.

Los compuestos obtenidos mas activos presentaron (ver Tabla 3.3) una ICsq de 0.67
nM para el compuesto D (15a) y 0.27 nM para el compuesto E (15b). Ambos
compuestos presentan como unica diferencia la longitud de la cadena que une las dos
subunidades, que se traduce en una mayor potencia del compuesto con dos eslavones
(D) en la reduccion de la fluorescencia de tioflavina (reduccion de 79.4% y 57.0% para
los compuestos D y E, respectivamente, lo cual indica una mayor capacidad de union al

centro periférico,
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4.1. Inhibidores duales del enzima acetilcolinesterasa

compuesto 1C50 AChE bovina (nM) IC50 AChE humana (nM) 1C50 BChE humana (nM)
14a-2HCI 1.74 £ 0.02 4.04 + 0.06 124 + 0.6
14b-2HCI 0.29 £ 0.03 0.88 + 0.04 124 + 0.6
15a-2HC]I 0.57 +0.05 0.67 + 0.06 136+9
15b-2HCI 0.09 £+ 0.01 0.27 £ 0.03 66.3+4.0
16a-2HCI 2.28 £ 0.06 5.13+0.52 8.06+0.32
16b-2HCI 0.82 + 0.06 2.16+£0.21 7.25+£0.33
17a-:2HCI 1.86 £ 0.07 2.60+023 88.7+0.2
17b-2HCI 0.82 £ 0.08 1.06 + 0.05 72.7+42
Tacrine-HCI 130+ 10 205+ 18 439+£17
6-Chlorotacrine'HCI 5.73+£044 8.32+0.75 916+ 19
Donepezil-HCI 8.12+0.26 11.6+1.6 7273 + 621

Tabla 3.3. Actividad inhibitoria de los inhibidores mixtos tacrina-donepezilo.

Tanto el compuesto D como el compuesto E mantienen el grupo de interacciones
clave del anillo de clorotacrina en el centro catalitico situandose el anillo entre el Trp84
y la Tyr330 (distancias promedio de 3.73 y 4.35 A en 1y de 3.63 y 4.44 A en II; Figura
3.10). El nitrogeno aromatico forma un puente de hidrogeno con el oxigeno del grupo
carbonilo de la His440 manteniendo un distancia promedio N---O de 2.81 A en1y 2.82
en II. Finalmente el atomo de cloro queda confinado en el bolsillo hidrofébico en ambos

Casos.

La diferencia en la longitud de la cadena hidrocarbonada es lo que les confiere
distintos modos de union en el canal y la zona periférica (Figura 3.10). En el compuesto
I el nitrégeno protonado del anillo de piperidina queda apuntando hacia el oxigeno del
grupo hidroxilo de la Tyr330 formando un puente de hidrégeno cuya distancia
promedio es de 3.20 A. La carga positiva del nitrégeno queda compensada por la carga
negativa del grupo carboxilato del Asp72 que se mantiene a una distancia promedio de
4.74 A. La inclusién de un metileno mas en la cadena del compuesto E hace que el
anillo de piperidina gire, quedando en este caso el nitrégeno apuntando hacia el residuo
Asp72 y formando una interaccion por puente de hidrogeno (distancia promedio N--O
de 2.73 A) reforzada por la interaccion carga-carga con el anién carboxilato. Estas
diferencias se traducen a su vez en un reordenamiento de los residuos Asp72, Tyr70 y
Tyr330 de la proteina, que establecen interacciones nuevas con otros residuos. El
Asp72, que en la estructura que contiene el compuesto D se encuentra formando un
puente de hidrégeno con la Tyr70, pasa a formar un nuevo puente de hidrégeno con el

N-H de la Leu74, mientras que la Tyr330, que formaba un puente de hidrégeno con el
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4.1. Inhibidores duales del enzima acetilcolinesterasa

3.7 Analisis de los resultados

Los distintos compuestos evaluados presentan como motivo comin un anillo de
tacrina (o 6-clorotacrina), que en todos los casos se encuentra unido al centro catalitico
de la AChE. La unién de dicha unidad al centro catalitico es muy parecida en todos los
casos, con pequeias variaciones en las distancias de puente de hidrogeno caracteristicas
de la formacion del complejo AChE-Tacrina (véase Tabla 3.4). La distancia promedio
de puente de hidrogeno entre la His440 y el nitrégeno acridinico es de
aproximadamente 2.8 A en todos los casos excepto en el compuesto B, en donde dicho
puente de hidrogeno queda reemplazado por un puente mediado por agua al final de la
dindmica. La diferencia entre este compuesto y el resto estriba en la falta del atomo de
cloro unido al anillo de acridina. La presencia del cloro ayuda a posicionar la tacrina en
el centro catalitico al quedar atrapado en el bolsillo hidrofébico formado por los
residuos Trp432, Met436 y Ile439, como puede comprobarse si se comparan las

actividades de tacrina (IC50=33.5 nM) y 6-clorotacrina (ICsy=1.8 nM).

Compuesto
A B C D E tacrina
d(His440-acridina) 3.0 4.6 2.8 2.8 2.8 324
d(Trp84-acridina) 3.6 4.0 3.52 3.73 3.63 3.5
d(Tyr330-acridina) 4.3 4.9 3.55 435 444 34

Tabla 3.4, Pardmetros geométricos de la interaccion de la unidad de tacrina en el centro catalitico.

Las diferencias encontradas en la union al centro periférico son consecuencia en su
mayor parte de las distintas formas de unir los anillos en cada compuesto (Tabla 3.5).
La prueba mas evidente de ello son las diferentes conformaciones adoptadas por el
Trp279 y el anillo de indanona en los compuestos D y E o por el Trp279 en los
compuestos A y B. La flexibilidad conformacional del Trp279 también ha sido descrita

34-37
Concretamente, en las estructuras

en la union de otros inhibidores duales.
cristalograficas de los complejos syn-TZ2PA6-AChE™ y tacrine-thiotacrine-AChE”’, la

posicién que ocupa el anillo de indol del Trp279 es completamente distinta, ademas de
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Table 1. Chemical shifts of 12 and 22

o
0 £ T - 0 &
CH, 4y & 2N i .
0 s d e
Atom number Compound 12 Compound 22
'H (6 ppm) CDCly, 400 MHz ''C (6 ppm) CDCly, 100 MHz 'H (6 ppm) CDCly. 400 MHz '*C (6 ppm) CDCls, 100 MHz
1 2.58 323 8.02 122.5
2 1.8BO 220 733 121.3
3 1.80 225 7.62 132.7
4 2.90 388 8.06 133.6
4 — 157.3 — 155.4
5 7.90 124.8 8.06 1336
6 — 135.1 7.62 132.7
7 793 124.6 7.33 121.3
8 7.16 124.4 8.02 122.5
ga — 114.3 — 113.0
9 — 151.8 — 155.4
a — 117.0 — 113.0
10a - 145.4 — 155.4
11 322 48.8 3.82 76
12 348 56.1 365 48.6
i3 - 1674 — —
14 421 56.2 — —
1 - 166.0 — 168.3
2 131.6 - 132.0
¥ 7.82 123.2 7.80 1242
4 7.68 134.0 7.68 134.2
5 7.68 134.0 7.68 134.2
[ 7.82 123.2 7.80 123.5
7 — 131.6 — 132.0
8 - 166.0 — 168.3
N-CH, 2,12 423 —_ —

2.2. Biological activity and molecular modelling

To evaluate the biological profiles of these heterodi-
meric compounds for AD, AChE (bovine erythrocytes)
and BChE (human plasma) inhibition was assayed in
comparison with tacrine and donepezil as reference
compounds. The inhibitory potency against AChE
and BChE was evaluated by the method of Ellman
et al.*® Compounds 12 and 22 (sce Table 2) exhibit
an optimum AChE inhibitory activity, as noted in
the fact that they are 8-fold and 70-fold more potent
than donepezil and tacrine, respectively. Moreover,
compounds 12 and 22 showed more than 20-fold selec-
tivity in AChE versus BChE assays (see Table 2). The
proper tether length for the linker between the two
anchoring groups, 9-aminoacridine and indanone/
phthalimide, seemed to be nine (compound 22) or 10
(compound 12).

To gain insight into the molecular determinants that
modulate the inhibitory activity of these compounds, a
molecular modelling study was performed to explore
their binding to the enzyme. The position of compounds
12 and 22 with respect to the key residues in the binding
site is shown in Figure 3. The tetrahydroacridine/acridine

moiety is firmly bound to the catalytic site of AChE, it
being stacked against the aromatic rings of Trp84 (aver-
age distance between rings of 3.6 and 4.0 A for com-
pounds 12 and 22, respectively) and Tyr330 (average
distances of 4.3 and 4.9 A). The aromatic nitrogen of tetra-
hydroacridine/acridine is hydrogen-bonded to the main-
chain carbonyl oxygen of Hisd440 (average N:--O
distance: 3.0 A) in 12. For compound 22 such an interac-
tion was replaced along the simulation by a water-medi-
ated contact (average N---O distance of 4.6 A along the
last ns). Finally, the chlorine atom in 12 occupies a small
hydrophobic pocket formed by Trp432, Met436 and
1le439. a feature that has been identified in both mod-
elled® and experimental®® structures of the AChE-hu-
prine Y complex.

With regard to the linker, the most relevant difference
between compounds 12 and 22 comes from the presence
of the tertiary amine group in the former. Thus, this
group forces the tether to reorient along the gorge to
form a coulombic interaction with the carboxylate
group of Asp72 (average N---O distance: 3.0 A). Nole-
worthy, a relevant difference was found in the orienta-
tion of the side chain of Asp72 in the AChE
complexes with 12 and 22 (see Fig. 3). Finally, the amido
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Table 1. Inhibition of AChE and BChE Activities dnd Seléctivity Ratios Determined for the Indole—Tacrine Heterodimers

Rr?
N
Qe
N/Z [e] N
I
R?

RrR!

selectivity
compd R! R2 R® X Y Z ICslAChEY (nM)  1Cs(BChEP (nM)  AChE/ BChE
tacrine 167 (119—-233) 24 (12—45) 6.9
3 H H H (CHz)s (CHz) CH 70 (54-95) 1(0.8-1.5) 70
4 Cl H H (CHg)s (CHa)a CH 4(3-6) 16 (8—-31) 0.25
5 Cl H H (CHzls (CHgk CH 0.02 (0.01-0.03) 29(1.1-7.5) 0.007
6 Cl H H (CHz)q (CHa)e CH 0.06 (0.04-0.10) 0.1(0.06—0.13) 0.6
7 Cl H H (CHz)s (CHg)e CH 0.5 (0.3-1.0) 5.7 (3.7-8.7) 0.09
8 Cl H H (CHa)a (CHale CH 4.4(2.7-6.8) 9.6 (3—25) 0.4
9 Cl H H (CHz2ho (CHa)2 CH 21.9(16—29) 54 (30—97) 0.4
10 H H H (CHz)sNMe(CHz)s  (CHglo CH 147 (100-202) 0.03 (0.01-0.06) 4900
11 Cl H H (CHa)sNMe{CHg)a (CHz)2 CH 2.9(2.2—-3.8) 21.4(12-37) 0.13
12 Cl CN H (CHz)g (CHala CH 0.7(0.3-1.4) 11.7 (5-23) 0.06
13 Cl H H (CHa)s (CH=CH) CH 18 (12-26) 77 (50-120) 0.2
14 Cl H H (CHzk CH 180 (95-350) 9.5(7-12) 18.9
15 Cl H H (CHa)g CH 33 (20-53) 1.7(0.9-3) 19
16 Cl H H (CHgk CH 36 (18—-70) 19 (12-28) 1.9
17 Cl H H (CHa)s CH 46 (23—-83) 22.4(13-37) 21
18 Cl H H (CHgz)y CHg CH 0.2(0.11-0.29) 11.7(6.4-21) 0.02
19 Cl Br H (CHzh CHa CH 0.61(0.4-1.0) L.701.0-2.7) 0.3
20 Cl H H (CHals (CHz)s CH 0.3 (0.2-0.5) 3.2(1.7-6.1) 0.09
21 Cl H H (CHalg (CHa)a CH 0.5(0.2-0.9) 5.6(3.5—-8.8) 0.09
22 Cl H Me (CHa)r CH 10.9 (6.6-17) 206 (145—-292) 0.05
23 C1 H H (CHz)y N 95 (53—170) 79 (63-97) 1.2
27 Cl H H (CHa)s (CHz)O CH 1.5(1.0-2.3) 136 (87—-212) 0.1
28 Cl H H {CHals (CHz)O CH 0.7(0.4-1.0) 60 (41—-86) 0.2
29 Cl H H (CHzh (CH2)O CH 3.0(2.0-4.4) 59 (43-81) 0.05

@ 95% confidence intervals are given in parentheses.

decreases as the number of methylene units is length-
ened from 8 to 10 (compounds 7—9) or decreased to 5
(compound 4). Replacement of the central methylene
group of heterodimer 6 by a methylamine group de-
creases the AChE inhibitory activity of compound 11,
which is nearly 50-fold less potent. Moreover, confor-
mational restriction of heterodimer 5 by introduction
of unsaturation at the linker also substantially reduces
the AChE binding affinity, as noted by the fact that
compound 13 is about 900-fold less potent than 5. All
these findings suggest that along the gorge the tether
must satisfy very specific structural requirements to
allow the interaction of both tacrine and indole units
at both catalytic and peripheral binding sites. Finally,
the 5-cyanoindole heterodimer 12 was about 35-fold less
potent than the unsubstituted analogue 5.

Regarding the family of heterodimers where the
carbonyl group is directly attached to the indole ring,
the AChE inhibitory activity was similar for hetero-
dimers bearing six, seven, and eight methylene units
within the linker (compounds 15—17). However, short-
ening the length of the tether to five methylenes (14)
leads to a notable decrease in the inhibitory potency.
Furthermore, compounds 16 and 17, which possess the
same number of methylene units as 4 and 5 but differ
in the position of the amide group within the linker, are
clearly less potent, being particularly worse for com-
pound 17, which is around 2300-fold less potent than
5. This result strongly suggests that the location of the
amide group within the linker is critical. Further
support of this conclusion comes from the comparison
of the potencies determined for heterodimers 18 and 5.
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Though the total length of the linker is identical in the
two compounds, compound 18 is around 10-fold less
potent than 5, which must be attributed to the fact that
in the former compound the amide group is separated
by only one methylene from the indole ring. Likewise,
when the amido group is separated by three methylenes
from the indole ring (compounds 20 and 21), the
inhibitory activity drops 10-fold with respect to 5 and
6, though the total length of tether is maintained. Thus,
the precise location of the amido group plays a decisive
role in modulating the inhibitory potency of the het-
erodimer.

Replacement of the methylene adjacent to the
carbonyl group in heterodimers 20 and 21 by an oxygen
(compounds 27 and 28) did not produce an important
variation in the inhibitory activity. Similarly, replace-
ment of the indole ring in 16 by an indazole ring (23)
or methylation of the indole nitrogen atom (22) has
modest effects on the inhibitory potency.

On the basis of the preceding results, heterodimers
5, 6, and 18—20, which were the most potent inhibitors
in bovine erythrocyte AChE, were also assayed in
human brain AChE. Within the uncertainty of the
experimental measurements, the results confirm the
trends mentioned above (see Table 2). Thus, compounds
5 and 6 have similar inhibitory activities, which are
close to the values determined for bovine AChE. More-
over, compounds 18—20 exhibit similar potencies, being
2- to 10-fold less active than compounds 5 and 6. These
results, therefore, confirm that these tacrine—indole
heterodimers possess very potent activities with 1Cs
values at subnanomolar levels.
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tor and using an Xterra MS C18 column (4.6 mm x 150 mm),
a Symmetry C18 column (2.1 mm x 150 mm), or an Atlantis
DC18 3 um (2.1 mm x 100 mm), depending on the case.
Mixtures of 0.1% of formic acid in water (solvent A) and 0.1%
of formic acid in CHsCN (solvent B) were used as mobile
phases.

General Procedure for the Synthesis of Indole—
Tacrine Analogues 3—23. To a solution of the corresponding
indole carboxylic acid 2a—i derivative in anhydrous THF was
added 1,1’-carbonyldiimidazol under Nj, and the resulting
mixture was stirred for 4 h at room temperature, A solution
of the corresponding 9-alkylaminotetrahydroacridine 1a—i in
THF was added, and the stirring was continued for a further
20 h. After evaporation of the solvent under reduced pressure,
water was added and the resulting mixture was extracted with
dichloromethane. The combined organic extracts were washed
with saturated NaCl solution and dried with Na:SOq. Evapo-
ration of the solvent under reduced pressure gave a residue
that was purified by silica gel flash-column chromatography
as indicated below for each case.

3-(1H-Indol-3-y1)-N-[5-(1,2,3 4-tetrahydroacridin-9-yl-
amino)pentyl]propionamide (3). Indole-3-propionic acid
(2a) (63 mg, 0.33 mmol), anhydrous THF (3 mL), 1,1
carbonyldiimidazol (57 mg, 0.35 mmol), and 9-(5-aminopent-
ylamino}-1,2,3 4-tetrahydroacridine (1a) (100 mg, 0.35 mmol)
were used to produce 3. Purification: DCM/MeOH (3:1). Yellow
foam (147 mg, 97%). RP HPLC (Atlantis DC18) ty = 7.83 (8
min gradient from 95:5 to 0:100 A/B). ESI-MS m/z 455 (M +
HJ*. Anal. (C3H3N,0-H20) C, H, N,

N-[5-(6-Chloro-1,2,3,4-tetrahydroacridin-9-ylamino)-
pentyl]-3-(1H-indol-3-yl)propi ide (4). Indole-8-pro-
pionic acid (2a) (57 mg, 0.3 mmol), anhydrous THF (2 mL),
1,1"-carbonyldiimidazol (51 mg, 0.32 mmol), and 6-chloro-9-
(5-aminopentylamino)-1,2,3 4-tetrahydroacridine (1b) (100 mg,
0.32 mmol) were used to produce 4. Purification: DCM/MeOH
(7:1). Yellow foam (121 mg, 83%). RP HPLC (Symmetry C18)
Iy = 5.95 (10 min gradient from 100:0 to 0:100 A/B). ESI-MS
miz 488 [M + HI*. Anal. (C29HsCIN,O) C, H, N.

N-[5-(8-Chloro-1,2,3,4-tetrahydroacridin-9-ylamino)-
hexyl]-3-(1H-indol-3-yl)propionamide (5). Indole-3-propi-
onic acid (2a) (70 mg, 0.37 mmol), anhydrous THF (3 mL),
1,V'carbonyldiimidazole (63 mg, 0.39 mmol), and 6-chloro-9-
(6-aminohexylamino)-1,2,3,4-tetrahydroacridine (1¢) (131 mg,
0.39 mmol) were used to produce 5. Purification: DCM/MeOH
(50:1, 25:1, 20:1). Yellow foam (143 mg, 77%). RP HPLC
(Symmetry C18) tp = 5.43 (8 min from 95:5 to 0:100 A/B). ESI-
MS miz 503 [M + HI*. Anal. (CgHgsCIN,0+0.5H:0) C, H, N.

N-[7-(6-Chloro-1,2,3,4-tetrahydroacridin-9-ylamino)-
heptyl]-3-(1H-indol-3-yl)propionamide (8). Indole-3-pro-
pionic acid (2a) (70 mg, 0.37 mmol), anhydrous THF (3 mL),
1,1 carbonyldiimidazole (63 mg, 0.39 mmol), and 6-chloro-9-
(T-aminoheptylamino)-1,2,3 4-tetrahydroacridine (1d) (135 mg,
0.39 mmol) were used to produce 6. Purification: AcOEYMeOH
(50:1). Yellow foam (151 mg, 79%). RP HPLC (Symmetry C18)
2= 5.60 {8 min from 95:5 to 0:100 A/B), ESI-MS m/z 517 [M
*+ HI*. Anal. (C4,HyCIN,0-0.5H;0) C, H, N.

N'[s-(G-Chloro-l,2,3,4-tetrahydroacridin-Q-ylamino)-
octyl]-3-(1H-indol-3-yl)propionamide (7). Indole-3-propi-
onic acid (2a) (70 mg, 0.37 mmol), anhydrous THF (3 mL), 1,1"-
carbonyldiimidazole (63 mg, 0.39 mmol), and 6-chloro-9-(8-
aminooctylamino)-1,2,3 4-tetrahydroacridine (1e) (140 mg, 0.39
mmol) were used to produce 7. Purification: AcOEt/MeOH
(50:1). Yellow syrup (104 mg, 53%). RP HPLC (Symmetry C18)
g = 5.77 (8 min from 95:5 to 0:100 A/B). ESI-MS m/z 531
(M + HJ*. Anal. (CasHysCIN,0-0.5H;0) C, H, N.

N‘[9-lG-Chloro-l.2,3.4-tetrahydroa¢:ridin-B-yIaminoJ-
nonyl)-3-(1H-indol-3-yl)propionamide (8). Indole-3-propi-
omic acid (2a) (28 mg, 0.15 mmol), anhydrous THF (3 mL), 1,1
carbonyldiimidazole (25 mg, 0.15 mmol), and 6-chloro-9-(9-
aminononylaminoe)-1,2,3 4-tetrahydroacridine (1f) (57 mg, 0.16
mmol) were used to produce 8. Purification: DCM/MeOH (7:
1. Yellow foam (10 mg, 14%). RP HPLC (Atlantis DC18) g =

8.90 (8 min gradient from 95:5 to 0:100 A/B and 2 min isocratic
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at 0:100 A/B). ESI-MS m/z 545 [M + H]*. Anal. (Cy3H,,CIN,0-
H,0) C, H, N.

N-[10-(6-Chloro-1,2,3,4-tetrahydroacridin-9-ylamino)-
decyl]-3-(1H-indol-3-yl)propionamide (9). Indole-3-propi-
onic acid (2a) (47 mg, 0.25 mmol), anhydrous THF (4 mL), 1,1"-
carbonyldiimidazol (44 mg, 0.27 mmol), and 6-chloro-9-(10-
aminodecylamino)-1,2,3,4-tetrahydroacridine (1g) (105 mg,
0.27 mmol) were used to produce 9. Purification: DCM/MeOH
(10:1}. Yellow foam (21 mg, 19%). RP HPLC (Atlantis DC18)
tg = 9.18 (8 min gradient from 95:5 to 0:100 A/B and 2 min
isocratic at 0:100 A/B). ESI-MS m/z 559 [M + HJ*. Anal.
(Ca4H4sCIN,O-2H,0) C, H, N.

N-(3-{[3-(1,2,3,4-Tetrahydroacridin-9-ylamino)propyl]-
methylamino }propyl)-3-(LH-indol-3-yl)propionamide (10).
Indole-3-propionic acid (2a) (56 mg, 0.29 mmol), anhydrous
THF (4 mL), 1,1'carbonyldiimidazole (50 mg, 0.31 mmol), and
N*-[3-(1,2,3 4-tetrahydroacridin-9-ylamino)propyl]-N'-methyl-
propane-1,3-diamine (1h) (100 mg, 0.31 mmol) were used to
produce 10. Purification: DCM/MeOH (20:1 + 0.1% NH;, 10:1
+ 0.2% NHg, 10:1 + 0.4% NH;). Yellow syrup (70 mg, 46%).
RP HPLC (Symmetry C18) tg = 3.98 (8 min gradient from 95:5
to 0:100 A/B). ESI-MS: m/z 498 [M + H]*. Anal. (C3H3NsO-
H;0) C, H, N.

N-(3-{[3-(6-Chloro-1,2,34-tetrahydroacridin-9-ylamino)-
propyllmethylamino}propyl)-38-(1H-indol-3-yl)propiona-
mide (11). Indole-3-propionic acid (2a) (56 mg, 0.29 mmol),
anhydrous THF (4 mL), 1,1"-carbonyldiimidazole (50 mg, 0.3
1 mmol), and N’-[3-(6-chloro-1,2,3 4-tetrahydroacridin-9-
ylaminoipropyl)-N'-methylpropane-1,3-diamine (1i) (100 mg,
0.31 mmol) were used to produce 11. Purification: DCM/MeOH
(20:1 + 0.1% NHj, 10:1 + 0.29% NHj, 10:1 4+ 0.4% NHs). Yellow
syrup (70 mg, 46%). RP HPLC (Atlantis DC18) ¢t = 1.50 (8
min gradient from 95:5 to 0:100 A/B). ESI-MS: m/z 532
[M <+ H]*. Anal. (Cs;H3sCIN:O) C, H, N.

N-[6-(6-Chloro-1,2,3,4-tetrahydroacridin-9-ylamino)-
hexyl)-3-(5-cyano-1H-indol-3-yl)propionamide (12). 5-Cy-
anoindole-3-propionic acid (2b) (111 mg, 0.52 mmol),®* anhy-
drous THF (10 mL), 1,1"-carbonyldiimidazol (84 mg, 0.52
mmol), and 6-chloro-9-(6-aminohexylamino}-1,2 3 4-tetra-
hydroacridine (1¢) (164 mg, 0.49 mmol) were used to produce
12. Purification: EtOAc¢/MeOH 50:1. Yellow syrup (60 mg
22%). RP HPLC (Symmetry C18) tg = 5.33 (8 min from 95:5
to 0:100 A/B). ESI-MS: m/z 528 [M + HJ*. Anal. (C3,H,,CIN;O-
1.5H,0) C, H, N.

N.[6-(6-Chloro-1,2,3 4-tetrahydroacridin-9-ylamino)-
hexyl]-3-(1H-indol-3-yl)acrylamide (13). Indole-3-acrylic
acid (2¢) (88 mg, 0.47 mmol), anhydrous THF (6 mL), 1,1"-
carbonyldiimidazole (76 mg, 0.47 mmol), and 6-chloro-9-(6-
aminohexylamino)-1,2,3 4-tetrahydroacridine (1e¢) (150 mg,
0.45 mmol) were used to produce 13. Purification: EtOAc/
MeOH (100:1, 100:1 + 0.1% NHa). Yellow foam (20 mg, 8%).
RP HPLC (Symmetry C18) tg = 5.46 (8 min from 95:5 to 0:100
A/B). ESI-MS: m/z 501 [M]*. Anal. (CgHssCIN,0-H20) C, H,
N.

1H-Indole-3-carboxylic Acid [5-(6-Chloro-1,2,3,4-tet-
rahydroacridin-9-ylamino)pentyl]amide (14). Indole-3-
carboxylic acid (2d) (151 mg, 0.94 mmol), anhydrous THF (4
mLy}, 1,1"-carbonyldiimidazole (153 mg, 0.94 mmol), and &-chloro-
9-(5-aminopentylamino}-1,2,3,4-tetrahydroacridine (1b) (276
mg, 0.90 mmol) were used to produce 14. Purification: EtOA¢/
MeOH 50:1. Yellow foam (198 mg, 52%). RP HPLC (Symmetry
C18) g = 5.12 (8 min from 95:5 to 0:100 A/B). ESI-MS: miz
461.07 [M]*. Anal. (CxHCIN,0-H:0) C, H, N.

1H-Indole-3-carboxylic Acid [6-(6-Chloro-1,2,3,4-tet-
rahydroacridin-9-ylaminothexyllamide (15). Indole-3-car-
boxylic acid (2d) (153 mg, 0.95 mmol), anhydrous THF (10 mL),
1,1-carbonyldiimidazole (154 mg, 0.95 mmol), and 6-chloro-
9-(6-aminohexylamino)-1,2,3 4-tetrahydroacridine (1e) (300
mg, 0.90 mmol) were used to produce 15. Purification: EtOAc¢/
MeOH 50:1. Clear yellow foam (120 mg, 28%). RP HPLC
(Symmetry C18) tg = 5.32 (8 min from 95:5 to 0:100 A/B). ESI-
MS: miz 475 [M + H]*. Anal. (CyHs, CIN,O) C, H, N.

1H-Indole-3-carboxylic Aecid [7-(6-Chloro-1,2,3,4-tet-
rahydroacridin-9-ylamino)heptyllamide (16). Indole-3-





























































































Met437 replaces Pro446 of hAChE and 11e439 of TcAChE, which makes the terminal methyl group of
Met437 to be around 1.2 A closer to the chlorine atom. The larger steric hindrance due to the greater
proximity of the chlorine atom to Met437 could account for the detrimental influence of this substituent
on the hBChE inhibitory activity.

Regarding the linker, which is aligned along the gorge, the most relevant features come from the
interactions formed by the piperidine ring. This unit occupies a position slightly shifted from that found
in the X-ray crystallographic structure of the TcAChE—donepezil complex (PDB entry 1EVE), although
it still retains the electrostatic interaction with the carboxylate group of Asp74 (average
N(piperidine)-O(carboxylate) distance of 4.72 A). In turn, this latter residue is hydrogen-bonded to the
hydroxyl group of Tyr72 (average O-O distance of 2.87 A). Moreover, the protonated piperidine
nitrogen is hydrogen-bonded to the hydroxyl group of Tyr337 (average N(piperidine) O distance of
3.20 A). Thus, a network of interactions that couple several residues in the gorge and the catalytic
binding site is formed. Finally, the indanone ring is stacked onto the aromatic ring of Trp286 (average
distance between the centers of indanone and indole rings of 4.38 A), whose orientation resembles that

found in the TcAChE—donepezil complex. Moreover, the carbonyl group of the indanone unit forms
water-mediated contacts with the backbone N-H groups of Phe295 and Arg296 and the C=0 groups of

Pro290 and Ser293, which should contribute to the higher AChE inhibitory activity of indanone

derivatives relative to the indane analogs.
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indole ring of Trp286, its orientation changed along the first ns of MD simulation and adopted an
arrangement roughly normal to the indole ring (Figure 3). This change was accompanied by a
conformational change in the indole ring of Trp286, whose position differed from that found in the X-

ray structure by a rotation around the C,~Cy—indole C3—indole C3a from —83 (in IEVE) to +32 degrees.

This finding, therefore, supports the conformational plasticity of this residue in the peripheral site of the

enzyme already noted by other studies.'**"~

AT
Al \A W{

Time [ns]

Figure 3. Time dependence of the relative orientation of the indanone ring of heterodimers 15a (black)
and 15b (gray) and the indole ring of Trp286 at the peripheral site. The relative orientation was
measured from the cosine function of the angle formed by the vectors normal to the indanone and indole

rings. Accordingly, a perfect stacking would correspond to cos 8 = 1, while a perpendicular arrangement

is denoted by cos 6 =0.

Comparison of the binding mode of compounds 15a and 15b with that of tacrine and donepezil (taken

-138-























































































































































4.2, Mecanismo de regulacién de la proteina trHbN de Mycobacterium tuberculosis

puede verse en la Figura 4.2, las células inactivadas que no expresan dicha proteina
(AHbN) presentan un consumo de 6xido nitrico practicamente idéntico al del medio de
disolucion. Cuando se reactiva la expresion de trHbN (AHbN:HbN) la actividad
deoxigenasa queda restablecida y es incluso superior al de las células normales (WT)
debido a la sobreexpresion de la proteina. Del mismo modo, estudiaron la capacidad
detoxificadora de la proteina mutante en la que una fenilalanina reemplazaba el residuo
de TyrB10. En la misma Figura 4.2 puede comprobarse que el comportamiento de las
células con el gen mutado (AHbN:YB10F) es idéntico al de las células que no expresan
la proteina, perdiéndose de igual manera la capacidad de oxidar NO. También Pathania
et. al."® comprobaron la capacidad de trHbN para detoxificar NO al insertar en células
de E. Coli un plasmido para expresar la proteina y registrar un aumento en el consumo

de dxido nitrico 250 veces superior.

El efecto de mutacion del residuo de tirosina B10 a fenilalanina fue estudiado a su
vez mediante técnicas computacionales QM/MM para determinar la capacidad del
mutante para llevar a cabo la reaccion'®. Los resultados obtenidos por Crespo et. al.
mostraron que la capacidad del enzima nativo y la del modificado para completar la
reaccion quimica catalizada por el enzima era practicamente idéntica (AEy~-18.0 y
AEp=19.3 kcal/mol). La contradiccion que supone este resultado con los obtenidos
por Ouellet er. al. no puede entenderse sin tener en cuenta los procesos de difusion de

los ligandos al centro activo.

kon (O2) [EIM 5] ko (02) [UM™'s'] Psy [mmHg] kobs [UM's']
trHbN 25 0.199 0.013 745
trHbN(YB10F) — 30 — —
Mb 14 12 0.51 30-45

Tabla 4.1. Constantes cinéticas del proceso global de entrada y salida de O,, presion parcial de oxigeno al
50% de saturacién y constante cinética de la reaccion de oxidacién’ .

i . qr 13
En la estructura cristal de la proteina oxigenada (cédigo PDB 1IDR)~ se observa la
presencia de un residuo, la fenilalanina E15, en una doble conformacién diferenciadas
entre ellas por una rotacion ~63° una con respecto a la otra alrededor del enlace C,-Cg .

El residuo en cuestion esté situado en la parte central de la cadena E de la proteina justo
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4.2. Mecanismo de regulacion de la proteina rtHbN de Mycobacterium tuberculosis

Objetivos
Los estudios realizados para esta proteina estaban dirigidos a elucidar el mecanismo
molecular de entrada de ligandos (O y NO), a la determinacion del proceso implicado
en el cambio conformacional de la fenilalanina E15 y finalmente a elucidar el

mecanismo de salida del producto (NOy).
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4.2, Mecanismo ion de la proteina trHbN de M ium tuberculosis

Resultados

4.1 Captacion de los ligandos

Para determinar el mecanismo de migracion de los ligandos O; y NO al centro
activo de la proteina, se llevaron a cabo dos simulaciones de dinamica molecular de 0.1
ps cada una. En un caso el punto de partida consistié en la subunidad A de la estructura
cristal con oxigeno coordinado al hierro del grupo hemo, y en el otro la misma
estructura pero eliminando la molécula de oxigeno (dado que no existe ninguna

estructura cristal de la proteina en estado deoxigenado).

En la trayectoria obtenida para la forma oxigenada se observan varias transiciones
entre los estados abierto y cerrado del residuo de fenilalanina E15. Entre estas
transiciones se producen tiempos suficientemente largos de permanencia en el estado
abierto como para permitir el paso de NO al centro activo. Las conformaciones
adoptadas por la fenilalanina estan caracterizadas por el angulo diedro H,-C,-Cs-C,, con
valores promedio de +40° y -50° para los estados abierto y cerrado. De la misma manera
que en la estructura cristal, en la conformacion cerrada el anillo de benzeno ocupa el
canal largo impidiendo el paso de ligandos, mientras que en la conformacion abierta se
encuentra paralelo al eje del canal y permitiendo el acceso de dichos ligandos. Prueba
de ello son los perfiles de Potencial Clasico de Interaccion Molecular obtenidos a lo
largo del canal para los dos casos en un conjunto representativo de estructuras, Cuando
la fenilalanina se encuentra en la conformacion abierta se observa un contorno de
energia continuo desde el exterior hasta el interior del centro activo, mientras que
cuando el residuo se encuentra en la conformacion cerrada aparece una discontinuidad

en el contorno que coincide con la posicion del residuo en el canal (Figura 4.3).

Para certificar este hecho y esclarecer la posibilidad o no de entrada de un ligando a
través del canal principal en la forma oxigenada de trHbN, se realizaron simulaciones
de dinamica molecular guiada (Steered Molecular Dynamics) aplicando el método de
Jarzynski para obtener los perfiles de energia del paso de NO a través del canal para las
conformaciones abierta y cerrada (Figura 4.4). Cuando la fenilalanina no se encuentra

ocupando el canal, el paso de una molécula de NO se produce practicamente sin barrera
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4.2. Mecanismo de regulacién de la proteina trHbN de Mycobacterium tuberculosis

medio, la entrada por el canal secundario se producird de forma rapida (como indican
los valores de las constantes cinéticas), activando el canal largo para la entrada de NO.
Este ultimo canal es altamente hidrofébico, ya que estd formado por los residuos
IlleA15, AlaBl, IleB2, ValB5, ValB6, PheB9, PheEl5, AlaEl6, LeuE19, LeuGl12,
LeuG16 y AlaGl19, lo cual debe facilitar la presencia de una molécula de NO en la
entrada del canal largo y evitar su ocupacién por moléculas de agua. Asi, una vez
formado el complejo trHbN-O,, sélo es necesario que ocurra el cambio conformacional

de la fenilalanina E15 para que entre NO y la reaccion tenga lugar.

4.2 Cambios estructurales inducidos por ligando en el centro activo

La union de oxigeno al grupo hemo genera un conjunto de cambios estructurales en
el centro activo de la proteina debidos a la formacion del puente de hidrégeno entre la
tirosina B10 y la molécula de O, polarizada. En la proteina libre, los residuos de
glutamina E11 y tirosina B10 interaccionan mediante el intercambio de puentes de
hidrégeno entre el grupo amida de la glutamina y el grupo hidroxilo de la tirosina en un
pseudo-equilibrio de dos estructuras. En una de ellas la glutamina actia como dador y el
oxigeno de la tirosina como aceptor, mientras que en la otra el oxigeno del grupo
carbonilo de la amida actia como aceptor y el hidroxilo de la tirosina como dador. Para
formar esta interaccion doble la cadena lateral de la glutamina se despliega totalmente
adoptando una conformacion extendida (all-trans.). Cuando el oxigeno se une al hierro
el aspecto del centro activo cambia radicalmente. La tirosina B10 pasa a formar un
puente de hidrégeno con el oxigeno y fuerza la recolocacion de la glutamina E11, que
adopta entonces una conformacion plegada para formar un puente de hidrégeno con el

hidroxilo de la tirosina a través del grupo amino (ver Figura 4.6).

Este reajuste parece ser clave en el cambio de comportamiento de la fenilalanina
EI15. La situacién cercana en la cadena E de los residuos glutamina E11 y fenilalanina
E15 podria ser determinante para el cambio conformacional que abre el canal principal,
ya que en la forma oxigenada la distancia entre ambos se acorta en ~1.5 A quedando la
cadena lateral de la glutamina a una distancia promedio de 3.9 A de la cadena lateral de
la fenilalanina. De hecho, durante la dindmica molecular, aproximadamente el 45% de

las estructuras tiene una distancia entre las cadenas laterales inferior a dicha distancia
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4.2. Mecanismo de regulacidn de la proteina trHbN de Mycobacterium tuberculosis

(0.74 para trHbN-O;, 0.86 para TyrB10—Phe trHbN-O, y 0.89 en GInEll—Ala
trHbN-O,), es posible constatar que la similitud que existe entre cada una de las
mutantes y la proteina natural es notablemente inferior, con un valor para el indice de

similitud no superior a 0.48.

3 trHbN trHbN(Y B10F) rHbN(QEI1A)
trHbN 0.74 0.48 0.37
trtHbN(YB10F) 0.86 042
trHbN(QE11A) 0.89

Tabla 4.2. Valores obtenidos para el indice de similitud teniendo en cuenta los 10 primeros modos
asociados al esqueleto peptidico de la proteina.

Estos resultados indican que la unién de O; al centro activo no solo induce el
reordenamiento de los residuos TyrB10 y GInEll, sino que a su vez provoca una
alteracioén en la naturaleza de las fluctuaciones dinamicas del esqueleto peptidico de la
proteina que conduce a un incremento de la movilidad de las hélices B y E,
favoreciendo asi la apertura del canal principal y por lo tanto el acceso de NO a la

cavidad del grupo hemo.
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4.4 Mecanismo de salida del anion nitrato

Para que el mecanismo de detoxificacion sea efectivo, el producto de la reaccion
(NOj) debe ser expulsado del centro activo con rapidez para permtitir de nuevo la
entrada de oxigeno. Los canales presentes en la estructura cristal son altamente
hidrofébicos dada la naturaleza de los residuos que los conforman. Por ello, el paso de
una especie con carga negativa a través de ellos no estaria favorecido en modo alguno.
Cabe pensar entonces que la salida del anion se produciré a través de un nuevo canal,

cuya formacion estara sujeta a la presencia del producto en el centro activo.

Para evaluar el impacto que tiene el anion nitrato en la conformacion del centro

activo se realizd una dindmica molecular de 30 ns manteniendo el anién NOs” unido al
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describiendo cudnticamente las aguas y los residuos TyrB10, GInE11, HisHS8 y el grupo
hemo). La entrada de moléculas de agua en el centro activo contribuye por lo tanto a
debilitar el enlace, facilitando asi la rotura para que el nitrato pueda escapar de la
cavidad. El valor de la barrera de energia para la rotura del enlace obtenida para éste
sistema es inferior a 4 kcal/mol. El reordenamiento de estos residuos posibilita la
aparicion no simultanea de dos canales independientes a través de los cuales se produce
la entrada de moléculas de agua al centro activo, que se disponen alrededor del anion
NO;'. Durante los primeros 7 nanosegundos de la trayectoria se forma un primer canal
entre los residuos TyrB10, LeuB14, MetE4 y LysE8, que posteriormente queda cerrado
al formarse un nuevo canal entre el esqueleto de la hélice C y el grupo hemo fruto del
cambio conformacional de los residuos Phe45 y Phed6, que en la estructura oxigenada

ocupan esa zona.

Una vez que el nitrato solvatado queda libre en la cavidad, la salida se produce casi
sin barrera. Mediante calculos de dinamica molecular y de dinamica molecular guiada
se analizaron los caminos que seguia el anién libre para salir de la cavidad. El proceso
de salida tiene lugar en dos etapas (Figura 4.10). En un primer paso el anion libre se
aleja del hierro hasta aproximadamente 9 A y forma un puente de hidrégeno con el
grupo hidroxilo de ThrE2. Este primer paso ocurre con una barrera inferior a 1 kcal/mol
y conlleva una estabilizacion de 2 kcal/mol. En este punto la salida se puede producir
por dos caminos: (i) por la parte superior de la hélice C o (ii) por la parte inferior.
Ambas salidas son igualmente probables desde un punto de vista estrictamente
energético y con un bajo impedimento, proporcionando por lo tanto un camino rapido
de expulsion del anién nitrato, que es esencial para que la proteina recupere su estado

pre-reactivo.

De acuerdo con los resultados obtenidos, el proceso de salida del anién nitrato se
produce de forma répida una vez roto el enlace Fe—O, como indica el valor de la barrera
de energia en buena concordancia con los datos experimentales. La salida no tiene lugar
a través de un unico camino bien definido como en el caso de la entrada de ligandos.
Los caminos de salida que sigue el anion se forman como consecuencia de la distorsion
que provoca la presencia de la carga negativa del anion nitrato, distorsion que a su vez
facilita la entrada de aguas que solvatan al ién. La entrada de aguas es clave para

debilitar el enlace entre el hierro del grupo hemo y el anién, cuya distancia de enlace
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4.2.1 Ligand-induced dynamical regulation in Mycobacterium tuberculosis
truncated-hemoglobin-N
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ABSTRACT  Mycobaecterium tuberculosis, the
causative agent of human tuberculosis, is forced
into latency by nitric oxide produced by macro-
phages during infection. In response to nitrosative
stress M., tuberculosis has evolved a defense mecha-
nism that relies on the oxygenated form of “trun-
cated hemoglobin” N (trHbN), formally acting as
NO-dioxygenase, yielding the harmless nitrate ion.
X-ray crystal structures have shown that trHbN
hosts a two-branched protein matrix tunnel system,
proposed to control diatomic ligand migration to
the heme, as the rate-limiting step in NO conversion
to nitrate. Extended molecular dynamics simula-
tions (0.1 ps), employed here to characterize the
factors controlling diatomic ligand diffusion through
the apolar tunnel system, suggest that O, migration
in deoxy-trHbN is restricted to a short branch of the
tunnel, and that O, binding to the heme drives
conformational and dynamical fluctuations promot-
ing NO migration through the long tunnel branch.
The simulation results suggest that trHbN has
evolved a dual-path mechanism for migration of O,
and NO to the heme, to achieve the most efficient NO
detoxification. Proteins 2006;64:457-464.

02006 Wiley-Liss, Inc.

Key words: molecular dynamics; M. tuberculosis; li-
gand migration; nitric oxide

INTRODUCTION

Mycobacterium tuberculosis is the causative agent of
human tuberculosis,! a disease that infects about one-
third of the human population, causing more than a
million deaths per year. It has been reported that nitric
oxide is produced in the macrophages during the initial
growth infection stage, and that it may be involved in
restricting the bacteria into latency.? The reaction of nitric
oxide (NO) with the oxygenated form of “truncated hemo-
globin” N (trHbN) has been proposed to be responsible for
the resistance mechanism by which this microorganism
can evade the toxic effects of NO, by acting as NO-
dioxygenase to yield the harmless nitrate ion.**

© 2006 WILEY-LISS, INC.

Truncated hemoglobins (trHb) build a distinet group
within the hemoglobin (Hb) superfamily that is widely
distributed in bacteria, unicellular eukaryotes, and higher
plants.® The tertiary structure of trHbs consists of a 2-on-2
helical sandwich that is a subset of the 3-on-3 sandwich of
the classical globin fold.® The proximal HisF8 heme-linked
residue is conserved in both Hb and trHb families, and a
distal tyrosine at position B10 is found in almost all the
trHb family members sequenced to date. Despite their
small size compared to vertebrate globins, several trHbs
host a protein matrix apolar tunnel system that connects
the heme pocket with the protein surface.”® In trHbN
from M. tuberculosis the tunnel system is built by two
perpendicular branches® of about 8 and 20 A length,
respectively (Fig. 1), that have been proposed to control
diatomic ligand diffusion to/from the heme'®'? as the
rate-limiting step in NO conversion to nitrate.'?

Despite the biophysical and structural characterization
of trHbN and the large number of studies on ligand
migration to the heme in related proteins,'®'" no detailed
information is available on the molecular mechanisms
underlying diffusion of both O, and NO in trHbN. Addition-
ally, nothing is known on how M. tuberculosis trHbN
regulates ligand access to the heme to achieve NO detoxifi-
cation and survival of the mycobacterium under the nitro-
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sative stress typical of latency conditions. Such mecha-
nism issues are considered and explored in this work
through extended 0.1-us molecular dynamics (MD) simula-
tions of both oxy and deoxy forms of trHbN.

MATERIALS AND METHODS

Molecular dynamics simulations were performed start-
ing from the crystal structure of wild-type oxy-trHbN
(PDB entry lidr; monomer A at 1.9-A resolution).® The
enzyme was immersed in a preequilibrated octahedral box
of TIP3P'® water molecules. The standard protonation
state at physiological pH was assigned to the ionizable
residues. The final system contains the model protein,
around 8600 water molecules and the added counterions,
leading to a total of ~28,270 atoms. Simulations were
performed in the NPT (1 atm, 298 K) ensemble.!? The
system was simulated employing periodic boundary condi-
tions and Ewald sums (grid spacing of 1 A) for treating
long range electrostatic interactions.*® All simulations
were performed with the parmm99 force field*! using
Amber8.>* The initial system was minimized using a
multistep protocol. First, the position of all hydrogens in
the protein was refined by using 2000 cycles of energy
minimization (500 cycles of steepest descent + 1500 cycles
of conjugate gradient), Then, water molecules were refined
using 10,000 cycles of energy minimization (2000 cycles of
steepest descent + 8000 cycles of conjugate gradient).
Finally, the position of all atoms in the system was energy
minimized (2000 cycles of steepest descent + 8000 cycles of
conjugate gradient). The equilibration process was per-
formed by heating from 100 to 298 K in four 100-ps steps,
and the final structure was used as the starting point for a
0.1-ps MD simulation. To avoid a bias in the structure of
the deoxy form of trHbN, it was built up by deleting the O,
molecule from the X-ray crystallographic structure, and
minimized and equilibrated following the same protocol
mentioned above. The oxygenated and deoxygenated heme
model system charges were determined by using RESP
charges® and HF/6-31G(d) wave functions, according to
the Amber standard protocol.

To study in detail the properties of the tunnel cavity
system in trHb N from M. tuberculosis, we have calculated
the diffusion free energy profiles for a diatomic neutral
ligand along the tunnels for the oxy and deoxy proteins.
The free energy profiles were constructed by performing
constant velocity multiple steering molecular dynamics
(MSMD) simulations, and using the Jarzynski's inequali-
t,* which relates equilibrium free energy values with the
irreversible work performed over the system that proceeds
along a reaction coordinate from reactants to produets. In
the present study, the reaction coordinate A was chosen as
the iron-ligand distance. Calculations were performed
using a force constant of 200 keal - mol~* A~* and pulling
velocities of 0.05 and 0.1 A/ps, which yielded similar free
energy profiles. The statistical error was calculated as the
standard deviation between these two estimates. To recon-
struct the free energy profile of ligand migration along the
tunnels, a set of MSMD runs were performed starting from
quilibrated MD struetures with A (¢ = 0) corresponding
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with the ligand in (1) the distal pocket, (2) the crystallo-
graphic Xe-binding sites, and (3) the ligand outside the
tunnels. Ten MSMD simulations were performed in each
direction (forward/exit and backward/entry) for each of the
two pulling velocities. In cases in which two overlapping
profiles were obtained (from entry and exit sets), we
confirmed that both of them matched.

The role of PheE15 as gate residue along the long branch
of the tunnel was investigated by computing the free
energy profile using umbrella-sampling techniques®® for
the oxy and deoxy states of the proteins, using the PheE15
C,-C, dihedral angle as distinguished coordinate and a
set of 12 windows of 1 ns each. Two independent sets of 12
windows each were employed to estimate the statistical
error.

Finally, the set of structures collected along the 0.1-us
MD simulations were used to explore the dynamical
behavior of the protein by determining the essential
dynamics through principal component analysis,®® con-
ducted considering the backbone C, atoms. Indeed, resi-
dues 1-15, which form the short N-terminal isolated helix
(Fig. 1), were also excluded from the analysis because high
flexibility in this region might mask the essential move-
ments in the trHbN fold.

RESULTS AND DISCUSSION

To address the question of how NO can access the heme
in oxy-trHbN, we analyzed a 0.1-ps trajectory of oxy-
trHbN. The analysis revealed that only the long branch of
the tunnel remains open for a significant fraction of time to
allow diffusion of NO, and that opening of this path is
controlled by residue PheE15, whose side chain mainly
populates two conformations [characterized by average
C,—C, torsional angles of about +40 and —-50 degrees; Fig.
2(a)]. In the PheE15 closed state the side-chain phenyl ring
protrudes into the tunnel long branch, preventing the
access of incoming ligands to the heme distal cavity
through this path. On the contrary, in the open state,
PheE15 is roughly parallel to the tunnel long branch axis,
enabling the transit of diatomic ligands, the narrowest
tunnel width being ~3.4 A,

The free energy profiles for ligand migration, obtained
through steered MD simulations, indicated that in the
open state NO diffusion is almost free of barriers, and
access to the heme cavity is favored by 3-4 keal/mol [Fig.
2(b)]. On the contrary, in the closed state the steric
hindrance of PheE15 phenyl ring undermines ligand ac-
cess, leading to a steady increase in the free energy profile
[Fig. 2(b)]. Interestingly, the free energy minimum found
at about 11 A from the heme matches one of the Xe binding
sites observed experimentally in M. tuberculosis trHbN.?
Steered MD simulations also revealed that in oxygenated
trHbN migration of NO through the tunnel short branch is
not favored, related to a progressive rise in the free energy
[Fig. 2(c)]. Taken together, the above results suggest that
NO access to the heme distal cavity should preferentially
occur through the long tunnel branch in oxy-trHbN.

Strikingly, the ligand migration pathway described above
is drastically different in deoxy-trHbN. The analysis of the
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is mediated by three main structural features. First, the tunnel
system would have evolved to allow access of O and NO
ligands to the heme through distinct migration paths. Second.
O binding to the heme would facilitate access of NO by
promoting opening of the tunnel long branch, where ligand
diffusion is controlled by PheElS5, which acts as a gate. Third,
opening of PheE15 would be mediated by a subtle conforma-
tional change in the hydrogen-bonded network formed by
TyrB10 and GInE11, which act as a molecular switch.

Since residues TyrB10 and GInEl1 are crucial to facilitate
opening of the wnnel gate upon O binding to the heme,
disruption of the molecular switch should lead to a substantial
decrease in the biological activity. In this study we examine
the structural and dynamical properties of the TyrB 10—Phe and
GInEl1—Ala mutants in order 1o investigate the reliability of
the dual-path ligand-induced regulation mechanism mentioned
above. In particular, the results provide a molecular basis to
explain the dramatic decrease in NO consumption observed
experimentally for the TyrB [(0—Phe mutant and predict a similar
behavior for the GInE11—Ala mutant.

Methods

MD simulations were performed from the crystal structure of the
oxygenated form of the wild type (wt) trHbN (PDB entry 11IDR:
monomer A at 1.9 A resolution),” which was used to generale the
starting structures of the TyrB|0—Phe and GInE| 1—~Ala mutants. This
procedure is supported by the close similarity observed between the
structure of the wi protein and the recently reported X-ray crystal-
lographic structures of the cyanide complexes TyrBI0—Phe and
GlnEl 1—Ala mutants (PDB entries 2GKM and 2GLN).™ As noted in
ref 14, which also reports the X-ray structures of the GlnEl1—Val
(2GKN) and TyrBi10--Phe/GInEl |—Val (2GL3) mutants, the rmsd of
the A chain in the different mutants and in the wi protein ranges from
0.23 10 041 A, thus confirming that the mutations have little impact
on the protein fold. Every mutated enzyme was immersed in a pre-
equilibrated octahedral box of TIP3P'® water molecules. The standard
protonation state at physiological pH was assigned to the jonizable
residues. The final system contains the mutated protein, around 8600
water molecules, and the added counterions, leading to a total of
~28 300 atoms. Simulations were performed in the NPT ensemble.'
The system was simulated employing periodic boundary conditions and
Ewald sums (grid spacing of 1 A) for treating long-range electrostatic
interactions.'” All simulations were performed with the parmm99 force
field"® using Amber8." For the oxygenated heme group RESP charges®
and HF/6-31G(d) wave functions were used according to the Amber
standard protocol. The initial system was minimized and equilibrated
using the multistep protocol reported for the wit protein.'? Then, 100
ns MD simulation was run for the two mutants. As a reference control,
a 50 ns MD simulation was performed for the oxygenated form of the
wt trHbN using the same protocol.

The role of PheEl5 as pate residue in the wnnel long branch was
examined by computing classical molecular interaction potential

(14) Quellet, Y.; Milani, M.: Couture, M.: Bolognesi, M.: Guertin, M.
Biochemistry 2006, 45. 8770.
(15} Jorgensen, W. L.; Chandrasekhar. 1.: Madura, 1. D.: Impey. R. W.: Klein,
M. L. L. Chem. Pirys. 1983, 7Y, 926.
(16) Berendsen, H. J. C.; Posima, J. P, M.; van Gunsteren. W, F.: Di Nola. A.:
Haak, 1. R. J. Chem. Phys. 1984, 8], 3684
(17) Darden. T. A.: York, D.: Pedersen, L. J. Chem, Phys. 1993, 98, 10089,
(18) Wang. 1. Cieplak. P.; Kollman. P. A. J. Compur. Chem. 2000, 21, 1049,
(19) Pearlman. D. A.; Case. D. A.; Caldwell. J. W.. Ross, W, R.; Cheatham. T.
E.. Ill: DeBolt, S.: Ferguson, D.; Seibel. G.. Kollman, P. Comp. Phys.
Commun. 1995, 91, 1.
(20) E;yl{i%gl,: Cieplak, P.; Comell. W.: Kollman, P. A, J. Phys. Chem. 1993,
. 10269,
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(CMIPY' energy isocontour profiles using a rigid NO probe character-
ized by RESP atomic charges and van der Waals parameters defined
for equivalent atoms in the Amber force field (see Supporting
Information). To this end, the protein was placed in a grid (spacing of
0.35 A) centered at the active site (heme group) and large enough to
cover the whole channel.

The dynamical behavior of the proteins was investigated by
determining the essential dynamics through principal component
analysis,* conducted considering the backbone Cq atoms, Indeed,
residues 1—15, which form the short N-terminal isolated helix, were
excluded from the analysis since the high flexibility of this region might
mask the essential movements in the rHbN fold. The similarity between
essential motions for the wi protein and the mutants was quantified
using the similarity index defined in eq 1, which takes into account
not only the nature of the essential movements but also their contribution
to the structural variance of the protein,®

Eup=
[ (Av)  (Ax)
exp| = ——~—
=g =2 t{ A
133 ot T
=1 =1 i {A\) (Ax)
Zexp E exp|— r
- - (1)
(Ax)” (AAJ '
exp|— exp|—
- i
=\ fi=: Ao\ e A\
Z exp|— ! Zcxp -
=1 j.f =1 ).f

where 4, is the eigenvalue associated with a given eigenvector i whose
unitary vector is ¥, and the sum is extended to a given set (2) of relevant
eigenvectors,

Results and Discussion

To the best of our knowledge, there is no experimental
evidence for the viability of the GInEll—Ala mutant to
accomplish the O/NO chemistry. However, Guertin and co-
workers have shown that the TyrB 10—Phe mutation leads to a
drastic reduction in the NO-consuming activity compared to wi
trHbN, since the NO consumption rate was similar to that
measured in buffer solution,” which demonstrates that TyrB10
is essential for NO detoxification by trHbN. The decrease in
the biological activity cannot be attributed to the inability of
the TyrB 10—Phe mutant to bind O,. In fact, resonance Raman
spectra confirm that it binds O, as noted in the Fe—0; stretching
mode detected at 570 em~'.** Compared to the wt protein,
however, the frequency of the Fe—0 stretching mode is shifted
by around 10 em™' due to the loss of the hydrogen bond formed
between the bound O; and the hydroxyl group of TyrB10 in
trHbN,

On the basis of the preceding experimental evidence, one
might be tempted to atribute the reduced activity of the
TyrB10—Phe mutant o a loss in the catalytic efficiency of the

.
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of trHbN,'? the eggression pathway of the nitrate anion is not
uniquely defined, as noted in the dispersion of free energy values
obtained in MSMD simulations (see Figure 6). Clearly, this
finding can be explained by the difference between the narrow,
well delineated branches of the protein matrix tunnel involved
for migration of diatomic ligands® and the broader pathway
followed by the nitrate anion.

The crucial event in triggering the release of the nitrate anion
can be attributed to the entry of water molecules to the heme
cavity, which is facilitated by the structural destabilization of
the cavity walls promoted by the formation of the nitrate anion.
Among other residues, such a structural destabilization affects
PheCD1, which has been identified as a heme-solvent shielding
residue.? In contrast to the dry environment of the heme cavity
observed in the MD simulations of the wild type trHbN in both
deoxygenated and oxygenated forms,'2!? those water molecules
are relained along the simulation of trHbN with the heme—Fe-
(III)=NO;~ complex due to the favorable electrostatic interac-
tions with the negative charge of the anion.

The wet environment created by the presence of few water
molecules has a decisive contribution to the weakening of the
bond between the heme Fe atom and the nitrate anion. This is
reflected in the enlargement of the Fe—O distance from a value
of 1.97 A for a simple gas-phase-like model to 2.32 A for the
QM/MM model of the complex in trHbN (see above). Further-
more, the small energy barrier obtained for the high spin state
of the heme—Fe(III)—-NO;~ complex suggests that the breaking
of the Fe—O bond should be thermally feasible, which is in
agreement with the known difficulties in experimentally char-
acterizing the heme-bound nitrate anion complex.

Overall, the results point out that trHbN is able to rapidly
release the nitrate anion through an eggression pathway different
than that used by the diatomic ligands O; and NO. Thus,
previous studies'® suggest that O, would access the heme cavity
through the short branch of the tunnel with an associated barrier
of ~4 kcal/mol, whereas migration of NO to the heme activity
would take place through the long tunnel branch facilitated by
the opening of the PheE15 gate upon binding of O; to the heme.
The efficiency of the release of the nitrate anion is physiologi-
cally relevant, as it contributes to guarantee the survival of the
microorganism, since it facilitates the trnover of trHbN with
the concomitant uploading of O, and agrees with the experi-
mental evidence that the rate of the NO detoxification is mainly
limited by the access of the ligands to the heme cavity.

Conclusions

The results presented here permit us to reconcile the migration
of the ligands O; and NO through the highly hydrophobic
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branches of the protein tunnel with the larger size and charged
nature of the nitrate anion, as the product of the reaction leaves
the enzyme using a different pathway. The migration of the
nitrate anion is promoted by the increase in the hydration of
the heme binding site, which contributes to the weakening of
the Fe—O bond and facilitates the transition to the high spin
state. In turn, the results also show that entry of the water
molecules to the heme binding site is related to the structural
distortion of the cavity walls induced upon formation of the
product (i.e., the nitrate anion), which gives rise to the formation
of different pores that allow the entrance of water molecules.

These findings complement previous experimental*~5#-1! and
theoretical'>~'* work on the NO detoxification mechanism by
trHbN from M. ruberculosis. Taken together, this information
permits identifying certain residues that play a crucial role in
the NO-dioxygenase activity of trHbN, such as PheE15, which
acts as the gate of the long tunnel branch, the pair TyrB10-
GInE11, which not only modulates the O binding affinity and
the correct positioning of NO in the heme-bound O; cavity but
also contributes to facilitating the opening of the gate by
combining both local and global conformational changes, and
ThrE2, which assists the nitrate anion along the eggression
pathway. The knowledge gained from the detailed analysis of
these results should be valuable to suggest possible mutations,
which should affect the efficiency of the NO-detoxification
mechanism by trHbN, to explain the differences in activity
between related truncated hemoglobins and eventually to provide
a basis for the design of a pharmacological strategy against
tuberculosis based on the definition of trHbN as a potential
therapeutic target.
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Figure 87. Individual works for the two sets (top and bottom) of 10 MSMD runs from

10.5 to 14.5 A for the release of the solvated nitrate anion.
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