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New Insights into the Activation Mechanisms of AMPK

Abstract: The AMP-activated protein kinase (AMPK) is a sensor of energy status in the cell.
Upon activation in response to metabolic stresses, AMPK maintains cellular energy balance by
promoting energy generating catabolic pathways and suppressing ATP-consuming anabolic pro-
cesses.Historically, AMP, ADP-induced allosteric change accompanied by Thr !7? at a subunit con-
sidered as the major mechanism of AMPK activation. In the last decade, our understanding of the
mechanism of AMPK activation has significantly advanced. Recently several studies have showed
that, glucose starvation — major type of energetic stress activates AMPK independently of AMP or
ADP levels in the cell and regardless of phosphorylation status of Thr "2 at a subunit. More in-
terestingly, small AMPK pools in the cellular compartments are regulated differently and distinctly
targets downstream effectors.
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AMPK (5-AMP-activated Protein Kinase) is a highly conserved key energy sensor which regu-
lates metabolic homeostasis at cellular and whole-body level [1]. AMPK is activated by increased
levels of AMP and ADP during conditions of low cellular energy caused by glucose or nutrient
deprivation, exercise, or hypoxia [2]. Functional AMPK is a heterotrimeric complex composed of
one catalytic « subunit (a serine/threonine kinase), one scaffolding [ subunit, and one regulatory
g— subunit. Vertebrates contain multiple a(al,2),3(51,2), and (vl — 3) subunits and thus ex-
press twelve potential AM PKafy complexes whose distinct functions remain poorly defined |[3,
4]. Upon activation, AM PK phosphorylates a diverse set of targets that help cells to restore the
balance of energy generation and consumption in two ways. On the one hand, activated AMPK
attenuates AT P -consuming anabolic pathways (such as ribosome biogenesis, fatty acid, lipid, and
protein synthesis, gluconeogenesis, and cell growth and proliferation) in order to restore normal
energy balance [1, 5|. For example, mTORC1 (Mechanistic Target of Rapamycin Complex 1) is
one of the best characterized downstream targets of AM PK which regulates protein synthesis |6,
7]. During energy insufficiency, AMPK transiently inhibits mTORC1 and shuts off one of the
most energy-intensive processes— protein synthesis machinery [8]. On the other hand, AM PK redi-
rects cell metabolism towards AT P -generating pathways (such as fatty acid oxidation, autophagy,
glucose utilization, glucose uptake, and mitochondrial biogenesis) [1, 5|. One of the best examples
for this is the ACC?2 (acetyl-CoA carboxylase-2). ACC2 increases the local pool of malonyl-CoA
which inhibits fatty acid transporter carnitine and prevents fatty acids from entering the mitochon-
dria [9]. AMPK phosphorylates and inactivates mitochondrial isoform of ACC?2, thus acutely
increase the uptake of fatty acids into mitochondria and promote fatty-acid oxidation to generate
ATP [10]. Dysregulation of AMPK signaling has been implicated in many metabolic disorders and
cancer. AMPK is a double-edged sword in cancer biology, itplays cancer promoting and/or tumor
suppressing roles depending on the context [5]. AMPK activation during exercise or in response
to pharmacologic agonists decrease blood glucose level by suppressing gluconeogenesis in the liver
and facilitating cellular glucose uptake [11]. Therefore, AMPK agonist metformin (GlucoPhage)
is the most widely prescribed oral medicine for Type 2 diabetes.

Canonical activation of AMPK by AMP and ADP. AMP and ADP -mediated activa-
tion of AM PK has long been considered to be the major mechanism, as it was named. It is the best
studied and most appreciated mechanism.Upon energetic demand, AT P is hydrolyzed to ADP and
AMP | thus increasing the intracellular AMP : ATP or ADP : ATP ratio. AMP and ADP
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activate AMPK by several mechanisms. First, direct binding of ADP or AMP to the three nu-
cleotide binding sites on -y -subunit facilitates «-subunit phosphorylation at the activation loop site
(Thr'72) by LK B1 (considered as a constitutively active kinase) or CaM KK [12, 13]. Second,
binding of AMP but not ADP to the g— subunit, causes an allosteric conformational change that
activates AMPK which contains an a— subunit already phosphorylated at Thr !72 [14]. Third,
binding of either ADP or AMP to the ~-subunit protects «-subunit from de-phosphorylation
at Thr 172, thus maintains active state of AMPK [15]. It is important to note that, for AMPK
activation, AMP : ATP or ADP : ATP ratio is more important than AMP or ADP concen-
tration in the cell. Because AT P antagonize the binding and allosteric activation of AMPK by
AMP and ADP. Some of the pharmacologic agonists of AMPK act on AMPK by mimicking AM P
and/or ADP . For example, potent and the most commonly used drug AICAR (5aminoimidazole4
carboxamide ribonucleotide) is converted toAICAR 5-monophosphate( ZM P )e in the cell which
mimics AM P and allosterically activates AMPK [16]. Cordycepin — an adenosine analog derived
from Cordyceps militaris, recently shown to activate AMPK by mimicking AMP [17].

Canonical activation of AMPK by AMP or ADP binding and new insights into the non-
canonical activation of AM PK will be discussed below.

Non-canonical activation of AMPK . Almost all cellular stimuli which increase cytosolic
Ca®*t concentration such as ER stress activate AMPK through CaMKKpJ (Ca?** /calmodulin-
dependent kinase) by phosphorylating at AMPK Thr 172 [18]. Intracellular Ca?* forms a complex
with CaM and binds to CaMKKb to activate it in a not well-defined mechanism. A recent
study revealed that replication stress elevates intracellular Ca?t pool and activates AMPK in the
nucleus via CaM KKb during DN A replication and safeguards chromosome stability [19].

Crystallographic structure of AMPK and biochemical methods have helped finding the new
approaches to activate AM PK . Anarray of small molecule pharmacologic agents can allosterically
activate AMPK dependently or independently of AMPK Thr'™? phosphorylation. The four
v -sites on y-subunit in which three of them are binding sites for adenylate nucleotide, §-CBM
(carbohydrate-binding module) on [ -subunits, and ADaM (Allosteric Drug and Metabolite) site
on intact AMPKaf~ complex are attractive targets for small molecule AMPK-activators |20, 21].
One example of §—CBM -mediated agonist is aspirin active metabolite salicylate. Salicylate binds
to the interface of 3 — CBM and kinase domain of «-subunit and prevents AMPKoa Thr!™
from dephosphorylation [22]. Researchers found that some of the metabolic benefits of aspirin such
as increased fatty acid oxidation, lowered cholesterol are mediated by salicylate-induced activation
of AMPK [22]. AT769662, another recently discovered drug mimics both effects of AMP to
allosterically activates AMPK and prevents it from Thr'™ dephosphorylation [23].

One of the most exciting findings of AM PK activation is that glucose starvation can activate
lysosomal AMPK in a nucleotide-independent mechanism in parallel to the nucleotide-dependent
activation. Increased intracellular level of ADP and AMP during glucose starvation have been
considered as the mechanism of glucose starvation-induced AMPK activation. But, recently, several
studies revealed that AM PK activity is regulated by the translocation of upstream kinase to the
subcellular pool of AM PK in response to glucose starvation without any associated change of the
intracellular AMP : ATP or ADP : ATP ratios [24]. In mammalian cells, nucleotide-independent
activation of AMPK occurs exclusively on lysosomal membrane where Ragulator complex (com-
prising p18, pl4, MP1, C7orf59 and HBXIP) serves as a docking site for co-localization of LKB1
with AMPK [25, 26]. A pool of AMPK permanently resides on lysosomal membrane mediated
by the myristoylation on [ -subunit [20]. Glucose starvation first activates aldolase and converts
FBP (fructose- 1,6-bisphosphate) into triose phosphates. Triose phosphates bind to v — AT Pase
(Vacuolar AT Pase ) complex on the lysosomes and undergoes conformational change which enables
v — AT Pase to interact with cytosolic AXIN/LKB1 complex and Ragulator complex. This way
LKB1 and AMPK co-localize where constitutively active LK B1 phosphorylates AM PKThi!1™
and activates it [26]. This novel mechanism was a paradigm shifting in our understanding of
AMPK activation. This study also advanced our understanding of AM P K -mediated inhibition of
mIT ORC1 occurs on lysosomes during glucose starvation. It was known that mTORC1 is recruited
to lysosomal membrane via binding to Ragulator and activated by binding of GTP-bound Rheb [25].
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Activation of AMPK on lysosome partially explains AM PK -mediated inhibition of mTORC1
in two ways. First, upon glucose depletion, AM PK is activated on lysosomes and phosphorylates
Raptor at inhibitory Ser™? site. Second, AMPK also phosphorylates and activates T.SC' complex
which inactivates Rheb |7, 26, 27].

Newly emerging data shows that distinct pools of AM PK within a cell are differently activated
and regulates distinct cellular processes |5, 27]. The detailed mechanism and function of differential
regulation of AMPK at subcellular compartments (lysosomes, mitochondria, nuclei, ER etc.), as
well as the distinct AMPK complexes remain to be elucidated and it might help us for better
understanding of the fine-tuning role of AM PK in cellular and organismal metabolic homeostasis
as a response for energy and nutrient availability. It also shed lights on the conflicting functions of
AMPK in cancer biology as its tumor-suppressive and tumor-promoting roles responding to the
distinct environmental cues in distinct cell types and different stages of the cancer.
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Ficure 1 — AMPK Signaling. In response to diverse extracellular and intracellular cues, AMPK is acti-
vated by canonical and non-canonical mechanisms. Upon activation, AMPK promotes catabolic pathways
and suppresses anabolic processes by direct or indirect regulation of downstream effector pathways.
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AMPEK 6GenceHaipy MexaHU3M/EpPi TypaJibl »KaHallla TYCiHik

Anparna. AM P -6escenpipinren nporenskunasza (AMPK) — 6y »KacyllaHblH, SHEPreTUKAJIbIK KYHIHIH CEHCOpBI.
Metrabosukasblk, Kyiizesicrepre »kayan perinie 6encenaipinren kesue, AMPK xarabosMKaJbIK, »KOJIJapMEH SHEPIusl OHAIPYAl
BIHTAJIAHBIPY 2KoHEe aHabosuKaiblk npouecrepiai AT P TyTbHATBIH IpoIecTepai 6acy apKbLIbl YKACYIIAJBIK SHEPLUs Tele-
renytirin caxraiiapl. Tapuxu Typreigan kaparasga, AMP, ADP - ungyknustanran, Thrl7? o cy66ipairimen 6ipre »xyperin,
AMPK akTUBTEHIpY/iH HETI3T1 MEXaHU3MI PeTiH/e KapaCThIPBLIATHIH aJJIOCTEPUIIBIK o3repic. CoHFbl OHXKBLIABIKTa AM PK
-HBI iCKe KOCy TypaJIbl TycCiHirimimia afftapibikTail anra »KeUDKbIALL. 2KakbeiHga OipHelre 3epTreyaep KOPCeTKEeHAeH, IIIOKO3aHbIH
AIIBIFYBI - SHEPTETUKAJIBIK, CTPECCTIH Herisri Typi-kacymanarsl AM P uemece ADP nenreiiine kapamacras xone Thri’2 o
cy66ipairiaig docdopiany mepexecine kapamactan AM PK -uwb1 6encengipeni. Bip KbI3bIFbI, KacyIra KOMIAPTMEHTTEPIHIET]
KimkenTait AM PK 6GacceliHaepi oapTypJl »KOJIMEH peTTesieli KoHe ToMeHTi addekTopaapra HAKThl OaFbITTAJFAH.

Tvyiiin cesnep: AMPK , AMP, LKB1, CaMKKpB, AXIN, mTOR.
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Munuean, CLIA

Hosoe nonnmMmanue mexannsMoB akTuBanuu AMPK

Annoranusa. AM P -akruBupoBanHas nporenaknHasza (AMPK) sBisercss JaTYUKOM SHEPreTHIECKOTO CTATyCa KJIETKH.
IIpu akTuBanuu B oTBeT Ha MeTabosmdeckue crpeccbl AM PK moaiepKuBaeT KJIETOUHBIH SHEPIEeTUIECKIH GaJIaHC, CTUMYJIUDYST
BBIPA0OTKY SHEPruH KaTaboIMYeCKUMH IyTsiMu u nojabiss AT P -norpebussitommme anabosmueckue mnpoueccsl. Vcropudaeckn
CJIOKHUIIOCH TaK, 910 AMP , ADP -uHIyIupOBaHHOE AJUIOCTEPHYECKOE M3MEHEHHe, CONPOBOXKIaeMoe cyOobemnunuuei T hrl72
Q, pacCMaTPUBAJIOCH KaK OCHOBHOM MexanusM aktuBanuu AMPK . B nmocienmee mecstuiierwe Hallle IOHUMAHNAE MEXAHA3Ma
akTuBaiuu AMPK 3HaYMTENbHO NPOABUHYJIOCH BIiepel. HemaBHO HECKOIBKO MCCIEIOBAHUN IIOKA3aJHM, YTO TIJIIOKO3HOE
roJIOfAHNE - OCHOBHOM THII 9HEPIeTUIeCKOro crpecca - aktusupyer AM PK wmezasucumo ot yposas AMP umu ADP B KjaeTke
U HE3aBUCHMO OT craryca docdopunuposanus cybbeaununp Thrl7? o . Bonee unrepecno, uro neGombmme myast AMPK B
KJIETOYUHBIX KOMIIAPTMEHTAX PEryJIUPYIOTCS IO-PA3HOMY U OTUETJVIMBO HAIIEJICHBI Ha HUXKECTOSIIHE 3(PEPEKTOPHL.

Kurouessrie ciioBa: AMPK , AMP, LKB1, CaMKKB, AXIN, mTOR.
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