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Summary

This doctoral thesis is focused on disclosing molecular factors that regulate the functional
mechanism of key targets in i) metabolic disorders, such as diabetes and obesity, and ii)
tuberculosis (TB). These diseases have a high impact on the public health, and TB is one of the
diseases that causes highest mortality rates based on the World Health Organization reports.
Accordingly, gaining insight on functionally relevant protein structures with key roles in these
diseases and understanding their regulatory mechanisms can pave a way to identify novel
therapeutic targets.

Regarding the metabolic disorders, | have specifically studied the direct activation mechanism
of adenosine-monophosphate activated protein kinase (AMPK) by different activators, such as
A-769662, SC4 and PF-739, since AMPK plays an important role in cellular energy
homeostasis and it is directly related to diabetes type 2 and obesity. These studies were carried
out to explore the molecular basis of the selective isoform activation of AMPK, especially
focusing on the role played by the two different isoforms of  subunit. The first part of this
research was focused on the direct activation by A-769662 compound in a2f31 isoform, and the
second part addressed the important issue of isoform selectivity, it being dedicated to examine
the structural and dynamical properties of f1- and p2-containing AMPK complexes formed with
A-769662, SC4 and PF-739. The results revealed the mechanical sensitivity of the o2p1
complex, in contrast with a larger resilience of the a2PB2 species. Moreover, binding of
activators to a2B1 promotes the pre-organization of the ATP-binding site, favoring the adoption
of activated states of the enzyme.

In another part of the research related to AMPK, in collaboration with Prof. Ana Castro from
Institute of Medicinal Chemistry and Prof. Maria S. Fernandez-Alonso from Complutense
University of Madrid, | studied a novel indolic compound synthesized and experimentally
analysed by their group as modulator of endothelial AMPK that acts as a mixed-type inhibitor.
It means that this modulator, IND6, may bind the ATP-binding site leading to competitive
inhibition of the enzyme but also suggest that IND6 may regulate the AMPK activity through
binding to an additional pocket.

Regarding TB, | have studied the truncated hemoglobin N (trHbN) of Mycobacterium
tuberculosis (Mtb). These studies aimed to disclose innovative therapeutic approaches by
identifying the molecular basis of the nitrosative stress resistance of Mth. Our hypothesis was
that a decrease in the nitric oxide (NO) resistance should affect the survival of the bacillus,
increasing the efficacy of current therapeutic treatments. Nitric oxide detoxification (NOD) is
carried out by trHbN, which converts NO into the harmless nitrate anion, becoming essential for
the defense mechanism of Mtb. However, two points prevent the use of this system as

therapeutic target. On the one side, trHbN is not druggable and there is the risk that a drug



targeting trHbN may also affect other hemoglobins. On the other side, the reductase protein that
helps trHbN to restore the ferrous state required to initiate the NOD is still unknown. Our
studies have led to the identification of three reductase candidates for NOD activity. We have
built the 3D models for the three candidates and performed the protein-protein docking in order
to obtain a reductase-trHbN complex. The important role played by one of these candidates,
ndh, has been highlighted in several experimental studies. This led us to focus our attention in
the trHbN-ndh complex and establish the steps that could help to advance in the definition of

new therapeutic strategies for TB.



Resumen

Esta tesis doctoral se centra en el andlisis de los factores moleculares que regulan el mecanismo
funcional de dianas clave en: i) trastornos metabolicos, como diabetes y obesidad, y ii)
tuberculosis (TB). Estas enfermedades tienen un elevado impacto en la salud publica, y en
particular la TB se halla entre las enfermedades con una mayor tasa de mortalidad segun los
informes de la Organizacién Mundial de la Salud. Por lo tanto, conocer las estructuras proteicas
que tienen una funcidn clave en estas enfermedades y comprender sus mecanismos reguladores
puede allanar el camino para identificar nuevos objetivos terapéuticos.

Respecto a los trastornos metabdlicos, he estudiado el mecanismo de activacién directa de la
proteina quinasa activada por adenosina-monofosfato (AMPK) por diferentes activadores, como
A-769662, SC4 y PF-739, ya que AMPK juega un papel importante en la homeostasis
energética celular y esta directamente relacionada con diabetes tipo 2 y obesidad. Estos estudios
se llevaron a cabo con el objetivo de explorar los factores moleculares que regulan la activacion
selectiva de isoformas de AMPK, centrandome especialmente en el papel que desempefian las
dos isoformas de la subunidad B. La primera parte de esta investigacion se centrd en la
activacion directa por el compuesto A-769662 en la isoforma a2p1, y la segunda parte se dedicd
a examinar la base molecular de la selectividad entre isoformas, considerando especificamente
las propiedades estructurales y dindmicas de los complejos de AMPK que contienen isoformas
B1 y B2 formados con A-769662, SC4 and PF-739. Los resultados revelaron la sensibilidad
mecénica del complejo o2B1, en contraste con una mayor resiliencia de la especie a2p2.
Ademas, la unién de los activadores en la isoforma a2p1 promueve la organizacion previa del
sitio de union de ATP, favoreciendo la adopcidn de estados activados de la enzima.

Asimismo, en colaboracion con la Prof. Ana Castro del Instituto de Quimica Médica y la Prof.
Maria S. Fernandez-Alonso de la Universidad Complutense de Madrid, estudiamos un novedoso
compuesto inddlico sintetizado y analizado experimentalmente por sus grupos, que actGa como
inhibidor de tipo mixto y es capaz de modular el AMPK endotelial. Nuestros calculos sugieren
que este modulador, IND6, puede unirse al sitio de union de ATP que conduciria a una
inhibicion competitiva del enzima, pero también apuntan que IND6 puede regular la actividad
de AMPK mediante la union a un bolsillo adicional.

En cuanto a TB, he estudiado la hemoglobina truncada N (trHbN) de Mycobacterium
tuberculosis (Mtb). El objetivo ha sido obtener un nuevo enfoque terapéutico mediante la
identificacion de la base molecular de la resistencia al estrés nitrosativo de Mtb. Nuestra
hip6tesis es que una disminucion de la resistencia al éxido nitrico (NO) deberia afectar la
supervivencia del bacilo, aumentando la eficacia de los tratamientos terapéuticos actuales. La
desintoxicacion del 6xido nitrico (NOD, de sus siglas en inglés) se realiza mediante trHbN, que

transforma NO en el inocuo anién nitrato, convirtiéndose en un mecanismo de defensa esencial



de Mtb. Sin embargo, dos puntos impiden el uso de este sistema como diana terapéutica. Por un
lado, la trHbN no puede ver modificada su accién mediante ningin farmaco ya que carece de
bolsillos que permitan enlazar el farmaco, y segundo, porque seria muy dificil intentar modificar
Unicamente esta hemoglobina en el paciente sin provocar efectos secundarios. Por otro lado, aln
se desconoce la proteina reductasa que ayuda a restaurar el estado ferroso de trHbN requerido
para iniciar el NOD. Mi objetivo ha sido identificar esta reductasa. Por esta razén, los estudios
se han centrado en la identificacion de tres posibles candidatos capaces de permitir la actividad
NOD de Mtb. Una vez identificados, se han construido modelos 3D para cada uno de ellos y
realizado el acoplamiento proteina-proteina para obtener un complejo reductasa-trHbN de
partida. Durante esta investigacion, varios trabajos experimentales apuntaron la importancia de
uno de los candidatos identificados, la reductasa ndh. Este hecho nos permiti6 centrar nuestra
atencion en el complejo trHbN-ndh y establecer los pasos que podrian ayudar a avanzar en la
definicion de una nueva estrategia terapéutica para TB.
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Abbreviation Definition

ADP Adenosine di-phosphate

AMP Adenosine monophosphate
AMPK Adenosine monophosphate-activated protein kinase
ATP Adenosine tri-phosphate

ADaM Allosteric drug and metabolic
AMPK Adenosine monophosphate-activated protein kinase
CBM Carbohydrate binding module
CADD Computer-aided drug design
CASP Critical assessment of protein structure prediction
CTD C-terminal domain

CBS Cystathionine 3-synthase domain
DFT Density Functional Theory
DCCM Dynamical cross-correlation matrix
ET Electron transfer
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ED Essential dynamics

FF Force filed
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LBDD Ligand-based drug design

LKB1 Liver kinase B1

MD Molecular dynamics

MC Monte Carlo

Mtb Mycobacterium tuberculosis
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NAI Neuroaminidase inhibitors
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NO Nitric oxide

NOD Nitric oxide dioxygenase

PDB Protein data bank

QM Quantum mechanics

RMSF Residue mean square fluctuation
RMSD Root mean square deviation
SBDD Structure-based drug design

3D Three-dimensional

TMH Transmembrane helix

trHbN Truncated hemoglobin N

B Tuberculosis

TSC Tuberous sclerosis complex 2
T2D Type 2 diabetes

WISP Weighted Implementation of Suboptimal Paths
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Chapter 1

1. Introduction

‘Life is a relationship between molecules, not a property of any one molecule.
So is therefore disease, which endangers life’

(Zuckerkandle and Pauling 1962)

Every year millions of people suffer from any kind of illnesses. Generally speaking, there are
four main types of diseases, namely deficiency, infection, hereditary and physiological diseases.
According to the World Health Organization’s (WHO) reports, the four diseases with highest
mortality rate in the world include cancer, diabetes, influenza and tuberculosis.! Besides these
known diseases, every few decades some new illnesses such as COVID-19 appear and threaten

human’s life.

Determining how many people die each year and the reason of their death is very important in
order to catch the attention of the Public Health and the scientists to take an action to face these
diseases. Despite of the discovery of novel medications, failure of the drug treatment is still an
important challenge for biomedicine scientists and pharmaceutical companies. This failure can
happen due to different reasons such as wrong diagnosis, selection of low efficacy drugs and
drug resistance.?2 Amongst these reasons, drug resistance is a growing issue that reduces and
even precludes the suitability of the therapeutic treatment selected to deal with the disease.
Indeed, drug resistance is a life threatening phenomena; so there is urgent need for finding new
therapeutic strategies.* In the near future, the duty of scientists and pharmaceutical companies is

to deal with this key problem in order to find new efficient strategies that can tackle this issue.

1.1. Disease is a (harmful) relationship of molecules

In the life bodies there exist four main classes of biomacromolecules, which include proteins,
lipids, carbohydrates and nucleic acids. The proper functioning of these four kinds of
macromolecules is of outstanding importance for the normal development of life. In this thesis,
we have centered our efforts in the study of selected proteins, which were chosen due to their

key functional roles.

Proteins are described based on their large range of functions in the body. They can be listed in
five categories, including antibody, enzyme, messenger, structural component and transporter or
storages.® Protein function directly relies on its three-dimensional (3D) fold. The primary
structure is formed by the sequence of amino acid residues, which contain apolar alicyclic and
aromatic chains, and various polar groups, such as alcohols, thiols, carboxamides, imidazole,
carboxylic acid, amine and guanidine. These groups are chemically reactive and, when the

amino acid residues are properly arranged in the 3D fold, they provide series of
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Introduction

physicochemical properties that are important for the protein functions. Normally, proteins
interact with one or more molecules in order to exert their function (like enzymes, which
catalyze chemical reactions) and mediate metabolic and signaling pathways and cellular
processes.® Because of this role in biological functions, the study of protein interactions
provides a better understanding of basic cellular biochemistry and physiology,” since they
control the mechanisms related to healthy and diseased states in the body.® The dynamics of
protein binding pockets are important for their interaction specificity. Proteins can be adapted
due to the interaction with small organic molecules, namely ligands, since they are structurally
flexible. A cavity on the surface or in the interior of a protein that has suitable properties for
binding a ligand is usually referred to as a binding pocket (Figure 1). The physicochemical
characteristics of a binding pocket is determined by the set of amino acid residues around it and
together with its shape and location in protein, it defines the protein functionality.®

Figure 1. Schematic representation of the formation of the binding site demonstrating the effect of the
aminoacids (represented by different colour spheres) in the physicochemical properties of the binding

cavity. The ligand is represented by yellow form.

Moreover, protein folding and misfolding that occur in different kinds of diseases, including Alzheimer
and Parkinson, are associated with the ability of the protein to form/break specific noncovalent
interactions, such as hydrogen bonding, ionic pairs and van der Waals contacts. On the other hand, the
ability of a protein to bind to a ligand also depends on the formation of these noncovalent interactions
(Figure 2). Therefore, they play a fundamental contribution in dictating the binding affinity between the
interacting partners, such as the interaction between proteins with small molecules, peptides, proteins,

nucleic acids, etc.

For this reason, the understanding of protein non-covalent interaction network and how this
network affects the binding affinity can help us to elucidate the molecular basis of diseases.
These interactions can be altered by mutations affecting the binding site of small molecules, or
the interface that mediates recognition with other macromolecules. This may result in
biochemically dysfunctional changes, affecting the binding mode/affinity that may cause
different diseases.’®!! Altogether, it is clear that unraveling the molecular mechanism and the
role of these interactions is an outstanding ingredient to understand the infection strategies of
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pathogens,*? and necessary to prevent, diagnose and treat the main diseases which are nowadays
affecting to the world population.®®

Type of Interaction Model Example
{a) Charge~-charge O,
ynoesl-range force: nondirections + . NH f—ﬂ\c:f——

Longest-range lorce, nondirectional ~ > _'.//

{b) Charge-dipole e _ , '
Depends on crientation of dipole + ‘q‘ NH \1“‘]\:

{c) Dipole-dipole Vs ¥ H H

- 90 o+ 90 o

Depends on mutual orientation ‘ q ‘ q s W s U._: 9
ol dipeles e’ n

{d) Charge-induced dipole A

Depends on polarizability ol malecule

n which dipole is induced

¢v
{e) Dipole-induced dipole ) /-»
3 90 +
Depends on palarizability of malecule ‘ (3@:’ N

in which dipole 1s induced

(1) Dispersion q..)
Involves mutual synchranization of
fluctuating charges (‘q‘ u
{g) van der Waals repulsion }< >{ =
Occurs when auter electron o=

{h) Hydrogen bond \N——--'D=C/
—q - /i |
Charge attraction + partial covalent bond Hydrogen
Donor  Acceptor bond length

Figure 2. Different types of non-covalent interactions. Adapted from Bioinformatics 11l notes from the
Institute of Bioinformatics, Johannes Kepler University Linz written by Noura Chelbat.**

Evaluating the affinity of ligands to the primary target is a key aspect in drug discovery to find
and optimize the ligands. Binding kinetics of ligands (drugs) is calculated with a rate constant of
ligand association (kon) and ligand dissociation (o). The equilibrium dissociation constant (Kg)
is the ratio of the dissociation to the association rate constant, determining the fraction of the

receptor occupancy at a given ligand concentration.*®

There are two common situations with respect to target-ligand equilibria. In the first both
association and dissociation occur in single steps, so that receptor and ligand combine to shape a
binary complex with association and dissociation rate constant ki (kon) and K (Kofr) (eql).
kq
R+ LSRL
ka
1)
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The second situation consists of receptor isomerization after initial ligand binding, which results
in a higher binding affinity (eq 2). In this mechanism, the ligand encounters the receptor in a
conformational state that is suboptimally complementary to the ligand for binding. After the
initial encounter (RL), the receptor undergoes conformational change to a more committed state

(R*) where the new binary complex (R*L) has a more competent binding affinity than RL.

ki ks
R+ LSRLSR'L
k, ki,

)

In this case, the values of kon and kosrare not specified by a single microscopic rate constant. In
particular, the ke is composed of both reverse and forward rate constants in receptor
isomerization such that (eq 3):
o kaks
A " ky+ ks + ky

@)
Two scenarios can be considered for the analysis of the kinetic rate constant that define the
(un)binding of a ligand to its target receptor.® In the first one, which is called closed system, the
total concentration of receptor and ligand are constant over time under strict control of the
variables of the system. The only change that happens over time is the concentration of free (R
+ L) and bound (R*L) species as the system reaches the equilibrium. The equilibrium
dissociation constant is used to approximate the target-drug complex lifetime. In the second one,
which is named open system that would better represent the situation in the living context, the
receptor is kept at a fixed concentration while the ligand concentration can vary, so the
equilibrium measurements are not feasible because the concentration of the ligand continuously
changes as a result of factors such as absorption and metabolic clearance.'” A drug is efficacious
only as long as it is bound to, and modulating the action of its physiological target. Therefore,
the binding of drugs to their macromolecule targets is considered as paramount for
pharmacological activity.
Taking all these elements together, in this thesis, we gained exposure to research in exploring
the molecular mechanisms of key targets in metabolic (studying the adenosine mono-phosphate
activated protein kinase) and infectious diseases (studying the reductase partner of the truncated
hemoglobin N) by means of in-silico techniques and computational chemistry. In the next
sections, the two main targets of our research will be explained followed by the description of

the computational methods that assists us to complete this thesis.
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1.2. Adenosine Monophosphate-activated Protein Kinase

Protein kinases are very important in nearly every aspect of cell biology since they can modify
the function of a protein.?®* Mammalian adenosine monophosphate-activated protein kinase
(AMPK) is a Ser/Thr protein kinase that has an important role in cellular energy homeostasis
and its activity is tightly regulated by the cellular ratios between AMP, ADP and ATP.% When
AMPK is activated, it reduces the rate of the anabolic pathway and up-regulate the catabolic
pathways leading to the raise of the ATP levels (Figure 3). In the physiological condition, the
ATP concentration is about 100-fold higher than AMP and 10-fold higher than ADP, that is,
AMPK binds to AMP/ADP more strongly than it binds to ATP,% and AMP/ATP ratio becomes

a sensitive indicator of the energy equilibrium inside the cell.?

Because of its critical function in metabolism, AMPK is a central regulator of different
metabolic pathways and it is implicated in various metabolic disorders such as obesity, insulin
resistance, type 2 diabetes (T2D) and cardiovascular diseases. The activation of AMPK plays a
crucial role in increasing glucose uptake and fatty acid oxidation, while reducing the synthesis
of fatty acids, protein and cholesterol.??

Several studies have reported different results about the role of AMPK in cancer. It has been
shown recently that AMPK is phosphorylated and activated by the upstream kinase, liver kinase
Bl (LKB1), which is a tumor suppressor. Additionally, another tumor suppressor, tuberous
sclerosis complex 2 (TSC) is activated and phosphorylated by AMPK.? So, AMPK can act as a

tumor suppressor or promoter depending on the stage and type of the cancer.?*

Due to the importance of AMPK in different metabolic pathways and disorders, this protein has
become a potential therapeutic target in the past decades? and for this reason was one of the

selected targets to be studied during this thesis.

1.2.1. AMPK structure

AMPK is a 145 kDa heterotrimeric complex which consists of a catalytic a-subunit and two
regulatory subunits B and y. All three subunits are encoded by multiple genes in mammals (al,
a2; B1, B2; v1, y2, v3). So a diverse collection of twelve afy heterotrimers can exist.®® The
activities of each complex are not fully understood but there are different expression patterns
across tissues. For instance, y1 and y2 are widely expressed in the body, but expression of y3 is

restricted to skeletal muscle.?®

The o catalytic subunit has a canonical Ser/Thr kinase domain (KD) at the N-terminus, an
autoinhibitory domain (AID), an adenine nucleotide sensor segment termed as a-linker, and a o
subunit-interacting C-terminal domain (a-CTD) which is necessary for the formation of the

complex with the other two subunits (Figure 4. A).
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Figure 3. AMPK signaling pathway. Illustration reproduced courtesy of Cell Signaling Technology, Inc.

(www.cellsignal.com).

KD has a highly conserved structure consisting of a smaller N-terminal lobe composed of a -
sheet and the aB and oC helices, and a larger a-helical C-terminal lobe. Key regulatory
elements of the KD are the activation loop (aa 160-175) at the entrance of the catalytic cleft, the
aC-helix (aa 55-71) in the N-lobe, and the peptide substrate-binding catalytic loop, commonly
known as P-loop (aa 15-33). The activation loop of the a-subunit has the amino acid residue
Thr-172, which its phosphorylation has been considered as an essential step in AMPK
activation. The activation loop locates at the interface between the catalytic and nucleotide-
binding modules, which is also close to the C-terminal of B-subunit. This arrangement makes
the phosphorylation and dephosphorylation of Thrl72 sensitive to conformational
rearrangements induced by nucleotide binding.?” The P-loop and the aC-helix shape an ATP-
binding site in the protein structure. Also, it is suggested that the induced formation of C-
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interacting helix in the $-subunit through the binding of an activator in the ADaM site, stabilizes

the aC-helix and thus results in the activation of AMPK.?

The B subunit has a central carbohydrate binding module (CBM, Figure 4) which causes
AMPK to associate with glycogen particles.? It is also known as glycogen-binding domain. The
physiological function of this subunit is still unclear but some scientists suggest that it allows
AMPK to sense the availability of glycogen reserves in the cell.?> The CBM contacts the N-lobe
of the KD and the interface between these two modules shapes a distinct pocket named
allosteric drug and metabolic (ADaM) biding site that was reported as the binding site for many
direct AMPK-activating compounds.?® The C-terminal domain (CTD) of the B-subunit acts as a

scaffold for the interaction of the complex and interacts with the a- and y-subunits.

The y-subunit (Figure 4, colored in orange) has four tandem repeats of cystathionine f-synthase
domain (CBS) forming two Bateman motifs, which have head-to-head arrangement. The CBS
domains form four adenine nucleotide binding sites.?® Cocrystal of the mammalian AMPK
reveals that site two is always empty, site four is tightly bound to AMP and site one and three
can bind to nucleotides depending on their concentration. Mutagenesis studies show that site 3
and 4 are important for the AMPK allosteric activation.®* AMPK is a highly dynamic complex
with a stable core formed by the y-subunit and the a- and B-CTD. Attached to the core there are
moveable domains whose position is determined by ligand binding and post-translational

modifications.
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Loop

> AMP-3 (CBS3)

Figure 4. A) AMPK heterotrimeric complex composed of subunits a2 (blue), B1 (gray), and y1 (orange)
bound to the A-769662 activator (PDB code 4CFF). (B) Representation of the simulated system selected
for the study of the direct activation mechanism, which is composed of subunits a2 and p1. The most
important regions of these subunits are highlighted; P-loop (purple), activation loop (cyan), CBM domain

(orange) and C-interacting helix (green).

1.2.2. AMPK activation mechanisms
Because of its crucial role in cellular energy homeostasis,* the AMPK activity is regulated by

different mechanisms.®

a) Allosteric activation: AMPK activity is regulated at three different levels: (i) activation loop
phosphorylation by upstream kinases, (ii) protection against activation loop dephosphorylation
by protein phosphatase, and (iii) at the level of phosphorylation-independent, allosteric kinase
activation.® The main form of regulation is done by phosphorylation of Thr172 in the activation
loop segment of the kinase domain of the a subunit (see Figure 4B). First, AMP binds to the
CBS domain in the regulatory y subunit and then phosphorylation of Thrl72 by upstream
kinases such as LKB1 and calcium/calmodulin-dependent protein kinase converts the inactive
form of AMPK to a form that is several thousand-fold more active. When AMP or ADP bounds
to site 3 of the y subunit, the a-hook (Figure 4Error! Reference source not found.A), which

pertains to the a-subunit, makes a conformational change leading to the interaction between the
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activation loop and the C-terminal regions of the a and B subunits. Therefore, access to the
phosphorylated Thrl72 in the activation loop is blocked and phosphorylated AMPK will be
maintained in an active state.** Binding of AMP to the site 1 increase the activity of AMPK

more than 2-5 fold but the mechanism of this activation is still unknown.

b) Indirect activation: AMPK is activated by different drugs like metformin, phenformin and
olygomycin in intestines and liver. The activation occurs through increases the intracellular
levels of AMP. In this process, disruption of complex | of the mitochondrial respiratory chain
occurs which result in reducing the ATP synthesis and an increase in the intracellular
AMP:ATP ratio.*®®

c¢) Direct activation: In 2006 Barbara Cool et al. reported a novel mechanism of action that
showed the first direct activation of AMPK by the thienopyridone drug A-769662.% This
compound binds to a binding site called allosteric drug and metabolite-binding site (ADaM site
(Figure 4. B) located at the interface between a and 3 subunits. The activation mechanism of A-
769662 is independent from phosphorylation of Thrl72, but it requires autophosphorylation of
Ser108 in the CBM domain of the B-subunit.*” Binding of A-769662 can increase the activity of
AMPK more than 90-fold where the Serl08 phosphorylated is present. The phosphorylated
Ser108 does not directly participate in the drug binding but it forms hydrogen bonds with a-
Thr21, a-Lys29 and a-Lys31, which probably contribute to the stability of the binding pocket.
Although neither A-769662 nor AMP, they cannot individually activate the dephosphorylated
AMPK (Figure 5A); together they increase the activity of AMPK more than 1000-fold (Figure
5B). %

Figure 5. A) Allosteric Drug and Metabolite (ADaM) binding site of the direct activator A-769662.
Relevant residues of the o and B subunits are shown as blue and grey sticks, respectively. B) Hypothetical
model of allosteric regulation of AMPK by AMP and A-769662 described by Scott and coworkers.*®
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1.2.2.1. AMPK direct activators

In the recent years, different kinds of direct activators of AMPK were reported (Figure 6. A),
which their activation mechanism remains only partially understood. Moreover, some of them
are selective for specific AMPK complex isoforms while others can activate various isoforms.
Among all the direct activators obtained in the last years, we have centred our efforts in the
study of A-769662, SC4 and PF-739 to gain insight into the allosteric mechanism that
modulates the direct activation of AMPK by small compounds. Our aims are i) to identify the
molecular factors that govern the ligand binding, ii) to comprehend the relationship between
activator binding and structural changes in the protein, iii) to assess the impact of these changes
in the enzyme activity and finally, and iv) to study the different sensitivity of AMPK isoforms

specially regarding the p1 and B2 subunits.

A769662: Different hypotheses have been suggested in order to explain the activation
mechanism induced by binding of A-769662 to AMPK. It was assumed that A-769662 could
induce conformational changes in AMPK structure, which result in the rearrangement and
stabilization of the activation loop. Binding of this compound facilitates the interaction between
the aC-helix, from the a-subunit, and the C-interacting helix, from the p-subunit, which leads to
the allosteric activation of AMPK.* Furthermore, phosphorylated Thrl72 can be protected
against dephosphorylation upon binding of A-769662 because it enhances the interaction
between CBM and kinase domain. It was also reported that A-769662 is only active in a2B1y1
isoform of AMPK and it is not active in the a2p2yl, at least up to concentrations of 10uM.
Despite all this information, the details of the conformational rearrangement triggered by

binding of A-769662 have not been demonstrated until we studied this system during this thesis.

SC4 is a potent activator of AMPK complexes including the B2 isoforms and it stimulates the
glucose uptake by skeleton muscles. SC4 can activate the complexes containing either isoforms
of B but it shows selectivity preference for isoform a2 with respect to the al irrespectively from
the B isoform. SC4 synergistically activates dephosphorylated al1f1y1 in the presence of AMP;

however, AMP/drug synergistic activation did not translate to the 0232y1 isoform complex.*!

PE-739 is a pan-activator for AMPK. Pan activators are expected to activate AMPK in all cells
of body and they are not dependent on the a- and B-subunits isoform selection.*? This activator
is a benzimidazole derivate that can activate both a2B1y1 and 022yl complexes,® though it
still exhibits a larger affinity for the f1-containing isoforms. PF-739 seems also to have a larger

effect on the a2-containing AMPK complexes.

Despite the mentioned information, the details about the activation mechanism that is induced
by the binding of these ligands to the ADaM site, as well as the different dynamical behaviour

that their binding could promote between isoforms is still unknown. Understanding the
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molecular mechanisms that determine the regulatory effect of direct activators, especially
targeting selectively a given isoform, is of utmost relevance for gaining insight into the tissue-
dependent modulation of AMPK. Since the ADaM site is shaped only by a and f isoforms and
the lack of precise structural information about C-terminal stretches of both a and B subunits,

which are located close to the y subunit, we did not consider the y subunit in our simulation.

1.2.2.2. AMPK modulator (IND6)

In another part of our studies, which were performed in collaboration with the group of Prof.
Ana Castro from Institute of Medicinal Chemistry and Prof. Maria S. Fernandez-Alonso from
Complutense University of Madrid, we studied a novel indolic compound synthesized and
experimentally analysed by their group as modulator of endothelial AMPK that shows affinity
for alBlyl isoform, acting as a mixed-type inhibitor (Figure 6. B). IND6 might bind the ATP-
binding site results in competitive inhibition of the enzyme, but may also regulate the AMPK
activity through binding to an additional binding pocket. ** So, the binding modes of IND6 have
been investigated by molecular dynamics simulations by allocating this modulator in both the
ATP-binding site and the ADaM site of the a1f1yl AMPK.
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Figure 6. A) Chemical structures of different AMPK activators. B) Chemical structure of AMPK
modulator, IND6.
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1.3. Truncated hemoglobin N of the Mycobacterium Tuberculosis

Tuberculosis (TB) is amongst the world wild health threats. Around 10 million people are
affected each year and it is the ninth leading cause of death worldwide.®® It is caused by
Mycobacterium tuberculosis (Mtb).* Current treatments are still faced with multi-drug resistant
restraints and also drug side effects, especially in countries lacking the long and costly treatment
adapted to patients.*” Although different researches lead to discovery of novel compounds with
inhibitory properties against different targets, TB is still one of the challenging diseases around
the world.*® Nowadays around 20 drugs are used in clinical trials.*® The multi-drug resistance of
Mycobacterium is the reason that these treatments are become required for the patients for

almost two years with all the toxicity and expensive cost included.

The pathogenicity of Mtb is related to the remarkable adaptability to face with hazardous level
of reactive nitrogen/oxygen species within the intracellular environment.®® During the growth
infection age, level of nitric oxide (NO) and nitrogen species, which are produced by activated
macrophages, limit the intracellular survival of Mtb and it may involves in the restricting the
bacteria into latency. But, Mtb has an efficient defence mechanism by which it can escape from
the toxicity of NO. The reaction of NO with the oxygenated truncated hemoglobin N (trHbN)
has been suggested as the defence mechanism that the organism can avoid the toxic effect of
NO.%! It converts NO to harmless nitrate anion (NO3). This process which is called nitric oxide

dioxygenase (NOD) reaction, is crucial in relieving nitrosative stress.

1.3.1. TrHbN structure

Truncated hemoglobins are a distinct group in the hemoglobin (Hb) superfamily. The trHbN is a
small heme protein that is encoded by the glbN gene.>® It has a tertiary structure which is based
on a two-over-two o helical fold consisting of 128 residues® (a-helical building the structure of
trHbs are labeled as A-F according to their sequential order; Figure 7)%. HisF8 (81) is bound to
the heme group and it is the only residue that is conserved between the Hb and trHb families.
The heme stabilization is achieved through hydrogen bonds to ThrCD4(49) and Ala(75), as well
as by salt bridges to ArgE6(53) and ArgFG3(84).%¢

According to the previous computational studies conducted in our research group, trHbN
showed a new dual-path mechanism to drive migration of Ozand NO to the heme cavity via the
short and long branches (Figure 7).1>%! The O, reaches to the heme cavity through the tunnel
short branch, which is approximately 10 A and is shaped by residues in helices G and H (see
Figure 7). Binding to the heme is conducted by opening the long branch with 20 A length that
is formed of helices B and E where a ligand-induced conformational change regulates the
opening of the tunnel branch via PheE15(62) residue that acts as a gate for ligand entry. The
ability of PheE15 gate to switch between the open and closed states depends on the dynamics

and conformational changes induced by Pre-A motif.>’
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As the NOD function of trHbN relies on the dispersion of NO to the O,-bound heme via the
tunnel long branch, the PheE15 plays an important role as a fundamental residue in specifying
the efficiency of the NO scavenging. The closing and opening of the gate result in the NOD
function of the trHbN.58°

Due to the binding of O, the dynamical motion of the protein backbone is changed. The
important motions of the deoxygenated trHbN influence C, G and H helices. On the other hand,
the contribution of the flexibility in the oxygenated protein comes from helices B and E, which
form the walls of the tunnel long branch. Thus, the transition between open and closed state of

the gate should be facilitated by the increased motion of these helices.®

NO(long branch)

Figure 7. X-ray structure of trHbN (PDB entry 11DR) showing the labels of the helices, the location of
the heme group and the location of the two branches of the tunnel system (brown mesh). The heme,

PheE15 and HisF8 are shown as sticks.

The tunnel system of the protein simplifies the ligand access to the heme site® and the flexible
N-terminal pre-A motif composed of 12-residue is needed for the optimal NOD activity.5” In
2009, the computational studies reveals that if the pre-A motif is removed from the trHbN
structure, the movement of the protein backbone changes significantly. The difference is
detected around helices B and E and also the EF loop region.5! These helices, which define the
long branch, showed smaller fluctuation in the trHbN, deleted pre-A compared with the wild
type trHbN, which may affect the function of the long tunnel branch and the PheE15 gate. The
analysis of the trajectories revealed that the major motions in trHbN deleted N-terminus are
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related to the helices G and H and loop CD. Therefore, removal of the Pre-A motif change the
protein backbone motion and the PheE15 gate is forced to remain in a closed conformation,
leading to the blockage of the easy access of NO toward the active site.>"®* Although deleting
the pre-A motif of trHbN can affect the function of this protein; this is not a feasible way to stop

the NOD activity. So, it is necessary to find an alternative solution.

1.3.2. Steps of the NOD function inside the trHbN

The conversion process of NO catalyzed by trHbN is considered to involve the following steps:
1.- O enters to Hb via the short tunnel branch and oxyferrous heme is generated.

2.- Binding of O, triggers dynamical alterations in the protein backbone that regulate the
opening of the long branch facilitating access of NO to the O,-bound heme. The oxyferrous

heme interacts with NO and nitrate anion and ferric heme are produced.

3.- An electron will be shuffled from NADH group of the flavin domain (or a reductase partner)
to the heme to covert the heme to the ferrous state and recycle the process. Both oxidative and
reductive processes affect the efficiency of the NOD function.®2-64

The NOD function depends on the stabilization of O into the deoxygenated heme, a rapid
migration of NO to the heme cavity, and a fast electron transfer from an electron donor in order
to recover the ferrous state to ferric and restart a new cycle.®>% So, other members of the Hb
superfamily can perform NO deoxygenation when they pair with an appropriate electron
donor.®” Despite lacking of a reductase domain, the NO dioxygenation efficiency of trHbN is
high (Knop ~ 745 uM™ S?) and it is comparable with the flavoHbs that already contain a
reductase domain.®®®® The question is how trHbN can carry out so efficiently the NOD function

that relies on the structural and functional compatibility with a reductase partner?

To the best on our knowledge, there is no information about the reductase partner of trHbN that
can catalyze the reduction of trHbN. Furthermore, the effect of interaction between trHbN and
the reductase partner on the migration of the ligands (NO and O) through the protein and how

this interaction can affect the conversion to the nitrate anion are still unknown.

To see if the survival of Mtb requires the expression of a specific reductase partner, Singh et al.
carried out a research to confirm this hypothesis. Since trHbN is functionally active in
Escherichia Coli (E. coli) and it helps its host to metabolize NO and convert it to nitrate anion,
it should be able to use reductases to carry out NO dioxygenation, although this reductase has
not been identified yet in its native host. For an efficient electron transfer, the reductase should
have a correct coordination and structural alignment with trHbN globin domain and the FAD
cofactor of reductase and heme of trHbN binding regions should place at an acceptable distance
for an efficient electron transfer. So, they examined the efficiency of different reductases in

assisting the electron transfer process. The results pointed out a marked dependence of the
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efficiency of this process on the nature of presence of a reductase. Specifically, this study
showed that NADH-ferredoxin reductase (FdR) could perform efficiently the reduction of ferric
to ferrous trHbN. This interaction is mediated by flexible CD loop and the dynamical motion of
the protein backbone is crucial for facilitating the interaction which is modulated by the Pre-A
region of trHbN.5?

Based on these evidences and the point that trHbN i) is not a druggable target, due to the lack of
druggability hallmarks in its structure which restricts its suitability for drug discovery purposes,
and ii) it belongs to the Hb family that is found in the human body and can result in unwanted
side effects, we decided to start a project in order to find the reductase partner for NOD activity
of trHbN.

Therefore, identifying and characterizing the reductase partner is of utmost importance for
either inhibiting its ability to act as redox partner or by preventing its ability form a functional
complex with trHbN.
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1.4. How does computational chemistry help drug design?

Knowledge of the structure-function relationships of proteins can be gained resorting to a
combination of experimental biophysical techniques. However, sometimes it is not possible to
monitor structure of molecules in vivo or in vitro environments and, the experimental studies are
costly and time-consuming. Because of these reasons, computational chemistry emerged as an

efficient tool to solve these issues in more efficient and feasible way.

Computer-aided drug design (CADD) uses computational approaches to discover, develop, and
analyze drugs and similar biologically active molecules. CADD comprises a diverse range of
theoretical and computational approaches that are part of modern drug discovery. Based on the
structural information that we have, it is possible to follow one of the CADD areas: structure-
based drug design (SBDD) and ligand-based drug design (LBDD). SBDD is related to the
design and optimization of a structure with the goal of identifying a compound suitable for
clinical testing like a drug candidate. LBDD approach involves the analysis of ligands (a library
of ligands) known to interact with a target of interest.”

Scheme 1 shows a typical protocol used in the SBDD. Since during the progression of this thesis
I have mainly used this protocol with some differences, below | will explain the tools used for
each of the two developed research projects.

aEeL protein Ligand

3D chemical

database

Free energy
- calculations

Molecular Streed MD

dockin

Molecular
dynamics
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‘ samgling

Scheme 1. Structure-based drug design work flow.
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The Nobel Prize in Chemistry awarded to Arieh Warshel, Martin Karplus and Michael Levitt
for the development of multiscale models for complex chemical systems in 2013 demonstrates
the relevant contribution of this field in the ligand-target interaction, and particularly the
potential impact in the drug discovery process. Currently the combination of computational and
experimental studies is a powerful approach to understand the molecular basis of many

processes that encode the processes of the cell. ™

Computational chemistry is a branch of Chemistry that uses the results of theoretical chemistry
integrated into efficient computer programs to calculate the structures and characteristic of
molecules. These characteristics include structure, interaction energy, charges, vibrational
frequencies, etc. This term is also used to cover any science areas that connect computer science
and chemistry and it is utilized computer simulations to assist in solving chemical problems. "
Computational chemistry improves our understanding of how the biomolecules interact with
each other, providing a molecular basis to decipher the cell life, but is also fundamental to
facilitate the design of novel molecular entities, particularly in pharmaceutical companies.

If you can imagine

we can calculats!

e bty e )

Figure 8. Schematic example of computational chemistry applications. Adopted from

https://www.solutions.bocsci.com/computational-chemistry.htm?

The computational researches can be done using high-performance computing.” Computational
chemists can use a variety of methods depend on the size and the characterization of the
systems, which can describe the system of interest at the classical and quantum mechanical
levels. Quantum mechanics (QM) can explain the features of small-scale and discrete quantities

and interactions, which cannot be explained by classical methods. QM is often the only theory
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that can reveal the electronic structure of molecules consisting of few hundreds of atoms,
including chemical reactivity. In contrast, classical methods can be utilized to study the
conformational fluctuations of macroscopic systems including up to 10® atoms.

Computational
tools

e

.

Atomistic Continuum
Finite Periodic
Quantu:ln — QMMM — Molecu!ar
mechanics mechanics
l I Molecular
. dynamics
’ e | ‘ Ab initio ‘
empirical
DFT HF/post HF

Scheme 2. Different types of computational chemistry tools.”76

Below, some features and the main differences of the quantum and classical methods will be

briefly described.

1.4.1. Quantum Calculations

Based on the different level of first-principle physics and physical models used, various
computational approaches have been developed. The most rigorous approach is based on
Quantum Mechanics (QM). QM is a science of small, enabling us to explain the behaviour of
matter and its interaction with energy on the atomic and sub-atomic scales resorting to both ab
initio and semi-empirical methods. QM methods are based on the Schrddinger equation (eq. 4).
This equation describes the behaviour of the electrons in a molecule and gives us the energy and
a wavefunction (¥). The electron distribution can be calculated via the wavefunction,”” thus
providing the electronic properties of the molecule through the application of suitable operators.
Due to the nature of wavefunction, it does not possess any physical meaning by itself, however,

the scalar product of the wavefunction with its complex conjugate bears the notion of the
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probability of finding a particle at a particular position g and time t which is known as Born

interpretation.’
ihg; ¥ (4,0 = HY (¢,0)

(4)

H represents the Hamiltonian operator, which explains the total energy of the system at a given

time and # is Planck’s constant divided by 2.

Ab initio techniques attempt to compute electronic state energies and other physical properties,
as function of the position of nuclei and electrons, from first principles without the use of
experimental input. Although semi-empirical calculations are also based on the Schrodinger
equation, this method use experimental parameters or the results of ab initio calculations to
determine some of the matrix elements, which let to obtain faster calculations.” Semi-empirical
methods treat at least the valence electrons explicitly, so they are able to answer questions such
as electronic transitions, dipole moments, polarizability and bond breaking and forming. The
computational requirements of semi-empirical methods locate between those of the ab initio
methods and the force field techniques.

Ab initio methods include intensive computation, so tend to be limited to smaller systems (up to
hundred atoms) due to practical reasons of computer time, but they are essential because semi-
empirical methods are of little use on systems whose electronic properties have not been

included in the data base used to construct the parameters of such models.

Density Functional Theory (DFT) calculations determine the electron density function using the
Kohn-Sham formalism.” DFT follows a formally exact approach to solve static many-electron
problem by replacing the formalism of the many-electron wave function with the electron
density. The main advantage of DFT compared to the traditional wave function based methods
is the fact that it substitutes the many-body problems with a problem of discovery of electron

density, which relies on three spatial coordinates.

1.4.2. Molecular Dynamics

To study the large systems such as proteins, the methodologies based on Molecular Mechanics
(MM) describe the molecules as a collection of classical particles, while bonds are represented
as springs, thus neglecting the explicit treatment of electrons.®® Accordingly, the energy of a
molecule can be determined using a force field, which encompasses classical expressions for the
different bonded (stretching, bending and torsions of bonds) and non-bonded (electrostatic and

van der Waals, often supplemented with polarization) contributions.”

In a simulated system, the potential energy depends on the interaction between atoms. The

interactions between them are controlled by a parameterized force field (FF). In the force field
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the molecule is presented as an ensemble of spheres with mass (representing the atoms), which

are linked by springs that indicate the interactions (eq 5).

U= z %kb(r—r0)2+ Z “ k(6 — 6,) + 2 [1+ cos(n@) — 8]

bonds angles torsios

3 s Y ()0

improper elec

(%)
where the first four terms refer to intramolecular or local contributions to the total energy (bond
stretching, angle bending, and dihedral and improper torsions), and the last two terms serve to
describe the Van der Waals and the Coulombic interactions.

Molecular dynamics (MD) simulations rely on the use of classical physics law. MD simulations
explore the conformational space sampling an ensemble of structures accessible under the
simulation conditions. In a system composed by fixed particles, the potential energy depends on
the interactions between the atoms thanks to their reciprocal positions and the potential energy
varies at the variation of the geometry of the system. The sampling is performed by solving
Newton’s laws of motion for the system, which enables to obtain a time evolution of the starting
snapshot of the system (i.e., a trajectory).

F =ma

(6)

where F is force on an atom, m is mass of the atom, and a is the atom acceleration.
In MD simulations, the physics of the system is simplified but it provides close approximation
to treat complex molecular systems such as proteins with affordable cost and high level of
reliability. The force field gives rise to the Hamiltonian of the simulated system and the bonded
and non-bonded interactions happening between the particles in the system are described by
analytical expressions. The modern force fields consist of at least four terms that are used to
explain both the intra- and intermolecular interactions. One of the most frequently used force

fields is the AMBER force filed (eq. 7) in which the function of the potential energy is defined

as:
V)= ) k(b =B+ D k(0= 00)? 0
bonds angles
q: A Ci
+ Z kglcos(n® + &) + 1] + [w+%—_”6
r. . r. . r. .
torsions nonbonded - Y ) U
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44



Chapter 1

Similarly to equation 5, in the AMBER force field the first three functions show the interactions
between bonded atoms including the bonds, the angles and the torsional angles. The last
functional term describes all of the non-bonded interactions, where the Coulomb law describes
the electrostatic interactions and the van der Waals forces are approximated by the Lennard-
Jones potential 8183

The ff99SB force field in Amber has been mostly used with the Amber suite of programs.®* It
implicates a set of parameters for all-atom simulations, which are suitable for protein
simulations. Explicit use of all hydrogen atoms, no specific functional form for hydrogen
bonding and fixed partial charges on atom centers are some characteristic features of this force
field. Also, there is a better balance of secondary structure elements by improved distribution of
backbone dihedrals for glycine and alanine.®® In the modified version of this force field, which
has termed ff99SB-ILDN, new torsion potentials described for four residues (isoleucine,

leucine, aspartate and asparagine that appear to be the most problematic in ff99SB.

Apart AMBER, other programs for modeling various systems are available including
GROMACS,? NAMD.,®” OpenMM®8 or Desmond®. The AMBER package have a general so-
called AMBER force field named gaff®® which is used to parameterized small organic molecule.
In this thesis, ff99SB®! and gaff were utilized in conjugation with RESP charges calculated at
the B3LYP/6-31(G)* levels®.

1.4.2.1. Restrained Electrostatic Potential (RESP)

Force field parameters can be achieved by fitting to the experimental measurement or data
calculated using high level of theory. One of the most important terms is the electrostatic one, as
small errors in the atomic charges can prompt large changes in the conformational behaviour of
a molecule. So, the partial charges play a crucial role in the description of our system.
Electrostatic potential (ESP) method can be used to calculate the partial atomic charges for
molecular dynamics simulations. This method is based on the assignment of charges to the
atomic centers using the least square fitting method. In this method, the obtained charges
reproduce the electrostatic potential using quantum mechanics methods.

The drawback of this method is the weak prediction of the charges that exist at the large
distance from the points on the QM-obtained ESP grid. To solve this problem, the RESP
method was introduced. In this method the fitting process is done in two stages. In the first step,
the partial charges of all atoms are free to change and in the second stage, the fit partial charges
of all atoms are restrained except for degenerate hydrogen atoms. The advantages of this
method in comparison to the ESP charges are two things; firstly the calculated values are more
closer to the expected values and secondly, this method lowers the polarity of the polarized C-H

bonds which result in a more correct parameterization of organic molecules.®
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1.4.2.2. Ensembles

The ensemble is described as all the possible microstates that a simulated system can occupy
under specific constraints that define the system macroscopically including constant volume and
constant temperature. Different ensembles are produced based on choosing the fixed variables:
1.- Microcanonical ensembles (NVE): The number of atoms (N), the volume of the system (V)
and the total energy (E) are constant. In this ensemble, there is no exchange of the energy with
surroundings.

2.- Canonical ensemble (NVT): The number of atoms (N), the volume of the system (V) and
the temperature (T) are remained fixed. So, the exchange of the energy with environment can
happen.

3.- Isobaric-isothermal ensemble (NPT): The number of atoms (N), the volume of the system
(V) and the temperature (T) are kept fixed. From the chemistry point of view, this ensemble is
the most natural ensemble as it represents the usual condition the same as the experimental

ones.

1.4.3. Monte Carlo

Monte Carlo (MC) methods use probabilistic rules to generate a new configuration from the
previous one. With the MC algorithm, a sequence of states will be generated that can be used to
estimate structural and thermodynamic properties. MC simulations, except the Kinetic Monte
Carlo techniques, are time-independent and dynamical properties based on the evolution over
time cannot be estimated. In MC simulations, with randomly altering specific degrees of

freedom, a new configuration of a system is generated.

Despite MD simulations, MC simulations are free from restrictions of solving Newton’s
equations of motion; this can lead to huge speedups up to 10 in the sampling of equilibrium
properties. Moreover, MC methods are easily parallelizable and with some techniques being

ideal for use with large CPU cluster.

Regarding the disadvantages of MC simulations, because it does not solve the Newton’s
equation of motion, a traditional MC simulation cannot generate any dynamical information.
The difficulty of conducting large-scale moves is one of the main difficulties of MC simulations
of proteins in an explicit solvent. Any move that significantly changes the internal coordinates
of the protein without moving the solvent particles will lead to a large overlap of atoms and the
rejection of the trial configuration. Coarse-grained protein models are the most popular systems

that use MC methods, because a implicit solvent do not suffer from the mentioned drawback.®®

1.4.4. Homology Modeling
All the SBDD studies relies on knowledge of the three-dimensional structures of the biological
targets obtained through methods such as X-ray crystallography and NMR spectroscopy for the

known structures or homology modeling for those which their 3D-structure is not available. In
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the first two projects (AMPK and M2 channel), the 3D structures of the proteins were adopted
from Protein Data Bank (PDB)®, but respect to the trHbN project due to the lack of information
of 3D structure of this protein, we tried to model it by homology modeling software such as I-
TASSER®" and SWISS-MODEL®%,

Protein structure predictions use two different approaches: template-based structure prediction
techniques that achieve a three-dimensional and atomistic model by applying the structure-
sequence relationship. De-novo structure prediction, which generate different sets of alternative
structures and chooses the best scoring model using complex scoring functions.
Homology modeling predicts the three-dimensional structure of a query protein via the
sequence alignment of template proteins. Most procedures include four consecutive steps:

a) Specifying the protein structure related to the target sequence with an alignment of

target/template.

b) Building of the target sequence based on the template’s information.

c) Refinement of the model

d) Evaluation of model quality and ranking of generated models.
All these steps might be repeated in order to obtain a satisfactory model. In traditional methods,
local alignment such as BLAST was used for the alignment. These methods are only accurate
for the sequence alignment above 40-50% sequence identity but when no close homologs are
identified, other algorithms are needed. The new approaches are based on sequence-profile,
sequence-HMM and HMM-HMM alignments. Also, there are other programs that are classified
into fold recognition methods.
In this thesis, two homology modeling servers were used for build the structure of ndh reductase
of Mtb.

1.4.4.1. SWISS-MODEL

In this server, the user can model a sequence with a minimum input. In the simplest case, it
works only with the amino acid sequence of a target protein. Additional user input such as
selecting a different template or adjusting the target-template alignment might be necessary for
some complex modeling researches. The template library named ExPDB is extracted from
Protein Data Bank (PDB) and the PDB coordinate files are divided into individual protein
chains and unreliable entries, so the low-quality structures are removed. The software searches
for the template in the template structure library. The modeling process will be split into
separate independent batches if the selected templates cover distinct regions of the target
sequence. Five template structures will be superposed per batch by an iterative least squares
algorithm. After removing incompatible templates, a structural alignment is created. The models

with high C, root mean square deviations to the first template will be omitted. Finally, a local
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pair-wise alignment is done and the placement of insertions and deletions is optimized. The
backbone atom positions of the template are averaged in order to build the core of the model. To
model the insertions and deletions in the target-template alignment, an ensemble of fragments is
constructed by constraint space programming (CSP). To build the side chains, weighted
positions of corresponding residues in the template structures will be used and a scoring
function checks favorable interactions such as hydrogen bonds and disulfide bridges and
unfavorably close contacts to select the best conformation. At the end, an energy minimization
using the GROMOS96 force field is applied to the final structure.

(https://swissmodel.expasy.org)®

1.4.4.2. I-TASSER

To build the model, the first step is to perform the threading. Threading means identifying
template proteins from solved structure databases that have a similar structure or similar
structural motifs as the target sequence. A non-redundant sequence database is used to match
against the target sequence by PSI-BLAST. Then a sequence profile is created which is used to
predict the secondary structure using PSIPRED. The target sequence is threaded through a PDB
structure library using different servers and the best template from each threading server is
chosen. In the next stage, the continuous fragments in threading alignment are taken from the
template structure and these parts are used to assemble structural conformations of the sections
that aligned well with the unaligned regions built by ab initio modeling. In the following step,
the fragment assembly simulation is carried out and the lowest energy structures are selected as
an input for REMO server that build the final models. In the final stage, the function of the
target protein is concluded by structurally matching the built 3D model against the proteins with
the known structure and function in the PDB.

The quality of the predicted model is assessed with a confidence score named C-score. C-score
is defined based on the quality of the threading alignments and the coverage of the I-TASSER.
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/)%’

1.4.5. Protein-protein interaction

SBDD begins with the identification of a potential ligand-binding site on the target, which is
normally a pocket or protuberance with a variety of potential hydrogen bond donors and
acceptors, hydrophobic characteristics and sizes of molecular surfaces. The active site in an
enzyme or an assembly site with another macromolecule can be the active site.” Respect to the
AMPK, its binding sites were specified in the 3D structures obtained from PDB and we used the
same site to locate the activators in AMPK. In the case of trHbN, we needed the protein-protein
complex of this protein with its probable reductase partner. To this end, we used ClusPro®

webserver.
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Protein-protein interactions are important to understand the function and organization in the
cell. Docking of two proteins generates different detailed models that specify the position of all
atoms. There are two different docking methods: direct and template-based methods. Direct
methods try to find the structure of the target complex that is located at the minimum of Gibbs
free energy in the conformational space, so it needs an effective minimization algorithm. The
template-based docking uses the rule in which interacting pairs sharing higher than 30%
sequence identity interact in the same way, so the structure of a complex can be obtained by

homology modeling tools when there is a correct template complex of a known structure.

1.45.1 ClusPro

This web-based server is used the direct docking to define the interactions between two protein.
It follows three steps: i) rigid-body docking by sampling of billions of conformations. The
docking uses PIPER program, which is based on the Fast Fourier Transform (FFT) correlation
approach. ii) Root mean square deviation-based clustering of the 1000 structures with the lowest
energy to find the largest cluster that will show the best models of the complex. iii) Refinement

of the selected structures by energy minimization (Figure 9).%

FFT-based sampling on a grid using PIPER Rigid-body
docking (FFT) &=

100

Cluster
retained
conformation

Clustering to find the most populated clusters
with the lowest energy

30
Refine the
10 complex by
Minimization of the complex with CHARMM \ nﬁrl;:ﬁll?z';/{:\gn

Figure 9. ClusPro algorithm. The number of structures obtained after each step were indicated in the plot.

1.4.6. Structural analysis
Once the structure and the target site were identified, we carried out different MD simulations.
Finally, the produced trajectories were analysed by various methods; the general analyses

including root-mean square deviation (RMSD) and residue-mean square fluctuation (RMSF) to
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see the conformational changes in the protein structure and the binding site and the more
specific analyses to check how binding of the ligand can affect the motions of the important
structural elements and find the critical residues that play important roles in the activation of
proteins. Amongst these methods, we can mention essential dynamics (ED), dynamical cross-

correlation matrix (DCCM), and interaction energy network.

1.4.6.1. Essential dynamics

This method was utilized to specify the most important motions from the structural variance
sampled in MD simulations. In ED,® the dynamics along the individual modes can be studied
and visualized separately, so we can filter the main collective motions during our simulations.
Therefore, the positional covariance matrix is created and diagonalized in order to achieve the
collective deformation modes, i.e. the eigenvectors, while the eigenvalues account for the
contribution of each motion to the structural variance of the protein. The calculations were
performed with PCAsuite program, which is integrated in the pyPCcazip program, a suite of

tools for compression and analysis of molecular simulations.%!

1.4.6.2. Dynamical cross-correlation matrix
To complement the information gained from the ED analysis, DCCM was used to examine the
correlation motion of residues along a given trajectory. To this end, all the snapshots were
aligned by means of least-square fitting of Ca atoms of the whole protein to the equilibrated
starting configuration. Then, the DCC matrix was determined as noted in Eq. 8.

oj

C. = (rir)) = (r)(r;)
ij — 1/2 1/2 — /
Voald [ (6-m2)]

(8)

where the position vectors of two Ca atoms i and j fitted in the structure at time t are denoted as
ri(t) and rj(t), respectively.

The cross-correlation coefficients range from -1 to +1, which represent anticorrelated and
correlated motions, respectively, whereas values close to zero indicate the absence of correlated

motions.'® This analysis was performed using the module available in AMBER package.

1.4.6.3. Interaction energy network

Networks of local interactions are intrinsically linked to the structural response of proteins to
external factors.1® For our purposes, Weighted Implementation of Suboptimal Path (WISP)¥%4
was utilized to analyse the allosteric network. This method enabled us to perform a dynamic
network analysis to understand how the binding of a ligand in an allosteric cavity could affect
another binding site. In particular, WISP relies on the dynamical interdependence among the

protein residues. To this end, each amino acid is treated as a node, which was located at the
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residue center-of-mass, and the interdependence among nodes is represented as a connecting
edge with an associated numeric value that reflects its strength. The interdependence is
determined from a NxN matrix C (N is the number of nodes) with values corresponding to the
weights of each edge, reflecting the correlated motion among node-node pairs. Finally, the
weight between the edge that connects nodes i and j is expressed as wij = —log(|Cij|), so that

highly correlated or anticorrelated motions are characterized by small values of wij.

51






CHAPTER

OBJECTIVES







Chapter 2

2. Objectives

Understanding the factors that regulate the activity of key targets in diseases is important to
identify potential hits and novel therapeutic strategies against these diseases. Moreover, despite
of the discovery of novel medications, treatment failure still remains a big challenge for
scientists and pharmaceutical companies. Understanding the reasons of this failure, disclosing
molecular mechanisms and attempting to find new targets can pave a way to tackle this
challenge. In our studies we focused our attention on the study the proteins implicated in
metabolic and infectious diseases, which are amongst the highest mortality rate diseases in the
world according to the WHO reports.

In this context, this thesis uses the computational chemistry methods to gain insight in two
different proteins structures; AMPK and trHbN, to explore the following objectives.

2.1. AMPK project

1. To gain insight on the molecular mechanisms that underlies the regulatory effect of direct
activator A-769662.

2. To unveil the changes in the network of interactions between key structural elements of
AMPK.

3. To explore the molecular basis of the selective isoform activation of AMPK, specially

focusing on the role played by B1 and 2 subunits upon binding of direct activators.
4. To describe a novel indolic compound as modulator of endothelial AMPK.

5. To propose new possibilities for regulating the modulation of endothelial cells.

2.2. TrHbN project

1. To explore putative membrane proteins able to interact with trHbN and assist recycling to the

ferrous state.
2. To examine the interaction interface of trHbN with its reductase partner to:
a) identify and characterize a binding pocket, and
b) assess the electron transfer rate conducted by the trHbN-reductase complex,

with the aim to design a drug able to disrupt this complex, and therefore the efficiency
of the NOD activity.
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Chapter 3

3. Publications
Four papers have been compiled for the defence of this thesis, two of them have been published

and the other two are submitted.

3.1. AMPK

3.1.1: In the first paper, entitled “Understanding the Mechanism of Direct Activation of AMP-
Kinase: Toward a Fine Allosteric Tuning of the Kinase Activity”, MD simulations have been
used to gain insight into the allosteric mechanism that modulates the direct activation by small
compound A-769662, suggesting that the activator may act as a glue, coupling the dynamical
motion of the [ subunit and N-terminal domain of the o subunit and assisting the

preorganization of the ATP-binding site (sections 4.1.1 and 4.1.2).

3.1.2: In the second paper, entitled “Structural Basis of the Selective Activation of Enzyme
Isoform. Allosteric Response to Activators of f1- and 2-Containing AMPK Complexes”, we
examined the molecular basis of the selective isoform activation of AMPK and the structural
and dynamical properties of f1 and B2 containing AMPK complexes formed with A-769662
and SC4. The finding were discussed in light of the changes in the residue content of B subunit
isoforms, particularly regarding the B1Asnl11 = B2Aspl11 mutation as a key factor (sections
4.1.2 and 4.1.3).

3.1.3. In the third paper, entitled “Elucidating the activation mechanism of AMPK by direct pan-
activator PF-739”, we have assessed the structural and mechanical properties of B1- and B2-
containing AMPK complexes towards the binding of a pan-activator PF-739. The analysis let us
to understand how the PF-739 can activate the AMPK through both B-isoforms and help us to
discern the slightly higher affinity for pl-isoform, due to the Bl1Asnlll to B2Asplll
substitution as a critical factor in modulating the dynamical sensitivity of the [-isoforms.

(sections 4.1.2 and 4.1.3)

3.1.4: The fourth paper, entitled “Novel Indolic AMPK Modulators Increase Nitric Oxide
Release in Human Endothelial Cells”, report the identification of a novel AMPK modulator,
INDG6, which shoes affinity for AMPKa1B1y1. The findings explained the ability of IND6 to act
as a mixed-type inhibitor that can also promote the enzyme activation by adopting two distinct
binding modes at the ADaM site (section 4.1.4)
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ABSTRACT: Mammalian AMP-activated protein kinase (AMPK) is a Ser/Thr protein

kinase with a key role as a sensor in cellular energy homeostasis. It has a major role in AMPK
numerous metabolic disorders, such as type 2 diabetes, obesity, and cancer, and hence it has - )
gained progressive interest as a potential therapeutic target. AMPK is a heterotrimeric }{hé.s < )\‘
enzyme composed by an a-catalytic subunit and two regulatory subunits, # and y. It is -~

regulated by several mechanisms, including indirect activators such as metformin and direct % )
activators such as compound A-769662. The crystal structure of AMPK bound to A-769662 &)
has been recently reported, suggesting a hypothetical allosteric mechanism of AMPK "\'., »

v

activation assisted by phosphorylated Ser108 at the f-subunit. Here, we have studied the ( &0
direct activation mechanism of A-769662 by means of molecular dynamics simulations, @
suggesting that the activator may act as a glue, coupling the dynamical motion of the j-

subunit and the N-terminal domain of the a-subunit, and assisting the preorganization of

the ATP-binding site. This is achieved through the formation of an allosteric network that

connects the activator and ATP-binding sites, particularly through key interactions formed between aAsp88 and SArg83 and
between fpSer108 and aLys29. Overall, these studies shed light into key mechanistic determinants of the allosteric regulation of
this cellular energy sensor, and pave the way for the fine-tuning of the rational design of direct activators of this cellular energy
sensor.

B INTRODUCTION

Mammalian adenosine monophosphate-activated protein kin-
ase (AMPK) is a Ser/Thr protein kinase with a key role as a
sensor in cellular energy homeostasis." Once activated, AMPK
promotes a reduction in the rate of anabolic pathways and up-
regulation of catabolic pathways, the net balance being an
increase of the ATP levels. Both ADP and AMP may
allosterically activate the enzyme,' although physiologically
the ATP concentration is about 10-fold higher than ADP and

(Figure 1A).%” The a-subunit contains the kinase domain in
the N-terminal region. The f-subunit encompasses a central
carbohydrate-binding module (CBM), which is related to
those found in proteins that are capable of binding to glycogen
particles (also known as the glycogen-binding domain).®
Finally, the y-subunit comprises four tandem repeats of
cystathionine f-synthase domains (CBS), arranged in two
Bateman motifs, which are in almost symmetrical “head-to-
head” arrangement, and contains four sites able to bind AMP,

100-fold higher than AMP, making the AMP/ATP ratio a
sensitive indicator of the energy equilibrium inside the cell.
Due to its critical function in cell metabolism, AMPK is
implicated in numerous metabolic disorders such as type 2
diabetes, cardiovascular diseases, and obesity.2 Moreover,
several studies have reported seemingly paradoxical results
about the role of AMPK in cancer, as it could function as a
tumor promoter or suppressor depending on the stage and
type of cancer.”* Overall, AMPK has emerged as a potential
therapeutic target in the past decade.”

AMPK is a heterotrimeric complex composed of a catalytic
a-subunit together with the regulatory f and y subunits

-4 ACS Publications  © xxxx American Chemical Society

ADP, and ATP. Among them, site 2 is found to be always
empty in crystal structures of AMPK/adenine nucleotide
complexes, and site 4 is tightly bound to AMP, whereas sites 1
and 3 can bind nucleotides reversibly in solution depending on
their relative concentrations.”"’

Due to its central role in energy homeostasis, the AMPK
activity is susceptible to being regulated by several mecha-
nisms, including AMP binding to the CBS domains in the y-
regulatory subunit, a process that promotes phosphorylation of
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Figure 1. (A) AMPK heterotrimeric complex composed of subunits a2 (blue), 1 (gray), and y1 (orange) bound to the A-769662 activator (PDB
code 4CFF). (B) Representation of the simulation system selected for the study of the direct activation mechanism, which is composed of subunits
a2 and f1. The most important regions of these subunits are highlighted; P-loop (purple), activation loop (cyan), CBM domain (orange) and C-
interacting helix (green). (C) Binding site of the direct activator A-769662. Relevant residues of the activator binding site are shown as sticks, and

the activator as ball and sticks. (D) Chemical structure of A-769662.

Thr172 (pThr172) in the activation loop at the kinase domain
of the a-subunit by upstream kinases, such as liver kinase B1
(LKB1) and calcium/calmodulin-dependent protein kinase
(CaMKKJ), and causes allosteric activation.'' There are also
indirect AMPK activators that act by increasing the cellular
AMP concentration, such as metformin, phenformin, or
oligomycin.12 Furthermore, in 2006, Abbott Laboratories
described a novel mechanism of action that involves the first
direct activation of AMPK by the thienopyridone drug A-
769662 (Figure 1D)." In contrast to adenine nucleotides, A-
769662 does not bind to the CBS motifs in the y-subunit but
to a binding site located at the interface between a and f
subunits (Figure 1C),'*"” as revealed by the X-ray structure of
AMPK bound to the direct activator A-769662 (PDB entry:
4CFF).'¢

The activation mechanism of A-769662 is of particular
interest, because it activates AMPK independently of a-Thr172
phosphorylation, provided Ser108 in the CBM of the $-subunit
is phosphorylated, via a cis-autophosphorylation event, so that
binding of A-769662 enhances the AMPK activity up to more
than 90-fold when pSer108 is present.'”'® f1—Ser108 is also a
substrate for ULK1 as well as other kinases like NimA related
kinases (NEKs)."” Although not directly involved in drug
binding, inspection of the X-ray structure of the A-769662—
AMPK complex shows that pSer108 forms hydrogen bonds
with @-Thr21, a-Lys29, and a-Lys31, which suggests that it
contributes to the stability of the binding pocket (see Figure
1C). Nevertheless, phosphorylation of a-Thrl72 is not
necessary for in vitro AMPK activation by direct activators;
phosphorylation of this residue is crucial for significant
activation of the enzyme in vivo.”" Finally, although neither
A-769662 nor AMP individually stimulate the activity of
dephosphorylated AMPK, together they potentiate the
enzymatic activity by >1000-fold, revealing that AMPK

activation can be achieved without the requirement for a-
Thr172 phosphorylation.*’

These findings reflect the complex interplay of factors that
regulate the activity of AMPK, which in turn raises a question
about the underlying molecular mechanisms implicated in the
enzyme activation. At this point, it has been suggested that A-
769662 may induce a conformational change leading to the
rearrangement and stabilization of the activation loop.'” The
structural studies have shown that A-769662 facilitates the
interaction between the aC helix in the kinase domain and the
C-interacting helix of the f-subunit, effectively contributing to
the allosteric activation of AMPK.'® Furthermore, the
interaction of the CBM with the kinase domain might be
enhanced upon binding of A-769662, which could contribute
to protecting pThrl72 against dephosphorylation. However,
the details of the conformational rearrangements triggered
upon binding of A-769662 have not been elucidated yet. In
this context, A-769662 deserves interest as a starting point for
the design of novel direct activators, which could in turn be
useful for gaining insight into AMPK pha.rmacology.21

Here, Molecular Dynamics (MD) simulations have been
used to gain insight into the allosteric mechanism that
modulates the direct activation of AMPK by small compounds,
such as A-769662. Our aim is to take advantage of this
knowledge to provide a molecular basis that enables the study
of other activators, gaining insight into the different sensitivity
of AMPK isoforms, and to improve the design of new drugs
with an improved therapeutic profile against AMPK, including
natural endogenous metabolites. To attain these aims, a
detailed understanding of the activation mechanism is
mandatory, making it necessary to identify the molecular
factors that govern ligand binding, the relationships between
activator binding and structural/dynamical changes in the
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protein, and the impact of these changes in the enzyme
activity.

In order to address these fundamental questions about the
structural and dynamical changes triggered upon binding of A-
769662 to AMPK, we have performed extended MD
simulations for three systems: the apo form of the enzyme,
the species bound to A-769662, and the complex formed by
AMPK with both A-769662 in the allosteric drug and
metabolite (ADaM) binding pocket and ATP in the ATP-
binding site. The choice of these systems was motivated by the
interest in unveiling the mechanistic determinants of the
allosteric regulation played by A-769662 and, particularly, the
changes in the network of interactions between key structural
elements implicated in the activation of this cellular energy
sensor. This knowledge will contribute to the development of
new drugs for the treatment of metabolic disorders, such as
type 2 diabetes and obesity, as well as cancer.

B METHODS

Molecular Dynamics Simulations. The analysis of the
structural and dynamic properties of the simulated systems was
performed by means of extended molecular dynamics (MD)
simulations. To this end, the simulated systems were built up
using the X-ray structure of AMPK bound to the
thienopyridone derivative A-769662 (PDB entry 4CFF),
which contains the structure of chains a (isoform 2), f8
(isoform 1), and y (isoform 1). In addition, it contains
pThrl72 in the @-subunit and pSer108 in the S-subunit. A-
769662 is bound to the activation site located at the interface
of the a- and f-subunits. Finally, the X-ray structure of
a2f1y1-AMPK also contains the kinase inhibitor staurosporine
at the ATP-binding site, and two AMP molecules bound to the
y-subunit.

For our purposes here, the y-subunit was not explicitly
considered in the simulated system because it does not directly
participate in the direct activation triggered by A-769662, while
this facilitates a reduction in the cost of the MD simulations.*”
Furthermore, the C-terminal tails of the a- and f-subunits
were not explicitly treated in the simulated systems due to the
lack of structural information in the X-ray crystallographic data
(Figure 1B), and staurosporine was deleted. Therefore, the
simulated system comprises 368 amino acid residues (subunit
a, 272 residues; subunit /3, 96 residues), which were utilized to
simulate the wild-type protein (apo), the pSerl08 enzyme
interacting with the A-769662 activator (holo), and the
pSer108 enzyme bound to both A-769662 and ATP. Hereafter,
these systems will be referred to as apo, holo, and holo+ATP
species, respectively.

The simulated systems were immersed in a pre-equilibrated
octahedral box of TIP3P water molecules.”” The standard
protonation state at physiological pH was assigned to ionizable
residues. The final systems contain the model protein, and
around 27 500 water molecules, in conjunction with two
chloride anions for the holo system and four sodium cations
for the holo+ATP one, leading to simulation systems
comprising around 90 000 atoms. Simulations were performed
in the NPT ensemble for equilibration and the NVT ensemble
for production runs.”* The systems were simulated with
periodic boundary conditions and Ewald sums (grid spacing 1
A) for treating long-range electrostatic interactions.” All
simulations were performed with the Amber ff99SB-ildn*®
force field using Amberl4.”” The A-769662 ligand was

parametrized with the GAFF force field in conjunction with
RESP charges calculated at the B3LYP/6-31G(d) level.*®

The initial system was minimized using a multistep protocol.
First, the position of all hydrogen atoms in the protein was
refined by energy minimization (2000 cycles of steepest
descent + 8000 cycles of conjugate gradient). Then, this
scheme was used to minimize the position of water molecules
and counterions. Finally, the position of all atoms in the system
was energy minimized (4000 cycles for steepest descent +
1000 cycles of conjugate gradient). The equilibration process
was performed in six steps. The first step involved the heating
of the system from 0 to 100 K in 20 ps (NVT ensemble) and
was followed by four steps of thermalization to increase the
temperature from 100 to 300 K (50 ps/step, NPT conditions).
Finally, a last step of S ns was run to equilibrate the density of
the system at a constant temperature (300 K) and pressure (1
atm). The final structure of the equilibration process was used
as a starting point for MD simulations.

Apo, holo, and holo+ATP systems were simulated in
triplicate, each simulation covering a production time of 1
us, in order to check the convergence of the dynamical
behavior of the systems.

Essential Dynamics. Since the structural flexibility of
proteins is crucial to %aining insight into the structure—
function relationship,”””° essential dynamics (ED)’' was
utilized to identify the most important motions from the
structural variance sampled in MD simulations.””*" This
approach has the advantage that the dynamics along the
individual modes can be inspected and visualized separately,
thereby allowing the filtering of the main collective motions.
To this end, the positional covariance matrix, C, is built (eq 1)
and diagonalized to obtain the collective structural deforma-
tion modes (eigenvectors), whereas the eigenvalues account
for the contribution of each motion to the structural variance
of the protein. These properties can then be used to extract
information about the frequency and nature of the conforma-
tional motions in the system.

C = (AxAx") (1)

where Ax = x — X4 X is a vector that collects the position of
the atoms chosen to characterize a given state of the system
and x,; denotes the position of the atoms in a reference
structure, usually the average structure sampled along the
trajectory, Ax" is the transpose of Ax, and the angle brackets
stand for the average value over the ensemble of snapshots.

Diagonalization was performed for the set of Ca atoms after
superposition of the selected snapshots from the trajectory,
thus yielding a set of 3N — 6 (N being the number of Ca
atoms) eigenvectors and their associated eigenvalues. This
choice was motivated by the interest in examining the effect of
ligand binding on the major deformation of the protein
skeleton. The set eigenvectors are orthogonal and account for
the structural variance of the system, the magnitude of the
eigenvalue being a measure of the fraction of a given
eigenvector to the total variance.

ED analysis was performed for a subset of 25 000 snapshots
taken from the last 500 ns of each trajectory, considering only
backbone atoms. An average structure was used as a reference
template for snapshot superposition. Calculations were
performed using the PCAsuite program.*

As a final remark, let us note that this analysis is expected to
be able to capture the major changes in protein dynamics
triggered upon binding of the activator and ATP, at least from
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Figure 2. RMSD (A) along the 1 us of simulation for three independent replicas (colored in black, blue, and red) for apo, holo, and holo+ATP
using the holo+ATP system (averaged from the last 200 ns of the three independent simulations) as a reference structure and aligned over the Car

atoms.

a qualitative point of view. However, comparison of refined
techniques that account for nonlinear correlations in the
protein motions, such as nonlinear principal component
analysis and full correlation analysis based,”* may be better
suited for comparative analysis of the conformational changes
induced by different activators or in different isoforms.
Conformational Entropy. The conformational entropy
was calculated using the quasi-harmonic approximation
proposed by Schlitter.”® In this context, the conformational
entropy associated with a given eigenvector can be determined

as noted in eq 2.
]2
()

1
$= Tk Z In|1 + (
1
where kg and 7 stand for Boltzmann and Planck constants,
respectively, T is temperature, and ®; is the eigenvector i
obtained from diagonalization of the mass-weighted covariance
matrix.

Since these calculations are very sensitive to simulation time
and sampling,*® we have estimated the conformational entropg
at infinite time, S®, based on the Harris approach (see eq 3).’
Accordingly, we have calculated the entropy S(¢) at regular
interval times along the trajectories, and the whole set of
entropy values determined was fitted to the following function:

kpTe
ho,

a

g

n

(e =57~ ( 3)

where S* represents the entropy of the system for a simulation
of infinite length and a and b are adjustable parameters by
curve fitting.

Dynamical Cross-Correlation Analysis. Dynamical
cross-correlation matrices (DCCM) have been calculated
using the module available in the AMBER package for the
whole set of MD simulations.”” To this end, all the snapshots
saved along a given trajectory were aligned by means of least-
squares fitting of the Car atoms of the whole protein to the
equilibrated starting configuration. The cross-correlation
matrix is defined as follows:

(rryy = (r)(r;)
[ () = ()1

G 3
1/21/2 —
i Vjj

C, =

(4)

where the position vectors of two atoms i and j fitted in the
structure at time t are r,(t) and r]-(t), respectively.

DCCM provides information about the correlation motion
of residues along a given trajectory, but not about the
magnitude of the motion, thus complementing the ED
analysis.”® Cross-correlation coefficients range from —1 to +1
values, which are indicative of anticorrelated and correlated
motions.

Interaction Energy Network. Analysis of the allosteric
network was performed by using the weighted implementation
of suboptimal paths (WISP) method.* This technique permits
the carrying out of a dynamic network analysis to understand
how the binding of a ligand in an allosteric cavity could affect
another binding site. This analysis was performed separately
for the structural ensembles sampled for the three simulated
systems, taking into account the snapshots collected along the
last 500 ns of MD simulations.

B RESULTS AND DISCUSSION

Structural Analysis. As noted above, AMPK was
simulated in three distinct states: (i) the apo form, (ii) the
complex formed by A-769622 with phosphorylated pSer108
AMPK (holo), and (iii) the complex formed by the pSer108
phosphorylated enzyme with both A-769662 and ATP (holo
+ATP). The analysis of the trajectories sampled for these
species should be valuable in exploring the changes induced by
A-769662 on the dynamical properties of the enzyme, keeping
in mind that they represent the transition between the basal
state of AMPK to the activated species capable of performing
the phosphorylation of specific substrates.

The results point out that the subsequent binding of A-
769662 and ATP leads to an overall reduction in the
conformational flexibility of the enzyme, as indicated by the
time evolution of the root-mean square deviation (RMSD)
profile determined for the three MD simulations (Figure 2)
and the average RMSD values, which are shown in Table 1.

Table 1. RMSD (A) and Standard Deviation Determined for
apo, holo, and holo+ATP States of AMPK Using the holo
+ATP System (Averaged from the Last 200 ns of the Three
Independent Simulations) As a Reference Structure”

system replica 1 replica 2 replica 3
apo 2.5+ 05 3.0+ 06 2.6 +03
holo 23+ 04 19+ 03 22 +£03
holo + ATP 19 £ 02 20+ 03 19 £02

“Values determined for the three independent simulations run for apo
and ligand-bound states.
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Thus, there is a larger reduction of 0.2—1.1 A in the RMSD of
the protein Ca atoms upon binding of A-769622, whereas a
lower decrease (between 0.1 and 0.4 A) is observed for the
AMPK complex with both A-769662 and ATP. These trends
can be primarily attributed to the decrease in the structural
flexibility of the N-lobe of the a-subunit and the interacting
domain of the f-subunit, which were found to be much more
flexible compared to the C-lobe of the a-subunit (see below).

The pattern of residue fluctuations that emerges from the
independent simulations run for every protein species is similar
(data not shown). Therefore, Figure 3 shows the per-residue

a-subunit

o

RMSF (A)

||||||||||A||||||l||||1|

40 70 100 130 160 190 220 250 280 105 135 165
# of residues

Figure 3. RMSF (A) for the average of the three independent replicas
for each simulated system, apo (red), holo (blue), and holo+ATP
(black). The regions highlighted correspond to P-loop (purple),
activation loop (cyan), CBM domain (orange), and C-interacting
helix (green).

fluctuation averaged from the three replicas run for every
simulated (apo, holo, and holo+ATP) system. The region with
the highest flexibility in the a-subunit corresponds to the
activation loop (highlighted in cyan in Figure 3), and to a
lesser extent to the a-helix between residues 210 and 230,
located at the bottom of the a-subunit. Comparatively, the
magnitudes of the structural fluctuations in the A-subunit,
which includes both the CBM domain (containing the
phosphorilable Ser108) and the C-interacting helix (high-
lighted in orange and green, respectively, in Figure 3), are
larger than the RMSF values determined for the a-subunit,
which tends to be more rigid.

The largest fluctuations are generally found in the apo state,
and the lowest RMSF values are found in the holo+ATP
complex, reflecting the increased stiffness arising by filling of
the binding pockets occupied by both activator and ATP.
Nevertheless, this trend is more relevant in specific regions of
the @ and f subunits, which are more sensitive to the presence
of the ligands. Thus, the magnitude of the fluctuations in the
CBM domain is generally larger in the apo species compared
to both holo and holo+ATP systems. A similar trait is also
observed in the N-terminus region of the f-subunit, which
interacts with the N-lobe of the a-subunit. Finally, in this latter
subunit, a decrease in the RMSF values is also observed for the
region that encloses the P-loop (highlighted in purple in Figure
3) upon binding of the activator, since A-769662 is located at
the interface formed by the CBM domain and the P-loop and

by ATP, which fills the cavity located between the P-loop and
the helical domain of the a-subunit.

Essential Dynamics (ED). In order to gain deeper insight
into the changes in the dynamics of the enzyme promoted
upon binding of A-760662 and ATP, ED was used to identify
the differences in the major conformational motions of the
protein in the different states. As noted in Table 2, the first

Table 2. Contribution of the Essential Motion (%) to the
Structural Variance of Different AMPK Systems and the
Total Contribution of the First Four Projections

systems proj. 1 proj. 2 proj. 3 proj. 4 total(p;_py)
apo 43.5 10.3 7.9 42 65.9
holo 29.0 11.7 7.8 6.3 54.8
holo+ATP 22.5 12.5 6.6 6.2 47.8

essential motion (EM) accounts for almost 44% of the whole
structural variance of the protein Ca atoms, whereas the
contribution of the second EM is reduced to 10%. In the apo
form, the main EM is concentrated in two regions: the core of
a-helices in the @-subunit, and the f-sheets in the f-subunit.
These regions exhibit a bending motion that tends to bring the
two domains closer and move them apart in a concerted
motion (see Figure 4A). On the other hand, the N-lobe
domain of the a-subunit, particularly the P-loop, as well as the
aC- and the C-interacting helix from the f-subunit are less
flexible, remaining slightly affected by the structural change
arising from the first EM.

Comparison of the results obtained for holo and holo+ATP
systems also reveals that the first EM has a major contribution
to the overall flexibility of the protein, as it accounts for almost
30% and 23% of the structural variance in the complexes with
A-769662 and A-769662+ATP, respectively (Table 2), they
being 3- and 2-fold larger than the contribution due to the
second EM. Furthermore, inspection of Figure 4 shows the
existence of a large resemblance between the first EM of apo
and holo systems, although it reveals that the extent of the
conformational motion observed in the core of a-helices in the
a-subunit and the f-sheets in the B-subunit decreases upon
binding of the activator. Remarkably, it can be noticed that the
first EM in the holo system also includes both the P-loop and
the aC- and C-interacting helices, which show a synchronous
motion with the structural fluctuations observed in the f-
subunit. Since the P-loop and aC- and C-interacting helices
contribute to shape the ATP binding-site, these results suggest
that the activator could act as “molecular glue” between the /-
and the a-subunits, transferring the flexibility from one region
to the other (see Figure 4B).

Finally, the holo+ATP system shows a significant reduction
in the overall flexibility of the protein, especially regarding the
P-loop and the aC- and C-interacting helices, which are much
less flexible compared to the holo state. This effect can be
attributed to the simultaneous interactions formed by A-
769662 and ATP with the residues in the ADaM and ATP-
binding sites, which are separated by the P-loop.

The increased stiffness of the protein arising upon binding of
the activator to the ADaM site can be viewed as a mechanism
to translate the binding energy into changes in the protein
dynamics that should facilitate the enzymatic catalysis of
AMPK. This concept has been recently reviewed by Richard,*’
who examined the relationships between ligand-driven
conformational changes and the shaping of stiff active sites
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Figure 4. Essential dynamics analysis of the 1 ys MD simulations run for (A) apo, (B) holo, and (C) holo+ATP forms. Only the first essential

motion of the Ca atoms is shown.

as a regulation mechanism of the catalytic efficiency of
enzymes. In particular, it is stated that the “existence of many
enzymes in flexible, entropically rich, and inactive ground states
provides a mechanism for utilization of ligand-binding energy to
mold these catalysts into stiff and active forms.” In this context,
present results allow us to propose that the significant effect
played by the binding of activators to the ADaM site on the
AMPK conformational flexibility should also contribute to the
proper preorganization of the catalytic site.

Conformational Entropy. To estimate the extent of the
dynamical differences observed between apo, holo, and holo
+ATP systems, the conformational entropy of the protein was
evaluated considering the backbone and side chains of residues
5—360, in order to avoid the noise of the N- and C-terminal
residues. As expected, the results (Table 3) confirm that holo

Table 3. Entropy Values (kcal K™' mol™") for the apo, holo,
and holo+ATP Systems of AMPK Determined Considering
Heavy Atoms in Both Backbone and Side Chain of Residues
5—360"

replica

system 1 2 3 mean (SD)
Se apo 46.4 44.1 46.8 45.8 (1.4)
S, holo 33.8 33.7 39.2 35.5 (3.1)
Se holo+ATP 328 345 341 338 (09)
AS (holo—apo) -12.6 —10.4 -7.6 —-10.2
AS (holo+atp—apo) -13.6 -9.6 -12.7 -12.8
AS (holo+atp — holo) -1.0 0.8 -5.1 -1.8

“Values determined for the three independent simulations run for apo
and ligand-bound states using eq 1 (see above).”’

systems are less flexible than apo ones, as noted in a reduction
of the conformational entropy of 10.3 kcal K™' mol™".
Compared to the holo system, binding of ATP gives rise to
an additional decrease (by 1.7 kcal K™' mol™') in the
conformational entropy of the protein. These results indicate
that binding of the activator has a sizable influence on the
overall conformational flexibility of the protein domains,
leading to a significant increase in the stiffness of the enzyme.

Dynamic Cross-Correlation Analysis (DCC). With the
aim to gain deeper insight into the alterations triggered upon
binding of A-769662 and ATP on the dynamics of key
structural elements, a DCC analysis was performed for the set
of trajectories run for apo, holo, and holo+ATP species. It is
worth noting that the extreme values indicate the regions that
fluctuate in a correlated (+1) or anticorrelated (—1) sense,
showing which regions of the protein move in the same or
opposite direction, respectively, whereas values close to zero
indicate the absence of correlated motions. Figure S5 shows the
results obtained for representative trajectories of the apo, holo,
and holo+ATP systems (note that similar trends were observed
for the other two replicas run for every simulated system; see
the Supporting Information).

Inspection of the DCC matrix for the apo system (Figure
SA) reveals the correlation between several regions implicated
in the enzyme activation. Thus, there is a high correlation
between the aC-helix and C-interacting helix, which are
dynamically shifted in a correlated way along the MD
simulations, and to a lesser extent with the P-loop. In contrast,
the P-loop is highly correlated with the C-helix. On the other
hand, there is a lack of correlation in the fluctuations of the
CBM domain and the structural elements mentioned above
(i.e., C-interacting helix, aC-helix, and P-loop). This is
reflected in the trends derived from the ED analysis (see
Figure 4A), as the negligible motion observed for both the P-
loop and the C-interacting and aC-helices are in contrast with
the large structural deformation found for the CBM domain.
Finally, it is also worth noting the lack of significant correlation
between the residues in the A-loop and the other structural
elements implicated in the enzyme activation.

Figure SB (holo) and C (holo+ATP) permit the
examination of the impact of ligand (A-769662, ATP) binding
on the dynamical behavior of the enzyme. In particular, these
plots reveal that although the gross features of the DCC matrix
obtained for the apo species can be recognized in the matrices
obtained for holo and holo+ATP systems, there is a significant
reduction in the extent of the correlated motions. This is in
agreement with the increased stiffness of the protein backbone
upon binding of both activator and ATP (see above).
However, fine inspection of Figure 5B and C also points out
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Figure 5. Dynamic cross-correlation (DCC) matrices for (A) apo,
(B) holo, and (C) holo+ATP systems considering 1 ys of simulation.
Regions colored in yellow show high correlated fluctuations (+1),
while regions colored in blue show high-anticorrelated fluctuations
(—1). The structural subunits and the most important regions of
AMPK systems are indicated in squares for P-loop (pink), aC-helix
(blue), A-loop (cyan), CBM domain (orange), and C-interacting helix
(green).

that binding of A-769662 and ATP to AMPK reinforces the
correlation between the motion of the CBM domain and the
P-loop (highlighted as black square in Figure S), which
suggests that binding of the activator may have a direct
influence on the preorganization of the ATP binding site. In
particular, it can be hypothesized that the conformational
rearrangement of the P-loop may be relevant for enabling the

adoption of a proper conformation well suited for recognition
and binding of ATP.

To check this hypothesis, we have determined the structural
resemblance of the ATP-binding site along the trajectories
obtained for apo, holo, and holo+ATP systems with regard to
the conformation corresponding to the ATP-bound form (see
Figure 6). For the holo-ATP species, the residues that shape
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Figure 6. Distribution of the positional deviation (RMSD; A) of the
structures sampled along the trajectories run for apo (red), holo
(blue), and holo+ATP (orange) for structural elements implicated in
enzyme activation: (A) ATP-binding site, (B) aC- and C-interacting
helices, and (C) activation loop. All the systems have been previously
aligned over the reference structure, i.e., the average structure of the
last 200 ns of the three replicas of the holo+ATP system.

the ATP-binding site, which includes the P-loop, sample a
reduced conformational space, with a peak in the narrow
population distribution centered at a positional root-mean
square deviation of 1 A (Figure 6A). Not surprisingly, a
broader distribution is found for the structures sampled in the
apo state, the peak in the distribution profile being located at
2.5 A. In contrast, analysis of the structures sampled in the
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Figure 7. Representation of the optimal pathways indicating the residue interaction network between the ADaM and ATP-binding sites for the
simulations of (A) apo, (B) holo, and (C) holo+ATP. The wide blue lines indicate the shortest pathway, and thinner red and orange lines display

the longest pathways.

B)
IN -1
System
d1 d2, d2, d3
apo - 3.4 (0.8) 3.3(0.8) 4.3(1.4)
holo 4.4(0.2) 29(0.2) 2.8(0.2) 3.9(04)
holo+ATP 2.8 (0.1) 2.8 (0.1) 2.9(0.1) 3.0(0.4)
IN-1I
System
d4 d5 dé
apo - -- 3.8 (0.9)
holo 3.8(0.6) 3.8 (0.5) 3.0(0.3)

holo+ATP 35(0.3) 4.0(0.5)  29(0.2)

Figure 8. (A) Representation of key hydrogen-bond interactions in the ADaM site (interaction networks IN-I and IN-II). The  and f§ subunits are
displayed in blue and gray, respectively. (B) Mean (standard deviation) values (A) for selected distances corresponding to interactions in IN-I and

IN-II networks for apo, holo, and holo+ATP systems.

holo trajectory reveals that the population distribution is
shifted to the left, approaching the distribution obtained for
the holo+ATP system, as noted in the presence of the peak of
the population distribution at 1.6 A and in the narrowing of the
distribution profile with regard to the apo species.

A similar but less marked effect is observed in the spatial
arrangement of the aC- and C-interacting helices (Figure 6B).
Compared to the ATP-binding site, the distribution of
structures reveals a wider range of structural fluctuation, with
a peak centered at a positional deviation of 1.7 A. In contrast,
the distribution profile of the apo structure reveals a much
larger structural fluctuation, which is however notably reduced
upon binding of A-769662 to the ADaM site (note that peak
located at 3.5 A for the apo form is shifted to a value of 2.3 A
in the holo species).

Finally, it is worth noting that the preorganization effect
promoted upon binding of the activator is less apparent in the
activation loop (Figure 6C). Although the distribution profile
determined for the holo species is narrower than the

distribution obtained for the apo form, there is a significant
overlap, and indeed the position of the peaks (centered at
around 2.5 A) is rather similar for both apo and holo species.

Overall, these findings reinforce the concept that the
activator is acting as a molecular glue, which connects the
intrinsic fluctuations of the CBM domain in the f-subunit with
the conformational flexibility of the P-loop, increasing the
tendency to preorganize key structural elements, particularly
the P-loop, toward conformations well suited to bind ATP.

Interaction Network Analysis. How is the preorganiza-
tion of the P-loop achieved through binding of A-769662? To
answer this question, we performed a network analysis by
means of the weighted implementation of suboptimal paths
(WISP) tool,”” which permit the identification of protein
residues that may cooperatively interact to facilitate the
structural arrangement of the ATP-binding site.

The results obtained for apo, holo, and holo+ATP (Figure
7) disclose networks of residues that directly connect the f5-
and a-subunits through the ADaM site (i.e., the binding site of
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B)
IN -1
System
d7 ds d9
apo 3.6 (0.8) 3.5(0.7) 9.3 (1.8)
holo 3.7(0.4) 5.6 (1.2) 5.3(2.0)
holo+ATP 3.9 (0.2) 54 (1.1) 4.6 (1.6)

Figure 9. (A) Representation of key hydrogen-bond interactions related to the aC and C-interacting helices from the a and f subunits,
respectively. (B) Mean (standard deviation) values (A) for selected distances corresponding to interactions for apo, holo, and holo+ATP systems.

the activator). Comparison of Figure 7A (apo) and B (holo)
reveals that the number of residues from the a-subunit
involved in these networks is notably increased in the presence
of the activator, in conjunction with the number of paths that
connect ADaM and ATP-binding sites (red thin lines in Figure
7B). However, the most interesting finding is found in the holo
+ATP system, as this analysis permits the identification of an
additional network (orange thin line in Figure 7C) that
involves the connection between f- and a-subunits through
the aC-helix. This can be viewed as the result of the better
preorganization of the P-loop and the aC- and C-interacting
helices synergistically induced by the presence of A-769662
and ATP.

The analysis of the interaction networks also permits the
identification of key residues participating in the allosteric
regulation of AMPK by A-769662 (Figures 8 and 9). Most of
the contacts comprise van der Waals interactions between the
activator and hydrophobic residues, but the binding is also
assisted by the formation of hydrogen bonds. In particular,
aAsp88 is engaged in hydrogen bond interactions with aAsn48
and A-769662, as noted in average distance of 2.8 and 3.0 A
(distances d1 and d3 in Figure 8) in the holo+ATP system.
Furthermore, the arrangement of aAsp88 is also assisted by a
salt bridge formed with fArg83, as noted in the average values
of the N---O distances, 2.8 (d2,) and 2.9 (d2,) A, in the holo
+ATP system, which can be expected to exert a cooperative
reinforcement of the hydrogen-bond interactions described
above. In this regard, the analysis of the distances for these
interactions (Figure 8B) reveals a progressive shortening from
apo to holo to holo+ATP, suggesting that the interaction
between aAsp88 and fArg83 (d2, and d2, in Figure 8A) is
crucial to maintaining the position of aAsp88, which is the
direct connector with the activator. At this point, it is worth
noting that the relevant contribution of SArg83 was
demonstrated by Xiao and co-workers'® in several biochemical
assays performed for the SR83A variant of the enzyme, a
mutation that was shown to abolish the enzyme activation. In
particular, these studies also demonstrated that the SR83A
mutation increased the equilibrium dissociation constant (Ky;
uM) for the binding of A-769662 from 0.51 for the wild type
alflyl isoform to 8.6 for the R83A mutated species (see
Table 2 in ref 16).

Another relevant interaction network (IN-II; Figure 8) is
formed by the interactions between residues aThr21, aLys29

and aLys31 and fpSer108. In particular, the stability of the A-
769662-bound complex is assisted by the electrostatic contact
formed between the phosphate group of fpSer108 and aLys29
in the holo species, and further strengthened in the holo+ATP
system, as noted in the reduction of the distance between the
interacting residues and the smaller standard deviation in the
holo+ATP complex. Thus, the interaction between SpSer108
and aLys29 can be viewed as an effective mechanical
constraint that traps A-769662 in the ADaM site, reinforcing
the “gluing” effect between the CBM domain and the P-loop.
Worthwhile, this interaction has been experimentally demon-
strated to be crucial for the activation mechanism of AMPK,
since the mutations a2(K29A/K31A) f1y1 and a2/81(S108A)-
71 lead to a marked reduction in the activity of AMPK, which
shows no sensitivity to activation by A-769662, without
altering the enzyme regulation by AMP. Indeed, these site-
directed mutagenesis assays also demonstrated that mutations
significantly reduced the dissociation constant of A-769662, a
trait also found for the binding of activator 991, which also
binds at the activator binding site.'® Overall, these interactions
appear to be crucial for the formation of the allosteric network
implicated in the AMPK activation by A-769662.

Finally, a detailed analysis of the residue interaction network
also reveals that the preorganization of the CBM and P-loop
domains triggered upon activator binding is also accompanied
by a conformational arrangement of the aC and C-interacting
helices. In fact, the results reveal the identification of a network
involving residues in these two structural elements, which are
required to adopt a proper arrangement to sustain the optimal
activity of AMPK, in the holo+ATP system, while such a
network is not apparent in both apo and holo systems (Figure
7). Figure 9 shows a representative snapshot of the interaction
between selected residues of the C-interacting helix from the f-
subunit and aC of the a-subunit. The interaction between
aArg49 and $Asp169 (d7 in Figure 9) is maintained stable for
all the systems; however, the interaction between @Arg49 and
PAsp159 (d8 in Figure 9) at the beginning of the C-interacting
helix is weakened upon transition from apo to holo systems as
a result of the interaction of the ligand in the ADaM site. This
trait is maintained in the holo+ATP system. Conversely, the
interaction between aLys62 and fSer170, which directly
connects the aC and C-interacting helices, decreases from apo
to holo+ATP systems, showing the correlated movement that
exists due to the preorganization of the ATP-binding site. Let
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Figure 10. (A) 2D representation of direct AMPK activators. (B) Superposition of the molecular structure of activators in the X-ray structures for
A-769662 (gray, PDB: 4CFF),'® 991 (pink, PDB: 4CFE),'® PE-379 (blue, PDB: SUFU),"" and SC4 (green, PDB: 6B1U and yellow, PDB:

6B2E).*

us note that these interactions, and the concomitant spatial
arrangement of the @C and C-interacting helices, support the
findings observed in the ED (Figure 4) and DCCM (Figure S)
analysis shown above.

The preceding results provide a molecular basis to relate the
specific structure of the ADaM site with the intermolecular
interactions that mediate the binding of A-769662 and the
activation of AMPK. It then may be questioned whether this
molecular mechanism may underlie the activity of other direct
activators, such as compounds PF-739, 991, and SC4, whose
chemical structures are shown in Figure 10A. Inspection of the
X-ray structures available for their AMPK complexes reveals
that there is a nice correspondence in the molecular overlays of
these compounds (Figure 10B), which can fill the ADaM site
mimicking the arrangement of A-769662. It is noteworthy that
the hydrogen-bond interaction between the activator and
aAsp88 is well preserved in all cases, which reinforces the key
role of this interaction for the efficient enzyme activation.
Similarly, the interaction between fpSer108 and aLys29 can a
priori be stably formed in all complexes. However, this raises
the challenging question about the distinct sensitivity of afy
isoforms to the activation triggered by these compounds.'® For
instance, it is unclear whether the replacement of fAsnlll in
a2flyl by Asp in a2f2yl may alter the trade-off between
electrostatic and hydrophobic interactions formed by the
activator in the ADaM site, and hence the efficiency of the
activation mechanism, or whether these differences may be
attributed to more subtle differences that affect the dynamical
response of the protein upon ligand binding and the
preorganization of the structural elements directly implicated
in the catalytic reaction. Further studies should be valuable for
shedding light into the origin of the isoform-dependent
catalytic activation by these compounds.

B CONCLUSIONS

In this work, we have studied the activation mechanism of
AMPK by the direct activator A-769662, which binds to the
ADaM site. To the best of our knowledge, this specific binding
cavity is not found in other kinases, which makes the

therapeutic value of AMPK to highly attractive as a way to
modulate the enzyme activity, especially in the context of
pathological dysfunctions. The presence of the activator affects
the protein flexibility, particularly regarding the motion of the
N-terminus of the catalytic a-subunit and the regulatory
domain of the f-subunit. The net effect is that the shape and
the size of the ATP-binding pocket is allosterically regulated by
the binding of A-769662 and tends to adopt a topology well
suited for ATP binding. Thus, it can be hypothesized that the
activator A-769662 might act as a glue, filling the space
between the f-subunit and the N-terminal domain of the a-
subunit, making an effective connection between f- and a-
subunits that preorganizes the ATP-binding site, favoring the
binding of ATP, and explaining the increase of the AMPK
activity.

The structural analysis has disclosed key residues required
for the formation of the allosteric network that connects the
ADaM and ATP-binding sites through interactions with the A-
769662 ligand. In particular, the interactions between atAsp88
and JArg83 and between fpSer108 and aLys29 are found to
be critical for the enzyme activation through the analysis of the
interaction networks. In turn, these findings pave the way to
explore the structural features that underlie the different
sensitivity of AMPK isoforms to A-769662, as the occurrence
of specific residues in different isoforms may affect the
efficiency of the allosteric signaling mediated by direct
activators. As an example, these studies could be valuable to
discern why A-769662 is only active in the a2f1yl isoform,
while compound 991 is also active with AMPK complexes
containing the isoform p.e

Finally, the understanding of the direct activation mecha-
nism of AMPK described in this work opens new opportunities
not only for the rational development of small compounds that
might modulate the activity of specific isoforms of this cellular
energy sensor in different tissues but also for selecting
guidelines that enable the screenings of endogenous metabo-
lites that might regulate the enzyme activity under physio-
logical conditions.
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Figure S1. Dynamic cross-correlation (DCC) matrices for two independent 1us MD
simulations (left and right columns) of A) apo, B) holo and C) holo+ATP systems.
Regions colored in yellow show high correlated fluctuations, while regions colored in
blue show high-anticorrelated fluctuations. The structural subunits, together with the
most important regions of AMPK systems, are indicated in squares for P-loop (pink),

aC-helix (blue), A-loop (cyan), CBM domain (orange) and C-interacting helix (green).
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ABSTRACT

AMP-activated protein kinase (AMPK) is a key energy sensor regulating the cell metabolism in response
to energy supply and demand. The evolutionary adaptation of AMPK to different tissues is accomplished
through the expression of distinct isoforms that can form up to 12 complexes, which exhibit notable dif-
ferences in the sensitivity to allosteric activators. To shed light into the molecular determinants of the
allosteric regulation of this energy sensor, we have examined the structural and dynamical properties
of B1- and B2-containing AMPK complexes formed with small molecule activators A-769662 and SC4,
and dissected the mechanical response leading to active-like enzyme conformations through the analysis
of interaction networks between structural domains. The results reveal the mechanical sensitivity of the
o2B1 complex, in contrast with a larger resilience of the 232 species, especially regarding modulation by
A-769662. Furthermore, binding of activators to «2p1 consistently promotes the pre-organization of the
ATP-binding site, favoring the adoption of activated states of the enzyme. These findings are discussed in
light of the changes in the residue content of B-subunit isoforms, particularly regarding the
B1Asn111 — B2Asp111 substitution as a key factor in modulating the mechanical sensitivity of B1-
and B2-containing AMPK complexes. Our studies pave the way for the design of activators tailored for
improving the therapeutic treatment of tissue-specific metabolic disorders.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Protein isoforms provide complexity to the structural and func-
tional space of the human proteome [1]. Diverse mechanisms, such
as genetic changes in protein-coding regions, alternative splicing
and post-translational alterations, mediate the formation of iso-
forms, enriching the functional diversity by modulating enzymatic
activities, molecular interactions and subcellular localizations [2,3]
In this context, disclosing the molecular basis of the structural vari-
ation between isoforms is critical for understanding their func-
tional adaptation to different tissues and organs, and for the
design of therapeutic approaches tailored to the spatio-temporal
context of diseases [4-7].
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The evolutionary adaptation of protein isoforms is a key aspect
of mammalian adenosine monophosphate-activated protein kinase
(AMPK), which can form up to 12 different combinations according
to the tissue-dependent expression of isoforms identified for the
three structural components required for full activity [8-10]. This
can be understood from the role played as a fuel-sensing enzyme
in preserving the cellular energy homeostasis [11,12], since AMPK
activation reduces the rate of anabolic pathways and up-regulates
catabolic processes, resulting in increased levels of ATP. Further-
more, AMPK is implicated in metabolic disorders such as obesity
and type 2 diabetes, cardiovascular diseases and cancer [13-15],
attracting widespread interest as a therapeutic target [16].

AMPK is a heterotrimeric complex consisting of a catalytic o~
subunit and two regulatory (B and y) components, which are
encoded by multiple genes, including two o (o1, o2), two B (B1,
B2), and three vy (1, v2, v3) isoforms [17,18]. The catalytic subunit
has a Ser/Thr kinase domain at the N-terminus and its C-terminus
is necessary for the formation of the complex with the other com-
ponents. The B-subunit has a central carbohydrate-binding module
(CBM) that mediates AMPK interaction with glycogen, and the C-
terminal region acts as a scaffold for the heterotrimeric assembly.
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The y-subunit has four tandem repeats of the cystathionine B-
synthase (CBS) domain and contains four adenine nucleotide bind-
ing sites, which mediate the allosteric activation of the kinase
activity by AMP, enabling AMPK to react to subtle fluctuations in
the AMP/ATP ratio [19,20].

Due to its role in energy homeostasis, AMPK is finely regulated
by different mechanisms [10], such as phosphorylation of
o2Thr172 in the activation loop of the kinase domain. Thus, bind-
ing of AMP to the y-subunit, in conjunction with Thr172 phospho-
rylation by upstream kinases such as LKB1 and CaMKKp, converts
the inactive enzyme into an active species, which is several
thousand-fold more active [20,21]. AMPK can also be indirectly
activated by compounds such as metformin, phenformin and oly-
gomycin [22], which increase the intracellular levels of AMP.
Finally, a direct activation of AMPK can be triggered by modulators
such as the thienopyridone drug A-769662 (Table 1) [23], which
binds to the so-called allosteric drug and metabolite (ADaM) site
located at the interface between a- and B-subunits [24,25], pro-
moting an activation mechanism independent of Thr172 phospho-
rylation. Indeed, binding of A-769662 can increase the AMPK
activity >90-fold when Ser108 in the CBM domain of the B-
subunit is phosphorylated [26], and may also protect against
dephosphorylation of Thr172 [21].

Several direct AMPK activators have been reported in the last
few years, showing in some cases a marked isoform selectivity,
[27] as can be noticed upon inspection of the biochemical data
collected in Table 1 for selected small molecule AMPK activators.
A-769662 is active in o2B1y1 but not in a2p2y1, at least up to
concentrations of 10 puM [24], demonstrating selectivity toward
B1-containing AMPK complexes. Likewise, the enzyme activation
is ~7-fold larger in o2f1y1 relative to o2p2yl. A mild
B1-selective activation is found for 991 and SC4, as they activate
B1- and B2-containing AMPK complexes, although a higher
(~2-fold) activation is observed in the former case [24,28,29].
The activation also seems to be slightly larger for the enzyme
containing the o2 isoform. While PF-249 is an activator selective
for B1-containing complexes, PF-739 is a pan-activator that acti-
vates 02B1y1 and a2p2y1 complexes, though it still exhibits a
larger affinity for the Bl-containing isoforms (ECso ratio of ~ 8
and ~ 15 between o2p1y1/02p2y1 and a1p1y1/a1B27y1, respec-
tively) [30]. PF-739 seems also to have a larger effect on the
o2-containing AMPK complexes, as the ratio of the ECso values
is 1.8-3.2 larger for ol1Blyl and o1B2y1 relative to the
o2-containing enzymes. Finally, MT47-100, a structural analogue
of A-769662 possessing a dihydroquinoline ring instead of the
thienopyridone core, activates both a1p1y1 and «2f1vy1, but pro-
motes the inhibition of p2-containing complexes [31].

Understanding the molecular mechanisms that underlie the
regulatory effect of direct activators, particularly targeting selec-
tively a given isoform, is of utmost relevance for gaining insight
into the puzzling tissue-dependent modulation of AMPK, and to
disclose drugs active against specific pathological disorders. Given
the sensitivity of the AMPK enzyme to the precise combination of
different isoforms, as exemplified by the distinctive trends
observed in the activation of complexes with o1/a2 and B1/B2 iso-
forms (see above), we have adopted a 'divide-and-conquer’ strat-
egy in order to explore the molecular basis of the selective
isoform activation of AMPK, specifically focusing on the role played
by B1- and B2-subunits. To this end, extended molecular dynamics
(MD) simulations have been performed for the apo forms, the holo
complexes formed with A-769662 and SC4 bound to the ADaM
site, and the ternary (holo + ATP) complexes formed by the enzyme
bound to both activator (in the ADaM site) and ATP (in the ATP-
binding site). The analysis of the structural and dynamical proper-
ties of AMPK complexes and the identification of the interaction
networks between o~ and B-subunits have unveiled distinctive
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molecular determinants of the allosteric regulation exerted by
direct activators on B1- and p2-containing enzymes.

2. Material and methods
2.1. Molecular dynamics simulations

Extended molecular dynamics (MD) simulations were utilized
to analyze the structural and dynamical characteristics of the sim-
ulated system. For this purpose, the a2p1y1 systems were built up
using the complexes with A-769662 (PDB entry 4CFF) [24]| and SC4
(PDB entry 6B1U) [29]. On the other hand, the system related to the
complex of a2p2y1 bound to SC4 (PDB entry 6B2E) [29] was also
used as a template to model the complexes with A-769662. Fol-
lowing our previous studies [32], the y-subunit was not considered
in MD simulations due to several reasons. First, the ADaM site is
shaped only by a- and B-isoforms. Furthermore, the lack of precise
structural information about stretches of both o~ and B-subunits,
particularly regarding the C-terminal regions, which are located
close to the 7y-subunit, would introduce an additional level of
uncertainty, opening the way to potential artefacts in the simula-
tions. Finally, inclusion of the y-subunit would have required a lar-
ger computational cost in order to guarantee a proper sampling of
the dynamical motions of the three isoforms. Accordingly, follow-
ing the ’divide-and-conquer’ strategy outlined above, the simu-
lated systems comprise only o- and pB-subunits. Specifically,
simulations were performed for residues 8-278 of the a2 isoform,
and residues 78-173 and 77-171 of the B1- and B2-isoforms,
which were solved without disruptions in the X-ray structures.
Finally, these structures were used to model the apo protein, the
complexes of the activators bound to the phosphorylated Ser108
(pSer108)-containing isoforms (holo), and the corresponding
holo + ATP complexes with both activator in the ADaM site and
ATP in the ATP-binding site.

Simulations were performed using the AMBER18 package [33]
and the Amber ff99SB-ILDN force field [34] for the protein, whereas
the ligands (A-769662, SC4) were parameterized using the GAFF
[35] force field in conjunction with restrained -electrostatic
potential-fitted (RESP) partial atomic charges derived from
B3LYP/6-31G(d) calculations [36]. The standard protonation state
at physiological pH was assigned to ionisable residues, and a cap-
ping group (N-methyl) was added to the C-terminus of the o-
subunit. The simulated systems were immersed in an octahedral
box of TIP3P water molecules [37]. Counterions atoms were added
to maintain the neutrality of the simulated systems [38]. The final
systems included the AMPK protein, around 25,000-28,000 water
molecules, and a variable number of Na* and Cl” ions, leading to
simulated systems that contain between 81,000-90,000 atoms
(specific details are given in Table S1).

Simulations were performed in the NPT ensemble for equilibra-
tion and NVT for MD productions using periodic boundary condi-
tions and Ewald sums (grid spacing 1 A) for treating long-range
electrostatic interactions. Apo, holo and holo + ATP systems were
simulated in triplicate. The minimization of the systems was per-
formed refining the position of hydrogen atoms in the protein
(2000 cycles of steepest descent algorithm followed by 8000 cycles
of conjugate gradient), subsequently minimizing the position of
water molecules (using again the previous scheme), and finally
minimization of the whole system (4000 cycles for steepest des-
cent and 1000 cycles of conjugate gradient). Later, the temperature
of the system was gradually raised from 100 to 300 K in 5 steps,
50 ps each using the NVT ensemble. In this process, suitable
restraints (5 kcal mol~! A=2) were imposed to keep the ligand (ac-
tivator, ATP) in the binding pocket and prevent artefactual rear-
rangements along the equilibration stage. In order to equilibrate
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Table 1
Activation of AMPK isoforms by selected direct activators.
Activator Property Isoform
a2p1y1 a2p2y1 alplyl alp2yl
A-769662
Activation fold ® 143 NA© 2.0 NA©
Ky (uM) ° 0.40 - 0.51 14.5
991
OH . )
e o Activation fold ° 12.2 5.4
= o 4.8 24
N b
3 Kq (uM) de d
. on 7.7 5.7
0.06" - 0.06 0.51
0.085 0.078 1.18
SC4
OH 0 R
O HO Activation fold & 5.2 2.9 2.4 1.2
O NR ECso (nM) 8 - 1722 5.1 —
| o
o $F
PF-249
Ao s
] ECso (nM) " 8.04 > 40 pM 9.37 > 40 pM
N\
cl ﬁ
PF-739
cl A
O O N)—OZ%Z ECso (nM) P 5.23 424 8.99 136
> O"H Yo
OH
MT47-100
O Activation fold | 2.3 0.5 2.5 0.4

OH

OH

N CN
O P

N~ "OH

2 Activation fold measured relative to the basal activity of the enzyme. Dashed lines stand for systems were no experimental data have been reported, to the best of our
knowledge. ® Ref 24.  No activation detected up to a concentration of 10 puM. 9 Ref. 28. ¢ Determined for 02p1v2. f Values obtained by using either biolayer interferometry or

circular dichroism. & Ref. 29. " Ref. 30. ' Ref. 31.

the density of the system an additional 5 ns step performed in the
NPT ensemble. In addition, the restraints were progressively elim-
inated in this later step. Production MD simulations were run for
1 ps per replica, leading to a total simulation time of 24 ps for
the ligand-bound AMPK complexes, and 6 ps for the two apo spe-
cies of AMPK.

2.2. Essential dynamics

This method was utilized to specify the most important
motions from the structural variance sampled in MD simulations.
In essential dynamics (ED) [39], the dynamics along the individ-
ual modes can be studied and visualized separately, so we can fil-
ter the main collective motions during our simulations.
Therefore, the positional covariance matrix is created and diago-
nalized in order to achieve the collective deformation modes, i.e.
the eigenvectors, while the eigenvalues account for the contribu-
tion of each motion to the structural variance of the protein. ED
analysis was done for 25,000 snapshots from the last 500 ns of
each simulation, taking into account only the backbone atoms
and the calculations were performed with PCAsuite program
(available at http://www.mmb.irbbarcelona.org/software/pca-
suite/pcasuite.html), which is integrated in the pyPCcazip pro-
gram, a suite of tools for compression and analysis of molecular
simulations [40].

3396

2.3. Conformational entropy

The quasi-harmonic approximation proposed by Schlitter [41]
was used to calculate the conformational entropy sampled for
the different simulation systems. Due to the sensitivity of these
calculations to simulation time and sampling [42], the conforma-
tional entropy determined at regular interval times (S(t)) along
the MD simulation was used to estimate the conformational
entropy at infinite time (5>) [43]. In particular, S*was determined
by fitting the asymptotic behaviour of the curve according to the
expression S(t) = S L, where o is an adjustable parameter by
curve fitting. In order to enable a direct comparison between the
conformational entropies of the different «2f1 and o232 systems,
only the set of atoms of the protein backbone were considered in
entropy calculations, thus avoiding a bias originated from the resi-
due substitutions between B1- and p2-isoforms in the calculated
entropies (note that a different choice of atoms, including both
backbone and side chains, was used in the comparison of the con-
formational entropies reported for «2B1 bound to A-769662 in a
previous study [32]).

2.4. Dynamical cross-correlation analysis

To complement the information gained from the ED analysis,
dynamical cross-correlation (DCC) was used to examine the corre-
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Fig. 1. A) Superposition of the energy-minimized averaged holo + ATP structures for «2f1 and a2p2 complexes with A-769662 and SC4 (ligands are not shown for the sake of
clarity). The backbone of o and B subunits is shown as green and blue cartoon, respectively (P-loop highlighted in yellow). The X-ray structures of «2p1 and o232 (PDB IDs
4CFF and 6B2E, respectively) are shown in magenta cartoon. B) RMSF (A) average of the residues determined along the last 500 ns of the three independent replicas run for
apo (red), holo and holo + ATP (green and black, respectively). Complexes bound to A-769662 and SC4 are shown in middle and bottom panels. The highlighted bars denote
regions corresponding to P-loop (purple), activation loop (cyan), CBM domain (orange), and C-interacting helix (green). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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lation motion of residues along a given trajectory. To this end, all
the snapshots were aligned by means of least-square fitting of
C,, atoms of the whole protein to the equilibrated starting configu-
ration. Then, the DCC matrix was determined as noted in Eq. (1).

G
i =17
Cij

(rir) — (i) (1) _
() (i) - w?)]”

I
where the position vectors of two C, atoms i and j fitted in the
structure at time ¢ are denoted as rj(t) and rj(t), respectively.

The cross-correlation coefficients range from —1 to + 1, which
represent anticorrelated and correlated motions, respectively,
whereas values close to zero indicate the absence of correlated
motions [44]. This analysis was performed using the module avail-
able in AMBER package. The similarity between the DCC matrices
computed for the three replicas run for apo, holo and holo + ATP
systems was estimated using the Tanimoto similarity index [45].
This parameter is a distance metrics used to quantify the degree
of similarity between two sets of data. While this index is widely
adopted to compare the descriptors that characterize the chemical
structure of molecules, in this study it is used to compare the cor-
related motions determined for pairs of residues in the AMPK
complexes.

C 7= (1)
2
C;

2.5. Interaction energy network

Networks of local interactions are intrinsically linked to the
structural response of proteins to external factors [46]. For our pur-
poses, Weighted Implementation of Suboptimal Path (WISP) [47]
was utilized to analyze the allosteric network. This method
enabled us to perform a dynamic network analysis to understand
how the binding of a ligand in an allosteric cavity could affect
another binding site. In particular, WISP relies on the dynamical
interdependence among the protein residues. To this end, each
amino acid is treated as a node, which was located at the residue
center-of-mass, and the interdependence among nodes is repre-
sented as a connecting edge with an associated numeric value that
reflects its strength. The interdependence is determined from an
NxN matrix C (N is the number of nodes) with values correspond-
ing to the weights of each edge, reflecting the correlated motion
among node-node pairs. Finally, the weight between the edge that
connects nodes i and j is expressed as w; = —log(|Cy|), so that
highly correlated or anticorrelated motions are characterized by
small values of wy. This analysis was performed for the last
500 ns of the MD simulations.

Table 2

Computational and Structural Biotechnology Journal 19 (2021) 3394-3406
3. Results

MD simulations were performed to examine the structural and
dynamical changes triggered by A-769662 and SC4 through the
analysis of the apo form of AMPK considering both o2p1 and
a2p2 isoforms, and their holo and holo + ATP complexes, as well
as the interaction networks implicated in the dynamical response
to activator binding. Three independent replicas (1 ps/replica)
were run for each system, leading to a total simulation time of
6 s for the apo species and 24 ps for the ligand-bound complexes.

3.1. Global structural analysis of AMPK complexes

The effect of activator and ATP binding on the structural fea-
tures of AMPK complexes was examined from the positional
root-mean square deviation (RMSD) of the protein backbone along
the simulation. The average structure of the holo + ATP species
sampled in the last 200 ns of the three simulations run for each
activator was used as reference. There is a large structural resem-
blance between the averaged holo + ATP species, as noted in the
superposition of the protein backbone for the complexes of a2p1
(Fig. 1A left) and o2B2 (Fig. 1A right) bound to ATP and either A-
769662 or SC4. The structural resemblance of the energy-
minimized averaged holo + ATP structures is also noted in RMSD
values of 0.8-1.6 A, which supports the preservation of the overall
fold of the protein upon binding of both activator and ATP. Preser-
vation of the overall structure of holo + ATP complexes is also sup-
ported by the small fluctuations observed in RMSD profiles (Fig. S1
and S2), as noted by the values of 1.9-2.3 A for «2p1 and 1.9-2.7 A
for 022 (Table 2). For the o231 systems, the RMSD of the sampled
structures is reduced from apo (2.5-3.2 A) to holo (1.9-2.9 A) to
holo + ATP (1.9-2.3 A), revealing that binding of activator and
ATP stabilizes the overall fold of the complex (Table 2). This effect
is less apparent for the a2B2 complexes, as the RMSD values of the
apo species (2.7-3.9 A) are similar or even lower than those deter-
mined for the holo form (2.9-4.5 A), suggesting that the activator
exerts a weaker structural stabilization upon binding to o2p2
isoform.

On the other hand, the per-residue mean square fluctuation
(RMSF) profile is similar for the two isoforms, as noted in the
resemblance of the fluctuation pattern obtained by averaging the
RMSEF of the three replicas run for every system (Fig. 1B). The high-
est fluctuations in the a-subunit mainly originate from residues in
the activation loop (residues 165-185) and the a-helix between
residues 210-230. The largest fluctuations in the B-subunit corre-
spond to residues in the CBM domain, which contains Ser108,
and regions proximal to the C-interacting helix. Compared to the

RMSD and standard deviation (A) determined for the protein backbone of the snapshots sampled along the last 500 ns of MD simulations performed for all systems (apo, holo and
holo + ATP states of AMPK isoforms %2B1 and a2f2). Values were determined using the energy-minimized holo + ATP species averaged for the last 200 ns of each simulation

system as reference structure.

Activator System Replica 1 Replica 2 Replica 3 Average

a2p1

A-769662 apo 2505 3.1+0.6 26+03 2.7
holo 2304 1.9+03 22+03 2.1
holo + ATP 1.9+0.2 20+03 1.9+02 1.9

Sc4 apo 3.2+0.5 29+0.5 3.1+04 3.1
holo 2904 22+03 23+0.6 2.5
holo + ATP 20+0.2 23+0.2 22+02 2.2

o2p2

A-769662 apo 2.7+03 33+03 39+04 33
holo 4.2 +0.5 3204 45+04 4.0
holo + ATP 21102 22+0.2 1.9 +0.1 21

Sc4 apo 3.0+0.3 2.8+0.2 34+04 3.1
holo 3303 29+03 3.1+03 3.1
holo + ATP 2302 25%0.2 2.7+0.2 25
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apo forms, binding of activators generally lead to subtle changes in
the RMSF profile, such as enhanced fluctuations in the activation
loop, and the o-helix mentioned above, while a reduction in the
fluctuation of residues in the B-subunit is observed. In contrast,
the RMSF profiles remain generally unaltered upon subsequent
binding of ATP, as noted in the comparison of the results obtained
for holo and holo + ATP systems.

Glul100-Argl10

B) A-769662

Computational and Structural Biotechnology Journal 19 (2021) 3394-3406
3.2. Dynamics of AMPK complexes

The dynamical behavior of proteins exerts a major role in their
function at multiple time scales, affecting processes such as
enzyme catalysis [48-50]. Here the effect of activator on the
dynamics of AMPK was examined by analyzing the essential
dynamics (ED) and conformational entropy of the protein back-

Fig. 2. Representation of the first essential motion derived from the ED analysis of the protein backbone for A) the «2p1 and a2f2 apo species, and their B) holo and C)
holo + ATP complexes with A-769662 and SC4 determined from the snapshots sampled along the last 500 ns of simulations. The P-loop is shown in yellow, the helices formed
by residues 100-110 and 220-229 in the a-subunit in green, and the CBM domain in magenta. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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bone in conjunction with the cross-correlation mapping at the resi-
due level.

ED was used to characterize the effect of ligand binding on the
major motions of the protein backbone. For the two apo species,
the first essential motion involves a concerted bending that brings
the core of a-helices in the a-subunit and the B-sheets in the -
subunit closer and then moves them apart (Fig. 2A). Nevertheless,
there are slight differences in the extent of this motion for certain
structural elements, such as the deformation of the CBM unit and
the P-loop, which is located at the interface of ADaM and ATP-
binding sites (Fig. S3). On average, the first motion accounts for
41% of the structural variance in «2p1, and 31% in o22. The differ-
ence in the conformational variance observed in the first essential
motion is also reflected in the cumulative variance explained by
the three main essential motions, which amounts to 66% and 57%
of the structural flexibility in o2B1 and o2pB2, respectively
(Fig. S4). This highlights the significant contribution of the first
essential motion to the conformational flexibility of the AMPK
complexes. On the other hand, the conformational entropy of the
two apo forms is basically the same (~19 kcal K~! mol~'; Table 3).

Binding of activator and ATP reduces the conformational vari-
ance originated from the first three essential motions in 21 com-
plexes with A-769662 and SC4 (from 66% to 58% to 47% from apo to
holo to holo + ATP in the case of A-769662), reflecting the trend
observed for the first essential motion (Fig. S4). This leads to a
progressive decrease in the conformational entropy of the protein
skeleton (Table 3). In contrast to the apo species, the activator pro-
motes the synchronous motion of the P-loop and the CBM domain,
which bends toward the o-subunit (Fig. 2 and S5). Subsequent
binding of ATP in the kinase domain, however, reduces the overall
flexibility of the protein, especially regarding the P-loop and most
of the helices in the a-subunit, but also elements of the B-subunit
proximal to the ADaM site, reflecting the synergy between activa-
tor and ATP in increasing the stiffness of the AMPK complex.

The dynamical behaviour observed for 21 is less regular in
o2B2. Thus, the structural variance explained by the first essential
motion in the apo form remains unaltered or is even slightly
increased in the presence of the activator (Fig. S4). Furthermore,
although the activator increases the conformational flexibility of
the P-loop, the response of other structural elements is more vari-
able, as noted for instance in the deformations observed for certain
helices in the o-subunit, such as those formed by residues Glu100-
Arg110 and Pro220-Gly229, or the B-sheets in the N-terminus of
the B-subunit (Fig. 2 and S5), this effect being generally more pro-
nounced for SC4-bound complexes. The lack of a uniform, consis-
tent pattern of structural flexibility is also found in the

Table 3

Entropy values at infinite simulation time (5; kcal K~! mol~') determined for the
protein backbone of apo, holo and holo + ATP systems of AMPK. Changes in
conformational entropy (AS™) are determined relative to the apo species. Values
averaged for the three independent simulations run for the systems (standard
deviation in parenthesis).

Species a2p1 a2p2
$>*(apo) 19.1 (0.2) 18.8 (0.3)
A-769662

$*(holo) 18.9 (0.1) 18.6 (0.2)
AS*(holo) -0.2 -0.2
$*(holo + ATP) 18.5 (0.1) 18.4 (0.1)
AS*(holo + ATP) —06 ~0.4

SC4

$>(holo) 18.8 (0.4) 19.0 (0.2)
AS™(holo) -0.3 +0.2
$>(holo + ATP) 18.5 (0.3) 19.0 (0.6)
AS*(holo + ATP) -0.6 +0.2
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holo + ATP systems, as well as in the distinct changes observed
in the conformational entropy for A-769662 and SC4 (Table 3).

To complement the preceding results, dynamical cross-
correlation (DCC) analysis was performed to examine the corre-
lated motions of residues in AMPK complexes. Results for a2p1
and o2B2 complexes interacting with A-769662 are shown in
Fig. 3. The overall trends are similar to those obtained for the
SC4-bound systems (Fig. S6). Binding of activator and ATP pro-
motes a general decrease in the dynamical correlation of residues.
This is reflected in the weakening of the correlated regions in the
DCC map (Fig. 3B-C and S6B-C), as one may notice a progressive
reduction in the number and intensity of the areas that exhibit a
pronounced correlation (shown in yellow and blue for highly cor-
related and anticorrelated fluctuations between residues in plots B
and C, which correspond to holo and holo + ATP species). Further-
more, one may note that this effect is more noticeable for the a2p1
isoform. The apo systems (Fig. 3A and S6A) exhibit a correlation
between the P-loop, the a-helix formed by residues 100-110 and
the aC-helix (as noted by the yellow marks), which pertain to
the o-subunit. In turn, they are correlated with the C-interacting
helix in the B-subunit. Binding of activator and ATP reinforces
the correlation between the motion of the CBM domain and the
P-loop (black square in Fig. 3 and S6). This effect is more pro-
nounced for the o2f1 isoform, which shows a more consistent
dynamical response to activator binding, as noted in similarity
indexes of 0.91 (A-769662) and 0.84 (SC4) obtained from the
comparison of DCC matrices derived for the simulations of a2p1
(Table S2), whereas the similarity is reduced to 0.75 for o2p2.
Remarkably, this difference is even larger for the dynamical cou-
pling between o- and B-subunits, as noted in similarity indexes
of 0.89 (A-769662) and 0.83 (SC4) for 21, which are reduced
to 0.59 and 0.66 for a2pB2, respectively.

Despite the overall gross similarity in the dynamical behavior of
both a2f1 and o2B2 isoforms, the preceding results reveal the
occurrence of subtle differences between B1- and B2-containing
AMPK complexes. In particular, the results suggest that the o2p2
complex has a larger resilience to the structural modulation
exerted by the activator, whereas the o231 isoform is more sensi-
tive to the conformational adaptation induced upon activator bind-
ing to the ADaM site, enhancing the stiffness of protein backbone
for the B1-containing complex, especially for A-769662.

3.3. Pre-organization of the ATP-binding site

To examine the implications of the differences in the dynamical
response to binding of activator, we determined the structural
resemblance of the ATP-binding site along the simulations
obtained for apo, holo, and holo + ATP systems. To this end, we
decided to use the average structure of the holo + ATP complex
as reference, this choice being motivated by two major reasons:
i) the large structural resemblance of the energy-minimized aver-
aged holo + ATP structures for a2B1 and o232 complexes with A-
769662 and SC4 (see Fig. 1A), and ii) the notable reduction in the
conformational flexibility of the ATP binding site for the
holo + ATP species (see plots C in Fig. 2).

For the holo + ATP species, the residues in the ATP-binding site
sample a reduced conformational space, with a peak generally cen-
tred at a positional RMSD of 1.0-1.6 A for «2f1 and ai2p2 isoforms
(Fig. 4). In contrast, the apo form exhibits a wider distribution,
showing either a single or a bimodal RMSD profile, with values
ranging from 1.0 to 5.5 A. This reflects that the ATP-binding site
in the apo species is more conformationally mobile than in the
holo + ATP state. Due to this conformational flexibility, the ATP-
binding site can often adopt conformations close to those popu-
lated in the holo + ATP state, but also visit more dissimilar confor-
mational regions. The most distinctive features emerge from the
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Fig. 3. Dynamic cross-correlation (DCC) matrices for A) apo, B) holo and C) holo + ATP complexes of (left) ®2p1 and (right) «2f2 with A-769662. The x- and y-axis denote the
numbering of residue in the o~ and B-subunit. The residues pertaining to the o~ and B-subunits are indicated at the bottom of the plot (green and blue lanes for o~ and B-
subunits, respectively). Specific regions of AMPK are highlighted with squares at the top of the plot: P-loop (pink), aC-helix (blue), activation loop (A-loop; cyan), CBM unit
(orange) and C-interacting helix (C-int; green). Regions colored in yellow/blue show high correlated/anticorrelated fluctuations. The black square in the plots highlights the
motion between the CBM domain and the P-loop. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

distribution profiles of the holo species. For the 231 complexes,
binding of the activator shifts the holo distribution toward the
holo + ATP profile. This is clearly observed in the complexes with
A-769662, where the peak in the apo distribution located at
2.8 A is shifted to 1.5 A for the holo species, and SC4, where the
broad distribution observed for the apo species is converted into
a narrower band that matches well the distribution of the
holo + ATP system (Fig. 4). In contrast, the RMSD profile obtained
for a2B2 complexes reveals that the activator leads to structures
where the ATP-binding site has less resemblance to the
holo + ATP system (Fig. 4). The analysis of the distinct structural
elements that shape the ATP-binding site shows that the differ-
ences observed for 02p1 and o2B2 holo species mainly arise from
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the conformational changes of the P-loop rather than from residues
in the helical domain of the a-subunit (data not shown), suggesting
that the activator is more effective in inducing the remodeling of
the P-loop toward active-like conformations in B1-containing
complexes.

These results are in agreement with the larger activation
exerted by A-769662 for the a2p1 isoform, while a weaker effect
is observed for 22 isoform (Table 1), supporting the hypothesis
that the activator acts as a molecular glue in 21 that connects
the fluctuations of the CBM domain in the B-subunit with the
P-loop, facilitating the arrangement of key structural elements,
particularly the P-loop, toward conformations favouring the bind-
ing of ATP. These trends can be extrapolated to SC4, although the
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this article.)

difference between o2B1 and a2p2 is less apparent compared to A-
769662 (Table 1).

3.4. Structural basis of the selective f1-containing AMPK activation by
A-769662 and SC4

Accordingly, to explore the structural basis of the selective acti-
vation of B1-containing AMPK by A-769662, we examined the net-
work of interactions formed between the activator with both P-
loop and CBM unit, paying attention to the occurrence of residue
substitutions between B1- and B2-isoforms (Fig. S7).

At the inner edge of the ADaM site in holo a2B1, BArg83 consis-
tently forms a salt bridge with «Asp88 (average distance of 3.2 + 0.
2 A from the guanidinium unit to the carboxylate group), which is
assisted by a hydrogen bond between aAsp88 and the thienopyri-
done ring of A-769662 (2.8 + 0.2 A; Fig. 5A). At the outer edge of
the ADaM site, the phosphorylated BSer108 (BSer108p) adopts
two arrangements that enable interactions with alLys31 (4.3 £ 1.
4 A) and aLys29 (3.5 * 0.8 A). Binding of A-769662 is also assisted
by hydrophobic contacts of the ligand with aVal11, aLeul8, alle46,
oPhe90 and BVal113 (not shown in Fig. 5A for the sake of clarity in
the graphical display), forming a tightly packed cage around A-
769662.

This interaction pattern is drastically altered in holo a2p2, as
noticed in the loss of the B2Arg82-otAsp88 interaction (N...O
distance > 7.1 A; Fig. 5B). This can be attributed to the replacement
B1Asn111 — B2Aspl111, as this latter residue competes with
oAsp88 in forming electrostatic interactions with p2Arg82. In fact,
B2Arg82 adopts a distinct conformation that enables a direct salt
bridge with BSer108p, which maintains a fixed orientation in con-
trast to the dual arrangement found in holo a2p1. This weakens the
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role of A-769662 in mediating the interaction between the CBM
domain and the P-loop. Indeed, the impact of the
B1Asn111 — B2Asp111 change is reflected in the major interaction
pathways identified from WISP analysis for the two holo species. In
holo a2B1, the CBM domain and the P-loop are connected via three
pathways, implying in one case the passage through pSer108p, and
the involvement of the ligand, especially via the triad pArg83-oA
sp88-A-769662, in the other two (Fig. 5C; close up view shown
in Fig. S8). In contrast, only the fSer108p pathway is found in holo
a2B2, which suggests a weaker ability of A-769662 to act as a glu-
ing molecule between the 2-subunit and the P-loop compared to
holo a2p1 (Fig. 5D; see also Fig. S8).

Compared to A-769662, SC4 exhibits a mild preference for acti-
vation of B1-containing AMPK (Table 1), raising questions about
the interaction network formed by SC4 in the holo species. The
analysis reveals a more complex scenario, since two arrangements
are found for BArg83 (BArg82) in holo a2p1 (a2p2) (Fig. 6A-B). In
one case, BArg83 (BArg82) forms a salt bridge with aAsp88 (3.1 +
0.2 A), which also accepts a hydrogen bond from the imidazo
[4,5-b]pyridine ring of SC4 (3.4 + 0.2 A), whereas oLys29 interacts
with pSer108p (3.3 #+ 0.7 A) and is hydrogen bonded with the
pyridine-like/imidazole-like nitrogen atoms of SC4 (3.6 + 0.6 A,
Fig. 6A-B, residues in cyan). Alternatively, BArg83 (BArg82) inter-
acts with BSer108p (Fig. 6A-B, residues in grey), forming an addi-
tional cation-m interaction with the imidazo[4,5-b]pyridine ring,
which in turn is hydrogen bonded to alys29. Remarkably, in holo
a2pB2 this latter arrangement of BArg82 is also stabilized by the
interaction with BAsp111.

In contrast to A-769662, the occurrence of this dual interaction
pattern reflects the electrostatic influence of the carboxylate group
present in SC4, which would facilitate the adoption of the two
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Fig. 5. Representation of selected interactions between the CBM, P-loop and A-769662 in holo A) a2p1 and B) o2p2. The two arrangements of Ser108p in holo a2p1 are
shown in cyan and grey colors (P-loop in yellow). A-769662 is shown as coloured (carbon atoms in magenta) sticks in the ADaM site, and a 2D representation of the chemical
structure is shown for the sake of clarity. Selected interactions between residues are highlighted as dashed lines. Major interaction networks obtained from WISP analysis for
C) 2B1 and D) a22 systems (close up views available in Fig. S8). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

arrangements of PArg83 (PArg82). When PArg83 forms a salt
bridge with oAsp88 in holo 021, the CBM unit and the P-loop
are then connected by two main pathways, which reveal the
involvement of either BSer108p or the triad BArg83-SC4-alys29
(Fig. 6C left; close up view shown in Fig. S8). However, when the
BArg83-aAsp88 salt bridge is lost (Fig. 6C right, and Fig. S8), the
CBM and P-loop are linked via BAsn111, the phosphate unit of
BSer108p and alys31 as well as via direct interactions between
BArg83 and the BSer108p phosphate unit. The interaction network
observed in holo o2B2 exhibits a more diverse pattern, likely
reflecting the larger flexibility observed in this species relative to
holo a2p1. Thus, besides the BArg82-SC4-olys29 triad, which
defines the main pathway, an alternate network involves the cor-
related motion of the pair formed by olLys29 and the BSer108p
phosphate unit, whereas the loss of the BArg82-0Asp88 salt bridge
primarily reinforces the connection via BSer108p, which is also
assisted by another path where BArg82 interacts with both
BAsp111 and the BSer108p phosphate group. Compared to the
behavior found for A-769662 bound to o2f1 and «2B2 (Fig. 5C
and D), these findings provide a basis to understand the mild selec-
tivity of SC4 between o2p1 and 22 isoforms.
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4. Discussion and conclusion

Unveiling the molecular factors that underlie the structure-
function relationships of AMPK isoforms is necessary to rationalize
the tissue-dependent expression of AMPK complexes, enabling the
design of tailored compounds active against specific metabolic dis-
orders. This question, however, is challenged by the high structural
and dynamical behavior observed for «2f1 and a2p2 complexes,
although our results have revealed subtle differences in the
dynamical response of AMPK to the binding of activators, showing
a larger mechanical sensitivity of the «231 complex and a larger
resilience of the a2B2 species, especially regarding modulation
by A-769662.

The different interaction networks observed upon binding of A-
769662 to o2B1 supports the effective role of the activator in
assisting synergistically the fluctuations of the CBM unit and the
P-loop, facilitating the adoption of pre-organized conformations
that favor the binding of ATP, shifting the enzyme towards an
active state. This effect is weakened in holo a2p2, which results
in decreased efficacy of A-769662 in acting as a molecular glue
between the CBM unit and the P-loop, making the enzyme less
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Fig. 6. Representation of selected interactions between the CBM, P-loop and SC4 in holo A) 21 and B) o2p2. The distinct conformational arrangements are shown in cyan
and grey colors (P-loop in yellow). SC4 is shown as coloured (carbon atoms in orange) sticks in the ADaM site, and a 2D representation of the chemical structure is shown for
the sake of clarity. Selected interactions between residues are highlighted as dashed lines. Major interaction networks obtained from WISP analysis for C) «21 and D) a2p2
systems (close up views available in Figs. S9 and S10). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

prone to adopt conformations suited to ATP binding. We speculate
that this effect might be related, at least in part, to the occurrence
of the p1Asn111 — B2Asp111 substitution, which would perturb
the pattern of interactions formed by the activator upon binding
to the ADaM site.

Disentangling the functional relevance of the perturbation
caused by the B1Asn111 — B2Asp111 substitution is challenging
in light of the presence of other substitutions present in g1 and
B2 isoforms, which collectively may dictate the sensitivity of the
AMPK complex to direct activators. In particular, changes of resi-
dues B1Phe82, p1Leu93 and BlLeul03 to B2Ile81, B2Ile92 and
B21le103, respectively, which are embedded in a hydrophobic clus-
ter in the CBM unit (Fig. S11), result not only in enlarged fluctua-
tions of the hydrophobic core in holo 22, as the RMSF of these
residues increases on average from 1.27 * 0.05 (02p1) to
1.57 + 0.14 (02p2) A, but also to residue rearrangements, such as
the conformational change observed for p2Tyr125 and Bp2Phe96,
leading to local remodeling of the CBM unit (Fig. S12). At this point,
it is worth noting that previous experimental studies reported that
the double substitution 1Phe82 — Ile and B1Leu93 — Ile sufficed
to annihilate the activation of a181y1 by MT47-100 [31]. On the
other hand, the linkage between BSer108p in the CBM unit and
residues oLys29 and aLys31 in the P-loop is reinforced by sec-
ondary interactions formed by other residues, such as p1Thr106
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and PB1Arg107, which are changed to B2Ile106 and B2Lys107,
respectively. 1Arg107 forms a cation- interaction with fPhe112
(4.3 + 0.9 A), supplemented by a hydrogen bond with the carbonyl
oxygen of BGly88. These interactions are lost in holo o282, where
B2Lys107 is exposed to the aqueous solvent. Moreover, 1Thr106 is
transiently hydrogen bonded to the carbonyl oxygen of aGly9,
favouring the interaction of aArg10 with aGlu34, which is located
at the end of the P-loop.

In the case of SC4, the resemblance of the dual interaction net-
works that connect the CBM unit and the P-loop via fSer108p and
particularly the PBArg83-SC4-olys29 triad provides a basis to
understand the mild selectivity between B1- and B2-containing
AMPK. This can be attributed to the electrostatic influence of the
carboxylate group present in SC4, which would facilitate the adop-
tion of the two arrangements of BArg83 (BArg82), tempering the
effect of the B1Asn111 — B2Asp111 substitution. Noteworthy, this
may explain the slightly larger activation observed for
B1-containing AMPK by 991, keeping in mind the similar scaffold
of SC4 and 991, particularly regarding the presence of the carboxy-
late group (Table 1). On the other hand, these findings explain the
moderate impact observed experimentally for the mutation
BSer108 — Ala, which increase the ECsq value for SC4 activation
by only ~ 4-fold (determined for ot1p1y1) [29], since this substitu-
tion can be counterbalanced by the BArg83-SC4-oLlys29 network.
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Further, this also explains the ~ 6-fold reduction in the activation
potency (determined for a282y1) found upon substitution of the
SC4 pyridine-like nitrogen in the imidazo[4,5-b]pyridine ring for
carbon [24], since this replacement should annihilate the hydrogen
bond formed between SC4 and aLys29, altering the triad oLys29-
imidazo[4,5-b]pyridine-atAsp88. At this point, let us note that this
triad cannot be found in the X-ray structure of the complex
between o2p2y1 and SC4, since the crystallization experiment
was performed at pH 6.0, where the imidazo[4,5-b]pyridine was
protonated, leading to a different interaction pattern.

In summary, we were able to discern key molecular features
that mediate the selective activation of a2p1 and o2B2 isoforms,
explaining the different selectivity of A-769662 and SC4. These
findings pave the way to understand the 'mechanically sensitive’
role of specific residues in the ADaM site that are able to modulate
the direct activation mechanism of B1- and B2-containing AMPK
complexes. Further studies will be valuable to discern the struc-
tural basis of the different sensitivity of AMPK complexes formed
by distinct a-subunits to the regulation by direct activators, thus
enabling the design of tissue-selective modulators of this impor-
tant energy sensor.
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Fig. S1. Root mean squared deviation (RMSD, A) determined for the protein backbone
along the three 1us MD simulations run for the apo, holo and holo+ATP species of AMPK
isoforms 02p1 and a2B2 bound to A-769662 (each replica is shown in black, red and blue).
For each isoform, the energy-minimized average structure of the holo+ATP sampled in the
last 200 ns of the three independent MD simulations was used as reference structure.
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Fig. S2. RMSD (A) determined for the protein backbone along the three lps MD
simulations run for the apo, holo and holo+ATP species of AMPK isoforms a2f1 and a2[32
bound to SC4 (each replica is shown in black, red and blue). For each isoform, the energy-
minimized average structure of the holo+ATP sampled in the last 200 ns of the three
independent MD simulations was used as reference structure.
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Fig. S3. First essential motion obtained for two additional replicas run for apo species of
a2B1 and a2pB2 AMPK isoforms. For the sake of clarity, the P-loop is shown in yellow, the
helices formed by residues 100-110 and 220-229 in the a-subunit in green (see legend to
Figure 2), and B-sheets of the CBM of the B-subunit in magenta.
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Fig. S4. Contribution to the structural variance (%) of the first essential motion (dashed line)
and the sum of the first three essential motions (solid line) of the protein backbone for apo,
holo and holo+ATP species of AMPK. Values determined for a2f1 and a2fB2 isoforms are
shown in blue and red, respectively. Values averaged for the three replicas run for each
system (bars denote the standard deviation).
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Fig. S5. Representation of the first essential motion obtained for two additional replicas run
for holo and holo+ATP species of A) A-769662 and B) SC4 bound to a2fB1 and a2p2
isoforms of AMPK. For the sake of clarity, the P-loop is shown in yellow, the helices
formed by residues 100-110 and 220-229 in the a-subunit in green (see legend to Figure 2),
and B-sheets in the CBM domain of the -subunit in magenta.
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Fig. S6. Dynamic cross-correlation (DCC) matrices for A) apo, B) holo and C) holo+ATP
complexes of (left) a2B1 and (right) a2B2 with SC4. The x- and y-axis denote the numbering
of residue in the a- and B-subunit. The residues pertaining to the a- and B-subunits are
indicated at the bottom of the plot (green and blue lanes for a- and B-subunits,
respectively). Specific regions of AMPK are highlighted with squares at the top of the
plot: P-loop (pink), aC-helix (blue), activation loop (A-loop; cyan), CBM unit
(orange) and C-interacting helix (C-int; green). Regions colored in yellow/blue show
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high correlated/anticorrelated fluctuations. The black square in the plots highlights
the motion between the CBM domain and the P-loop.
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Fig. S7. A) Sequence alignment of regions corresponding to the CBM unit (residues 73-155)
and C-interacting helix (residues 162-177) in human AMPK B1- and p2-isoforms. Non-
conserved residues are displayed in blue. The phosphorylatable Ser108 is highlighted in
magenta. B) Graphical display of mutated residues between 31- and B2-isoforms (shown as
blue-colored cartoon). Residues are highlighted as sticks using the X-ray structure of
a2f1yl AMPK (PDB entry 4CFF). The protein backbone of the a- and (3-subunits domain
is shown as green and cyan cartoon, respectively. The P-loop is shown in yellow. The main
residues involved in activation mechanism of different AMPK isoforms are labelled in red.
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Fig. S8. Close up view of the major interaction networks obtained from WISP analysis for
the holo systems of A-769662 bound to (left) a2B1 and (right) a2B2 (see also Figures 5C
and 5D).
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Fig. S9. Close up view of the two interaction networks obtained from WISP analysis for the

holo systems of SC4 bound to a2f1 (see also Figure 6C).
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Fig. S10. Close up view of the two interaction networks obtained from WISP analysis for

the holo systems of SC4 bound to 022 (see also Figure 6D).
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Fig. S11. Hydrophobic cluster formed by aromatic and aliphatic residues in the CBM unit of
the B-subunit for A) a2f1 and B) a2f2 isoforms. Note the different arrangement of residues
B1Tyr125-B1Phe97 in a2f1 and P2Tyr125-p2Phe96 in o232, which alters the packing of
the CBM unit.
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Fig. S12. Close up views of the different arrangement of residues (top) P1Tyr125 and
B1Phe97 in a2f1 and (bottom) B2Tyr125 and B2Phe96 in 0232 in the CBM unit. Dashed
lines highlight selected distances (values in A). The torsional angle N-Co-Cp-Cy of these
residues is (in degrees) is shown in italics.
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Table S1. Description of the systems used in Molecular Dynamics simulations.

a2fl Protein Water Na+/Cl- Atoms
Apo a2: residues 8-278 25,037 -—-/2 81,030
Holo (A-769662) 4388 atoms 24,957 -/ - 80,829
Holo+ATP (A-769662) B1: residues 78-173 27,830 4/ --- 89,495
Holo (SC4) 1526 atoms 26,626 1/-- 85,850
Holo+ATP (SC4) 26,620 5/ 85,879
a2p2

Apo a2: residues 8-278 25,768 -/ --- 83,213
Holo (A-769662) 4388 atoms 25,733 2/ - 83,151
Holo+ATP (A-769662) B2: residues 77-171 25,729 6/--—- 83,186
Holo (SC4) 1518 atoms 25,728 3/--- 83,150
Holo+ATP (SC4) 25,710 7/ - 83,143
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Table S2. Similarity indexes determined for the three independent simulations run for apo,
holo and holo+ATP species of 021 and a2B2 isoforms upon binding with activator (A-
769662 and SC4) and ATP. Values stand for the average similarity measured between each
pair of replicas (standard deviation is given in parenthesis), and was determined for the
whole protein backbone as well as for the correlation between residues within o- and f3-

subunits.
a2p1 22
Species
Global | a-a B-p o-p Global | a-a B-P o-p
apo
0.84 0.83 0.94 0.82 0.79 0.79 0.86 0.75
(0.02) | (0.02) | (0.02) | (0.02) | (0.06) | (0.08) | (0.03) | (0.05)
holo
0.91 0.92 0.94 0.89 0.75 0.80 0.83 0.59
A-769662
(0.02) | (0.01) | (0.02) | (0.03) | (0.07) | (0.04) | (0.06) | (0.10)
sc4 0.84 0.84 0.89 0.83 0.75 0.79 0.76 0.66
(0.02) | (0.03) | (0.02) | (0.01) | (0.03) | (0.03) | (0.08) | (0.05)
holo+ATP
0.81 0.85 0.86 0.73 0.76 0.79 0.80 0.69
A-769662
(0.01) | (0.01) | (0.05) | (0.03) | (0.02) | (0.03) | (0.03) | (0.04)
sc4 0.66 0.70 0.75 0.52 0.60 0.64 0.69 0.47
(0.10) | (0.12) | (0.03) | (0.10) | (0.05) | (0.06) | (0.14) | (0.06)
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Abstract

AMP-activated protein kinase (AMPK) is a key energy sensor regulating the cell metabolism in
response to energy supply and demand. The evolutionary adaptation of AMPK to different tissues is
accomplished through the expression of distinct isoforms that can form up to 12 complexes, which
exhibit notable differences in the sensitivity to direct activators. To comprehend the molecular factors
of the activation mechanism of AMPK, we have assessed the structural and dynamical properties of
B1- and P2-containing AMPK complexes towards the binding of a pan-activator PF-739. The
analysis let us to understand how the PF-739 can activate the AMPK through both B-isoforms and let
us to discern the slightly higher affinity upon fl-isoform, due to the p1-Asnlll to p2-Asplll
substitution as a critical factor in modulating the dynamical sensitivity upon the P-isoforms. Our
work reveals which are the crucial structural factors that could help in the design of selective
activators to improve the therapeutic treatment focused on tissue specificity.

1 Introduction

AMP-activated protein kinase (AMPK) is is a Ser/Thr protein kinase with a key role as a sensor in
cellular energy homeostasis [1]. Once activated increase the levels of ATP, favoring the reduction of
anabolic pathways and up-regulation of catabolic pathways. Due to its critical role in cell
metabolism, AMPK is implicated in numerous metabolic disorders such as type 2 diabetes,
cardiovascular diseases, and obesity [2]. However, one of the most interesting aspects of this enzyme
comes from the different tissue distribution that is directly related to its structural complexity. AMPK
is a heterotrimeric complex consisting of a catalytic a-subunit and two regulatory subunits, namely 3
and y. Each subunit is encoded by multiple genes, involving two for a (al, a2), two for (1, p2),
and three for y (y1, y2, y3) isoforms [3,4]. The N-terminus of the a catalytic subunit contains a kinase
domain, while its C-terminus is nedeed for the formation of the complex with the other subunits. The
[-subunit has a central carbohydrate-binding module (CBM) that mediates AMPK interaction with
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glycogen, and the C-terminal region acts as a scaffold for the heterotrimeric assembly. Finally, the y-
subunit has four tandem repeats of the cystathionine f3-synthase (CBS) domain, able to bind up to
four adenine nucleotides. AMPK is finely regulated by different mechanisms [5]. The allosteric
activation involves the phosphorylation of a2-Thr172 in the activation loop of the kinase domain by
upstream kinases such as LKB1 and CaMKKb, together with the binding of AMP to one of the sites
of the BBS domain in the y-subunit. This active AMPK complex could, thus, respond to subtle
fluctuations in the AMP/ATP ratio, and is several thousand-fold more active [6,7,8]. On the other
side, AMPK can also be indirectly activated by compounds such as metformin, phenformin and
oligomycin [9], which are able to increase the intracellular levels of AMP. However, we are currently
more interested in the understanding of the direct activation mechanism of AMPK, which can be
performed by small organic molecules. The first direct activator describe was the thienopyridone
drug A-769662 [10], which is bound to a cavity located at the interface between the CBM domain of
the B-subunit and the kinase domain of the a-subunit, called allosteric drug and metabolite (ADaM)
site [11,12]. One of the main features of the direct activation is that this kind of activation is
independent of the Thr172 phosphorylation, while it has been observed that the Ser108 located at the
CBM domain of the pB-subunit is needed, and in presence of the A-769662 direct activator increases
the AMPK activity more than 90-fold [13].

Since then, a lot of efforts have been carried out obtaining several direct AMPK activators, which in
some cases show a marked isoform selectivity [14], while in other cases no significant specificity is
obtained towards a specific subunit isoform. This is the case of SC4 which can activate both 1- and
B2-isoforms, although a slightly higher activation is observed in case of the pl-isoform. However,
this ligand was a priori designed to increase the selectivity upon the a-subunit, being more selective
for the a2-isoform [15,16]. Another interesting example regarding pan-activators; i.e., activators that
can activate independently several isoforms, is the PF-739, which is able to activate both a2f1y1 and
a2p2yl complexes (Figure 1). However, similarly to SC4 ligand, PF-739 still exhibits a larger
affinity for the fl-containing isoforms [17]. In our previous works [18,19], we have studied the
molecular factors that determine that one ligand, like SC4, could be able to activate both b-isoforms,
although it seems to show higher affinity towards one specific isoform. We have hypothesized that
the change of B1-Asnll11 by B2-Asplll could be one of the responsible to show this preference.
Here, we would like to go a little bit deepen, and study if PF-739 accomplish similar structural
behaviors of those previously observed. We would like to emphasize that there is a critical difference
between the SC4 and the PF-739, since while the first one is negatively charged, the PF-739 is a
neutral compound. Could this change affect the structural behavior of the o2f1 and a2f2
complexes? Are we interested in obtaining a pan-activator regarding any of the subunits or it would
be preferably to have specific activators for the full set of 12 AMPK heterotrimers? Could we be able
to determine which are the molecular factors that could help us to design a specific pharmacophore
for each subunit and isoform? With these ideas in mind, we have carried out extensive molecular
dynamic simulations to shed some light over these questions that could help in the drug design of this
important therapeutic target.

2 Results and Discussion

MD simulations were run to assess the structural and dynamics of a2B1 and a2B2 apo systems and
complexed with PF-739 (holo), and in presence of ATP molecule (holo+ATP). Three independent
replicas (1 us/replica) were run for each system, leading to a total simulation time of 6 us for the apo
species and 24 us for the ligand-bound complexes.

This is a nravisional file. not the final tvneset article 2
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Property o2p1yl a2B2yl alflyl alp2yl

EC50 (nM) 5.23 42.2 8.99 136

Figure 1. A) Representation of the simulation system selected for the study of the direct activation
mechanism, which is composed of a2 (yellow cartoon) and B1-/B2-subunits (grey cartoons). The
most important regions of these subunits are highlighted; P-loop (purple), activation loop (A-loop,
cyan), CBM domain (orange) and C-interacting helix (green). B) Chemical structure of PF-739,
together with the experimental data obtained in Ref. 17 and the activator bound to the ADaM site.
Relevant residues of the activator binding site are shown as white sticks.

2.1 Structural analysis of ap AMPK subunits complexed with ligand PF-739

We have examined the effect of the PF-739 ligand bound to the ADaM site (holo structures), and the
binding of the ligand together with the ATP in the ATP-binding site (holo+ATP structures), over the
global structural conformation of the apo 021 and 0232 by means of the root mean square deviation
(RMSD) of the protein backbone along the 1 ps simulations (Figure 2). We have used as a reference
to perform these analyses the average structure of the holo+ATP species sampled in the last 200 ns of
the three independent replicas run for a2f1 and a2P2 species. For the holo+ATP systems we can
observe that there is a high structural resemblance for all the replicas as observed by small
fluctuations in the RMSD profiles (Figure 2C), which agrees with the preservation of the overall fold
of the protein upon binding of both PF-739 activator at ADaM site and ATP to the ATP-binding site.
It is worth noting that this preservation is also noted in the RMSD values ranging from 2.0 to 2.5 for
a2fB1 and from 2.7 to 3.0 for a2P2 (Table 1). However, for the a2p1 specie the RMSD of the
simulated structures is not only not reduced from the apo (2.5 to 2.7 A) to the holo (2.5 to 2.9 A)

3
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state, but also, in some replicas the RMSD slightly increase, and only in the presence of both the
ligand and the ATP (holo+ATP) there is a proper reduction of the RMSD values. This effect is even
more remarkable in the 0232 species, where in general in all the states (apo, holo and holo+ATP) the
fluctuations of the overall structure seem to be larger than in a2B1 (Figure 2 and Table 2). These
results suggest that the PF-739 classified as a pan-activator exerts a weaker structural stabilization
upon the binding of both 0231 and 0232 species.

A

SN’

RMSD (A)

B

SN

RMSD (A)

e

RMSD (A)

ol L e e L PR U Y RN ENU NN SN RN BN B
00 100 200 300 400 500 600 700 800 900 1000 O 100 200 300 400 500 600 700 800 900 1000

Time (ns) Time (ns)

Figure 2. Root mean squared deviation (RMSD, A) determined for the protein backbone along the
three 1us MD simulations run for the A) apo, B) holo and C) holo+ATP species of AMPK isoforms
a2p1 and 0232 bound to PF-739 (each replica is shown in black, blue and red, respectively). For each
analysis the reference structure used corresponds to the energy-minimized average structure of the
holo+ATP sampled in the last 200 ns of the three independent MD simulations.
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Table 1. RMSD and standard deviation (A) determined for the protein backbone of the snapshots
sampled along the last 500 ns of MD simulations performed for all systems (apo, holo and holo+ATP
states of AMPK isoforms 02p1 and o2B2. Values were determined using the energy-minimized
holo+ATP species averaged for the last 200 ns of each simulation system as reference structure.

System Replica 1 Replica 2 Replica 3 Average
apo 26+0.6 2.7+0.4 25+0.5 2.6
a2p1 holo 25+03 2.6+0.5 29+0.8 2.6
holo+ATP 2.5+0.3 2.0+0.2 24+04 2.3
apo 32+0.3 29+0.2 3.4+0.5 3.2
a2p2 holo 4.1+0.6 2.7+0.4 3.1+£0.3 3.3
holo+ATP 2.7+0.4 3.0+0.5 3.0+0.4 2.9

Regarding the per-residue mean square fluctuation (RMSF) profile, similar results are observed for
both a2B1 and a2P2 species, as noted in the resemblance of the fluctuation pattern obtained by
averaging the RMSF of the three replicas run for every system (Figure 3). The highest fluctuations in
the a-subunit correspond to the residues in the activation loop (residues 165-185, highlighted in blue
Figure 3) and the a-helix between residues 210-230. It is worth noting the higher fluctuation of the P-
loop (residues 15-35, highlighted in purple in Figure 3) in the holo state in comparison to the
holo+ATP, but also to the apo state, which is also in agreement with the higher RMSD observed in
the holo species. We would like to remark that the P-loop moiety belongs to the kinase domain of the
a-subunit, regulating the structural ensemble of both the ADaM and the ATP-binding site. Thus, the
binding of the PF-739 in both a2B1 and 0232 species, alters significantly its conformation. Regarding
the fluctuations in the B-subunit, the largest oscillations regard on the CBM domain, which contains
the Ser108 (highlighted in orange in Figure 3), phosphorylated in the holo and holo+ATP states, and
the regions near to the C-interacting helix, at the terminal region (residues 162-172, highlighted in
green in Figure 3). In general, can be observed that the binding of the PF-739 in holo states, as well
as, ATP in holo+ATP states increase the fluctuations of the main moieties mentioned in the o-
subunit, while reduce the fluctuations in the main regions of the B-subunit, independently of the -
isoform.

2.2 Dynamic properties of AMPK complexes

The protein dynamics is affected by the interaction of that protein with a small organic molecule, like
the PF-739 activator. In order to examine the effect of the activator on the conformational behavior of
the AMPK species, we have analyzed the essential dynamics (ED) of the protein backbone and the
cross-correlation map of the residues.

The ED provide information about which are the essential motions of the protein, and which are the
effects on these motions due to the ligand binding. The results for the first essential motion of apo
states for a2P1 and a2B2 species show a concerted bending that brings the a- and the B-subunits
closer and then moves them apart (Figure 4). The most interesting feature is that the P-loop seems to
act as a hinge, allowing this concerted bending between the subunits. Indeed, the first motion
accounts on average for the 41% of the structural variance in a2p1 from a total of 66% accounting
from the first to the fourth essential motion, and the 31% in the a2B2 from a total of 57% considering
the first four essential motions (see Table 2). Therefore, this data emphasizes the importance of the
first essential motion to the conformational flexibility of the AMPK complexes.
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Figure 3. RMSF (A) average of the residues determined along the last 500 ns of the three
independent replicas run for A) apo and B) holo and holo+ATP (green and black lines, respectively).
The highlighted bars denote the moieties corresponding to P-loop (purple), activation loop (cyan),
CBM domain (orange), and C-interacting helix (green).

When move from apo to holo and holo+ATP states, it is observed that the binding of the activator
reduces the conformational variance from 66% to 62% and 55%, respectively (see Table 2), for the
a2pB1 species. However, for the a2B2 species, the binding of the activator involves a slight increase in
the conformational variance when move from apo to holo, at the contrary to the behavior observed in
a2B1 species, to then decrease in the holo+ATP states. These results are also reflected in the
evolution of the conformational behavior of the projection 1 (Figure 4 and Table 2). The examination
of the first essential motion of holo states presents a synchronous motion of the P-loop and the CBM
domain. However, although the movements of the CBM domain are very similar between a2f1 and
a2B2 species, the P-loop and the helices at the C-terminal region of the a-subunit suffer higher
fluctuations in a2B2 with respect to the a2B1. When move to the holo+ATP state, the overall
flexibility of the system is achieved, especially regarding the P-loop, and the kinase domain in the a-
subunit, as well as the region of the CBM domain nearest to the ADaM site, reflecting the synergy
between activator and ATP in increasing the stiffness. Additionally, we would like to remark that the
stiffness achieved from the holo to holo+ATP states is also more remarkable in the case of a2f1
species. These conformational changes agree with the difference in the variability of the essential
motions observed in Table 2.

This is a nravisional file. not the final tvneset article 6
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To complement the previous results, dynamical cross-correlation (DCC) analysis was performed to
examine the correlated motions of residues in AMPK complexes. Results for a2B1 and a2B2 species
interacting with PF-739 are shown in Figure 5. The apo systems (Figure 5A) reveal a correlation
between the P-loop and the aC-helix from the a-subunit, and with the CBM and the C-interacting
helix from the B-subunit (as noted by the yellow marks). The holo+ATP systems show lower
dynamical correlation between residues, as observed by the progressive reduction in the number and
intensity of the areas that exhibit a pronounced correlation (shown in yellow and blue for highly
correlated and anticorrelated fluctuations between residues). On the contrary, the correlation between
the motion of the P-loop and the CBM domain is reinforced in this state (black square in Figure 5).
These effects are more noticeable when compare holo and holo+ATP systems in a231 specie.

Table 2. Contribution of the essential motion (%) to the structural variance of different AMPK
systems and the total contribution of the first four projections.

Systems Proj.1  Proj.2  Proj.3 Proj.4 Total (p1-ps)
apo 41.2 12.0 8.1 4.6 66.0

a2fl holo 38.6 12.1 7.6 4.0 62.3
holo+ATP  30.7 12.6 7.0 5.1 55.4
apo 30.9 12.6 8.8 4.8 57.1

a2B2  holo 33.1 12.7 8.6 5.3 59.7
holo+ATP  29.0 13.2 7.2 5.3 54.7

Although the preceding results show a high similarity in the dynamical behavior of both a2p1 and
a2pB2 species bound to PF-739 activator, which agrees with the definition of PF-739 as a pan-
activator able to activate both B1- and f2-isoforms, still these global structural analyses reveal subtle
differences between B1- and f2-containing AMPK complexes. In particular, the results suggest that
the a2P2 species have a slightly larger resilience to the structural modulation exerted by the activator,
whereas the a2p1 isoform is more sensitive to the conformational adaptation induced upon activator
binding to the ADaM site, enhancing the stiffness of protein backbone for the f1-containing complex
(see Figure 4A). These results are also in agreement with the experimental measurements that shows
that, although PF-739 can activate both a21y1 and a2B2y1 complexes, still exhibits a larger affinity
for the Pl-isoform (see Figure 1) [17]. These results are also in agreement with our latest results
published for SC4 direct activator, which is also able to activate both f1- and f2-containing AMPK
complexes, although a higher affinity for the f1-isoform is also observed [19].
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Holo+ATP

A)

B)

Figure 4. Representation of the first essential motion derived from the ED analysis of the protein
backbone for A) the a2B1 and B) a2B2 species, determined from the snapshots sampled along the last
500 ns of simulations. The P-loop is shown in yellow, and the helices formed by residues 100-110
and 220-229 in the a-subunit are shown in green. The CBM domain is colored in magenta.
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Figure 5. Dynamic cross-correlation (DCC) matrices for A) apo, B) holo and C) holo+ATP
complexes of (left) a2p1 and (right) 022 with PF-739. The x- and y-axis denote the numbering of
residue in the a- and B-subunit, indicated at the bottom of the plot (yellow and gray lines for a- and
B- subunits, respectively). Specific regions of AMPK are highlighted with squares at the top of the
plot: P-loop (pink), aC-helix (blue), activation loop (A-loop; cyan), CBM unit (orange) and C-
interacting helix (C-int; green). Regions colored in yellow/blue show high correlated/anticorrelated
fluctuations. The black square in the plots highlights the motion between the CBM domain and the P-
loop.
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2.3 Pre-organization of ATP-binding site

With the aim to gain some new insight of how the binding of the PF-739 could influence the
activation of the AMPK enzyme, and with the idea to discern the similar, but still the higher binding
affinity of PF-739 upon the Bl-isoform, we have evaluated the dynamical response of the ATP-
binding site due to the binding of the activator in the ADaM site. We have assessed the pre-
organization of the ATP-binding site in the apo, holo and holo+ATP states, using as a reference the
average structure of the holo+ATP complex.

a2p1 a2p2
14K — ' L L 14k — L B LA B —
12k~ +4 12k _
(2]
2 10kf 3 4 1okl .
< L — |- . L _ J
8 -
a8k B 4 ek . .
C - 4
()]
5 6k~ 6k~ -
H F i
a4k 4k - | .
2k 2k~ .
L s | | L
% 1 % 1 2 3 4 5 6 7
RMSD (A) RMSD (A)

Figure 6. Distribution of the positional deviation (RMSD; A) of the structures sampled along the
trajectories run for apo (red), holo (blue), and holo+ATP (orange) for the residues that shape the
ATP-binding site (residues a22—032, a42—046, 075—a79, al42—al47, and al53— al57). A total of
60,000 snapshots taken from the last 500 ns of MD simulations were considered for each system in
the analysis.

For the holo+ATP states, the residues of the ATP-binding site sample a reduced conformational
space, with a peak centered at a positional RMSD of 1.2 A for 02p1 and a little bit wider distribution
with a peak centered at 1.9 A for 02B2 specie (Figure 6). Unexpectedly, the apo state shows a
narrower distribution and with one main peak centered at 2.0 A for both 02p1 and a2p2 species. This
fact is completely different to our previous reports, where we studied the behavior of A-769662 or
SC4 small activators, where the apo structure show larger distributions, or even a bimodal mode [19].
In the case of complexes with PF-739, the conformations sampled by the apo state (without the
presence of the ligand) are very similar to those conformations already sampled by the holo+ATP
specie. This fact is even more remarkable in the case of the 022 specie, where the distribution of the
holo+ATP state is wider while the distribution of the apo state is narrower, and thus, both states
comprise very similar profiles.

On the contrary, the holo state exhibits a wider distribution, showing a trimodal RMSD profile, with
peak values at 1.7, 3.2 and 5.0 A, for a2pB1, while for the a2p2 species a bimodal distribution is
observed with peaks values at 1.8 and 2.5 A. In both a2p1 and 022 species, the first peak of the holo
distribution corresponds with the holo+ATP resemblance, however these results suggest that the
binding of the PF-739 to the ADaM site implies more fluctuations than rigidification of the structure,
and therefore, due to this higher conformational flexibility, the ATP-binding site can adopt
conformations close to those populated in the holo+ATP state, but also visit more dissimilar
conformational regions (Figure 6).
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2.4 Structural basis of the AMPK activation by pan-activator PF-739

In order to understand the conformational behavior observed for the holo state in a2f1 and a2p2
species we have explored the structural moieties involved in the binding of the direct pan-activator
PF-739. We have examined the interaction network formed by the PF-739 ligand, the P-loop in the
kinase domain of the a-subunit and the CBM domain from the -subunit.

We can divide the interaction network in two regions. The first one corresponds to the salt bridge
formed between the B1-Arg83 with the a2-Asp88, which at the same time is making a hydrogen bond
interaction with the PF-739 ligand. This pattern is maintained for o231 and a2B2 species along the
simulation (Figure 7A). The second region of interactions regards on the contacts performed by the
pSer108 located at the CBM domain of the B-subunit. The pSer108 performs salt bridges interactions
with the Lys29 and Lys31, both from the P-loop of the a-subunit. Moreover, an additional contact
conserved along the simulation and for all the species regards on the hydrogen bond between the
Lys31 and the hydroxymethyl-cyclopropyl group. In Figure 7A, we can observe a representative
snapshot of holo a2fB1 system after 500 ns simulation (top-left) and after 1 us of simulation (top-
right), showing that the motion of the sugar-like mannitol appendage involves an important change in
the P-loop, favoring a new interaction between the Lys29 of the P-loop and the ligand. Additionally,
this conformation, also lets the formation of a new interaction between the f1-Arg83 and the ligand,
maintaining the previous interactions described. These two conformations have been sample along
the simulations for this system. This orientational change of the sugar-like mannitol group of the
ligand has a higher critical effect on the 022 species, due to the substitution of B1-Asnll1l to p2-
Asplll. At the same time, this one-point change in the residues provokes two different
conformations of the f2-Arg82. In the case where the sugar-like mannitol group is facing towards the
P-loop (Figure 7A, bottom-left), the f2-Arg82 is making a clear interaction with the f2-Asplll,
losing all the contact with the a2-Asp88. Additionally, the f2-Asp111 is also in contact with the -
pSer108, which maintains its interactions with both aLys29 and aLys 31 from the P-loop. This chain
of interactions reinforced the connection between the a2 and the B2 subunits basically through the
CBM domain and the P-loop. However, when the sugar-like mannitol group is facing up, the p2-
Arg82 recovers the salt bridge interaction with the a2-Asp88, losing all the contact with the B2-
Aspl11. Nevertheless, this conformation is less stable and less sampled during the simulation.

These observations are also reflected in the major interaction pathways identified from WISP
analysis for the two holo species. In the holo a2f1 (Figure 7B, top) the CBM domain and the P-loop
are connected via two main pathways. One involves the pathway through the B-pSer108 and the
ligand with their connections with the Lys29 and Lys31 from the P-loop, while the second path
involves the triad B2-Arg82 — a2-Asp88 — PF-739. However, in the holo a2f2 system (Figure 7B,
top) only one main pathway is observed, which involves the connection between 02- and B2-subunits
through the B-pSer108. These results agree with the interaction B2-Arg82 — B2-Asplll, which is
observed along the simulation, weakened considerably the interaction f2-Arg82 — a2-Asp88, which
is rarely observed along the simulation. Indeed, these results could explain the higher affinity of PF-
739 towards the f1-isoform experimentally observed (Figure 1).

Finally, we have performed a dynamical contact network which provides information about which
contacts are lost (blue) and gained (red) when we compare two different states (apo — holo). In this
case, we have compared the difference dynamics between the apo and holo states for a2p1 species
(Figure 7C, top) and a2P2 (Figure 7C, bottom). Both species show similar dynamic contacts
regarding the CBM domain in the -subunit. However, the a2p2 species show larger changes in the
dynamic contacts between apo and holo systems with respect to the a2f1 species. This result
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suggests that the ligand does not involve a large conformational change of the whole a2B1 system,
and only the domains nearest to the ADaM and ATP-binding site, like the P-loop, aB- and aC-helix,
and A-loop in the a-subunit, and the C-interacting helix and the CBM domain in the -subunit are
the most affected areas. In contrast in a2B2 species, although the regions affected are the same than
described before, the size of the edges that connects the dynamic residues are considerably larger,
suggesting that the number of contacts are higher in this case, and therefore, implying a higher effect
from the ligand. This dynamical behavior is also a sign of destabilization in the system due to the
presence of the ligand, so, although the PF-739 is defined as a pan-activator since it can activate both
B-isoforms, altogether, our results explain why there is a higher affinity upon the f1-isoform.

Figure 7. A) Representation of selected interactions between the CBM, P-loop and PF-739 in holo
a2pB1 (top) and a22 (bottom) species. The a-subunit is shown in orange cartoon, while the -subunit
is shown in grey cartoons. PF-739 is shown in grey and light blue sticks in the ADaM site. Selected
polar interactions are highlighted as dashed lines. B) Major interaction networks obtained from WISP
analysis. C) Substraction average of the dynamical contact network of apo — holo states for a2f1
(top) and a2P2 (bottom) species. The edges colored in red show atomic couples of contacts formed in
the holo state with respect to the apo state, while the blue edges represent contacts that are lost in the
holo state.
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3 Conclusions

Discern the molecular factors that regulates the structure-function relationships of AMPK isoforms is
of utmost importance to rationalize the tissue-dependent expression of AMPK complexes, and thus
enabling the design of specific compounds active against specific metabolic disorders. However, the
understanding of which are the differences between isoforms that allow a different ligand behavior
(i.e., selective activator, pan-activator or even inhibitor) is very challenging due to the high structural
complexity of the enzyme and the highly correlated dynamics observed for both a2p1 and o232
species.

However, our last results have confirmed that the subtle difference of B1-Asnlll to B2-Asplll,
could have larger implications in the dynamical response of AMPK to the binding of activators. This
single substitution can change the interaction networks formed surrounded the activator, thus
inducing a better mechanical response of the a2B1 specie towards the interaction of PF-739, than in
the case of the 022 species. So, even in case of a pan-activator like the PF-739, able to activate both
B-isoforms, still subtle residue substitutions in the ADaM site are responsible of difference in affinity
towards the isoform.

In summary, we were able to discern and confirm the key molecular features that mediate the
activation of pan-activator towards o2fland a2PB2 species. All these findings shed light in the
comprehension of the role of specific residues in the ADaM site that can modulate or completely
change the direct activation mechanism of f1- and B2-containing AMPK complexes. Future studies
will be appreciated to distinguish the structural basis of the different sensitivity of AMPK complexes
formed by distinct a-subunits, and which is more important, the study of the full complex to
disentangle the full allosteric network connection. This understanding will really enable us the design
of tissue-selective modulators of this cellular energy sensor.

4 Materials and Methods

4.1 Molecular dynamics simulations.

Extended molecular dynamics (MD) simulations were utilized to analyze the structural and
dynamical characteristics of the simulated system. For this purpose, the a2B1y1 systems were built
up using the complexes with A-769662 (PDB entry 4CFF) [20]. On the other hand, the system
related to the complex of a2B2y1 bound to SC4 (PDB entry 6B2E) [15] was also used as a template
to model the complexes with PF-739. Following our previous studies [18,19], the y-subunit was not
considered in MD simulations due to several reasons. First, the ADaM site is shaped only by a- and
B- isoforms. Furthermore, the lack of precise structural information about stretches of both a- and -
subunits, particularly regarding the C-terminal regions, which are located close to the y-subunit,
would introduce an additional level of uncertainty, opening the way to potential artefacts in the
simulations. Finally, inclusion of the y-subunit would have required a larger computational cost in
order to guarantee a proper sampling of the dynamical motions of the three isoforms. Accordingly,
following the 'divide-and-conquer' strategy outlined above, the simulated systems comprise only a-
and B-subunits. Specifically, simulations were performed for residues 8-278 of the a2 isoform, and
residues 78-173 and 77-171 of the B1- and B2-isoforms, which were solved without disruptions in the
X-ray structures. Finally, these structures were used to model the apo protein, the complexes of the
activators bound to the phosphorylated Ser108 (pSerl08)-containing isoforms (holo), and the
corresponding holo+ATP complexes with both activator in the ADaM site and ATP in the ATP-
binding site. Simulations were performed using the AMBERI1S8 package [21] and the Amber
ffO9SBILDN force field [22] for the protein, whereas the ligand (PF-739) were parameterized using
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the GAFF [23] force field in conjunction with restrained electrostatic potential-fitted (RESP) partial
atomic charges derived from B3LYP/6-31G(d) calculations [24]. The standard protonation state at
physiological pH was assigned to ionisable residues, and a capping group (N-methyl) was added to
the C-terminus of the a-subunit. The simulated systems were immersed in an octahedral box of
TIP3P water molecules [25]. Counterions atoms were added to maintain the neutrality of the
simulated systems [26]. The final systems included the AMPK protein, around 25,500-26,700 water
molecules, and a variable number of Na+ and CI ions, leading to simulated systems that contain
between 83000-86000 atoms.

Simulations were performed in the NPT ensemble for equilibration and NVT for MD productions
using periodic boundary conditions and Ewald sums (grid spacing 1 A) for treating long-range
electrostatic interactions. Apo, holo and holo+ATP systems were simulated in triplicate. The
minimization of the systems was performed refining the position of hydrogen atoms in the protein
(2000 cycles of steepest descent algorithm followed by 8000 cycles of conjugate gradient),
subsequently minimizing the position of water molecules (using again the previous scheme), and
finally minimization of the whole system (4000 cycles for steepest descent and 1000 cycles of
conjugate gradient). Later, the temperature of the system was gradually raised from 100 to 300 K in 5
steps, 50 ps each using the NVT ensemble. In this process, suitable restraints (5 kcal mol-1 A-2) were
imposed to keep the ligand (activator, ATP) in the binding pocket and prevent artefactual
rearrangements along the equilibration stage. In order to equilibrate the density of the system an
additional 5 ns step performed in the NPT ensemble. In addition, the restraints were progressively
eliminated in this later step. Production MD simulations were run for lus per replica, leading to a
total simulation time of 12 us for the ligand-bound AMPK complexes, and 6 us for the two apo
species of AMPK.

4.2 Essential Dynamics.

This method was utilized to specify the most important motions from the structural variance sampled
in MD simulations. In essential dynamics (ED) [27], the dynamics along the individual modes can be
studied and visualized separately, so we can filter the main collective motions during our simulations.
Therefore, the positional covariance matrix is created and diagonalized in order to achieve the
collective deformation modes, i.e. the eigenvectors, while the eigenvalues account for the
contribution of each motion to the structural variance of the protein. ED analysis was done for 25000
snapshots from the last 500 ns of each simulation, taking into account only the backbone atoms and
the calculations were performed with PCAsuite program (available at
http://www.mmb.irbbarcelona.org/software/pcasuite/pcasuite.html), which is integrated in the
pyPCcazip program, a suite of tools for compression and analysis of molecular simulations [28].

4.3 Conformational entropy.

The quasi-harmonic approximation proposed by Schlitter [29] was used to calculate the
conformational entropy sampled for the different simulation systems. Due to the sensitivity of these
calculations to simulation time and sampling [30], the conformational entropy determined at regular
interval times (S(t)) along the MD simulation was used to estimate the conformational entropy at
infinite time (S) [31]. In particular, S® was determined by fitting the asymptotic behaviour of the

. . t
curve according to the expression S(t) = S el

where «a is an adjustable parameter by curve fitting. In order to enable a direct comparison between
the conformational entropies of the different 021 and a2p2 systems, only the set of atoms of the
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protein backbone were considered in entropy calculations, thus avoiding a bias originated from the
residue substitutions between B1- and B2-isoforms in the calculated entropies (note that a different
choice of atoms, including both backbone and side chains, was used in the comparison of the
conformational entropies reported for a2f31 bound to A- 769662 in a previous study) [18].

4.4 Dynamical Cross-Correlation Analysis.

To complement the information gained from the ED analysis, dynamical cross-correlation (DCC)
was used to examine the correlation motion of residues along a given trajectory. To this end, all the
snapshots were aligned by means of least-square fitting of Ca atoms of the whole protein to the
equilibrated starting configuration. Then, the DCC matrix was determined as noted in Eq. 1.

ij

<rirj> - <ri><rj>
M2

Vi ) () - )]

C

(1)

where the position vectors of two Ca atoms i and j fitted in the structure at time t are denoted as ri(t)
and rj(t), respectively.

The cross-correlation coefficients range from -1 to +1, which represent anticorrelated and correlated
motions, respectively, whereas values close to zero indicate the absence of correlated motions [32].
This analysis was performed using the module available in AMBER package.

4.5 Interaction Energy Network.

Networks of local interactions are intrinsically linked to the structural response of proteins to external
factors [33] . For our purposes, Weighted Implementation of Suboptimal Path (WISP) [34] was
utilized to analyze the allosteric network. This method enabled us to perform a dynamic network
analysis to understand how the binding of a ligand in an allosteric cavity could affect another binding
site. In particular, WISP relies on the dynamical interdependence among the protein residues. To this
end, each amino acid is treated as a node, which was located at the residue center-of-mass, and the
interdependence among nodes is represented as a connecting edge with an associated numeric value
that reflects its strength. The interdependence is determined from an NxN matrix C (N is the number
of nodes) with values corresponding to the weights of each edge, reflecting the correlated motion
among node-node pairs. Finally, the weight between the edge that connects nodes i and j is expressed
as wij = —log(|Cij|), so that highly correlated or anticorrelated motions are characterized by small
values of w;;. This analysis was performed for the last 500 ns of the MD simulations.
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Abstract:

Endothelial adenosine monophosphate-activated protein kinase (AMPK) plays a critical role in the
regulation of vascular tone through stimulating nitric oxide (NO) release in endothelial cells. Since
obesity leads to endothelial dysfunction and AMPK dysregulation, AMPK activation might be an
important strategy to restore vascular function in cardiometabolic alterations. Here, we report the
identification of a novel AMPK modulator, the indolic derivative IND6, which shows affinity for
AMPKalB1yl, the primary AMPK isoform in human EA.Hy926 endothelial cells. IND6 shows
inhibitory action of the enzymatic activity in vitro, but increases the levels of p-Thr'*AMPK,
p-Ser''”7eNOS and p-Ser”? ACC in EA.Hy926. This paradoxical finding might be explained by the ability
of INDG to act as a mixed-type inhibitor, but also to promote the enzyme activation by adopting two
distinct binding modes at the ADaM site. Moreover, functional assays reveal that IND6 increased NO
levels demonstrating a functional activation of the AMPK-eNOS endothelial pathway. This kinase
inhibition profile, combined with the paradoxical AMPK activation in cells, suggests that these new
chemical entities may constitute a valuable starting point for the development of new AMPK modulators

with therapeutic potential for the treatment of vascular complications associated with obesity.

Keywords: AMPK modulators; endothelial function; nitric oxide; obesity; mixed-type inhibition; protein
dynamics.
1. Introduction

Obesity prevalence has increased over the past decades and is now a major public health problem

worldwide. It is associated with an enhanced risk of developing cardiometabolic diseases such as
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hypertension, insulin resistance, type 2 diabetes mellitus, coronary artery disease, myocardial infarction,
heart failure, and stroke [1]. Obesity involves changes in body composition as a consequence of an
energetic imbalance in which caloric intake is higher than energy expenditure [1]. The AMP-activated
protein kinase (AMPK) is a sensor of cellular energy status that is responsible for maintaining the energy
balance after depletion of energy stores, switching off ATP-consuming anabolic pathways [2,3].

Endothelial AMPK plays a key role in the regulation of vascular function through the activation of
the PI3K-Akt-endothelial nitric oxide synthase (eNOS) pathway and stimulation of nitric oxide (NO)
release in endothelial cells [4-6]. Obesity leads to AMPK dysregulation and endothelial dysfunction,
which is the first step in the progression of cardiovascular disease [7]. We have shown that caloric
restriction in young Zucker fa/fa rats has cardiovascular benefits by reducing endothelial dysfunction
through AMPK-PI3K-Akt-eNOS activation associated to a reduction in blood pressure, plasma
triglyceride levels, and cardiac hypertrophy [5]. AMPK activation might be thus an important strategy to
restore vascular function in cardiometabolic alterations.

AMPK is a heterotrimeric Ser/Thr kinase of 1188 amino acids (~132KDa), which is ubiquitously
distributed. It is formed by three subunits: a (al and a2), B (B1 and B2) and y (y1, y2 and y3), which
combine to give 12 different isoforms [8]. AMPKa is the catalytic subunit and contains a conventional
kinase domain (aKD) located at the N-terminus of the protein, and a C-terminal domain required for
interaction with the AMPKf subunit. The C-terminal region of AMPKa subunit forms a globular domain
around which the C-terminal region of the AMPKp subunit is wrapped. The extreme terminus of the
AMPKZS subunit then forms an interaction with the AMPKYy subunit, so that the AMPKJ subunit acts as
the scaffold that bridges o and y subunits. A carbohydrate-binding module (CBM), located within the
central region of the AMPK subunit, forms a binding site for allosteric activators, termed the allosteric
drug and metabolite (ADaM) binding pocket. The AMPKYy subunit contains four repeats in tandem of a
structural module called cystathionine B-synthase (CBS) motif. Every pair of CBS repeats provides
binding sites for the regulatory adenine nucleotides AXP (X =M, D, T) [9].

The range of AMPK modulators has been gradually expanded over the last years [10,11], covering
from AMP mimetics, such as AICAR and C2, to ADP mimetics, such as O304, which is able to protect
against pThr172 or pThrl74 dephosphorylation in AMPKa2 and AMPKoal isoforms, respectively,
without allosteric activation of AMPK [12]. On top, AMPK activator drugs such as A769661, 991,
PF-739, etc., directly activate AMPK targeting the ADaM site [13]. Strikingly, other AMPK modulators
with unexpected mechanisms of action have been recently described. MT47-100 [14] is an allosteric
AMPKP2 inhibitor that simultaneously activates AMPKp1, whereas SU6656 [15] paradoxically activates
AMPK signaling by directly binding at the catalytic site. All these results reveal the complex regulation
of this kinase, but at the same time offer the opportunity to be exploited in the search for drugs with novel
mechanisms of action.

In this work, we describe novel indolic compounds as modulators of endothelial AMPK. For this
purpose, the binding mode of these compounds has been assessed by combining molecular dynamics
(MD) simulations, enzymatic and Surface Plasmon Resonance (SPR) assays, together with functional
activation studies targeting AMPK, eNOS and Acetyl CoA Carboxylase (ACC) phosphorylation as well
as NO production in human endothelial cells (EA. Hy926). Our findings offer new possibilities for



regulating the modulation of endothelial AMPK, as well as exploring the therapeutic implications of this

novel mechanism of action.

2. Results

2.1. Identification of IND6 as AMPKo1f1y1l modulator

Within our drug discovery program focused on the search for novel AMPK
modulators [16], we combined surface plasmon resonance (SPR) assays with enzymatic
activity studies with the aim to evaluate the ability of the indole derivatives (IND6,
IND7, INDS8, IND11) to bind to AMPKalf1y1 (Table 1).

The synthetic route employed to prepare IND6, IND7, INDS8, and INDI11 is
depicted in Scheme 1. The iodation of intermediate 2 was obtained by reaction of
1H-indole 2-ethyl carboxylate (1) with N-iodosuccinimide in dry DMF. From the key
intermediate 2, aryl substituted indole derivatives 3-5 and 9 were prepared by reaction
with the corresponding boronic acid derivative, Pd(dppf)Cl, and K,CO;. Compound 10
was prepared by the reaction of ethyl 3-(4-hydroxyphenyl-1H-indole-2 carboxylate 9
with 4-(3-chloropropyl)morpholine hydrochloride. Further, KOH was employed to
obtain carboxylic acid derivatives IND6, IND7, INDS8, and IND11.

Compounds IND6, IND7, INDS, and IND11 were screened for binding to the
AMPKalBlyl at a single concentration (100uM) using the SPR technique. Abbott's
product A-769662 was used as a positive binding control, and B-cyclodextrin, which
binds preferentially to the AMPKf2 isoform, as a negative binding control. SPR results
indicated that binding to AMPKalB1yl of compounds IND6, IND7, INDS8, and IND11
was slightly weaker relative to A-769662.

In parallel, the effect of compounds IND6, IND7, IND8, and IND11 on the
enzymatic activity of AMPK was examined through a luminescent assay with the
recombinant AMPK isoform alflyl. This assay evaluates the enzymatic activity of
AMPK to phosphorylate the SAMS peptide substrate, using A-769662 as positive
control. All compounds in the series were found to reduce the activity of AMPK alB1yl
at 30 uM and therefore may be initially considered inhibitors (Table 1). Based on these
results, IND6 was selected as representative compound to carry out a detailed

evaluation of the biological effect on the enzyme activity.

2.2. Competition assays of the indolic compound IND6

To investigate the inhibitory mechanism of IND6, dose-response assays were performed
using different ATP concentrations (from 20 to 1000 pM) and two inhibitor
concentrations (10 and 20 pM). The Lineweaver—Burk plot of enzyme kinetics is
depicted in Figure 1. The results suggest that IND6 acts as a mixed-type inhibitor, as
noted by the increase in the K, for ATP and the decrease in V,, with increasing

concentration of IND6. Let us note that this modality of enzyme inhibition was also



reported previously for SBI-0206965 [17]. Representation of the relationship between
Km/Vm and the concentration of IND6 led to inhibition constants K; and K;’ of 6.9 and
27.1 YM, respectively. These values are 27- and 30-fold higher than the K; and K}’
values determined for SBI-0206965, respectively (K; = 0.26 ¥M; K;'= 0.89 IM; [17]).
Overall, although both IND6 and SBI-0206965 exhibit a mixed-type inhibition, which
conceptually combines both competitive and uncompetitive inhibition, these results

suggest that the inhibitory activity may reflect different mechanisms of action.

To further explore the IND6 binding mode, SPR studies were performed at increasing

2.3.

concentrations (from 10 to 100 pM) of either SBI-0206965 or IND6 (Figure 2). The
sensorgrams showed a progressive increase in the binding, which was much larger for
SBI-0206965 in agreement with its stronger inhibitory potency (Figure 2A and B). In a
separate assay, IND6 was injected in the presence of SBI-0206965, both at a 100 uM
concentration. Under these conditions, the sensorgrams showed an additive effect
between SBI-0206965 and IND6 (Figure 2C), suggesting that binding to AMPK might
involve distinct binding sites. When the injection of SBI-0206965 and IND6 was
performed in the presence of a high ATP concentration (200 pM) (Figure 2D),
SBI-0206965 binding was notably reduced, whereas IND6 binding was less sensible to
the presence of ATP.

INDG6 promotes the phosphorylation and activation of AMPK and downstream targets in
a concentration-independent manner.

In order to examine the effect of IND6 in AMPK phosphorylation and some of its
targets, such as eNOS and ACC, human endothelial cells of the EA Hy.926 line were
treated with IND6 at different concentrations (0.01, 0.1, 1, 10 and 100 uM). Untreated
cells were used as control (CT). AICAR (at 5 mM), a known AMPK canonic activator,
and 2-deoxyglucose (2-DG, at 1mM), a caloric restriction mimetic, were used as
positive controls. AICAR, once inside the cell, is phosphorylated by adenosine kinases
and is converted to ZMP, an AMP mimetic, which binds the CBS sites in y-AMPK [18].
On the other hand, 2-DG is a competitive inhibitor of glucose metabolism [14] since it
is phosphorylated by hexokinase to DG-PO,, which is trapped in the cell unable to
undergo further metabolism [6, 19].

INDG6 significantly increased the level of p-Thr'”*AMPK at concentrations of 0.01,
0.1, 1 and 10 uM in a concentration independent manner (Figure 3A-3B). The effect
was comparable to the enhancement elicited by AICAR at 5 mM and 2-DG at 1mM.
Since the increased phosphorylation of AMPK is in contrast with the mixed-inhibitor
features observed in the enzymatic assays, we determined levels of p-Ser’ACC and
p-Ser'"”7eNOS, which are well-known targets of AMPK in the endothelium [20, 21].
IND6 significantly increased the levels of both p-Ser?’ACC/tubulin and p-

Ser'"”’eNOS/tubulin at concentrations of 0.01, 0.1, 1 and 10uM in a concentration
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independent manner (Figure 3A, 3C, 3D), suggesting that IND6 promotes a functional
activation of AMPK.

2.4. Binding mode of IND6 to AMPK

Due to the mixed-type inhibition of IND6, we investigated the binding to the ATP-binding
site using Molecular Dynamics (MD) simulations. Four independent simulations were
run for the AMPKal1B1yl complexes with IND6 and with SBI-020695, which was used
as reference system. The X-ray structure of the AMPK-SBI-020695 complex (PDB
entry 6BX6) revealed that SBI-0206965 occupies a pocket located between the N- and
C-lobes and the hinge region of the enzyme, overlapping with the binding site of
compound C, which is a competitive inhibitor of AMPK [22]. The results obtained from
the different MD simulations showed a consistent picture, where SBI-0206965 remains
stably bound in the ATP-binding pocket in all simulations (Figure 4). In particular,
binding is assisted by two hydrogen bonds between SBI-0206965 and the main chain of
v Val98, with distances (averaged for the four MD simulations) of 3.2+ 0.2 A and 2.9
£ 0.1 A between the pyrimidine nitrogen and exocyclic nitrogen of the inhibitor and the
amide NH and carbonyl oxygen of aVal98, respectively. Furthermore, the ligand is
enclosed in the hydrophobic pocket shaped by residues alLeu 24, aVal32, alle79,
oaMet95, alLeul48 and aAlal58.

The competitive binding mode of IND6 to the ATP-binding pocket was guided by the
superposition with both staurosporine, SBI-020695 and compound C, taking advantage
of their X-ray structures (PDB entries 4ZHX, 4CFE, 4CFF, 6BX6 and 3AQV; see
Supplementary Material), which revealed the formation of hydrogen bonds between
these compounds with the hinge region of the kinase, particularly involving residues
aVal96 and aGlu94 (aVal98 and aGlu96 in AMPKal).

The MD simulations performed for the AMPK-IND6 complex revealed larger fluctuations
of the ligand in the binding pocket compared to SBI-020695 (Figure 4A). This trait can
be attributed to the flexibility of the benzyloxy moiety as well as to the non-planarity of
the central benzene ring relative to the indole ring, enhancing also the fluctuations of the
P loop (Figure 4B). This is also reflected in the hydrogen bond distances formed
between the indole NH group of IND6 with the carbonyl oxygen of v Val98 (average
distance of 3.4 + 1.1 A), and the carboxylate oxygen of IND6 with the NH group of
v Glu96 (average distance of 3.7 + 0.9 A), which are larger than those formed by
SBI-020695. Overall, these traits agree with the 27-fold lower potency of INDG6 relative
to SBI-020695 (see above).

Additional MD simulations were also performed to examine the binding of INDG6 to the
ADaM site, which mediates the activation effect played by several small molecules,
such as A-769662 [23]. The ligand was oriented taking advantage of the close
alignment exhibited by activators such as A-769662, 991 and SC4 (see Supplementary



Material). These studies showed that IND6 may adopt two distinct binding modes
(Figure 5). In one case, INDG6 is deeply bound into the hydrophobic cavity of the ADaM
site, and the carboxylate group forms salt bridge interactions with the protonated amino
groups of aLys31 and aLys33 (average distances of 3.0 + 0.4 and 3.5 + 0.9 A). It is
worth noting that the top of the P-loop points to the N-terminus of the aC-helix, leaving
the ATP-binding site accessible for the binding of ATP. Indeed, a significant fraction of
the conformations sampled by the P-loop superpose well with the conformations
adopted in the ternary complex formed by AMPK bound to A-769662 and ATP [24]
(Figure 6). This suggests that IND6 might mimic the role of A-769662 in this binding

mode.

In the other binding mode, IND6 protrudes from the ADaM site toward the aC-helix, sitting
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on the top of the P-loop (Figure 5B). This binding mode is assisted by electrostatic
interactions between the carboxylate group and the protonated residues alys31 and
aLys53 (average distances of 4.9 = 0.9 and 5.3 + 1.1 A), and a cation-n interaction
between BArg83 and the benzyloxy ring of IND6 (average distance of 4.0 + 0.5 A).
Remarkably, this binding mode imposes a structural distortion of the P-loop, which
occludes the ATP-binding site (Figures 5B and 6), making it unable to accommodate
ATP. Therefore, this binding mode might explain the non-competitive mechanism of the

mixed-type inhibition.

INDG6 promotes NO production in human endothelial cells with a major potency than

AICAR does.

In order to determine whether the increase in p-Thr'*AMPK and p-Ser''”’eNOS elicited by

3. Discussion

INDG translates to [5, 21] an increment of NO production, NO levels were determined
in human endothelial cells EA Hy.926 in presence of 1 and 5 uM IND6. Untreated cells
were used as a control (CT). Cells treated with DMSO 0.01% (maximum concentration
of solvent for IND6 (5 pM)) were used to exclude cytotoxic effects. AICAR (at 5 mM)
was used as a positive activation control (see point 2.3). AICAR induces an increase in
fluorescence of DAF-2T, which indirectly represents the release of NO. INDG6 (at both 1
and 5 pM) induces a similar increase in DAF-2T fluorescence as AICAR, but at 5,000 x

lower concentrations (Figure 7).

The results present in this study point out that the novel indolic derivatives appear
to act as paradoxical activators of the endothelial AMPK alf1yl in EA.Hy926 cells,

although they exhibit a mixed-type inhibition in the enzymatic assays.

Dysregulation in the AMPK signaling pathway in over-nutrition and obesity contributes to the

development of metabolic disorders and endothelial dysfunction [1], which is considered the first step in

the progression of cardiovascular disease [2]. Reduced endothelial AMPK phosphorylation leads to

down-regulation of the PI3K-Akt-eNOS pathway together with low rates of NO synthesis [5, 7].



Contrarily, activation of endothelial AMPK restores impaired endothelial function and normalizes systolic
blood pressure through the stimulation of the PI3K-Akt-eNOS pathway [5, 25]. In this context,
identification of new chemical entities that can activate endothelial AMPK could be of significant interest
for the treatment of obesity-related disorders. Starting with the use of SPR techniques, we selected IND6,
which exhibits one of the best affinity values against recombinant AMPKalf1yl (RU 13.2, 100 pM). In
parallel, the AMPK alflyl enzymatic activity was assessed by means of a luminescent assay, which
revealed inhibitory activity values in the micromolar range against all tested compounds (Table 1). Hence,
IND6 was subjected to enzymatic kinetic analysis to examine its competition with ATP. We varied both
ATP and IND6 concentrations with a constant concentration of the peptide substrate used in the
enzymatic reaction. The double reciprocal plot of data (Figure 1) indicated that IND6 behaves as a
mixed-type AMPK inhibitor. A similar inhibition mode has been recently reported for SBI-0206965,
which was described as type I[Ib AMPK inhibitor [17]. Furthermore, SPR sensorgrams showed that IND6
and SBI-0206965 presented an additive effect on the binding to AMPK, suggesting that they may bind at
different binding sites. Moreover, when we performed the same experiments in the presence of a high
ATP concentration (200 pM), there was a significant reduction in the ability of SBI-020696 to bind to
AMPK, while the affinity of IND6 for AMPK remained at large extent unchanged. All these results
suggest that IND6 and SBI-020696 may bind the ATP-binding site, thus leading to competitive inhibition
of the enzyme, but also suggest that IND6 may regulate the AMPK activity through binding to an
additional pocket.

The biological effect of IND6 may be explained from the distinct binding modes observed for IND6
in the ADaM site, and the drastic influence exerted on the structural conformation of the P-loop. Thus, the
similar arrangements observed for the P-loop when INDG is deeply inserted into the ADaM site and in the
X-ray structure of the AMPK bound to A-769662 suggest that IND6 may mimic the activating role
attributed to this latter compound. Nevertheless, the structural distortion of the P-loop caused by the
alternative binding mode, where INDG6 protrudes from the ADaM site, might explain the non-competitive
component of the mixed-type inhibition, in conjunction with the direct competition exerted by IND6 upon
binding to the ATP-binding site. At this point, let us remark that the adoption of two partially overlapping
binding modes at the ADaM site may be facilitated by the lack of direct interactions between IND6 and
a-Asp90, in contrast to A-769662, which was found to form a hydrogen bond interaction with this residue
in our previous studies of the AMPKa2p1-A769662 complex [24]. In fact, previous experimental studies
demonstrated that the interaction between PArg83, aAsp90 and A-769662 is crucial for the enzyme
activation [10].

Despite the mixed-type inhibition, cellular assays showed that IND6 promotes AMPK
phosphorylation (% p-AMPK/tubulin vs. CT) in the human endothelial cell line, EA Hy.926, which
expresses the alB1 isoform. This suggests a paradoxical activation of AMPK similar to the one described
for the indolic compound SU6656, which seems to promote AMPK’s LKB1 dependent phosphorylation
[26, 27]. In any case, the activation of AMPK by INDG6 is functional since it translates to ACC, an
ubiquitous AMPK target [20], as well as to eNOS and NO release. This is in accordance to the
AMPK-dependent eNOS activation described in endothelial cells [5, 21], although an attenuated NO
production in response to AMPK activation has also been reported [28]. The efficacy of IND6 to promote



AMPK stimulation is comparable to AICAR (5SmM) or 2-DG (1mM). To note, the apparent discrepancy

between the concentrations of INDG6 tested in the in vitro assays with recombinant proteins (SPR or

inhibition studies) and the active concentrations observed in cell culture, which are much lower than in

the former case. This could be explained by the synergic effect of the intracellular machinery, which leads

to signal amplification [29].

4. Methods
4.1. Chemistry

In summary, IND6 binding profile provides a basis to rationalize the activating
behavior of IND6 in EA Hy.926 cells by increasing AMPK activity in a functional
manner, as demonstrated by the increment in both ACC and eNOS phosphorylation, two
well-known targets of p-Thr172/174AMPK [20, 21]. Moreover, the final result of this
study shows that IND6 increases NO levels, demonstrating again a functional activation
of AMPK. Our findings provide evidence that IND6 holds potential as treatment of
vascular complications associated with obesity, where intracellular ATP levels are high
due to the energy surplus. Furthermore, since AMPK activation enhances the efficacy of
rapamycin in suppressing mTORC2 and induces apoptosis in human cancer cells [30,
31], we might not exclude that IND6 could be also a candidate for anticancer

treatments.

All reagents were of commercial quality. Solvents were dried and purified by standard

methods. Analytical TLC was performed on aluminum sheets coated with a 0.2 mm
layer of silica gel 60 F254. Silica gel 60 (230—400 mesh) was used for flash
chromatography. Analytical HPLC-MS was performed on Waters equipment coupled to
a single quadrupole ESI-MS (Waters Micromass ZQ 2000) using a reverse-phase
SunFire C18 4.6 x 50 mm column (3.5 um) at a flow rate of 1 mL/min and by using a
diode array UV detector. Mixtures of CH;CN and H,O were used as mobile phase
(gradient of 15-95% of acetonitrile in water, as indicated in each case). HRMS (EI+)
was carried out on Agilent 6520 Accurate-Mass Q-TOF LC/MS equipment. NMR
spectra were recorded on a Bruker-AVANCE 300, a Varian-INOVA 400 and VARIAN
SYSTEM-500 spectrometer. Melting points were determined on a Mettler MP70

apparatus and are uncorrected.

For experimental details, description of all synthetic intermediates, and characterization of

final compounds see the Supplementary Material.

Synthesis of IND6: 3-(4-(Benzyloxy)phenyl)-1H-indole-2-carboxylic acid: To a solution of

ethyl 3-(4-(benzyloxy)phenyl)-1H-indole-2-carboxylate (120 mg, 0.30 mmol) in EtOH
(30 mL), KOH (30 mg, 1.10 mmol) dissolved in H20 (2 mL) was added. After stirring
at 100°C for 18 hours, HC1 IN (2 mL) was added. The resultant solid was filtrated and
dried under reduced pressure to give 20 mg (18%) of IND6. HPLC (SunFire): tR=9.51
min (gradient: 15-95% of acetonitrile in water). MS (ES, positive mode): 344 (M +
H)+. Mp 194°C-196°C. 1H NMR (300 MHz, DMSO-d¢) & 12.79 (s, 1H), 11.73 (s, 1H),



7.55 — 7.22 (m, 10H), 7.12 — 7.01 (m, 3H), 5.16 (s, 2H). 13C NMR (75 MHz,
DMSO-d6) & 163.2; 157.7; 137.6; 136.3; 131.9; 128.8; 128.2; 128.1; 127.4; 126.6;
125.0; 123.6; 122.1; 120.9; 120.5; 114.4; 112.9; 69.6. HRMS (EI+) m/z ([M]+) calcd
for C,,H,;NO; 343.12175; found 343.12179.

4.2. Identification of the AMPK isoform expressed by human endothelial cells EAHy.926 by
proteomics
In order to choose the AMPK isoform to carry out the kinase assay and affinity
studies, we determined the isoform mainly expressed in EA Hy.926 cells. Cell lysates
were analyzed in the proteomics unit of the UCM (CAI Técnicas Bioldgicas). For this
purpose, protein precipitation and digestion with trypsin gel was carried out. Then,
LC-MS/MS (Q-EXACTIVE) analysis of triptic peptides was performed (massive
analysis: Shotgun and directed analysis: Parallel Reaction Monitoring, PRM), obtaining
an m/z MS-MS spectrum that was used for the subsequent database search and
identification based on the results. After comparing the information obtained with the
data dumped in the databases, it was concluded that the most abundant isoform of
AMPK in these cells is AMPKalB1 with 99.99% accuracy. Although the identification
of the subunit y was not conclusive, we chose the recombinant isoform AMPKalB1y1

for the affinity and kinase assay studies.

4.3. Binding studies by surface plasmon resonance (SPR)

SPR experiments were performed at 25°C with a Biacore X-100 apparatus
(Biacore, GE) in HBS-EP (10mM Hepes, 150mM NaCl, 3mM EDTA), with 2% de
DMSO, 0,05% Tween 20 and 200uM ATP when was required, at 25°C. The protein
AMPk was inmobilized on a CMS5 sensor chip (Biacore, GE) following standard amine
coupling method [32]. The carboxymethyl dextran surface of the flow cell 2 was
activated with a 7-min injection of a 1:1 ratio of 0.4M EDC and 0.1M NHS. The protein
was coupled to the surface with a 300s injection at several dilutions at 40pug/mL in
10mM sodium acetate, pH 5.0. The unreacted N-hydroxysuccinimide esters were
quenched by a 7-min injection of 0.1 M ethanolamine-HCI (pH 8.0). The levels of
inmobilization were around 1000 RUs. Flow cell 1 treated as a flow cell 2 (amine
coupling procedure) without protein was used as a reference. Prior to use 10mM stock
solutions of compounds were diluted several times until 100uM final concentration in
the running buffer. Typically, a series of different compounds was injected onto the
sensor chip a flow rate of 30uL/min for a period of 100s followed by a dissociation
period of 200s. After the dissociation process an extrawash treatment was made over the
flow cells with a 50% DMSO solution. No regeneration was needed. For competition
measurements between AMPK and different compounds the concentrations used in the
mixture were 100uM for each one. Sensorgrams data were double-referenced and

solvent corrected using the Biaevaluation X-100 software (Biacore, GE).



4.4. Kinase Assay

The AMPK (al/Bl/y1) Kinase Enzyme System from Promega (Catalog number
V1921) was used to screen AMPK inhibitors following the ADP-Glo™ Kinase Assay
(Catalog number V9021). The assays were performed in 96-well plates (final volume 20
puL), the assay buffer contains 40mM Tris, 7.5, 20mM MgCI2, 0.1mg/mL BSA and
50uM DTT. 4 uL of inhibitor was added to each well (final concentration of DMSO did
not exceed 1%), followed by 8 ul of enzyme (30 ng), after 5 min incubation at R/T, 8uL.
of ATP (150 puM final concentration) and SAMStide (0.2 pg/ulL) were added and
incubate 60 min at room temperature, then ADP-Glo™ reagent (20 puL) was added
allowing to incubate for 40 min at room temperature. Behind the incubation, the kinase
detection agent (40 pL) was added and incubated for 30 min at room temperature.
Finally, the luminescence was recorded using a FLUO star Optima (BMG
Labtechnologies GmbH, Offenburg, Germany) multimode reader. The inhibition
activities were calculated based on the maximum activity, measured in the absence of
inhibitor.

For competition assays, the experiments were carried out at four different
concentrations of ATP (20-1000 pM) in the absence or presence of the inhibitors, at two
concentrations. The results were presented as double reciprocal Lineweaver—Burk plots

(1/V vs 1/[ATP)).

4.5 Molecular modelling simulations

Molecular Dynamics (MD) simulations were used to examine the binding mode of
SBI-020695 and IND6 to AMPK, considering the binding to both the ATP-binding site
and the ADaM site, which is implicated in the enzyme activation by small molecules,
such as A-769662. The X-ray structure of AMPK in the PDB entry 6C9J [33], which
consists of chains a,;, B, and y,, was utilized to build up the protein, and the position of
SBI-020695 in the ATP-binding pocket was defined after superposition with the X-ray
structure 6BX6 [34], which contains SBI-020695 bound to AMPK (isoform v 2). To
generate the IND6-bound complexes, SBI-020695 and A-769662 (PDB entry 4CFF)
were replaced by IND6 in order to build up the simulated systems with IND6 in the
ATP-binding and ADaM sites, respectively. Following our previous studies [23], the
y-subunit was not considered in MD simulations because it does not participate in the
inhibition process by SBI and IND6. Moreover, due to the lack of information of
C-terminal tails of a and [ subunits in the X-ray structure, these parts were not treated
in our simulated systems. Finally, Thr174 was simulated in the phosphorylated form
(pThr174).

Simulations were performed using the AMBERI18 package [35] and the Amber
ff99SB-ildn force field [36] for the protein, whereas the ligand (SBI, IND6) was

parameterized using the GAFF force field in conjunction with restrained electrostatic
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potential-fitted (RESP) partial atomic charges derived from B3LYP/6-31G(d) [37]
calculations. The two simulated systems were immersed in an octahedral box of TIP3P
water molecules [38]. The final systems contained around 370 residues, the ligand,
around 26000 water molecules, and one/two Na' atom for the complexes with
SBI/IND6, which were added to maintain the neutrality of the simulated systems.
Simulations were done in the NPT ensemble for equilibration and NVT for MD
productions. The simulations for SBI and IND6 were performed for 4 independent
replicas. The minimization of the two systems was performed refining the position of
hydrogen atoms in the protein (2000 cycles of steepest descent algorithm followed by
8000 cycles of conjugate gradient), and subsequently of the whole system (4000 cycles
for steepest descent and 1000 cycles of conjugate gradient). Then, the temperature of
the system was gradually increased from 100 to 300 K in 5 steps (50 ps each) using the
NVT ensemble, followed by an additional 5 ns step performed in the NPT ensemble to
equilibrate the density of the system. In this process, restraints were imposed to avoid
artefactual changes in the hydrogen bonds between the ligand with Val98, as well as
between pThr174 and Argl40. Production MD simulations were run for 250 ns per
replica, leading to a total simulation time of 1.0 s per ligand. Restraints were gradually
eliminated during the first 100 ns in order to avoid changes in the ligand binding mode
due to structural fluctuations in the ATP-binding pocket, and the analysis of the
trajectories was performed on the snapshots sampled in the last 150 ns unrestrained MD

simulation.

4.6. Human endothelial cell cultures and treatments

Cell culture studies were performed on a human endothelium cell line
(EA.Hy926). Briefly, cells were seeded in 75cm? flasks with Dulbecco's modification of
Eagle's High Glucose Medium (DMEM, Biowest), 10% fetal bovine serum (FBS,
Biowest), penicillin (100U/mL) and streptomycin (100pug/mL) (Biowest) and kept at
37°C in a humid atmosphere and 5% CO,. Once subconfluent (70-80%) subcultures
were carried out using trypsin-EDTA (0.25%, Sigma) and used between passages 3 and
7. Cells were incubated for 1h with either the AMPK activator AICAR (5mM), IND6
(0.01, 0.1, 1, 10 and 100uM); or 10 minutes with 2-DG (1mM). There were also control
cells (CT) without treatment. All the treatments were kept at 37°C in a humid
atmosphere and 5% CO,.

4.7. Determination of the phospho-proteins by WB
The expression of the phosphorylated forms of: AMPKa in the residue Thrl174
(pThr'™-AMPKa; 62 KDa), ACC in the residue Ser79 (pSer’’-ACC; 265KDa), eNOS in
the residue Ser 1177 (p-Ser''”7eNOS; 133KDa) and tubulin (55 KDa) were determined
by WB (as described in Supplementary Material) in EA.Hy926 cells lisates. Cells were
seeded in 6-well plates (Sarstedt) with a density of 120,000 cells/well. After 48h, once
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subconfluent, they were treated with modulating compounds (AICAR at 5 mM,
2-deoxyglucose at ImM, and IND6 at 0.01, 0.1, 1, 10 and 100 puM) and in control
untreated cells (CT). All the treatments were kept at 37°C in a humid atmosphere and
5% CO, for 1 hour, except of the 2-deoxyglucose, which were maintained only during
10 minutes.

For the detection of all the proteins, acrylamide gels at 7% [H20 (5.1 mL); 1.5SM
Tris-HCI pH=8.8 (2.5 mL); SDS at 20% (50uL) were used, acrylamide/bisacrylamide
30% (2.3mL); ammonium persulphate 10% (50uL), TEMED (5uL)]. Polyclonal rabbit
antibodies against the pSer’>-ACC, pThr'”*-~AMPK (1:500, Cell Signaling Technology)
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and pSer''"’-eNOS (1:500, EMD Millipore Corporation) were used as primary
antibodies and an anti-rabbit antibody (IgG) marked with peroxidase (1:2000, Santa
Cruz Biotechnology) was used as secondary antibody. Tubulin was detected with a
monoclonal mouse antibody (1:5,000, Abcam) as primary antibody and an anti-mouse
antibody (IgG) marked with peroxidase (1:10,000, GE Healthcare) as secondary.
Quantification was carried out by establishing the relationship between the
phosphorylated form of the different proteins and tubulin (p-protein/tubulin) based on

the concentration of the modulating compounds administered, in addition to the

negative control, on which no treatment was performed.

4.8. Detection of nitric oxide (NO) by fluorescence microscopy

EA. Hy926 cells were seeded on 8-well plates (Sarstedt) at a density of 6000 cells
per well and allowed to grow in DMEM until a 60-70% confluence was reached. The
medium was then aspirated and the cells for NO detection were incubated for 1h with
no treatment (control, CT), with DMSO 0.01% (maximum solvent concentration
achieved with IND6 5uM), AICAR 5mM as a control of activation of NO production,
IND6 1uM and IND6 5uM. Once the incubation time had elapsed, the medium was
aspirated and the cells were incubated with 4.5-diaminofluorescein diacetate (Molecular
Probes) (DAF-2DA 10-5 M) for 30 min in the dark, at 37°C in a humid atmosphere and
5% CO2, in DMEM. The DAF-2DA is a non-fluorescent permeable probe capable of
diffusing through the cell membrane. Inside the cell it is degraded by esterases to 4.5-
diaminofluorescein-2 (2-DAF), which when reacting with intracellular NO gives rise to
thiazolofluorescein (DAF-2T), capable of emitting green fluorescence (excitation
wavelength 488 nm and emission wavelength 530 nm), so that the intensity of
fluorescence emitted will be proportional to the production of NO in the cells. The
medium was then removed, the wells were washed twice with PBS for 15 min and then
incubated with 4',6-diamino-2-phenylindol (DAPI, 1pg/mL; Molecular Probes) for 15
min at room temperature and in the dark. The DAPI (excitation wavelength 405 nm and
emission wavelength 430 nm) stains the cell nuclei that are visualized by fluorescence
microscopy. The cells were fixed in paraformaldehyde (PFA) for 1h and washed 4 times
with PBS 5min. They were kept in PBS in darkness and at 4°C until they were used for
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fluorescence microscopy (LeicaDM 2 000 Led). The quantification of the fluorescence
intensity was performed with the ImageJ software and the fluorescence intensity at 530
nm is represented with respect to the control, which are the untreated cells in percentage

form.

4.9. Preparation of drugs
AICAR (Toronto Chemical Research) was prepared at a concentration of
1.3x10-"M in distilled water and kept at -20°C until use. 2-deoxyglucose (Sigma) was
prepared at a concentration of 10-'M in distilled water and used immediately.
SBI-0206965 (Sigma-Aldrich) and the different modulator candidates were prepared in
DMSO (Sigma). A stock solution (10-*M) was prepared for each of them and stored at

-20°C until use (maximum 3 months).

4.10. Statistical analysis
The results obtained were expressed as the arithmetic mean + the standard error of
the arithmetic mean (S.M.E.). Comparisons of the results obtained between individual
groups were made using Saphiro Wilk's analysis of variance followed by a one-way
(parametric) ANOVA and a Dunnett test or a Student’s t-test to analyze differences
between experimental groups with the untreated control. Significantly different groups
were considered when p<0.05. GraphPad Prism 8 software (San Diego) was used for

statistical analysis. The free software ImageJ] was used for image analysis.
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2-DG: 2-deoxyglucose

ACC: Acetyl-CoA Carboxylase

ADaM: allosteric drug and metabolite binding site

ADP: adenosine diphosphate

AICAR: 5-aminoimidazole-4-carboxamide riboside

Akt: protein kinase B

AMP: 5'-adenosine monophosphate

AMPK: protein kinase activated by 5'-adenosine monophosphate
ANOVA: analysis of variance

ATP: 5'-adenosine triphosphate

aAID: self-inhibiting domain of the alpha subunit of AMPKa
aKD: domain kinase of the alpha subunit of AMPKa
CBM: carbohydrate binding site of AMPKf3

CBS: Cystathionine B-synthase

CMS5: carboxymethyldextran 5

DAPI: 4',6-diamino-2-phenylindol

DG-PO4: 2-deoxyglucose phosphorylated by hexokinase
DMF: Dimethylformamide

DMSO: dimethyl sulfoxide

EA. Hy926: human endothelial cell line

EDC: 1-ethyl-3-(3-dimethylpropanopropyl)-carbodiimide
eNOS: Endothelial nitric oxide synthase

Ki: inhibition constant

Ki’: apparent inhibition constant

Ks: dissociation constant

LC MS/MS: proteomic technique that consists of performing a liquid chromatography followed by

two consecutive mass spectrometry analyses

LKBI: Liver Kinase B1

MD: Molecular Dynamics

mTOR: mamalian/mechanistic target of ramamycin

NHS: N-hydroxysuccinamide

NO: nitric oxide

p-ACC: Acetyl-CoA Carboxylase phosphorylated in Ser79
p-AMPK: AMPK phosphorylated in Thr174

p-eNOS: Endothelial Nitric Oxide Synthase phosphorylated in Ser1177
PFA: paraformaldehyde

PI3K: phosphatidyl inositol 3 kinase

RU: resonance units

SAMS: Substrate for AMP-activated kinases

S.EM.: Standard Error of Mean



S.D.: Standard Deviation

SPR: Surface Plasmon Resonance
WB: Western Blot or Immune Detection.
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Scheme 1: (i) iodosuccinimide, DMF, 0°C, 1h; (ii) toluene:ethanol:water:1,4-dioxane (1:3:6:10),

R-B(OH)2, Pd (PPhs)., K2CO3, 85°C, 18h; (iii) K2CO3, EtOH, 85°C, 18h (iv) KOH, EtOH, 100°C,
18h.

Table 1. AMPK al:B1:y]l inhibitory activity and binding results measured by SPR (RU) of indole

derivatives.

Figure 1. Lineweaver-Burk (double reciprocal) plot showing inhibition of
AMPK(v 1 1[J]1) phosphorylation of SAMS peptide at two fixed IND6
concentrations (10 and 20 ¥M). Assays were performed in the presence of varying ATP
concentrations (20-1000 ¥M) and the substrate concentration was kept constant at 0.2
pg/ul. Each point is the mean of two different experiments, each one analyzed in

triplicate.
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Figure 2. Typical sets of SPR binding curves for the interaction of AMPKalf1yl with A)
IND6, B) SBI-0206965, C) SBI-0206965 plus IND6, and D) SBI-0206965 plus IND6
in presence of ATP (200 YM). Experiments were performed increasing the ligand
concentration from 10 to 100 uM (A and B) or at 100 yM for competitive experiments
(C and D). The concentration series of ligand solutions were injected over the surfaces

in duplicate or quadruplicate.

Figure 3. INDO6 increases p-AMPK, p-ACC, and p-eNOS levels in a
concentration-independent manner. A) Representative immunoblots of p-Ser’ACC,
p-Ser''”eNOS, p-Thr'AMPK and tubulin of EA Hy.926 human endothelial cells after
the treatments. (p-Thr'*AMPK CT band was cropped from channel 9 of the gel to
channel 1). B) Bar chart representation of the densitometry of the immunosensing bands
(WB) expressed as the percentage of p-Thr'*AMPK/tubulin with respect to the control
group. C) Bar chart representation of the densitometry of the immunosensing bands
(WB) expressed as the percentage of p-Ser’’ACC/tubulin with respect to the control
group. D) Bar chart representation of the densitometry of the immunosensing bands

1177

(WB) expressed as the percentage of p-Ser''''eNOS/tubulin with respect to the control

group. *=p<0.05; **=p<0.01. n=4 — 5. Data are presented as means + SEM.

Figure 4. Representation of the binding mode of SBI-020695 and IND6 to the ATP-binding
site. of AMPK. A) Superposition of the X-ray crystallographic structure of AMPK
bound to SBI-020695 and a representative snapshot taken from the MD simulations. B)
Representative snapshot of the MD simulation run for the AMPK-IND6 complex. The
P-loop is highlighted in yellow. SBI-020695 and IND6 are shown in sticks. C atoms
colored in cyan and orange shown the X-ray and final position of the ligand in MD

simulation, respectively. Hydrogen atoms have been removed for the sake of clarity.

Figure 5. Superposition of the X-ray structure of the ternary complex formed by AMPK
bound to A-769662 and ATP (C atoms in cyan and green, respectively; taken from
[24]), and a representative snapshot of IND6 (C atoms in orange) bound to the ADaM
site. (A) Activating binding mode. (B) Non-competitive binding mode. The P-loop is
shown in yellow. Selected interactions with protein residues are indicated as dashed

lines. Hydrogen atoms have been removed for the sake of clarity.

Figure 6. Distribution of the positional deviation (RMSD; A) of the backbone atoms that
shape the ATP-binding along the trajectories run for the two binding modes of IND6
bound to AMPK v 11 (shown in Figures SA and 5B), and for the ternary complex
between A-769662, ATP and AMPK v 241 (data taken from [24]).
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Figure 7. IND6 promotes an increase in DAF-2T fluorescence in human endothelial cells

(A) Representative fluorescence microscopy images of NO fluorescent indicator (DAF-2D incubation,
first column, green) and DAPI (second column, blue) in cultured EA.Hy926 endothelial cells in basal
conditions (CT) and after 1 hour treatment with DMSO 0.01%, AMPK activator AICAR (5 mM) and
IND6 (1 and 5 pM). (n=3). (B) Bar chart of the quantification of the intensity of green fluorescence (530
nm.) by densitometry represented as the percentage with respect to the control cells. *=p<0.05,
**=p<(0.01 and ***=p<0.001; n=3. The data are presented as means + SEM. (C) Graphical abstract of the
effect of INDG6 in the activation of AMPK and the subsequent increase of NO production because of
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eNOS activation by phosphorylation in Ser
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IND6 62.00£2.77 133

IND7 39.42+3.03 13.6
IND8 52.38+2.51 14.6
IND11 23.46+2.48 0.9
Table 1
(a) Data is the mean + standard deviation (SD) of two independent experiments. Positive control:
A-769662: % activation + SD at 30 uM: 394+76
(b) Binding (100 uM): Positive binding control: A-769662 (RU 31.7); Negative binding control:
B-cyclodextrin (RU 1.6). Data is the mean + SD of 1-6 independent experiments.
Figure 1
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All reagents were of commercial quality. Solvents were dried and purified by standard
methods. Analytical TLC was performed on aluminum sheets coated with a 0.2 mm
layer of silica gel 60 F254. Silica gel 60 (230—400 mesh) was used for flash
chromatography. Analytical HPLC-MS was performed on Waters equipment coupled to
a single quadrupole ESI-MS (Waters Micromass ZQ 2000) using a reverse-phase
SunFire C18 4.6 x 50 mm column (3.5 um) at a flow rate of 1 mL/min and by using a
diode array UV detector. Mixtures of CH;CN and H,O were used as mobile phase
(gradient of 15—95% of acetonitrile in water, as indicated in each case). HRMS (EI+)
was carried out on Agilent 6520 Accurate-Mass Q-TOF LC/MS equipment. NMR
spectra were recorded on a Bruker-AVANCE 300, a Varian-INOVA 400 and VARIAN
SYSTEM-500 spectrometer. Melting points were determined on a Mettler MP70
apparatus and are uncorrected.
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3-Todo-1H-indole-2-ethyl carboxylate (2)

To a solution of NIS (2.25 g, 12 mmol) in DMF (20 mL) at 0°C, a solution of 1H-indole
2-ethyl carboxylate (1.89 g, 10 mmol) in DMF (15 mL) was slowly added. The mixture
was stirred at room temperature for 1 hour. Then, a solution of sodium thiosulfate at
10% (5 mL) and water (10 mL) were added. The mixture was stirred at room
temperature for another hour and the precipitate was collected by filtration to afford 2.9
g (96%) of 2 as a white solid. MS (ES, positive mode): 315 (M+H)". '"H NMR (400
MHz, DMSO-dg) 6 12.25 (s, 1H), 7.78 — 6.88 (m, 4H), 4.38 (q, J = 7.1 Hz, 2H), 1.39 (t,
J=7.1 Hz, 3H).

General synthesis for ethyl 3-aryl-1H-indole-2-carboxylates

To a solution of ethyl 3-iodo-1H-indole-2-carboxylate (2) (1 eq.), tetrakis
(triphenylphosphine) palladium (0) (0.05 eq.) and the corresponding boronic acid (1.2
eq.) in a solvent mixture of toluene:ethanol:water:1,4-dioxane 1:3:6:10 (40 mL), a
solution of K,CO; (4 eq.) in water (5 mmol/mL) was slowly added while stirring under
argon. After 18 hours at 85°C, the mixture was concentrated in vacuo, and water (20
mL) was added. The mixture was extracted with AcOEt (3 x 20 mL). The organic phase
was dried over anhydrous sodium sulfate, filtered and concentrated in vacuo. The crude
was purified by chromatographic column using Hex/AcOEt (4:1) as eluent to afford,
after concentration and high vacuum-drying, the corresponding aryl products.

Ethyl 3-([1,1'-biphenyl]-4-yl)-1H-indole-2-carboxylate (3)

Prepared from 2 (300 mg, 0.95 mmol), tetrakis (triphenylphosphine) palladium (0) (54
mg, 0.47 mmol), [1,1'-biphenyl]-4-ylboronic acid (226 mg, 1.10 mmol). Column
chromatography on silica gel (Hex/AcOEt 4:1) by following the general procedure
described for ethyl 3-aryl-1H-indole-2-carboxylates. Yield 170 mg (53 %). HPLC
(SunFire): tz= 9.33 min (gradient: 15-95% of acetonitrile in water); MS (ES, positive
mode): 342 (M + H)". '"H NMR (400 MHz, CDCl,) & 8.97 (s, 1H), 7.65 — 7.55 (m, 7TH),
7.43 —7.35 (m, 3H), 7.33 — 7.26 (m, 2H), 7.09 (ddd, /= 8.1, 6.9, 1.1 Hz, 1H), 4.25 (q, J
=7.1 Hz, 2H), 1.19 (t, J= 7.1 Hz, 3H).

Ethyl 3-(4-(benzyloxy)phenyl)-1H-indole-2-carboxylate (4)

Prepared from 2 (291 mg, 0.90 mmol), tetrakis (triphenylphosphine) palladium (0) (42
mg, 0.03 mmol) and 4-(benzyloxy)phenyl)boronic acid (250 mg, 1.10 mmol). Column
chromatography on silica gel (Hex/AcOEt 4:1) by following the general procedure
described for ethyl 3-aryl-1H-indole-2-carboxylates. Yield 315 mg (92 %). HPLC
(SunFire): tz= 11.0 min (gradient: 15-95% of acetonitrile in water); MS (ES, positive
mode): 372 (M + H)" '"H NMR (300 MHz, CDCl;) 8 9.23 (s, 1H), 7.64 — 6.80 (m, 13H),
4.99 (s, 2H), 4.19 (q, J= 7.1 Hz, 2H), 1.11 (t,J = 7.1 Hz, 3H).

Ethyl 3-(4-phenoxyphenyl)-1H-indole-2-carboxylate (5)

Prepared from 2 (1.0 g, 3.17 mmol), tetrakis (triphenylphosphine) palladium (0) (179
mg, 0.15 mmol), (4-phenoxyphenyl)boronic acid (814 mg, 3.80 mmol). Column
chromatography on silica gel (Hex/AcOEt 4:1) by following the general procedure
described for ethyl 3-aryl-1H-indole-2-carboxylates. Yield 891 mg (78 %). HPLC
(SunFire): tz= 9.30 min (gradient: 15-95% of acetonitrile in water). MS (ES, positive
mode): 358 (M + H)". '"H NMR (300 MHz, DMSO-d,) & 11.90 (s, 1H), 9.34 (s, 1H),
7.55 - 17.49 (m, 4H), 7.47 — 7.39 (m, 2H), 7.35 — 7.28 (m, 1H), 7.21 — 7.05 (m, 4H), 6.91
—6.74 (m, 1H), 4.24 (q, J=7.1 Hz, 2H), 1.21 (t,J = 7.1 Hz, 3H).



Ethyl 3-(4-hydroxyphenyl)-1H-indole-2-carboxylate (9)

Prepared from 2 (1.0 g, 3.10 mmol), tetrakis (triphenylphosphine) palladium (0) (179
mg, 0.15 mmol), 4-hydroxyphenylboronic acid (524 mg, 0.38 mmol). Column
chromatography on silica gel (Hex/AcOEt 4:1) by following the general procedure
described for ethyl 3-aryl-1H-indole-2-carboxylates. Yield 350 mg (40 %). HPLC
(SunFire): tz= 7.83 min (gradient: 15—-95% of acetonitrile in water). MS (ES, positive
mode): 282 (M + H)". '"H NMR (300 MHz, DMSO-d,) & 11.75 (s, 1H), 9.46 (s, 1H),
7.52 —7.45 (m, 2H), 7.34 —7.25 (m, 3H), 7.10 — 7.04 (m, 1H), 6.87 — 6.81 (m, 1H), 4.23
(q, J=7.1 Hz, 2H), 1.21 (t,J = 7.1 Hz, 3H).

Synthesis of ethyl 3-(4-(2-morpholinoethoxy)phenyl)-1H-indole-2-carboxylate (10)
To a solution of ethyl 3-(4-hydroxyphenyl)-1H-indole-2-carboxylate (9) (50 mg, 0.17
mmol.) in EtOH (10 mL) at 0°C, K,CO; (73 mg, 0.51 mmol.) and 4-(3
chloropropyl)morpholine hydrochloride (42 mg, 0.23 mmol) were added. After 18 hours
at reflux, water was added and the organic solvent was removed at reduced pressure.
The organic phase was extracted with AcOEt (3 x 20 mL), and the organic extracts were
washed with H,O. After drying over MgSQO,, the solvent was removed to dryness and
the resulting residue was purified by column chromatography, using AcOEt/Hex (1:4)
as eluent, to afford 12 mg (18%) of the title compound. HPLC (SunFire): tz= 5.18 min
(gradient: 15-95% of acetonitrile in water). MS (ES, positive mode): 394 (M + H)". 'H
NMR (300 MHz, CD;0D) & 8.56 (s, 1H), 7.54 — 7.37 (m, 4H), 7.28 (ddd, J = 8.2, 6.9,
1.1 Hz, 1H), 7.11 — 6.93 (m, 3H), 4.32 — 4.14 (m, 4H), 3.77 — 3.69 (m, 4H), 2.83 (t, J =
5.5 Hz, 2H), 2.68 — 2.57 (m, 4H), 1.25 (t, /= 7.1 Hz, 3H).

General procedure for the synthesis of the corresponding acids

To a solution of the corresponding ester (1 eq) in EtOH (30 mL), KOH (4 eq.) dissolved
in H,O (5 mmol/mL) was added. After stirring at 100°C for 18 hours, HCI IN (2 mL)
was added. The resultant solid was filtrated and dried under reduced pressure to give the
corresponding acids.

3-([1,1'-Biphenyl]-4-yl)-1 H-indole-2-carboxylic acid (IND7)

Prepared from 3 (100 mg, 0.30 mmol) and KOH (70 mg, 1.20 mmol) by following the
general procedure described for 3-aryl-1H-indole-2-carboxylic acid. Yield 18 mg
(18%). HPLC (SunFire): tz= 9.71 min (gradient: 15—95% of acetonitrile in water). MS
(ES, positive mode): 314 (M + H)" Mp 219°C-222°C. '"H NMR (300 MHz, DMSO-d;) &
11.24 (s, 1H), 7.80 — 7.26 (m, 11H), 7.11 (ddd, J =8.1, 6.9, 1.2 Hz, 1H), 6.98 (ddd, J =
8.1, 6.9, 1.1 Hz, 1H). “C NMR (75 MHz, DMSO-d,) & 140.8, 137.4, 135.4, 134.9,
131.5, 129.3, 127.9, 127.4, 126.79, 125.9, 122.8, 119.9, 119.6, 112.6. HRMS (EI+) m/z
(IM]") caled for C,;H;sNO; 313.11053; found 313.11028.

3-(4-Phenoxyphenyl)-1H-indole-2-carboxylic acid (INDS)

Prepared from 7 (100 mg, 0.28 mmol) and KOH (62 mg, 1.10 mmol) by following the
general procedure described for 3-aryl-1H-indole-2-carboxylic acid. Yield 30 mg
(32%). HPLC (SunFire): tz= 9.69 min (gradient: 15—95% of acetonitrile in water). MS
(ES, positive mode): 330 (M + H)". Mp 191°C-193°C. 'H NMR (300 MHz, DMSO-d;) &
12.87 (s, 1H), 11.80 (s, 1H), 7.59 — 6.91 (m, 13H). *C NMR (75 MHz, DMSO-d,) &
161.7, 157.08, 156.0, 136.5, 132.4, 130.4, 129.1, 127.1, 125.4, 123.8, 123.0, 122.2,
120.9, 120.8, 119.0, 118.3, 113.0, 60.6, 14.3. HRMS (EI+) m/z ([M]") caled for
C,HsNO; 329.10656 found 329.10619
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3-(4-(2-Morpholinoethoxy)phenyl)-1H-indole-2-carboxylic acid (IND 11)

Prepared from 10 (120 mg, 0.30 mmol) and KOH (67 mg, 1.20 mmol) by following the
general procedure described for 3-aryl-1H-indole-2-carboxylic acid. Yield 32 mg
(29%). HPLC (SunFire): tz= 4.46 min (gradient: 15—95% of acetonitrile in water). MS
(ES, positive mode): 367 (M + H)". Mp 206°C-208 °C. "H NMR (500 MHz, DMSO-d;)
0 11.75 (s, 1H), 7.54 — 7.38 (m, 4H), 7.26 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.11 — 6.92
(m, 3H), 4.52 (s, 2H), 4.03 — 3.81 (m, 4H), 3.65 — 3.45 (m, 4H), 3.23 (s, 3H). *C NMR
(125 MHz, DMSO-d;) & 163.3, 136.4, 132.0, 127.5, 125.1, 123.8, 122.0, 120.9, 120.6,
114.5, 113.0, 63.6, 52.1. HRMS (EI+) m/z ([M]") calcd for C,;H,,N,O, 366.15957,
found 366.15976.

Western blot analysis

Adapted from Hawley et al. [39]. Western Blot (WB) studies were conducted in treated
and CT EA. Hy926 cells dissolved in ice cold lysis buffer (50mM Na4P207, 50mM
NaF, 5mM EDTA, 5mM NaCl, SmM EGTA, 10mM HEPES, 0.5% Triton, 1ug/mL
leupeptin, 1pg/mL aprotinin, 0.5uL/mL N-a-p- tosyl-l-lysine in chloromethyl ketone
and 20uM phenylmethylsulfonyl fluoride) and frozen immediately at -80°C until use.
Just before gel running, they were centrifuged at 13,000 rpm at 4°C for 20min
(MiniSpin Plus, Eppendorf) and the supernatant was collected. Protein concentration
was determined by colorimetry using Protein Assay (Bio-Rad) in a 96-well plate. After
an incubation of 5min at 25°C, absorbance was determined at a wavelength of 595nm.
A standard albumin curve (SAB) was used to quantify the protein concentration. Protein
concentration was adjusted to 1 mg/mL protein with Laemli [SOmM Tris, (pH=6.8),
10% glycerol, 10% sodium dodecyl sulfate (SDS), 5% B-mercaptoethanol, 2mg/mL
bromophenol blue] and separated by electrophoresis, using a MiniProtean3 (Bio-Rad)
system. The samples were boiled in a bath at 100°C for 5Smin and loaded (17pg
protein/well) into a 7% acrylamide gel. PrecisionPlusProteinTM All blue standard
(Bio-Rad) was used as a molecular weight marker. Electrophoresis was performed
under denaturing conditions at 150V for 70min at 25°C and in an electrode buffer (0.2
M glycine; 0.025M Tris and 0.1% SDS). Then, the gel proteins were transferred to a
nitrocellulose membrane with a pore size of 0.2um (Bio-Rad) through a transfer system
at 25V for 10min for high molecular weight proteins (ACC) and for 7min for
medium-high molecular weight proteins (<250KDa), such as eNOS, AMPK or tubulin
(Trans-Blot Turbo Transfer, Bio-Rad). The membranes were washed twice for Smin in
agitation with a washing solution [0.1% skimmed milk powder in phosphate buffer
saline with 0.5% Tween 20 (PBS-T)]. In order to avoid non-specific binding, the
membranes were incubated for 1h in agitation with a blocking solution (5% skimmed
milk powder in PBS-T). Subsequently, they were washed 3 times for 5min and
incubated at 4°C for 24h with the corresponding primary antibody at the concentration
of 1:500 for p-ACC, p-eNOS and p-AMPK and 1:5,000 for tubulin. Primary antibodies
were prepared in a specific solution (0.5% BSA; PBS-T and 0.05% azide). The
following day, the membranes were washed 3 times for Smin and incubated for 1h at
25°C in agitation with the corresponding secondary antibody marked with peroxidase at
the concentration of 1:4,000 for p-ACC and p-eNOS; 1:6,000 for p-AMPK and
1:10,000 for tubulin. This was prepared in a solution of 1% skimmed milk powder in
PBS-T. Then, the membranes were washed again 3 times for 5min to remove the
remains of the secondary antibody. The detection of the different proteins was carried
out by chemiluminescence, using a detection kit (Enhanced Chemiluminescence ECL
Prime, Amersham Bioscience) and subsequent exposure in a dark room for 1-2 minutes



on autoradiographic film (GE Healthcare) for subsequent development with developer
and fixer (Sigma). The quantification of the bands obtained by densitometry was carried
out using ImageJ (Java Community Process) software of the scanner-digitalized films.
Once the final image was merged, same contrast and bright corrections were performed
in all the films in order to improve their interpretation.

Original unedited Western Blot gels
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Chapter 3

3.2. TrHbN

The fifth paper, entitled “Searching for Novel Targets in Tuberculosis: Potential Reductase
Partner in the Nitric Oxide Detoxification Activity by Mycobacterium tuberculosis Truncated
Hemoglobin N” led to the identification of a probable reductase partner for trHbN able to
accomplish the redox reaction (section 4.2).
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Publications

3.2.1. Paper 5: “Searching for Novel Targets in Tuberculosis: Potential Reductase Partner
in the Nitric Oxide Detoxification Activity by Mycobacterium tuberculosis Truncated

Hemoglobin N”

Manuscript under preparation

Elnaz Aledavood, Carolina Estarellas,” and F. Javier Luque™"

tDepartment of Nutrition, Food Science and Gastronomy, Faculty of Pharmacy and Food
Sciences, Institute of Biomedicina (IBUB) and Institute of Theoretical and Computational

Chemistry (IQTCUB), University of Barcelona, Santa Coloma de Gramenet 08921, Spain
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Searching for novel targets in tuberculosis: Potential reductase partner in
the nitric oxide detoxification activity by Mycobacterium Tuberculosis

truncated hemoglobin N

Elnaz Aledavood,® Carolina Estarellas, * F. Javier LuqueS’*

SDepartment of Nutrition, Food Science and Gastronomy, Faculty of Pharmacy and Food Sciences, Institute of Biomedicine
(IBUB) and Institute of Theoretical and Computational Chemistry (IQTCUB), University of Barcelona, Santa Coloma de
Gramenet 08921, Spain

Abstract: Tuberculosis is one of the major worldwide health threats. Multidrug resistance, drug side
effects and co-infections make it necessary to find novel antimycobacterial agents. In this study, we
have turned out our attention to one of the defense mechanisms used by Mycobacterium tuberculosis
(Mtb), which involves the truncated hemoglobin N (trHbN), a protein that converts nitric oxide (NO)
produced by macrophages into the harmless nitrate anion. For the turnover of this process Mtb
requires a reductase partner involved in restoring the ferrous state of trHbN after conversion of NO to
NOs", which to the best of our knowledge has not been identified yet. Our studies have led to three
reductase candidates, and three-dimensional models for their interaction with trHbN. The critical role
played by one of these reductases, ndh, which is essential for the respiratory chain, has been
highlighted by experimental studies. Accordingly, we suggest that ndh appears to be a promising

target for drug discovery targeting the nitrosative defense mechanisms of Mtb.

Key words: Mycobacterium tuberculosis, nitrosative stress, truncated hemoglobin N

would limit the survival of Mtb, but the toxic

Introducti imi
ntroduction effect of NO can be reduced or even eliminated

Mycobacterium  tuberculosis  (Mtb) is the by an efficient defense mechanism carried out by

causative agent of human tuberculosis (TB),' a  the truncated hemoglobin N (trHbN),*’ which

disease that affects around ten million people
each year and it is the ninth cause of death
worldwide.”> Despite the discovery of novel
compounds with inhibitory properties against
different targets, TB is still among the most
challenging diseases around the world.** The
pathogenicity of Mtb is related to the remarkable
adaptability to scavenge reactive nitrogen and
oxygen species within the intracellular
environment.” In particular, nitric oxide (NO)

produced by macrophages in early infections

converts NO to harmless nitrate anion (NO73).
The NO dioxygenase (NOD) activity of trHbN is
crucial in relieving the nitrosative stress (eq 1).}
Fe (II) O, + NO 2 Fe (III) + NO5 (1)

The trHbN is a small heme protein (128 residues)
encoded by the gIbN gene.’ Its tertiary structure
consists of a two-over-two a-helical fold."” A
one-turn A-helix that locates at the N-terminal
region to the protein core, the short C-helix, the
E-helix hosting residue LeuE7 (54) and the
trHbN PheE15 (62) are among the functionally



relevant regions of the protein. Conserved Gly-
based motifs located at AB, E-pre-F and pre-F-F
regions facilitate the adoption of the trHbN fold
(Figure 1)."' HisF8 (81) is bound to the heme
group and it is the only residue that is conserved
between the Hb and trHb families."> The heme
stabilization is achieved through hydrogen bonds
to ThrCD4 (49) and Ala (75), and salt bridges to
ArgE6 (53) and ArgFG3 (84)."

Mechanistic  studies suggested that trHbN

follows a dual-path mechanism to drive
migration of O, and NO to the heme cavity via
short and long branches of an inner tunnel.’ The
O, reaches to the heme cavity through the tunnel
short branch (~10 A), which is shaped by
residues in helices G and H. Binding to the heme
facilitates opening of the long branch (~20 A),
which is formed by helices B and E. In this
process, PheE15 plays the role of a gate. The
opening of PheEl5 involves Oj-induced
conformational changes and also is affected by
the movement of the N-terminal of the protein
(pre-A motif)."* Excision of pre-A motif leads to
distinctive changes in the protein dynamics,
which cause the gate of the tunnel long branch to
be trapped into a close conformation that
impedes migration of NO toward the heme active
site.'"* As the NOD function of trHbN relies on
the migration of NO to the O,-bound heme via
the long branch, PheE15 is a fundamental residue
for the NO scavenging.'>'® Although trHbN is
essential for NO resistance of Mtb, this protein
does not contain typical druggability hallmarks,

which limits its suitability for drug discovery.

Figure 1. The location of the structural regions of
trHbN (PDB: 1IDR). The heme and Phel5 are shown

as sticks.

The NOD function also depends on the
efficiency of the redox recycling needed to
recover the ferrous state from the ferric species
generated in the NO dioxygenase activity.'™'
Accordingly, we hypothesize that the reduction
of HbN-Fe(III) to HbN-Fe(II) must be performed
very efficiently to guarantee the survival of the
bacillus in the hazardous environment of
macrophages. Otherwise, it has no sense that
trHbN may accomplish the chemical conversion
of NO to nitrate anion if the recovery of the
ferrous step would limit the overall rate of the
In fact,

turnover cycle. despite lacking a

reductase domain, the NO dioxygenation
efficiency of trHbN is high (Knop ~ 745 pM™' ™)
and it is comparable with the flavoHbs that
contain a reductase domain. At present, however,
there is no information about the reductase
partner that can assist the electron recycling of

trHbN.

To see if the survival of Mtb requires the

expression of a specific reductase partner, Singh,



et al. carried out a research to confirm this
hypothesis." Since trHbN is functionally active in
Escherichia Coli (E.coli), it should be able to use
reductases to carry out NO dioxygenation. In this
context, they examined the efficiency of different
reductases in assisting the electron transfer
process. The results pointed out a marked
dependence of the efficiency of this process on
the nature of the reductase. Specifically, this
study showed that NADH-ferredoxin reductase
(FdR) could perform efficiently the reduction of
ferric to ferrous trHbN. This interaction is
mediated by the flexible CD loop and the
dynamical motion of the protein backbone is
crucial for facilitating the interaction which is

modulated by the pre-A region of trHbN.

In this context, this study was conducted with the
aim to identify putative reductases able to
accomplish the redox reaction required for
efficient turnover of trHbN in Mtb and examine
the suitability as potential targets to interfere

with NOD scavenging ability of Mtb.

Computational Methods

Searching in databases. Since trHbN is found in

the membrane and the periplasmic space,'’ we
performed a search for putative reductase
attached to the membrane using the Tuberculist
database®™ and an integrative approach that
and functional

trtHbN, i) a

combined 1) the structural

information available for
comprehensive bioinformatics analyses of the
Mtb genome searching for reductase and electron
transfer (ET) proteins, and iii) a detailed search
of the data available regarding transcriptional

changes in early phases of the infection. The

results of these analyses have led to the
identification of three putative reductases, as

detailed below.

Homology Modeling. Homology modeling

predicts the three-dimensional structure of a
query protein via the sequence alignment of
template proteins. For our purposes here, two
homology modeling servers were used to build
the structure of our reductase candidates:
SWISS-MODEL,” which works only with the
amino acid sequence of a target protein, and I-
TASSER,” which performs the threading by
identifying template proteins from solved
structure databases that have a similar structure
or similar structural motifs as the target
sequence. We used these predictors, because
both of them performed well in the last Critical
(CASP)

challenge and I-TASSER has been consistently

Assessment of Protein Structure

ranked amongst the top methods in the
community-wide CASP experiments for accurate
3D structure prediction.”> The three-dimensional
structures of three candidates were built using
their sequence excluding the residues related to

the TMH.

Protein-Protein __interaction.  Protein-protein

interactions are important to understand the
function and organization of proteins in the cell.
For this purpose, ClusPro server’* was used. This
web-based server follows three steps: i) rigid-
body docking by sampling of billions of
conformations using the PIPER program, which
is based on the Fast Fourier Transform (FFT)
correlation approach, ii) a root mean square
deviation-based clustering of the 1000 structures

with the lowest energy, iii) and refinement of the



selected structures by energy minimization. The
docking was performed by introducing trHbN as
the receptor and the reductase partner as the
ligand. The best protein complexes were further

refined with MD simulations.

Molecular  Dynamics  (MD)  Simulations.

Simulations
AMBERI16 package®™
The Amber ff99SB-ildn*

were performed using the
to refine the reductase-
trtHbN complexes.
force field was used for the protein, whereas
cofactors (heme, FAD and NADH) were
parameterized using the GAFF force field in
conjunction  with  restrained  electrostatic
potential-fitted (RESP) partial atomic charges
derived from B3LYP/6-31G(d)” calculations.
The simulated systems were immersed in an
octahedral box of TIP3P*® water molecules. Na*
atoms were added to maintain the neutrality of
the trHbN-

around 24000

the system, which comprised
reductase complex, cofactors,
water molecules and Na' leading to systems
containing ~80000 atoms.

Simulations were performed in the NPT
ensemble for equilibration and NVT for MD
productions. The minimization of the systems
was performed refining the position of hydrogen
atoms (2000 cycles of steepest descent algorithm
followed by 8000 cycles of conjugate gradient),
and subsequently the whole system (4000 cycles
for steepest descent and 1000 cycles of conjugate
gradient). Later, the temperature of the system
was gradually increased from 100 to 300 K in 5
steps, 50 ps each using the NVT ensemble. In
order to equilibrate the density of the system, an
additional 5 ns step was performed in the NPT

ensemble. First, production MD simulations were

run for 50 ns imposing restraints to the FAD
cofactor with a force constant of 10 kcal mol™A™
to avoid artefactual displacements (Figure 2).
Then, three replicas were created and the
simulations extended for 500 ns with restraints
(10 keal mol™ A™). On the other hand, another
three replicas were simulated with restraints, but
they were gradually reduced every 10ns
(restraints reduced by 1 kcal mol” A™ at each
step) and finally 500ns were launched without
any restraints for each replica. After finishing
these calculations, the NADH cofactor was
inserted in the most stable simulated system and
we extended the simulation of the full system for

500 ns.

Figure 2. Representation of the FAD and the
restraints applied to the position of FAD. The FAD
and the important residues of reductase partner are
indicated in cyan and pink sticks, respectively.
Hydrogen atoms have been removed for the sake of

clarity.

Electron transfer. To identify the most probable

ET pathways between the heme group and the

FAD isoalloxazine ring, the semiempirical

pathway method developed by Beratan et al.”*°
was used. This method searches for the path that

shows the highest donor to acceptor electron



coupling (Hag). For a given path, Hap is
computed as the product of a number of steps,
each with a given coupling value that defines the
pathway. There are two types of steps for ET
including transfer through atoms, when two
orbitals share an atom, or through space, when
orbitals are separated by empty space. For the
first type, the coupling value is assumed to be 0.6
and for the other one, it depends on the orbital-
to-orbital distances, which degrade exponentially
by using a decay factor of -1.7. The decay factor
for the best ET path is multiplied by 1 eV (which
is the default value in the algorithm) to compute
Hap. Minor adjustments of parameters used in
the pathway algorithm are needed to achieve a
proper description of the system. These
adjustments follow two considerations: first, all
orbitals of the heme iron were considered to be
equivalent and second, to reproduce the resonant
character of all porphyrin and FAD isoalloxazine
ring located orbitals, coupling between them
were set to one. ET calculations were done for

snapshots taken at 10 ps intervals during the last

200 ns of MD simulations.

Results and discussion

Finding the reductase candidates. The search in
Tuberculist database”® was performed to retrieve
reductases and ET proteins containing at least a
which

single transmembrane helix (TMH),

would enabled the insertion in the internal

membrane. Three putative reductases were
identified: two type II NAD dehydrogenases,
denoted as ndh and ndhA, and a ferredoxin
reductase, fdxB. The number of predicted TMH

in these three proteins is shown in Figure 3; ndh

and ndhA have 1 TMH needed for insertion into
the membrane while fdxB has 4 TMH.
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Figure 3. Predicted TMH three

candidates, A) ndh, B) ndhA and C) fdxB.*

regions for

On the other hand, in a study preformed by D.
Schnappinger et al. in order to identify the genes
that  are differentially expressed by
intraphagosomal Mtb in naive and interferon-y
macrophages, it was demonstrated that the
expression level of ndh and ndhA genes are
induced (color yellow, Figure 4) with increased in
the expression level of activated trHbN gene in
y-stimulated macrophages (color green, Figure 4)
after 24h’'. They concluded that the induction of
ndh gene could signal an increased need for
NAD' regeneration, the second major function of
the respiratory chain besides energy production.

So, considering all this information, we decided



to build the three-dimensional structures of these
candidates in order to find the best candidates for

electron transfer.

Time (hour)

Time (hour)

Figure 4. Comparison of gene regulation (ndh and
ndhA) in IFN-gamma-stimulated macrophages with

L . 31
gene regulation in naive macrophages.

3D structures of the selected candidates. The 3D
structural models were built using both I-
TASSER* and SWISS-MODEL” in order to
check for consistency of the predicted structures.
The selected templates used by SWISS-MODEL
and I-TASSER included 4NWZ (ndh), 4XDB
(ndhA) and 2PIA (fdxB).

The results in Figure 5 and the calculated RMSD
between these two structures (around 2.0A for
the backbone atoms) indicate that there are no
significant structural differences between the
results obtained from the homology modelling
algorithms. However, since the I-Tasser results
are based on threading by scanning protein motif
databases and was ranked as the best server for

full-length 3D protein structural predictors, we

selected these models to conduct the protein-
protein docking.

Protein-protein docking. Docking was used to
identify the interaction between trHbN and the
three reductase candidates, which should lead to
models keeping heme and FAD cofactors at a
distance adequate to accomplish the ET. Between
the wvarious protein-protein poses, the most
probable complexes were chosen on the basis of
the largest number of the members in the cluster
of docked solutions, the shortest distance from
the geometrical centers of heme and FAD, and
the lowest energy as specified by using the
balanced ClusPro algorithm. The results show
that the interaction of the two proteins include
the CD loop of trHbN (Figure 6), which locates
close to the C-terminus of reductase partner. The
interaction is assisted by two m -stacking
interactions between His of trHbN and Phe
residues of ndh. Also, there is a non-covalent
interaction formed by Phe and Pro residues.
Moreover, two salt bridges can be found through
two Asp of trHbN and Lys residues of ndh in the
interface of two proteins. The docked poses are
superposed to the crystal structure of trHbN
(1IDR) and the template (which were used to
build the 3D structures of the candidates by
the

homology modeling) with respect to

placement of two cofactor-binding regions.



Figure 5. The three-dimensional structures of A) ndh, B) ndhA and C) fdxB reductases built by SWISS-

MODEL (green) and I-TASSER (magenta).

A) trHbN-ndh B) trHbN-ndhA

C) trHbN-fdxB

Figure 6. The representation of the dimeric complex trHbN (wheat) — reductase (magenta) for A) ndh, B) ndhA

and C) fdxB obtained after protein-protein docking. The FAD cofactor and heme are indicated with sticks.

In the case of ndh and ndhA, the distance
between the heme and FAD cofactor are around
11 A, but it is enlarged to 25 A for fdxB (Figure
6). This large distance might be affected by the
predicted 3D structure, especially regarding the
arrangement of loops in the interface between
trtHbN and reductase, suggesting that the 3D
model obtained for the trHbN-fdxB complex is
the less favorable. But, to relieve this distance,
we divided the sequence of fdxB into two parts

and we built one 3D structure with I-TASSER

for each part and then, we docked these two
structures by the use of Cluspro webserver to
make the complete protein. After accomplishing
this step, we again performed the protein-protein
interaction between trHbN and fdxB and the
distance between cofactors was reduced to 15A.

Ndh and ndhA share a high degree of amino acid
similarity (67% sequence homology). Gene
knockout of ndh and ndhA genes in wild type
and merodiploid Mtb showed that ndh gene is

essential in a wild type strain, though it can be



inactivated when an additional copy of ndh was
provided.32 In contrast, the ndhA gene could be
deleted in Mtb without causing adverse effects in
vitro. Clearly, these results point out that ndh and
ndhA, despite the biochemical similarity, play
different roles in Mtb, and confirm the essential
character of ndh. Additionally, in line with these
studies, a double (ndh+ndhA) knockout could not
be obtained, suggesting that at least one type 11
NADH dehydrogenase is required for Mtb
growth.33 Further, it was concluded that ndh is
the main NADH dehydrogenase in the ET chain,
confirming its essentiality for Mtb.** Finally, it
has been demonstrated by the recent
identification of two compounds that ndh is
druggable,®® which could solve the druggability
problem of trHbN. Hence, the design of ndh
inhibitors could benefit from blockage of ATP
synthesis and weakening of NO scavenging.
Furthermore, ndh is absent from the mammalian
genome, which reinforces its relevance as a
potential target. So, based on all this information,
we selected the ndh reductase candidate to refine

the trHbN-ndh complex.

Molecular Dynamics (MD) Simulations. The

trHbN-ndh complex was simulated using six

distinct replicas containing FAD and heme

cofactors. We performed three MD simulations
(500 ns each) applying restraints to keep the
arrangement of the FAD cofactor. In these
simulations the RMSD results show that both
proteins fluctuate in the first 200ns of the
calculations, but remain stable until the end of
the simulations, leading to an average RMSD of
2.8+0.4 A (Table 1). Three additional MD
simulations were performed eliminating the
restraints imposed to the FAD cofactor in 10
steps of 10 ns each, followed by a production

simulation of 500 ns without restraints.

Table 1. RMSD and standard deviation

determined for simulated systems with and

without restraints.

Systems Repl Rep2 Rep3
3.1 2.8 2.7
« trHbN+ndh
= .5 0.4) (0.5 (0.3)
€
= Z 1.8 1.6 1.5
g FAD
0.2)  (0.3) 0.2)
3.0 3.8 3.0
« « trHbN+ndh
2 .5 0.2) (0.5 (0.3)
= =
= 2 1.9 23 1.8
Z 2 FAD
0.8)  (0.3) 0.2)
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Figure 7. RMSF (A) for the three replicas A) with and B) without restraints. The representation of the dimeric

complex trHbN (wheat) — reductase (Magenta) indicating the regions with the highest fluctuations in trHbN

(green) and ndh (yellow and blue). Residues 1-17 in trHbN were excluded from the analysis.

Two of the three replicas are stabilized after the
first 50 ns, while the third replica is stabilized
after 300 ns. Moreover, the RMSD of the FAD
cofactor show the stable behaviour in all the
replicas during the MD simulations (note that the
highly flexible pre-A and loop-F regions of
trHbN were excluded from the RMSD analysis).
The root-mean square fluctuation (RMSF) is
similar for the simulations with and without
restraints. For the trHbN the region with the
highest flexibility corresponds to residues 100-
121 (green in Figure 7C), which corresponds to
the interface of the trHbN with the ndh reductase.
Comparatively, the structural fluctuations in ndh
are larger than the values determined for trHbN.
Figure 7C highlights in blue and yellow the
residues related to the loops that shape the FAD
binding pocket.

The final snapshot of one of the replicas without

restraints was selected to add the NADH cofactor

based on the X-ray structure of S. cerevisiae ndh
(PDB code 4G6H, Figure 8).

The RMSD value of the trHbN-ndh complex in
presence of all cofactors is larger than the
previous RMSD calculated when also heme and
FAD cofactors were present in the trHbN and
ndh, respectively (Figure 9). This increase is
basically due to the structural accommodation of
the NADH cofactor by ndh. The RMSD value for
trHbN is very stable along the whole simulation.
The RMSF pattern is comparable with the
previous calculations and the largest fluctuations

correspond to the reductase residues (Figure 10).
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Figure 8. The representation of the dimeric complex
trHbN (wheat) — reductase (magenta). The cofactors
heme, FAD and NADH are shown as cyan sticks.
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Figure 9. RMSD plot of the trHbN:ndh dimeric

complex (black) in presence of all cofactors. The

separate RMSD of trHbN and ndh reductase are

indicated in brown and magenta, respectively.
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Figure 10. RMSF Plot of the dimeric complex. The

most flexible regions correspond to the reductase

structure.

Electron transfer. To check the efficiency of the
ET for the refined structure of the trHbN-ndh
complex, the ET rate determined from the 4000
frames along the whole trajectory. The results
indicate an electron transfer rate of 3.7 X
107%eV, 2.5 x 1075 and 4 x 107> for replicas
1, 2 and 3, respectively, which are comparable
with the electron coupling reported for E.coli
flavoHb (7.1 x 107> eV), a system that is known
to cycle electrons very efficiently.”

There are two main ET pathways that link the
isoalloxazine ring of FAD in ndh to the heme
cofactor of trHbN. One of the pathways involves
the residues Met87 and Phe90 of the trHbN
(Figure 11). The second path involves the direct
contribution of the water molecules of the
interface and the Phe90 of the trHbN. So, Met87,
Phe90 and water molecules have a major
contribution to the ET pathways. Water
molecules play an important role in mediating
the transition between FAD and Phe90, however
in two replicas where Met87 participates in the
path, there are usually no water molecules

involved.
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We can conclude that Met87 play an important
role in the ET, so blocking the path of this
residue can significantly affect the potential of
the reductase partner.

Binding site analysis. A potential binding pocket
has been identified in the interface between both
proteins, near to the position of FAD and NADH.
Key residues at this interface and directly related
to the electron transfer path together with
potential binding pocket could be used for the
drug design strategy (Figure 12). Moreover, based
on the studies by M. B. Harbut er al* two
molecules named CBR-4032 (tetrahydroindazole
series) and CBR-1922 (thioquinazoline scaffold)
can occupy the quinone and NADH binding
sites, their  structural

respectively, given

resemblance to the quinone and adenine

molecules that normally reside in those positions.

In our docking analysis, we could confirm that

our 3D structure of ndh.

Conclusion

TrHbN has a significant role on the
pathophysiology of MtB because of its high
oxygen affinity and NO detoxification ability.
However, to ensure this efficient ability a
reductase partner, which has not been identified
yet, is needed to recover the trHbN-Fe(Ill) to
trtHbN-Fe(II). In this manuscript we show a
compatible redox partner to maintain the trHbN’s
function, presenting the ndh as the potential
reductase partner for trHbN. We have modeled
the 3D structure of the reductase for ndh
sequence of Mtb, and the best candidates of the
protein-protein docking were refined by MD
simulations. Finally, the electron transfer
efficiency was assessed by the trHbN-ndh

complex, confirming its ability for an efficient

the CBR-4032 occupied the NADH position in  reaction.
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Figure 11. Representation of the major ET pathways. Heme, FAD, Met87 and Phe90 are shown as cyan sticks.
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Figure 12. Representation of the binding pocket

identified at the interface between both proteins.
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Chapter 4

4. Results summary

4.1. Study of the direct activation mechanism of AMPK

Over the last decades since formally naming AMPK%, interest in this enzyme as a target has
continued to grow due to the fact that AMPK is activated by physiological regulators.%07
AMPK has a crucial role in cellular energy homeostasis and it is regulated by different
mechanisms including the indirect and allosteric activation,® and direct activation mechanism
reported more recently (see section 1.2.2). In this thesis we have centered our efforts in the
understanding of molecular factors that govern the direct activation mechanism of AMPK.

The first direct activator was A-769662, which binds to the ADaM site formed by a and
subunits, and it needs the phosphorylation of BSer108 instead of aThr172 for its activation. For
several years, A-769662% remained the only direct activator for its type and after that, several
direct activators were reported. In 2012, a paper reviewed the existing patent databases for
AMPK activators reporting 26 patents that disclosed 10 classes of direct AMPK activators.1®®
Despite the discovery of the direct activators of AMPK, their activation mechanism remains
only partially understood. On the other hand, some of them are selective for specific AMPK
complex isoforms, while others can activate both 1 and B2 containing isoforms (see section

1.2.2.1).

Regarding the different subunits of AMPK, the y-subunit does not participate in the direct
activation mechanism, so it was not considered in our studies. Furthermore, as it is shown in
Table 1, exchange of al and a2 subunits does not have an important impact on the direct
activation of this enzyme, whereas substitution of B1 subunit is a key feature that mediate the
selective activation of a2B1 and 022 isoforms, explaining the different selectivity of A-769662
and SC4. On the basis of this information, we focused on the role played by B1 and 2 subunits
to understand the molecular mechanism that underlie the regulatory effect of direct activators

and to gain insight into the puzzling tissue-dependent modulation of AMPK.

To this end, we explored the direct activation mechanism of A-769662 in a2f1 isoform in the
first paper, and the molecular basis of the selective isoform activation of AMPK specially
targeting the role played by f1 and B2 subunits in the presence of A-769662 and SC4 was
examined in the second paper. In the third paper, which was carried out in collaboration with
Profs. A. Castro and M. S. Ferndndez, we studied a novel AMPK modulator named INDS,
which shows affinity for isoform alflyl and can act as a mixed-type inhibitor but also, can

promote the enzymatic activation by adopting two distinct binding modes at the ADaM site.
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Table 1. Activation of AMPK isoforms by selected direct activators.

Isoform
Activator Property
a2p1yl o2B2y1 | alPlyl alp2yl
A-769662
Activation fold 2 14.3 NAP® 2.0 NAP®
HO
(0]
| Kq (LM)? 0.40 0.51 145
S
12.2 54
Activation fold? 4.8 24
vt 7.7 cd 5.7¢
Ka (M) 2 0.06° 0.06 0.51
oM 0.085 0.078 1.18
Activation fold f 5.2 2.9 2.4 1.2
ECso (NM) f 17.2 5.1
\ |
N N0 0
] ECso (NM) ¢ 804 |>40puM | 937 | >40uM
A\
cl H
PF-739
Ol N
| | )>-o H
Z~N Zfz ECso (nM) ¢ 5.23 42 .4 8.99 136
O H Yon
OH
MT47-10010
Activation fold " 2.3 0.5 2.5 0.4

2 Ref 36. ° No activation detected up to a concentration of 10 pM No ¢ Ref. 35. ¢ Determined for
a2B1y2. ¢ Values obtained by using either biolayer interferometry or circular dichroism. ' Ref.
39. 9 Ref. 40. " Ref. 133.

The conformational rearrangement triggered upon binding of the compounds was studied
computationally by means of unbiased MD simulations (Table 2), and the generated ensembles
were analysed by different techniques such as essential dynamics (ED), dynamical cross-
correlation matrix (DCCM) analysis and interaction energy network. Our simulated systems
consist of 368 residues in the case of a2f1, 367 for a2p2 and 370 residues for alfl, and
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simulations were performed in triplicate for apo, holo (pPAMPK+activator) and holo+ATP
(PAMPK+activator+ATP).

Table 2. Total simulation time for each simulated system

System Simulation time
apo 6 us
pAMPK+activator (A-769662, SC4 and PF-739) 18 us
pAMPK+activator+ATP 18 us
pAMPK-+modulator (IND6) 1us
pAMPK-+modulator+ATP 1us

4.1.1. Structural Analysis

Analysis of the trajectories helps us to explore the changes induced by the binding of activators
and ATP on the transition from the basal state of AMPK to the activated form. The root mean
square deviation (RMSD) points out that the presence of activator and ATP leads to an overall
reduction in the enzyme flexibility in all the a2B1 replicas. Nevertheless, this effect is less
visible in the case of a2p2, since the RMSD values of holo systems are similar or even higher
than the values for the apo forms (Table 3). It is worth noting that in the case of PF-739,
increase in the RMSD of the holo respect to the apo species does not only happen in a2p2
isoform, even in some replicas of a2l AMPK complexes, the RMSD of the simulated

structures is not reduced from apo to the holo state.

Moreover, the per-residue mean square fluctuation (RMSF) results show a similar pattern for
both apo forms. The regions with the highest flexibility in the o subunit correspond to the
activation loop and the a helix between the residues 210 and 230 (Figure 10). Binding of the
activator leads to subtle changes in the RMSF profile, including enhanced fluctuations in the
activation loop and the aC-helix and reduction in the fluctuation of residues in the  subunit.
Binding of ATP has no apparent effect on this profile. In general, binding of the activators in the
holo states, increase the fluctuations of the main moieties in the a-subunit while reduce the

fluctuations in the main regions of the B-subunit, independently of the B-isoform.
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Figure 10. Averaged RMSF (A) of the residues along the last 500 ns of the three independent replicas run
for apo (red), holo and holo+ATP (green and black, respectively). Complexes bound to A-769662, SC4
and PF-739 are shown in different panels. The highlighted bars denote regions corresponding to P-loop

(purple), activation loop (cyan), CBM domain (orange), and C-interacting helix (green).
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Table 3. RMSD and standard deviation (A) determined for the protein backbone in apo, holo and

holo+ATP states of AMPK isoforms o2p1 and 02p2. Values determined using the energy-minimized

holo+ATP species averaged for the last 200 ns of each simulation system as reference structure.

Activator | System | Replical | Replica2 | Replica3 | Average
o2p1
apo 25205 3.1£0.6 26+0.3 2.7
A-769662 holo 23+04 1.9+0.3 22+0.3 2.1
holo+ATP 1.9+£0.2 2.0%0.3 1.9+£0.2 1.9
apo 3.2x05 29+05 3.1+£04 3.1
SC4 holo 29+04 2.2%0.3 23+0.6 2.5
holo+ATP 20+0.2 23+0.2 22+0.2 2.2
apo 26+0.6 2704 2505 2.6
PF-739 holo 25+0.3 26+05 29+0.8 2.6
holo+ATP 25+0.3 20+0.2 24+£04 2.3
02p2
apo 2.7%x0.3 3.3£0.3 3.9+£04 3.3
A-769662 holo 42+05 3.2+x04 45204 4.0
holo+ATP 21+0.2 22+0.2 19x+0.1 2.1
apo 3.0£0.3 2.8+0.2 3.4+04 3.1
SC4 holo 3.3£0.3 29%0.3 3.1£0.3 3.1
holo+ATP 23+0.2 25+0.2 27+0.2 2.5
apo 3.2+0.3 29+0.2 3.4 05 3.2
PF-739 holo 41+0.6 2704 3.1+0.3 3.3
holo+ATP 27+04 3.0£05 3.0+£04 2.9

4.1.2. Dynamics of AMPK complexes

ED analysis was used to identify the differences in the conformational motions of the protein

and disclose the changes in the protein dynamics. The main essential motions in the a2p1 and

022 apo forms are related to the core of a-helices in the a subunit and the -sheets in B subunit.

The motion of these two regions tends to bring the two domains closer and move them apart in a

concerted motion. There are some differences in the extent of these motions in some elements,

such as deformation of the CBM and the P-loop. In total, binding the activator and ATP reduces

the conformational variance of the first essential motions of a2B1 bound to the activators

(Figure 11). In the holo states, binding of the activator leads to a synchronous motion between

P-loop and the CBM domain. Subsequent binding of ATP reduces the overall flexibility of the

protein regarding the P-loop, the a-helices and the B subunit proximal to the ADaM site.

revealing a synergy between activator and ATP in increasing the stiffness of the protein.
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Figure 11. Contribution to the structural variance (%) of the first essential motion (dashed line) and the
sum of the first three essential motions (solid line) of the protein backbone for apo, holo and holo+ATP
species of AMPK. Values determined for a2f1 and o2p2 isoforms are shown in blue and red,
respectively. Values averaged for the three replicas run for each system (bars denote the standard
deviation).

In contrast to the a2f1, this dynamical behavior is less regular in a2f32. The structural variance
of the holo form is similar or even higher than the apo state. Binding of activator can increase

the flexibility of the P-loop, but the response in other structural elements is less regular.

DCCM analysis was performed to examine the correlation in the motions of residues along a
trajectory, thus complementing the ED analysis. The results show a similar trend for A-769662,
SC4 and PF-739 activators bound to AMPK. Binding of activator and ATP results in a decrease
in the dynamical correlation of the residues, this effect being more noticeable in the case of
a2p1 (Figure 12). However, it reinforces the correlation between the motion of the CBM
domain and the P-loop. Furthermore, the similarity indexes between DCCM maps are 0.91/0.84
for the different replicas of a2B1 with A-769662/SC4, but it decreases to 0.75 for o232

complexes.
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Figure 12. Dynamic cross-correlation (DCC) matrices for A) apo, B) holo and C) holo+ATP complexes
of (left) a2B1l and (right) a2B2 with A-769662. Regions colored in yellow/blue show high
correlated/anticorrelated fluctuations. The structural subunits and the most important regions of

AMPK systems are indicated.

To see how binding of activator can affect ATP.binding site, we determined the structural
resemblance of the ATP-binding site along the simulations using holo+ATP systems as
reference. For holo+ATP species, the residues in the ATP-binding site sample a reduced
conformational space for a2f31 and a2p32, while the apo species exhibits a wider distribution in
the case of A-769662 and SC4. Unexpectedly, regarding the PF739, the apo shows a narrower
distribution with one main peak centered at 2.0A for both a2p1 and a2f2 species. This fact is
completely different to the results obtained for A-769662 and SC4, where the apo structure
show larger distributions, or even a bimodal mode and the conformations sampled by the apo
are very similar to those conformations already sampled by the holo+ATP species. The most
distinctive features appear from the distribution profiles of the holo complexes (Figure 13). In
a2B1, binding of activator shifts the distribution toward the holo+ATP. In comparison, the
RMSD profile of a2B2 reveals that the activator leads to structures in which the ATP-binding
site has less resemblance to holo+ATP systems.
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Figure 13. Distribution of the positional deviation (RMSD; A) of the structures sampled along the
trajectories run for apo (red), holo (blue), and holo+ATP (orange) for the residues that shape the ATP-
binding site.

4.1.3. Comparing the network of interaction in p1 and p2 containing complexes

To investigate the selective activation of B1 versus f2 complexes, we examined the network of
interactions between the activator, P-loop and CBM unit (ADaM site). The results obtained for
a2B1 with A-769662 shows that there is a salt bridge interaction between aAsp88 and fArg83,
and at the outer edge of the ADaM site BSer108p adopts two arrangements and interacts with
aLys31 and aLys29. Regarding the 022, the interaction of fArg82 and aAsp88 is lost because
of the mutation of BlAsnlll - P2Asplll. In this case P2Asplll forms electrostatic
interactions with P2Arg82 instead of aAsp88. Moreover, this residue forms a salt bridge
interaction with BSer108p. In contrast to the dual arrangement in a2p1, BSer108p maintains a
fixed orientation in a2B2. These changes can be seen in the interaction pathways identified by

Weighted Implementation of Suboptimal Paths (WISP; Figure 14). The CBM domain and p-

188



Chapter 4

loop of 021 are connected via three pathways. One of these paths includes the BSer108p, while
the other two paths involve the ligand via the triad BArg83-aAsp88-A-769662. However, in the
holo 022 only the BSer108p pathway is found.

BSer108p

Figure 14. Representation of selected interactions between the CBM, P-loop and A-769662 in holo A)
a2p1 and B) a2p2. The two arrangements of BSer108p in holo a2B1 are shown in cyan and grey (P-loop

in yellow). Major interaction networks obtained from WISP analysis for C) a2B1 and D) a22 systems.

With regard to to the holo forms with SC4, there are two arrangements of B1Arg83 (B2Arg82).
In the first case, B1Arg83 (B2Arg82) forms a salt bridge with aAsp88. Alternatively, in the
second arrangement, [1Arg83 (B2Arg82) interacts with BSer108p and forms a cation-m
interaction with SC4 and an interaction with BAspl11 (Figure 15). This dual arrangement is
due to the electrostatic influence of the carboxylate group of SC4. Three different pathways are

found with the WISP analysis in both isoforms, involving BSer108p and the triad p1Arg83
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(B2Arg82)-SC4-aLys29. These findings assist us to understand the mild selectivity of SC4
between a2B1 and a2p2.

Phell2

BSer108p

Figure 15. Representation of selected interactions between the CBM, P-loop and SC4 in holo A) a2p1
and B) a2B2. The distinct conformations arrangements are shown in cyan and grey colors (P-loop in

yellow). Major interaction networks obtained from WISP analysis for C) a21 and D) 0232 systems.

In the case of PF-739, we can divide the interaction network in two regions. The first one
corresponds to the salt bridge interaction formed between the 31Arg83 with the a Asp88, which
at the same time is also forming a hydrogen bond interaction with the PF-739. This pattern is
maintained for both a2B1 and a2p2 isoforms (Figure 16). In the second region, the BSer108p
makes salt bridge interactions with oalLys29 and alLys31. Moreover, an additional contact
conserved for all the species along the simulation regards to the hydrogen bond between alLys31
and the hydroxymethyl-cyclopropyl group.
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On the other hand, the motion of the sugar-like mannitol appendage after 500ns of MD
simulations involves an important change in the P-loop, favoring a new interaction between
aLys29 of the P-loop and the ligand. This orientational change has a higher critical effect on the
a232 species due to the substitution of B1Asn111 to B2Aspl11. This substitution results in two
different conformations of the B2Arg82.

Regarding the WISP analysis for the holo 021, the CBM domain and the P-loop are connected
via two main pathways. One involves the pathway through the BSer108p and the ligand, while
the second path involves the triad B1Arg83-aAsp88-PF739. However, only one pathway is
observed for holo a2f32, which involves the connection between a- and - subunits through the
BSer108p (Figure 16).

Figure 16. A) Representation of selected interactions between the CBM, P-loop and PF-739 in
holo a2p1 (top) and a2p2 (bottom) species. The a-subunit is shown in orange cartoon, while the
B-subunit is shown in grey cartoons. PF-739 is shown in grey and light blue sticks in the ADaM
site. Selected polar interactions are highlighted as dashed lines. B) Major interaction networks
obtained from WISP analysis. C) Subtraction average of the dynamical contact network!! of
apo — holo states for a2f31 (top) and 022 (bottom) species. The edges coloured in red show
atomic couples of contacts formed in the holo state with respect to the apo state, while the blue

edges represent contacts that are lost in the holo state.
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4.1.4. Identifying a new AMPK modulator

In this study, we introduced a novel indolic compound as modulator of endothelial AMPK that
acts as a mixed-type inhibitor.* It means that IND6 may bind the ATP-binding site leading to
competitive inhibition of the enzyme, but also suggest that IND6 may regulate the AMPK
activity through an alternate mechanism, presumably involving binding to an additional pocket.
The binding modes of IND6 and SBI-0206965, which is another mixed-type inhibitor, have

been investigated by MD simulations, enzymatic assays and surface plasmon resonance (SPR).

In the case of SBI-0206965, the compound remains stably bound to the ATP-binding site in all
the simulation time and this binding was assisted by two hydrogen bonds between SBI and
aVal98 of the hinge region of ATP-binding site (Figure 17). On the other hand, the MD

simulations of IND6 show larger fluctuations, which is reflected in the separation from aVal98

and oGlu96 to INDG6.

7 <( L « [
a§ e < . Nl
Y i
7\~ ATPbinding {
| Py ite /
DS, -
/f{ﬂ) N\ ) N

-
Figure 17. Representation of the binding mode of SBI-020695 and IND6 to the ATP-binding site of
AMPK. A) Superposition of the X-ray crystallographic structure of AMPK bound to SBI-020695 and a

representative snapshot taken from the MD simulations. B) Representative snapshot of the MD simulation
run for the AMPK-IND6 complex. The P-loop is highlighted in yellow. SBI-020695 and IND6 are shown

A\

A

-

in sticks. C atoms colored in cyan and orange shown the X-ray and final position of the ligand in MD

simulation, respectively. Hydrogen atoms have been removed for the sake of clarity.

To investigate the modulatory effect of IND6, we performed other MD simulations where IND6
was located in the ADaM site (Figure 18). These studies show that IND6 could adopt two
different binding modes. In the first one, INDG6 is bound to the hydrophaobic cavity in the ADaM

site and two salt bridges can be observed between IND6 with aLys31 and aLys33. In this case
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the top of the P-loop points to the N-terminus of the aC-helix, so the ATP-binding site will be
accessible for the binding of ATP mimicking the role of A-769662 in this binding site. In the
second case, IND6 adopts a displaced position in the ADaM site, shifted toward the aC-helix
and locates on the top of the P-loop, forming electrostatic interactions with aLys31 and aLys33
and also, a cation-m interaction with BArg83. This binding mode results in a structural distortion

of the P-loop and makes the ATP-binding site unable to accommodate ATP.

Figure 18. Superposition of the X-ray structure of the ternary complex formed by AMPK bound to A-
769662 and ATP (C atoms in cyan and green, respectively), and a representative snapshot of IND6 (C
atoms in orange) bound to the ADaM site. (A) Activating binding mode. (B) Non-competitive binding
mode. The P-loop is shown in yellow. Selected interactions with protein residues are indicated as dashed

lines. Hydrogen atoms have been removed for the sake of clarity.
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4.2. Exploring the probable reductase partner for trHbN

As noted in the Introduction, we aimed to identify the potential reductase partner for truncated
hemoglobin N (trHbN) in Mtb. Many pathogenic microorganisms have the nitric oxide
detoxification (NOD) mechanism mediated by hemoglobins.®® In this process, a globin domain
in conjugation with a reductase partner performs the conversion of toxic NO produced by

macrophages to harmless nitrate anion''? (eq 8).

Fe (II) 0, + NO 2 Fe (III) + NO3 (8)

TrHbN has a potent NO deoxygenase activity despite lacking a reductase domain. The
mechanism by which this protein recovers itself during NO detoxification and also, its reductase
partner is still unknown.** On the other hand, trHbN is not a druggable target due to the lack of
typical druggability hallmarks in its structure, which restricts its suitability for drug discovery.
However, if we can interfere with the redox process required to regenerate the ferrous species
from ferric form at the end of the chemical reaction, the survival of the bacillus would be
seriously compromised. Therefore, identifying and characterizing of the reductase partner is
crucial for inhibiting its ability to act as a redox partner and preventing its ability to form a
functional complex with trHbN.

Heme iron coordination in trHbN is well suited for conducting O2/NO chemistry for NO
dioxygenation,'** which is modulated by two structural features in this protein; i) Pre-A region
(12 residues) needed for optimal NOD activity,®” and ii) the protein tunnel system, which is
formed by short and long branches that facilitates ligand entry to the heme site.!®> The O,
reaches the heme cavity via the tunnel short branch, which triggers dynamical alternation to the
protein backbone and regulates the opening of the long branch, so facilitating the access of NO
to the Oz-bound heme.>°

The NOD function relies on the stabilization of O;into the deoxygenated heme, rapid migration
of NO to the heme cavity, and a fast electron transfer from an electron donor to recover the
ferrous state to ferric and restart a new cycle.%®% This project was carried out to answer the
question that how trHbN can perform efficiently the NOD function which depends on the

structural and functional compatibility with a reductase partner.

4.2.1. Searching for the reductase candidates

In the first step, since trHbN is found in membrane and the periplasmic space, we searched in
the Tuberculist!!® database to find the most probable reductase partners with respect to different
important characteristics, such as having a transmembrane helix (TMH) attached to the

membrane and their function as a reductase or electron transfer proteins. The results of this step

194



Chapter 4

led us to the identification of three putative reductases: two type Il NAD dehydrogenases ndh,

ndhA, and one ferrodoxin reductase fdxB (Scheme 3).

4.2.2. Building the 3D structures

For further investigations, we needed to have the three-dimensional (3D) structures of the
candidates. These structures were built by homology modeling using two webservers; SWISS-
MODEL® and I-TASSER? excluding the residues related to the TMH, because in this step we
needed the part of the protein which interacts with trHbN and adding this part to the protein
sequence using to build the 3D structure might introduce some artifact in the final structure.
Both of these webservers performed well in the last Critical Assessment of Protein Structure
Prediction (CASP) challenge. In particular, I-TASSER has been consistently ranked amongst
the top methods in the community-wide CASP experiments for accurate 3D structure
prediction.!!” Comparison of the results obtained from the two homology modeling algorithms
revealed that there are no significant differences between the modeled structures, except in some
parts that formed by some linker loops. Because of the better performance of I-TASSER

predictor, we continued with the structure obtained from this webserver.

- Function

Essentiality

11

: Homology :
Rv1854c (ndh) modeling i
Rv0392¢ (ndhA) * 4 (SWISS- E— §0ckmg
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Gene
information MD
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Scheme 3. Schematic information of the bioinformatics strategy undertaken to identify putative

reductases relevant for mediating in NO scavenging in Mtb.
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4.2.3. Protein-protein interaction

ClusPro® was used to define the interaction between trHbN (PDB: 1IDR) and the reductase
candidates. Amongst the various protein-protein poses, the best ones were chosen based on the
population of poses in the docked solutions, the shortest distance from the geometrical centers
of heme and FAD, and the lowest energy specified by the algorithm of ClusPro (Table 4). The
program uses PIPER program, which is based on the Fast Fourier Transformation correlation
approach. In the case of ndh and ndhA, the distances between the heme and FAD cofactor were
around 11 A, whereas the distance in fdxB is enlarged to 25 A (Figure 19). The large distance
between the FAD and heme cofactors in trHbN and fdxB occurs due to the accumulation of
various loops in the interaction areas of these two proteins. To avoid this problem, we divided
the sequence of fdxB into two parts and we built one 3D structure with I-TASSER for each part
and then, we docked these two structures by the use of Cluspro webserver to make the complete
protein. After accomplishing this step, we again performed the protein-protein interaction
between trHbN and fdxB and the distance between cofactors was reduced to 15A.

Table 4. The characterization of ten protein-protein poses of trHbN-ndh obtained from ClusPro.

Cluster Members Representative Weighted Score
0 95 Center -649.0
Lowest Energy -743.6
1 67 Center -824.5
Lowest Energy -824.5
2 52 Center -743.8
Lowest Energy -765.0
3 45 Center -714.2
Lowest Energy -716.3
4 43 Center -675.7
Lowest Energy -703.6
5 38 Center -674.3
Lowest Energy -742.2
6 32 Center -646.5
Lowest Energy -797.2
7 32 Center -709.4
Lowest Energy -765.4
8 29 Center -696.7
Lowest Energy -744.2
9 27 Center -147.2
Lowest Energy -7147.2
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The 3D structures and the interaction between trHbN and potential reductase partners are
important points to select the most promising candidates; however, other factors need to be
considered. The fundamental role of ndh in Mtb respiration is supported by a wild range of
biochemical'!® and transcriptional studies.!*® The Mth genome contains two copies of ndh genes
(ndh and ndhA). Ndh and ndhA share 67% sequence identity. A strain of Mtb in which ndh has
been disrupted is nonviable,'?° however a ndhA deletion mutant of Mtb can be easily isolated.!?
So, ndh is essential for Mtb while ndhA could be deleted without causing an adverse effect in
vitro.!® Moreover, based on the studies of Yano et al,*?2trHbN appears to be a druggable target
as phenothiazines (a class of antipsychotic drugs) are reported to be inhibitors of this protein),!%
so this fact could solve the druggability problem of trHbN. Additionally, this protein is absent
from the mammalian genome, which reinforces its relevance as a potential target. All these
findings led us to choose ndh as the potential reductase partner for the next steps.

A) trHbN-ndh B) trHbN-ndhA C) trHbN-fdxB

Figure 19. The representation of the dimeric complex trHbN (wheat) — reductase (Magenta) for A) ndh,
B) ndhA and C) fdxB obtained after protein-protein docking. The FAD cofactor and heme are indicated

with sticks.

In the next step, different MD simulations were performed using AMBER16 package'®* for six
replicas, including three replicas without restraints and three with restraints in the position of
FAD in order to avoid the artefactual movements of this cofactor. In the restrained simulations,
the RMSD showed that both trHbN and ndh proteins fluctuate in the first 200ns of the
simulations, and then they remain stable until the end of the simulations with an average RMSD
of 2.8 + 0.4 A. In the case of the replicas without restraints, two replicas were stabilized after
the first 50ns of simulations and the third one after 300ns of MD.

The final snapshots of one of the replicas without restraints were selected to add the NADH
cofactor, and therefore one MD simulation was performed for 500ns with the presence of
NADH and FAD. The RMSD value of the complex containing all cofactors was larger than the
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previous RMSD. This increase is basically due to the RMSD of the ndh reductase, which needs
to adapt its conformation to the NADH cofactor. The RMSD of trHbN was stable along 500ns
of the simulation. At the end of this step, we could achieve a stable and refined complex with an
acceptable distance between FAD and heme in order to analyze the electron transfer rate
between these two cofactors.

The estimation of electron transfer (ET) was performed by the Beratan algorithm.?512%6 The ET
rate was determined for 4000 frames along the trajectory (Figure 20). The results indicated an
ET rate of 3.4 x 107> eV. This rate is comparable with the electron coupling reported for
E.coli flavoHb (7.1 x 107> eV), a system that is known to cycle electrons very efficiently. The
analysis of ET pathways helped us to identify the important residues for electron transfer; so,
Met87 and Phe90 with water molecules have a major contribution to the ET path. Water
molecules play an important role in mediating the transition between FAD and Phe90, but if
Met87 involves in the transfer is very likely to replace the water as a bridge between the FAD
and Phe90.

v >
Met87

Figure 20. Representation of the major electron transfer pathways. Heme, FAD, Met87, and Phe90 are

shown as cyan sticks.

With respect to all this information, we showed a compatible redox partner to maintain the
trHbN’s function, presenting ndh as a potential reductase partner for trHbN, and hence a
promising target against TB (Figure 21). All in all, we have the 3D model of this candidate and
the best pose of interaction between this partner and trHbN. Moreover, a potential binding
pocket in the interface between both proteins, key residues at this interface and directly related
to the ET path have been identified, which could be utilized for the drug design strategies.

On the other hand, we are trying to express and purify these two proteins in order to estimate the

electron transfer rate and confirm our hypothesis in vitro environment.
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trHbN

trHbN Reductase partner
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Figure 21. Representation of the in silico 3D model of the complex between ndh and trHbN. The position
of the heme cofactor in trHbN, and both FAD and NADH in ndh is shown, together with a schematic

representation of the arrangement relative to the Mth membrane. Selected residues that may participate in

the protein-protein interface and mediate electron transfer are shown on the right.
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5. Discussion

5.1. AMPK

5.1.1. Study of the direct activation mechanism of AMPK

In the first part of our studies, we have disclosed the direct activation mechanism of AMPK by
A-769662, which binds to the ADaM site located at the interface of a- and - subunits. This
binding cavity is not recognized in other kinases, so AMPK has gained interest as a potential
therapeutic target, especially in the context of pathological dysfunction.

A-769662 activates AMPK independently of a-Thrl72 phosphorylation; instead it needs the
BSer108 to be phosphorylated. Binding of A-769662 enhances the a2f31 isoform of AMPK up to
more than 90-fold when pBSer108 is present. On the other hand, A-769662 demonstrates
selectivity for a2PB1 and it is not active in isoform 02p2, while another activator, SC4, can
activate both B1 and B2-containing AMPK complexes, although a slightly higher activation is
observed in a2P1. These finding raises a question about the underlying molecular mechanisms
implicated in the enzyme activation. Therefore, in the second part of our research, we focused
on the role played by B subunit in the selectivity of different isoforms of AMPK via binding of
A-769662, SC4 and PF-739.

We can conclude that the presence of the activator and ATP affects the protein flexibility,
specially regarding the motion of the N-terminus of the a subunit and the regulatory domain of
the B subunit, which are more sensitive to the presence of ligand. Also, a decrease in the RMSF
values is observed for the region that encloses the P-loop, since the activator is located at the
interface formed by the CBM domain and the P-loop. This effect is less apparent for the a232
complexes, suggesting that the activator induces a weaker structural stabilization upon binding

to a2p2 isoform.

Comparison the results obtained from ED analysis shows a significant reduction in the overall
flexibility of the protein in holo+ATP systems, especially regarding the P-loop and the aC and
C-interacting helices but also in the elements of the f subunit proximal to the ADaM site, which
are much less flexible in the holo states. These findings reflect the synergy between activator
and ATP in increasing the stiffness of the a2l AMPK complex and can be viewed as a
mechanism to translate the binding energy in to changes in the mechanical sensitivity of the
protein dynamics that should facilitate the enzymatic catalysis of AMPK. The dynamical
observed for 021 is less regular in 022, as the structural variance of the first essential motion
in the apo system remains unaltered or is even increased in the presence of the activator. In the

holo+ATP system of a232 there is lack of a consistent pattern of structural flexibility.
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The output of the DCCM and the RMSD of ATP-binding sites are in agreement with the
previous results. Inspection of the DCCM matrices allows the examination of the impact of
ligand binding on the dynamical behavior of the enzyme. The gross features of the apo systems
can be recognized in the matrices of holo and holo+ATP, but there is a significant reduction in
the extent of the correlated motions. Moreover, in the plots of the holo, we can see a
reinforcement in the correlation between the motion of the CBM domain and the P-loop, which
suggests that binding of the activator has a direct influence on the preorganization of the ATP-
binding site and the conformational rearrangement of the P-loop can enable the adoption of a
proper conformation well suited for binding of ATP. Although an overall gross similarity exists
in the dynamical behavior of both 021 and a2p2, the results show some subtle differences
between the DCCM of these two isoforms. This information suggests that the 232 complex has
a larger resilience to the structural modulation exerted by the activator, while a2B1 is more

sensitive to the conformational changes induced upon binding of the activator.

From the RMSD of the ATP-binding site along the trajectory, we can see that in the case of
holo+ATP, the residues shaping the ATP-binding site (which includes the P-loop), sample a
reduced conformational space with a peak in the narrow population (1.0-1.6A) for both o2p1
and a2PB2. The most distinctive features emerge from the distribution profiles of the holo
species. For 02p1, binding of the activator shifts the holo distribution toward the holo+ATP, as
noted in the narrowing of the distribution profile with regard to the apo species. This finding
represenst the concept that the activator acts as a molecular glue that connects the fluctuations
of the CBM domain in the B subunit with the conformational flexibility of the P-loop and
enhances the tendency to preorganize the P-loop for binding to ATP. In contrast, in 022
complexes, the activator leads to structures where the ATP-binding site has less resemblance to
the holo+ATP system. These differences mainly arise from the P-loop, saying that the activator

is less effective in inducing the remodeling of the P-loop.

In order to find the reason of the selectivity of a2p1 and a2p2 complexes with A-769662, SC4,
and PF-739, key residues required for the formation of the allosteric network that connects the
ADaM and ATP-binding sites through interaction with ligands were studied. In particular, the
interactions between aAsp88 and f1Arg83 and between PpSer108 and alys29 are crucial for
the enzyme activation in the case of a2f31 complexes with A-769662. The different interaction
networks observed upon binding of A-769662 to a2B1 supports the effective role of the
activator in assisting synergistically the fluctuation of the CBM unit and the P-loop which
facilitates the preorganization of the P-loop for binding to ATP. This effect is weakened in 0232
species in which the B1Asnl11 is substituted with p2Asp111. p2Asp111 competes with aAsp88
in forming electrostatic interactions with f2Arg82. In holo a2p1, the CBM domain and the P-

loop are connected via three pathways, whereas only the BSer108 pathway is found in holo
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a2P2. These changes highlight the inefficacy of A-769662 in acting as a molecular glue
between the CBM domain and the P-loop. On the other hand, the changes of residues 1Phe82,
BlLeu93 and PlLeul03 to B21le81, p211e92 and P2lle103, which are embedded in a
hydrophobic cluster in the CBM domain, result in enlarged fluctuations of the hydrophobic core
in 022 and the conformational change observed for B2Tyr125 and p2Phe96.

In the case of SC4, there is a dual interaction network that connects the CBM domain and the P-
loop via BSer108p, specially the BArg83-SC4-aLys29 triad. These findings can pay a way to
understand the mild selectivity between Bl and P2 containing AMPK. This trait can be
attributed to the electrostatic effect of the carboxylate group of SC4 assisting the adoption of the
two arrangements of B1Arg83 (B2Arg82), relieving the effect of the f1Asnl11 substitution.
This likely contributes to explain the 6-fold reduction in the activation potency determined for
a2p2y1 upon substitution of the SC4 pyridine-like nitrogen in the imidazo[4,5-b] pyridine ring
for carbon.

Regarding PF-739, we can observe the interaction networks in two regions, one corresponds to
the B1Arg83 and aAsp88 and the second region is related to the interactions formed by
BSer108p. The motion of the PF-739 along the simulations results in an important change in the
P-loop, favoring new interactions between alLys29 and the P-loop and also BP1Arg83 and the
ligand. The orientational change of the ligand has a higher critical effect on the a2p2 due to the
substitution of Bl1Asnl11 > B2Asplll, which provokes two different conformations of the
B2Arg82. In the case where the sugar-like mannitol group is facing towards the P-loop, the
B2Arg82 is forming an interaction with the P2Asp111, losing all the contact with the aAsp88.
Also, the f2Aspl11 is in contact with the BSer108p, which maintains its interactions with both
aLys29 and aLys31 from the P-loop. These interactions reinforce the connection between a-
and B-subunits. However, when the sugar-like mannitol is facing up, the f2Arg82 forms the salt
bridge with the aAsp88 and loses all the contact with the B2Asp111. This conformation is less
stable and less sampled during the simulation. These observations are also found in the major
interaction networks. In holo a2p1, there are two pathways that connect the CBM domain and
the P-loop, one involves the BSer108p and the ligand and the other one involves the triad
B1Arg83-aAsp88-PF-739. In holo a2f2, there is only one pathway through BSer108p. These
results agree with the interaction formed between B2Arg82 and P2Aspl11, which weakened
considerably the interaction between f2Arg82 and aAsp88. These results can explain the higher
affinity of PF-739 towards the 1-isoform.
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5.1.2. AMPK modulator

In the third part of our studies, which was in collaboration with the research group of Profs. A.
Castro and M. S. Fernandez, we investigated a novel indolic derivate, IND6. IND6 seems to
behave as a paradoxical activator of the endothelial AMPK al1f1y1 in EA.Hy926 cells, although
exhibits a mixed-type inhibition in the enzymatic assays. The binding mode of the compounds

has been assessed by combining MD simulations, enzymatic and SPR assays.

After screening of the compounds for binding to the AMPKalB1y1 using SPR technique, their
effect on the enzymatic activity of AMPK was assessed through a luminescent assay with the
recombinant AMPK. All the compounds reduce the activity of AMPK alflyl at 30 puM,
therefore they can be considered as inhibitors. IND6 was selected as representative compound to
perform a detailed evaluation of the biological effect on the enzyme activity. Then, IND6 was
subjected to enzymatic kinetic analysis to examine its competition with ATP. On the other hand,
SPR sensorgrams showed that IND6 presented an additive effect on the binding to AMPK,
proposing that it can bind at different binding sites.

Due to its mixed-type inhibition, we investigated the binding of IND6 (and SBI-0206965 as
reference) to the ATP-binding site using MD simulations. In the simulations related to SBI-
0206965, this compound remains stably bound in the ATP-binding site assisted by two
hydrogen bonds, in contrast the MD simulations for IND6 reveals larger fluctuations of the
ligand in the binding site. This behavior can be related to the flexibility of the benzyloxy moiety
and the non-planarity of the central benzene ring of the indole ring. Also, it enhances the
fluctuations of the P-loop results in the enhancement of the hydrogen bond distances formed
between IND6 with aVal98. These traits agree with the 27-fold lower potency of INDG6 relative
to SBI-0206965. This information agrees with the ability of IND6 to bind to ATP-binding site
leading to competitive inhibition of the enzyme.

To examine the binding of INDG6 to the ADaM site, additional MD simulations were carried out,
leading to the identification of two distinct binding modes. In the first case, IND6 is deeply
bound into the hydrophobic cavity of the ADaM site. It leaves the ATP-binding site accessible
for the binding of ATP and the conformation sampled for the P-loop is similar to the AMPK
complex bound to A-769662. So, IND6 might mimic the role of A-769662 in this binding
mode. In the second binding mode, IND6 protrudes from the ADaM site toward the aC-helix
and locates on the top of the P-loop. This binding mode induces a structural distortion of the P-
loop, making the ATP-binding site unable to accommodate ATP and it can explain the non-

competitive mechanism of the mixed-type inhibition on INDG6.
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5.2. Exploring the reductase partner for trHbN

With an estimated of 10.4 million people infected with tuberculosis, it is the ninth leading cause
of death worldwide, causing 1.72 million deaths in 2018 (WHQO). Multidrug resistance, drug
side effects, and co-infections make it necessary to find novel and safety antimycobacterial
agents. Our project aimed to search for novel therapeutic approaches targeting the molecular
basis of the nitrosative stress resistance of Mth. In particular, the aim is to target the putative
reductase partner required to sustain the NO scavenging activity and perturb both the electron
respiratory chain in Mtb and the NO scavenging activity that contributes to the survival of the
bacillus. TrHbN converts NO into harmless nitrate anion in a process with the oxidation of
heme Fe(ll) to Fe(l1l). Since the conversion of NO to nitrate requires the oxidation of ferrous to
ferric state, we attempted to discern the potential influence of putative reductases to regenerate
efficiently the ferrous form of trHbN.

Considering this hypothesis, in the first step, we followed an integrative approach that combined
i) the structural and functional information available for trHbN, particularly regarding the
localization in the cell membrane and the cell wall, ii) a bioinformatics analyses of the Mtb
genome searching for reductase and electron transfer proteins, and iii) a search of the data
available regarding transcriptional changes in early phases of infection.!?’-12% The analysis led to
three putative reductases: two type Il NAD dehydrogenase, ndh and ndhA, and a ferrodoxin
reductase, fdxB.

After recognition of the proteins, we built the 3D structures with two different programs with
the highest accuracy, I-TASSER and SWISS-MODEL. The output of these 3D predictors
helped us to solve the 3D structures of three candidates, providing accurate information about
the specific fold of the protein. The results of both predictors indicate that there are no
significant differences between the two structures obtained. The RMSD of 2A for the backbone
atoms confirm the highest similarity between the 3D structures built by I-TASSER and SWISS-
MODEL. Since I-TASSER is the best server for full-length 3D protein structural predictor
based on CASP reports,'’ we chose the I-TASSER model and we performed the protein-protein
docking to prove the trHbN-reductase interaction and to identify the factors implicated in it.
Amongst the 10 poses obtained from ClusPro webserver for each reductase-trHbN complex, we
paid attention to the distance between FAD and Heme to accomplish the electron transfer
efficiently and also the lowest energy as specified by using balanced ClusPro algorithm. In the
case of ndh and ndhA, the distance from the geometrical centers of heme and FAD was around
11A, but regarding the fdxB, it was enlarged to 25A. This large distance was affected by the
predicted 3D structure, especially regarding the arrangement of loops in the interface, but a
remodeling study led to a new 3D structural model where the distance between FAD and heme.
was to 15A.
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For the next step, we decided to choose one candidate to perform the MD simulations. Among
the three, the best candidate for drug discovery is ndh due to these findings: i) ndh and ndhA
share a high degree of amino acid similarity, but gene knockout showed that ndh gene is
essential while ndhA could be deleted in Mtb without any adverse effect, ii) ndh is druggable, as
noted in a recent identification of two compounds targeting ndh,* and iii) ndh is absent from
the mammalian genome and can be considered as a potential target.

Based on these factors, we selected ndh and we performed different MD simulations with and
without restraints in the position of FAD. After preliminary rearrangements, the complex was
found to remain stable until the end of the simulations, resulting in an average RMSD of
2.8+0.4A. The regions with the highest flexibility correspond to residues 100-121 of trHbN and
residues 300-350 and 370-400 of ndh, which are involved in the protein-protein interface and
loop structures, which are located in the outer parts of the protein.

The ET between two proteins was estimated to have an electron transfer rate of 3.7 x 10~ °eV,
which is acceptable in light of the results reported for other systems that are known to cycle
electrons very efficiently.1? There are two main ET pathways that link the isoalloxazine ring of
FAD in ndh to the heme cofactor of trHbN involving residues Met87 and Phe90 of trHbN.
Water molecules play an important role in mediating the transition between FAD and Phe90,
however when Met87 participates in the path, there are usually no water molecules involved,
which confirm the importance of these residues in conducting the ET. So, blocking the path of
these residues may affect the potential of the reductase partner.

Finally, a potential binding pocket has been identified in the interface between both proteins that

can be used for the drug discovery strategies.
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6. Conclusion

This section summarizes the main conclusions found in the course of this work:

6.1. AMPK

The presence of the activator in a2B1 isoform of AMPK affects the protein flexibility
particularly regarding the motion of the N-terminus of the catalytic a-subunit and the
regulatory domain of the 3-subunit.

In a2P1 isoform, the activator acts as a glue, filling the space between the -subunit and
the N-terminal domain of the a-subunit, favoring the binding of ATP and results in the
increase of the AMPK activity.

The shape and the size of the ATP-binding pocket are allosterically regulated by the
binding of activator and tend to adopt a topology well suited for ATP binding.

The results of the structural analysis revealed key residues required for the formation of
the allosteric network; the interaction between Asp88 and PArg83 and between fSer108
and aLys29 are critical for the enzyme activation.

The role of the activator in facilitating the adoption of pre-organized conformations of
the ATP-binding site is weakened in holo a2f2, which results in decreased efficacy of
A-769662.

The lower efficacy of the activator in a2f32 isoform is related to the occurrence of the
B1Asnl11-> B2Aspl11 substitution, which affects the pattern of interaction formed by
the activator upon binding to the ADaM site.

Changes of residues B1Phe82, B1Leu93 and f1Leul03 to B21le81, f211e92 and B2I1e103
which are embedded in in a hydrophobic cluster in the CBM domain, leads to enlarged
fluctuation of the hydrophobic core in the holo a2B2 and also the conformational
change observed for f2Tyr125 and B2Phe96 resulting in local remodeling of the CBM
unit.

In the case of SC4, the mild selectivity between B1 and p2-containing AMPK can be
explained by the resemblance of the dual interaction networks that connect the CBM
unit and the P-loop via BSer108p and particularly the fArg83-SC4-aLys29 triad.

The electrostatic influence of the carboxylate group present in SC4 facilitates the
adoption of the two arrangements of BArg83 (BArg82), tempering the effect of the
B1Asnl11 > B2Aspl11 substitution.
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The single substitution of B1Asnl111 = B2Aspl11 can change the interaction networks
formed surrounded the activator and induce better mechanical responses of the a2p1
isoform towards the interaction of PF-739 in comparison to the a22.

Even in the case of a pan-activator like the PF-739, still subtle residue substitutions in
the ADaM site are responsible for difference in affinity towards the isoforms.

We were able to indicate key molecular features that mediate the selective activation of
a2f1 and a2pB2 isoforms, explaining the different selectivity of A-769662, SC4 and PF-
739.

6.2. TrHbN

212

o We demonstrated a novel mechanism by which trHbN interacts with a compatible
redox partner to maintain its NOD activity. In particular, ndh emerges as a potential
partner for trHbN function.

e  The complex formed between ndh and trHbN proteins remain stable during the MD
simulations, enabling the identification of the residues that define the protein-
protein interface.

e The assessment of the ET pathways helped us to identify important residues for the
electron transfer. Met87 and Phe90 with water molecules have a major contribution
to the ET path.

e Potential binding pocket in the interface between both proteins, key residues at this
interface and directly related to the ET path have been identified, which could be

utilized for the drug design strategies
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