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Abstract Adenosine monophosphate-activated protein kinase (AMPK) is viewed as a privileged
therapeutic target for several diseases such as cancer, diabetes, inflammation, obesity, etc. In
addition, AMPK has entered the limelight of current drug discovery with its evolution as a key
metabolic regulator. AMPK also plays a key role in the maintenance of cellular energy homeo-
stasis. Structurally, AMPK is a heterotrimeric protein, which consists of three protein subunits (cx,
3, and y). The crystal structure of AMPK was solved, and several computational studies
including homology modeling, molecular docking, molecular dynamics, and QSAR have been
reported in order to explore the structure and function of this diverse therapeutic target. In this
review, we present a comprehensive up-to-date overview on the computational and molecular
modeling approaches that have been carried out on AMPK in order to understand its structure,
function, dynamics, and its drug binding landscape. Information provided in this review would be
of great interest to a wide pool of researchers involved in the design of new molecules against
various diseases where AMPK plays a predominant role.

Keywords Adenosine monophosphate-activated protein kinase - Drug design - Computer-aided
drug design

Introduction

AMPK

5'-Adenosine monophosphate-activated protein kinase (AMPK) is a serine/threonine-specific
protein kinases (EC 2.7.11.11) [1-3]. It was discovered while referring to metabolic activation of
acetyl-CoA carboxylase (ACC) and HMG-CoA reductase (HMGR) by phosphorylation. AMPK
controls energy metabolism and appetite. Structurally, AMPK is composed of (i) a « catalytic
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subunit (ii) a scaffolding (3 subunit, and (iii) a nucleotide-binding 'y subunit (Fig. 1) [4]. AMPK
activates a wide range of proteins containing evolutionarily conserved sequences. It is expressed
highly in the liver, brain, and skeletal muscle. AMPK stimulates the transport of glucose and
oxidation of fatty acids in skeletal muscle, and it also decreases glucose output and increases fatty
acid oxidation in the liver. AMPK is regulated by AMP/ATP ratio and upstream kinases [1-3].

AMPK Activators
Activating Molecules
Several efforts have been made to discover small molecules acting as AMPK activa-

tors [5-10]. 5-Aminoimidazole-4-carboxamide-1-p-D-ribonucleoside (AICAR) is cur-
rently employed as the reference AMPK activator for biochemical studies. Recently,
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Fig. 1 Molecular assembly of AMPK: Catalytic & subunit (blue), 3 subunit (green), and 'y subunit (orange red)
with a glycogen and nucleotide-binding domain and b Glycogen and inhibitor binding domain
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the development of small molecules as AMPK modulators was studied by emphasiz-
ing their pharmacological significance [11]. The activation of AMPK also poses a
relook at the pharmacology of existing drugs that alter the biochemical pathways.
Salicylate has been recently reported as a direct activator of AMPK [12]. Indirect
activation of AMPK by the existing antidiabetic drug (metformin) [1.1] has been
proposed and its new application for the treatment of cancer is being clinically
investigated [13]. Pharmacology of a number of drugs and natural products, including
resveratrol [1.2], berberine [1.3], rosiglitazone [1.4], x-lipoic acid [1.5], bortezomib
[1.6], cilostazol [1.7], estrogen [1.8], 3,3’-diindolylmethane (DIM) [1.9], genistein
[1.10], lycopene [1.11], ketamine [1.12], pitavastatin [1.13], olanzapine [1.14], and
atorvastatin [1.15] are also postulated to act by indirect AMPK activation (Fig. 2) [7
10, 13-26].

These kind of reports may support the claims for considering AMPK as obligatory
screening target for predicting the side effects of drugs. Though the current drug design
strategy seeks AMPK activation, a contradictory approach may be required at some
instances when a tumor adopts activated AMPK consequences for its growth under stress
[26]. In a recent study, it was proposed that inhibition of AMPK activity may provide a
therapeutic strategy for amyotrophic lateral sclerosis (ALS) [27].
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Fig. 2 A list of molecules involved in AMPK activation [5-22]
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Activation Mechanism

AMPK is activated by phosphorylation of the Thr172 moiety by various upstream
kinases like liver kinase B1 (LKB1), Ca(2+)/CaM-dependent protein kinase f3
(CaMKKf) and transforming growth factor beta-activated kinase 1 (TAK1) (Fig. 3)
[28-31]. A 15-mer peptide sequence is identified to be present in the kinase domain as
a substrate recognition motif [®(X,b)XXS/TXXX®P], where ® is a hydrophobic residue
and b is a basic residue. Recently the motif has been revised with six additional residues
[32]. Phosphorylation of the catalytic domain at the « subunit is induced by conforma-
tional changes in the protein brought about by AMP/ADP binding to cystathionine-3-
synthase sequences (CBS) located in the N-terminus of y subunit [28, 33-37]. ATP
binding to the CBS domain will antagonize this process via dephosphorylation by protein
phosphatases (Fig. 3) [38]. These distinct allosteric modulations in the complex is
induced by the binding of adenosine nucleotides, which paved the way for identifying
AMPK as plausible target for synthetic activation. Mutational studies in the y subunit
further supported its role in activation of the AMPK complex. The most interesting
finding is that the y2 isomeric complex is more dependent on AMP in comparison with
the y3 isoform to produce active complex conformation [34]. The 3 subunit in the
AMPK complex acts as a basement and contains recognition sequences in the C-terminus
to hold & & {3 subunits [39, 40], whereas, the N-terminus of the (3 subunit contains a
carbohydrate binding module CBD (also referred as glycogen binding domain) for
glycogen binding and a myristoylation site for reversible membrane binding [41-44].
Membrane docking is found to be significant for controlling the activity of the AMPK
complex. It is mentioned that point mutation at the myristoylation site produced a 4-fold
increase in AMPK activity [44]. Synthetic activator binding studies at the interface of
kinase-CBD domains explored a significant hydrophobic cavity (Fig. 4), which was
postulated as binding site for natural ligand. However, no such natural substrate has
been discovered so far [45].

————>——— ACC1 » Fatty acid synthesis
CaMMK, LKB1, TAK1
———>¢——» HMGR » Sterol synthesis
'7 4 amp:ATP
lAnabolic eﬂec;— 5¢—» SREBP1c, ChREBP » Transcription of
lipogenic genes

F——>%—— TIF-1A » Transcroption of
ribosomal RNA

-

L 5% » mTORC1 » Protein synthesis,
translation of

- ribosomal proteins
AMPKC AMPK-P
= GLUT1 » Glucose uptake
‘ ACC2 Fatty acid oxidation
F Aatp:ave (Catabolic effectd) » ULK1/2 .. Autophagy
Protein Phosphotases » Glycogen synthase » Glycogen synthesis
» PFKFB2/3 » Glycolysis

Fig. 3 Activation mechanism of AMPK
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Fig. 4 Hydrophobic part of
leucine residue interacting with
cyclodextrin (red) in (3 subunit of
AMPK

AMPK Crystal Structures

Functional behavior of AMPK by an energy sensing mechanism allured the structural biolo-
gists to elucidate its structure. Several crystal structures of AMPK have been published and so
far 53 structures have been reported in Protein Data Bank (PDB) (Table 1). Structural studies
indicate that AMPK is a heterotrimeric supramolecule [41, 67]. The protein is composed of
three different subunits «, (3, and v [53, 68]. Two isoforms for o« as well as 3 and four
isoforms for y (x1, 2, 1, B2, v1,v2,v3, v4) have been identified so far. Individual crystal
structure for subunits &1 (4RED) [66], «2 (2H6D) [49], 31 (1ZOM) [46], 32 (2FI5) [47], and
v1 (2UV4) [55] were reported in PDB. Full-length ligand bound complex crystal structures are
available for x2(31y1 (4CFE), x12y1 (2V8Q), and 1 31y1 (4EAK) only, out of 12 possible
forms. The o subunit of AMPK is relatively bigger than the others and includes a conventional
protein kinase domain toward its N-terminal [68].

The low-resolution crystal structure of human «132y1 holo-AMPK in complex with AMP
and cyclodextrin has been reported [66]. The study describes AMP-induced compact and ATP-
induced extended conformational changes. The conformational changes suggest ATP as a
competitor for AMP as well as an allosteric modulator [66]. In addition, the structure of the
kinase domain from the «2 subunit of AMPK was also solved [49]. The study suggested the
changes in the ATP site and catalytic loop which are involved in AMPK regulation. The
catalytic loop was found to be stabilized by the conserved residues of Ser/Thr protein kinase
[49]. The crystal structure of cystathionine (3-synthase from y subunit of AMPK in complex
with AMP and AICAR was published [55]. The structure showed a fold for CBS domain pairs.
The reported structure suggested the formation of recognition motif from (311-317) for the
ribose phosphate pathway [55].

AMPK as a Drug Target

AMPK is primarily involved in the elevation of cellular ATP levels on demand [69].
Regulatory functioning of AMPK with respect to the cell requirements for ATP makes this
protein a potential resource for understanding the cellular energy balance mechanism. AMPK
is activated when cells demand more energy to perform. Furthermore, it is also activated when
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the concentration of AMP/ADP is more than that of ATP [69]. The feedback regulation of
cellular ATP levels during metabolic stress or increased ATP consumption (muscle
contraction) is achieved by the inhibition of ATP-consuming anabolic pathways
(protein, fatty acid, and glycogen synthesis) and activation of energy-producing
catabolic pathways. Current research on AMPK claims that deregulation of energy
levels often occurring during metabolic syndromes can be corrected with the aid of
AMPK activation. Several studies in this context are carried out and the results
support the role of AMPK as an emerging target for the treatment of metabolic
disorders like diabetes, inflammation, obesity, and cancer (Table 2) [79-85].

Currently, AMPK is being evaluated as a potential target for the treatment of diabetes,
cancer, inflammation, cardiac dysfunction, neurodegenerative disorders like ALS, obesi-
ty, and fatty liver fibrosis [10, 70-78]. For the development of specific agents and to
avoid unwanted effects, more details on tissue distribution of AMPK isoforms and their
binding affinities are required. Even more studies are required to understand the role of
GBD in AMPK function, role of the 3 subunit myristoylation on phosphorylation, and
elucidating the mechanism of allosteric activation by AMP/ADP. Identification of AMPK
phosphatases and their physiological role is also need to be addressed. Overall, there is a
demand for in-depth studies on supramolecular behavior of AMPK substrate, AMPK
activator, and AMPK inhibitor. A few articles have been published to understand the
structure and pharmacological status of AMPK. The current review is focused on
computational studies conducted so far to understand the structure and function of
AMPK. Further, the review briefly discusses the molecular modeling tools to compre-
hend the molecular pharmacology of AMPK for rational drug discovery.

Molecular Modeling Studies on AMPK

Computational Approaches Aimed at Understanding the Three-Dimensional
Structural and Functional Features of AMPK

Several computational approaches have been reported to explore the three-dimensional struc-

tural and functional features of AMPK (Table 3). These include homology modeling [87],
molecular docking [97-100], molecular dynamics [97, 98, 101], virtual screening [101],

Table 2 Adenosine monophosphate-activated protein kinase (AMPK) as a diverse therapeutic target

Target Therapeutic activity Ref.

AMPK Diabetes [10]
Inflammation [70, 71]
Obesity [72]
Cancer [73, 74]
Cardiac dysfunction [75, 76]
Neurodegenerative disorder [77]
Hepatic fibrosis [78]
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quantitative structure activity relationships [95], etc. These studies assisted in the identification
of novel hits against various diseases where AMPK was found to be the critical target.

Homology Modeling

Homology modeling is used to identify the preferred conformation of target protein from
known structures. The study is usually employed in the absence of X-ray crystal structure of
target protein [102]. The homology model for human AMPK has been reported [86]. The
crystal structure of yeast AMPK (PDB: 200X) was employed as a suitable template along
with the sequences obtained from Swiss Prot (accession nos. Q13131, Q9Y478, and P54619)
for homology modeling using Discovery Studio (www.accelrys.com). The model was
validated by computing the profile 3D score for each of the residues of sequence. The
model was further validated by molecular docking approaches. The profile 3D score
measures the compatibility of the 3D structure of the protein with the sequence. The study
identified the binding site of human AMPK based on the active site residues (Thr200, Ala205,
Val225, Ser226, Ala227, Arg299, 1le312, Ser314, Ser316, and Asp317) of yeast AMPK [86].

Recently, rat AMPK was also employed to build a homology model for AMPK (Uniprot
Knowledgebase: Q13131, human) (PDB: 2Y94) [25]. The identity between these two struc-
tures was found to be 89.4 % and similarity was found to be (89.6 %). The Ramachandran plot
[103] showed 91.4 % of residues of the homology model in the favored region, 5.9 % residues
in the allowed region, and 2.4 % residues in the disallowed region. The results of the
Ramachandran plot indicated the reliability of the homology [103]. Further, the homology
model was employed to conduct molecular dynamics and virtual screening studies. The study
was conducted to identify the AMPK activators [25].

Homology modeling and in silico mutagenesis experiments were conducted to generate a
structural model for cystic fibrosis transmembrane conductance regulator AMP-activated
protein kinase (CFTR-AMPK) and to determine their interactions [87]. The sequence of
AMPK («l, id: Q13131; 1, id: Q9Y478; v2, id: Q9UGJ0) was obtained from SwissProt/
Trembl database. BLAST and HHPRED programs were used to identify the suitable template
[87]. The crystal structures of mouse cAMP-dependent protein kinase (PDB: 1JBP:E), yeast
proteins (PDB: 200X:B), and rat 5’-AMP-activated protein kinase were used as the templates.
The homology model was energetically minimized using AMBER7 99 force field and simplex
initial optimization by Powel method implemented in SYBYLS8.0 [104, 105]. The study
revealed the possibility of conformational changes while AMPK binds with CFTR [87]. A
different study reported the homology model from the human protein sequence of AMPK «l
[91]. MOE-Align module was used to perform chain alignment. A three-dimensional model
was constructed using MOE [106] to perform molecular docking and molecular dynamics
studies [91].

Computational Approaches to Identify Ligand Binding Site and Binding Mode
Molecular Docking

Molecular Docking is a computational approach for identifying the binding pose between drug
and target protein. The approach is one of the valuable types of molecular modeling to predict

the strength of association of two molecules in the form of binding affinity. During the process
of molecular docking, orientation and conformation of the ligands were determined by
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computing the binding affinity between two molecules (drug and enzyme/receptor) in the form
of different scoring functions [107]. Molecular docking studies were reported on human
AMPK using Ligandfit module [86]. Phenylamides, as the ligands, were docked at the binding
site of AMPK. The derivatives of phenylamide were generated from de novo evolution. The
program LUDI was employed to identify the suitable fragments that can be docked into
AMPK. The “Rule of Five” [108] was employed to screen the derivatives for docking. The
compounds with high affinity were identified based on docking scores and their key interaction
with active site residues. AMP (5.1) and 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) (5.2) were used as a control for docking (Fig. 5). The approach explored
pharmacophoric features of binding sites of AMPK. The study identified the anchoring
residues (Ser226, Ala227, and Asp299) as hydrogen bond acceptor and (Ser316 and
Thr200) as hydrogen bond donors (Table 4). The study suggested conformational changes
before the binding of AMP [86].

Molecular docking using the atomic coordinates of AMPK (subunit «2) from a protein
databank (PDB: 3AQV) was also reported [88]. The computational program AutoDock and
FlexX implemented in SYBYL software were employed to conduct molecular docking [105,
109]. From the library of the database, 118 compounds were selected for in vitro studies since
these compounds occupied the top 1,000 rank in molecular docking. The in vitro results were
compared with the ranking of docking poses obtained from FlexX and AutoDock [105, 109].
AutoDock program was found to be slightly better in prediction. Ligand binding mode was
investigated from the docking pose of AutoDock [109]. The residues (Ala43 and Lys45 in the
N lobe, Tyr95 and Val96 in the hinge region, and Leul146, Ala156, and Met164 in the C lobe)
were involved in several hydrogen bonding and van der Waals interactions (Table 4). The
study also suggested the van der Waals interaction of ligand with Gly loop that may serve for
the inhibition of AMPK [88].

The interaction between metformin (1.1) and AMPK was investigated based on molecular
docking to identify the role AMPK in energy homeostasis [89]. The crystal structure of AMPK
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Fig. 5 Ligand/hit molecules involved in molecular modeling studies of AMPK [86, 88, 95, 96]
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Table 4 The important anchoring residues of AMPK in molecular docking studies

No. Structural model of AMPK  Residues Ref.
1 Homology model Ser226, Ala227, and Asp299, Ser316, and Thr200 [86]
2 PDB: 3AQV Ala43, Lys45, Tyr95, Val96, Leul46, Alal56, and Met164  [88]
3 PDB: 2Y%4 Argl81, Thr251, and Thr271 [89]
4 PDB: 200X Argl39, Lys214, Asn311, Asp328, Pro324, and Tyr342 [10, 90]
5 Homology model Glu-96 and Lys-156 [91]

(PDB: 2Y94) was used for molecular docking. Docking was carried out using Internal
Coordinate Mechanics (ICM) software (http:/www.molsoft.com). Metformin occupied the
active site of x-AMPK, 3-AMPK, and y-AMPK. The residues (Arg181, Thr251, and Thr271)
in Y-AMPK were involved in strong interactions with metformin (Table 4). In addition, the
study also explored the interaction of ZMP (analog of AMP) with AMPK. The results
suggested the interaction of ZMP with Bateman domains in the 'y subunit of AMPK. The
study described the direct interaction of metformin at y-subunit of AMPK [89].

A bis(4-hydroxy-3-methoxybenzylidene) cyclopentanone (CA) was docked into the active
site of AMPK (PDB: 200X) for determining the role of AMPK in glucose and lipid
metabolism [10]. The binding free energies were computed and interactive residues were
analyzed using Ligplot [110]. Argl39, Lys214, Asn311, Asp328, Pro324, and Tyr342 were
found to be active site residues involved in ligand binding (Table 4) [10, 90].

Molecular docking was performed on human AMPK o1 using Moloc force field, and the
docking complex was energetically minimized using MAB force field [91]. The binding free
energy was computed using a scoring function in the Moloc implementation. The study
revealed the importance of Glu-96 and Lys-156 in autoinhibition (Table 4) [91].

Molecular Dynamics

Molecular dynamics is a simulation of atoms in molecular structure using force fields [111].
Dynamics can be used to determine the macroscopic thermodynamic properties of the system.
The approach calculates the behavior of the system in time dependent manner [111]. Molecular
dynamics studies were reported for AMPK using GROMACS (Groningen Machine for
Chemical Simulations) [112] to identify small compounds as AMPK activators [25]. The
hydrogen bonding interactions from the binding site residues (Gly19, Val90, Ser91, Glu%4,
Asnl38, AsplS1, Vall8, Aspl33, Lys135, and Aspl151) with the ligands (Eugenyl beta-D-
glucopyranoside, 6-O-cinnamoyl- D-glucopyranose, and AMP) were observed. Furthermore,
the ligand pathway was also investigated. The simulation identified the different ligand
pathways for Eugenyl beta-D-glucopyranoside, 6-O-cinnamoyl-D-glucopyranose, and AMP
while binding with the AMPK protein. The data analysis based on RMSD, RMSF suggested
the possible conformational changes of AMPK for different ligands [25].

The mechanism of autoinhibition was communicated from molecular dynamics simulation
[92]. The dynamical nature of kinase domain between an inactive unphosphorylated open state
and an active or semi-active phosphorylated closed state was studied in GROMACS [112].
The study reported the important role of autoinhibitory domain in regulating inter lobe
conformational transition and functional rearrangements to inhibit AMPK. The results
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suggested the importance of mutations at L341D (mutant 2) and M316E (mutant 3), or
elimination of AID altogether, in catalytic activity [92].

Computational study to design the peptide for the activation of AMPK was reported [93].
The peptide was designed from molecular dynamics approaches in GROMACS [112]. The
designed peptide with the addition of the myristoyl (Myr) or acetyl (Ac) moiety activated
AMPK in muscle cells. The activation mechanism results in reduction of adipose tissue
weight, body weight, blood glucose level, insulin level and insulin resistance index [93].

Molecular dynamics study to refine the homology model of AMPK was reported [91]. The
simulation conducted on homology model using AMBER force field for 5 ps [104]. The study
helped to identify the active site of AMPK. Further, the study helped to perform a molecular
docking of AMPK activators. Glu-96 and Lys-156 residues were found to reside autoinhibition
domain and relieve the autoinhibition of AMPK [91].

Computational Approaches to Identify Potential Hits/Inhibitors Against AMPK
Virtual Screening

Virtual screening is a computational approach of database searching and was defined
as automated evaluation of very large libraries of compounds using theoretical models.
Pharmacophore models and rule based descriptors are generally employed for screen-
ing. Virtual screening was summarized to identify the potent ligands for AMPK based
on (i) Rule of Five [108], and (ii) Molecular docking [86]. The molecule (5.3) was
identified as a highly potent agonist to activate AMPK. The molecule (5.3) had the
highest docking score (docking score 76.25; Eb: —215.99) as compare to AMP and
AICAR. It formed eight hydrogen bonds with AMPK. Thr200, Ala205, Ser226,
Ala227, Asp299, Ser314, Ser316, Asp317 were observed as the binding site residues
for (5.3) (Fig. 5) [86].

Traditional Chinese Medicine (TCM) Database was screened to identify the potential
candidates for activating AMPK [25]. The structure based virtual screening involves absorp-
tion, distribution, metabolism excretion and toxicity in association with molecular docking and
molecular dynamics. In this study, AMP was used as a control and Eugenyl beta-D-
glucopyranoside and 6-O-cinnamoyl-D-glucopyranose were screened as the potential com-
pounds. These compounds were found to have good absorption profiles and formed a
hydrogen bonding interactions with Aspl51. The study also suggested the induction of
conformational changes by these two molecules [25].

Structure based virtual screening was carried out to identify the potent inhibitors of AMPK2
[88]. Consensus scoring method associated with (i) molecular docking, and (ii) Rule of Five
was employed in virtual screening. The virtual screening was carried out for the chemical
database distributed by Interbioscreen (http:/www.ibscreen.com) containing approximately
500,000 synthetic as well as natural products. The approach identified the seven AMPK2
inhibitors with micromolar inhibitory activity. Among the seven compounds, the compound
(5.4) (Fig. 5) was found to be highly potent during in vitro AMPK2 kinase assay (IC5o=1.
4 uM). The study described the usefulness of consensus scoring function in virtual screening
using modified scoring function [88].

The study on AMPK using mining frequent pattern indicated its impact on metabolic
reactions toward energy demand and supply. The study has also been suggested to be useful in
understanding the functions and metabolic pathways of AMPK [113]. In another study,
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phenylamide derivatives were described as a potent agonist for AMPK based on homology
modeling and virtual screening. The interaction of the potent ligands with the anchoring
residues was found to be same as observed in control [94].

Structure Activity Relationships

The approach relates the 2D/3D properties of the molecule against biological activities of
target protein and helps to identify the factors that are involved in biological activity [114].
Structure activity relationship studies were reported to identify xylose derivatives to activate
AMPK with improved pharmacokinetic properties [95]. The study identified the relationship
of'a hydroxyl group in xylose. Further, the study helped to identify a hydrophobic derivative of
xylose (5.5) (Fig. 5). This was found to be highly potent in stimulating the rate of hexose
transport by increasing the abundance of glucose transporter-4 in the plasma membrane of
myotubes [95].

The highly potent multi-target berberine analogues were synthesized from the analysis of
structure activity relationship [96]. Further, these compounds were evaluated on AMPK
activation as well as up-regulatory low-density lipoprotein receptor (LDLR) gene expression.
Out of 14 compounds, the compound (5.6) (Fig. 5) was found to be multi-target therapeutic
agent and was suggested to be drug candidate for the treatment of metabolic syndrome [96].

Conclusions

AMPK is emerging as an indisputable target for correcting several metabolic syndromes that
majorly include diabetes, obesity, and cancer. Both the academia and industry are extremely
interested in understanding the biological consequences of AMPK activation to a deeper
extent. The phenomenon of AMPK inactivation and its pharmacological significance is
another exciting problem to be solved. Molecular modeling studies are facilitating their
intuition by revealing the structural, functional, and conformational changes of AMPK while
binding to its substrates. However, there are only limited number of computational studies in
the literature. This review comprehends the structural and functional mechanism of AMPK
from the computational studies. Further, this study may assist in the development of multi-
therapeutic agents for the several human ailments by choosing AMPK as a therapeutic target.
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