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Chapter 1 

Introduction

For any living species, energy homeostasis is crucial for survival and it is maintained 

by a balanced regulation between energy intake and expenditure (1). therefore, living 

cells also constantly control the energy equilibrium by adjusting the rate of catabolism 

and anabolism. Upon an energy challenge, cellular atP is depleted and consequentially 

the cellular aMP level rises. in decades of study, aMP-activated protein kinase (aMPK) 

has been established as the principal energy sensor in most eukaryotic cells. in this 

chapter, the current status of knowledge on aMPK function in relation to cellular energy 

metabolism will be shortly reviewed before turning to MaP kinase-interacting serine/

threonine-protein kinase 1 (MnK1) as a possible novel downstream target of aMPK. the 

focus of this thesis is the elucidation of the putative aMPK-MnK1 connection.

AMPK regulation and function 

the heterotrimeric aMPK complex consists of three subunits: a catalytic α subunit 

and the regulatory β and γ subunits. in structure, α subunit contains both a serine-

threonine kinase domain for activation and an auto-inhibitory domain; β subunit tethers 

α and γ subunits; and γ subunit carries sequence repeats for adenine nucleotides binding 

(2). so far, two α isoforms (α1, α2), two β (β1, β2) and three γ (γ1, γ2, γ3) have been 

identified and they show different expression profiles among animal tissues. in mice and 

rats, α1/β1 is more ubiquitous in heart, liver, kidney, brain, spleen, lung and skeletal 

muscle, while α2/β2 is most abundant in muscular tissues; γ1 and γ2 are also widely 

expressed and γ3 is restricted to skeletal muscle (3). also, aMPK α2 subunit has been 

implicated in transcriptional regulation for its preferential nuclear localization (4). 

For aMPK activation, phosphorylation on threonine (thr) 172 residue in α subunit is 

the main activation step (5). to date, three upstream kinase have been reported for 

aMPK activation: liver kinase B1 (LKB1), Ca2+/calmodulin-dependent protein kinase 

kinase (CaMKK) and transforming growth factor-β-activated protein kinase-1 (taK1) (6). 

During energy stress, caused by e.g. nutrient or oxygen deprivation, when intracellular 

atP declines and aMP increases, LKB1 is the major kinase to phosphorylate the activation 

loop (thr172) of aMPKa (7). elevation of intracellular Ca2+ was later shown to also induce 

aMPK activation via CaMKKβ (8). although not much is known yet about taK1-mediated 

aMPK regulation, the taK1-aMPK axis appears implicated in regulating cytoprotective 

autophagy pathways (9). structurally, with aMP: atP ratio shift upon energy depletion, 

aMPK γ subunit shows slight higher binding affinity with aMP, which thus promotes 

direct allosteric activation and also protects aMPK from dephosphorylation via a 

conformational change (10,11). 

among chemical compounds for aMPK activation, 5-aminoimidazole-4-carboxamide 
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1-D-ribofuranoside (aiCar) forms ZMP in cells as an analog of aMP and thus is capable 

of inducing aMPK activation with high popularity in aMPK studies. through a different 

mechanism, i.e. by binding via the serine 108, an autophosphorylation site in the β 

subunit, a769662 and salicylate allosterically activate aMPK. Furthermore, metformin 

and phenformin activate aMPK via inhibiting mitochondrial atP synthesis, which mimics 

an energy-starvation status. (Figure 1)

AMPK in metabolism— Metabolism, categorized by catabolism and anabolism, is the 

chemical process that all cells in an organism perform to transform nutrients into fuel/

energy. as part of the normal human metabolic sustenance, foods are stored (anabolism) 

as either glycogen in liver and skeletal muscles or triglycerides in adipose tissue (12). 

During fasting or stress (catabolism), stored fuel would be used by the anti-insulin effects 

from catabolic hormones or factors (12). in regards to its pivotal role in energy balance 

regulation, signaling pathways in which aMPK is involved have been extensively studied 

under both conditions. in general, aMPK increases catabolic processes, such as glucose 

uptake/oxidation and fatty acid oxidation and inhibits anabolic outcomes, such as 

glycogen and lipid synthesis (13). Per example, aMPK regulates glucose transporter type 

4 (GLUt4) trafficking in glucose uptake via phosphorylating tBC1 domain family member 

1 and 4 (tBC1D1/4) (14). similarly, glycogen synthase in glycogen synthesis and CD36 in 

fatty acid uptake are regulated by aMPK, although the exact mechanisms involved are 

less clear (13). in fatty acid synthesis and oxidation, acetyl Coa carboxylases (aCC1 and 

aCC2) are solidly accepted as aMPK downstream targets (15). Further, aMPK participates 

Figure 1. The AMPK heterotrimer and its regulation. AMPK is a heterotrimer with various isoform 
combinations and AMPK Thr172 phosphorylation (in green) is the main activation step. Upon energy 
stress, LKB1 is the major kinase for AMPK activation; Ca2+ influx induces AMPK activation via 
CaMKK2; TAK1-mediated AMPK activation mechanism remains unclear. For compounds as AMPK 
activators, metformin/phenformin inhibits mitochondrial function and thus may affect ATP synthesis, 
which would mimic energy starvation; AICAR activates AMPK via forming ZMP in cells that acts as 
an analog of AMP; A769662 and salicylate induces allosteric activation requiring AMPK 
autophosphorylation (at serine 108, in pink) in the β subunit.
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in lipase phosphorylation, such as hormone sensitive lipase (HsL) and adipocyte 

triglyceride lipase (atGL) (16), and it is even playing a role in transcriptional control of 

metabolic enzymes. For example, sterol regulatory element binding protein 1c (sreBP) 

is found to be suppressed by aMPK which results in reduced lipogenesis and lipid 

accumulation (17). it has also been established that inflammatory conditions, usually 

coupled with metabolic disorders, is associated with reduction of aMPK activity; 

relevantly, aMPK acts as an inflammation suppressor via inhibition of nF-κB signaling 

(18).

AMPK in cell growth— Cell growth occurs in cell populations as part of cell cycle 

progression during gap phases 1 and 2 (G1, G2), in which nutrients and growth factors 

are necessary for energy supply and signal transduction. in this process, a conserved 

serine/threonine kinase mtor (the mammalian target of rapamycin) plays crucial roles 

in regulating translation and cell division. its kinase activity is also influenced by nutrient 

availability to determine whether cells undergo normal growing. as a metabolic 

checkpoint, aMPK suppresses mtorC1 (mtor complex 1, both rapamycin- and nutrient-

sensitive (19)) activity via two pathways: 1) aMPK directly phosphorylates the tumor 

suppressor tsC2, a GtPase activating protein that, in conjunction with tsC1, negatively 

controls rheb, a GtPase that activates mtorC1, and 2) aMPK phosphorylates raptor 

(regulatory associated protein of mtorC1) which blocks mtorC1 phosphorylating 

substrates for signal transduction (20). Following nutrient starvation, aMPK also 

phosphorylates serine/threonine-protein kinase ULK1, which is required for autophagy 

(cellular amino acid ‘recycling’ mechanism) (21). Under stress conditions, e.g. glucose 

withdrawal, aMPK has also been reported to phosphorylate tumor suppressor protein 

P53 (22) and mediate a cells’ “decision” on autophagy/apoptosis via phosphorylating 

cyclin-dependent kinase inhibitor 1B (p27) (23).

in summary, the (metabolic) stress-responsive aMPK holoenzyme is expressed in 

various isoform combinations in different cells and is regulated via different mechanisms, 

including cellular aMP level, Ca2+ influx and post-translational modifications. the 

complexity of aMPK regulation is reflected in its multiple functions in various cellular 

responses to nutrient environment, including metabolism and cell growth (Figure 2). 

impaired aMPK activity is widely observed in metabolic disorders and inflammation; this 

makes aMPK an emerging druggable target for diabetes and other metabolic syndromes 

(24). the relevance of aMPK as a potential target in cancer (abnormal cell growth) 

remains under debate, due to its ambivalent involvement in cancer in both inhibition of 

anabolism for cancer cell proliferation and contribution in the plasticity of cancer cell for 

survival (25). Despite its recognized involvement in the regulation of a multitude of atP-

dependent cellular processes, the exact mechanisms by which these processes are 
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controlled by aMPK, and the identity of relevant aMPK targets and pathways are still 

largely obscure. Consequently, efforts aimed at aMPK-substrates identification are 

crucial for further elucidation of aMPK signaling networks and development of its full 

therapeutic potential.

Novel AMPK target identification

Various screening approaches have been developed for kinase-substrates 

identification with promising results, e.g. cDna expression library (26), direct 

phosphorylation screenings of cell/tissue lysates (27,28) or immunoprecipitation with 

specific antibody of aMPK substrate phosphorylation motif (29). also, protein interaction 

studies were found to be effective in searching out putative substrates, e.g. co-

immunoprecipitation coupled with mass spectrometry and yeast-two-hybrid technology 

(30,31). 

among the methods to screen for kinase targets, the use of high-density human 

protein microarrays stands out, since it facilitates the identification of human kinase-

substrate proteins on a proteomic scale within a few working days (32-34). Preceding the 

studies reported herein, this method has been applied to screen aMPK substrates and a 

list of potential aMPK phosphorylation targets has been identified (35). MaP kinase-

Figure 2. Cellular AMPK functions. The main role of AMPK in metabolism generally includes 
induction (in green) of catabolism (glucose uptake, glycolysis, fatty acid oxidation and fatty acid 
uptake) and inhibition (in red) of anabolism (glycogen synthesis and lipogenesis). AMPK works as a 
suppressor of inflammation. AMPK also regulates cell growth and cellular responses to micro-
environment with various roles. 
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interacting serine/threonine-protein kinase 1 (MnK1) has been identified as a potential 

aMPK target with highest score. the functional interaction of MnK1 and aMPK was 

extensively studied in this thesis.

MNK1 regulation and function

MNK1 structure and regulation—as one of the MaP kinase-interacting serine/threonine-

protein kinases (MnKs), MnK1 was firstly identified in a substrate-screening report for 

extracellular-signal-regulated kinase 1 (erK1) (26). two isoforms encoded by the MNKN1 

gene, MnK1a and MnK1b (Figure 3), were identified later with distinct C-terminal 

domain structure: MnK1a contains unique 89 amino acid C-terminus, harboring an 

nuclear export sequence (nes) and a MaPK-binding domain, while the C-terminus of 

MnK1b consists of distinct 12 amino acids (36). Functionally, MnK1a is tightly regulated 

by erK and P38 in cellular responses to both growth factors and stress (37), while MnK1b 

shows higher basal kinase activity (36,38). Phosphorylation of thr209 and thr214 in the 

activation t-loop of MnK1a and MnK1b is necessary for kinase activation (39). 

Furthermore, MnK1a has been shown to undergo conformational changes upon t-loop 

phosphorylation and an α-helical domain in its C-terminus was suggested to regulate the 

kinase activity, probably via influencing the access of MaPKs to the kinase domain (40). 

MNK1 function

eIF4E in protein translation—the best characterized substrate of MnK1 is the eukaryotic 

translation initiation factor 4e (eiF4e) (41), which directs ribosomes to the cap-structure 

of mrna. in this process, eiF4G is thought to recruit both activated MnK1 and eiF4e in 

order to facilitate MnK1-mediated eiF4e ser209 phosphorylation (42). although the 

exact functional relevance of eiF4e phosphorylation in protein translation still remains 

undetermined (43), aberrant expression of eiF4e has been associated with promotion of 

tumorigenesis and tumor progression (44,45). interestingly, expression of MnKs (MnK1 

and MnK2) and phosphorylation of eiF4e have been found to be dispensable for normal 

cell growth (46). Furthermore MnKs have been implicated in drug resistance development 

in the context of different cancer types (47-49). Because of these observations, MnKs 

are currently considered as potential cancer therapy targets (50). 

hnRNP A1 & PSF in TNF-a production—the mrna translation of the pro-inflammatory 

Figure 3. Structure of MNK1a and MNK1b. schematic representation of MnK1 isoform difference. 
nLs, nuclear localization signal; nes, nuclear export signal.
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cytokine tnF-a is tightly regulated by the aU rich elements (ares) in the 3’Utr. as a 

tnF-a are binding protein, hnrnP a1 is directly phosphorylated by MnKs which leads to 

its dissociation from ares and enhancement of tnF-a production (51). similarly, PsF [the 

PtB (polypyrimidine tract- binding protein)-associated splicing factor] is also both a 

tnF-a ares binding partner and a phosphorylation target for MnKs, however, the effect 

of MnKs-PsF on tnF-a translation still remains unclear (52).

Other targets—MnK1 has been reported to increase the stability of sprouty2, which 

acts as a negative mediator of receptor tyrosine kinases (rtKs) activity (53,54). it was 

also shown that type i interferon (iFn), a cytokine with anti-proliferative and anti-viral 

activity, induces up-regulation of sprouty proteins in a MnK kinase-dependent manner 

(55). although MnK-sprouty signaling is believed to be implicated in a wide variety of 

cellular responses, their exact biological relevance awaits further elucidation. another 

potential target of MnK1 is cytosolic phospholipase a2 (cPLa2). MnK1 is found to 

phosphorylate cPLa2 directly and thereby regulate arachidonate release, which acts as 

an important messenger precursor in inflammation, immunity and in the central nervous 

system (56,57). nevertheless, the exact role of MnK1 and the connections to potential 

MnK1 substrates has remained scarce.

in summary, MnK1 mediates cellular signaling pathways in response to both growth 

factors and stress (Figure 4). MnK1 is mainly known for its involvement in cap-depen-

dent/independent protein translation and inflammation. inhibitors of MnK are consid-

ered as a possible anti-cancer strategy. 

Figure 4. MNK1 cellular functions. the best-studied function of MnK1 is its phosphorylation of eiF4e 
via eiF4G binding. eiF4e recognizes cap-structure of mrna and directs ribosomes for translation 
scanning. MnK1-eiF4e is currently associated with cancer therapy and drug resistance researches. 
MnK1-mediated phosphorylation of hnrnPa1 and PsF regulates pro-inflammatory tnF-α mrna 
translation via its aU rich elements (ares). MnK1 stablizes sprouty2 for mediation of rtKs activity. 
MnK1 also phosphorylates cPLa2 for arachidonate release. eiF4, eukaryotic translation initiation 
factor 4; 40s, ribosome; hnrnPa1, Heterogenous nuclear ribonucleoprotein a1; PsF, the PtB 
(polypyrimidine tract- binding protein)-associated splicing factor; tnF-α, tumor necrosis factor-α; 
rtKs, receptor tyrosine kinases; cPLa2, cytosolic phospholipase a2.
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Aims of the thesis

With the intention of identifying more aMPK targets, the lab previously carried out a 

protein microarray screen that yielded a list of potential candidate substrates (35). MnK1 

stood out with highest scores, i.e. strongly phosphorylated by active aMPK. Based on the 

novelty of the aMPK-MnK1 connection and possible roles in protein translation and thus 

in multifactorial human conditions like metabolic syndrome and cancer, the project was 

initiated in order to first examine their functional relation at the molecular level. Chapter 

2 summarizes a number of in vitro methods used to study aMPK. Chapter 3 outlines a 

series of experiments aimed at validation of MnK1 as a novel aMPK target in both cell-

free and mammalian cell systems. in this chapter, MnK1a serine 353 (s353) was identi-

fied and validated as specific aMPK phosphorylation site. Furthermore, mutation of 

s353 to a phosphorylation mimicking state (s353D) was observed to result in higher ki-

nase activity toward eiF4e phosphorylation. in Chapter 4, the effect of aMPK-dependent 

MnK1a phosphorylation is further tested in the context of the regulation of protein 

translation as well as cell growth control. in addition, the tripartite regulatory interaction 

between aMPK, MnK and erK is explored at a molecular level. Following up on the prop-

erties of other MaPKaPK family members, Chapter 5 focuses on investigating possible 

roles of the aMPK-MnK1 axis in regulating gene transcription. as general discussion, 

Chapter 6 shortly reviews selected critical aspects and offers perspectives for further 

research.
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Abstract

AMPK studies in cell-free and cellular systems have significantly contributed to 

recent progress in the AMPK field. Biochemical characterization, structure determina-

tion and elucidation of AMPK-dependent signaling events benefit from application of 

state-of-the-art tools and methodology. This chapter provides a synopsis of recom-

binant protein expression systems, biochemical and cell-based study methods. We 

summarize three different expression systems for AMPK production: bacteria, insect 

cells and mammalian cells. In addition, kinase activity measurement, kinase substrate 

identification and determination of physical interaction with AMPK are discussed. The 

last part of this chapter focuses on the use of pharmacological activation, inhibition 

and molecular genetic tools to study AMPK involvement in cellular signaling pathways. 
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Expression/Production of AMPK protein

to biochemically characterize aMPK and to study its involvement in cellular proc-

esses, aMPK protein expression is an essential step. For any expressed protein, quality 

and quantity are two crucial factors for further successful application in vitro or in vivo. 

since cellular aMPK functions as a heterotrimeric protein complex comprising α, β and γ 

subunits, the formation of aMPK requires co-expression of all three subunits. to date, a 

number of expression systems are used in the aMPK field, including prokaryotic systems, 

insect virus-based and mammalian systems. these systems and their applications are 

discussed in the sections below.

Prokaryotic expression systems

as the easiest and most widely used method for recombinant protein production, 

the bacterial expression system combines several potential advantages, such as a rapid 

result, high yield, including the possibility of upscaling and absence of posttranslational 

modifications (PtMs).

Production of aMPK heterotrimeric complexes has been a challenging task, due to 

low protein solubility and failure of co-renaturation from separately purified denatured 

single subunits. a polycistronic bacterial expression system has been developed to 

overcome these problems (1). expression of all three subunits from a single tricistronic 

vector in bacteria conveniently produces the functional heterotrimer. aMPK complexes 

can thus be obtained in the milligram range from Escherichia coli. this method was also 

shown to be valuable for production of uniform subunit isoform composition and was 

applied in the majority of biochemical and structural studies. However, the tricistronic 

expression strategy is not equally powerful for all subunit isoform combinations. 

For example, the human muscle-specific aMPK isoform combination α2β2γ3 was 

successfully expressed and purified from a single tricistronic transcript in E. coli, which 

offered insight into the function of this aMPK (2), but expression levels of this isoform 

complex were too low to enable structural studies using e.g. X-ray crystallography.

notably, an activating phosphorylation event is often required in the case of recom-

binant protein kinases. indeed aMPK heterotrimers purified from the above described 

tricistronic vectors are almost entirely inactive due to the absence of upstream activat-

ing kinases in bacteria. in order to activate aMPK, upstream kinases (e.g. LKB1 complex 

or CaMKK2) have thus been added to purified bacterially expressed aMPK complexes 

in the presence of atP. CaMKK2 can be easily produced in bacteria, which makes this 

kinase suitable for applications where an activating aMPKα threonine 172 (t172) phos-

phorylation event is part of the assay (3). it has also been reported that activated aMPK 

could be re-purified after in vitro activation by either recombinant CaMKK2 or LKB1 
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complex (4). Functional LKB1 complex (consisting of LKB1, Mo25α and straDα) can also 

be produced in bacteria, although purification yield was low (5). in cases where bacte-

rial production of active aMPK is desirable, LKB1 complex can be co-expressed with 

aMPK. For this purpose a single hexacistronic expression vector encoding three aMPK 

and three LKB1 subunits was employed (Figure 1a&B). this strategy directly yields ac-

tive aMPK, as reported recently (6,7).

tricistronic constructs for expression of aMPK usually encode a hexahistidine (His)-

tagged α-subunit and non-tagged β and γ-subunits (although this might not be exclu-

sive). thus, commonly, His-tagged aMPK protein obtained from a prokaryotic expres-

sion system can be purified by nickel affinity chromatography in a single-step using 

standard procedures (Figure 2). to exclude possible problems from the presence of 

His-tag for biochemical characterization of aMPK, especially crystallization, non-tagged 

mammalian aMPK isoform combinations were purified successfully from bacteria using 

a multi-step chromatography approach that included anion exchange chromatography 

and size-exclusion chromatography (8). automation of such multi-dimensional purifica-

tion protocol was established even allowing for full internet remote control (9). 

to date, the bacterial expression system has been validated as a useful source of 

various aMPK isoforms as either active or inactive enzyme. Moreover, the bacterial 

system has been utilized for expression of functional mutants, such as kinase-defective 

mutants (e.g. α1D157aβ1γ1) or truncation mutants (e.g. lacking the kinase domain in 

the α-subunit).

Baculovirus-insect cell expression systems

Baculovirus-mediated protein expression can provide both high protein yield and 

eukaryotic protein PtMs (10). infected insect cells co-expressing all three aMPK subunits 

from three individual baculoviral vectors provided stable heterotrimeric complex, 

Figure 1. Bacterial expression construct for production of active AMPK complexes. (a) schematic 
representation of the hexacistronic expression vector encoding for the aMPK heterotrimer and LKB1 
complex for expression of active aMPK in bacteria. (B) the hexacistronic gene construct consists of a 
single promoter, open reading frames of aMPK γ subunit, β subunit, hexahistidine-tagged α subunit, 
LKB1, Mo25a and straDa, respectively, interspersed with ribosome binding sites (rBs), and a 
transcriptional terminator sequence. Plasmid maps are not drawn to scale. this vector and its 
application were described recently (6,7).
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whereas separate expression/purification resulted in protein insolubility (11). successful 

aMPKα1β1γ1 complex expression was achieved (12). However, also co-expression of 

only the γ1 and the C-terminus of β1 subunit resulted in a stable complex in the absence 

of the α subunit in insect cells (12).

the main advantage of insect cell expression is the presence of eukaryotic PtMs, 

which is for example highlighted by the identification of a gatekeeper function for 

n-terminal myristoylation of the β-subunit (13). Furthermore, by using recombinant 

human aMPK produced in insect cell systems, several additional phosphorylation sites 

have been identified (14). similar to the bacterially expressed protein insect cell-based 

systems produce relatively high protein yields and for protein purification purposes 

affinity chromatography and anion exchange chromatography were applied yielding 

high purity (12). Compared to the bacterial expression system, aMPK expression in 

insect cells offers the potential advantage that relevant eukaryotic PtMs are present on 

the artificially expressed aMPK protein.

Mammalian tissues and expression systems 

Mammalian tissues and cells are sources for endogenous aMPK complex proteins. in 

addition, mammalian cell cultures have been used for recombinant protein expression. 

the expression of mammalian proteins in mammalian cells generally results in correct 

folding, assembly of the required protein complex components and post-translational 

processing, which are all important for faithful biological activity.

in the early days of research into aMPK function, native aMPK was extracted from 

tissues and enriched in a series of subsequent purification steps, e.g., a combination of 

Deae-sepharose, Blue-sepharose and size exclusion chromatography was applied to 

purify aMPK from male Wistar rat livers (15). Later, a number of bio-affinity based 

purification methods have been developed to increase the efficiency of aMPK isolation, 

Figure 2. Bacterially expressed purified AMPK isoforms. tricistronic plasmids encoding various 
aMPK isoforms were transformed to competent E. coli and harvested after overnight expression in 
auto-inducing media. Proteins were purified by nickel-affinity chromatography and purity was 
analysed by sDs-PaGe followed by Coomassie Brilliant Blue staining. His-α1β1γ1 (Lane 1), His-α1β2γ1 
(Lane 2), His-α2β1γ1 (Lane 3), His-α2β2γ1 (Lane 4).
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for example a specific atP-γ-sepharose resin (16) and an a1 isoform-specific peptide 

substrate affinity-chromatography column with aDr1 (222–234)P229 (LKKLtrrPsFsaQ) 

(17). 

For expression of exogenous recombinant protein, different vectors are available to 

transfer the target genes into host cells. these vectors range from non-selectable vectors 

to vectors carrying selection markers (usually eukaryotic antibiotic resistance markers) 

and include non-viral as well as viral (adeno-, retro-, lentiviral) vectors. Widely used and 

relatively easily transfectable mammalian cell lines include Human embryonic kidney 

(HeK 293) and Chinese hamster ovary (CHo) cells. 

although mammalian expression systems produce proteins harbouring native 

features (PtMs, folding, interaction), their main application has been in the exploration 

of cellular signaling pathways and interaction networks. Hence, over-expression of 

exogenous aMPK in mammalian cells is a widely applied method. to this end, mammalian 

expression constructs are transfected or virally transduced to a cell type of choice. as an 

example, both the constitutively active and dominant-negative forms of aMPKα have 

been used to define the role of aMPK in glucose uptake regulation by metformin in 

skeletal muscle cells (18). notably, although single subunit overexpression is achievable 

and produces interpretable results, triple transfection (α, β, γ subunits co-expression) 

was shown to increase aMPK kinase activity up to 50-110 fold compared with single 

subunit expression in mammalian cells (19). therefore, co-expression of all three aMPK-

complex subunits is highly recommended and widely applied in cellular signaling studies. 

For instance, co-expression of aMPKα1, β1 and γ1 has contributed to the elucidation of 

the mechanism underlying aMPK activation by a-769662 and aMP (20) and the 

identification of an autophosphorylation event that regulates aMPK-glycogen binding 

affinity (7). 

For both endogenous and exogenous protein purification, highly specific and high-

affinity reagents, such as (PtM-) specific antisera, have been useful to target and 

immune-capture proteins of interest from cell extracts (21,22). at present, most 

researchers choose to enrich endogenous aMPK protein by immunoprecipitation from 

mammalian cells using specific antibodies, e.g, by immunoprecipitating aMPK from cell 

lysate with a highly selective anti-a1/2 antibodies raised in sheep and protein G sepharose 

(23). 

Biochemical characterization of AMPK

structural and functional analysis of aMPK requires aMPK-specific knowledge and 

the availability of apt biochemical tools. Vice versa, structural data fertilized the 

biochemical characterization of aMPK. thus, the interplay between structural biology 
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and biochemistry has provided significant novel insights into the molecular functioning 

of aMPK.

AMPK kinase activity measurement

in essence protein kinases are phosphoryl transferases that transfer the γ-phosphate 

group of atP to a threonine, serine or tyrosine residue on specific protein substrates. 

therefore, protein kinase activity measurement is the determination of phosphate 

transfer, i.e. by quantifying the production of the phosphorylated products or by 

detecting the aDP production, which also should inversely mirror the decrease of atP 

(24). 

among various assays for aMPK activity measurement, the radiometric assay is a 

common method, although the introduction of non-radioactive assay formats has 

reduced the frequency of its application. in any such assay, aMPK is incubated with a 

synthetic substrate peptide, in the presence of radiolabeled (32P-γ-atP or 33P-γ-atP) or 

non-labeled atP. incorporation of the radiolabel to the substrate peptide can be 

quantified by determining scintillation counts after spotting the reaction mix onto a 

phosphocellulose paper, i.e. the ‘classical’ kinase assay that has been successfully 

implemented for numerous kinases. a more rough estimation of kinase activity may 

alternatively be obtained by using a protein substrate and comparing autoradiography 

signals after separating the reaction mix by gel electrophoresis. if using nonradiolabeled 

atP various commercial kits are available for quantification, such as luminometer-based, 

fluorescent and colorimetric assays.

Different substrate peptides of aMPK have been reported. the synthetic saMs 

peptide (HMrsaMsGLHLVKrr) was shown to be a specific target for aMPK from rat liver 

(25). similarly, aMara peptide (aMaraasaaaLarrr) has been used to measure aMPK 

activity in cell lysates (26). However, the vast majority of researchers utilized saMs 

peptide in their aMPK studies, e.g., it was shown that LKB1 directly phosphorylates and 

activates aMPK kinase activity toward saMs peptide (27). to determine aMPK activity, 

various additional technologies and platforms have been developed and are available 

from commercial suppliers that are based on the recognition of the phosphorylated 

substrate peptide by suitable phosphorylation-specific antibodies. alternative methods 

include the design of fluorescent fusion proteins, which upon phosphorylation induce a 

change of Förster resonance energy transfer (Fret) as further detailed in Book Chapter 

22.

all of the above kinase activity measurements offer their specific advantages, but 

focus on either substrate phosphorylation or on atP consumption as a read-out. analysis 

of the kinase activity reaction mixture by high performance liquid chromatography 
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(HPLC) has been developed as an alternative (4). HPLC-based analysis allows for 

quantification of all nucleotides (atP, aDP and aMP), plus it provides an accurate 

determination of saMs and phosphorylated saMs (psaMs) peptide; the latter requires 

a separate HPLC run using a different column chemistry, solutes and eluent. in contrast 

with other methods, the HPLC-based read-out enables monitoring of aMP levels, which 

may be present as contamination or produced during the assay in the reaction mixture. 

it is also possible to record dynamic changes of atP/aDP and psaMs/saMs as a function 

of time (i.e. by taking samples of an activity assay at different time points). Moreover, 

this single assay-based technology provides important data cross-validation, since a 

perfect correlation between aDP formation and psaMs detection within the duration of 

the aMPK assay was observed (4).

AMPK structure determination

the detailed atomic structure of aMPK has mainly been captured by X-ray 

crystallography. thus, aMPK was purified in large quantities and subjected to 

crystallization trials. the mammalian aMPK structure and aMP-binding sites were 

elucidated recently (28). also, the binding of small molecule activators, such as a769662, 

was elucidated by X-ray crystallography (29). these studies crucially rely on the ability to 

produce aMPK complex in sufficient amount, purity and homogeneity. accordingly, the 

bacterial polycistronic expression strategy (section 1.1, this chapter) has been used in 

virtually all aMPK structural studies published to date.

nuclear magnetic resonance (nMr) spectroscopy is alternative method to obtain 

structural insight, which has been applied to isolated aMPK domains and even revealed 

dynamic changes or affinities. as an example, the carbohydrate-binding module of 

muscle-specific aMPK β2 subunit has been found to display higher affinity for 

carbohydrates than the corresponding domain of the aMPK β1 subunit (30). nMr-based 

analyses have also demonstrated that the isolated CBM domain alone shows weak 

interaction with a769662 (31). 

Screening methods for AMPK downstream target identification

a multidimensional substrate-screen for protein kinases (MudseeK) in tissue 

homogenates has been recently developed to identify downstream targets for aMPK 

(32). this proteomic method utilises radiolabeling of substrate proteins by activated 

aMPK in presence of radiolabeled atP. Phosphorylated substrates are detected after 

separation of proteins by two-dimensional gel electrophoresis and subsequent 

autoradiography. although the principle is simple, several steps are necessary and crucial 

for success (not further detailed herein). in this study and subsequent work (33), the 

MudseeK approach has proven effective for aMPK substrate protein identification with 
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a low number of false-positive hits. 

a bioinformatics based approach has been applied to search for the established 

aMPK substrate motif. such method predicts potentially novel aMPK substrates and 

their aMPK-targeted phosphorylation sites. as an example, serine 722 and 792 of the 

regulatory-associated protein of mechanistic target of rapamycin (raptor) have been 

predicted as aMPK target sites by scansite (http://mit.scansite.edu) and Prosite (http://

ca.expasy.org/prosite/) (34). Moreover, a substrate-specific antibody was developed 

based on the known consensus of aMPK phosphorylation motif (LXrXXps/pt). Using this 

antibody, 57 proteins recently were identified as potential aMPK targets (35). 

Following-up on the results of the screening methods above, each putative aMPK 

substrate protein requires rigorous validation as aMPK target. as a first step, this can be 

verified in in-vitro kinase assay (iVK) with active aMPK using radiolabeled atP and 

autoradiography. For phosphorylation site identification a similar reaction mix may be 

subjected to mass spectrometry analysis, most often involving sDs electrophoresis and 

Figure 3. Workflow of AMPK downstream target identification. Potential aMPK targets are identified 
via Mudseek or motif affinity screening. in silico prediction software yields potential aMPK substrates 
harbouring potential phosphorylation sites. Validation of a candidate target protein as aMPK 
substrate can be performed in kinase assays using active aMPK, radiolabeled atP and autoradiography. 
similar reaction mixtures can also be used for mass spectrometric analysis for phosphorylation site 
identification. site-directed mutagenesis can then be employed by exchanging the putative serine/
threonine target-residues of candidate substrate proteins into alanine (non-phosphorylatable) to 
validate whether these amino acids are aMPK targets in vitro and in vivo (using phospho-aMPK 
substrate antibody/custom-made phosphorylation-specific antibody), and to study the biological 
relevance of phosphorylation at these sites. 
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isolation of tryptic peptides from gel pieces. site-directed mutagenesis in combination 

with iVK is frequently used to validate a newly identified phosphorylation site. to this 

end, the presumed serine or threonine residue of the aMPK target site is exchanged to 

alanine and the target protein is produced in a recombinant expression system. Upon 

incubation of wild type or the mutant with active aMPK, phosphorylation of the target 

protein can be detected by either autoradiography or antibodies (phospho-aMPK 

substrate antibody/custom-made phosphorylation-specific antibody). the workflow of 

aMPK downstream target identification is depicted in Figure 3. 

recently, a chemical genetics approach was developed to identify aMPK targets (36). 

in this method, aMPK α2 subunit was genetically engineered to use n6-modified atPγs 

analogs for substrate thiophosphorylation. next, the transferred thiophosphate on 

serine or threonine residues was chemically alkylated. this alkylation can be recognized 

by a thiophosphate ester-specific antibody that is used to enrich aMPK target proteins 

by immuno-affinity capturing for subsequent identification by mass spectrometry. 

Physical interaction studies

Physical interaction studies are performed to explore binding affinity of nucleotides, 

drugs or interaction partners with aMPK. among these studies, surface Plasmon 

resonance (sPr) is a widely used method, which is versatile and label-free and has 

outstanding sensitivity. the technology uses purified aMPK protein that is captured on a 

sensor chip. Binding of drugs or nucleotides causes a detectable real-time angle shift of 

light reflected from the chip surface. Variation in binding response value makes the sPr 

technology useful to detect differences in binding affinity (29). For example, glutathione 

s-transferases (Gst) were identified as aMPK binding partners by using this method (37). 

similarly, another optical technique called Bio-layer interferometry (BLi) uncovers aMPK 

binding with small molecules in real-time by measuring a wavelength shift in the 

interference pattern (31,38). nuclear magnetic resonance (nMr) spectroscopy, as 

previously discussed in the context of atomic structure resolution, can also be applied 

for this purpose. extensive studies were performed using the yeast two-hybrid screening 

approach leading to the identification of multiple novel protein binding partners of 

aMPK subunits, i.e. with preference for the aMPKβ-subunit (39).

Methods to study AMPK in cellular signaling pathways

aMPK is a ubiquitous energy sensor of the eukaryotic cell. thus, aMPK has been 

studied in many different cellular signaling pathways and specific methodology was 

applied to elucidate various processes of interest, such as cell growth, autophagy, 

metabolism and gene transcription (14,40,41). Here, we introduce the common starting 

points used in aMPK cellular signaling research by focusing on metabolic stressors and 
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pharmacological compounds as input signals, aMPK as the integrating centre and 

downstream substrates as read-out (Figure 4).

AMPK isoforms and cell models

in principle, any eukaryotic cell is expected to express aMPK (or a close homologue) 

and thus can serve as a cell model. However, the composition of the heterotrimeric 

aMPK and the level of subunit expression and incorporation show differences in a cell 

type specific context and also at the level of activation, interestingly. in mice, the 

distribution of different isoforms is well defined: α1 evenly presents across heart, liver, 

kidney, brain, spleen, lung and skeletal muscle, while α2 is most abundant in heart and 

skeletal muscle; similarly, the β2 subunit is expressed in the same muscular tissues 

whereas the β1 isoform is ubiquitous; γ1 and γ2 are widely expressed with γ2 levels 

highest in heart, while the γ3 isoform is restricted to skeletal muscle (14). these 

Figure 4. AMPK in the context of cellular signaling studies. the depicted aMPK cellular signaling 
model comprises three conceptual levels: input signal/activation (by upstream regulatory molecules), 
aMPK as a signal sensor and convergence/integration point of signaling and downstream targets 
(biological/functional read-out). as input signals, metabolic stress, like low glucose or oxygen and 
small molecule activators metformin/phenformin lead to increased cellular aMP/aDP, whereas 
aiCar forms aiCar-phosphate (ZMP), a structural analog of aMP. thus LKB1 directly phosphorylates 
aMPK at t172 for activation, while CaMKK2 activates aMPK in response to calcium influx. activity of 
aMPK is increased by activating phosphorylation, and/or pharmacologically, by binding of a769662/
salicylate. the phosphorylation status of aMPK downstream targets changes in response to aMPK 
activation. as read-out for aMPK activity changes, phosphorylation status of aCC at s79 is most 
commonly detected, i.e., using commercially available antibodies. Phosphorylation of other 
substrates, involving in glucose metabolism, cell growth/autophagy and transcription, may also be 
used as biological endpoints.
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observations, therefore, emphasize the importance of choice of a relevant cell model 

with respect to specific signaling studies and organs. also, aMPK α2 subunit has been 

shown with preferential nuclear localization and therefore is more indicated to be 

involved in transcriptional regulation (42). studies into processes that depend on aMPK 

activation often apply HeLa cells, due to their lack of LKB1 (43). Likewise, neurons (44) 

and t cells (45) are explored for the role of CaMKK2 on aMPK activity. therefore the 

aMPK activating mechanisms and controls may differ per cell type and so does the 

spectrum of aMPK downstream targets. 

Physiological and pharmacological modulators of AMPK activity

aMPK promotes atP generation in response to increased aMP and aDP levels and 

thus various metabolic stressors, such as low oxygen or nutrient deprivation, induce 

aMPK activation (41). in particular, glucose deprivation has been applied to cells in order 

to activate aMPK. in response to such energy stress, LKB1 directly phosphorylates aMPK 

at threonine 172 (t172) (27,43,46). CaMKK2, on the other hand, activates aMPK by 

targeting the same site upon increased calcium influx (47,48). For example, in endothelial 

cells thrombin has been shown to activate aMPK in a CaMKK2-dependent manner (23). 

the compound 5-aminoimidazole-4-carboxamide ribonucleotide (aiCar) is 

phosphorylated intracellularly to form aiCar-phosphate (ZMP), a structural analog of 

aMP, thus capable of activating aMPK and widely used as aMPK activator in cell studies 

(49). Metformin and phenformin are found to induce aMPK activation via inhibiting 

mitochondrial atP synthesis (50) and therefore increasing the cellular aMP-to-atP ratio. 

By directly binding to aMPK, a769662 (51) and salicylate (52) induce allosteric activation 

of aMPK and thus are increasingly used for aMPK cellular function analysis. importantly, 

a769662-mediated aMPK activation was also found to reduce the metastatic efficiency 

of breast tumour cells (53), illustrating the potential clinical importance of both aMPK 

and small molecule activating compounds. to inhibit aMPK activity, compound C has 

been utilized as an atP-competitor. However, compound C (and other kinase inhibitors) 

lack specificity for aMPK (54). although compound C undoubtedly inhibits aMPK and 

may still be considered useful, the experimental results obtained from using this inhibitor 

thus should be interpreted with caution. the CaMKK inhibitor sto-609 has been applied 

in studies of CaMKK2-mediated aMPK activation (48). inhibitors of LKB1 have remained 

elusive. 

AMPK as the integrating centre for activity modulation

(1) antibodies for aMPK activity measurement in cells

Phosphorylation sites in aMPK have been reported in α and β subunits mainly and 

site-specific phosphorylation-sensitive antibodies have been generated against several 
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sites. Phospho-aMPKα threonine 172 (pt172) antiserum is commonly used as an 

indicator of aMPK activity status (55). Phosphorylation at serine 485 (α1) / serine 491 

(α2) can also be detected by phospho-specific antibodies and was linked to aMPK 

inhibition (56). in the CBM of β subunit, serine 108 phosphorylation has been monitored 

by a specific antibody to explore the activation mechanism of small molecule activators 

(20). although the role of phosphorylation at serine 182 in β1 subunit is not well defined 

yet, phospho-specific antibody is also commercially available. several research groups 

also developed their own antibodies, such as the phospho-aMPKβ threonine 148 

(pt148) antibody (7), which have remained non-commercial.

(2) Genetic intervention for aMPK activity modulation

in addition to pharmacological activation or inhibition, aMPK activity can be 

modulated by molecular genetic intervention to study and validate its biological 

relevance in a certain process. as discussed above (section 1.3) aMPK can be expressed 

in cell models using transient transfection or viral transduction approaches. the 

expression of available and novel aMPK (subunit) mutants allows analysis of the 

involvement of specific protein domains or PtMs in regard to a cellular response. 

Mutation of aspartate 157 to alanine (D157a) within the α1 subunit renders aMPK 

catalytically inactive (57). Constitutively active (Ca-aMPK) and dominant negative (Dn-

aMPK) forms were generated by mutating the threonine residue at 172 into an aspartic 

acid (t172D) and an alanine (t172a), respectively (58,59). Mutation of serine 485 within 

the α1 subunit into alanine (s485a) has been used to study possible suppressive signaling 

pathways of aMPK function (60). Deletion mutant analysis of the α1 subunit was 

designed to locate specific binding regions for its binding partners (61). Likewise, an 

autophosphorylation site mutant at serine 108 in β subunit (s108a) was used to study 

the mechanism by which a769662 activates aMPK (62). an isolated carbohydrate-

binding module (CBM) located in the β subunit and β threonine 148 mutant (t148a) was 

used in aMPK-glycogen binding study (7). interestingly, mutation of arginine 531 into 

glycine (r531G) in the γ2 subunit, which is also found in Wolff-Parkinson-White (WPW) 

syndrome, causes a lack of aMP/aDP binding (63) and thus has been used as an aMP-

insensitive mutant to distinguish upstream activating signals of aMPK that are not 

requiring elevated aMP levels (64).

Loss of aMPK function can be obtained genetically (knock-out/knock-down) by use 

of gene-targeting technology or the use of rna interference-based post-transcriptional 

silencing approaches, respectively. to date, various knock-out mice lacking aMPK specific 

subunits have been created, which are valuable sources for genetically altered cell 

systems in in-vitro studies. notably, the animal-derived cell lines can be used in the 

primary constitution (65) or immortalized to establish novel cellular models, e.g., 
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aMPKa-deficient immortalized mouse embryonic fibroblasts (MeFs) were derived from 

aMPK α1 and α2 double-knockouts mice (66). to achieve aMPK knock-down, small 

interfering rna (sirna) and short hairpin rna (shrna) have been developed and verified 

mainly for α subunit: α1 and α2 subunits knock-down was effectively achieved in both 

human and mouse cells by sirna or shrna, by targeting a completely conserved 

sequence among human, mouse and rat aMPK (67). in muscle cells, aMPK knock-down 

has been achieved by both sirna (68) and lentiviral shrna (59). Commercial sirna and 

shrna are also available and have been verified in some studies (69,70).

Downstream targets as study read-out

With increasing knowledge of aMPK signaling network, multiple downstream targets 

in different pathways have been well studied and established as indicators of aMPK 

activity. among all the substrates, acetyl-Coa carboxylase (aCC), a regulator in fatty acid 

synthesis, is most commonly used. serine 79 in aCC was identified as the aMPK 

phosphorylation site (71), and phospho-aCC serine 79 (ps79) has since then been used 

as a general indicator of the effect of various treatments on aMPK activity (72,73). in cell 

growth signaling, phosphorylation of tumour suppressor tuberous sclerosis complex 2 

(tsC2) (74,75) and regulatory-associated protein of mechanistic target of rapamycin 

(raptor) (34) have been associated with the inhibitory effect of aMPK on mechanistic 

target of rapamycin complex 1 (mtorC1). as downstream targets of mtorC1, 

phosphorylation of p70s6K1 (thr389) and 4e-BP1 (ser65) have also been utilized to 

check the net of effect of aMPK signaling changes (34). in autophagy, a direct connection 

between aMPK and phosphorylation of the ULK1 complex was reported (76). in the 

context of signaling pathways in glucose uptake, phosphorylation of tBC1 domain family 

member 1 and 4 (tBC1D1/4) has been used as read-out of aMPK involvement (77,78). 

Further, the role of aMPK in metabolism has been revealed in transcriptional control as 

well, via directly phosphorylating the lipogenic transcription factor sterol regulatory 

element-binding transcription factor 1 (srebp1) (79), the glucose-sensitive transcription 

factor carbohydrate-responsive element-binding protein (Chrebp) (80), histone 

deacetylases (HDaCs) 4/5/7/9 (81) and histone 2B (H2B) (66).

Perspectives

application of up-to-date biochemical and molecular biology techniques has been a 

major driver of research progress in the aMPK field. implementation of novel technolo-

gies will facilitate advanced insight into aMPK function and functioning in the near fu-

ture. With the CrisPr/Cas methodology on the rise, it is expected that the nuclear en-

coded expression of aMPK variants in various cell systems will become available at a 

much-accelerated rate, i.e., independent of the availability of a corresponding genetic 
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mouse model. thus, functional knockouts, domain and single-site mutants of the endog-

enous gene can be created by CrisPr/Cas-mediated genome editing to study their cel-

lular effect. super-resolution microscopy could facilitate the study of aMPK at subcellu-

lar and organelle-level, thereby providing insight into aMPK-function in relation to lo-

calization. Further, the application of imaging mass spectrometry will allow for analysis 

of aMPK in biological specimen to provide positional information in combination with 

identification of neighbouring molecules and/or posttranslational modifications of 

aMPK. advancement in chemical genetics may further enhance the study of regulatory 

pathways and elucidation of causal relationships to aMPK. in conclusion, a new wave of 

in vitro and in vivo methods is awaiting implementation in the context of aMPK research. 

such new data is expected to significantly contribute to the scientific advancement of 

the aMPK field and can be crucial for clinical application of novel aMPK modulators. 
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Abstract

AMP-activated protein kinase (AMPK) is a molecular energy sensor that acts to 

sustain cellular energy balance. Although AMPK is implicated in the regulation of a 

multitude of ATP-dependent cellular processes, exactly how these processes are 

controlled by AMPK and the identity of AMPK targets and pathways continues to 

evolve. We here identify MAP kinase interacting serine/threonine-protein kinase 1a 

(MNK1a) as a novel AMPK target. Specifically, we show AMPK-dependent serine 353 

(S353) phosphorylation of the human MNK1a isoform in cell-free and cellular systems. 

We show that AMPK and MNK1a physically interact and that in vivo MNK1a-S353 

phosphorylation requires T-loop phosphorylation, in good agreement with a recently 

proposed structural regulatory model of MNK1a. Our data suggest a physiological role 

for MNK1a-S353-phosphorylation in regulation of the MNK1a kinase, which correlates 

with increased eIF4E phosphorylation in vitro and in vivo. 

Keywords: aMP-activated protein kinase (aMPK), MaP kinase interacting serine/

threonine kinase 1a (MnK1a), phosphorylation, translation, eiF4e, post-translational 

modification
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Introduction

Balancing catabolic and anabolic processes is fundamental to energy homeostasis 

and metabolic adaptation. the αβγ heterotrimeric aMP-activated protein kinase (aMPK) 

promotes atP-production and limits atP-consumption (1,2). shifts in the cellular 

aMP:atP ratio are detected through the γ subunit, which cooperatively binds aMP. Con-

sequential conformational changes within the heterotrimer stimulate aMPK kinase ac-

tivity. activation of aMPK further involves threonine 172 (t172) phosphorylation in the 

activation-loop of the a subunit kinase domain (3). additional (auto)phosphorylation 

events are known to regulate aMPK (4-6). through its established roles in lipid, glucose 

and protein metabolism, aMPK functions at the cross roads of energy metabolism and 

basic cellular processes including cell proliferation, growth and survival (7-9). For exam-

ple, aMPK-mediated regulation of acetyl Coa carboxylases aCC1 and aCC2 accelerates 

fatty acid synthesis and inhibits fatty acid oxidation, respectively (10). aMPK is involved 

in control of cell growth via phosphorylation of regulatory-associated protein of mtor 

(raptor) and tuberous sclerosis 2 (tsC2, tumor suppressor) (11,12). 

Despite its well-known role as energy sensor, a lack of knowledge on the identity of 

direct aMPK targets and thus of pathways involved in these processes persists. a sub-

stantial amount of functional screening approaches have been developed to identify 

aMPK downstream targets and interaction partners (13-17). High-density protein micro-

arrays enable the rapid identification of potentially novel human kinase substrates at a 

proteomic scale (18). Using this strategy we identified MaP-kinase interacting serine/

threonine-protein kinase 1 (MnK1) as a putative novel aMPK target (19). the human 

MKNK1 gene encodes two splice variants, MnK1a and MnK1b, which differ in their C-

terminal sequences. in contrast to other MnKs, MnK1a has low basal activity and is 

highly induced upon activation (20). MnK1a is activated by Mitogen and stress activated 

Protein Kinases (M/saPK) erK (extracellular-signaling regulated Kinase) and P38, via 

phosphorylation of two threonine residues (t209 and t214) within the activation/t-loop 

(21,22). MnK1 and MnK2 isoforms phosphorylate the eukaryotic translation initiation 

factor and mrna cap-binding protein 4e (eiF4e) on serine 209 (23-25). although the 

exact biological relevance of this phosphorylation event is still under debate, cellular 

eiF4e plays an important role in the regulation of mrna translation, in which interaction 

with the 5’-cap structure of mrna appears pivotal (26). Deregulation of eiF4e has been 

linked to tumorigenesis (26,27); inhibition of protein translation, e.g. via MnK, is consid-

ered for cancer treatment (20).

Here we show that MnK1a is a genuine aMPK target in vitro and in vivo. MnK1a 

phosphorylation at s353 by aMPK increases its kinase activity toward eiF4e 

phosphorylation. the relevance of our findings for human metabolic and neoplastic 
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conditions is discussed.

Results

MNK1a is a novel AMPK target in vitro

the online tool (http://scansite3.mit.edu) predicted the presence of a putative aMPK 

phosphorylation motif LQrnsstMDL in MnK1a; this domain is absent in MnK1b. the 

putative aMPK-target site in this motif, s353, is evolutionarily highly conserved among 

mammals and lower vertebrates (Fig. 1A). to validate the initial phospho-protein 

microarray finding, cell-free in vitro kinase (iVK) assays were performed using 

recombinant aMPK and MnK1a. Mass spectrometric analysis of in vitro phosphorylated 

recombinant MnK1aWt, indicated s353 as the primary phospho-site in the MnK1a-

specific tryptic peptide sequence nsstMDLtLFaaeaiaLnr (s353 underlined; localization 

probability: 74%; Fig1A). to further probe the specificity of this phospho-event in vitro, 

the Gst-tag was also proteolytically removed from recombinant Gst:MnK1a to exclude 

interference by that Gst-tag phosphorylation (28). Both Gst:MnK1aWt and MnK1aWt 

protein were phosphorylated specifically and only in the presence of aMPK (Fig. 1B). the 

absence of radiolabeled MnK1Wt protein in aMPK-free control reactions, suggested that 

MnK1aWt phosphorylation in vitro was aMPK-dependent and that MnK1aWt protein did 

not show auto-phosphorylation under these conditions. a commercially available aMPK-

substrate antiserum which detects a common aMPK-phosphorylated Lxrxxps/pt motif, 

recognized in vitro phosphorylated MnK1aWt indicating that MnK1a phosphorylation 

occurred at an aMPK substrate-like motif (Fig. 1C). absence of detectable MnK1aWt 

phosphorylation using a kinase-dead aMPK further corroborated the notion that MnK1-

phosphorylation is dependent on the kinase activity of aMPK in vitro (Fig. 1D). to 

definitively identify the phosphorylated MnK1a residue, a recombinant MnK1a s353 to 

alanine mutant (MnK1as353a) was tested in cell-free assays. to exclude the possibility that 

the neighboring ser352 residue was phosphorylated by aMPK under these conditions, 

we also generated a MnK1as352a mutant. Whereas Mnk1aWt and MnK1as352a were clearly 

detected by autoradiography, the MnK1as353a mutant protein was not radiolabeled 

under these conditions (Fig. 1E). analogously, comparative analysis of MnK1aWt and 

MnK1as353a showed that MnK1as353a, in contrast to MnK1aWt, was not detected by the 

aMPK-substrate antiserum (Fig. 1F). this combined data strongly supports the idea that 

aMPK phosphorylates MnK1aWt at s353 in vitro. 

Cellular MNK1a is phosphorylated at S353 upon AMPK activation

to establish that MnK1a phosphorylation at s353 occurs in living cells, we first 

compared MnK1a expression levels in different normal diploid and cancer cells. the 

osteosarcoma cell line U-2os was found to express endogenous MnK1a at a very low 

level, whereas its aMPK level was relatively high (Fig. 1G). the functional interaction 
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between aMPK and MnK1a was studied in these cells using retrovirally expressed 

2PY:MnK1a. Cells were treated with the aMPK-activating compound aiCar; aMPK 

activity was assessed by paCC1 measurement. Whereas relatively low under control 

conditions (i.e. non-stimulated or serum-starved), aiCar dramatically increased 

2PY:MnK1aWt phosphorylation at an aMPK substrate-like motif (Fig. 1H). importantly, in 

contrast to immunoprecipitated (iP-ed) 2PY:MnK1aWt iP-ed 2PY:MnK1as353a mutant 

protein did not show any detectable phosphorylation (Fig. 1H). this data is congruent 

with cellular aMPK-mediated phosphorylation of MnK1a at s353.

to be able to study the biological context and relevance of MnK1a-phosphorylation 

at s353, we generated a polyclonal antiserum specifically recognizing s353-

phosphorylated MnK1a. Both phosphorylated recombinant Gst:MnK1aWt and 

proteolytically released MnK1a Wt were detected by the MnK1a-ps353 antiserum (Fig. 

1I). the finding that recombinant Gst:MnK1as353a was no longer detectable by the 

MnK1a-ps353 antiserum under similar assay conditions, corroborated the specificity of 

the newly generated MnK1a-ps353 antiserum (Fig. 1J). to obtain direct evidence that 

MnK1a-s353 phosphorylation occurs in living cells, U-2os cells expressing MnK1aWt or 

MnK1as353a were treated with aiCar. as expected, aiCar increased aMPK-pt172 

(paMPK) and aCC1-ps79 (paCC1) in both cell types (Fig. 1K). importantly, aMPK-

activation correlated well with increased MnK1a-ps353 signal; and the MnK1as353a 

mutant was not recognized by the MnK1a-ps353 antiserum (Fig. 1K). 

MNK1a-S353 phosphorylation is AMPK-dependent and involves direct physical interaction

to obtain genetic evidence for the aMPK-dependency of MnK1a-s353 

phosphorylation, 2PY:MnK1a-transduced mouse embryonic fibroblasts (MeF) derived 

from wild type (aMPKWt) or aMPKα1/α2 double null-mutant mice (aMPKdKo ) were either 

treated with aiCar or a769662; the latter being an aMPK activator with a distinct mode 

of action (29,30). Both aiCar and a769662 enhanced paMPK and paCC1 phosphorylation, 

which correlated well with enhanced MnK1a-s353 phosphorylation in aMPKWt, but not 

in aMPKdKo MeFs (Fig. 2A). these data convincingly support the notion that MnK1a is 

phosphorylated at ser353 in an aMPK-dependent fashion in vivo. We then asked 

whether aMPK physically interacts with MnK1a in living cells. endogenous aMPK was 

immunoprecipitated (iP-ed) from 2PY:MnK1aWt U-2os cells. the interaction between 

MnK1a was evident under basal conditions and increased dramatically upon aMPK 

activation by aiCar or glucose deprivation (Fig. 2B). accordingly, aMPK/MnK1a complex 

formation is induced in response to aMPK activating stimuli. 

Metabolic stress-induced MNK1a-S353 phosphorylation controls its kinase activity 

toward eIF4E

to chart the consequences of aMPK-mediated MnK1a-s353 phosphorylation status 
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Figure 1. MNK1a-S353 is a novel AMPK target. 
(A) (upper panel) evolutionary conservation of putative MnK1a phosphorylation site. sequence 
alignment of MnK1a proteins of human (Q9BUB5), mouse (o08605), rat (Q4G050), bovine (Q58D94), 
pig (B8XsK1) and Western clawed frog (Q66JF3) (www.uniprot.org). (lower panel) identification of 
MnK1a phospho-peptide (aa 351-369; swissProt: Q9BUB5-2); intensities of phospho-peptide Ms 
spectra in presence or absence of atP (+/-atP); probabilities for each phosphorylatable residue are 
indicated between brackets in the aa sequence.
(B) In vitro kinase assays (iVK): purified Gst:MnK1a protein was incubated with or without active 
aMPK in presence of [γ-32P]atP; protease-mediated removal of the Gst-tag was done as indicated. 
pMnK1a: autoradiograph (upper panel); Coomassie Brilliant Blue-staining (CBB) image: loading 
control. 
(C) iVK assays as in A, using ‘cold’ atP instead. immunoblot detection (iB) of phosphorylated MnK1a 
using indicated antisera.
(D) as in C: iVK analyses include: active (Wt), kinase-dead (KD) or no aMPK; iB detection was done 
using the indicated antisera.
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(E) iVK: purified recombinant Gst:MnK1aWt and mutant Gst:MnK1as353a or Gst:MnK1as352a proteins 
were incubated with active aMPK and [γ-32P]atP. pMnK1a: autoradiograph (upper panel); CBB 
image: loading control.
(F) as in C: iVK analyses were performed with ‘cold’ atP. iB detection was done using the indicated 
antisera.
(G) MnK1a and aMPK protein levels in HeLa cervical adenocarcinoma, U-2os, MeF, tiG3 human 
primary fibroblasts, HeK293t human embryonic kidney, HL-1 immortal murine cardiomyocytes. iB 
analyses of total cell extracts using the indicated antisera.
(H) U-2os cells expressing 2PY:MnK1aWt, MnK1as353a (control: empty vector, ev), were treated as 
indicated (c: control conditions; ss: serum-starved; ai: ss+aiCar). MnK1a was iP-ed using PY 
antiserum; iB analysis of iP and input material using the indicated antisera.
(I) as in C: iVK analyses using purified recombinant Gst:MnK1aWt protein, active aMPK and ‘cold’ 
atP; protease-mediated removal of the Gst-tag as indicated in the figure. iB of phosphorylated 
MnK1a using the indicated antisera.
(J) as in H: iVK analyses using purified Gst:MnK1aWt or Gst:MnK1as353a with active aMPK and ‘cold’ 
atP. iB was done using the indicated antisera.
(K) U-2os cells expressing 2PY:MnK1aWt, 2PY:MnK1as353a, or transduced with empty vector (ev), were 
treated as indicated (serum-starved (ss) or ss+aiCar). 

as a function of time, 2PY:MnK1aWt U-2os cells were glucose-deprived and aMPK and 

MnK1-phosphorylation were monitored. MnK1a-ps353 and paCC1 were both induced 

upon glucose deprivation; both phosphorylation events correlated well with aMPK 

activation (Fig. 2C). relevantly, 1 hour after replenishment of glucose, cells down-

regulated MnK1-ps353 and paCC1, in parallel with paMPK (Fig. 2C). these results are 

strongly suggestive of direct dynamic control of reversible MnK1a-phosphorylation at 

s353 by aMPK. 

aMPK-activation aims to conserve cellular atP by tuning energy consuming processes 

like mrna translation to metabolic conditions. MnK1 is known to phosphorylate the 

eukaryotic initiation factor 4e (eiF4e) at s209, a rate-limiting component of the translation 

apparatus (31). to explore the potential functional relevance of aMPK-mediated 

MnK1a-s353 phosphorylation in regards to eiF4e-s209 phosphorylation (peiF4e), we 

compared eiF4e phosphorylation status in the U-2os model transduced with MnK1as353a 

or MnK1as3535D mutants. Cells expressing MnK1as353D showed an almost 2-fold increased 

eiF4e phosphorylation at basal levels compared to cells expressing MnK1aWt or 

MnK1as353a (Fig. 2D). Combined, these data suggest aMPK-dependent stimulation of 

MnK1a toward its downstream target eiF4e, via MnK1a-s353 phosphorylation.

MnK1-t209/t214 are phosphorylated within the activation t-loop by the M/saPKs 

erK and P38 (21,22). the C-terminus of MnK1a, harboring s353, is thought to play a dual 

role in the regulation MnK1a kinase activity: the C-terminus acts repressive in the basal 

state while allowing full stimulation upon erK/P38-dependent phosphorylation of t209/

t214 (21). to explore the potential functional interdependence of t209/t214 and s353 

phosphorylation, we studied specific MnK1a phospho-mutants in U-2os cells in 

combination with pharmacological stimulation rather than metabolic stress, as this 
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FiGUre 2. Metabolic stress-induced MNK1a-S353 phosphorylation enhances MNK1a kinase 
activity toward eIF4E. 
(A) aMPKWt and aMPKdKo MeFs expressing 2PY:MnK1aWt were treated with aiCar or a769662 as 
indicated. iB analyses of total cell extracts using the indicated antisera.
(B) U-2os cells expressing 2PY:MnK1aWt; (control: empty vector, ev), were treated as indicated: c, ss, 
ai (cf. Fig. 1G) or GD: glucose deprived). iB analyses of iP-ed and input material using the indicated 
antisera; βactin (baCt): loading control.
(C) U-2os cells expressing 2PY:MnK1aWt were glucose deprived (GD; indicated in hrs); #cells were 
glucose deprived, glucose was re-administered for 1 hr. 
(D) U-2os cells expressing 2PY:MnK1aWt, 2PY:MnK1as353a or 2PY:MnK1as353D (control: empty vector, 
ev). iB analyses using the indicated antisera; βactin (baCt): loading control; (lower panel) quantitation 
peiF4e (FC: fold change) in U-2os cells expressing 2PY:MnK1aWt or 2PY:MnK1as353D (n=5, * p<0.005).
(E) U-2os cells expressing 2PY-tagged MnK1aWt, MnK1as353a, MnK1as353D, MnK1at2>a2 (a double 
t209a/t214a mutant) or MnK1aK>M (a kinase dead K78M mutant) were treated as indicated; aiCar, 
tPa or combination treatment (all preceded by ss). 2PY:MnK1a was iP-ed using PY antiserum (middle 
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allows separation of upstream signaling events. aiCar treatment, alone or in combination 

with tPa (M/saPK activator), consistently and highly induced paCC1, whereas tPa 

treatment alone only modestly induced paCC1 (Fig. 2E). tPa, with or without aiCar, 

massively increased MnK1-pt209/pt214 (MnK1a-ptpt) (Fig. 2E); these observations 

are in good agreement with reported upstream signaling events connecting M/saPKs to 

MnK1a (22). Combination treatment with tPa and aiCar resulted in increased MnK1a-

ps353, but only in the case of MnK1aWt and MnK1aK>M. reduced s353 phosphorylation 

in U-2os MnK1aK>M cells may be explained by consistently lower expression of the 

MnK1aK>M mutant (Fig. 2E). as expected, the t209a/t214a (MnK1at2>a2) mutant was no 

longer phosphorylated at the mutated phospho-sites, and neither iP-ed MnK1at2>a2 nor 

MnK1aK>M (K78M; kinase dead) mutant kinases phosphorylated eiF4e (Fig. 2E). 

remarkably, MnK1at2>a2 was no longer phosphorylated at s353, whereas, conversely, 

s353 mutation (s>a or s>D) did not block the ability of t209/t214 to become 

phosphorylated (Fig. 2E). iP-ed MnK1aWt from aiCar only-treated cells lead to only 

marginally increased peiF4e, in support of the need for regulatory co-signaling by M/

saPKs (Fig. 2E). in contrast, and in good agreement with the observations above (cf. Fig. 

2D), MnK1as353D consistently displayed enhanced peiF4e under aiCar or tPa only-

treated conditions; moreover, eiF4e phosphorylation by MnK1as353D was already 

enhanced under non-stimulated conditions (Fig. 2E). of note; paCC1 was not altered by 

MnK1a mutation. the combined data suggest that MnK1a selectively acts in the signaling 

downstream of aMPK leading to increased eiF4e phosphorylation, and points toward a 

hierarchical order of regulatory events within MnK1a: M/saPK-mediated MnK1a-t209/

t214 phosphorylation precedes aMPK-dependent MnK1a-s353 phosphorylation. 

Discussion

in this study we report that MnK1a is a direct aMPK target. We provide biochemical 

and genetic evidence that MnK1a-s353 is phosphorylated in vitro and in vivo in an 

aMPK-dependent manner and that aMPK and MnK1a physically interact. Finally, we 

show that MnK1a-ps353 correlates with increased eiF4e phosphorylation in vitro and in 

panels). iB analyses of iP-ed and input material using indicated antisera. iPs were used in iVKs with 
recombinant Gst:eiF4e and [γ-32P]atP. White bars between sections indicate separate blots. Lower 
panels; peiF4e: autoradiograph; CBB image: loading control. 
(F) a functional role for ps353 in MnK1a activation based on a previously suggested conformational 
change model (21): inactive MnK1a is maintained in a ‘closed’ conformation (upper schematic). erK 
and P38 (M/saPK) binding of the MnK1a C-terminal binding domain (C-term) and subsequent M/
saPK-mediated phosphorylation (encircled ‘P’s) at MnK1a-t209/t214 (bold ‘TT’) renders MnK1a 
receptive to aMPK-dependent phosphorylation at s353 (bold ‘S’). in the context of metabolic stress, 
aMPK-mediated MnK1a-s353 phosphorylation stabilizes an active ‘open’ conformation. replacement 
of t209/t214 by two non-phosphorylatable alanine residues (bold ‘AA’) desensitizes MnK1a to M/
saPK signaling (‘locked’ state).
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vivo.

Members of the MaPK-activated protein kinases (MK) family fulfill multiple biological 

roles in cellular responses to extracellular cues (e.g. mitogenic stimulation, cellular 

stress). MnK1a, like other MaPKaPKs, is tightly regulated by M/saPKs, among which erK 

and P38 (32,33). the most well-characterized biochemical connection in regards to 

MnK1 is eiF4e-s209 phosphorylation (24), although the exact relevance of MnK1-

mediated eiF4e phosphorylation remains unclear (34). MnK1a mutation appears to 

affect phosphorylation of eiF4e, not of aCC1, suggesting a selective role for MnK1a as a 

signaling intermediate in the regulation of protein synthesis, downstream of aMPK. 

Based on a previously proposed regulatory model of MnK1a, our data suggest a 

physiological role for s353 phosphorylation in regulating MnK1a activity. MnK1a is 

activated upon t-loop phosphorylation, but also undergoes a conformational change to 

a more ‘open’ structure (21). our MnK1a mutant analysis indicating that t209/t214 

phosphorylation is a prerequisite for s353 phosphorylation appears congruent with this 

phospho-event being dependent on conformational change. interestingly, an α-helical 

structure from the first part of the unique MnK1a C-terminal region was predicted to 

suppress basal t-loop phosphorylation and activity (21); s353 is located at the start of 

this region. Based on existing and current data, we propose a functional extension to the 

MnK1a activation model: t-loop phosphorylation by canonical M/saPK pathway activity 

precedes aMPK-mediated phosphorylation of MnK1a at s353 (Fig. 2F). 

our observations suggest that MnK1a-s353 phosphorylation by aMPK is not required 

for MnK1a activation per se, but affects and/or possibly directs kinase activity, upon a 

conformational change induced by M/saPK. MnK1-ps353 may serve to fine-tune MnK1/

eiF4e-mediated protein synthesis (mrna translation) via aMPK. this finding has potential 

therapeutic implications for chronic or acute human conditions, including metabolic 

syndrome-associated disorders and cancer. abnormal regulation of protein synthesis is 

known to drive tumor cell proliferation and survival. importantly, both aMPK and MnK1a 

have been independently put forward as potential druggable targets (35,36). 

Experimental procedures

Expression vectors-For bacterial expression of MnK1a protein, glutathione s-transfer-

ase-tagged (Gst)-MnK1a (pGeX-6P1) was kindly provided by C.G.Proud (southampton, 

UK) (21). active, hexahistidine-tagged (6His) aMPK was produced using a single hexacis-

tronic expression vector encoding three aMPK and three LKB1 subunits as described (5). 

expression of kinase-dead (KD) aMPKα1D157a mutant was described earlier (37). Point 

mutations were introduced using QuickChange (agilent). to generate eukaryotic expres-

sion vector, MnK1a cDnas were subcloned in frame with an n-terminal double polyoma 
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(2PY)-tag into the BamHi and sali sites of a retroviral pBabe vector (38); amphotropic 

retrovirus was produced as described (39); transduced U-2os and MeF cells were se-

lected in medium containing 4 μg/ml puromycin. 

Recombinant protein purification and cell-free kinase assays-Proteins were expressed in 

Rosetta 2 (DE3) E. coli cells (Merck Millipore, Germany) as described (5). 6His:AMPK and 

GST:MNK1a protein were purified using nickel-sepharose HP (GE Healthcare) and 

glutathione sepharose 4B (GE Healthcare), respectively. AMPK protein was eluted in 

elution buffer (50 mM NaH2PO4, 30% Glycerol, 0.5 M sucrose, 250 mM imidazole, pH 8) 

MNK1a protein was eluted with freshly prepared buffer (Tris-HCl 50 mM, 10 mM reduced 

glutathione, pH 8). 

aliquots of resin-bound MnK1a protein (10 μg) were incubated in 50 μl kinase buffer (50 

mM Hepes pH7.4, 5 mM MgCl2, 0.04 mM aMP, 1 mM Dtt, 200 μM atP) with 1 ug active 

aMPK protein and 4 μCi [γ-32P]atP for 15 min at 37°C. Beads were collected by 

centrifugation (5 min, 800 g), washed and suspended in cleavage buffer (50 mM Hepes, 

pH 7.5, 150 mM naCl, 0.5 mM eDta, 1 mM Dtt). For proteolytic removal of Gst tags, 

resin-bound protein was incubated with Prescission protease (Ge healthcare, UK) for 4 

hrs at 4°C with constant mixing. Beads were pelleted (5 min, 800 g); supernatant was 

transferred to a fresh tube. samples were heated in sDs/PaGe sample buffer (5 min, 

95°C). samples were analyzed by sDs/PaGe (9% gels) electrophoresis followed by 

Coomassie Brilliant Blue (CBB) staining and/or autoradiography.

Mass spectrometry-Gst:MnK1a and aMPK proteins were incubated with or without atP 

in vitro as described above. samples were separated by sDs-PaGe; MnK1a bands were 

excised and in-gel digested as described (40). extracted tryptic peptides were desalted 

using homemade C18 columns, resuspended in 10% formic acid and analyzed by reversed 

phase nanoLC-Ms/Ms (Ultimate 3000 and orbitrap elite; thermo scientific). Peptides 

were trapped on a precolumn for 10 min (acclaim PepMap100, C18, 5 µm, 100 Å, 300 

µm i.d. x 5 mm, thermo scientific) in Buffer a (0.1% formic acid in water) and separated 

on an analytical column (acclaim PepMap100, C18, 5 µm, 100 Å, 75 µm i.d. x 25 cm) 

using a 70 min gradient (0-10 min: 5% buffer B (80% acetonitrile, 0.1% formic acid), 10-

45 min: 10-45% buffer B, 45-47 min: 45-99% buffer B; 47-53 min 99% buffer B; 53-70 min 

5% buffer B) at 250 nl/min. the mass spectrometer was operated in data-dependent 

mode with a 20s dynamic exclusion range. Full-scan Ms spectra were acquired in the 

orbitrap (range: m/z 350 to 1500) with a resolution of 120000 and an aGC of 1e6 ions. 

CiD fragmentation in the ion trap was performed on the top 5 precursors of each full 

scan employing a collision energy of 35%. analysis of raw data was done by using 

MaxQuant (version 1.4.1.2 (41). the spectra were searched against the human swissProt 

database version 06/2014 using the andromeda search engine using default mass 
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tolerance settings (42). trypsin was set as the protease (two missed cleavages allowed). 

Fixed modification: Carbamidomethylation (Cys), variable modifications: oxidation 

(Met), Phosphorylation (ser, thr, tyr) and n-terminal protein acetylation. False discovery 

rate was set to 0.01 for peptides, proteins and modification sites. the minimum peptide 

score for modified peptides was set to 40, the minimum peptide length was seven amino 

acids (aa).

Cell culture, Chemicals and Antibodies-Human osteosarcoma U2-os cells (U2os) and 

immortal mouse embryo fibroblasts (aMPKWt and aMPKdKo MeFs; (43) were cultured in 

DMeM (25 mM glucose; Gibco), supplemented with 10% (v/v) heat-inactivated fetal calf 

serum (iFCs, Bodinco BV, alkmaar, the netherlands) and penicillin/streptomycin 

(invitrogen). Cellular aMPK activation was achieved with 5-aminoimidazole-4-

carboxamide ribonucleotide (aiCar; 1.5 mM; sigma) or a769662 (100 μM; tocris 

Biosciences, UK) for 45-60 min following 16 hrs serum starvation (ss; DMeM, 25 mM 

glucose). For M/saPK activation, tPa (100 μM) was used following ss. For glucose 

deprivation (GD), DMeM medium without glucose (Gibco) was used. antibodies used: 

(total) tMnK1a (#2195), pMnK1(t209/t214, #2111), aMPK-pt172 (#2535), aMPK 

(#2532), eiF4e-ps209 (#9741) and perK (#9101; Cell signaling technology); paCC (#07-

303; Merck Millipore); βactin (baCt, #0869100; MP Biomedicals); eiF4e (#610269; BD 

Biosciences). rabbit polyclonal MnK1a ser353 phosphorylation-specific antibodies were 

custom-ordered (Genosphere Biotech Paris, France).

Immunoprecipitation and immunoblotting-Cells were lysed in mild lysis buffer (250 mM 

naCl, 0.1% igepal (nP40), 5 mM eDta, 50 mM HePes pH 7.0) supplemented with 5 mM 

benzamidine, 5 µg/ml antipain, 5 µg/ml leupeptin, 5 µg/ml aprotinin, 1 mM sodium 

vanadate, 10 mM sodium fluoride, 10 mM pyrophosphate, 10 mM β-glycerophosphoate, 

0.5 mM Dtt and 1 mM PMsF. extracts were sonicated on ice and centrifugated; 3% of 

the supernatant was stored as input (-80°C). endogenous aMPK was iP-ed using a mix of 

aMPKα1 and aMPKα2 antibodies (sheep polyclonal; kindly provided by D. G. Hardie, 

Dundee, UK); 2PY-tagged MnK1a (2PY:MnK1a) was iP-ed using PY antiserum (Covance, 

Usa). For iP, 500 μg of protein lysate was incubated with primary antibody under 

constant mixing at 4°C overnight, followed by incubation with Protein G sepharose beads 

(4 hrs, 4°C). immune-complexes were collected by centrifugation and analyzed by 

immunoblotting as described (5). signals were detected using enhanced 

chemoluminescence (eCL; Pierce). Band intensities were quantitated with Quantity one 

software (Bio-rad). Data was statistically analyzed by performing 2-tailed paired t-tests 

using Microsoft excel. 

eIF4E kinase assay- 350 μg U-2os 2PY:MnK1a cell lysates were incubated with PY 

antibody (2 hrs, 4°C); 40 μl Protein G slurry was added for 1.5 hours (4°C). Beads were 
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pelleted (5 min, 800 g) and washed twice with mild lysis buffer, twice with 0.5 M LiCl and 

twice with kinase buffer as previously described (21). Beads were re-suspended in 50 μl 

kinase buffer and incubated (15 min, 37°C) with 1 μg of recombinant Gst: eiF4e. the 

reaction was terminated by adding sDs-PaGe sample buffer (5 min, 95°C). samples were 

analyzed by sDs-PaGe (9% gels) and autoradiography. 200 μg Cell lysates were processed 

in parallel with iP antibody as controls. 
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Abstract

Protein translation is a tightly regulated process as it is crucially involved in many 

biological processes including cell proliferation and survival. The MAP kinase-

interacting serine/threonine kinases 1 and 2 (MNK1/2) phosphorylate eukaryotic 

translation initiation factor 4E (eIF4E), but the functional significance of this event for 

protein translation is incompletely understood. Recently, MNK1/2 have emerged as 

cancer therapy targets, partly motivated by the observed upregulation of eIF4E 

phosphorylation in various tumors. We have previously shown that AMPK-dependent 

phosphorylation of the splice isoform MNK1a at Serine 353 causes increased cellular 

phosphorylation of eIF4E. Here we report that this phosphorylation may act as a 

protective process on cell growth/survival under stress. At the molecular level, MNK1 

is a stable AMPK binding partner in which complex ERK is also a player and the 

functional regulation of AMPK-MNK1 is tightly regulated by both its C-terminus and 

ERK. These findings uncover a novel effect of AMPK-MNK1 axis as a mediator for cell 

growth adaptation to energy stress.

Keywords: aMP-activated protein kinase (aMPK), MaP kinase interacting serine/

threonine kinase 1(MnK1), phosphorylation, interaction, translation, cell growth/

survival
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Introduction

Protein synthesis, or mrna translation, is vital for cell proliferation and survival (1). 

Compared with gene expression, it mediates faster cellular responses to micro-

environmental changes, e.g. starvation and growth factors, and thus also plays decisive 

roles in metabolism (1,2). the overall status of protein synthesis in cells is tightly 

controlled by translation initiation complexes, among which the eukaryotic initiation 

factor 4e (eiF4e) is a rate-limiting factor that binds m7G 5’cap-structures of mrnas 

(1,3,4). MaP kinase-interacting serine/threonine kinase 1 and 2 (MnK1/2) phosphorylate 

eiF4e (5), but it has remained unclear how it affects eiF4e function. in line with the 

observed eiF4e overexpression and high level of phosphorylation in various tumors (6), 

inhibition of MnK1/2 was shown to reduce cell proliferation and induce apoptosis in 

breast and prostate cancer cells (7-10). in sharp contrast, however, MnK1/2 are found to 

be dispensable for normal cell growth and development, though with essential roles in 

eiF4e phosphorylation (11,12). 

MnK1/2 are downstream targets of a number of kinases, among which extracellular-

signaling regulated kinases (erK) and the related P38 stress activated kinase (5,13-15). in 

response to both mitogens and cellular stress, MnK1/2 are activated by phosphorylation 

of two conserved threonine residues in the activation loop (MnK1: t209 and t214; 

MnK2: t244 and t249) (3,5). activated MnK1/2 phosphorylates eiF4e at serine 209, 

which may change its affinity to the mrna 5’cap-structure (5,13,16). the two human 

genes MKNK1 and MKNK2 by alternative splicing give rise to two protein variants for 

each: MnK1a, MnK1b and MnK2a, MnK2b, respectively (17). all four MnK isoforms 

carry a common nuclear localization signal (nLs) and eiF4G protein binding site at their 

n-termini (4). More marked differences are found in their C-terminal regions (18), such 

as a MaPK-binding site in MnK1a and MnK2a that is absent in MnK1b and MnK2b (3). 

therefore, the b-isoforms are not substrates of erK and P38; thus, their high basal kinase 

activity toward eiF4e correlates with lack of regulatory control by M/saPKs (mitogen/

stress activated protein kinases) (18-20). MnK2a requires low level of erK/P38 activity 

for attaining high basal kinase activity, while MnK1a shows low basal activity that is 

highly increasing upon phosphorylation by erK/P38 (16). therefore, MnK1a may be 

essential for increased eiF4e phosphorylation in response to stress. 

the function of eiF4e is also regulated by the mammalian target of rapamycin (mtor) 

signaling pathway via control of eiF4e-binding proteins (4eBPs) (21). Binding of 4e-BP to 

eiF4e is inhibitory to its action, which can be released by mtor-dependent 

phosphorylation of 4e-BP (22). mtor is predominantly involved in global protein 

translation regulation and thus cell proliferation control upon various stimuli (23,24). as 

a metabolic checkpoint for cell growth, aMPK directly phosphorylates both tumor 
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suppressor tuberous sclerosis complex 2 (tsC2) (25) and regulatory associated protein of 

mtor (raptor) (26), thereby inhibiting mtor complex 1 (mtorC1) kinase activity and 

reducing translational rate (27). inhibitors of mtor, such as rapamycin, have been 

approved for treatment of various cancers (28,29). However, eiF4e phosphorylation 

appears to be independent of the mammalian target of rapamycin (mtor) signaling 

pathway, since 4e-BPs still bind to phosphorylated eiF4e (30).

We previously found that aMPK-mediated MnK1 serine 353 (s353) phosphorylation 

increases its kinase activity toward eiF4e phosphorylation, indicating a novel and direct 

role of aMPK that may be expected to augment translation (31). thus, the aMPK-MnK1 

axis would be opposing to the well-established aMPK-mtor axis both regulating protein 

translation but in different ways. Here we show that aMPK-mediated MnK1 s353 

phosphorylation increases sensitivity to the rapamycin-induced inhibitory effect on cell 

growth, while it promotes cell survival upon stress probably via stress-related translation 

augmentation. Given the effect of s353D on cell growth control, we further explored the 

regulation mechanism on both physical and functional interaction of aMPK-MnK1 under 

stress condition. We find that physical interaction of aMPK-MnK1 is neither dependent 

on the n- and C-terminal MnK1 domains nor its kinase activity, and that the MaPK-

binding domain at the C-terminal region of MnK1 regulates aMPK-mediated MnK1 s353 

phosphorylation. Moreover, erK seems to be both structurally and functionally involved 

in the regulation of aMPK-MnK1 complex. 

Material and Methods

Expression vectors–MnK1a cDnas were subcloned in frame with an n-terminal double 

polyoma (2PY)-tag into the BamHi and sali sites of a retroviral pBabe vector as described 

(31,32); site-directed mutagenesis was performed by using QuickChange (agilent). 

amphotropic retroviruses were produced as described (33); transduced cells were 

selected in medium with 4 μg/ml puromycin.

Cell culture, chemicals and treatment–Human osteosarcoma U-2os cells (U-2os) were 

cultured in DMeM (25 mM glucose; Gibco), supplemented with 10% (v/v) heat-

inactivated fetal calf serum (iFCs, Bodinco BV, alkmaar, the netherlands) and penicillin/

streptomycin (invitrogen). For glucose deprivation (GD), DMeM medium without glucose 

(Gibco) was used for different time points as indicated. replenishment of glucose was 

achieved by adding normal growth medium back for 1 hour. Medium with various 

glucose concentrations were used in cell growth measurement. rapamycin (various 

concentrations as indicated) were used as treatment for 1 hour or as indicated in growth 

curves. MeK inhibitor (U0126; 10 μM) and p38 inhibitor (sB202190; 20 μM) were applied 

along with glucose deprivation.
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Immunoprecipitation and immunoblotting-Cells were lysed in mild lysis buffer (250 mM 

naCl, 0.1% igepal (nP40), 5 mM eDta, 50 mM HePes pH 7.0) supplemented with 5 mM 

benzamidine, 5 µg/ml antipain, 5 µg/ml leupeptin, 5 µg/ml aprotinin, 1 mM sodium 

vanadate, 10 mM sodium fluoride, 10 mM pyrophosphate, 10 mM β-glycerophosphoate, 

0.5 mM Dtt and 1 mM PMsF. extracts were sonicated on ice and centrifuged; 3% of the 

supernatant was stored as input (-80°C). endogenous aMPK was iP-ed using a mix of 

aMPKα1 and aMPKα2 antibodies (sheep polyclonal; kindly provided by D. G. Hardie, 

Dundee, UK); 2PY-tagged MnK1a was iP-ed using PY antiserum (Covance, Usa). For iP, 

500 μg of protein lysate was incubated with primary antibody under constant mixing at 

4°C overnight, followed by incubation with Protein G sepharose beads (4 hrs, 4°C). 

immune-complexes were collected by centrifugation and analyzed by immunoblotting 

as described (5). antibodies used: (total) tMnK1a (#2195), pMnK1 (t209/t214, #2111), 

aMPK-pt172 (#2535), aMPK (#2532), eiF4e-ps209 (#9741), perK (#9101), terK (#9102), 

pP38 (#9211), and P38 (#9212; Cell signaling technology); paCC (#07-303; Merck 

Millipore); β-actin (baCt, #0869100; MP Biomedicals); eiF4e (#610269; BD Biosciences). 

rabbit polyclonal MnK1a ser353 phosphorylation-specific antibodies were custom-

ordered (Genosphere Biotech Paris, France).

Cellular translational rate assay–a soP-puromycin-labelling assay was developed based 

on the sUnset method (34). Briefly, cells were exposed to puromycin for exactly 10 

minutes and incubation was stopped by adding riPa buffer for cell lysates after washing 

twice with 0.9% naCl solution. samples were sonicated for lysing and Dna content 

measurement was done for normalization. the de novo synthesized polypeptides with 

puromycin labelling were quantified with dot-blot in combination of puromycin-antibody.

Cell proliferation assays–U-2os cells expressing MnK1 Wt/s>a/s>D mutants were 

plated in 24-multiwell plates. For glucose deprivation treatment, cells were washed 3x 

with PBs and incubated with DMeM medium containing different glucose concentrations 

as indicated. For rapamycin treatment, cells were incubated with normal growth medium 

containing rapamycin at different concentrations as indicated and cells incubated with 

medium containing DMso served as control. at each time points, cells were washed 

twice with PBs and fixed for 10 minutes with 3.7% formaldehyde at room temperature. 

after fixation, cells were rinsed 6x with demi water. Cells were then stained with 0.1% 

Crystal violet for 30 minutes and washed 5x with demi water. Crystal violet was extracted 

with 10% acetic acid and absorbance was measured spectrophotometrically at 590 nm.

Statistical analysis–Bar/linear graph data are presented as means ±seM. statistical 

analysis was performed by using student’s t-test and statistical analysis software Prism 5 

(GraphPad software inc.). a p-value <0.05 was considered statistically significant.
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Results and Discussion

MNK1 S353D mutant increases cellular eIF4E phosphorylation upon GD, but not transla-

tional initiation

Previously, we have reported that aMPK-mediated MnK1a phosphorylation increases 

its kinase activity toward eiF4e phosphorylation in vitro and in cells (basal level) (31). to 

determine its potential consequences for translation, we tracked the kinetics of eFi4e 

phosphorylation (peiF4e) under metabolic stress (glucose deprivation; GD) as a function 

of time. to this end, peiF4e levels were measured in the osteosarcoma cell line U-2os 

cells, which express very low endogenous MnK1a, in which PY-tagged MnK1 Wt 

(MnK1aWt), s353a (MnK1as>a) or s353D (MnK1as>D) mutants were overexpressed. in 

MnK1aWt cells, peiF4e showed a multiphasic response, with an initial increase at 1 hr 

post-GD and a subsequent peak induction at 4 hrs post-GD, followed by a decline to base 

levels at 8-24 hrs post-GD (Figure 1A). this multiphasic response was paralleled by 

phosphorylation of acetyl-Coa carboxylase (paCC), a metabolic stress-related target of 

aMPK, in line with the reported biochemical connection of both targets to aMPK 

activation (Figure 1A) (31). as reported before, basal (i.e. non-GD) peiF4e levels were 

moderately elevated in MnK1as>D cells (31). although cells expressing mutant MnK1-s353 

proteins displayed a comparable paCC profile in response to GD, both in the presence of 

either MnK1as>a or MnK1as>D the multiphasic peiF4e response was lost: whereas after 

an initial 1 hr post-GD peak induction in both conditions, MnK1as>a cells showed a 

gradual decline of peiF4e to 24 hrs post-GD, peiF4e levels were maintained at high levels 

in MnK1as>D cells. these observations are in line with our previous finding that s353 

functionally links to regulation of peiF4e, but also suggests a general inability of 

MnK1a-s353 mutant proteins, and its down-stream target eiF4e, to be properly 

controlled in the context of metabolic stress. 

as these findings pointed to a potential effect of MnK1as>D on regulation of mrna 

translation, we next aimed to determine the effect of MnK1a-s353 mutation on 

translation. to this end we initiated measurements using a puromycin labelling assay, a 

technology that relies on incorporation and quantitative detection of puromycin into a 

nascent polypeptide chains (34-36). our initial analyses focused on establishing 

differences at base line and under stressed conditions; for the latter we employed serum 

starvation (16 hrs) and mtor inhibition by rapamycin (raPa; 1 hr). overexpression of 

MnK1aWt showed a modest increase of detectable puromycin incorporation, which 

correlated well with increased peiF4e in U-2os/MnK1aWt versus U-2os/ev (empty 

vector) cells (Figure 1B) (31). serum starvation decreased, whereas raPa increased 

general translational activity (Supplemental Figure 1); the latter was consistent with 

published findings that rapamycin induces translation initiation in a Pi3K/MnK1a/eiF4e 
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dependent manner (15). these observations suggested that the methodology was 

suitable to measure differences in overall translation. However, under these conditions, 

no significant differences were observed between MnK1aWt, MnK1as>a or MnK1as>D cells 

(Figure 1B). as we have established that s353 mutation does not compromise MnK1a’s 

ability to induce eiF4e phosphorylation, the short time span of the current experimental 

setting may have precluded detecting any differences in translation capacity. these data 

indicate that translational capacity should be measured at a time-point where peiF4e 

levels show the largest difference (e.g. 8 hrs post-GD); these experiments are ongoing.

MNK1-S353D increases sensitivity to rapamycin and allows higher proliferation under 

metabolic stress

in light of the importance of eiF4e-mediated translational activity for cell proliferation 

and survival, we asked whether MnK1aWt, MnK1as>a or MnK1as>D had an effect on U-2os 

cell proliferation. since cellular translation is co-regulated by multiple upstream signaling 

modules, including mtor, cells were grown in the absence or presence of rapamycin to 

explore a possible interaction with the mtor axis. Under control conditions (0 nM raPa), 

overexpression of any form of MnK1a caused a general reduction of cell proliferation 

with no significant differences between the various MnK1a forms. in sharp contrast, at 

various rapamycin concentrations (10 nM-20 µM), the MnK1as>D mutant expressing cells 

Figure 1. MNK1aS>D maintains high eIF4E phosphorylation under metabolic stress. (a) time course 

experiment of glucose deprivation (GD) in U-2os cells overexpressing MnK1aWt, MnK1as>a or 

MnK1as>D. Cell lysates were analyzed by immunoblotting with indicated antisera. (B) translational 

rate was measured by puromycin labelling assay. statistical test: student’s t-test ev vs. MnK1a Wt/

s>a/s>D (ns: not significant; *: p<0.05; #:p=0.06).
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Figure 2. MNK1aS>D mutation affects cell proliferation under stress. (a) Dose-response curve of 
U-2os cells overexpressing MnK1 Wt, s353a (s>a) and s353D (s>D) mutants to rapamycin. Cells 
were cultured for 4 days in the absence or presence of rapamycin at different concentrations (0, 5, 
10, 20 nM); cells with empty vector (ev) served as control. (B) MnK1-s353 phosphorylation promoted 
higher cell growth/survival under stress condition. U-2os cells overexpressing MnK1 Wt, s>a and 
s>D mutants were cultured in medium with various low glucose concentrations (0, 0.3, 1, 3 mM). Cell 
numbers at day 6 are depicted in the graph. Cells numbers were measured by crystal-violet extraction 
assay (see: Methods section). statistical test: student’s t-test MnK1a Wt vs. MnK1a s>a/s>D 
mutants (*: p<0.05).

consistently showed reduced proliferation rates compared to MnK1aWt, MnK1as>a cells 

(Figure 2A). this data indicated a higher sensitivity of MnK1as>D expressing cells to 

rapamycin. Given the GD-induced effect of MnK1a mutation on eiF4e phosphorylation, 

we next tested the effect of metabolic stress on cell proliferation in the context of MnK1a 

mutation. at standard culturing conditions (25 mM glucose) proliferation was similar for 

all MnK1a overexpression constructs (data not shown). Proliferation rate decreased 

when glucose was lower/absent in the culture medium. Under glucose-deprived 

conditions, however, the MnK1as>D consistently had a slight but significant proliferative 
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advantage (Figure 2B). Beyond 4 days, cell numbers dropped sharply in all cultures, 

suggesting neither MnK1a overexpression nor mutation affected long-term metabolic 

stress-induced cell death (data not shown). this combined data suggests that under 

physiological stress, the MnK1as>D mutant provided a temporal override of anti-

proliferative check-points that correlated with enhanced translational capacity. the 

enhanced sensitivity of MnK1as>D for rapamycin supports the notion that mtor signaling 

acts in concert with aMPK-MnK1a in cell proliferation and survival. 

MNK1a stably binds AMPK in a MNK1a kinase activity independent manner

We have recently reported that aMPK and MnK1a physically interact (31). to further 

investigate this interaction in response to metabolic stress, a time-course glucose 

deprivation (GD) experiment was performed over a range of 24 hrs and endogenous 

aMPK was immunoprecipitated (Figure 3A). Co-immunoprecipitation confirmed MnK1a 

as an aMPK binding partner at basal level and this interaction did not change significantly 

for up to 8 hrs post-GD. We noticed that interaction between aMPK and MnK1a was 

dramatically enhanced at 24 hrs post-GD. the increased binding to MnK1a occurred 

concomitantly with decreased overall cellular aMPK-t172 phosphorylation status 

(aMPK-pt172). Glucose-replenishment for 1 hr at 24 hrs post-GD, did not change the 

interaction of MnK1a with aMPK compared to 24 hrs post-GD, whereas it further 

reduced total cellular aMPK-pt172 (Figure 3A). these combined findings support the 

idea that the cellular aMPK:MnK1a complex formation is not dependent on 

phosphorylation status of MnK1a or aMPK. the MnK1a:aMPK physical interaction in 

response to sustained metabolic stress may point to a process that may be unrelated to 

early GD-induced changes in the aMPK or MnK1 activation status, and may be relevant 

for cell proliferation or survival-related processes.

to elucidate possible determinants regulating MnK1a-aMPK interaction, different 

MnK1 mutants were constructed with either altered catalytic activity (i.e. kinase-

deficient K>M; M/saPK-unresponsive t2>a2) or lack of n-terminal or C-terminal 

interaction domains (ndel, nLsyn, Cdel) (Figure 3B). the interaction capacity of these 

mutants with aMPK was verified at 24 hrs post-GD. MnK1aWt overexpression cells 

showed the expected increased aMPK:MnK1a interaction upon 24 hrs GD. Compared to 

the MnK1aWt protein, the MnK1at2>a2 (M/saPK-unresponsive) and MnK1as>a mutants 

did not show an obvious binding differences under these conditions (Figure 3C). although 

showing a low expression level, MnK1aK>M interacted with endogenous aMPK at 

appreciable level. the MnK1anLsyn mutant that harbored an artificial nLs at the n-terminus 

(therefore mostly localized in nucleus) (see Chapter 5) displayed reduced binding to 

aMPK, suggesting that at 24 hrs, the aMPK-MnK1a interaction occurs preferentially in 

the cytosol (Figure 3C). the MnK1aCdel mutant that lacks the C-terminal M/saPK binding 
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domain could only be detected by using an antiserum detecting the 2PY-tag, as the 

tMnK1 antibody recognizes an epitope in this C-terminal region. However, the reciprocal 

immunoprecipitation of exogenous MnK1a using PY antibodies, allowed for successful 

detection of endogenous aMPK when mildly crosslinked by formaldehyde fixation before 

cell lysis. Using this protocol, the MnK1aCdel mutant was found to interact with aMPK at 

basal levels (Supplementary Figure 2). therefore, it could be concluded that at 24 hrs 

post-GD a preferential cytosolic MnK1a:aMPK interaction is independent of MnK1a 

kinase activity.

ERK controls AMPK-MNK1 complex formation and regulation

Glucose deprivation over 24 hrs followed by re-addition of glucose for 1 hr previously 

Figure 3. AMPK:MNK1 interaction is independent on MNK1 kinase activity. (a) MnK1 stably 
interacts with aMPK under prolonged metabolic stress. U-2os cells expressing MnK1Wt were glucose-
deprived (GD) as indicated (in hours post GD), # cells were glucose deprived and then re-incubated 
with glucose for 1 hour. Cells carrying an empty vector (ev) served as control. endogenous aMPK was 
immunoprecipitated (iP) using aMPK antibody. iB analyses of co-immunoprecipitated and input 
samples using the indicated antisera. (B) MnK1a constructs used in the study. schematic 
representation of MnK1a showing the nuclear localization signal (nLs) and eiF4G binding site, the 
kinase domain (atP binding pocket marked by “K”), activation loop (t209/214, marked “tt”), the 
nuclear export signal (nes) and the MaP kinase binding. serine 353 is marked as “s”. Wt: wild-type; 
s>a/D: serine 353>alanine/aspartic acid; K>M: Lysine 78>Methionine; t2>a2: t209/t214>a209/
a214; ndel: deletion of 24 amino acids at n-terminal region; nLsyn: nLs replacement with an 
artificial nLs; Cdel: deletion of MaPK binding domain. (C) U-2os cells expressing corresponding 
MnK1 mutants were metabolically stressed (GD) for 24 hours. Cells with empty vector (ev) and 
untreated cells with MnK1Wt (C) served as control. endogenous aMPK was immunoprecipitated (iP) 
using aMPK antibody. iB analyses co-immunoprecipitated and input samples using the indicated 
antisera.

a B

C
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revealed that MnK1-s353 phosphorylation is a reversible and dynamically controlled 

process (31). since physical interaction of aMPK with MnK1a might correlate with 

phosphorylation at s353, we applied a similar treatment protocol but in combination 

with immunoprecipitation (iP) and aMPK-substrate antibody. in line with data shown in 

Figure 3a, aMPK activity increases after 1 hr of GD and decreases upon re-administration 

of glucose at 24 hrs post-GD. in further agreement with the observed strongly enhanced 

MnK1a:aMPK interaction at 24 hrs post-GD, the aMPK-dependent phosphorylation of 

MnK1a is highest at this time point (as indicated by the aMPK-substrate antibody) 

(Supplementary Figure 3). We recently proposed that the C-terminal domain of MnK1 

may regulate the access of aMPK to MnK1-s353 for phosphorylation (31). thus to 

further explore the effect of the MaPK-binding domain, MnK1a immunoprecipitation 

and aMPK-substrate antibody detection were applied to overexpressed MnK1aWt 

protein under the same condition (24 hrs post-GD). as expected, all MnK1a variant with 

an intact s353 showed s353 phosphorylation signal while MnK1as>a (negative control) 

was undetectable by the aMPK substrate antibody (Figure 4A). remarkably, the 

MnK1aCdel mutant that lacks the C-terminal MaPK binding domain, showed increased 

ps353, which is in line with the model and therefore was expected (31). this result was 

independently confirmed by analysis of cell lysates from MnK1a overexpressing cell 

lines using a site-specific phospho-MnK1 s353 antibody (ps353) (Figure 4B). Hence, the 

lack of the C-terminal MaPK-binding domain of MnK1a permits increased aMPK-

mediated MnK1a s353 phosphorylation. this finding is in good agreement with the 

proposed regulation of MnK1a by M/saPKs.

We next asked how erK and P38 activity affect MnK1a-s353 phosphorylation by 

aMPK in the context of metabolic stress. First the effect of erK inhibition using MeK 

inhibitor U0126 was tested. in combination with GD 24 hours U0126 caused a dramatic 

Figure 4. MNK1a C-terminal domain mediates MNK1-S353 phosphorylation. U-2os cells expressing 
MnK1 mutants were treated with glucose deprivation (GD) for 24 hrs. Whole cell lysates were used 
for immunoprecipitation (iP, a) or immunoblotting (B). (a) MnK1 proteins were precipitated by using 
PY antibody and the immuno-complex and input samples were analyzed by antibodies as indicated. 
(B) Cell lysates were analyzed by immunoblotting using antibodies as indicated. 

a B
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Figure 5. ERK control AMPK:MNK1a interaction. (a) U-2os cells expressing MnK1Wt were glucose-
deprived (GD) for 24 hrs; untreated cells served as control. #cells were glucose deprived and then 
re-incubated with glucose for 1 hr; &cells were incubated with glucose-free medium containing MeK 
inhibitor U0126 (10 μM) for 24 hrs. MnK1a proteins were precipitated by using PY antibody; immuno-
complexes and the input samples were analyzed by antibodies as indicated. (B) U-2os cells expressing 
MnK1a mutants were glucose-deprived (GD) for 24 hrs. MeKi (U0126, 10 μM) and P38i (sB202190, 
20 μM) were used along with GD treatment separately (+U/+sB) or as double treatment (++). Cells 
untreated (c) served as control. Cell lysates were analyzed by immunoblotting with antibodies as 
indicated. (C) MnK1a-s353 phosphorylation promotes formation of aMPK:erK complex. U-2os cells 
expressing MnK1a mutants were untreated or glucose-deprived (GD) for 1 hr. Cells with empty 
vector (ev) served as control. endogenous aMPK were immunoprecipitated (iP) using aMPK antibody. 
iB analyses co-iP and input samples using the indicated antibodies.

increase of MnK1a-s353 phosphorylation (aMPK-sub), while only a modest induction of 

aMPK activation (paMPK) was observed (Figure 5A). also, the MnK1 activation slightly 

increased, as evidenced by the stronger pMnK1a-t209/214 signal. these data were 

further validated and extended by using a P38 inhibitor (P38i) alone or in combination 

with a MeK/erK inhibitor (MeKi) and detection by site-specific MnK1a-ps353 antibody; 

the MnK1as>a mutant was used as a control. P38i and MeKi independently induced 

MnK1a-s353 phosphorylation; the combination of both inhibitors was synergistic (Figure 

5B). nevertheless, MeKi inhibition appeared to be more effective in augmenting ps353 

in the 24 hours GD condition. as erK was identified as a binding partner for both aMPK 

(37) and MnK1a, we examined their interaction as part of a ternary complex in co-

immunoprecipitation experiments (Figure 5C). Under basal conditions, aMPK, MnK1a 



67

aMPK and erK control MnK1a-mediated eiF4e phosphorylation in cell survival

Ch
ap

te
r 

4

and erK formed an interaction complex and the MnK1s>D mutant showed more 

interaction of aMPK-erK. it was further seen that, upon GD stress (iP: GD 1hr), MnK1Cdel 

mutant, lacking erK-binding domain, also resulted in higher level of erK in the complex 

of aMPK:MnK1a. taken together with the data that MnK1Cdel mutation or MeKi led to 

higher level of s353 phosphorylation, it seems that MnK1a-s353 phosphorylation 

promoted aMPK:erK interaction, that aMPK:erK binding occurs independent on the 

interaction of MnK1a and erK, and that MnK1a-s353 phosphorylation is negatively 

controlled by the presence of erK in the ternary complex.

Concluding discussion

MnKs have been widely treated as cancer therapy target due to its key role in 

phosphorylating eiF4e, which may regulate protein synthesis initiation via altered 

binding to the cap-structure of eukaryotic cytoplasmic mrnas (38). However, the exact 

mechanism how phosphorylated eiF4e controls protein translation remains unclear (38-

40). it is also unknown whether it regulates cellular translational level more generally or 

via specific mrna translation control. as a result, the exact functional interaction of 

MnKs with eiF4e remains undefined as well. although the structural analyses of MnKs 

have revealed an interesting conceptual model (5,17,20), also the complexity of MnK 

regulation requires detailed exploration.

We have demonstrated that aMPK-mediated MnK1a-s353 phosphorylation enhanc-

es its kinase activity with eiF4e phosphorylation under both basal and stressed condi-

tions. our observations may support a proposed model where eiF4e phosphorylation 

affects mrna translation: under normal condition with low phosphorylation of eiF4e, 

short and unstructured 5’Utr-mrnas (“strong” mrnas) for basic cell function are most-

ly translated, e.g. β-actin; when more eiF4e gets phosphorylated, long and structured 

5’Utr-mrnas (“weak” mrnas) are then more translated, e.g. c-myc (41). thus, a selec-

tive effect of eiF4e phosphorylation is predicted, as it is also reasonable under conditions 

of stress to regulate the expression of certain targets instead of changing the global 

translational level. However, within the current experimental set-up, we have not been 

able to pinpoint such selective effect. Detailed analysis of translation capacity and spe-

cific mrna translation under conditions where clear differences of eiF4e phosphoryla-

tion are observed in the context of MnK1a mutation, should improve our understanding 

of the role of MnK1a-dependent eiF4e phosphorylation. 

in our study, MnK1a overexpression had an inhibitory effect on normal U-2os cell 

proliferation. this result is in line with the observation that overexpression of Lk6 (MnK 

orthologue) in Drosophila resulted in growth inhibition (42), indicating a stressful and 

inhibitory role of MnK “overdose” on cell growth instead of promoting translation for 

proliferation. the observation that a higher cell growth/survival situation happening in 
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cells overexpressing MnK1a further suggest a role of MnK1a in mediating cellular stress-

responses, which could be unnecessary, or even “harmful” for normal cell growth. this 

idea has also been supported by our observation that cells overexpressing s353D mutant 

(aMPK-mediated MnK1 phosphorylation-mimic) lead to lower basal proliferation, 

whereas the same mutant showed higher proliferation/survival under stress (43). it is 

conceivable that under metabolic stress MnK1a/eiF4e play a role in directing ires-

mediated translation (44-46): MnK1a would control ires rather than 5’cap-dependent 

translation. We are currently investigating this possibility.

the observation that deletion mutant of MaPK-binding domain (Cdel) showed high 

level of s353 phosphorylation provides functional confirmation of the extended 

regulatory model we have proposed in the previous study (31): the C-terminus covers 

the kinase domain of MnK1 at a “closed” state and MnK1 performs a conformational 

change to an “opened” state upon activation which could be easily accessed by aMPK. 

Considering the functional interaction of erK in a complex with aMPK and MnK1a, two 

possibilities should be mentioned here: on one hand, due to the fact that MnK1a binds 

more strongly with inactive than active erK (5), inhibition of erK activity would yield 

more “opened” MnK1 proteins which are easier for aMPK to access. on the other hand, 

suppression of erK activity was suggested to relieve its inhibitory effect on LKB1-aMPK 

signaling (47) and thus more activated aMPK would be available toward MnK1 

phosphorylation. this could suggest that multiple, perhaps successive, M/saPK-

mediated phosphorylation events determine MnK1a conformational changes, its 

interaction with aMPK and negative feedback on this process. 

taken together with the previous study (Chapter 3), we have identified aMPK as a 

novel upstream kinase for MnK1 s353 phosphorylation, which is a stress-related dynamic 

process and not necessary for MnK1 activation. as a stable binding partner of aMPK, 

MnK1a is tightly regulated by its C-terminal MaPK-binding region for aMPK-mediated 

s353 phosphorylation and erK has been found to be an important regulator of both the 

functional and physical interaction between aMPK and MnK1. However, several 

problems are still unanswered in our setting. as a broad view, although the exact role of 

MnK1-eiF4e remains undecided for now, we have found that it seems to be a part of a 

protective process for cell proliferation/survival under stress, especially as an effect of 

MnK1-s353 phosphorylation. We anticipate that further identification of interaction 

partners for aMPK and MnK1a in the context of cell stress is expected to contribute to a 

better understanding of MnK1 function and to provide more insights in possibilities to 

develop aMPK/MnK1a and translation as a target in cancer treatment. 
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Supplemental information

Supplementary Figure 1. Cellular translation measurement by puromycin assay. U-2os cells were 
treated as indicated. ss: serum starvation for 16 hrs; raPa: 20 nM rapamycin for 1hr; ss+raPa: 20 
nM rapamycin for 1 hr following ss. Cellular translational rate was measured by a puromycin labelling 
assay.

Supplementary Figure 2. MNK1aCdel mutant interacts with AMPK under basal condition. U-2os cells 
expressing MnK1 mutants were untreated. Cells with empty vector (ev) served as control. Cells were 
fixed with 1% formaldehyde for 10 minutes and the fixation was stopped by 0.2 M glycine (freshly 
prepared) for 5 minutes, prior to cell lysis. MnK1a protein was immunoprecipitated (iP) using PY 
antibody. iB analyses iP-ed and input samples using the indicated antibodies.

Supplementary Figure 3. AMPK-mediated MNK1 phosphorylation is a dynamic regulated process 
upon metabolic stress. U-2os cells expressing MnK1 mutants were glucose-deprived (GD) as 
indicated (in hrs), #cells were glucose-deprived and then incubated with glucose re-administered for 
1 hour. Cells with empty vector (ev) served as control. MnK1 proteins were immunoprecipitated (iP-
ed) using PY antibody. iB analyses iP-ed and input samples using the indicated antibodies.
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Main findings of the thesis

as an energy sensor which is activated by a low intracellular atP level, aMPK is 

involved in a great variety of cellular processes, e.g. metabolism, growth, autophagy, 

polarity and migration (1). Despite a growing list of aMPK targets in the context of 

metabolism, studies aimed at revealing additional targets remain urgent to determine 

the relevance of aMPK in pathological conditions, such as metabolic syndrome or cancer 

(2). in a previous protein microarray screening for aMPK substrate proteins, MnK1 

appeared as a promising aMPK target with highest score. 

in this thesis, the aMPK-MnK1a signaling axis was identified and further investigated 

revealing potential roles in the regulation of both translation/cell growth and 

transcription. the main cornerstones and findings of this thesis are as follows:

1. a methodological overview summarizes the most prevalent in-vitro methods for 

the study of aMPK (Chapter 2)

2. a workflow protocol describes the necessary steps for aMPK novel target identifica-

tion and verification in vitro. (Chapter 2)

3. aMPK phosphorylates MnK1a at s353 in vitro and in cells. (Chapter 3)

4. MnK1a s353 phosphorylation enhances its kinase activity toward eiF4e phosphory-

lation. (Chapter 3)

5. Cell survival upon metabolic stress is promoted by aMPK-mediated MnK1a s353 

phosphorylation. (Chapter 4)

6. aMPK, MnK1 and erK are part of a ternary complex and aMPK-mediated MnK1 

s353 phosphorylation is regulated by erK via the C-terminal region of MnK1. 

(Chapter 4)

7. aMPK, MnK1a and eGr1 bind to chromatin and engage in complex formation that 

controls the subcellular localization of aMPK during adaptive responses to meta-

bolic stress. (Chapter 5) 

8. initial analyses suggest that aMPK and MnK1a, in concert with eGr1, are required 

to tune the second phase of the adaptive transcriptional response. (Chapter 5)

in conclusion, the studies give rise to a novel signaling branch of aMPK regulating 

MnK1a. Further, new insights in the functional links between aMPK, erK and MnK1a are 

provided. as shown, these findings are relevant in cell stress responses. in this current 

chapter, a few selected topics are discussed. Firstly, the focus is on eiF4e that appears to 

be regulated by aMPK via mtor and MnK1a. secondly, an effect of MnK1a protein level 

on cell growth control is proposed. thirdly, the MnK1a activation mechanism by 

phosphorylation is revisited. Fourthly, the known cross-talk between aMPK and erK 
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pathways is contrasted with the novel aMPK-MnK1a signaling. Finally, the 

MnK1:aMPK:erK complex in the context of transcriptional regulation is debated.

(1) The translational regulator eIF4E is controlled by AMPK via two dif-
ferent pathways

Cell growth and cell cycle progression are cellular processes with direct relevance for 

cell proliferation. in these processes, protein translation is an essential and highly energy-

consuming activity. therefore, protein translation requires immediate and fast responses 

for cellular adaptation to changes in the microenvironment. regulation of protein 

translation occurs at three levels: translation initiation, elongation and termination (3). 

regarding the complexity of its regulation, translation-initiation has been described as 

the most crucial step. among all the regulators, eiF4e is believed to act as a rate-limiting 

factor based on its direct binding to mrna with 5’ cap-structure and guiding the complex 

formation with ribosomes (4). two separate signaling pathways tightly regulate the 

activity of eiF4e in response to stimuli: M/saPKàMnK1/2 and mtorà4e-BPs (eiF4e 

binding proteins) (5,6). since protein translation is a major atP consuming process, 

aMPK has been extensively studied for its regulatory involvement. it is now well 

established that aMPK inhibits mtor activity (through several mechanisms), resulting in 

the inhibitory occupation of eiF4e by 4e-BPs, thus identifying aMPK as a suppressor of 

cell proliferation under nutrient deprivation (7). the functional connection of aMPK to 

the other translational control pathway involving M/saPK and MnK1/2 was unknown. 

However, the studies on the novel functional link between aMPK and MnK1a (Chapter 

3) suggest the existence of such additional aMPK-mediated control mechanism that can 

trigger increased eiF4e phosphorylation (Figure 1). 

as a potential oncogene, eiF4e overexpression has been found to correlate with 

tumor progression via its anti-apoptotic effect (8). Yet, the role of eiF4e in translation 

regulation remains unclear and knowledge about its regulation is similarly scarce. 

Currently, the most reliable theory of eiF4e-mediated translation is based on structural 

features of mrnas: although in general eiF4e increases the global protein synthesis, 

under normal condition its availability is low, which is believed to be sufficient for 

translation of “strong” mrnas (short and unstructured 5’- Utr), which are essential for 

maintenance of cell function, e.g. β-actin. When more eiF4e becomes available, i.e., by 

stimulation of mtor or overexpression of eiF4e, “weak” mrnas (long and structured 

5’- Utr) are then also translated. such factors are essential for cell proliferation and 

survival, e.g. c-myc and cyclin-D1 (8-10). Following this line of reasoning, it would be 

conceivable to view aMPK-mediated MnK1 phosphorylation in the context of adaptation 

under metabolic stress, as seen by the effects on cell survival (Chapter 4, Figure 2B) via 

increased eiF4e phosphorylation (Chapter 3, Figure 2D). subsequently, “weak” mrnas 
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Figure 1. Involvement of AMPK in signaling pathways that regulate eIF4E. as a rate-limiting factor 
in translation initiation, eiF4e is regulated by two signaling pathways: MnK1/2 and mtor. according 
to the prevalent view (8), eiF4e mainly directs cap-dependent translation initiation and its limited 
availability may decide for a selective translation of “strong” over “weak” mrnas. However, the role 
of eiF4e phosphorylation in cell growth/proliferation control remains unclear. MnK1/2 directly 
phosphorylate eiF4e as a downstream target. the activity of MnK1/2 is stimulated by erK and P38 in 
response to growth factors/mitogens via ras-raf or stress, respectively. By inhibiting the activity of 
eiF4e-binding proteins (4e-BPs), mtor increases eiF4e availability. aKt signaling, activated by a 
variety of growth factors, mitogens and hormones, induces the activation of mtor; while aMPK 
(upon energy stress) counteracts eiF4e release by inhibiting mtor signaling. therefore, aMPK 
decreases eiF4e availability, while simultaneously supporting its phosphorylation. the highlighted 
proteins and phosphorylation events are described in Chapter 3.

may be translated without the need for upregulation of global translation, which could 

allow for cellular adaptation despite generally reduced protein synthesis. if true, it would 

provide a function to eiF4e phosphorylation, i.e., solving a long-standing issue. However, 

such hypothesis at present is far-fetched and clearly requires further investigation. 

notably, by inference our data suggest that enhanced induction of eiF4e phosphorylation 

by a constitutively active MnK1as353D mutant, is “harmful” to cell growth under normal 
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growth condition (Chapter 4, Figure 2A), which may be explained by the production of 

(for this situation) inappropriate stress-related proteins. relevantly, screening for specific 

MnK-dependent protein changes at translational level could provide valuable leads to 

directly reveal phospho-eiF4e targets. our results also emphasize a crucial role for 

MnK1a as a pivotal integrator of extracellular stimuli and intracellular signals. From our 

data one could derive a protective function of MnK1 allowing the cell to preserve a 

limited orchestra of protein translation/cell growth in response to stresses that would 

otherwise be blunted via mtor inhibition. in summary, two different signaling branches 

both controlled by aMPK regulate eiF4e and further studies are needed to unveil their 

exact roles and contributions. 

(2) MNK1 “dosage” effect on cell growth control

MnK1 and MnK2 have been found to be dispensable for normal cell growth and even 

mouse development (11,12). However, MnK1/2 exhibit anti-apoptotic effects upon 

serum starvation (13) and their deficiency inhibits tumor formation in both cancer cells 

and mouse models of tumorigenesis (14-16). in this current thesis work, similar results 

were observed in two different cell lines. MnK1 knock-down (KD) reduced both fatty acid 

and glucose uptake in mouse HL-1 cardiomyocytes (likely via inducing senescence; pilot 

study) (Figure 2). Further, U2os cells that express low levels of endogenous MnK1 

underwent cell death upon infection of shrna for MnK1 knockdown, leading to a failure 

of stable cell line generation (personal observations; data not shown). these 

observations support a crucial role of MnK1 in cell growth. Lowering the amount of 

endogenous MnK1, or complete lack of this kinase, seems to inhibit cell proliferation/

growth in cancer cell lines. Vice versa MnK overexpression (oe) was barely used in the 

context of investigating its effects on cell growth. in a previous study, it has been 

demonstrated that loss of LK6 (Drosophila Mnk1/Mnk2 Homolog) induced growth 

reduction upon reduced diet (stress), while overexpression also inhibited growth even 

under normal diet (17). taking into consideration data showing reduced U-2os cell 

proliferation upon MnK1-oe (Chapter 4, Figure 2A), we might actually observe a 

“dosage” effect of MnK1 on cell growth control. interestingly, overexpression of MnK1, 

especially s353D mutant mimicking aMPK-mediated phosphorylation, appeared to 

support cell proliferation under stress condition longer than wild-type (Chapter 4, Figure 

2B). these observations may also be consistent with the fact that MnK1 Ko (Knock-out) 

mouse models did not show any phenotype. However, viability, metabolism and 

development may be affected once stress would be applied to these mice, but as yet 

such data has remained scarce. Hence, the underlying molecular and physiological 

mechanisms of the altered cell proliferation should be examined in detail under 

conditions of cellular stress using both MnK1 KD and oe models. 



106

Chapter 6

(3) The molecular process of MNK1a activation.

erK and p38 are targeting MnK1a at t209/t214, which to date are the best-studied 

MnK1 phosphorylation sites. although t344 phosphorylation in the C-terminus of 

MnK1a has been identified, its regulation by upstream kinase is unknown (18). We have 

identified s353 as an aMPK target site. However, initially, we also considered s353 as a 

potential MnK1a autophosphorylation site. Hence, in-vitro kinase (iVK) assays (as 

described in Chapter 3) were performed with purified recombinant MnK1aWt and 

MnK1aKM (kinase-dead mutant) proteins that were exposed to active erK in presence or 

absence of radiolabelled atP. the displayed autoradiograph indicated the efficiency of 

the iVK (Figure 3A, upper panel). MnK1aKM showed reduced signal level, which may 

correspond to the lower MnK1a protein level, as indicated by CBB staining (Figure 3A, 

lower panel). Parallel assays were performed using ‘cold’ atP for mass spectrometric 

(Ms) analysis. in both MnK1aWt and MnK1aKM t344 and s180/s185 were identified as 

phosphorylation sites in presence of active erK and atP, and the induction of these 

phosphorylation events showed no difference between MnK1aWt and MnK1aKM samples. 

s353 remained unphosphorylated in this assay. it is further noted that t209/t214 were 

not detected by Ms, which presumably is due to the protein peptide comprising these 

sites is very large after trypsinisation and thus remains undetectable in Ms. as shown in 

Figure 2. MNK1a knock-down in HL-1 cells reduced both glucose and fatty acid uptake probably via 
induction of senescence. (a) MnK1a knock-down (KD) in HL-1 cells was achieved by infection of 
lenti-virus containing shrna targeting MnK1a mrna 3’ Utr. Cells infected by lenti-virus containing 
empty vector (ev) served as control. KD efficiency was indicated by immunoblotting with tMnK1a 
antibody. (B) Pilot study: HL-1 cardiomyocyte cell lines (ev/KD) were serum starved for 16 hours. 
Uptake of 2-Deoxy-D-[1-3H] glucose and [1-14C] palmitic acid were measured with (+)/without (-) 
insulin treatment. (C) β-Galactosidase staining was done as indication of senescence.
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Western blot data, MnK1aWt samples in the presence of perK were detected by MnK1 

pt344 and MaPK substrate (PXps/ptP motif) antisera (Figure 3B).

Based on these data we cannot generally exclude MnK1 autophosphorylation. 

However, the results are in support of MnK1-s353 phosphorylation as not being erK-

dependent but aMPK-mediated (Chapter 3). Moreover we here describe for the first 

time that s180/s185 and t344 may be direct targets of erK. although the mechanistic 

implications for the regulation of MnK1 kinase activity are currently unclear, these 

observations suggest that MnK1a is subject to more complex regulation than is currently 

supported by literature. it has been reported that t344a/e mutants not only increase 

basal/tPa-induced MnK1 kinase activity, but may also induce conformational changes in 

the C-terminus (19), i.e., therefore t344 may have a similar function as s353 

phosphorylation. Phosphorylation of s180/s185 is not evident from specific MnK 

literature, even though several high-throughput proteomics approaches have evidenced 

the phosphorylation of this site (www.phosphosite.org). remarkably, instead of a 

common DFG motif in other kinases, MnK1a contains a unique DFD motif (asp191-

Phe192-asp193) and adopts a DFG/DFD-out conformation, which prevents the 

Figure 3. Post-translation modifications of MNK1 by ERK. (a) iVK: purified Gst:MnK1aWt and mutant 
Gst:MnK1aKM were incubated with or without active erK in presence of [γ-32P] atP. pMnK1a: 
autoradiograph (upper panel); Coomassie Brilliant Blue-staining (CBB) image: loading control. (B) 
immunoblots with indicated antisera of the same iVKs as in (a) but using ‘cold’/non-radioactive atP. 
(C) Post-translation modifications in MnK1a “open” conformation model. in the context of metabolic 
stress, erK and P38 (M/saPK) bind the C-terminal binding domain (C-term) of MnK1a and 
subsequently mediate phosphorylation (encircled ‘P’s) at MnK1a-s180/s185 (bold ‘ss’), t209/t214 
(‘tt’) and t344 (bold ‘t’) in unknown orders (marked as ‘1’ as the prerequisite step). aMPK then 
mediates MnK1a s353 phosphorylation (‘s’) to stabilize it in an active ‘open’ conformation (marked 
as ‘2’). 



108

Chapter 6

accessibility of atP to the atP-binding pocket and thus keeps the kinase in an inactive 

state (20). therefore, it has remained elusive how an active kinase conformation may 

evolve upon t-loop phosphorylation. since s180/s185 sites are close to the DFD-motif, it 

is tempting to speculate that their phosphorylation might be required for DFD/DFG-in 

conformation as a prerequisite of MnK1a kinase activity. Hence, as an extension of the 

model that was presented in Chapter 3, we here propose a MnK1a activation model that 

incorporates the possible implications of s180/s185 and t344 phosphorylation: M/

saPKs may thus create an “open” configuration of MnK1a by carrying out multiple 

phosphorylations: a) t209/214, b) s180/185, c) t344 (“t” bold) (Figure 3C). next aMPK 

may come into play to phosphorylate s353 and thereby further stabilize the open 

conformation (Chapter 3). However, at present we cannot conclude on the order of 

events or their individual function. it also remains unclear which of the newly identified 

erK targeted MnK1 sites are similarly phosphorylated by P38. therefore, further 

investigation of the exact molecular details of MnK1 kinase activity regulation and how 

these may be tuned to specific needs of a cell in any given context still remain necessary. 

(4) Inhibitory cross-talk between LKB1-AMPK and Raf-MEK-ERK path-
ways: A role for AMPK-MNK1a signaling? 

erK function has been mainly linked to regulation of cell proliferation and survival, 

also in response to a multitude of stressors among which nutrient deprivation. since erK 

associates with aMPK, we have studied the potential tripartite regulatory interaction 

between aMPK, MnK1 and erK. in Chapter 4, erK has been found as a physical 

interaction partner of the aMPK:MnK1 complex. inhibition of erK increased aMPK-

mediated MnK1 phosphorylation significantly (Chapter 4, Figure 5), which indicates an 

inhibitory effect of erK on aMPK-mediated phosphorylation of MnK1. this observation 

is consistent with previous reports that erK inhibition inversely correlates with aMPK 

activation level (21-23) and that aMPK could be a target of erK in cell proliferation (21). 

of additional relevance in this context, erK was shown to be involved in negative 

regulatory feedback on aMPK, via the LKB/aMPK axis (24,25). aMPK also inhibits erK 

either via BraF (an individual raF protein) that is an upstream kinase of MeK/erK, or via 

induction of DUsPs (dual-specificity phosphatases), which are negative regulators of erK 

activation (26,27). thus, an intricate, reciprocal inhibitory cross-talk between erK and 

aMPK is evident from literature that is likely to impact on erK- and aMPK-dependent 

MnK1a regulation (Figure 4). this upstream signaling network puts an extra challenge 

on obtaining a clear picture of the regulatory events involved. as MnK1a is a downstream 

target of both raf-MeK-erK and, once in an open conformation, subsequently by LKB1-

aMPK, the relevance of aMPK-MnK1a signaling should be restricted to conditions when 

both pathways are active. it should also be mentioned that P38, i.e., the alternative 
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upstream kinase of MnK1a, can be activated by aMPK via recruitment to the scaffolding 

protein taB1 (28,29). therefore, aMPK might also take effect on MnK1a-eiF4e-translation 

via erK-independent signaling, i.e., the P38 pathway. Clearly, a number of research 

questions can be formulated that are calling for further studies.

(5) MNK1:AMPK:ERK complex in nucleus for transcription regulation

in Chapter 5, we report that aMPK and MnK1 interact at the chromatin level and 

form a functional ternary complex with erK in the nucleus. although our observations 

do not provide an exact molecular understanding of these interactions yet, they are in 

line with earlier reports of MaPKaPK-family kinases taking part in a negative regulatory 

feedback mechanism to restrict the activity of M/saPKs: our group previously reported 

a functional interaction between MK3, erK/P38 and Polycomb Group transcriptional 

regulators that controls e.g. atf3 expression (30); here we show that MnK1a regulates 

aMPK:erK association with chromatin. in the context of egr1 gene expression, the 

reduced basal egr1 mrna levels in aMPKdKo and MnK1aKD MeFs suggests that the 

presence of cellular aMPK or MnK1a act to maintain a steady-state level of egr1 

transcription. alternatively, as aMPK (as well as MnK1a) is directly connected to mrna 

translation, these differences may reflect an inability of aMPK deficient cells to maintain 

an appropriate translational response as a result of altered cellular physiology. Future 

Figure 4. Inhibitory cross-talk of AMPK:ERK complex. Combined with data from this thesis, MnK1 
activity is regulated by both raf/MeK/erK and LKB1/aMPK signaling pathways. erK and aMPK 
showed inhibitory cross-talk. though they are found in a complex, the cross-talk among erK, aMPK 
and MnK1 remains unclear. 
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studies employing specific defective interaction and/or cell compartment-restricted 

mutant protein forms may provide additional insight in the co-regulation of these cellular 

processes. it should be noted that the aMPKα1-Ko model still expressed an aMPKα1 

which lacks a functional kinase domain. Hence it is currently not clear whether at the 

level of chromatin, its physical presence affects transcription (in analogy to what has 

been reported for MaPKaPKs in this and other studies (30,31)). in the context of MnK1a 

chromatin-binding, these findings may point out that nuclear shuttling of MnK1a governs 

compartmentalization of its function and that MnK1a is retained in cytoplasm via a 

cytoplasmic binding partner, e.g. eiF4G. as a future perspective, comparison of MnK1a 

Wt and nLsyn mutant (mainly in nucleus) in fractionation and immunoprecipitation 

assays would be informative to test this hypothesis. it is conceivable that the functional 

tripartite interaction (phosphorylation) of aMPK, M/saPKs and MnK1a determines their 

subcellular localization and thereby their availability to participate in defined cellular 

processes. Definition of interaction domains and full complement of deletion and 

phosphor-mutant analysis should be able to address this idea. in addition, exploring 

molecular mechanisms at the chromatin level requires definition of gene targets. our 

current efforts aim at identification of potential direct targets of eGr1 in the context of 

metabolic stress, using high-throughput gene expression analysis. Chromatin 

immunoprecipitation assays providing evidence for the (combined) presence of erK, 

eGr1, aMPK and MnK1a at such potential target genes would certainly determine their 

roles in transcriptional regulation. 

Concluding remarks

the two main subjects of this study are aMPK and MnK1a. aMPK activators are 

considered as treatment strategies in various metabolic diseases and cancer, and 

MnK1/2 is widely being investigated as a cancer therapy target for its regulation of eiF4e 

phosphorylation. this thesis links both kinases with the discovery of a new aMPK-MnK1a 

signaling axis, by studying the molecular consequences of its activation, and by 

investigating its potential effect in the context stress-induced regulation of translation 

and transcription. With still a long way ahead in regard to elucidation of the biochemical 

and biological consequences of this interaction, identification of specific binding-

partners, signaling targets and pathways involved, the current thesis holds promise for 

both improved understanding of and ultimate application of this knowledge in human 

pathological conditions, especially in cancer, where aMPK and MnK1 previously had 

their independent stand. namely, the finding that aMPK augments MnK1a activity 

towards eiF4e, which is contrary to MnK1/2 inhibition as anti-cancer strategy, bears 

obvious relevance for the cancer field.
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Summary

Cell energy balance is tightly regulated by aMPK, which becomes activated to 

increase energy production and inhibit energy-consuming processes. Based on this 

crucial role, aMPK has been intensively studied as a signaling-hub controlling both cell 

growth and metabolism. MnK1 emerged from a screening for novel aMPK substrates. 

MnK1 stands out as a known regulator of mrna translation and therefore its potential 

functional connection to aMPK was comprehensively investigated in this thesis, entitled 

”The AMPK-MNK1 signaling axis”.

Upon phosphorylation by upstream kinases and stimulated by allosteric activators, 

aMPK adjusts energy balance via enhancing catabolism of (stored) fuels (e.g. glucose/

fatty acid uptake, oxidation) and inhibiting anabolic processes (e.g. glycogen synthesis, 

storage). However, the exact role of aMPK in cell growth and survival is presently under 

discussion. We have identified a potential novel aMPK-target in this thesis, MnK1, a 

well-known regulator of the translation initiator factor 4e (eiF4e) and therefore an 

interesting cancer therapy target. thus, a general introduction focused on the two key 

players in the thesis: aMPK and MnK1 (Chapter 1).

in order to investigate and reveal diverse roles of aMPK in various diseases, different 

study methods have been developed. as a summary for in vitro study, methodological 

insights into production of aMPK as a heterotrimeric protein, its biochemical 

characterization and cellular signaling studies were included in this thesis (Chapter 2). 

notably, a workflow was described that specifies the necessary steps for novel aMPK-

target identification and their validation in cell-free and cellular systems. 

Using the protocol above, MnK1a was identified as a target of aMPK both in in vitro 

kinase assays and in the cellular environment (Chapter 3). MnK1a serine 353 (s353) was 

identified as the target phospho-site and its phosphorylation was facilitated by prior 

t-loop activation. in cells, MnK1a was found to be a physical binding partner of aMPK 

and the functional modification of MnK1a at s353 turned out to enhance its kinase 

activity toward eiF4e phosphorylation. these findings describe a novel signaling branch 

of aMPK in mrna translation and cell growth control.

the function of aMPK-mediated MnK1a-s353 phosphorylation in cell proliferation 

was then investigated (Chapter 4). in this regard it is important to note that the functional 

consequences of eiF4e phosphorylation for translational initiation as yet have not been 

clarified. although a rate-limiting factor in translation initiation, upregulation of eiF4e 

phosphorylation by over-expression of MnK1as353D (a phosphorylation-mimicking 

mutant) did not conclusively show induction of global mrna translation compared to 

wild-type MnK1a. However, overexpression of MnK1as353D increased the sensitivity of 
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cells to rapamycin, as evidenced by lower growth rate. Conversely, MnK1as353D expression 

resulted in higher metabolic stress-resistance, reflected in decreased cell death rate 

under conditions of glucose deprivation. these data begin to identify aMPK-MnK1a 

signaling as a functional axis contributing to cell proliferation and survival control in 

response to stress. at the molecular level, we found that erK regulates aMPK-mediated 

MnK1a phosphorylation and participates in the formation of stable ternary aMPK-

MnK1a-erK complex.

the hitherto unknown chromatin-association of MnK1a and aMPK indicated their 

potential involvement in transcription regulation (Chapter 5). nuclear abundance of 

MnK1a upon metabolic stress was found to mediate aMPK-chromatin binding, in which 

also erK appears to play a regulatory role. Localization of proteins to chromatin often is 

associated with transcriptional control. aMPK-MnK1a regulated the basal immediate 

early eGr1 gene expression and both physically interacted with the eGr1 protein at the 

level of chromatin. such eGr1 complexes may be involved in the regulation of the second 

phase of adaptive transcriptional responses or may be associated with transcription-

coupled processes that govern adaptive responses.

selected topics were finally discussed in relation to the main findings of this thesis 

(Chapter 6). the current knowledge of eiF4e in cell growth control and the involvement 

of aMPK, MnK1 and mtor were reviewed. the potential involvement of MnK1a in 

regulation of cell growth was explored in relation to its activation mechanism. Concerning 

the role of aMPK-MnK1 in signaling transduction, the inhibitory cross-talk between 

LKB1-aMPK and raf-MeK-erK was summarized as an extended remark. the potential of 

(co)transcriptional regulation was hypothesized for the aMPK-MnK1a-erK complex in 

nucleus.

in conclusion, this thesis present a new aMPK signaling branch to MnK1a that 

controls cell division and growth and provides novel insights in MnK1a function that 

pave the way to further explore the regulatory mechanisms of gene transcription and 

mrna translation.
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Samenvatting

De energie balans van een cel wordt strikt gereguleerd door aMPK, een eiwit dat, 

wanneer geactiveerd, de productie van energie verhoogt en energieverbruikende 

processen remt. Vanwege deze cruciale rol wordt aMPK intensief bestudeerd als een 

knooppunt van regulering van zowel celgroei als metabolisme. in een biochemische 

screening voor nieuwe aMPK substraten kwam MnK1a naar voren. omdat MnK1 

bekend staat als een regulator van mrna translatie zijn potentieel functionele 

verbindingen met aMPK uitgebreid onderzocht in dit proefschrift, getiteld “The AMPK-

MNK1 signaling axis”.

na fosforylering door eerder geplaatste signaalkinases en gestimuleerd door 

allosterische activatoren, past aMPK de cellulaire energiebalans aan via het verhogen 

van afbraak van (opgeslagen) brandstoffen (bijv. opname en/of verbranding van glucose/

vetzuren ) en het remmen van anabolisme (bijv. glycogeen synthese, opslag). echter, hoe 

exact aMPK celgroei en overleving reguleert is nog steeds onderwerp van veel discussie. 

We beschrijven een potentieel nieuw aMPK-target in dit proefschrift, MnK1, een 

bekende regulator van de translatie initiatie factor 4e (eiF4e) en daarom een interessant 

doelwit voor kankertherapie. in de algemene inleiding worden de huidige kennis over 

beide belangrijke spelers, aMPK en MnK1, beschreven (Hoofdstuk 1).

om de diverse functies van aMPK in verschillende ziekten te onderzoeken en 

begrijpen zijn verschillende werkwijzen ontwikkeld. Bij wijze van samenvatting van in 

vitro onderzoeksmethoden, zijn inzichten in de productie van aMPK als een heterotrimeer 

eiwit, de biochemische karakterisering en cellulaire signalering ervan opgenomen in dit 

proefschrift (Hoofdstuk 2). Met name werd een workflow beschreven die de essentiele 

stappen voor identificatie van nieuwe aMPK-targets en hun validatie in cel-vrij en 

cellulaire systemen specificeert.

Gebruikmakend van een derrgelijk protocol werd MnK1a geïdentificeerd als een 

aMPK-target, zowel in in vitro kinase-assays als in cellulaire essays (Hoofdstuk 3). MnK1a 

serine 353 (s353) werd geïdentificeerd als het belangrijkste aminozuurresidue voor 

fosforylering door aMPK, die gefaciliteerd wordt door t-loop activering. in cellen blijkt 

MnK1a een   fysieke bindingspartner van aMPK en de fosforylering van MnK1a-s353 

bleek de kinase-activiteit van MKn1a richting eiF4e te verhogen. Deze bevindingen 

beschrijven een nieuwe signaleringsas vanuit aMPK in de context van regulering van 

mrna translatie en celgroei.

De functie van aMPK-gemedieerde MnK1a-s353 fosforylering in celproliferatie werd 

vervolgens onderzocht (Hoofdstuk 4). in dit verband is het belangrijk op te merken dat 

de functionele gevolgen van eiF4e fosforylering voor translatie-initiatie nog niet geheel 
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opgehelderd zijn. ofschoon een snelheidsbeperkende stap in translatie-initiatie, lijkt 

toename van eiF4e-fosforylering als gevolg van overexpressie van MnK1as353D (een 

mutatie die op fosforylering lijkt) vooralsnog niet overtuigend tot een hogere globale 

mrna translatie te leiden vergeleken met wild-type MnK1a. echter, overexpressie van 

MnK1as353D verhoogde de gevoeligheid van cellen voor rapamycine, zoals blijkt uit 

verminderde celdeling. omgekeerd resulteerde MnK1as353D expressie in een hogere 

metabole stressbestendigheid, hetgeen bleek uit een verminderde celsterfte onder 

omstandigheden waarin glucose beperkt was. Deze experimenten suggereren dat 

aMPK-MnK1a signalering als functionele as bijdraagt aan de regulering van celdeling en 

overleving onder stress. op moleculair niveau bleek dat erK aMPK-gemedieerde 

fosforylatie van MnK1a reguleert en deelneemt aan de vorming van een stabiel ternair 

aMPK-MnK1a-erK complex.

De tot nog toe onbekende chromatine-associatie van MnK1a en aMPK duidt op hun 

mogelijke betrokkenheid bij transcriptionele regulering van genetische informatie 

(Hoofdstuk 5). een toename van MnK1a in de celkern in reactie op metabole stress 

bleek aMPK-chromatine binding tot stand te brengen, waarbij ook erK een regulerende 

rol lijkt spelen. Binding van eiwitten met chromatine is vaak geassocieerd met 

transcriptionele controle. aMPK-MnK1a regelde de basale expressie van het immediate 

early gnene eGr1 en beide laten een fysieke interactie met het eGr1 eiwit op 

chromatineniveau zien. Dergelijke complexen zouden betrokken kunnen zijn bij de 

regulatie van de tweede (late) fase van een adaptieve transcriptionele respons of zou 

geassocieerd kunnen zijn met transcriptie-gekoppelde processen die adaptieve 

responsen regelen.

een aantal geselecteerde onderwerpen werd uiteindelijk besproken met betrekking 

tot de belangrijkste bevindingen in dit proefschrift (Hoofdstuk 6). De huidige kennis van 

eiF4e in de regulering van celdeling en -groei en de betrokkenheid van aMPK, MnK1a en 

mtor zijn hierin uiteengezet. De mogelijke betrokkenheid van MnK1a bij de regulatie 

van celgroei in relatie tot het moleculaire activeringsmechanisme is belicht. De rol van 

aMPK-MnK1 in cellulaire signaaloverdracht is uitgebreid besproken in de context van de 

remmende regulering tussen LKB1-aMPK en raf-MeK-erK. Dit hoofdstuk sluit af met de 

hypothese dat het aMPK-MnK1a-erK complex in de kern betrokken is bij (co)

transcriptioneel regulerende processes.

tot slot, dit proefschrift presenteert een nieuwe aMPK signalerings as naar MnK1a 

die celdeling en -groei regelt en levert hiermee nieuwe inzichten op met betrekking tot 

de functie van MnK1a; deze inzichten zullen bijdragen aan het verder onderzoeken en 

ophelderen van regulerende mechanismen van gen transcriptie en mrna translatie.
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aMP 依赖的蛋白激酶（aMPK），是生物能量代谢调节的关键因子；其在激活

状态下可提高能量生成，同时抑制能量消耗。基于此作用机制，aMPK已作为控

制细胞生长和代谢过程的信号中心被广泛研究。在对aMPK下游目标蛋白的筛选

中，蛋白芯片技术显示MaP激酶相互作用的丝氨酸/苏氨酸激酶1（MnK1）是

aMPK的磷酸化目标。作为已知的mrna翻译调节器，本课题对MnK1与aMPK的相

互作用进行了研究，即“aMPK-MnK1信号通路”。

在上游蛋白激酶的磷酸化激活或者变构激活剂的刺激下，aMPK可调节能

量代谢平衡，主要通过提高（存储）能量的催化利用（如葡萄糖/脂肪酸摄取

和氧化），以及抑制能量合成代谢（如糖原合成和储存），而目前aMPK在细

胞生长及存活中的确切作用仍未有定论。本论文中，我们筛选出MnK1是一个

潜在的aMPK下游蛋白酶，其因调节翻译起始因子4e(eiF4e)而成为了癌症治疗

靶标。因此，本论文第一章对两个研究对象aMPK和MnK1分别进行了概括介

绍。

为了揭示aMPK在各种疾病中的角色，很多不同的研究方法已被开发出来。本

论文第二章，通过三个方面（异源三聚体蛋白aMPK的纯化、生化特征探索以及

细胞信号通路），对aMPK体外学习方法进行了系统的总结。值得注意的是，本

章对鉴定aMPK目标蛋白以及利用体外和细胞系统识别并验证该目标的工作流程

进行了详尽的描述。

利用上述流程，本论文第三章利用体外酶反应以及细胞信号系统对MnK1a 作

为aMPK下游目标蛋白进行了集中验证。MnK1a氨基酸结构中，第353位的丝氨酸

(s353)被确认为aMPK磷酸化作用位点，并且该磷酸化作用是在MnK1a苏氨酸活化

基础上发生的。同时，在细胞体系实验中，MnK1a是aMPK的结合蛋白，而且其

介导的s353磷酸化可提高MnK1a酶活性，从而导致eiF4e磷酸化水平的升高。这些

发现提供了aMPK信号通路在mrna蛋白翻译以及细胞生长控制过程中的一个新分

支。

论文第四章对MnK1a s353磷酸化在细胞增殖过程中的作用进行了探索。在

此，需要注意的是eiF4e的磷酸化在蛋白翻译起始中的作用至今并未被揭示清楚。

本章中，与野生基因型过表达的细胞系相比，尽管 MnK1a s353D基因突变型的过

表达升高了作为翻译限速因子的eiF4e的磷酸化水平，细胞系的整体蛋白翻译水平

并未有变化。然而，MnK1a s353D基因突变型的过表达提升了细胞对rapamycin的

敏感性，具体表现为细胞生长速率的降低；相反的是，在葡萄糖缺失的压力条件

下，s353D基因突变型的过表达降低了细胞死亡率，体现了较好的代谢应激能

力。这些数据体现了aMPK-MnK1信号通路在细胞增殖和存活控制过程中的作用。

同时在分子水平，我们发现上游蛋白激酶erK参与调控aMPK介导的MnK1a磷酸

化，并且三者可形成稳定的蛋白复合体。
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论文第五章重点分析了位于染色体上的aMPK和MnK1a在基因转录调控过程中

的潜在作用。我们发现细胞核中MnK1a 的增多降低了aMPK在染色体上的分布，

同时erK也参与其中。由于蛋白在细胞核内的分布通常与其对转录的调控有关，

在本章中我们发现，aMPK-MnK1a调控立早基因 eGr1的基本转录水平，并且三者

在染色体水平上发生共沉，而这样的eGr1蛋白复合体有可能参与应激反应后期适

应性转录水平的调控，或者是与调控适应性反应相耦合的转录水平控制有关。

论文第六章通过结合论文中的新发现，对几个相关问题进行了深入的讨论：我

们总结了eiF4e在细胞增殖过程中的作用，以及aMPK、MnK1a和 mtor的参与作

用；也对MnK1a的激活机制和其对细胞生长的调控进行了探讨。对于aMPK-

MnK1a在信号传导中的角色，我们也对LKB1-aMPK和raf-MeK-erK之间的相互抑制

作用进行了拓展讨论，并且分析了aMPK - MnK1a –erK复合体在转录共调控中的可

能作用。

总之，本文展示了aMPK-MnK1a作为一条新的信号分支在细胞分裂生长过程中

的调控，并且对MnK1a功能的探索也为揭示其对基因转录和mrna翻译的调控奠

定了基础。
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Valorization

in addition to the scientific relevance of this thesis, the presented work uncovered a 

new research area that could offer leads for future therapeutic strategy development 

and thus carries promising societal relevance.

Social relevance of the study objectives

Modern worldwide economic development has induced dramatic changes in lifestyle 

and the Metabolic syndrome has become one of the biggest threats for healthy living. 

the Metabolic syndrome is a cluster of the most prominent heart disease risk factors, 

including diabetes and obesity, which has a prevalence of 20-25% in adults worldwide. 

Diabetes itself has become a top cause of death in developed countries. Logically, the 

burden on healthcare systems is rising dramatically and the cost of treatment is enormous 

[1]. 

Due to its crucial role in energy-balance, aMPK is a highly valuable pharmacological 

target in the treatment of metabolic disorders. However, at present only a subset of 

aMPK functions and substrates have been elucidated. By revealing more downstream 

targets of aMPK, a more complete functional map could be obtained, which could 

potentially offer various possibilities for prevention of disease development, or specific 

treatment options for certain risk factors. regarding MnK1 function, most recently a 

novel role of MnKs has been reported in mediating HFD-induced insulin resistance [2], 

in light of the discoveries described in this thesis, this could represent a new hidden 

therapeutic connection with aMPK.

similarly, as one of the other leading causes of morbidity and mortality worldwide, 

cancers in 2012 reached approximately 14 million new cases and 8.2 million deaths [3]. 

the survival rate of divers cancers are known to vary among types and stages and they 

range between disease-free survival to mortality within five years after diagnose. More 

strikingly, although several treatment methods have been developed for cancer therapy, 

the long-term side effects of these methods are almost as destructive to a patients’ 

health as the disease itself, both physically and mentally. as a result, research in the field 

of cancer therapy, focusses on identification of underlying molecular mechanisms in 

individual cases and defining personalized approaches. thus far, the exact role of aMPK 

in cancer remains unclear due to its two-faced involvement: several tumor types have 

been observed with loss of aMPK activity, while aMPK activation may be advantageous 

for other tumors cells to adapt to metabolic stress [4]. in contrast, high eiF4e expression 

has been found in many tumor cell lines and even in solid tumors, including cancers of 

breast, lung, prostate and colon [5]. as the sole-known upstream kinase of eiF4e, MnKs 

have therefore been treated as cancer therapy targets and have also been associated to 
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drug resistance. in this thesis we aimed to determine a potential connection between 

aMPK and MnK1 to understanding their functional relationship in cell growth control 

and to advance insight in their potential application in cancer treatment.

Novelty of the concept

Current knowledge of MnK1 as a therapeutic target in cancer is limited to its 

regulation on eiF4e phosphorylation in response to both growth factors and stress via 

erK/P38. Yet, relatively little is known concerning the exact mechanisms of its activation 

and functional regulation. in this thesis, we further developed a probable MnK1 

activation model based on earlier reported structural models. We described its 

localization to both cytoplasm and nuclei, potentially revealing a role on both translational 

and transcriptional processes. the novel link of MnK1 to aMPK may be interpreted as 

evidence for its potential involvement in metabolic disorders. the results thus far showed 

a non-linear correlation between them eiF4e activity and cellular translation level, 

implying a more delicate/selective control of eiF4e in protein translation. From the 

perspective of aMPK, the novel connection to regulation of MnK1 activity has extended 

its role in protein translation, which previously comprised the mtor signaling pathway. 

these observations may be at the basis of aMPKs dual role in cell proliferation, growth 

control and cancer.

Future directions & potential applications

the extended knowledge of MnK1 in this thesis could be applied to related studies 

of both MnK1 structure analysis and MnK1-dependent signaling pathways. several 

studies have indicated that location matters: subcellular compartmentalization of 

particular proteins restricts molecular interactions and dictates function and regulation. 

this concept applies to aMPK as well as MnK1, as both appear to “shuttle” between the 

cytoplasm and the nucleus. Future studies should be aimed at further elucidation of the 

biological relevance of aMPK and MnKs subcellular localization.

Beyond the directions above, this study has proven the protein microarray screening 

as an efficient and accurate technology and this method shows high potential for a broad 

application of substrate-screening for other protein kinases. in addition, the novel 

antibody we have generated in this study, has been proven to be effective in detection of 

a specific activity state of MnK1, and is expected to improve our knowledge on the exact 

conditions, mechanisms and relevance of MnK1a regulation. Given the observation that 

many more post-translationally modified, potentially regulatory amino acid residues 

await identification, both in aMPK and MnK, this holds promise for research as well as 

marketing avenues.
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切人生计划，期待你们的好消息；华仔和徐青，虽然认识时间不长，但也度过了

一些欢乐的游戏聚餐时光，祝你们好运，无论生活还是工作。倩儿，我们见面机

会不多，但是每次你来或者我往，都让我觉得像是异国他乡亲人一般的存在，感

谢你不时的鼓励和慰问，总带给我正能量，我衷心希望朴实简单如你和他，能收

获你们人生中的最美。
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彩的四年点点滴滴都分享给了彼此，大到什么是爱国青年，小到“睡吧”。陈

方，我们的布达佩斯旅行是多么念念不忘啊，记忆中最新鲜的是，旅馆房间门

口，端着被切好拼盘的十斤大西瓜，身着粉色长裙的长发的你，对我笑。可惜，

之后的日程都没有再排开来一场说走就走…… 方姐姐，那么多一个人度过的日子

里，我说我好想说话，你告诉我，你在呢；上一秒，你问我这条裙子怎么样，下

一秒，我说可以考虑但并不完美；我说那么瘦了不用减肥了，你说你注意体重保
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持健康。达令，这四年，你的每个故事都好精彩，我多么喜欢这个，在不停推倒

自己重塑自己的Lady，在不停寻爱又延伸爱的姑娘。亲爱的，我们都想抛掉现在

奔向新生活，而这即将变旧的生活里，你是我不舍的一部分，可是，我知道，新

生活里的你要幸福，也会幸福！谢谢你爱我，我也爱你。

刘同学，刘轶林，终于，你想要的结束、终结，在这样一个美丽的夏天到来

了：因为知道你的痛苦与挣扎，所以特别想为你欣喜欢呼；因为好奇与祝福，也

好想知道我认识的了解的那个勇敢无畏的你，会有怎么样的新生活；可是，又因

为四年来一直陪伴的熟悉感，我发现我竟什么也说不出。长大后，我学会尽量不

依赖别人、不做戏剧性的吵架与和好，可是这些还是在29岁的时候统统又跑回

来，跟你。刘轶林，事儿妈如我，不喜欢你的“虚荣”，苛责你的“不客气”，

抱怨你的“自私”，打击你的“嚣张”，可是当我写下这段文字的时候，我感谢

你不停地包容，无尽的鼓舞，每一天的陪伴，以及让我成长成熟的支持与力量。

我告诉你，我从来想不出，跟你最深刻的一次相处/旅行/谈话…到底是哪一次，

这样听起来，你肯定很伤心，可是我想那是因为四年来我们在彼此生活的每一

天，而哪一次又是没有你的呢，所以我说不出，真的。刘同学，纵然四年的生活

想起来有些简单清苦，可是也是你的喜怒哀乐，塑造了我的自信，慰藉了我的孤

独，丰富了我的人生，我想这也算是一种我想要的相知相惜。祝福的话，也不必

客套的对你讲，那就愿再次相见，还能熟悉的挽起彼此的胳膊，咯咯地笑……

最后，在中国一个小村落里，我的爹妈，我的姐姐姐夫，我的嘟嘟和果儿，你

们是我无论在哪儿都能回头看到的光亮，更是我用尽全力努力奋斗的原因。虽然

二十九年的人生并未有过如何绚烂的骄人成就，但是在如此平凡平淡的存在中，

我总是感觉自己因为你们收获了好多好多独一无二的幸福和欢乐。爹妈，感谢你

们的辛劳拼搏让我跟姐姐有了一个富足甚至浪漫的童年，无论经历多少风雨，家

都被你们守护着，春夏秋冬鸟语花香；每次收到你们发来的照片，心里唯有感

恩，感恩安定，感恩健康，感恩我们在一起。姐姐姐夫，你们给全家带来了最最

珍贵的宝贝们，我相信他们不仅治愈了父母们的失落，更让每个人得到了不一样

的欢乐与爱；姐姐姐夫，生活的压力都被你们承担，我无法想象换做是自己会有

怎么样的结果，甚至能不能撑到底都是问题，妹妹惭愧的同时更加从心底钦佩你

们，所以妹妹即使学无所成，也必倾尽全力，也时刻觉得幸福，请你们放心。嘟
嘟、果儿，小姨想对你们说，也对自己说：相亲相爱，心存感恩，过自己想过的

生活，就好。

in these four years, though still with “a lot of” shortcomings to work on, i have known 

myself better and gotten a clear mind in what i want. i am grateful for my choice to meet 

everyone in my life here! and i am sure that i will appreciate what i have everyday and 

hold hope for everything upcoming. Finally, I dedicated this book to my sister-Sharon 

(Xiaowei), who is always there for me with endless love. 虽然越来越了解自己身上的缺



132

appendices

点短处，可是我竟越来越满意自己过成现在的样子，即便有很多遗憾存在，心中

的美好却不曾减少半分，我把这一切归功于，我的姐姐。姐姐，这本书，致谢

你，致谢你给予我最无穷的爱。

	 	 	 Xiaoqing Zhu
        August 20th, 

2016
朱小庆

于2016年8月20日
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