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RESUMEN
Las proteinas Gpn1, Gpn2 y Gpn3 son miembros de la familia de GTPasas GPN;

Npa3 en la levadura Saccharomyces cerevisiae es el ortdlogo de Gpn1 humana.
Estas proteinas desempefian un papel crucial en el ensamble y en la acumulacion
nuclear de la RNA polimerasa Il (RNAPII), funcionando como chaperonas
moleculares. Las estructuras cristalograficas de Npa3 revelan conformaciones
abiertas y cerradas, dependiendo del nucleétido de guanina unido (GMPPCP, un
analogo no hidrolizable del GTP, o GDP, respectivamente). La conformacion abierta
de Npa3 posee una cavidad hidrofébica que es sugerida como esencial para el
reconocimiento y la union de subunidades de la RNAPII durante su biogénesis; sin
embargo, aun no se dispone de datos estructurales sobre estos complejos. En este
trabajo, se generaron modelos in silico de las interacciones entre la estructura
cristalografica de Npa3 monomérica en su conformacion abierta y péptidos de la
RNAPII de levadura que se han demostrado experimentalmente interactuan con
Npa3, generados mediante acoplamiento computacional flexible. Con la finalidad de
identificar inhibidores de estas interacciones, potencialmente utiles para
comprender las funciones moleculares y celulares de estas proteinas, se realizaron
experimentos de acoplamiento molecular utilizando una biblioteca disefiada de
compuestos aprobados por la FDA, tanto en la estructura experimental de Npa3
como en un modelo por homologia de Gpn1 humana. Se identificaron, tras una
optimizacién por acoplamiento flexible, como potenciales inhibidores competitivos
el farmaco atovacuona para Npa3 y Gpn1 (energias de afinidad de -14,4y -13,5
kcal/mol, respectivamente) y tibolona para Npa3 (-13,6 kcal/mol). Ademas, nuestros
modelos de acoplamiento sugieren residuos clave en Npa3, como F143 y W179,
que pueden ser fundamentales para el reconocimiento tanto de las subunidades de
la RNAPII como de los farmacos. En el futuro, estudios bioquimicos y de
mutagénesis sitio dirigida podran aportar evidencia funcional sobre su efecto en la
biogénesis de la RNAPII.



ABSTRACT
The Gpn1, Gpn2, and Gpn3 proteins are members of the GPN-loop GTPase family;

budding yeast Npa3 is an orthologue of the human Gpn1. These proteins play a
crucial role in the assembly and nuclear localization of RNA polymerase Il (RNAPII),
functioning as molecular chaperones. The crystallographic structures of Npa3 reveal
open and closed conformations, which are dependent on the bound guanine
nucleotide (GMPPCP or GDP, respectively). The open conformation of Npa3 exhibits
a hydrophobic pocket proposed to be essential for the recognition and binding of
specific peptides of RNAPII, contributing to its biogenesis; however, structural data
on these complexes remain unavailable. In this work, we present in silico models of
the interactions between the crystallographic structure of monomeric Npa3 in its
open conformation and yeast RNA polymerase |l peptides, generated through
flexible computational docking. To identify inhibitors of these interactions, potentially
useful in understanding the molecular and cellular functions of these proteins, we
performed molecular docking experiments using a designed library of FDA-approved
compounds on both the Npa3 structure and a homology model of human Gpn1. Our
analysis identified potential inhibitors, including atovaquone for both Npa3 and Gpn1
(docking scores: -14.4 and -13.5 kcal/mol, respectively) and tibolone for Npa3
(—13.6 kcal/mol), following flexible docking optimization. Additionally, our docking
models suggest key residues in Npa3 such as F143 and W179, which may be critical
for recognizing RNAPII subunits and druglike molecules. These findings can be
further explored through biochemical and mutagenesis studies to assess their roles
in RNAPII.
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1. INTRODUCCION.

1.1 GTPasas
Las GTPasas son una superfamilia de enzimas que poseen una alta afinidad por los

nucleotidos de guanina y tienen la capacidad para hidrolizar GTP a GDP (Pai et al.,
1989; Bourne HR et al., 1991; Rojas et al., 2012). Estas proteinas actuan como
switches o interruptores moleculares alternando entre un estado activo, donde se
encuentra unido el GTP, y un estado inactivo, unido al GDP (Figura 1) (Hall, 1990;
Takai et al., 2001; Vetter & Wittinghofer, 2001). Participan en una gran variedad de
funciones celulares, incluyendo la transduccion de senales, sintesis de proteinas,
migracion celular, trafico vesicular y la reorganizacién del citoesqueleto (Takai et al.,
2001; Leipe et al., 2002; Wennerberg et al., 2005; Charest & Firtel, 2007; Yalovsky
et al., 2008). Estructuralmente, comparten un dominio que es esencial para la unién
de los nucledtidos de guanina GTP y GDP, e hidrdlisis del GTP; consta de 170
residuos y poseen los motivos caracteristicos nombrados G1 a G5 (Bourne HR et
al., 1991; Sprang, 1997; Paduch et al., 2001; Reiner, 2018). Los primeros estudios
reportados sobre proteinas con actividad de GTPasa surgieron entre las décadas
de 1950 y 1960, siendo el trabajo de J. Gordon en 1969, uno de los primeros en
describir el proceso de hidrolisis enzimatica del guanosin trifosfato (Gordon, 1969).
Las investigaciones realizadas en estas décadas no empleaban el término GTPasa,
sin embargo, demostraron la existencia de proteinas con actividad de GTP hidrolasa
asociadas a funciones celulares especificas. En la década de 1970, Martin Rodbell
publicé varios articulos sobre la regulacion de la adenilato ciclasa o adenilil ciclasa
por GTP y su relacidon con receptores hormonales (Rodbell et al., 1971; Birnbaumer
etal., 1971; Londos et al., 1974), antes de que se definiera formalmente el concepto
de “proteinas G”. Posteriormente, a inicios de 1980, los trabajos de Channing J. Der
y colaboradores llevaron a la identificacion de los oncogenes humanos H-Ras y K-
Ras en lineas celulares de carcinoma de vejiga y pulmon, homologos a los
oncogenes virales v-Ha-ras y v-Ki-ras de retrovirus de ratas (Der et al., 1982). En
ese mismo afo, se publicdé un estudio en la revista Nature donde identificaron al

oncogén humano de vejiga (T24/H-ras) como homdlogo del oncogén viral v-Ha-ras,
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estableciendo por primera vez la existencia de un protooncogén ras humano
(Santos et al., 1982). Estos hallazgos contribuyeron al establecimiento del concepto
de las GTPasas pequefias como interruptores moleculares en la regulacion del

crecimiento celular.

GEF
GTPasa
inactiva Ciclo del
GTP/GDP
oo 6
GAP

Pi

Figura 1. Ciclo de las GTPasas. La unién de los nucleétidos de guanina GTP y GDP
determina la estructura y funcion de las GTPasas. Se consideran activas cuando estan
unidas al GTP, en dicho estado son capaces de interactuar con su efector para generar
diversos efectos bioldgicos. La intervencién de proteinas accesorias como los factores
activadores de GTPasas (GAPs) favorecen la hidrdlisis del GTP, que mediante la hidrélisis
del fosfato gama es convertido en GDP, entrando asi en un estado inactivo. Por otro lado,
los factores intercambiadores de nucledtidos de guanina (GEFs), facilitan el
desprendimiento del GDP, y como consecuencia la uniéon de una nueva molécula de GTP,

dando inicio nuevamente al ciclo de activacion e inactivacion de las GTPasas.

En 1982, Walker, J. E. y colaboradores identificaron por primera vez el motivo

conservado GXXXXGKT, conocido posteriormente “Walker A motif’ o P-loop (motivo
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de unién al fosfato), mediante el estudio de los sitios de unidn al ATP de las cinasas
y otras enzimas que unen ATP (Walker et al., 1982). Este descubrimiento establecio
que proteinas escasamente emparentadas comparten un pliegue comun que
participa en la union de nucledtidos. Las implicaciones de este descubrimiento
contribuyeron a la comprension estructural de las proteinas de unién a nucleétidos.
Estudios comparativos posteriores de las secuencias de proteinas Ras y otras
GTPasas, demostraron que comparten el motivo P-loop, conocido en estas enzimas
como motivo G1 (Valencia et al., 1991), ademas de otros cuatro motivos
estructurales conservados y caracteristicos (G2-G5) del dominio G. Durante los
afnos noventa, el estudio de las GTPasas trascendié desde la identificacion de
proteinas Ras a una comprension sobre sus mecanismos de regulacion, las
interacciones que establecen con efectores, y como se diversifican funcionalmente
en rutas celulares especificas. En esta época, se consolido la clasificacion de las
GTPasas pequefas en cinco familias principales, cada una con funciones celulares
especificas: Ras, Rho, Rab, Arf/Sar y Ran. Este grupo de enzimas comparten un
mecanismo molecular en comun de encendido y apagado, dependiente de la unidn
de GTP y GDP, respectivamente. Estudios cristalograficos revelaron que las
GTPasas presentan cambios conformacionales en dos regiones criticas nombradas
como “switch 1”7y “switch 2° (Milburn et al., 1990). También, fueron descritos los
procesos regulatorios de estas enzimas mediante las proteinas accesorias GEFs
(guanine nucleotide exchange factors) y GAPs (GTPase-activating proteins), por
sus siglas en inglés (Bourne et al., 1990). En la década de los 2000 se descubrieron
nuevas familias de GTPasas relacionadas con funciones no clasicas como la
biogénesis ribosomal y la biogénesis de proteinas de membrana (Leipe et al., 2002).
También se describieron GTPasas cuya funcién no estaba limitada unicamente a la
sefalizacion, sino que participan en el ensamble de estructuras macromoleculares,
demostrando que el papel del GTP no se limita a la sefalizacion, sino que participa
también en la coordinacion de ensambles macromoleculares como en el caso de la
GTPasa Gpn1, descrita como una proteina asociada a la RNAPII (Jerénimo et al.,
2007) y posteriormente mostrado que era esencial para la localizacion nuclear de
esta enzima (Forget et al., 2010).
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1.2 Familia de GTPasas GPN.
La ampliacion del conocimiento funcional y estructural de las GTPasas derivé en la

identificacion de nuevos grupos con funciones celulares esenciales, pero con
mecanismos menos convencionales de regulacion y localizacion. Esta
diversificaciéon funcional llevo al descubrimiento de la familia GPN, caracterizada por
un motivo altamente conservado conformado por los residuos de glicina (G), prolina
(P), y asparagina (N), localizado en el dominio G, y esencial para la estabilizacion
del fosfato post hidrdlisis. En 2007, se propuso por primera vez llamar a esta familia
como “GPN-loop GTPases” al caracterizar la unica proteina GPN descrita en
arqueas hasta ese momento, y describir el motivo GPN conservado, lo que permitio
sugerir su posible implicacion en procesos celulares esenciales (Gras et al., 2007).
Esta familia incluye a las GTPasas humanas Gpn1, Gpn2, Gpn3; mientras que Npa3
en la levadura Saccharomyces cerevisiae es el ortdlogo de Gpn1. Los tres genes
GPN estan universalmente conservados en células eucariotas y son esenciales
(Forget et al., 2010; Carre & Shiekhattar, 2011; Staresincic et al., 2011). En arqueas,
se conoce una copia unica del gen GPN (Alonso et al., 2013). Analisis filogenéticos
demostraron que las GTPasas GPN son proteinas altamente conservadas y que
estan ausentes en bacterias y ciertas arqueas, lo que sugiere un papel crucial en
procesos nucleares exclusivos en células con nucleo (Matte-Tailliez et al., 2000;
Alonso et al., 2013). Puntualmente, Forget et al., 2010 demostraron que Gpn1
(anteriormente denominada RPAP4/XAB1) es fundamental para la importacion
nuclear del complejo multienzimatico de la RNAPII, la enzima responsable de la
transcripcion de todos los mRNA, vinculando por primera vez de manera funcional
a una GTPasa GPN con la maquinaria de transcripcion en células eucariotas. Este
hallazgo consolido la idea de que las GTPasas GPN actuan como factores de
ensamble y maduracion del complejo de la RNAPIl y no como proteinas de
sefalizacion. Estudios posteriores realizados por Forget et al. en 2010 y Minaker et
al. en 2013, mostraron que las GTPasas GPN funcionan de manera
interdependiente contribuyendo en el ensamble e importacion de la RNAPII al
nucleo. Estructuralmente, el primer cristal fue obtenido a partir de la proteina
PABO0955 de Pyrococcus abyssi, una arquea hipertermdfila. La estructura se resolvio
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en su forma unida a GDP, en ausencia de iones de magnesio. PAB0955 fue
reportada como un homodimero estable. Posteriormente, fue resuelta la estructura
cristalografica de Npa3 (Niesser et al.,, 2016), proporcionado informacion crucial
sobre su funcion en la biogénesis de la RNAPII. Se demostré que Npa3 existe en
dos conformaciones, una cerrada unida a GDP, y otra abierta unida a un analogo no
hidrolizable de GTP (GMPPCP). Por otro lado, Npa3 mostro una cavidad hidrofébica
exclusivamente en la conformacion abierta, alejada del sitio de union a los
nucleotidos de guanina. Se propuso que, a traves de esta cavidad, Npa3 es capaz
de interactuar con regiones de péptidos hidrofébicos en la superficie de las
subunidades de la RNAPII, sugiriendo un papel de esta GTPasa como chaperona
en el ensamble del complejo enzimatico de la enzima.

La RNAPII es un complejo formado por 12 subunidades (Rpb1-Rpb12), las cuales
han sido extensamente estudiadas (Wild & Cramer, 2012). El nucleo catalitico esta
compuesto por 10 subunidades, el cual esta organizado en tres subensambles: el
subensamble Rpb1 que incluye a las subunidades Rpb1, Rpb5, Rpb6, y Rpb8; el
subensamble Rpb2, formado por Rpb2 y Rpb9 y por el subensamble Rpb3, que
consta de Rpb3, Rpb10, Rpb11, y Rpb12. Para la formacion del complejo entero de
la RNAPII son necesarios varios pasos intermediarios y factores de ensamblaje
(Boulon et al., 2010; Wild & Cramer, 2012). Una propuesta importante del trabajo de
Niesser (Niesser et al.,, 2016), fue que la interaccion entre los péptidos en la
superficie de las subunidades de la RNAPII, y Npa3 en conformacién abierta
mediante su cavidad hidrofébica estimula alostéricamente la actividad de GTPasa y
facilita la liberacién posterior de los péptidos, proceso indispensable para la
maduracion y movilizacion de la RNAPII al nucleo.

Estos hallazgos, ademas de evidenciar la funcion de Npa3 como chaperona
molecular, también reflejan la conservacion estructural y funcional de las GTPasas
GPN en eucariotas. Finalmente, la presencia del motivo GPN altamente conservado
y de mecanismos alostéricos de regulacion demuestran su papel esencial en la
organizacion, ensamblaje y estabilidad de la RNAPII, situando a la familia de
GTPasas GPN como componentes clave en la organizacién y regulacion de

procesos nucleares necesarios que sustentan la viabilidad celular.
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1.3. Métodos computacionales en el estudio de interacciones
moleculares

El estudio de las interacciones moleculares es esencial para comprender los
procesos biolégicos a nivel atomico. La identificacion de los mecanismos de
reconocimiento y asociacion especifica de moléculas como proteinas, acidos
nucleicos, lipidos y otras moléculas pequefias permiten dilucidar procesos
biolégicos complejos como la sefalizacion celular y la catalisis enzimatica, entre
otros (Goodsell & Olson, 2000; De Vivo et al., 2016; Chen et al., 2024). El soporte
original para el estudio de estos mecanismos, han sido las técnicas experimentales
de la cristalografia de rayos X, la resonancia magnética nuclear (RMN) y mas
recientemente, la criomicroscopia electronica (crio-EM) (Son et al., 2024).

En adicién a esta variedad de técnicas de resolucion de estructuras, la disponibilidad
del poder computacional actual y el desarrollo de modelos tedricos avanzados han
impulsado fuertemente la integracion de métodos computacionales como
herramientas complementarias al estudio de la biologia estructural. Estos enfoques
permiten explorar, con resolucién atdmica, las bases fisicoquimicas del
reconocimiento molecular y la dinamica de las macromoléculas biologicas
(Nussinov et al., 2019; Frasnetti et al., 2024; Zhang & Qian, 2024). Las técnicas
computacionales mas empleadas en biologia estructural incluyen el acoplamiento
molecular (molecular docking), las simulaciones de dinamica molecular y los
métodos de modelado por homologia o prediccion estructural, como el caso de
AlphaFold en los ultimos afios (Miyazono & Tanokura, 2022; Zhu et al., 2022; Li,
2024). Cada una de estas técnicas ofrece una perspectiva distinta hacia el
entendimiento de coémo los sistemas bioldégicos moleculares interactuan y se
organizan. La aplicacién de estas técnicas computacionales, en combinacion con
datos experimentales ha demostrado ser una poderosa estrategia para la
formulacion de hipotesis sobre los mecanismos especificos del funcionamiento de
proteinas, asi como para la identificacidon de moléculas con potencial terapéutico.
En consecuencia, los enfoques in silico no solo complementan los datos
estructurales derivados de métodos experimentales, sino que también los
enriquecen proporcionando una vision mas detallada y realista de la dinamica

molecular.
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1.4 Acoplamiento molecular.
Se han estudiado extensamente los requisitos para la busqueda de moléculas con

actividad biologica, enfatizando la importancia de un analisis detallado del receptor,
el estudio de las propiedades de sus cavidades, y la caracterizacion de aquellas con
potencial farmacologico (Walters & Murcko, 2002; An et al., 2004; Pérot et al., 2010;
Hughes et al., 2011; Ru et al., 2024). El acoplamiento molecular o molecular docking
es un enfoque bioinformatico que permite predecir la orientacion y afinidad con la
que una molécula pequefia o ligando interactua con un sitio activo o de unién sobre
la superficie una proteina, asi como en la generacion de complejos proteina-
proteina o proteina-péptidos (Kuntz et al., 1982; Kitchen et al., 2004; Fink et al.,
2009; Mondal et al., 2022). Este método combina informacion estructural de la
proteina y del ligando con algoritmos de busqueda y scoring, donde se estima la
geometria y las contribuciones energéticas de la interaccion, cuyo objetivo es la
identificacion de las configuraciones mas favorables (Lengauer & Rarey, 1996;
Pagadala et al., 2017). Se ha convertido en una herramienta fundamental en los
estudios moleculares al permitir la exploracion y descripcion detallada de
interacciones proteina-ligando o proteina-proteina, facilitando la identificaciéon de
moléculas potencialmente inhibidoras o moduladoras (Kitchen et al., 2004; Meng et
al., 2011). Por otro lado, complementa estudios estructurales y funcionales
mediante la formulacién de propuestas de mecanismos tedricos sobre la dinamica
de las interacciones moleculares de las proteinas (Goodsell & Olson, 1990; De Vivo
etal., 2016; Mondal et al., 2022). A pesar de décadas de estudio sobre interacciones
moleculares, los métodos clasicos de docking consideran usualmente a la proteina
como una estructura rigida, limitando su capacidad para representar los
movimientos y cambios conformacionales inherentes a su funcidén biolégica. Asi,
considerando que las proteinas son entidades dinamicas cuyas conformaciones
fluctian, surge la necesidad de incorporar flexibilidad en los modelos de
acoplamiento (Ferreira et al., 2015; Harmalkar & Gray, 2021). En este contexto, el
acoplamiento flexible se ha desarrollado como una extension de los enfoques
tradicionales, permitiendo la exploracion de multiples conformaciones tanto del

ligando como del sitio activo de la proteina (Lee et al., 2025). La exploracion
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considera el grado de flexibilidad de las moléculas que interactuan, sirve como
complemento a los estudios estructurales y funcionales, buscando ofrecer una
aproximacion mas cercana a un contexto bioldgico real de los mecanismos de
reconocimiento molecular y posibles modos de union (Erickson et al., 2004;
Grassmann et al., 2024).

En el presente estudio, se exploré la cavidad hidrofébica en la forma abierta (unidos
a GTP) de Npa3 y en el modelo de Gpn1 con la finalidad de obtener informacion
sobre sus propiedades estructurales. Basados en estos datos, se realizaron
experimentos de acoplamiento flexible proteina-proteina sobre los péptidos de la
RNAPII identificados por Niesser et al. (2016) que se unieron con mayor afinidad
con el objetivo de modelar estas interacciones in silico, brindando informacion sobre
los modos particulares de unién y contactos especificos. Para investigar potenciales
inhibidores quimicos que afecten la funcion de estas GTPasas esenciales y
comprender sus mecanismos biolégicos, se realizaron experimentos de
acoplamiento molecular sobre la cavidad hidrofébica del cristal de Npa3 y el modelo
por homologia de Gpn1 existente en su conformacidén abierta en contra de una
biblioteca de compuestos aprobados por la FDA. Finalmente, se proponen
compuestos que podrian funcionar como inhibidores potenciales para su futura
evaluacion experimental in vitro, asi como modelos de la interaccidn de estas
GTPasas con péptidos de la superficie de la RNAPII.

Conjuntando la relevancia biolégica de Npa3, en combinacion con la existencia de
la cavidad hidrofébica en las estructuras activas, su interaccién con péptidos en la
superficie de las subunidades de la RNAPII, y el limitado entendimiento de su
mecanismo de actividad, Npa3 emerge como un blanco ideal en la busqueda de
inhibidores potenciales quimicos capaces de afectar su actividad de chaperona
disrumpiendo las interacciones con péptidos clave de las subunidades de la RNAPII,

previniendo su ensamble.
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ABSTRACT: The Gpnl, Gpn2, and Gpn3 proteins are members of
the GTPase GPN family; yeast Npa3 is an orthologue of the human
Gpnl protein. These proteins play a crucial role in the nuclear
accumulation of RNA polymerase II, functioning as molecular
chaperones. The crystallographic structures of Npa3 reveal open
and closed conformations, which are dependent on the bound
guanine nucleotide (GMPPCP or GDP, respectively). The open
conformation of Npa3 exhibits a hydrophobic pocket proposed to be
essential for the recognition and binding of specific peptides of RNA
polymerase II, contributing to its biogenesis; however, structural data
on these complexes remain unavailable. In this work, we present in
silico models of the interactions between the crystallographic structure
of monomeric Npa3 in its open conformation and yeast RNA
polymerase II peptides, generated through flexible computational docking. To identify inhibitors of these interactions, potentially
useful in understanding the molecular and cellular functions of these proteins, we performed molecular docking experiments using a
designed library of FDA-approved compounds on both the Npa3 structure and a homology model of human Gpnl. Our analysis
identified potential inhibitors, including atovaquone for both Npa3 and Gpnl (docking scores: —14.4 and —13.5 kcal/mol,
respectively) and tibolone for Npa3 (—13.6 kcal/mol), following flexible docking optimization. Additionally, our docking models
suggest key residues in Npa3 such as F143 and W179, which may be critical for recognizing RNA polymerase II subunits and drug-
like molecules. These findings can be further explored through biochemical and mutagenesis studies to assess their roles in RNA
polymerase II recognition.
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1. INTRODUCTION

GTPases constitute a superfamily of enzymes with the ability to
bind guanine nucleotides and hydrolyze GTP, acting as
molecular switches and transitioning between inactive (GDP-

includes human Gpnl, Gpn2, and Gpn3, while Npa3 in yeast
(Saccharomyces cerevisiae) is the orthologue of Gpnl. In archaea,
there is a single copy of the GPN gene. The three GPN genes are
universally conserved in eukaryotic cells and indispensable for

bound) and active (GTP-bound) conformations. This transition
is regulated by guanine nucleotide exchange factors (GEFs) and
GTPase activating proteins (GAPs).'”> GEFs facilitate the
exchange of GDP for GTP, while GAPs promote the hydrolysis
of GTP to GDP, leading to an inactive state of the GTPase.*™®
GTPases share a common structural domain consisting of 170
residues distributed across five motifs (G1 to GS), crucial for
GTP binding and hydrolysis.”” During GTP hydrolysis, the y
phosphate is attacked by a nucleophilic water molecule, causing
its release, resulting in the GTPase inactive state (GDP-bound).
Additionally, there is an apo state, which is an alternative
conformation with a disordered switch 1 region.lo In 2007, Gras
etal."' proposed the GTPase GPN-loop family, characterized by
a highly conserved motif comprising glycine (G), proline (P),
and asparagine (N) residues, located in the G domain, essential
for stabilizing the phosphate ion posthydrolysis. This family

© 2025 The Authors. Published by
American Chemical Society

7 ACS Publications

life."*'® Interactions among Gpnl, Gpn2, and Gpn3, leading to
heterodimer formation, contribute to their functional roles."*"*
The crystallographic structure of monomeric Npa3, reported in
2016, reveals two conformations depending on the bound
guanine nucleotide: a closed form (GDP-bound) and an open
form (GTP-bound, crystallized with a nonhydrolyzable analog
of GTP)."® In addition, the open conformation of Npa3 exhibits
an exclusive hydrophobic pocket with a cocrystallized laurate

Received: June 20, 2025

Revised:  September 14, 2025
Accepted: September 19, 2025
Published: September 26, 2025

https://doi.org/10.1021/acsomega.5c05849
ACS Omega 2025, 10, 52585-52597


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Julio+A.+Mun%25CC%2583iz-Luna%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22A%25CC%2581ngel+Santiago%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Gema+R.+Cristo%25CC%2581bal-Mondrago%25CC%2581n%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Mo%25CC%2581nica+R.+Calera%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Roberto+Sa%25CC%2581nchez-Olea%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Roberto+Sa%25CC%2581nchez-Olea%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Nina+Pastor%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.5c05849&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c05849?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c05849?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c05849?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c05849?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c05849?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/44?ref=pdf
https://pubs.acs.org/toc/acsodf/10/44?ref=pdf
https://pubs.acs.org/toc/acsodf/10/44?ref=pdf
https://pubs.acs.org/toc/acsodf/10/44?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.5c05849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Strongest RNA Polymerase II-Interacting Peptides with Npa3'®

RNA polymerase II subunit peptide sequence

peptide number

position in the complete subunit ID UniProt/AlphaFold

Rpbl FGHIDLAKPVFHVGE 21 81-95 P04050
KRIAFGEVDRTLPHF 194 773787
ENSYLRGLTPQEFFF 201 801-815
YKQLVKDRKFLREVE 234 933-947
Rpb4 KNTMQYLTNESRERD 855 142156 P20433
Rpb8 LNNLKQENAYLLIRR 1043 132-146 P20436
Rpb11 FAAYKVEHPFFARFK 1109 58-72 P38902
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Figure 1. 3D structure of essential GTPases Npa3 and the homology model of human Gpnl in the open conformation. Cartoon representation of the
Npa3 crystal from S. cerevisiae (UniProt: P47122; PDB ID: SHCN) and of the human Gpnl model (UniProt: QQHCN#4) in the open conformation
(GTP-bound, active form) are displayed in sand (A) and blue (B), respectively. Laurate and GMPPCP (nonhydrolyzable analogue of GTP) are
displayed as spheres. The hydrophobic (gold) and hydrophilic (cyan) surface representation for Npa3 and Gpnl is shown in (C, D) in the same
orientation as in (A, B), respectively, with the scale bar for the molecular lipophilicity potential (MLP). The magnified area corresponds to the laurate

binding site location.

fatty acid molecule, which is not present in the closed
conformation.

Npa3/Gpnl plays a pivotal role in the nuclear accumulation
of RNA polymerase II, the enzyme that transcribes all protein-
coding genes and some noncoding RNA genes, such as miRNA,
IncRNA, and snRNA. The structure of RNA polymerase II, a
complex consisting of 12 subunits (Rpb1-Rpb12), has been
extensively studied.'>"*"*"'® The catalytic core, composed of 10
subunits, is organized into three subassemblies: the Rpbl
subassembly, which includes Rpbl, RpbS, Rpb6, and Rpb8
subunits; the Rpb2 subassembly, formed by Rpb2 and Rpb6;
and finally, the Rpb3 subassembly containing Rpb3, Rpbl0,
Rpbll, and Rpbl12."” The formation of these multisubunit
complexes also requires intermediates and assembly factors."”'®
A model proposed by Niesser et al.'* suggests that Npa3 can
function as a molecular chaperone. This observation stems from
qualitative binding assays that indicate that Npa3 interacts
through its hydrophobic pocket with key peptides located at the
interfaces of RNA polymerase II subunits. These interactions
were described to promote the GDP to GTP exchange,
proposing an allosteric regulation of nucleotide binding and
GTPase activity.

However, understanding the interactions between the hydro-
phobic pocket of Npa3 and these interface peptides is hampered
by a lack of structural information on the complexes. In this
sense, computational modeling represents a valuable tool for
understanding molecular interactions relevant for protein
binding, as well as for the development and identification of

52586

bioactive compounds.'*~** The requirements for searching for
small molecules with biological activity have been extensively
described by various authors,”*~>* emphasizing the importance
of a detailed structural analysis of the receptor, the study of
pocket properties, and characterization of those with potentially
druggable properties. Computational techniques such as
molecular docking are defined as essential tools for predicting
models of the interactions between small ligands and macro-
molecules, as well generating protein—protein or protein—
peptide complexes,”"*°~** offering potential information about
specific contacts, interaction energy, binding distances, etc. In
this study, we explored the hydrophobic pocket in the open form
of Npa3 and human Gpnl (GTP-bound) in order to obtain
information about its structural properties. With this informa-
tion we performed flexible-type protein—peptide and protein—
protein docking against RNA polymerase II peptides identified
by Niesser et al.' as being strong binders (Table 1), in order to
model these interactions in silico, providing information on the
particular binding modes and specific contacts. To investigate
potential chemical inhibitors that affect the function of these
essential GTPases and to advance the understanding of their
biological mechanisms, we conducted molecular docking
experiments in this hydrophobic pocket of Npa3 and the
homology model of human Gpnl against a library of FDA-
approved drugs. Finally, we propose potential inhibitors for
future experimental evaluation as well as models for the
recognition of the interaction of these GTPases with RNA
polymerase II peptides. Given the biological relevance of Npa3,

https://doi.org/10.1021/acsomega.5c05849
ACS Omega 2025, 10, 52585—-52597
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Figure 2. Localization and constituent residues of the “laurate binding site” identified by DoGSiteScorer in the Npa3 structure. (A) Volume of the
hydrophobic pocket calculated using the DoGSiteScorer tool shown as a green mesh, with laurate located internally. (B) Constituent residues of the
hydrophobic pocket identified by DoGSiteScorer and their positions in relation to laurate.

1qdy

Peptide 201

Peptide 21 Peptide 194 Peptide 234
FGHIDLAKPVFHVGF KRIAFGFVDRTLPHF ENSYLRGLTPQEFFF YKQLVKDRKFLREVF
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Figure 3. Sequence and localization of peptides used for protein—protein flexible docking. In surface representation are the 15 amino acid peptides
from Rpb1 (gray), Rpb4 (purple), Rpb8 (green), and Rpb11 (orange) subunits involved in the interaction with Npa3: (A) Peptides 21, 194, 201, and
234 of Rpb1, (B) 855 of Rpb4, (C) 1043 of Rpb8, and (D) 1109 of Rpb11 are highlighted in red. The position of each peptide within the context of the
complete subunit models obtained from AlphaFold2, is indicated below its respective sequence.

in combination with the existence of the hydrophobic pocket, its
interaction with the peptides from the interfaces of RNA
polymerase II subunits, and the limited understanding of its
activity mechanism, Npa3 emerges as an ideal target in the
search for potential chemical inhibitors able to affect its
chaperone activity by disrupting the interactions with key
peptides of RNA polymerase II subunits, preventing its
assembly.

2. RESULTS

2.1. Open Npa3 and Human Gpn1 Models Exhibit a
Hydrophobic Pocket with Pharmacological Potential.
The crystallographic structure of Npa3 and the human Gpnl
model in the open conformation (Figure 1A,B) display the
GTPase core fold, characterized by a six-stranded parallel j-
sheet surrounded by six a-helices. Notably, the hydrophobic
pocket (laurate binding site) is conserved (Figures 1A and S1),
suggesting the potential for targeting this conserved site across
various species. The surface representation according to
hydrophobicity for both the Npa3 and the human Gpnl

model structures are shown in Figure 1C,D, respectively. This
pocket is predominantly composed of hydrophobic residues.

To obtain information regarding the localization and
properties of this pocket in open Npa3 and Gpnl, we used the
bioinformatics tool DoGSiteScorer.””*° Notably, the pocket
corresponding to the laurate binding site exhibited druggability
scores of 0.72 and 0.8 for Npa3 and Gpnl, respectively; values
closer to 1 suggest a high probability for acting as a ligand
binding site. This score is based on properties such as the pocket
volume, surface area, local hydrophobicity, and shape. Figure 2
displays the hydrophobic pocket structure and the surrounding
residues. This pocket in the Npa3 structure has a volume of
405.89 A3, as well as a 0.71/0.29 ratio of nonpolar and polar
residues. All hydrophobic pocket descriptors for the Npa3
structure and the Gpnl model are shown in Table S1. These
structural descriptors suggest that the hydrophobic pocket could
be a potential druggable target for in-depth study.

2.2, Peptides in the Rpb1, Rpb4, Rpb8, and Rpb11
Subunits Interface Interact In Silico with Open Npa3
through Constituent Residues of the Hydrophobic

https://doi.org/10.1021/acsomega.5c05849
ACS Omega 2025, 10, 52585—-52597
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Figure 4. Residue contact heatmap from flexible docking models using CABS-dock and HADDOCK servers. Specific interactions between residues
conforming to the hydrophobic pocket of open Npa3 with peptides 21 (A), 194 (B), 201 (C), and 234 (D) from Rpb1; 855 (E) from Rpb4; 1043 (F)
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Figure 4. continued

from Rpb8; and 1109 (G) from Rpb11. Contacts present in CABS-dock models are shown in cyan, contacts in HADDOCK models are shown in red,
and contacts shared in models from both servers are colored in green. A cutoff threshold of 6 A was used to define the carbon—carbon contacts.

Laurate
re-docked

Figure S. Comparison of laurate binding modes: AutoDock Vina redocking against crystallographic structure of Npa3. (A) The structure of laurate is
depicted in blue and green sticks, overlying the Npa3 surface for the crystallographic and redocking pose, respectively. (B) The specific 2D interaction

diagrams are shown below.

Pocket. To evaluate the interactions between the Npa3
hydrophobic pocket and peptides from RNA polymerase II
subunits displayed in Table 1, models were generated using the
CABS-dock’ and HADDOCK 2.4 servers.”” The position of
each peptide within the context of the complete subunit is
displayed in Figure 3 and the AlphaFold2 confidence scores for
the predicted structures are shown in Figure S2. Ranking of
models generated by CABS-dock and statistics of the
HADDOCK score for the clusters generated for each peptide
in its respective subunit are presented in Table S2 and Figure S3,
respectively.

To evaluate the most prominent interactions in the models
generated using the CABS-dock and HADDOCK programs,
residue—residue contacts were calculated. Figure 4 presents
heatmaps of the consensus residue—residue contacts from the
best models, showing the interactions between all selected
peptides from the Rpbl, Rpb4, Rpb8, and Rpb11 subunits and
the residues comprising the Npa3 hydrophobic pocket. Using a
6 A cutoff threshold to define carbon contacts, a total of 793
contacts were identified with CABS-dock, 144 with HAD-
DOCK, and 101 shared contacts, i.e., those detected by both
HADDOCK and CABS-dock.

Among these interactions, peptide 21 showed the lowest
number of shared contacts (in both CABS-dock and
HADDOCK): F143 of Npa3 is paired with A87 of Rpbl
(Figure 4A). In contrast, peptide 194 in Rpbl exhibited 24
shared contacts with Npa3 (Figure 4B), being the second

highest. Peptide 1109 from Rpb11 showed the highest number
of shared contacts, totaling 25 (Figure 4G). Considering the
shared contacts, interestingly, F143 is the only Npa3 residue
participating in the interaction with all the studied subunits, both
in the context of the complete protein and at the individual
peptide level. It participates in a total of 27 shared interactions,
based on the evaluation of all peptides, contributing 26.7% of the
total shared contacts. On the other hand, it shows 85 contacts
according to HADDOCK, representing 24.3% of all the
interactions proposed in the context of the complete subunits.
In addition, this residue provides the highest number of contacts
with a single subunit, a total of eight, including residues F777,
G778, F779, V780, R782, 1784, H786, and F787 of peptide 194
in Rpbl.

W179 residue in the Npa3 hydrophobic pocket showed the
highest participation in shared interactions only behind F143,
with a total of 13, establishing contact with all peptides except for
21 in Rpb1. In addition, it contributed the most interactions in
the CABS-dock-generated docking, representing 90 of the 793
in total. These findings indicate that F143 and W179 residues
may be crucial for the recognition of RNA polymerase II
subunits by Npa3.

2.3. ldentification of Compounds Docked to the
Hydrophobic Pocket of Npa3 and Gpn1. To identify
compounds that can function as potential inhibitors of Npa3-
RNA polymerase II interactions, as an initial step we performed
rigid docking of FDA-approved drugs over the Npa3 laurate
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Figure 6. Binding modes from rigid docking and 2D interaction diagrams for the specific contacts between open Npa3 and the five compounds with the
best binding energy. Npa3 is shown in sand-colored surface representation, (A) trifluperidol compound docked inside the hydrophobic pocket is
shown in yellow, (B) novobiocin shown in pink, (C) atovaquone shown in dark gray, (D) prednisolone in turquoise, and (E) tibolone in orange. For
the 2D interaction diagrams, each compound representation corresponds to the assigned color in the 3D view.

Table 2. Top 5 Compounds Docked with Open Npa3 (Rigid Docking)

AG hydrogen
ZINC ID ligand (kcal/mol) bonding
ZINC00538505 trifluperidol =79
ZINC03831234  novobiocin =79 N137
ZINC12504271  atovaquone =79
ZINC03831370  prednisolone acetate -7.8 W179 and D182
ZINC11616424  tibolone -7.8 W179

hydrophobic interactions

L216, F212, 1209, F186, F183, W179, V163, A150, M147, N146, and V132

L216, F212, 1209, M208, F186, F183, D182, W179, C151, M147, F143, S138, and
N137

F186, F183, D182, W179, C151, L148, M147, and F143
F186, F183, D182, W179, F175, L172, M147, and F143
F186, F183, D182, and W179

binding pocket using AutoDock Vina.> Previous validation by
redocking laurate was performed. AutoDock Vina was able to
reproduce the binding orientation of laurate cocrystallized with
open Npa3 (Figure SA), resulting in two hydrogen bonds from
N137 and W179 with a laurate carboxylate oxygen (Figure SB).
In the crystal structure, the same two hydrogen bonds are
observed between W179 and N137, interacting with a
carboxylate oxygen in the fatty acid moiety from laurate. The
binding distances for these interactions are 3.08 and 3.0 A,
respectively. In the redocking pose, these distances were 2.96
and 3.17 A, respectively. F143 displayed hydrophobic
interactions with laurate, suggesting that both F143 and W179
are important for ligand recognition. The resulting energy from
redocking laurate into Npa3 was —6.1 kcal/mol, whereas that
obtained from the Vina rescoring function for the crystallo-
graphic structure was —4.9 kcal/mol.

The results of rigid docking for the FDA-approved compound
library with the Npa3 and Gpn1 are shown in Figures S4 and S5,
respectively, yielding a total of 8,930 model structures. Based on
the docking results, the top five compounds with the best scores
were selected for analysis. Specific interactions for the top five
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compounds were evaluated, including trifluperidol, novobiocin,
atovaquone, prednisolone, and tibolone (Figure 6). The specific
interactions between Npa3 and the five compounds with the
best energy are also listed in Table 2. Novobiocin presented the
maximum number of hydrophobic interactions with Npa3, with
a total of 13. Nine of these interactions were residues of the
hydrophobic pocket (F212, L209, M208, F186, F183, D182,
C151, M147, and S138), including W179 and F143 as in the
CABS-dock and HADDOCK models. It also engages in one
hydrogen bond with N137. The interaction energy calculated by
AutoDock Vina for this interaction was —7.9 kcal/mol. Notably,
trifluperidol was able to dock inside the hydrophobic pocket
with an orientation similar to that of laurate, binding to Npa3
predominantly through hydrophobic interactions with an
energy of —7.9 kcal/mol. It presented a total of 11 interactions,
involving 10 residues from the hydrophobic pocket (Table 2).

The top five compounds with the best binding energy for the
Gpnl model include ketanserin, gliquidone, dicumarol,
nefazodone, and atovaquone (Figure 7). The specific
interactions among the five compounds analyzed and Gpnl
are included in Table 3. Among these, gliquidone established the
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Figure 7. Binding modes from rigid docking and 2D interaction diagrams for the specific contacts between the Gpnl model in open conformation and
the five compounds with the best binding energy. The Gpn1 model is displayed in blue surface representation, while the docking of (A) ketanserin is in
white, (B) gliquidone is in lime, (C) dicumarol is in cyan, (D) nefazodone is in yellow, and (E) atovaquone is in dark orange. For the 2D interaction
diagrams, each compound representation corresponds to the assigned color in the 3D view.

Table 3. Top 5 Compounds Docked with the Open Gpnl Model (Rigid Docking)

AG
ZINC ID ligand (keal/mol)
ZINCO00537877 ketanserin -9.3
ZINCO01482077  gliquidone -9.1
and W133
ZINCO03869855 dicumarol —-8.8
ZINC00538065 nefazodone —8.6
ZINC12504271 atovaquone —8.6

hydrophobic interactions

1238, F234, 1231, V230, F206, W202, M188, V186, C174, A173, M170, N169, F166, S160, M155, and W153
L1238, F234, L231, V230, M227, $226, L223, W202, M188, V186, F184, L177, C174, A173 M170, N169, M155,

1238, F234, F206, W202, M188, V186, A173, M170, N169, and F166
1238, Y235, F234, L231, F209, F206, D205, W202, M188, V186, C174, A173, M170, M155, and Y153
1231, F209, F206, D205, W202, E201, F198, F166, and S160

Table 4. Interaction Energies Generated by Flexible Protein Docking for the Five Compounds with the Best Rigid Docking

Energies, Npa3 and Gpnl

Npa3 Gpnl
ZINC ID drug name AG (kcal/mol) ZINC ID drug name AG (kcal/mol)
ZINC12504271 atovaquone —14.4 ZINC12504271 atovaquone —13.5
ZINC11616424 tibolone -13.6 ZINC03869855 dicumarol —12.4
ZINC0053850S trifluperidol —10.8 ZINCO01482077 gliquidone —11.3
ZINC03831370 prednisolone -9.6 ZINCO00537877 ketanserin -10.3
ZINC03831234 novobiocin —8.7 ZINC00538065 nefazodone —-9.4

highest number of interactions, totaling 18. The interacting
residues include L238, F234, L231, V230, M227, $226, L223,
W202, M188, V186, F184, L177, C174, A173 M170, N169,
M15S, and Y153. Gliquidone docks inside the hydrophobic
pocket using the sulfonylurea group, while the remaining
molecule extends outside the pocket. Notably, gliquidone
displays interactions mapping the portion of hydrophobic
pocket such as L238, F234, 1231, V230, W202, M188, V186,
F184, 1177, C174, A173, M170, and N169. For ketanserin, the
2-[4-(4-(p-fluorobenzoyl) piperidin-1-yl)ethyl] group was
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inserted inside the pocket, while the quinazoline group was
located at the pocket entrance. It exhibits a total of 16
hydrophobic interactions, involving L238, F234, L231, V230,
F206, W202, M188, V186, C174, A173, M170, N169, F166,
§160, M155, and Y153. It is noteworthy that only the last two are
not considered components of the pocket. Dicumarol, on the
other hand, was completely bound inside the pocket, involving
10 hydrophobic interactions with 1238, F234, F206, W202,
M188, V186, Al173, M170, N169, and F166, all residues
belonging to the hydrophobic pocket. Similarly, atovaquone
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Figure 8. Flexible docking of atovaquone inside the hydrophobic pocket of open Npa3 and Gpnl. Atovaquone is displayed as spheres in salmon color.
(A) For docking on the Npa3 structure, the side chains of residues indicated as flexible are colored in sand and are shown as sticks; the position after
docking is shown in purple. For docking on the Gpnl model in (B), the side chains established as flexible are shown in royal blue, whereas in its
postdocking position they are colored in cyan. Shown to the right of each 3D representation are the 2D interaction diagrams. Hydrophobic interactions
between the flexible Npa3 and Gpnl model residues, with atovaquone following flexible docking, are indicated in red tabs.

Table S. Cross-Docking Interaction Energies of Top Compounds from Flexible Docking between Npa3 and Gpnl

Npa3 Gpnl
ZINC ID drug name AG (kcal/mol) ZINC ID drug name AG (kcal/mol)
ZINC03869855 dicumarol -12 ZINC11616424 tibolone —12.6
ZINC01482077 gliquidone -9.9 ZINCO00538505 trifluperidol -12
ZINC00537877 ketanserin -13 ZINC03831370 prednisolone -9.5
ZINC00538065 nefazodone —10.2 ZINC03831234 novobiocin —-9.4

displayed hydrophobic interactions with external residues of the
hydrophobic pocket in Npa3 and Gpnl. Eight contacts were
identified with Npa3 and nine with Gpnl. Atovaquone exhibits
common interactions for rigid docking in both structures,
involving residues F143, C151, W179 and F183 in Npa3, and its
equivalents F166, C174, W202 and F206 in Gpnl.

Ketanserin, atovaquone, and dicumarol displayed interactions
with F166 and W202 residues from the Gpnl model, which are
the equivalent residues F143 and W179 in the Npa3 structure,
and they also were representative residues in all the analyzed
models from CABS-dock and HADDOCK.

To account for the flexibility of protein, we conducted an
additional refinement step of flexible docking. Binding energies
resulting from flexible docking for trifluperidol, novobiocin,
atovaquone, prednisolone, and tibolone on Npa3; and for
ketanserin, gliquidone, dicumarol, nefazodone, and atovaquone
with Gpnl are shown in Table 4. In all cases flexible docking
improves the energy score, suggesting better interactions of each

compound with the proteins. Interestingly, the compound that
exhibited the highest interaction energy in both Npa3 and Gpnl
was atovaquone, resulting in —14.4 and —13.5 kcal/mol for
Npa3 and Gpnl, respectively. Figure 8 details the specific
interactions between the two proteins and atovaquone as well as
the changes in the position of the side chains for the flexible
residues. As can be appreciated in Figure 8, the improved energy
score for atovaquone is related to a more relaxed position of the
side chains in the hydrophobic residues.

Given the similarity in the pockets of Npa3 and Gpnl, it was
surprising that only atovaquone was shared as the best ligand. To
explore further the equivalence of the binding pocket in both
proteins, we carried out flexible docking of the nonshared top
five compounds in the other protein, with the same docking
protocol. The resulting energies are presented in Table S.

These ligands exhibit comparable binding energies in both
proteins; the largest differences are found for trifluperidol (1.2
kcal/mol better for Gpnl), gliquidone (1.4 kcal/mol better for
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Gpnl), and ketanserin (2.7 kcal/mol better for Npa3).
Furthermore, the binding energies are within the range of
those in Table 4. Taken together, these results suggest that both
binding pockets are equivalent and that these nine compounds
are good candidates as inhibitors for either protein.

3. DISCUSSION

The essential GTPases human Gpnl and its yeast orthologue
Npa3 in S. cerevisiae play a crucial role in the nuclear
accumulation of RNA polymerase IL'>'*'*'® Despite their
importance, the precise mechanism underlying their functions
remains elusive. Npa3 in the open conformation features a
hydrophobic pocket (“laurate binding site”) proposed to be
relevant for the binding of peptides from RNA polymerase II
subunits in biochemical experiments." In this work, we use a
combination of computational techniques to evaluate the
possible interactions of Npa3 and Gpnl GTPases with RNA
polymerase II subunit peptides experimentally evaluated by
Niesser et al.'> and propose potential inhibitors of their RNA
polymerase binding function, for future experimental evaluation.

The availability of the Npa3 crystallographic structure'
allowed the generation of a human Gpnl model that revealed
the conservation of this hydrophobic pocket (Figures 1 and S1).
Pocket analysis with DoGSiteScorer shows that the pocket
containing the cocrystallized laurate fatty acid, i.e., the
hydrophobic pocket proposed as the peptide binding site, has
the highest volume and score in both Npa3 and Gpnl models
(Figure 2 and Table S1). In addition, its druggability score is
particularly important, considering that a higher druggability
score is associated with a higher pharmacological potential of the
pocket. In this sense, the druggability value was considered
acceptable and was an indicator that the pocket exhibits
advantageous characteristics, including an appropriate volume,
accessibility, and physicochemical properties that make it
suitable for ligand binding. Additionally, the laurate molecule
cocrystallized in the open conformation of Npa3 structure is
particularly crucial because it acts as a pocket marker, i.e., it binds
to a potentially pharmacological site in the protein, correlating
with the DoGSiteScorer results.

On the other hand, the CABS-dock and HADDOCK servers
were a valuable instrument to determine the specific contacts
between Npa3 and the peptides of the Rpbl, Rpb4, Rpb8, and
Rpb11 subunits. This information is especially useful, given that
no three-dimensional models are available for these interactions,
which could be essential for the nuclear import of the RNA
polymerase II complex. Flexible protein—peptide and protein—
protein docking was performed with CABS-dock and
HADDOCK 2.4 servers to evaluate the interaction of RNA
polymerase II peptides with Npa3 through its hydrophobic
pocket as individual peptide and in the conformations found in
the full-length and folded subunits obtained from AlphaFold2
(Figures 3 and S2). Residues most frequently involved in the
interactions modeled by both servers were F143, W179, and
N137 (Figure 4). Overall, the number of interactions generated
by individual peptides in CABS-dock models was approximately
5.5 times larger than those observed in HADDOCK, i.e., in the
context of full-length subunits. These differences can be
attributed to better accessibility of Npa3 to the subunit peptides
in CABS-dock models, in contrast to the fully assembled RNA
polymerase II subunits in HADDOCK models. Particularly for
Rpbl peptide 21 contacts, the best HADDOCK clusters
revealed a single interaction between F143 of Npa3 and A87
in Rpb1; the limited interactions observed were a consequence

of the presence of two a-helices located around the peptides
defined as active for docking, decreasing the accessibility for
Npa3. F143 contributes approximately a quarter of all
interactions defined in consensus by CABS-dock and
HADDOCK, representing the most crucial interaction in all
HADDOCK docking results. F143 also participates in laurate
binding in the crystal (Figure S). In our docking studies in the
Npa3 structure, this residue shows participation in the binding
of chemical compounds, such as novobiocin, atovaquone,
prednisolone, and tibolone (Figure 6 and Table 2). For Gpnl,
the equivalent residue corresponds to F166 (Figure S1) and
participates in the interaction with ketanserin, dicumarol, and
atovaquone (Figure 7 and Table 3). W179, in turn, is the second
highest participant in the interactions shared by CABS-dock and
HADDOCK (Figure 4). In the Npa3 structure and Gpnl model,
it establishes a hydrogen bond with the laurate carboxylate,
contributing to its binding and stabilization inside the
hydrophobic pocket. In the docking of FDA-approved drugs,
W179 (W202 in Gpnl) was involved in the binding of
trifluperidol, novobiocin, prednisolone, and tibolone in Npa3,
through hydrophobic interactions and hydrogen bonds (Figures
6 and 7). In Gpnl its equivalent residue, W202, interacts
hydrophobically with ketanserin, gliquidone, dicumarol, nefa-
zodone, and atovaquone. Based on this information, we consider
that residues F143 and W179 from the hydrophobic pocket in
Npa3 could play a critical role in the recognition of RNA
polymerase II subunits and drug-like molecules. These residues
could be proposed to be evaluated by mutagenesis experiments
to understand their role in the Npa3 function.

Other residues involved in the interaction of Npa3 with the
evaluated ligands and the peptides at the interface of the RNA
polymerase II subunits include F212 which contributes to the
binding of trifluperidol and novobiocin and also interacts with
peptides 201 and 234 in Rpbl (Figures 4 and 6). Also, F183
participates in all evaluated interactions, with the above-
mentioned exception of peptide 21, binding to Rpbl, Rpb4,
Rpb8, and Rpbl11, as well as to the top five compounds in the
library.

In this study the presence of laurate cocrystallized with Npa3
inside the pocket was taken as a guide to validate the docking
protocol with AutoDock Vina. The capability of AutoDock Vina
to reproduce the laurate orientation inside the hydrophobic
pocket indicates that AutoDock Vina was suitable for ligand
docking of the FDA-approved drugs in Npa3 and human model
Gpnl (Figure S).

The rigid docking of the FDA-approved compounds resulted
in novobiocin docked in the external portion of the hydrophobic
pocket (Figure 6B), having the highest energy together with
trifluperidol and atovaquone (Figure 6A,C, respectively).
Novobiocin belongs to the aminocoumarin family and is an
inhibitor of bacterial DNA synthesis by acting on DNA gyrase
B.>* A precedent involving interaction between novobiocin and
a molecular chaperone has been reported previously.”® They
showed that this antibiotic binds to the C-terminal domain of
the heat shock protein Hsp90, interfering with the association of
the cochaperones Hsc70 and p23, causing its inhibition. In a
previous work of the same group,”™ it was reported that
novobiocin binds to the ATP recognition site on gyrase B,
competing with nucleotide binding. Furthermore, Hocker et al.
demonstrated by molecular docking with AutoDock Vina,
molecular dynamics simulations, and in vitro experimentation
that the bicyclic diterpenoid lactone, andrographolide and its
derivatives, bind to pockets in the small GTPase K-Ras,
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inhibiting GDP-GTP exchange and consequently its oncogenic
signal.26

Finally, with respect to flexible docking, we found a global
increase in the interaction energies of trifluperidol, novobiocin,
atovaquone, prednisolone, and tibolone on Npa3; and
ketanserin, gliquidone, dicumarol, nefazodone, and atovaquone
for the human Gpnl model (Table 4 and Figure 8). These
energy changes are probably the result of the induced fit allowed
by flexible docking in contrast to rigid docking.

The flexible docking results (Table 4) revealed an overlap
between Npa3 and its human homologue Gpnl, with
atovaquone consistently ranking among the top binders for
both proteins, suggesting a conserved binding preference. To
further assess the specificity of the remaining top compounds,
cross-docking was performed with the four nonshared ligands
(Table S). This analysis showed that all of these molecules
exhibited favorable and comparable predicted affinities across
both proteins. These findings suggest that beyond atovaquone,
additional candidate ligands may display cross-reactivity within
the GPN family, underscoring their potential as novel inhibitors
of the RNA polymerase recognition site in GPN proteins and
warranting further experimental validation.

Furthermore, it is plausible to consider that the binding of
small molecules inside the hydrophobic pocket, or externally,
potentially affect the recognition or hydrolysis of GTP, in
agreement with the allosteric pocket model,” suggesting the
existence of pockets located in distinct sites from the catalytic
one with affinity to small molecules, where their binding affects
the function of the enzyme. Similarly, GTP/GDP binding can be
affected by the interaction of key peptides from the interface of
RNA polymerase II subunits with the constituent residues of the
open Npa3 hydrophobic pocket. Also, it is essential to study the
possible effect of these peptides on the GTPase activity of these
essential enzymes. For this purpose, Gonzalez-Gonzalez et al.”’
reported in 2017 a protocol for the purification of recombinant
human Gpnl, allowing in the near future the assessment of the
effect of these compounds in vitro.

4. CONCLUSIONS

In this work, we characterized the hydrophobic pocket in Npa3
proposed as essential for the recognition and binding of peptides
at the interface of RNA polymerase II subunits Rpbl, Rpb4,
Rpb8, and Rpb11. Based on this biochemical information, we
modeled by flexible protein—peptide and protein—protein
docking the interactions between the essential GTPase Npa3
from the yeast S. cerevisiae and the Rpbl, Rpb4, Rpb8, and
Rpbll subunits of the RNA polymerase II multienzyme
complex. We identified the specific interactions between key
residues of both Npa3 and these subunits. Additionally, we
performed rigid molecular docking experiments between Npa3
and homology-modeled human Gpnl against a library of FDA-
approved compounds. In a second round of flexible docking, we
determined the residues of both proteins that are most actively
involved in interactions against the five chemical compounds
with the highest interaction energy, resulting from the first rigid
docking. For both GTPases, Gpnl and Npa3, the top compound
in common was atovaquone, exhibiting interaction energies of
—7.9 and —8.6 kcal/mol, respectively. Based on the results of
flexible molecular docking, we propose the compounds
atovaquone, tibolone, ketanserine, dicumarol, and trifluperidol
as potential allosteric inhibitors of the chaperone activity of
Npa3 in the recognition of RNA polymerase II. The biological
relevance of residues F143 and W179 in Npa3; and its

equivalents F166 and W202 in Gpnl, which were constantly
involved in interactions with the evaluated Rpbl peptides and
small molecules, requires additional examination by site-
directed mutagenesis in future experiments. Based on these
findings, we propose that these are key residues for the
interaction of these GTPases with RNA polymerase II. We
finally suggest these compounds for in vitro assays with particular
interest in the exploration of their potential impact on the
subcellular localization of the RNA polymerase II subunits, both
in the yeast S. cerevisiae and in mammalian cells.

5. MATERIALS AND METHODS

5.1.Selection and Energy Minimization of Open Npas3.
This work was performed on the crystallographic structure of
Npa3,"” the yeast ortholog of human Gpnl, in its open (GTP-
bound) conformation. The structure is available in the Protein
Data Bank (RCSB-PDB)** with the PDB code SHCN. The
cocrystallized ligands with Npa3 include fatty acid laurate,
GMPPCP (nonhydrolyzable analog of GTP), glycerol, and
Mg**, which were removed before structure optimization. The
structure was minimized using the CHARMM36 potential™ and
the charmm38b1 package.*” This process involved S0 steepest
descent steps for all hydrogen atoms followed by a minimization
of 50 conjugate gradient steps for all of the atoms; the purpose of
these short energy minimizations is to eliminate clashes
introduced by adding hydrogen atoms to the crystal structure.
Geometrical and energetic assessments were conducted using
Procheck, ProSa, and Molprobity.*' The final structure was used
for subsequent analyses.

5.2. Human Gpn1 Model Generation. Human Gpnl
model was built as described by Cristobal-Mondragon et al.**
Briefly, Gpnl lacking N- and C-terminal regions (amino acids
19—270) was generated by homology modeling using the
Modeler 9.19 program.** The crystallographic structure of Npa3
in its open conformation was taken as a template. The energy
minimization procedure applied to refine the model followed
the same method as that described for the Npa3 crystallographic
structure. The resulting optimized structure was used for
subsequent analyses. All equivalences between the residues that
constitute the hydrophobic pocket of Npa3 and Gpnl are shown
in Figure S1.

5.3. Pocket ldentification and Hydrophobic Pocket
Characterization of Open Npa3 and Gpn1 Models. The
global properties of pockets in the structure of open Npa3 and
Gpnl were determined using the bioinformatics tool DoGSi-
teScorer server from the “Structure-Based Modeling Support
Server-ProteinPlus”.”” It was configured for the calculation of
pockets and subpockets in the full-length protein as well as for
the prediction of the druggability score; values for this parameter
are assigned between 0 and 1, the closer to 1 suggests that the
cavity has a higher probability for acting as a ligand binding site.
Pocket volumes were determined using default parameters in the
DoGSiteScorer server. Briefly, DoGSiteScorer employs a grid-
based algorithm and a difference-of-Gaussian (DoG) filter to
detect potential binding cavities on the protein surface. The
volume of each predicted pocket is then computed by counting
the grid points comprising that pocket and multiplying by the
grid box volume, yielding the pocket volume in cubic A. The
information obtained is presented as pocket descriptors, which
include pocket volume, surface area, amino acid composition,
hydrophobicity, shape, and others. This information allows the
estimation of parameters such as pharmacological potential of
the pocket.’” The hydrophobic surface representations for Npa3
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and Gpnl were generated using the “mlp” command in
ChimeraX,** with default settings and a coloring range of —20
to 20. Briefly, the “mlp” command calculates Molecular
Lipophilicity Potential (MLP) maps for proteins, which are
analogous to electrostatic potential maps. In this representation,
positive potentials correspond to more hydrophobic areas
(colored in dark gold), negative values indicate more hydro-
philic areas (colored in dark cyan), while midrange values
around 0 represent intermediate lipophilicity (colored in white).
We relied on the standard protonation state assumptions from
ChimeraX default MLP parameters; the MLP calculation thus
reflects the standard charged or uncharged form of each amino
acid side chain.

5.4. Flexible Docking between Peptides in the
Interface of RNA Polymerase Il Subunits with Open
Monomeric Npa3. Guided by the biochemical assay
performed by Niesser et al,,'> peptides of 15 amino acids with
a reported fluorescence intensity exceeding 4.0 were selected
(see Table 1). As a first step, we performed flexible docking of
these Eeptides over the Npa3 structure using the CABS-dock
server’ for flexible protein—peptide docking. The Npa3
structure was directly uploaded to the server, specifying the 15
amino acid sequence of each peptide. No other optional settings
were defined on the server. As the second step, we considered
the subunits within the context of their complete and folded
structures. The full 3D models of S. cerevisiae Rpb1, Rpb4, RpbS§,
and Rpb11 subunits (UniProt: P04050, P20433, P20436, and
P38902, respectively) were obtained from the AlphaFold
Protein Structure Database.”” Confidence intervals for the
peptides located in each RNA polymerase II employed are
shown in Figure S2. All of the structures were previously
minimized following the same protocol described for the Npa3
and Gpnl model structures. The structure of open Npa3 and the
RNA polymerase II subunits were directly uploaded to the
HADDOCK (High Ambiguity Driven protein—protein DOCK-
ing) server version 2.4 for flexible protein—protein docking.**
For Npa3, active residues, i.e., those potentially involved in the
interaction with these peptides and mapping the hydrophobic
pocket (Y130, V132, N137, T142, F143, N146, M147, C151,
L154, M161, V163, F165, W179, F183, M208, 1209, F212,
Y213, L216, and V218) were selected in all of the following
flexible docking experiments, according to the findings from
DoGSiteScorer. In the case of each RNA polymerase subunit,
the 15 amino acids that showed an interaction with Npa3 in the
biochemical assays were defined as active residues (Table 1). All
other docking parameters were maintained at default settings
provided by the server.

From the complexes generated by the CABS-dock and
HADDOCK servers, we selected the best for further analysis.
CABS-dock models were chosen based on cluster ranking,
considering structures that represent around 50% of the total
models generated by the program (marked in red in Table S2).
In the case of HADDOCK models, selection was based on
HADDOCK energy scores (Figure S3), considering the
ensemble of models with energies with overlapping standard
deviations for each cluster. For the selected models, we
calculated residue—residue contacts between the protein and
peptide, using MDAnalysis (Python 3.7).** Only carbon atoms
were considered, and a distance cutoff threshold of 6.0 A was
applied to define contacts.

The generated contact lists were further filtered to retain
those residue—residue contacts between the Npa3 hydrophobic
pocket residues (as identified by DoGsiteScorer) and the 15

amino acids from each peptide. Residue—residue contacts were
categorized in three groups: (1) exclusive to CABS-dock
models, (2) exclusive to HADDOCK models, or (3) shared
between both docking methods. Heatmap plots visualizing these
interactions were created using Matplotlib (Python 3.7)."

5.5. Chemical Library Preparation. The ligand library was
designed using the ZINC 12 database for commercially available
chemical compounds.*® Parameters such as oral bioavailability,
blood-brain barrier crossing ability, human intestinal absorption,
solubility, and low toxicity were assessed by applying Lipinski’s
rule of 5, except for the molecular weight. Compounds
exceeding a molecular weight of 600 g/mol were excluded.
The following additional parameters were set: net charge
ranging from —S$ and §, rotatable bonds between 0 and 50, polar
surface area (A?) from 0 to 200, polar desolvation (kcal/mol)
from —400 to 1, and apolar desolvation (kcal/mol) between
—100 and 40. The selection was focused on the FDA-approved
drug catalog, resulting in 1786 compounds based on the search
parameters.

5.6. Validation by Laurate Redocking and Rescoring of
Cocrystallized Laurate. To validate the suitability of
AutoDock Vina performance on this system, we carried out
redocking experiments. The Npa3 structure in the open
conformation was employed, and cocrystallized laurate was
removed. The structure of laurate for redocking was obtained
from the ZINC 15 database® under ID ZINC1529498 (net
charge —1, H donors = 0, hydrogen bridge acceptors = 2, tPSA =
40, rotatable bonds = 10, apolar desolvation = 9.86 and polar
desolvation = 43.35). Molecular docking between laurate and
Npa3 was performed using AutoDock Vina software, with the
laurate molecule defined as flexible while Npa3 was maintained
rigid. Box dimensions were based on the hydrophobic pocket
location, using a grid spacing of 1 A and including the total
volume of the pocket. Ten binding poses for laurate were
indicated using an exhaustivity of 20. Additionally, the binding
energy of the cocrystallized laurate was calculated using the
AutoDock Vina rescoring function, in order to subsequently be
compared with the energy obtained from redocking.

5.7. Molecular Docking of the Chemical Library on the
Open Npa3 and Gpn1 Hydrophobic Pocket. An initial
molecular docking was performed using AutoDock Vina,
involving the designed library of 1786 FDA-approved
compounds against the minimized Npa3 and homology-
modeled human Gpnl, both in the open conformation. The
box size was set to 25 A for the x, y, and z axes. Five poses for
each compound were generated using an exhaustiveness of 20.
The structures of Npa3 and Gpnl were defined as rigid, whereas
the compounds from the FDA library were defined as flexible.
All proteins and ligands were transformed to the PDBQT format
prior to use. Polar hydrogen atoms, partial charges, atom types,
and torsional information for flexible ligands were considered
during docking. Subsequently, we performed a second flexible
receptor docking for the top S compounds that presented the
best interaction energy in the rigid docking round, according to a
cutoff energy criterion established as —7.5 kcal/mol against
Npa3 and the human Gpnl model. Flexible residues for Npa3
and Gpnl correspond to those from the laurate binding site. The
same settings employed in rigid docking were used for the sake
of consistency. The five compounds with the best energy were
selected for the final analysis. For the top five compounds
identified through flexible docking for each protein, we
performed additional flexible cross-docking of the nonshared
compounds to evaluate their cross-interaction potential with
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both proteins. The same flexible docking parameters were
applied as previously described. 2D interaction diagrams of
specific contacts were generated with LigPlot+ software.”” The
cutoff distance for determining hydrophobic interactions,
hydrogen bridges, and salt bridges was set to default values as
specified by the software.
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Npa3 and Gpnl input structures used in the docking
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3. DISCUSION.

Las GTPasas esenciales Gpn1 humana y su ortdlogo Npa3 en la levadura S.
cerevisiae tienen un papel esencial en el ensamble y la acumulacion nuclear de la
RNA polimerasa Il (Forget et al., 2010; Calera et al., 2011; Minaker et al., 2013;
Niesser et al., 2016). A pesar de su importancia, se desconocen los mecanismos
especificos de su funcionamiento. Npa3 en su conformacion abierta exhibe una
cavidad hidrofébica que tenia unida una molécula de laurato en el cristal de Npa3,
por lo que se propuso como relevante para la unién de péptidos de las subunidades
de la RNA polimerasa Il en experimentos bioquimicos (Niesser et al., 2016). En el
presente trabajo se empled una combinacion de técnicas computacionales para
evaluar las interacciones posibles de las GTPasas Npa3 y Gpn1 con péptidos de la
RNAPII evaluados experimentalmente por Niesser et al., y se proponen inhibidores
potenciales de su funcion, para su futura evaluacion experimental.

La disponibilidad de la estructura cristalografica permitié la generacion del modelo
de Gpn1 humana que reveld la conservacion de la cavidad hidrofébica (Figura 1y
Figura 9). El analisis de las cavidades con el software bioinformatico DoGSiteScorer
mostro que la cavidad que contiene el acido graso laurato cocristalizado en la
cavidad hidrofébica propuesta como sitio de unidon de péptidos, tiene el mayor
volumen y potencial farmacologico tanto en el cristal de Npa3 como en el modelo
de Gpn1 humana (Figura 2 y Tabla 6). Otro descriptor importante generado por
DoGSite es el puntaje de potencial farmacolégico, particularmente importante
debido a que valores altos se asocian con una mayor probabilidad de la cavidad
para unir farmacos. El valor obtenido al evaluar este parametro en Npa3 fue
considerado aceptable y como un indicador de que la cavidad hidrofobica posee
caracteristicas favorables, incluyendo un volumen apropiado, accesibilidad y
propiedades fisicoquimicas que la vuelven adecuada para la union de ligandos. Por
otro lado, la molécula de laurato cocristalizada en la conformacién abierta de Npa3
es particularmente relevante porque actua como un marcador de la cavidad, es
decir, se une a un sitio potencialmente farmacologico en la proteina, lo que se

correlaciona con los resultados de DoGSiteScorer. En este sentido y desde hace
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tiempo, diversos estudios han demostrado que los ligandos cocristalizados pueden
considerarse marcadores de cavidades, describiendo las propiedades
fisicoquimicas, volumétricas y topoldgicas necesarias para el establecimiento de
interacciones moleculares (Liang et al., 1998; Khazanov & Carlson, 2013; Feldmann
& Bajorath, 2020). Respecto al modelado de interacciones proteina-proteina, los
servidores CABS-dock y HADDOCK fueron un valioso instrumento para determinar
los contactos especificos entre Npa3 y los péptidos de las subunidades Rpb1, Rpb4,
Rpb8, y Rpb11. La informacién generada es especialmente util debido a que no
existen modelos tridimensionales disponibles para estas interacciones, la cual
podria ser esencial para la biogénesis y posterior importacion nuclear del complejo
de la RNAPII. El acoplamiento de tipo flexible proteina-proteina y péptido proteina
fue realizado a través de los servidores CABS-dock y HADDOCK 2.4 con la finalidad
de evaluar la interaccion de los péptidos constituyentes de la RNAPII con Npa3
mediante su cavidad hidrofobica tanto en los péptidos individuales, como en el
contexto de las subunidades completas y plegadas obtenidas desde AlphaFold2
(Figuras 3y 10).

Los residuos mas frecuentemente involucrados en las interacciones modeladas por
ambos servidores fueron F143, W179, y N137 (Figura 4). En general, el numero de
interacciones generadas por los péptidos individuales en los modelos de CABS-
dock fue aproximadamente 5.5 veces mayor que aquellos observados en
HADDOCK, es decir, en el contexto de las subunidades completas. Estas
diferencias se pueden atribuir a la mejor accesibilidad de Npa3 a los péptidos en los
modelos de CABS-dock, en contraste con los modelos de las subunidades de la
RNAPII completamente plegadas.

Particularmente para las interacciones con el péptido 21 de Rpb1, los contactos
conservados se establecen entre los residuos F143 de Npa3 y A87 en Rpb1; las
limitadas interacciones obtenidas fueron una consecuencia de la existencia de dos
a-hélices localizadas alrededor de los péptidos definidos como activos para el
acoplamiento, disminuyendo la accesibilidad por parte de Npa3. La F143 contribuye
aproximadamente con una cuarta parte de todas las interacciones definidas en
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consenso por CABS-dock y HADDOCK, correspondiendo a la interaccién de mayor
relevancia en todos los resultados de acoplamiento por HADDOCK.

El residuo F143 también esta involucrado en la unién del laurato en el cristal (Figura
5). En nuestros estudios de acoplamiento sobre la estructura de Npa3, este residuo
participa en la union de los compuestos novobiocina, atovacuona, prednisolona y
tibolona (Figura 6 y Tabla 2). En el caso de Gpn1, el residuo equivalente
corresponder ala F166 (Figura 9), la cual participa en la interaccion con ketanserina,
dicumarol y atovacuona (Figura 7 y Tabla 3). Por otro lado, W179 exhibe el segundo
mayor numero de participaciones en las interacciones compartidas por CABS-dock
y HADDOCK (Figura 4). Tanto en el cristal de Npa3, como en el modelo de Gpn1
humana, W179 establece un puente de hidrogeno con el grupo carboxilato del
laurato, contribuyendo a su union y estabilizacion dentro de la cavidad hidrofébica.
Respecto al acoplamiento de los farmacos aprobados por la FDA, W179 (W202 en
Gpn1) estuvo involucrado en la union de trifluperidol, novobiocina, prednisolona, y
tibolona en Npa3, mediante interacciones hidrofébicas y puentes de hidrégeno
(Figuras 6 y 7). En Gpn1, el residuo equivalente W202 interactua hidrofobicamente
con ketanserina, gliquidona, dicumarol, nefazodona, y atovacuona. De acuerdo con
estos datos, los residuos F143 y W179, constituyentes de la cavidad hidrofébica en
Npa3, podrian tener un papel critico en el reconocimiento de las subunidades de la
RNA polimerasa Il y en moléculas con propiedades farmacologicas. Ademas, se
propone a estos residuos para su posterior evaluacion mediante mutagénesis sitio
dirigida con la finalidad se estudiar su papel en la funcién de Npa3.

El residuo F212 es otro residuo involucrado en la interaccion de Npa3 con los
ligandos evaluados y con los péptidos de la superficie de las subunidades de la
RNAPII, el cual contribuye a la unién del trifluperidol y novobiocina, ademas,
interactua con los péptidos 201 y 234 en Rpb1 (Figuras 4 y 6). Por otro lado, F183
participa en la totalidad de las interacciones evaluadas, exceptuando al péptido 21,
se une a Rpb1, Rpb4, Rpb8 y Rpb11, asi como a los cinco compuestos con mayor
energia de la biblioteca de la FDA.

En el presente trabajo, se utilizé al laurato cocristalizado dentro de la cavidad
hidrofébica de Npa3 como guia para validar el protocolo de acoplamiento con
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AutoDock Vina. Este software fue capaz de reproducir la orientacion del laurato
dentro de la cavidad hidrofébica de Npa3 abierto, indicando que es adecuado para
estudiar el acoplamiento de los ligandos provenientes de la biblioteca de
compuestos aprobados por la FDA, tanto en Npa3 como en el modelo de Gpn1
humano (Figura 5). Como resultado de la primera ronda de acoplamiento rigido,
novobiocina se unidé en la parte externa de la cavidad hidrofébica (Figura 6B),
mostrando la energia de interaccion mas alta junto con trifluperidol y atovacuona
(Figura 6A 'y 6C). Novobiocina es una aminocumarina originalmente descrita como
inhibidor de la DNA girasa B (Maxwell, 1993). Multiples estudios muestran que
novobiocina se une al dominio C-terminal de Hsp90, donde compite con nucledtidos
y disrumpe la asociacion con las cochaperonas Hsc70 y p23, provocando su
inhibicion. Multiples estudios muestran que novobiocina se une al dominio C-
terminal de Hsp90 (Marcu etal., 2000), donde compite con nucledtidos y
desmantela la asociacion de las cochaperonas p23 y Hsc70 con Hsp90, alterando
su funcién de chaperona.

En la segunda ronda de acoplamiento, establecido de tipo flexible, se observé un
incremento global en las energias de interaccion para los farmacos trifluperidol,
novobiocina, atovacuona, prednisolona y tibolona sobre Npa3; y de ketanserina,
gliquidona, dicumarol, nefazodona, y atovacuona para el modelo de Gpn1 humano
(Tabla 4 y Figura 8). Se propone que estos cambios en las energias de interaccion
son probablemente el resultado del ajuste inducido permitido por el acoplamiento
flexible en contraste con el acoplamiento de tipo rigido.

Los resultados del acoplamiento flexible (Tabla 4) mostraron que atovacuona se une
con la mejor energia en Npa3 y el homologo humano Gpn1, sugiriendo una
preferencia de unién conservada. Con la finalidad de evaluar mas a profundidad la
especificidad de los demas compuestos restantes, se realiz6 un acoplamiento
cruzado o cross-docking (Tabla 5). El analisis mostro que todas las moléculas
evaluadas muestran afinidades favorables y comparables entre ambas proteinas.
Estos resultados sugieren que, ademas de atovacuona, los otros ligandos podrian
mostrar actividad cruzada dentro de la familia GPN, lo que respalda su potencial
como nuevos inhibidores del sitio de reconocimiento de la RNAPII en las GTPasas
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GPN vy justifica una mayor validacion experimental. Por otra parte, es factible
considerar que la union de moléculas pequefas al interior, o exterior de la cavidad
hidrofdbica, puedan afectar al reconocimiento o la hidrélisis del GTP, de acuerdo
con el modelo de cavidad alostérica (Stank et al., 2016), lo que sugiere la existencia
de cavidades situadas en lugares distintos al catalitico con afinidad por moléculas
pequefias, donde su unién afecta a la funcion de la enzima. Analogamente, la unién
del GTP/GDP puede verse afectada por la interaccion de péptidos clave de la
interfaz de las subunidades de la RNAPII con los residuos constituyentes de la
cavidad hidrofébica de Npa3 abierto. En este sentido, es esencial estudiar el posible
efecto de estos péptidos sobre la actividad GTPasa de estas enzimas esenciales.
Con este fin, Gonzalez-Gonzalez et al., publicaron en 2017 un protocolo para la
purificacion de la Gpn1 humana recombinante, lo que permitira en un futuro evaluar

el efecto de estos compuestos in vitro.

_Npa3__ Gpnl_
Y30 YIs3
VI32  Vis4
A wews B
—  MISS {
TI57 S
- SI160 AT A
TI42  TI6S Ny
F143  F166 A fﬁ
N146  N169 = 3&,,» e
MI47  MI170 > Teatid =]
—  AIT3 PeSERST )
cis1 - C174 L j{“;
. j ;
L154  L177 TP\ S AN N y i i
Miel - —_— ) "‘32“; \'J T4z
F184 T L - A e i |
Vi63  VIs6 I\ &
— V187
FI65 -
o C < V230
- FI% e
w179 W202 \as
D) G1: GIAGSGKT Fis3  F206 cose
a M208

V230 w202 . e
1200  L231 lem

5 F212  F234 / ; gvm

: \ z Y213 Y235

NP‘-;’; Ss:\l; GPN L216 L238 Dy Fl 1
V218 V240 y .
) D -

Figura 9. Orientacion y equivalencias de los residuos que constituyen la cavidad hidrofébica
en Npa3 y Gpn1 abiertos. (A) Localizacion de los motivos GPN y G1-G5 en la
representacion de caricatura de Npa3 en color arena 'y Gpn1 en azul. En la tabla se muestra

la numeracion equivalente de los residuos que forman la cavidad hidrofébica en ambas
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proteinas. Los guiones en la tabla indican la ausencia de residuos equivalentes. (B)
Orientacion de la cadena lateral de los residuos en la cavidad hidrofébica de Npa3 y en (C)

para Gpn1.

Tabla 6. Descriptores de las propiedades globales para la forma,
el tamano y las caracteristicas quimicas de la cavidad de union
al laurato en Npa3 y Gpn1 en la conformacion abierta.

Npa3 Gpn1

Potencial farmacolégico de la cavidad hidrofébica

0.72 0.8
Descriptores de tamaiio y forma
Volumen (A3) 405.89 Volumen (A3) 482.88
Superficie (A?) 551.69 Superficie (A?) 640.56
Profundidad (A) 15.47 Profundidad (A) 16.3
Descriptores de elementos
Numero de atomos en Numero de atomos en
- 100 - 113
la cavidad la cavidad
Carbonos 78 Carbonos 89
Nitrogenos 10 Nitrogenos 8
Oxigenos 10 Oxigenos 13
Azufres 2 Azufres 3
Descriptores de grupos funcionales
Donadores de puentes 6 Donadores de puentes 2
de hidrégeno de hidrégeno
Aceptores de puentes Aceptores de puentes
o 13 o 17
de hidrégeno de hidrégeno
Metales 0 Metales 0
Interacciones 38 Interacciones 50
hidrofébicas hidrofébicas
Coeficiente de Coeficiente de
hidrofobicidad 0.67 hidrofobicidad 0.72
Composicion de aminoacidos
Relacion de Relacion de
L 0.71 s 0.72
aminoacidos apolares aminoacidos apolares
. Rglqmon de 0.29 . Rglqmon de 0.28
aminodcidos polares aminodcidos polares
Relacion de 0 Relacion de 0
aminoacidos positivos aminoacidos positivos
Relacion de Relacion de 0
aminoacidos negativos aminoacidos negativos
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