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Supervisor:  Kevin N. Dalby 

 

Eukaryotic elongation factor 2 kinase (eEF-2K) is an atypical 

calcium/calmodulin-dependent protein kinase (CaMK-III).  The kinase provides a 

mechanism by which cells can globally control the rate of the elongation phase of protein 

synthesis, through inhibition of its only known substrate, elongation factor 2 (eEF-2).  

eEF-2K has been reported to promote proliferation, migration and survival of cancer 

cells, and has also been implicated in depression.  Understanding the regulation of kinase 

activity is important for development of inhibitors to treat these disease states.  However, 

the mechanisms through which upstream kinases regulate eEF-2K activity via multisite 

phosphorylation, and how calcium and calmodulin contribute to this, are still unclear.  

This deficiency may result from the difficulty of obtaining the recombinant kinase in a 

form suitable for biochemical analysis.  This work reports the purification (a three-step 

protocol using a calmodulin-affinity column) and characterization of recombinant human 

eEF-2K expressed in E. coli.  Mass spectrometry identified Thr-348 and Ser-500 as major 

calcium/calmodulin-stimulated autophosphorylation sites.  Rapid quench analysis 

indicates that the rate of Thr-348 autophosphorylation is extremely fast (k = 2.6 s
-1

, t½ ~ 
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279 ms), and requires calmodulin.  Mutagenesis studies suggest that phosphorylation at 

Thr-348 is required for eEF-2 phosphorylation both in vitro and in cells.  However, while 

T348A has an overall lower activity than the WT kinase, the extent of stimulation of eEF-

2K activity by 2-deoxy-D-glucose, hydrogen peroxide, ionomycin or cellular starvation is 

the same for both forms of the kinase.  Thus, to control the amplitude of eEF-2K activity 

in cells following a stimulus that promotes calmodulin binding, phosphorylation at Thr-

348 could act as an additional allosteric switch.  This could potentially occur though 

interaction with a putative phosphate-binding pocket comprised of Lys-205, Arg-252 and 

Thr-254.  Additionally, we observed that Ser-500 phosphorylation promotes an increase 

in affinity for calmodulin, and we provide evidence that Ser-500 phosphorylation on the 

eEF-2K•calmodulin complex significantly enhances the already rapid rate of Thr-348 

autophosphorylation.  Here we propose a two-step model involving calcium/calmodulin 

binding and Thr-348 autophosphorylation to modulate eEF-2K activity.  Phosphorylation 

at Ser-500 is able to alter the kinetics at both these levels of regulation.   
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Chapter 1: Introduction
†
 

 

1.1. OVERVIEW 

Covalent modification of proteins through phosphorylation is a common cellular 

mechanism used to regulate a variety of physiological processes including gene 

transcription, metabolism, proliferation, survival and differentiation among others 
(1-3)

.  

Protein kinases are the class of enzymes responsible for catalyzing this modification 
(1-3)

.  

They do so usually through transfer of the γ-phosphate of ATP onto a serine, threonine or 

tyrosine residue, all which have a hydroxyl group 
(1-3)

.  Thus, the two substrates of protein 

kinases include ATP and the relevant phosphorylatable protein 
(1-3)

.   

There are slightly over 500 different kinases encoded by the human genome, 

which accounts for close to 2 percent of all human genes 
(4)

.  Based on sequence 

homology of the catalytic domains, the majority of these are classified as ‘conventional’ 

or ‘typical’ protein kinases 
(4, 5)

.  The remaining 8 percent are termed ‘atypical’ protein 

kinases, a group to which the eukaryotic elongation factor-2 kinase (eEF-2K) belongs 
(4-

6)
.  eEF-2K (EC: 2.7.11.20) is alternatively known as Ca

2+
/CaM-dependent protein kinase 

III (CaMK-III) 
(7, 8)

.   

 

                                                 
†
 Schemes 1.3 and 1.4 were adapted from Biochemistry: Clint D. J. Tavares, John P. O’Brien, Olga Abramczyk, 

Ashwini K. Devkota, Kevin S. Shores, Scarlett B. Ferguson, Tamer S. Kaoud, Mangalika Warthaka, Kyle D. 

Marshall, Karin M. Keller, Yan Zhang, Jennifer S. Brodbelt, Bulent Ozpolat and Kevin N. Dalby (2012) 

‘Calcium/Calmodulin Stimulates the Autophosphorylation of Elongation Factor 2 Kinase on Thr-348 and Ser-

500 to Regulate its Activity and Calcium Dependence’ Biochemistry 2012 Mar; 51(11): 2232-2245. [Link] 

PMID: 22329831. Copyright 2012 American Chemical Society.   

http://pubs.acs.org/doi/abs/10.1021/bi201788e
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1.2. FUNCTION OF EUKARYOTIC ELONGATION FACTOR-2 KINASE 

Protein translation is one of the most energy consumptive processes in the cell.  

Hence, regulation of the rate at which proteins are synthesized and degraded is critical for 

maintaining cellular homeostasis.  Using mRNA as a template, synthesis of proteins from 

amino acids is carried out on the ribosome through an exquisitely controlled process.  

Several factors contribute to the initiation, elongation and termination phases of 

translation 
(9-12)

.  The eukaryotic elongation phase, which involves the lengthening of the 

peptide chain, is influenced by three major factors that include elongation factor-1 alpha 

(eEF-1a), elongation factor-2 (eEF-2) and elongation factor-3 (eEF-3) 
(13-15)

.  eEF-1a and 

eEF-3 play roles in the recruitment and binding of the aminoacyl-tRNAs to the ribosome, 

while eEF-2 is responsible for the GTP-dependent ribosomal translocation of the nascent 

peptide chain from the A-site to the P-site 
(13-16)

.  The addition of each amino acid 

requires the hydrolysis of GTP by eEF-2, which provides the energy for the associated 

translocation of the growing peptide chain 
(17)

.   

To check the rate of protein synthesis, the activities of a number of the initiation 

and elongation factors are modulated by phosphorylation 
(11)

.  eEF-2K is a dedicated 

kinase that regulates the activity of eEF-2, its only known substrate, through 

phosphorylation at Thr-56 which inhibits the 100 kDa elongation factor 
(7, 8, 18-21)

.  This is 

believed to occur through a decrease in the affinity of phospho-eEF-2 (Thr-56) for the 

ribosome, which impedes the elongation phase of translation 
(20, 22, 23)

.  Thus, by 

modulating the levels of non-phosphorylated eEF-2 (active) and phosphorylated eEF-2 

(inactive), eEF-2K plays a role in determining the rate at which proteins are synthesized.  
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Studies have also shown that phosphorylation of eEF-2 at Thr-58 is brought about by 

eEF-2K 
(24-26)

.  However, the importance of this phosphorylation is not clear, with some 

groups suggesting that eEF-2 can be inhibited by phosphorylation solely on Thr-56 
(24)

.  

Brigotti et al. have reported that eEF-2 that is bound to the ribosome is able to escape 

phosphorylation by eEF-2K 
(27)

.  Additionally, post-translational modifications on eEF-2 

can alter the rate at which eEF-2K phosphorylates it.  For example, cyclin A-CDK2-

induced phosphorylation on eEF-2 at Ser-535 is reported to recruit eEF-2K, which 

promotes phosphorylation on Thr-56 
(28)

.  On the other hand, protein phosphatase 2A 

(PP2A) is thought to be the main contributor to dephosphorylation of eEF-2 at Thr-56 
(24, 

29, 30)
.  Thus, several factors tightly control the inhibition of eEF-2 by eEF-2K.   

While eEF-2K functions to generally impede the elongation phase of translation, 

thereby disrupting global protein synthesis, it is known to surprisingly induce the 

translation of specific transcripts.  Arc/Arg3.1, αCaMK-II and brain-derived neurotrophic 

factor (BDNF) are translationally up-regulated upon eEF-2K activation in neurons 
(31-33)

.  

Weatherill et al. have also reported that eEF-2K can be differentially regulated in a 

compartment-specific manner.  Studies in Aplysia sensory neurons indicate that upon 

serotonin stimulation, eEF-2K is activated in the soma while being inhibited in the 

neurites 
(34)

.  The same group has suggested that eEF-2K may promote cap-dependent 

translation, as well as inhibit internal ribosome entry site (IRES)-dependent translation 

(34)
.  However, the detailed mechanisms behind which eEF-2K can up-regulate protein 

translation have not yet been described.   

 



4 

1.3. STRUCTURAL ORGANIZATION OF ELONGATION FACTOR-2 KINASE 

There has been no report of the three-dimensional structure of eEF-2K.  Prior to 

knowing the primary sequence of eEF-2K, characterization studies were conducted with 

the kinase from rabbit reticulocytes and rat pancreas 
(35, 36)

.  Purification of eEF-2K 

involved several steps, resulted in very low yields, and afforded an enzyme with non-

homogenous regulatory modifications 
(35, 36)

.  More recently, GST-tagged eEF-2K 

expressed in bacteria has been used to study the regulation of the kinase in vitro 
(37, 38)

.  

However caution needs to be exercised when interpreting such analyses, as the GST-tag 

can give rise to artifacts due to possible dimerization 
(39, 40)

.  In 2011 and 2012, our 

laboratory published reports detailing the purification of the human kinase co-expressed 

with λ-phosphatase in the bacterial Escherichia coli strain Rosetta-gami 2(DE3).  This 

protocol involved three purification steps, and yielded a substantial amount of pure tag-

less monomeric recombinant human kinase that catalytically mimics the enzyme purified 

from a mammalian source 
(41, 42)

.  The current knowledge of the phosphorylation status 

and potential domains of the kinase, and utilizing these expression and purification 

techniques, may help solve the structure of eEF-2K or its catalytic domain by x-ray 

crystallography or NMR.   

 

1.3.1. Atypical Protein Kinases 

eEF-2K belongs to a unique family of enzymes known as atypical protein kinases, 

which are distinguished due to their lack of sequence homology with conventional 

protein kinases 
(6, 43)

.  In humans, currently six enzymes comprise the class of atypical 
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kinases.  These include lymphocyte alpha-kinase (LAK or ALPK1), heart alpha-kinase 

(HAK or ALPK2), muscle alpha-kinase (MAK or ALPK3), channel kinase 1 (CHAK1 or 

TRPM7), channel kinase 2 (CHAK2 or TRPM6) and eEF-2K 
(5, 44)

.  Of these, the crystal 

structure of the TRPM7 kinase domain has been solved 
(45, 46)

.  Comparison studies 

between TRPM7 and the conventional cAMP-dependent protein kinase (PKA) suggest 

that despite the lack of primary sequence similarity, the catalytic domain structure of the 

atypical protein kinase has surprisingly significant homology to that of the classical 

conventional kinase, two lobes separated by a catalytic cleft 
(5, 44)

.  The N-terminal lobes 

are strikingly similar, however a major difference is observed between the C-terminal 

lobes, where TRPM7 has been shown to contain a zinc-finger motif that appears to be 

important for structural integrity of the catalytic core 
(5, 44)

.  In addition, the cleft functions 

as the ATP binding pocket, and accommodates key residues involved in catalysis – such 

as the invariant aspartate and lysine involved in chelating Mg
2+

 ions and orientating the 

ATP molecule 
(5, 44, 47)

.  Based on the structural features of TRPM7, it would appear likely 

that both families engage peptide substrates in a similar manner.   

 

1.3.2. Putative Domains and Regulatory Regions in eEF-2K 

Studies have suggested that eEF-2K is roughly comprised of two major regions 

which are connected by a linker, the kinase domain at the N-terminus and the eEF-2 

binding domain at the C-terminus (summarized in Scheme 1.1) 
(37, 38, 48)

.  Primary 

sequence alignment studies as well as mutational analysis of eEF-2K suggest that unlike 

the other human atypical kinases, its catalytic domain is located towards the N-terminus, 
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between residues 116 and 326 
(37, 38)

.  Four residues are critical for the coordination of the 

Zn
2+

 ion in TRPM7 
(45, 46)

.  The corresponding residues (His-260, His-312, Cys-314 and 

Cys-318) are conserved in eEF-2K, and mutation of any one of them to Ala results in a 

complete loss in kinase activity 
(48)

.  This suggests that eEF-2K requires Zn
2+

-binding in 

the catalytic core to be active.  The glycine-rich loop (GxGxxG), which is involved in 

localization of ATP in the cleft, is likely present between residues 296 and 301 
(5, 37)

.  

Mutational analysis and sequence comparisons also indicate that the following residues 

are involved in catalysis: the invariant Lys-170 that interacts with the α- and β-

phosphates of ATP; Asp-284 that chelates Mg
2+

 for the correct orientation of ATP, and 

forms part of the conventional DFG motif (which is DPQ in eEF-2K); Glu-229 and Thr-

283 that form a hydrophobic pocket for ATP; and Asp-274 that acts as a catalytic base 

(Scheme 1.1) 
(5, 49)

.   

The catalytic domain of eEF-2K shares a striking similarity with that of the 

myosin heavy chain kinase A (MHCK A), an atypical kinase found in Dictyostelium 

discoideum 
(6)

.  Crawley et al. have reported that autophosphorylation allosterically 

activates MHCK A 
(50)

.  Crystallography and computational studies have suggested that 

this occurs through interaction of phosphorylated Thr-825 with a phosphate-binding 

pocket present in the catalytic domain of the kinase, which opens up the active site for 

substrate phosphorylation 
(50)

.  The corresponding conserved residues in eEF-2K include 

the autophosphorylated residue Thr-348 (which lies just C-terminal to the kinase 

domain), and phosphate-binding pocket residues Lys-205, Arg-252 and Thr-254 (present 

within the catalytic domain) 
(42)

.  Mutation of any of these residues to Ala results in a 
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significant loss of kinase activity both in vitro and in cells (see Chap. 4).  This suggests 

that a similar mechanism of allosteric regulation through a putative phosphate-binding 

pocket could be involved in the activation of eEF-2K (see Chap. 4).   

A Ca
2+

/CaM binding site (around residues 79 to 96) has been proposed to exist 

just preceding the kinase domain 
(37, 38)

.  Ca
2+

/CaM affinity for the kinase is significantly 

reduced when the conserved Trp-85 residue present in this domain is mutated to Gly, Ala 

or Ser 
(37, 51)

.  This residue plays an important role in the interaction of the kinase with 

CaM 
(37, 51)

, and we have found that the eEF-2K W85S mutant displays significantly 

lower activity (< 10%) than the wild type (WT) kinase in cells (see Chap. 5).  The Ca
2+

-

free form of CaM (apo-CaM) can also bind the kinase 
(42, 48)

, however it remains to be 

determined if this interaction occurs within the known Ca
2+

/CaM binding site, or is 

distinct from it.   

Most of the other CaM-kinases have been shown to possess an autoinhibitory 

domain that overlaps with the Ca
2+

/CaM binding site 
(52, 53)

.  However, such a region has 

not been determined in eEF-2K, suggesting that it may be distinct from the other CaM-

kinases in its domain organization, and perhaps in its mechanism of autoinhibition.  

Experiments by Pigott et al. have suggested though, that the first 75 residues may contain 

an autoinhibitory region, as deletion of this stretch of amino acids strongly enhances 

kinase activity (by > 20-fold) in the presence of Ca
2+

 and CaM 
(48)

.  However, these 

studies were performed with C-terminal truncation mutants (1-402 and 76-402), and 

results need to be verified with the larger constructs (1-725 and 76-725) 
(48)

.  

Interestingly, this region preceding the Ca
2+

/CaM binding site also possesses a DxDxDG 
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motif (residues 24-29) that is known to interact with Ca
2+

 
(54)

.  Initial assays with Ca
2+

 in 

the absence of CaM indicate that eEF-2K is activated in a dose-dependent manner, albeit 

to a small degree (3-4 fold increase) (unpublished data).  While these results suggest a 

possible distinct Ca
2+

-binding site in the kinase, its physiological relevance remains to be 

ascertained.   

The C-terminal region of eEF-2K has been suggested to interact with its N-

terminus 
(48)

.  Previous literature, as well as analysis using the program SMART, 

indicates that the C-terminal helical domain contains three potential SEL1-like helical 

repeats 
(48, 55, 56)

.  These repeats are known to be involved in protein-protein interactions, 

and may be involved in engaging the eEF-2 substrate 
(48, 57)

.  Deletion of the extreme C-

terminal region (residues 711-717) results in the loss of the ability of the kinase to 

phosphorylate eEF-2, implying that additional protein-protein interactions outside the 

catalytic domain are essential for eEF-2 recognition 
(37, 38, 48)

.  The conserved Tyr-712 and 

Tyr-713 residues in this region have been reported to be critical for eEF-2 

phosphorylation 
(48)

.  It has also been suggested that a conserved stretch of around 22 

amino acids at the C-terminus has the potential to form a coiled-coil and may be 

responsible for dimerization, however such predictions require experimental verification 

(6)
.  The linker region between the N- and C-terminal may act as a regulatory loop, as it 

contains several of the reported phosphorylation sites that modulate kinase activity 
(42, 49, 

58-62)
.   
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1.4. REGULATION OF ELONGATION FACTOR-2 KINASE BY CALCIUM AND 

CALMODULIN 

1.4.1. Calcium and Calmodulin 

The Ca
2+

 ion represents the quintessential secondary messenger, being typically 

maintained at concentrations as low as 100 nM within the cytoplasm 
(63, 64)

.  This is in 

comparison to intracellular organelle and extra cellular concentrations which are as high 

as 1 mM 
(63)

.  Thus due to this significant concentration gradient, the cell is primed at any 

time for a rapid cytoplasmic Ca
2+

 influx 
(63, 64)

.  When stimulated, cells can increase their 

cytoplasmic Ca
2+

 levels to 1 μM or more 
(63)

.  Various signals can be encoded by the Ca
2+

 

influx, depending on the duration, amplitude and location of the stimulus 
(64, 65)

.  Ca
2+

 is 

usually released in elemental aliquots, which are classified as sparks, puffs or waves 

based on the extent of the intracellular area traversed 
(63)

.  Interestingly, Ca
2+

 only 

diffuses to within a few micrometers of its site of entry during a single spike, and is 

available to transmit a signal for a very brief period 
(63, 65, 66)

.  This is due to the combined 

effect of Ca
2+

-binding proteins that acts as buffers to sequester free Ca
2+

, and pumps that 

promote either Ca
2+

 efflux or transport into intracellular organelles 
(63, 65, 66)

.  Ca
2+

 signals 

are reported to dictate diverse cellular events including cell growth, neuronal plasticity 

and muscle contraction 
(66)

.   

The primary Ca
2+

-signaling protein in eukaryotes is calmodulin (CaM) 
(63)

.  CaM 

acts as a Ca
2+

 sensor within the cell, and responds to changes in the intracellular Ca
2+

 

concentration 
(63, 67)

.  CaM is a dumb-bell shaped protein made up of two lobes separated 

by a highly flexible linker 
(63, 68)

.  Interestingly, each lobe, which has two Ca
2+

-binding 
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sites, has a different affinity for Ca
2+

 
(63)

.  The C-terminal sites exhibit a 3 to 5-fold higher 

affinity for Ca
2+

 than those at the N-terminal 
(63)

.  Ca
2+

-binding has been reported to be 

cooperative 
(69, 70)

, with CaM having an overall affinity (
dK ) for Ca

2+
 ranging between 

500 nM and 5 μM 
(63)

.  The form of the protein lacking Ca
2+

 is commonly referred to as 

apo-CaM 
(63)

.  Upon binding Ca
2+

, CaM undergoes a conformational change, which 

enables it to engage more than 100 distinct target proteins to generally activate them 
(63, 

71, 72)
.   

Based on their mode of regulation and dependence on Ca
2+

, Chin and Means have 

classified CaM targets into various groups 
(63)

.  Some of these include: 

a. Targets whose binding to CaM is irreversible and not dictated by Ca
2+

 concentrations; 

such as phosphorylase kinase 
(73)

.   

b. Targets that bind CaM in the absence of Ca
2+

, but are signaled to dissociate in the 

presence of Ca
2+

; such as neuromodulin 
(74)

.   

c. Targets that form low affinity inactive complexes with CaM in the absence or at low 

concentrations of Ca
2+

, but are transformed into high affinity active complexes in the 

presence of high Ca
2+

; such as myosin-light-chain kinase and calcineurin 
(75, 76)

.   

d. Targets that bind Ca
2+

/CaM, but are inhibited by it; such as certain G-protein-receptor 

kinases 
(77)

.   

e. Targets that are activated by Ca
2+

/CaM; such as CaMK-I, II and IV 
(53)

.   

The cellular localization and concentration of CaM is also critical in the 

regulation of its biological activity 
(63)

.  CaM has been suggested to constitute at least 

0.1% of the total cellular protein 
(63)

.  In mammalian cells, CaM concentrations can range 
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from 2-25 µM and are greatly dependent on the type of tissue 
(78)

.  CaM concentrations 

are also suggested to increase in proliferating cells 
(63)

.  CaM targets are modulated across 

diverse free CaM concentrations ranging between 10 pM to 10 µM 
(63)

.  In intact HEK-

293 cells the resting concentration of CaM is reported to be 8.8 ± 2.2 µM, with the free 

concentration of Ca
2+

/CaM in the nanomolar range following an increase in cytoplasmic 

Ca
2+

 levels 
(79)

.   

 

1.4.2. Calcium/Calmodulin-Dependent Protein Kinases 

Of the numerous downstream targets of CaM, a family of enzymes known as the 

Ca
2+

/CaM-dependent protein kinases (CaMKs) is one of the best characterized 
(52, 53)

.  

Members of the CaMK family are all classified as Ser/Thr-kinases, and include CaMK-I, 

CaMK-II, CaMK-III (eEF-2K), CaMK-IV, CaMK-Kinase, phosphorylase kinase and 

myosin light chain kinase (MLCK) 
(52, 53)

.  Activation is initially dependent on the 

binding of Ca
2+

/CaM, and in some cases the enzyme is reported to become Ca
2+

/CaM-

independent following activation, or requires additional phosphorylations by other 

protein kinases to achieve full activity 
(53)

.  When the cell is in the resting state, basal 

levels of intracellular calcium (50-100 nM) appear to be insufficient for CaM to exert an 

effect on these kinases 
(53, 63)

.  However, during signaling events, influx of calcium into 

the cytoplasm raises the free intracellular Ca
2+

 concentration to 10-100 M, which is 

adequate to enable CaM to bind and modulate the activity of these kinase targets 
(53, 63)

.  

In terms of the structural layout, CaMKs generally have a CaM binding region located 

just C-terminal to the catalytic domain 
(52, 53)

.  An autoinhibitory domain overlaps slightly 
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with the CaM binding domain, and regulates the function of the kinase based on the 

binding of Ca
2+

/CaM 
(52, 53)

.  Interestingly, eEF-2K being atypical has its CaM binding 

region just N-terminal to the kinase domain, with no reported overlapping autoinhibitory 

region 
(37, 38, 48)

.   

One of the best-studied members of this family is CaMK-II.  Upon increase in 

intracellular Ca
2+

 concentrations, the Ca
2+

/CaM complex binds CaMK-II promoting 

autophosphorylation which activates it 
(52, 53)

.  Decrease in intracellular Ca
2+

 to the basal 

level should then result in dissociation of CaM from the kinase 
(52, 53)

.  However, this 

autophosphorylated CaMK-II is reported to retain significant activity (~ 80% of the 

maximal activity) even after the drop in intracellular Ca
2+

 levels 
(52, 53)

.  This has been 

attributed to an effect known as CaM-trapping, where autophosphorylation enhances 

affinity of the kinase for CaM and slows down its rate of dissociation 
(80)

.  The 

autophosphorylation site responsible for both the activation and induction of Ca
2+

-

independent activity in CaMK-II is known to be Thr-286 
(81)

.  Thus, due to the resulting 

autophosphorylation-induced Ca
2+

-independent activity, CaMK-II has been hypothesized 

to act as a molecular switch in response to variations in intracellular Ca
2+

 levels 
(82)

.  

Dephosphorylation of Thr-286 by a specific phosphatase then returns CaMK-II to its 

basal inactive state 
(52, 53)

.   

 

1.4.3. Activation of eEF-2K by Calcium and Calmodulin 

On account of its requirement of Ca
2+

 and CaM for autophosphorylation, eEF-2K 

is classified as a Ca
2+

/CaM-dependent protein kinase (CaMK-III) 
(7, 8, 35, 36)

.  Interestingly, 
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our in vitro data suggests that in the presence of 2 M CaM, the kinase shifts from being 

barely active at a [Ca
2+

]free of about 25 nM, to having maximal activity with an increase 

in the [Ca
2+

]free to about 3 M, and the [Ca
2+

]free required to achieve half-maximal activity 

is 140 nM 
(42)

.  This is consistent with the concept that the enzyme is regulated by Ca
2+

 

signaling, where at basal levels of intracellular Ca
2+

 (50-100 nM) eEF-2K has a low level 

of activity, but upon calcium influx which raises intracellular Ca
2+

 to about 10-100 M, 

the activity of the enzyme is enhanced around 10-fold.  Studies on GH3 pituitary cells 

involving the activation of an L-type Ca
2+

 channel indicated that upon the influx of Ca
2+

, 

eEF-2 was reasonably phosphorylated for a brief time, but surprisingly a corresponding 

decrease in mRNA translation was not observed 
(83)

.  This implies that on a global level, 

the transient activation of eEF-2K may not always be sufficient to inhibit the rate of 

translation, as several factors are involved in the regulation of protein synthesis.   

Characterization of eEF-2K from different sources has resulted in various reports 

on the affinity of the kinase for CaM, ranging from <1 nM to 100 nM 
(35, 36, 42, 51)

.  This is 

likely due to the use of forms of the kinase that possess post-translational modifications 

that alter its affinity for CaM.  Fluorescent assays employing phosphate-free eEF-2K 

suggest an affinity of around 25 nM for labeled CaM (see Chap. 5).  Cellular studies 

using an eEF-2K knockout cell line indicate that W85S (a mutant with reduced affinity 

for CaM) displays significantly lower activity than the wild type kinase (see Chap. 5).  

Additionally, our studies also indicate that CaM binding is critical for the regulation of 

eEF-2K by various stimuli known to activate the kinase in cells (see Chap. 5).  This 

suggests that CaM binding can function as an allosteric switch to regulate kinase activity 
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(Scheme 1.2).  Light scattering analysis indicates that Ca
2+

/CaM interacts with eEF-2K in 

a 1:1 ratio irrespective of phosphorylation status, and does not promote oligomerization 

under the tested conditions (see Chap. 5).  Interestingly, we have found that apo-CaM can 

significantly activate eEF-2K, however it has a much lower affinity of ~ 37 μM compared 

to Ca
2+

/CaM (see Chap. 5).   

Ca
2+

/CaM has been reported to stimulate autophosphorylation at several sites on 

eEF-2K, including Ser-61, Ser-66, Ser-78, Thr-348, Thr-353, Ser-359, Ser-366, Ser-445, 

Ser-474 and Ser-500 (summarized in Scheme 1.3) 
(42, 49)

 (see Chap. 5).  Of these, Thr-348 

phosphorylation is essential for activity against eEF-2 
(42, 49)

, Ser-445 phosphorylation 

signals for ubiquitin-mediated proteasomal degradation 
(84)

, and Ser-500 phosphorylation 

induces Ca
2+

-independent kinase activity (see Chap. 5).  Phosphorylations at Ser-78, Ser-

359, and Ser-366 are known to inhibit kinase activity.  These phosphorylations and their 

effects on catalytic activity are discussed in further detail below.   

 

1.4.4. Autophosphorylation-Induced Calcium-Independent eEF-2K Activity 

Autophosphorylation in the presence of Ca
2+

/CaM has been shown to activate 

eEF-2K and additionally impart significant Ca
2+

-independent kinase activity 
(35, 36)

.  Thus, 

along with CaMK-II and CaMK-IV, eEF-2K has been hypothesized to act as a molecular 

switch in response to variations in intracellular Ca
2+

 levels 
(36, 82)

.  In line with the reports 

by Mitsui et al. 
(35)

 and Redpath and Proud 
(36)

, our analysis on the autophosphorylation of 

eEF-2K indicates that autophosphorylation induces significant Ca
2+

-independent kinase 

activity that is dependent on CaM (see Chap. 5).  The amplitude of Ca
2+

-independent 
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activity is dependent upon the concentration of CaM, and the duration after which free 

Ca
2+

 levels have dropped.  Autophosphorylation at Ser-500 appears to be responsible for 

inducing this effect, and it achieves this through increasing affinity of the kinase for CaM 

by slowing down its rate of dissociation (see Chap. 5).  This is very similar to the CaM-

trapping effect described by Meyer et al. for CaMK-II 
(80)

, strengthening the proposition 

that eEF-2K acts as a molecular switch in response to Ca
2+

 signaling.  Interestingly, in 

addition to requiring both Ca
2+

 and CaM, autophosphorylation at Ser-500 appears to be 

dependent on prior autophosphorylation at Thr-348 (see Chap. 5).  There has been no 

report of the physiological relevance of autophosphorylation-induced Ca
2+

-independent 

activity for eEF-2K.  However, a potential area of importance could be in neuronal 

signaling and synaptic plasticity, where the kinase could act as a temporal detector to 

decode the various Ca
2+

 signals.   

 

1.5. REGULATION OF ELONGATION FACTOR-2 KINASE BY POST-TRANSLATIONAL 

MODIFICATIONS 

Classified as a Ca
2+

/CaM-dependent protein kinase more than 25 years ago 
(7)

, it 

was not until recently, over the past decade, that several novel sites of phosphorylation 

have been identified in eEF-2K (summarized in Scheme 1.4).  Several upstream kinases 

from various key cellular signaling pathways, including the MAPK and the mTOR 

cascades, AMPK and PKA, have been reported to regulate the activity of eEF-2K 
(58-62, 

85)
.  Some of these pathways are likely stimulated through insulin, amino acids and other 

growth factors which are known to inhibit eEF-2K 
(59, 60, 85-87)

, or glucagon which has the 
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opposing effect and thus inhibits protein synthesis 
(58, 88, 89)

.  In addition to regulation of 

activity by phosphorylation, ubiquitin-mediated proteasomal degradation has also been 

reported to modulate eEF-2K levels 
(84, 90-92)

.   

 

1.5.1. Activation by Phosphorylation  

Several events are associated with activation of eEF-2K, for instance the elevation 

of intracellular Ca
2+

 is presumed to activate the enzyme through Ca
2+

/CaM-stimulated 

autophosphorylation 
(8, 42, 49, 93)

.  Activation is also reported to be achieved independent of 

Ca
2+

, through phosphorylation of eEF-2K by AMPK at Ser-398 
(62)

 or PKA at Ser-500 

(58)
.   

Calcium/calmodulin-induced autophosphorylation. In 1993, two groups 

published the initial reports on the role of Ca
2+

/CaM-stimulated autophosphorylation in 

the activation of eEF-2K 
(35, 36)

.  Redpath and Proud suggested that autophosphorylation 

of the kinase enhances catalytic activity by 2-3 fold 
(36)

, whereas Mitsui et al. did not 

observe such an effect 
(35)

.  However, both groups used eEF-2K purified from a 

mammalian source, which likely already possessed several post-translational 

modifications.  In 2012, two groups including ours, reported that autophosphorylation of 

the kinase at Thr-348 is critical for its activity against eEF-2 or a peptide substrate 
(42, 49)

.  

Further characterization studies using a phosphate-free form of the kinase indicate that 

Ca
2+

/CaM stimulates the extremely rapid incorporation of phosphate at Thr-348 (k = 3 s
-1

, 

t1/2 ~ 230 ms) (see Chap. 4).  Additionally, if concentrations of CaM are high, Ca
2+

 

appears to be redundant for phosphorylation at this site (see Chap. 4).  The mechanism of 
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activation of eEF-2K by phosphorylated Thr-348 occurs through its allosteric association 

with a phosphate-binding pocket present in the catalytic domain (see Chap. 4).  The 

interaction of phospho-Thr-348 with the pocket, which is comprised of Lys-205, Arg-252 

and Thr-254, potentially induces a conformational change in the kinase that permits a 5 to 

20-fold increase in its catalytic activity (see Chap. 4).  The level of Thr-348 

phosphorylation in cells appears to positively correlate with kinase activity, and seems to 

be under the tight control of phosphatases (see Chap. 4 and 5).  Thus, in combination 

with CaM binding, phosphorylation at Thr-348 provides a dual level of control over the 

amplitude of kinase activity in cells (Scheme 1.2) (see Chap. 4).   

Phosphorylation by cAMP-dependent protein kinase (PKA). A number of groups 

have shown that cAMP can reduce protein translation rates through activation of eEF-2K 

in cells 
(89, 94, 95)

.  A more detailed analysis of this mechanism reveals that PKA, through 

phosphorylation of eEF-2K on Ser-500, can directly activate it in a Ca
2+

-independent 

manner 
(58)

.  In vitro studies show that eEF-2K is phosphorylated by PKA on Ser-366 and 

Ser-500, and this process is believed to lead to eEF-2K activity that is independent of 

Ca
2+

/CaM.  However, in vivo phosphorylation of only Ser-500 was shown to be adequate 

for generation of this Ca
2+

/CaM-independent activity 
(58)

.  Our more recent work on the 

kinase suggests that this observed Ca
2+

-independent activity induced by Ser-500 

phosphorylation is dependent on CaM 
(42)

.  Phosphorylation at Ser-500 promotes an 

increase in eEF-2K affinity for both Ca
2+

/CaM and apo-CaM, and additionally increases 

the kinases catalytic activity against a substrate (see Chap. 5).  However, while the 

phosphorylation of eEF-2K by PKA suggests a mechanism whereby increased cAMP 
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levels are linked to the inhibition of protein synthesis, such an effect may be cell line 

specific and requires further careful evaluation.  In 1987 and 1990, there were reports that 

increase in intracellular cAMP (by treatment with nerve growth factor, forskolin or 

dibutyryl cAMP), was associated with the down-regulation of eEF-2K activity in rat 

neuronal PC12 cells 
(96, 97)

.   

Phosphorylation by AMP-activated protein kinase (AMPK). The energy-supply 

regulator AMPK is activated when cellular ATP levels become low 
(98)

.  Thus when 

cellular energy demands are high, AMPK, through the activation of eEF-2K, provides a 

mechanism by which cells can turn off protein synthesis which is one of the most energy 

consumptive processes 
(99, 100)

.  eEF-2K is known to be phosphorylated in vitro by AMPK 

on three residues, Ser-78, Ser-366 and Ser-398 
(62)

.  Phospho-specific antibodies raised 

against each site suggest however that only phosphorylated Ser-398 levels increase upon 

AMPK activation in cells 
(62)

.  AMPK activity positively correlates with the extent of 

eEF-2 phosphorylation in cells, suggesting, that like PKA, it activates eEF-2K 
(62, 100)

.  

The mechanism behind this activation is unclear, though it has been speculated that 

phospho-Ser-398 could function through increasing the affinity of the kinase for CaM 
(62)

.  

Recently, Leprivier et al. have suggested that regulation of eEF-2K activity by AMPK 

through this site is critical for the survival of cancer cells under stress 
(101)

.  Nutrient 

deprivation activates the AMPK-eEF-2K axis to block protein translation elongation, thus 

permitting adaptation and survival of transformed cells 
(101)

.   

Phosphorylation by transient receptor potential cation channel, subfamily M, 

member 7 (TRPM7). TRPM7 is a channel-kinase that regulates Mg
2+

 homeostasis 
(102)

.  
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Perraud et al. have suggested that TRPM7 regulates protein translation rates based on the 

availability of Mg
2+

, which has implications on cell growth 
(103)

.  TRPM7 is reported to 

directly phosphorylate eEF-2K on Ser-78 to activate it, and in the process inhibit eEF-2 

(103)
.  However, phosphorylation at this site has previously been reported to inhibit eEF-

2K 
(85)

.  Hence, further analysis is required to understand how the same phosphorylation 

site contributes to opposite effects on kinase activity.   

 

1.5.2. Inhibition by Phosphorylation 

Inactivation of eEF-2K is associated with low basal cellular levels of intracellular 

Ca
2+

, due to the inability of the kinase to undergo CaM-mediated autophosphorylation 
(8, 

19, 42)
.  In addition, phosphorylations at Ser-78, Ser-359, Ser-366 and Ser-396 induced by 

two central signaling pathways, the mTOR and the MAPK (MEK/ERK) cascades, are 

also known to inhibit the kinase 
(59-61, 85, 87)

.   

The mammalian target of rapamycin (mTOR) pathway. mTOR activates at least 

three kinases that lead to the phosphorylation of eEF-2K on Ser-78, Ser-359 and Ser-366.  

While Ser-366 is shown to be phosphorylated by p70 S6 kinase 
(60)

, the mTOR-activated 

kinases that phosphorylate the other two sites are unknown 
(85)

.  However, recently Smith 

and Proud have indicated that cdc2-cyclin B can phosphorylate eEF-2K on Ser-359 and 

the modification appears to be dependent on mTOR 
(50)

.  This regulation is shown to be 

dictated by the cell cycle as well as the availability of amino acids 
(87)

.  It has been 

suggested that during mitosis, when Ca
2+

 levels rise, cdc2-cyclin B maintains eEF-2K in 

the inactive state to allow for the necessary synthesis of proteins 
(87)

.  While it has been 
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postulated that the Ser-78 phosphorylation acts to the hinder the binding of CaM to eEF-

2K, the kinase involved in this modification is yet to be determined 
(85)

.  In general, the 

activation of mTOR under nutrient-rich conditions would inhibit eEF-2K, allowing 

protein synthesis to occur.  It has been reported that in response to hypoxia, immortalized 

breast epithelial cells inhibit protein translation partially through the mTOR-eEF-2K axis 

(104)
.  Interestingly, this regulation of eEF-2K by mTOR appears to be uncoupled in breast 

cancer cells, which has been suggested to be responsible for imparting resistance to 

hypoxia 
(104)

.    

The mitogen-activated protein kinase (MAPK) pathway. Intriguingly, eEF-2K 

regulation appears to be a point of crosstalk between the mTOR and the MAPK cascades, 

as the Ser-366 residue is also phosphorylated by p90
RSK1

, a component of the growth 

factor-activated ERK signaling pathway 
(60)

.  Ser-366 phosphorylation reduces maximal 

activity of eEF-2K by 60%, but is reported to have a much greater effect at a low [Ca
2+

] 

(60)
.  Further analysis is required to get a deeper understanding of this observation.  eEF-

2K inhibition also correlates with phosphorylation at Ser-359 by the stress-activated 

MAPK p38δ, in response to the treatment of cells with a high concentration of 

anisomycin 
(59, 61)

.  This anisomycin treatment also induces Ser-377 phosphorylation; 

however the role of this phosphorylation remains unclear.  In vitro experiments showed 

that MAPKAP-K2/K3, which are activated by the stress-activated MAPK isoform p38, 

can phosphorylate Ser-377 
(61)

.  In addition to Ser-359, p38δ also phosphorylate eEF-2K 

on Ser-396, and the combined effect is thought to inhibit maximal Ca
2+

/CaM-dependent 

activity of the kinase by approximately 80% 
(59)

.  Phosphorylation of Ser-396 by 
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p38α/p38β2/p38δ results in only a 25% reduction in maximal activity 
(61)

.  While all these 

observations are interesting, the mechanistic bases underlying the inhibitions are yet to be 

determined.   

Calcium/calmodulin-induced autophosphorylation. Interestingly, Ca
2+

/CaM also 

stimulates autophosphorylation at Ser-78, Ser-359 and Ser-366, all of which are known to 

promote inhibition of eEF-2K 
(49)

.  Reports on CaMK-II have indicated that 

autophosphorylation on Thr-305 and Thr-306 prevents the rebinding of CaM once it 

dissociates 
(105-107)

.  Initial experiments suggest that autophosphorylation at Ser-78, Ser-

359 or Ser-366 could possibly prevent CaM from rebinding once it dissociates from eEF-

2K (see Chap. 5).  However, these phosphates get incorporated at a relatively slow rate 

compared to those at Thr-348 and Ser-500, and the physiological relevance of this effect 

is not clear 
(42, 49)

.   

 

1.5.3. Regulation of eEF-2K by Multi-Site Phosphorylation 

Multisite phosphorylation is known to permit the intricate regulation of several 

proteins 
(108)

.  A number of protein kinases phosphorylate eEF-2K in a linker region 

between the N-terminal catalytic domain and the C-terminal eEF-2-binding domain.  As 

mentioned above, in most cases the mechanism underlying the regulation of eEF-2K by 

the particular phosphorylation remains unclear.   

Our recent work on eEF-2K allows us to propose a model for the regulation of 

eEF-2K by multisite phosphorylation (summarized in Scheme 1.2) (see Chap. 4 and 5).  

This model consists of two steps for the activation of eEF-2K, each associated with a 
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conformational change.  The first step involves CaM binding to the kinase.  The induced 

conformational change then promotes autophosphorylation at Thr-348.  Through 

interaction with a phosphate-binding pocket present in the catalytic domain, phospho-

Thr-348 is then able to promote activity against the substrate, eEF-2.  These steps 

allosterically provide the enzyme with a dual level of control over kinase activity.  The 

entire process represents an ~ 4,500-fold increase in catalytic activity against a substrate, 

with the autophosphorylation at Thr-348 responsible for a 5-20-fold increase in activity 

(see Chap. 4).  We predict that the various phosphorylations by upstream kinases alter the 

kinetics at either or both of these steps, through regulating CaM affinity, rate of Thr-348 

autophosphorylation, or even binding of the phosphorylated threonine to the putative 

phosphate-binding pocket (see Chap. 4).   

Being an activator, Ca
2+

 enhances the activation of the kinase several fold, 

exerting a major influence at the first step.  Interestingly, Knebel et al. have suggested 

that the phosphorylation at Ser-359 exerts an inhibitory effect on eEF-2K even at 

relatively high levels of free Ca
2+

 (~ 5 μM) 
(59)

.  Browne and Proud report that inhibition 

of eEF-2K activity occurs through phosphorylation at Ser-78, which also reduces the 

affinity of the kinase for CaM 
(85)

, thus affecting the first step of our model.  Our work on 

Ser-500 indicates that phosphorylation at this site stabilizes the active conformation of 

the kinase through enhancing both CaM affinity and the rate of Thr-348 

autophosphorylation (see Chap. 5).  This model thus provides a framework for 

understanding how eEF-2K integrates inputs from several signaling pathways.  The 

output kinase activity would depend upon the communication between the various 
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phosphorylations and how they modulate the kinetics at either step of the model.  

Phosphorylations could work exclusively, synergistically or antagonistically, dominantly 

or recessively, and may be influenced by the concentration of Ca
2+

.   

 

1.5.4. Ubiquitin-Mediated Degradation of eEF-2K Signaled by Phosphorylation 

The ubiquitin-proteasome system is one of two vital eukaryotic mechanisms that 

serve in protein degradation, the other being autophagy.  Arora et al. have shown that 

eEF-2K is ubiquitinated both in vitro and in cells, however the site of ubiquitination has 

not been identified 
(90)

.  They report that the turnover of eEF-2K is regulated by the 

ubiquitin-proteasome pathway, and that the half-life of eEF-2K in C6 cells (a rat glioma 

cell line) is less than 6 h 
(90)

.  An additional study by the same group has shown that eEF-

2K is chaperoned by heat shock protein 90 (Hsp90), which stabilizes it 
(109)

.  Treatment of 

cells with geldanamycin, an Hsp90 inhibitor, enhances the ubiquitination of eEF-2K, 

which decreases its half-life to less than 2 h 
(90)

.  While this suggests that cellular levels of 

eEF-2K could be maintained by a balance between its association with Hsp90 and its 

degradation by the ubiquitin-proteasome pathway, the signal that regulates this is 

unknown.  Recently, a number of groups have reported that phosphorylation on Ser-398 

and Ser-500 promote the ubiquitin-mediated degradation of eEF-2K 
(84, 92)

.   

Phosphorylation on Ser-398. Kruiswijk et al. have reported that when cells 

encounter genotoxic stress, eEF-2K is activated, resulting in a decrease in the rate of 

protein elongation 
(84)

.  This activation is brought about through phosphorylation at Ser-

398 by AMPK 
(84)

.  Subsequently, after recovery from the stress, entry back into the cell 
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cycle appears to be dependent on the ubiquitin-mediated degradation of eEF-2K 
(84, 110)

.  

This process is carried out by the ubiquitin ligase SCF
βTrCP

, which recognizes 

autophosphorylation of eEF-2K at Ser-445 as a signal 
(84)

.  Additionally, Huber-Keener et 

al. have reported that the AMPK-phosphorylated residue on eEF-2K (Ser-398), is a key 

site to regulate the stability of the kinase under stress conditions such as nutrient 

deprivation and hypoxia 
(91)

.   

Phosphorylation on Ser-500. Wiseman et al. have shown that eEF-2K turnover 

can be regulated through the PKA-mediated phosphorylation of Ser-500 
(92)

.  Results 

indicate that treatment of cells with forskolin (known to increase cAMP levels) activates 

eEF-2K, and then signals for its degradation by the ubiquitin ligase SCF
βTrCP

 
(92)

.   

Thus, it appears that activation of eEF-2K promotes its degradation.  In these 

cases, phosphorylation at Ser-398 or Ser-500 may enhance CaM binding to promote 

ubiquitin-mediated degradation of the kinase.  Interestingly, overexpression of the eEF-

2K W85S mutant (which has a lower affinity for CaM) in knockout MCF-10A (eEF-2K–

/–) cells appears to stabilize the kinase, with a 3 to 4-fold increase in expression levels 

(see Chap. 5).  Thus, CaM binding may promote degradation of eEF-2K, possibly 

through inducing a conformational change in the kinase or through stimulating 

autophosphorylation at Ser-445.   

 

1.6. PHYSIOLOGICAL SIGNIFICANCE OF ELONGATION FACTOR-2 KINASE 
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1.6.1. Learning and Memory 

Synaptic plasticity, which involves the modification of strength or transmission of 

the synapse, has been suggested to greatly depend on local protein synthesis 
(31, 111, 112)

.  

Long term potentiation (LTP), a form of synaptic plasticity, is an important cellular 

mechanism that is associated with learning and memory 
(113)

.  Neuronal communication 

across synapses involves neurotransmitters that may elicit the influx of Ca
2+

 into the 

postsynaptic cell 
(114, 115)

.  These are known as Ca
2+

 oscillations or spikes, and could occur 

at varied frequencies and amplitudes, based on the strength of the neurotransmitter signal 

(114, 115)
.  Functionally and spatially distinct Ca

2+
 signals are able to induce various forms 

of LTP, such as short-lasting, intermediate duration and long-lasting LTP 
(116)

.  Due to its 

unique ability to integrate the decoding of these Ca
2+

 signals and regulation of protein 

synthesis, a significant interest in the contribution of eEF-2K to synaptic plasticity has 

been generated 
(32, 111, 112, 117)

.  Interestingly, Gildish et al. have reported that mice lacking 

functional eEF-2K display defective associative taste learning and brain activation 
(117)

, 

suggesting that the kinase could play a role in LTP.  Additionally, while eEF-2K down-

regulates global protein synthesis, in dendrites it has been associated with the up-

regulation of certain transcripts like the alpha subunit of Ca
2+

/CaM-dependent protein 

kinase II (αCaMK-II) 
(31)

, microtubule-associated protein 1B (MAP1B) 
(118)

, activity-

regulated cytoskeletal-associated protein (Arc) 
(33)

, brain-derived neurotrophic factor 

(BDNF) 
(32)

, and AMPA receptors 
(119)

.  These proteins have all been suggested to play 

key roles in formation and modification of synapses 
(112)

.  However, this differential 

translation varies depending on the stimulus and the type of receptor involved, the 



26 

ionotropic NMDA receptor (NMDARs) or the metabotropic glutamate receptor 

(mGluRs) 
(31, 32, 112)

.  Since eEF-2K activation would decrease the rate of elongation of 

local protein synthesis in dendrites, it has been proposed that translation elongation, 

rather than initiation, would become the rate-limiting step in protein synthesis, which 

would up-regulate the translation of abundant but poorly initiated transcripts such as 

αCaMK-II 
(31, 112)

.  However, such a mechanism of regulating protein synthesis has not 

been described before, and further studies are essential to get a clearer picture of how 

eEF-2K achieves this differential translation.   

 

1.6.2. Depression 

Ketamine is an ionotropic glutamatergic N-methyl-D-aspartate receptor 

(NMDAR) antagonist that has been clinically demonstrated to produce rapid-acting and 

long-lasting antidepressant responses in patients suffering from depression 
(120-122)

.  

However, its use has been limited due to the associated psychotomimetic effects 
(123)

.  

Autry et al. have recently described potential mechanisms underlying the antidepressant 

action of ketamine 
(123-125)

.  They have hypothesized that under basal resting conditions, 

spontaneous release of neurotransmitter from the presynaptic neuron stimulates 

NMDARs, which promotes Ca
2+

 influx resulting in eEF-2K activation 
(123-125)

.  This 

causes a block in protein synthesis, specifically of brain-derived neurotrophic factor 

(BDNF) 
(123-125)

.  BDNF has been shown to be critical for mediating antidepressant 

effects 
(126-132)

.  Upon treatment with ketamine, NMDARs are blocked, which inhibits 

eEF-2K and allows for translation of BDNF and other dendritic proteins that modify the 
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synapse to mediate long-term antidepressant effects 
(123-125)

.  Xue et al. have also 

demonstrated in mice that the Yueju pill, a herbal medicine, induces rapid antidepressant-

like effects, while reducing eEF-2K activity and enhancing BDNF expression 
(133)

.  These 

results suggest a role for eEF-2K in promoting depression.   

 

1.6.3. Cancer 

The implication of eEF-2K in enhancing tumor survival is a compelling factor 

behind elucidating the mechanism of its activation and regulation 
(134-142)

.  Up-regulation 

of the kinase has been linked to enhancement of tumor cell survival, proliferation and 

invasion.  Transient inhibition of protein synthesis has been reported to induce the 

expression of proto-oncogenes, stimulating resting cells to enter the cell cycle 
(143)

.  

Interestingly, breast cancer mitogens up-regulate the activity of eEF-2K in human breast 

cancer, which has been suggested to promote cell proliferation 
(135)

.  Additionally, eEF-

2K appears to be overexpressed in various breast cancer cell lines, and siRNA-mediated 

knockdown of eEF-2K in breast cancer cells inhibits cell proliferation and invasiveness, 

and induces apoptosis 
(142)

.  In vivo studies suggest that siRNA-mediated silencing of 

eEF-2K also suppresses growth and sensitizes tumors to doxorubicin in an orthotopic 

xenograft model of human breast cancer in nude mice 
(142)

.   

Results reveal that glioblastoma cells also employ the kinase to regulate 

autophagy, a pro-survival pathway stimulated in response to nutrient deficiency and cell 

stress 
(137, 138, 144)

.  Cancer research on squamous carcinoma cells and metastatic breast 

cancer cells has indicated that treatment of the malignant cells with chemotherapeutic 
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agents appears to up-regulate the activity of the kinase, an event that has been associated 

with the induction of autophagy 
(145, 146)

.  Triggering of this adaptive mechanism by the 

cells consequently imparts resistance against anti-tumor agents, and as a result reduces 

therapeutic potency 
(144, 146)

.  Recently, the importance of eEF-2K as a stress response 

protein has been highlighted 
(101, 104, 139, 147)

.  Leprivier et al. have suggested that due to its 

ability to regulate protein translation rates, eEF-2K is hijacked by cancer cells for 

adaptation to nutrient deprivation in a tumor microenvironment 
(101)

.  The same group has 

also indicated that expression levels of eEF-2K correlate strongly with a poor prognosis 

in medulloblastoma and glioblastoma multiforme 
(101)

.  While all these reports suggest 

that eEF-2K may be a target for anti-cancer therapy, a clear understanding of the 

underlying mechanisms behind its promotion of tumor growth and survival are still 

lacking.   
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Scheme 1.1. Putative domains and regulatory regions in eEF-2K. (Figure adapted from Chapter 4).  

Depiction of the structural layout of eEF-2K based on primary and secondary sequence prediction software 

(PSIPRED) 
(148)

.  The highlighted regions include the proposed Ca
2+

-binding site (purple), the CaM-binding 

region (red), the atypical kinase catalytic domain (green), and the C-terminal helical domain (dark blue) 

that contains three potential SEL1-like helical repeats (light blue) based on the program SMART 
(55, 56)

.  

The extreme C-terminal region (orange) is known to be required for eEF-2 binding 
(48)

.  The residue 

numbers assigned to a domain or region are an estimate based on previous experimental studies and the 

prediction software 
(37, 38, 149)

.  The enlarged catalytic domain highlights residues that are important for 

activity of the kinase.  The residues in blue, His-260, His-312, Cys-314 and Cys-318, are suggested to be 

involved in coordination of a Zn
2+

 ion in the catalytic core 
(45, 46, 48)

.  The glycine-rich loop (GxGxxG), 

which is involved in localization of ATP in the cleft, is likely present between residues 296 and 301 (in 

yellow) 
(5, 37)

.  The following residues (in white) are believed to be involved in catalysis based on sequence 

comparisons and mutational analysis: the invariant Lys-170 that interacts with the α- and β-phosphates of 

ATP; Asp-284 that chelates Mg
2+

 for the correct orientation of ATP, and forms part of the conventional 

DFG motif (which is DPQ in eEF-2K); Glu-229 and Thr-283 that form a hydrophobic pocket for ATP; and 

Asp-274 that acts as a catalytic base 
(5, 49)

.  Autophosphorylation at Thr-348 is thought to activate the kinase 

through its allosteric interaction with a phosphate-binding pocket comprised of Lys-205, Arg-252 and Thr-

254 (in orange) 
(50)

 (see Chap. 5). 
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Scheme 1.2. Two-step model for the activation of eEF-2K by calmodulin and Thr-348 

autophosphorylation, and regulation by multisite phosphorylation. (Figure adapted from Chapter 4 and 

5).  The model consists of three states of the kinase, inactive E1 (eEF-2K), partially active E2 (eEF-

2K•CaM) and fully active E3 (p-eEF-2K
Thr-348

•CaM).  The first step involves the binding of CaM, which 

induces a conformational change in the kinase.  This then permits the second step which involves the 

autophosphorylation at Thr-348, and is also accompanied by a conformational change through allosteric 

interaction of the phosphorylated threonine with a putative phosphate-binding pocket.  Transition from 

state E1 to E3 represents an ~ 4,500-fold increase in catalytic activity against a substrate, with the transition 

from E2 to E3 responsible for a 5-20-fold increase in activity.  The presence of high Ca
2+

 (intracellular Ca
2+

 

concentrations; [Ca
2+

]i) would enhance this process several fold.  Additionally, phosphorylation at Ser-398 

and Ser-500 promote the formation of the fully active E3 conformation, whereas phosphorylation at Ser-78, 

Ser-359, Ser-366 and Ser-396 would drive the equilibrium in the opposite direction to stabilize the inactive 

E1 state of the kinase.   
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Scheme 1.3. Autophosphorylation sites in eEF-2K and their function. (Figure adapted from Tavares et 

al. 
(42)

, Biochemistry Copyright 2012 American Chemical Society).  eEF-2K has been reported to undergo 

autophosphorylation at several sites upon stimulation with Ca
2+

/CaM, including Ser-61, Ser-66, Ser-78, 

Thr-348, Thr-353, Ser-359, Ser-366, Ser-445, Ser-474 and Ser-500 
(42, 49)

 (see Chap. 5).  Phosphorylation at 

Thr-348 (in green) is important for activity against eEF-2 
(42, 49)

, phosphorylation at Ser-445 (in red) has 

been suggested to signal for ubiquitin-mediated proteasomal degradation 
(84)

, and Ser-500 phosphorylation 

(in green) induces Ca
2+

-independent kinase activity (see Chap. 5).  Inhibitory autophosphorylations (in red) 

at Ser-78, Ser-359, and Ser-366 are also known to be sites phosphorylated by upstream kinases 
(59-61, 85, 87)

.   
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Scheme 1.4. Phosphorylation of eEF-2K by upstream kinases. (Figure adapted from Tavares et al. 
(42)

, 

Biochemistry Copyright 2012 American Chemical Society).  Summary of the various phosphorylated 

residues on eEF-2K.  Components are color coded as follows: Red indicates portions suggested to be 

involved in the negative regulation of eEF-2K activity through an inhibitory phosphorylation (these sites 

include Ser-78, Ser-359, Ser-366 and Ser-396).  Regulation through the mTOR pathway involves the 

phosphorylation of Ser-366 by p70 S6 kinase, and the phosphorylation of Ser-359 and Ser-78 by at least 

two additional unknown kinases 
(60, 61, 85)

.  It has been postulated that the Ser-78 phosphorylation acts to 

hinder the binding of CaM to eEF-2K 
(85)

.  The cdc2-cyclin B complex has been shown to modulate eEF-

2K activity via Ser-359 in a manner that is dependent on the cell cycle as well as amino acid availability, 

and is perhaps controlled by mTOR 
(87)

.  Regulation through the MAPK cascade occurs via the 

phosphorylation of Ser-366 by p90
RSK1 

in an ERK-dependent fashion 
(60)

.  In addition, the stress-activated 

protein kinases p38α and p38δ inhibit eEF-2K via phosphorylation on Ser-396 
(61)

.  p38δ is also known to 

phosphorylate eEF-2K on Ser-359 
(59)

; Green indicates portions suggested to be involved in the positive 

regulation of eEF-2K activity through an activating phosphorylation (these sites include Ser-78, Ser-398 

and Ser-500).  Phosphorylation of Ser-398 by the energy-supply regulator AMPK is known to activate eEF-

2K 
(62)

.  The cAMP-dependent PKA has also been shown to activate eEF-2K via a phosphorylation on Ser-

500, and in the process imparts Ca
2+

-independent activity to the kinase 
(58, 89, 95)

.  While Ser-78 

phosphorylation by the mTOR pathway has been shown to inactivate the kinase, phosphorylation of the 

same site by the channel kinase TRPM7 has been reported to activate eEF-2K.  The role of the 

phosphorylation at Ser-377 by MAPKAP-K2 has not yet been determined 
(61)

.   
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Chapter 2: Purification and Characterization of Tagless Recombinant 

Human Elongation Factor 2 Kinase (eEF-2K) Expressed in Escherichia 

coli ‡ 

   

2.1. ABSTRACT 

The eukaryotic elongation factor 2 kinase (eEF-2K) modulates the rate of protein 

synthesis by impeding the elongation phase of translation by inactivating the eukaryotic 

elongation factor 2 (eEF-2) via phosphorylation.  eEF-2K is known to be activated by 

calcium (Ca
2+

) and calmodulin (CaM), whereas the mTOR and MAPK pathways are 

suggested to negatively regulate kinase activity.  Despite its pivotal role in translation 

regulation and potential role in tumor survival, the structure, function and regulation of 

eEF-2K have not been described in detail.  This deficiency may result from the difficulty 

of obtaining the recombinant kinase in a form suitable for biochemical analysis.  Here we 

report the purification and characterization of recombinant human eEF-2K expressed in 

the Escherichia coli strain Rosetta-gami 2(DE3).  Successive chromatography steps 

utilizing Ni-NTA affinity, CaM-agarose affinity and gel filtration columns accomplished 

purification.  Cleavage of the thioredoxin-His6-tag from the N-terminus of the expressed 

                                                 
‡
 Some of the contents in this chapter were published in Protein Expression and Purification: Olga Abramczyk*, 

Clint D. J. Tavares*, Ashwini K. Devkota, Alexey G. Ryazanov, Benjamin E. Turk, Austen F. Riggs, Bulent 

Ozpolat and Kevin N. Dalby (2011) ‘Purification and Characterization of Tagless Recombinant Human 

Elongation Factor 2 Kinase (eEF-2K) Expressed in Escherichia coli’ Protein Expression and Purification 2011 

Oct; 79(2): 237-244. [Link] PMID: 21605678. Copyright 2011 Elsevier. (* These authors contributed equally to 

this work).  Contributions to the work described in this chapter: Dr. Olga Abramczyk (Generated p32TeEF-2K 

construct, and optimized conditions for expression of recombinant human eEF-2K in E. coli.); Dr. Ashwini K. 

Devkota (Performed some initial pilot experiments); Dr. Austen F. Riggs and Claire Riggs (Analyzed eEF-2K by 

dynamic light scattering); Dr. Alexey G. Ryazanov, Dr. Benjamin E. Turk, Dr. Bulent Ozpolat and Dr. Kevin N. 

Dalby (Contributed reagents, materials and analysis tools); Dr. Kevin N. Dalby (Helped design experiments).   

http://www.sciencedirect.com/science/article/pii/S1046592811001197
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kinase with TEV protease yielded milligram amounts of recombinant (G-D-I)-eEF-2K 

per liter of culture.  Light scattering shows that eEF-2K is a monomer of ~ 85 kDa.  In 

vitro kinetic analysis confirmed that recombinant human eEF-2K is able to phosphorylate 

wheat germ eEF-2 with kinetic parameters comparable to the mammalian enzyme.   

 

2.2. INTRODUCTION 

Protein synthesis is an exquisitely controlled process that involves several 

initiation, elongation and termination factors 
(9-12)

.  The human elongation factor 2 kinase 

(eEF-2K) plays a major role in the regulation of protein synthesis.  This kinase impedes 

the elongation phase of translation, thus impeding the rate at which proteins are 

synthesized.  It accomplishes this by inactivating its only known substrate elongation 

factor 2 (eEF-2), by phosphorylation of Thr-56 
(7, 8, 18, 19, 22)

.  eEF-2 is responsible for the 

ribosomal translocation of the nascent peptide chain from the A-site to the P-site during 

translation 
(150-152)

.   

eEF-2K is classified as a Ca
2+

/CaM-dependent protein kinase (CaMK-III) 
(7, 8, 35, 

36)
 because it requires Ca

2+ 
and CaM for autophosphorylation.  Autophosphorylation of 

eEF-2K has been shown to activate the kinase and impart significant Ca
2+

-independent 

activity 
(35, 36)

.   

Apart from it being a Ca
2+

/CaM-dependent protein kinase, eEF-2K is a 

representative of a unique family of enzymes known as atypical protein kinases because 

they lack sequence homology with conventional protein kinases 
(6, 43)

.  Comparison 

studies between the atypical channel kinase 1 (CHAK1 or TRPM7) and the conventional 
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cAMP-dependent protein kinase (PKA) showed that despite the lack of sequence 

similarity, the catalytic domain structure of the atypical protein kinase is homologous 

with the classical conventional kinase – two lobes separated by a catalytic cleft 
(5, 44)

.  

Sequence alignment studies as well as mutational analysis of eEF-2K suggest that its 

catalytic domain appears to be located towards the N-terminus, roughly between residues 

110 and 330 
(37, 38)

.  A Ca
2+

/CaM binding site (around residues 80-100) has been 

proposed to just precede the kinase domain 
(37, 38)

.  C-terminal deletion mutants lose their 

ability to bind eEF-2.  This implies that additional protein-protein interactions outside the 

catalytic domain between residues 551 and 725 are essential for eEF-2 recognition 
(37, 38)

.   

In addition to its activation by Ca
2+

/CaM, other factors modulate the functioning 

of eEF-2K.  Via multisite phosphorylation of eEF-2K, two central signaling pathways are 

involved in negatively regulating the activity of the kinase – the mTOR and the MAPK 

(MEK/ERK) cascades 
(60)

.  On the other hand, two kinases have been shown to activate 

eEF-2K through phosphorylation – the cAMP-dependent PKA and the energy-supply 

regulator AMP-activated protein kinase (AMPK) 
(58, 62, 95)

.  No mechanistic basis for these 

intriguing observations has yet been described, and undoubtedly more detailed 

enzymology will be required to understand them.   

Intriguingly, eEF-2K has been recently implicated in enhancing tumor survival 

(134-138)
.  In glioblastoma cells, the kinase has been shown to regulate autophagy – a pro-

survival pathway stimulated in response to nutrient deficiency and cell stress 
(137, 138, 144)

.  

Additionally, metastatic breast cancer cells appear to up-regulate the activity of the 

kinase in response to treatment with chemotherapeutic agents, in the process inducing 
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autophagy and resistance against anti-tumorous agents 
(145, 146)

.  These findings suggest 

that eEF-2K may be a target for anti-cancer therapy.   

To date there has been no report of the purification of recombinant human eEF-

2K from bacteria in a tag-free form.  This study is the first report of the purification of 

milligram amounts of recombinant human eEF-2K expressed in Escherichia coli that 

meets a standard fit for rigorous biochemical studies.  Characterization studies confirm 

the existence of the kinase as a monomer that is able to phosphorylate wheat germ eEF-2 

to an extent comparable to that of the kinase purified from a mammalian source.   

 

2.3. MATERIALS AND METHODS 

2.3.1. Reagents, Strains, Plasmids and Equipment 

Yeast extract, tryptone and agar were purchased from USB Corporation 

(Cleveland, OH).  Isopropyl β-D-1-thiogalactopyranoside (IPTG) and dithiothreitol 

(DTT) were obtained from US Biological (Swampscott, MA).  Qiagen (Valencia, CA) 

supplied Ni-NTA Agarose, QIAprep Spin Miniprep Kit, QIAquick PCR Purification Kit 

and QIAquick Gel Extraction Kit.  Restriction enzymes, PCR reagents and T4 DNA 

Ligase were obtained from either New England BioLabs (Ipswich, MA) or Invitrogen 

Corporation (Carlsbad, CA).  Oligonucleotides for DNA amplification and mutagenesis 

were from Integrated DNA Technologies, Inc. (Coralville, IA).  Stratagene PfuUltra
™ 

High-Fidelity DNA Polymerase was purchased from Agilent Technologies, Inc. (Santa 

Clara, CA).  Lambda Protein Phosphatase was from New England BioLabs (Ipswich, 

MA).  Affi-Gel 15 activated affinity media for the generation of CaM-agarose beads was 
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obtained from Bio-Rad Laboratories (Hercules, CA).  BenchMark
™

 Protein Ladder was 

from Invitrogen Corporation.  SIGMAFAST
TM

 Protease inhibitor cocktail tablets for 

purification of His-tagged proteins, ultra-pure grade Tris-HCl, HEPES and calmodulin 

were from Sigma-Aldrich (St. Louis, MO).  All other buffer components or chemicals 

were purchased from either Sigma-Aldrich or Fischer Scientific (Pittsburgh, PA).  

Amicon Ultrafiltration Stirred Cells, Ultracel Amicon Ultrafiltration Discs and Amicon 

Ultra Centrifugal Filter Units were from Millipore (Billerica, MA).  MP Biomedicals 

(Solon, OH) supplied [-
32

P]ATP.   

Escherichia coli strain DH5 – for cloning – was obtained from Invitrogen 

Corporation, and BL21(DE3) and Rosetta-gami
™

 2(DE3) – for recombinant protein 

expression – were from Novagen, EMD4Biosciences (Gibbstown, NJ).  The pET-32a 

vector was obtained from Novagen.  Wheat germ eEF-2 was a generous gift from Dr. 

Karen Browning, Department of Chemistry and Biochemistry, The University of Texas at 

Austin, Austin, TX. 

The ÄKTA FPLC
™

 System, the HiPrep
™

 26/60 Sephacryl
™

 S-200 HR gel 

filtration column and the HiLoad
™

 16/60 Superdex
™ 

200 prep grade gel filtration column 

were from Amersham Biosciences / GE Healthcare Life Sciences (Piscataway, NJ).  

Absorbance readings were performed on a Cary 50 UV-Vis spectrophotometer.  

Radioactivity measurements were performed on either a Packard 1500 Lab TriCarb 

Liquid Scintillation Analyzer or a Wallac MicroBeta® TriLux Scintillation Counter from 

PerkinElmer (Waltham, MA).  Proteins were resolved by Tris-glycine sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE), under denaturing conditions on 
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10% gels, using the Mini-PROTEAN 3 vertical gel electrophoresis apparatus from Bio-

Rad Laboratories (Hercules, CA).  A Techne Genius Thermal Cycler purchased from 

Techne, Inc. (Burlington, NJ) was used for PCR. 

 

2.3.2. Molecular Biology 

p32eEF-2K. cDNA from the bacterial expression vector pGEX-2T, encoding the 

human GST-tagged eEF-2K (GenBank accession number NM_013302), was used as a 

template in a PCR reaction.  To clone the human eEF-2K cDNA, the desired sequence 

was amplified by PCR using a specifically designed forward primer, 5'- G GAT ATC 

ATG GCA GAC GAA GAT CTC ATC TTC CGC CTG G -3' (EcoRV recognition site 

underlined) and reverse primer 5'- CGG CTC GAG TTA CTC CTC CAT CTG GGC 

CCA GGC CTC TTC AG -3' (XhoI recognition site underlined), and ligated into the 

pET-32a vector.  The pET-32a expression vector, which facilitates protein expression 

under the control of the T7 promoter, encodes for a thioredoxin tag (Trx-tag) to increase 

protein solubility, a hexa-histidine tag (His6-tag) to allow for Ni-affinity chromatography 

purification, and an enterokinase protease recognition sequence that is N-terminal to the 

protein of interest and permits cleavage from the fusion protein tag.  The PCR 

amplification reaction mixture (50 L) contained 1X PfuUltra
™

 HF reaction buffer (Tris 

(pH 8.0) and 2 mM Mg
2+

), 200 M of each dNTP, 0.2 M each of the forward and 

reverse primer, 10 ng of DNA template and 1U of PfuUltra
™

 HF polymerase.  The PCR 

cycle conditions included initial denaturation at 95 ˚C for 3 min, followed by 35 cycles of 

denaturation at 94 ˚C for 30 s, primer annealing at 57 ˚C for 1 min and extension at 72 
°
C 
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for 5 min, with a final elongation step of 72 
°
C for 10 min.  The PCR product was 

digested with the restriction enzymes EcoRV and XhoI, and ligated into an EcoRV-XhoI 

digested pET-32a vector to give the final p32eEF-2K construct, which was then 

transformed into the E. coli strain DH5.  Plasmid DNA was purified, and the sequence 

then verified by sequencing at the ICMB Core Facilities, UT Austin, using an Applied 

Biosystems automated DNA sequencer.   

p32TeEF-2K. To facilitate cleavage of the Trx-His6-tag from recombinant eEF-

2K, the sequence coding for the enterokinase (EK) cleavage site (DDDDK) in pET-32a 

was replaced by one coding for the Tobacco Etch Virus (TEV) protease cleavage 

recognition sequence (ENLYFQGDI), to generate p32TeEF-2K (Figure 2.1A and 2.1B).  

An oligonucleotide 5'- C GAA AAC CTG TAT TTT CAG GGA GAT -3' and its reverse 

complement 5'- CA TGG CTT TTG GAC ATA AAA GTC CCT CTA -3' were designed 

to match a KpnI-EcoRV digested plasmid, and included a sequence coding for the TEV 

protease cleavage recognition site sandwiched between the KpnI (underlined) and EcoRV 

(italicized) recognition sites.  Both oligonucleotides were mixed in equimolar amounts, 

heated to 95 ˚C for 5 min and cooled to allow annealing in order to obtain a double 

stranded DNA fragment with blunt and sticky ends.  This fragment was then ligated into 

the p32eEF-2K construct digested with KpnI and EcoRV.  The ligation product was 

transformed into DH5 cells, the p32TeEF-2K construct purified, and the sequence then 

verified at the ICMB Core Facilities.   
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2.3.3. Expression and Purification of eEF-2K 

Expression of eEF-2K. Recombinant human eEF-2K was expressed in the E. coli 

strain Rosetta-gami
™

 2(DE3) (Novagen) using the p32TeEF-2K expression vector.  Out 

of a total of 725 residues, eEF-2K contains 63 rare codons (8.7%), and hence it was 

decided to use the Rosetta-gami 2(DE3) strain which carries the pRARE2 plasmid 

(supplies tRNAs for seven rare codons) and can potentially alleviate codon bias when 

expressing human proteins.  A single colony of freshly transformed cells was used to 

inoculate 100 mL of LB media containing 135 μM ampicillin, 300 μM chloramphenicol 

and 20 μM tetracycline, and grown overnight at 37 ˚C on a shaker (250 rpm).  The culture 

was diluted 50-fold into LB media containing the same concentration of antibiotics and 

incubated at 37 ˚C on a shaker (250 rpm) for about 5-6 h until it reached an OD600 of 0.8.  

Protein expression was then induced with 0.2 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) for 16 h at 22 ˚C.  The cells were harvested by centrifugation (6000g for 10 min 

at 4 ˚C), flash frozen in liquid nitrogen and stored at -80 ˚C.   

Ni-NTA affinity chromatography. The bacterial pellet (from 4 L of culture 

media) was thawed on ice and resuspended in 100 mL of Buffer 2.A (20 mM tris-HCl 

(pH 8.0), 0.5 M NaCl, 5 mM imidazole, 5 mM MgCl2, 1% triton X-100 (v/v), 0.03% brij 

30 (v/v), 0.1% 2-mercaptoethanol (v/v), 1 mM benzamidine hydrochloride hydrate, 0.1 

mM tosyl phenylalanyl chloromethyl ketone (TPCK), 0.1 mM phenylmethanesulfonyl 

fluoride (PMSF) and 7 μM lysozyme).  The suspension was sonicated three times for 5 

min (5 s pulses) with an interval of 5 min.  The temperature was monitored during the 

sonication using a thermal probe, and maintained between 4-6 ˚C.  The lysate was cleared 
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by centrifugation (Sorvall – SS34 rotor) at 27,000g for 30 min at 4 ˚C and the supernatant 

gently agitated with 5 mL of Ni-NTA beads (Qiagen) for 1 h at 4 ˚C.  In a 100 mL 

chromatography column, the beads were washed with 150 mL of Buffer 2.B (20 mM tris-

HCl (pH 8.0), 0.25 M NaCl, 40 mM imidazole, 0.03% brij 30 (v/v), 0.1% 2-

mercaptoethanol (v/v), 1 mM benzamidine hydrochloride hydrate, 0.1 mM TPCK and 0.1 

mM PMSF).  The Trx-His6-TEV-eEF-2K was then eluted with 30 mL of Buffer 2.C (20 

mM tris-HCl (pH 8.0), 0.25 M NaCl, 250 mM imidazole, 0.03% brij 30 (v/v), 0.1% 2-

mercaptoethanol (v/v), 1 mM benzamidine hydrochloride hydrate, 0.1 mM TPCK and 0.1 

mM PMSF).  The purity of the various fractions was determined by SDS-PAGE.   

Tobacco Etch Virus (TEV) protease cleavage of Trx-His6-TEV-eEF-2K. The 

Trx-His6-tagged eEF-2K sample eluted from the Ni-NTA chromatography step was 

subjected to TEV protease cleavage.  The concentration of eEF-2K was determined (see 

below), and the reaction was carried out by incubation of the kinase with 1.5% TEV 

protease (w/w).  Cleavage was performed at 4 ˚C for 4 h while simultaneously dialyzing 

the sample against Buffer 2.D (20 mM tris-HCl (pH 8.0), 0.15 M NaCl, 5 mM MgCl2 and 

0.1% 2-mercaptoethanol (v/v)).  The extent of cleavage of the tag was estimated by SDS-

PAGE.   

Calmodulin-agarose affinity chromatography. After cleavage, the kinase was 

separated from the tag with the help of a CaM-agarose affinity column (preparation 

described below).  After the addition of CaCl2 to a final concentration of 1 mM, the 

cleaved sample was gently agitated with 5 mL of CaM-agarose beads for 1 h at 4 ˚C.  In a 

50 mL chromatography column, the beads were washed with 100 mL of Buffer 2.E (50 
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mM HEPES (pH 7.5), 50 mM NaCl, 1 mM CaCl2 and 0.1% (v/v) -mercaptoethanol).  

The tagless kinase was then eluted with 15 mL of Buffer 2.F (50 mM HEPES (pH 7.5), 

50 mM NaCl, 7.5 mM EGTA and 0.1% (v/v) -mercaptoethanol).  SDS-PAGE was used 

to analyze the purity of the sample eluted from the CaM-agarose column.   

26/60 Sephacryl S-200 gel filtration chromatography. This additional 

purification step was performed with the aim of separating out monomeric eEF-2K from 

eEF-2K aggregates.  The protocol described by Abramczyk et al. indicates the possibility 

of the presence of aggregated eEF-2K when separated on a Sephacryl gel filtration 

column 
(41)

.  Monomeric eEF-2K was most likely eluted in the second peak (110-130 

mL), since it possessed a four-fold higher activity than the enzyme eluted in the first peak 

(41)
.  Hence, the protein eluted from the CaM-agarose column was concentrated to a 

volume of 5 mL using a 50 mL Amicon Ultra centrifugal filter device (MW cut off 10 

kDa), filtered and applied to a HiPrep
™

 26/60 Sephacryl
™

 S-200 HR gel filtration column 

pre-equilibrated with Buffer 2.D.  Chromatography was performed over one column 

volume (320 mL) at a flow rate of 1 mL/min.  Fractions were collected and analyzed for 

purity by resolving the samples by SDS-PAGE.  Fractions that contained the eluted 

monomeric kinase were pooled and dialyzed against storage buffer (Buffer 2.G) (25 mM 

HEPES (pH 7.5), 2 mM DTT, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and 10% 

glycerol).  The dialyzed protein was concentrated using a centrifugal filter unit, aliquoted, 

flash frozen in liquid nitrogen and stored at -80 ˚C.  The concentration of eEF-2K was 

determined by measuring its absorbance at 280 nm and using an extinction coefficient 

(A280) of 97150 cm
-1

M
-1

 calculated from the primary amino acid sequence.   
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Expression and purification of phosphate-free eEF-2K. Even though E. coli 

lacks CaM, to ensure that the phosphate-free form of eEF-2K was purified, the enzyme 

was co-expressed with λ-phosphatase.  Recombinant human eEF-2K (encoded in the 

modified pET-32a (p32TeEF-2K) expression vector was co-expressed with λ-

phosphatase (encoded in a pCDF-Duet (Novagen) expression vector) in the bacterial E. 

coli strain Rosetta-gami
™

 2(DE3) (Novagen) under similar conditions as described 

earlier.  To select for the pCDF-Duet vector, 20 μM spectinomycin was also added to the 

culture media, and 0.4 mM IPTG was used for the induction of protein expression.  Cell 

lysis, Ni-NTA affinity chromatography and TEV protease cleavage of the Trx-His6 tag 

were performed as outlined earlier.  However, to further decrease the possibility of 

having phosphates on eEF-2K, an additional step of treatment with λ-phosphatase was 

performed.  After the addition of MnCl2 to a final concentration of 1 mM, the cleaved 

sample was incubated with 5000 U of λ-phosphatase (New England Biolabs) for 30 min 

at 30 ˚C, as per the manufacturer’s protocol.  The remainder of the purification steps 

(CaM-agarose affinity chromatography, gel filtration chromatography and dialysis into 

storage buffer) were carried out as described earlier.   

Expression and purification of TEV protease. Tobacco Etch Virus protease was 

expressed from the pRK793 expression vector (a generous gift from Dr. John Tesmer, 

Life Sciences Institute, University of Michigan, Ann Arbor, MI).  The construct was 

transformed into Rosetta-gami
™

 2(DE3) cells and protein expression induced with 0.5 

mM IPTG at 28 
°
C for 4 h before being harvested.  The protein was purified according to 

protocols published earlier 
(153, 154)

.   
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Expression and purification of calmodulin. The calmodulin (CAM) clone in the 

pET-23 expression vector, a gift from Dr. Neal Waxham (Department of Neurobiology 

and Anatomy, University of Texas Medical School at Houston, Houston, TX), was 

transformed into BL21(DE3) cells (Novagen) and protein expression induced with 0.5 

mM IPTG at 30 
°
C for 5 h.  CaM was purified as previously described 

(155)
 with minor 

modifications 
(156)

.   

Generation of calmodulin-agarose beads. The purified CaM was dialyzed 

against 100 mM HEPES (pH 7.5) and concentrated to 1.5 mM using an Amicon Ultra 

centrifugal filter device (MW cut off 3 kDa).  CaM-agarose was prepared by coupling 

CaM to Affi-Gel 15 activated affinity media as per the manufacturer’s protocol.  Affi-Gel 

15 (5 mL) was coupled gently with 7.5 mL of CaM on a shaker at 4 ˚C for 4 h.  The 

beads were washed with 10 column volumes of Buffer 2.E, and then stored at 4 ˚C in the 

same buffer containing 0.2% (w/v) sodium azide.   

Peptide synthesis. A peptide, Acetyl-RKKYKFNEDTERRRFL-Amide (2,227.8 

Da), was synthesized and purified at the UT Molecular Biology Core Facilities.  The 

peptide was dissolved in 25 mM HEPES (pH 7.5).  The molecular weight of the peptide 

was estimated by MALDI mass spectrometry and the concentration of the peptide was 

determined either by amino acid analysis or calculation from an absorbance at 280 nm 

using an extinction coefficient of 1280 cm
-1

M
-1

.  This peptide was derived from a 

positional scanning assay, used to determine preferences of a protein kinase for amino 

acids at positions within a peptide substrate 
(157)

.   
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2.3.4. Analytical Methods 

 Light scattering. Multi-angle laser light scattering experiments were performed 

on eEF-2K previously dialyzed against Buffer 2.H (25 mM HEPES (pH 7.5), 100 mM 

NaCl, 2 mM DTT and 5 mM MgCl2).  A similar setup as described earlier 
(158)

 was 

employed, however, only a single TSK-GEL G3000PWXL size-exclusion column 

(TosoHaas, 300 x 7.8 mm) was used.  Buffer 2.H was used to establish the light 

scattering and refractive index baselines.  The eEF-2K sample, 40 µL at 36 µM, was 

centrifuged for 30 s and injected into the column.  Size exclusion chromatography was 

performed at a flow rate of 0.4 mL/min at room temperature for a run time of ~ 40 min.   

Amino acids analysis. Analysis was performed at the Protein Chemistry 

Laboratory, Texas A&M University.  The amino acid composition of eEF-2K was 

determined by hydrolyzing a sample in 6 N HCl at 110 ˚C for 24 h.  The internal 

standards – Norvaline for primary amino acids and Sarcosine for secondary amino acids 

– were added prior to hydrolysis to control errors due to sample loss, injection variation 

and microvariations in dilution.  The eEF-2K sample was analyzed on a Hewlett Packard 

AminoQuant System that includes automated pre-column derivatization of the 

hydrolyzed primary amino acids with o-phthaldehyde (OPA) and secondary amino acids 

with 9-fluoromethyl-chloroformate (FMOC).  Derivatized amino acids were then 

separated by reverse phase HPLC on the HP 1090L and detected by a photodiode array 

(UV-DAD).  The analysis was performed in triplicate.   

General kinetic assays. eEF-2K activity was assayed at 30 ˚C in Buffer 2.J (25 

mM HEPES (pH 7.5), 2 mM DTT, 0.6 μM BSA, 50 mM KCl, 0.1 mM EDTA, 0.1 mM 
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EGTA, 0.6 μM CaM, 1.5 mM CaCl2 and 10 mM MgCl2), containing 50 μM peptide 

substrate (Acetyl-RKKYKFNEDTERRRFL-Amide), 2 nM eEF-2K enzyme and 0.5 mM 

[-
32

P]ATP (100-1000 cpm/pmol) in a final reaction volume of 50 L.  The reaction 

mixture was incubated at 30 ˚C for 5 min before the reaction was initiated by addition of 

0.5 mM [-
32

P]ATP.  At set time points, 5-10 L aliquots were taken and spotted onto 

P81 cellulose filters (Whatman, 2 × 2 cm).  The filter papers were then washed three 

times in 50 mM phosphoric acid (10 min each wash), once in acetone (10 min) and 

finally dried.  The amount of labeled peptide associated with each paper was determined 

by measuring the cpm on a Packard 1500 scintillation counter.   

Substrate dependence assays. eEF-2 dependence assays were performed using 2 

nM eEF-2K and several concentrations of wheat germ eEF-2 (0-20 μM) in Buffer 2.K 

that contained 25 mM HEPES (pH 7.5), 2 mM DTT, 0.6 μM BSA, 0.1 mM EDTA, 0.1 

mM EGTA, 150 μM CaCl2, 2 μM CaM, 10 mM MgCl2 and 0.5 mM [-
32

P]ATP (100-

1000 cpm/pmol) in a final reaction volume of 100 µL.  The reaction mixture was 

incubated at 30 ˚C for 10 min before the reaction was initiated by addition of ATP.  After 

1 min, 10 µL aliquots were removed and the reaction quenched by addition of SDS-

PAGE sample loading buffer followed by heating for 10 min at 95 ˚C.  The samples were 

resolved by SDS-PAGE and stained with Coomassie Brilliant Blue.  The gels were dried, 

the pieces containing eEF-2 excised, and the associated radioactivity measured with a 

Packard 1500 liquid scintillation analyzer.  Kinase activity was determined by calculating 

the rate of phosphorylation of eEF-2 (μM.s
-1

), and the data were fitted to equation 2.1.   
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The parameters are defined as follows: v, initial velocity; 
app

maxV , apparent maximum 

velocity; [S], concentration of varied substrate; 
app

MK , apparent substrate concentration 

required to achieve half maximal activity. 

  

2.4. RESULTS AND DISCUSSION 

2.4.1. Purification of eEF-2K 

Rabbit reticulocytes and rat pancreas were sources of the kinase 
(35, 36)

 prior to 

knowing the primary sequence of eEF-2K.  Purification of eEF-2K to homogeneity 

involved several steps 
(35, 36)

, which would result in very low yields of the enzyme.  

Additionally, results reveal that multisite phosphorylation by several kinases is 

responsible for the regulation of eEF-2K activity in vivo 
(58-62, 85)

 – thus purification of the 

enzyme from a vertebrate source would most likely yield a protein with non-homogenous 

regulatory modifications.  More recently, studies on the regulation of eEF-2K in vitro 

have been conducted using the human form of the kinase expressed as a GST-tagged 

fusion protein in the E. coli strain BL21(DE3), which is unstable and difficult to purify 

(37, 38)
.  There has been no report of the purification of eEF-2K from bacteria in a tag-free 

form.  Here we discuss the purification of recombinant human eEF-2K expressed in 

bacteria that catalytically mimics the enzyme purified from a mammalian source (rabbit 

reticulocytes and rat pancreas).  Having the pure recombinant tagless kinase in hand 

allows one to rigorously address its mechanism of regulation.  
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Expression of the full-length recombinant human eEF-2K was carried out from a 

modified pET-32a vector under the control of the T7 promoter in the bacterial 

Escherichia coli strain Rosetta-gami 2(DE3).  Induction of protein expression with 0.2 

mM IPTG for 16 h at 22 ˚C furnished relatively high levels of soluble Trx-His6-TEV-

eEF-2K, which was purified by three sequential chromatography steps.  After each of the 

purification steps employed, the purity of the enzyme was estimated by analyzing the 

density of the Coomassie-stained bands observed after resolving the samples by SDS-

PAGE (Figure 2.2).   

The first purification step involved the subjection of the cleared lysate 

(supplemented with protease inhibitors) to Ni-NTA affinity chromatography.  SDS-

PAGE analysis of the various fractions revealed that the recombinant kinase constituted a 

significant amount of the elution fraction (Figure 2.2A).  Cleavage of the Trx-His6-tag 

from the eEF-2K protein was achieved by incubation of the fusion protein with 1.5% 

TEV protease (w/w).  To determine the optimum incubation time, the reaction was 

carried out over several time periods, of which incubation at 30 ˚C for 2 hours, or 4 ˚C for 

4 hours, was deemed sufficient for complete cleavage of the Trx-His6-tagged eEF-2K.  

The reaction yielded recombinant human eEF-2K, preceded at its N-terminus by three 

additional amino acid residues (G-D-I), and the extent of cleavage of the tag was 

estimated by SDS-PAGE (Figure 2.2B).  Purification of the protein from the cleaved tag 

was accomplished using CaM-agarose affinity chromatography as indicated by SDS-

PAGE (Figure 2.2C).  Due to the absence of CaM in bacteria, recombinant human eEF-
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2K should be the only protein from the sample that is able to bind the CaM-agarose 

beads.   

When separated on a Sephacryl gel filtration column, Abramczyk et al. suggests 

the possibility of the presence of aggregated eEF-2K 
(41)

.  Hence, size exclusion 

chromatography was performed on a 26/60 Sephacryl
™

 S-200 gel filtration column, 

which led to the elution of eEF-2K as two overlapping peaks – the first, peak (a), that was 

eluted around 95-115 mL and the second, peak (b), that was eluted around 115-140 mL 

(Figure 2.2D).  SDS-PAGE analysis indicated that peak (a) contained a higher level of 

impurities compared to peak (b).  In addition, estimation of the activity associated with 

each peak showed that the enzyme present in peak (b) possessed a four-fold higher 

activity than that eluted in peak (a).  Thus, peak (a) was discarded while peak (b) was 

pooled.  The purified recombinant human eEF-2K (Figure 2.2E) was dialyzed against 

storage buffer, concentrated, flash frozen in liquid nitrogen and stored at -80 ˚C.  Amino 

acids analysis confirmed the identity of the purified protein as eukaryotic elongation 

factor 2 kinase.   

In order to study the autophosphorylation of the enzyme, it is preferable to have 

the phosphate-free form of the kinase.  To achieve this, the human recombinant kinase 

was treated with λ-phosphatase at two levels – during expression as well as during the 

purification steps.  Both mass spectrometry analysis and Western blotting indicate that 

these treatments significantly reduce the amount of phosphate on recombinant human 

eEF-2K purified from bacteria.   
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Throughout the entire process of purification, the enzyme appeared as a band 

around 95 kDa when analyzed by SDS-PAGE, despite its molecular mass being ~ 82 

kDa.  However, light scattering analysis demonstrated that the purified protein does 

indeed have a molecular mass close to the predicted known size, and hence the gel 

discrepancy was most likely an artifact of SDS-PAGE.   

 

2.4.2. Characterization of eEF-2K 

The goal of this work was to purify bacterially expressed recombinant human 

eEF-2K that met stringent requirements for kinetic analysis.  To assess whether the 

recombinant kinase resembles the native enzyme purified from mammals, 

characterization studies with regard to its self-association and activity were carried out.  It 

has been claimed thus far, that in its native state, eEF-2K exists as an elongated monomer 

of ~ 140 kDa 
(7, 8, 35, 36)

.  All other CaM-kinases are known to have a monomeric subunit 

composition, barring CaMK-II (dodecamer) and phosphorylase kinase (tetramer of 

tetramers) 
(52, 53)

.  Size-exclusion chromatography on a 16/60 Superdex
™ 

200 gel filtration 

column indicated that the apparent molar mass of eEF-2K is ~ 160 kDa, consistent with 

eEF-2K dimerization.  However, the elution volumes of proteins in gel filtration are very 

sensitive to the protein conformation and may not provide accurate molar masses.  This 

may explain the wide range of molar masses reported earlier from gel filtration 
(7, 8, 35, 36)

.  

Analysis by MALS (Figure 2.3) shows recombinant eEF-2K to have a molar mass of ~ 

85 kDa.  Experiments were performed on the eluted fractions and the molar mass 

distribution of eEF-2K as a function of elution volume is presented in Figure 2.3.  This is 
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consistent with the molar mass of ~ 82 kDa determined from the protein sequence.  A 

mass spectrometry analysis of proteolytically cleaved eEF-2K (c.a. 90% coverage) 

revealed no evidence of significant phosphate incorporation.   

To analyze the ability of the purified kinase to phosphorylate its substrate, eEF-2, 

dose response assays were performed with 2 nM eEF-2K and several concentrations of 

wheat germ eEF-2 (0-20 μM) as described under ‘2.3. Materials and Methods’.  Data 

were fitted using equation 2.1, where 
app

MK  = 5.9 ± 0.4 μM and 
app

maxV  = 0.040 ± 0.001 

µM.s
-1

 (Figure 2.4).  The behavior of recombinant human eEF-2K expressed in bacteria 

resembles that purified from a mammalian source with regards to its ability to 

phosphorylate eEF-2, with half maximal activity achieved at 5.9 ± 0.4 μM and a catalytic 

constant of 
app

catk  = 22.0 ± 0.5 s
-1

.  Earlier reports have suggested that mammalian eEF-2K 

phosphorylates yeast eEF-2 with a 
app

MK  of 2 μM 
(35)

.  Additionally, Smailov et al. have 

shown that eEF-2 from wheat germ is a suitable substrate for eEF-2K purified from an 

animal source, and is phosphorylated to the same extent as eEF-2 obtained from rabbit 

reticulocytes 
(159)

.   

 

2.5. CONCLUSION 

This study reports for the first time the purification of monomeric tagless 

recombinant human eEF-2K expressed in bacteria, which mimics the nascent enzyme 

purified from mammalian sources with respect to its ability to phosphorylate eEF-2.  This 

three-step procedure significantly reduces contaminating bacterial proteins, and yields 
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milligram quantities of kinase per liter of culture.  Light scattering analysis confirms the 

existence of eEF-2K as a monomer, thus deeming it suitable for enzyme kinetic studies, 

as well as for high throughput screening.   

It is known that central signaling pathways like the mTOR and MAPK cascades 

are able to govern the elongation phase of protein synthesis by modulating the activity of 

eEF-2K via multisite phosphorylation, thus highlighting the crucial role of the kinase in 

the regulation of cell viability and growth.  The enzyme is also regulated by Ca
2+

, and it 

has been shown that Ca
2+

/CaM-induced autophosphorylation equips the kinase with Ca
2+

-

independent activity – thus suggesting that it acts as a molecular switch in response to 

Ca
2+

 signaling 
(35, 36)

.  However, the mechanistic basis for this observation remains 

unclear.  Undoubtedly, the possession of pure tagless recombinant human eEF-2K is a 

step forward in unraveling the multifaceted mechanism of regulation of this fascinating 

kinase.   
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Figure 2.1. Schematic representation of cloning and expression strategy for eEF-2K. (A) Strategy for 

eEF-2K cloning into the pET-32a vector, including the replacement of EK (Enterokinase) with TEV 

(Tobacco Etch Virus) protease cleavage site.  (B) Schematic representation of the expression product of 

eEF-2K from the pET-32a vector.  (C) Primary amino acid sequence of the tagless recombinant kinase, (G-

D-I)-eEF-2K.  Composition of purified eEF-2K was analyzed for consistency with the known primary 

amino acid sequence by amino acid analysis as described under ‘2.3. Materials and Methods’.   

  

A B 

C 
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Figure 2.2. Purification of eEF-2K. (A) Samples from Ni-NTA affinity chromatography were resolved by 

SDS-PAGE: Lane 1, BenchMark™ protein ladder; Lane 2, Flow-through; Lane 3, Wash; Lane 4, Elution.  

(B) Elution fraction from the Ni-NTA column was incubated with TEV Protease, resulting in cleavage of 

the Trx-His-tag.  Samples were resolved by SDS-PAGE: Lane 1, Trx-His6-tagged eEF-2K; Lane 2, 

Tagless-eEF-2K.  (C) To purify tagless-eEF-2K from the Trx-His-tag, a CaM-agarose affinity column was 

used.  Samples were resolved by SDS-PAGE: Lane 1, BenchMark™ protein ladder; Lane 2, Flow-through; 

Lane 3, Wash; Lane 4, Elution.  (D) Gel filtration chromatography on a HiPrep
TM

 26/60 Sephacryl S-200 

column.  Elution fraction from the CaM-agarose column was concentrated and applied to the gel filtration 

column.  Sample fractions were resolved by SDS-PAGE.  Peak (a) contains aggregated eEF-2K while peak 

(b) contains monomeric eEF-2K.  (E) Peak (b) fractions from the gel filtration column were pooled and the 

sample was resolved by SDS-PAGE: Lane 1, BenchMark™ protein ladder; Lane 2, Recombinant human 

tagless-eEF-2K.   

  

A B C 

E 

D 
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Figure 2.3. Light scattering analysis of unphosphorylated eEF-2K. The continuous patterns represent 

the refractive index signal for duplicate runs; horizontal lines represent the calculated molar mass.  

Analysis indicates that eEF-2K is monomeric with mass of ~ 85 kDa.  The protein concentration at the 

maximum of the upper curve is ~ 1.6 M reflecting a ~ 30-fold dilution of the injected sample. 
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Figure 2.4. Analysis of the kinase activity of eEF-2K. Wheat germ eEF-2 dependence assays were 

performed using 2 nM eEF-2K and 0-20 μM eEF-2 in a suitable buffer as described under ‘2.3. Materials 

and Methods’.  The data were fitted to equation 2.1, where 
app

M
K  = 5.9 ± 0.4 μM and 

app

max
V  = 0.04 ± 0.001 

μM.s
-1

.  Kinase activity was determined by measuring the rate of phosphorylation of eEF-2 (μM.s
-1

).   

  



57 

Chapter 3: Calcium/Calmodulin Stimulates the Autophosphorylation of 

Elongation Factor 2 Kinase on Thr-348 and Ser-500 to Regulate its 

Activity and Calcium Dependence
§
 

 

3.1. ABSTRACT 

Eukaryotic elongation factor 2 kinase (eEF-2K) is an atypical protein kinase 

regulated by Ca
2+

 and calmodulin (CaM).  Its only known substrate is eukaryotic 

elongation factor 2 (eEF-2), whose phosphorylation by eEF-2K impedes global protein 

synthesis.  To date, the mechanism of eEF-2K autophosphorylation has not been fully 

elucidated.  To investigate the mechanism of autophosphorylation, human eEF-2K was 

co-expressed with λ-phosphatase, and purified from bacteria in a three-step protocol 

using a calmodulin-affinity column.  Purified eEF-2K was induced to autophosphorylate 

by incubation with Ca
2+

/CaM in the presence of MgATP.  Analyzing tryptic or 

chymotryptic peptides by mass spectrometry monitored the autophosphorylation over 0-

180 minutes.  The following five major autophosphorylation sites were identified, Thr-

348, Thr-353, Ser-445, Ser-474 and Ser-500.  In the presence of Ca
2+

/CaM, robust 

                                                 
§
 The contents in this chapter were published in Biochemistry. Reproduced with permission from: Clint D. J. 

Tavares, John P. O’Brien, Olga Abramczyk, Ashwini K. Devkota, Kevin S. Shores, Scarlett B. Ferguson, Tamer 

S. Kaoud, Mangalika Warthaka, Kyle D. Marshall, Karin M. Keller, Yan Zhang, Jennifer S. Brodbelt, Bulent 

Ozpolat and Kevin N. Dalby (2012) ‘Calcium/Calmodulin Stimulates the Autophosphorylation of Elongation 

Factor 2 Kinase on Thr-348 and Ser-500 to Regulate its Activity and Calcium Dependence’ Biochemistry 2012 

Mar; 51(11): 2232-2245. [Link] PMID: 22329831. Copyright 2012 American Chemical Society.  Contributions 

to the work described in this chapter: John P. O'Brien (Analyzed Thr-348 autophosphorylation by mass 

spectrometry); Dr. Olga Abramczyk and Dr. Ashwini K. Devkota (Performed some initial pilot experiments); Dr. 

Kevin S. Shores (Identified autophosphorylation sites in recombinant human eEF-2K by tandem mass 

spectrometry); Dr. Scarlett B. Ferguson, Dr. Tamer S. Kaoud, Dr. Mangalika Warthaka and Kyle D. Marshall 

(Purified proteins or peptides used in some assays); Dr. Karin M. Keller, Dr. Yan Zhang, Dr. Jennifer S. 

Brodbelt, Dr. Bulent Ozpolat and Dr. Kevin N. Dalby (Helped design experiments, and contributed reagents, 

materials and analysis tools).   

http://pubs.acs.org/doi/abs/10.1021/bi201788e
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phosphorylation of Thr-348 occurs within seconds of adding MgATP.  Mutagenesis 

studies suggest that phosphorylation of Thr-348 is required for substrate (eEF-2 or a 

peptide substrate) phosphorylation, but not self-phosphorylation.  Phosphorylation of Ser-

500 lags behind the phosphorylation of Thr-348, and is associated with Ca
2+

-independent 

activity of eEF-2K.  Mutation of Ser-500 to Asp, but not Ala, renders eEF-2K Ca
2+

-

independent.  Surprisingly, this Ca
2+

-independent activity requires the presence of CaM.   

 

3.2. INTRODUCTION 

Cellular homeostasis demands a controlled balance between protein synthesis and 

protein degradation.  Eukaryotes regulate their rate of protein synthesis through a variety 

of pathways; several of which include phosphorylation of translation initiation and 

elongation factors 
(9-12)

.  An important component of this regulatory process is the 

eukaryotic elongation factor 2 kinase (eEF-2K).  eEF-2K generally functions to impede 

the elongation phase of translation, thereby disrupting global protein synthesis 
(7, 8, 18, 19, 

22)
.  eEF-2K inhibits translation by phosphorylating, and thereby blocking the ability of 

elongation factor 2 (eEF-2) to bind the ribosome 
(7, 8, 18, 19, 22)

.  eEF-2 is responsible for the 

ribosomal translocation of the nascent peptide chain from the A-site to the P-site during 

translation 
(150-152)

.  Additionally, eEF-2K may also induce the translation of specific 

transcripts 
(34)

.   

eEF-2K was first identified as a Ca
2+

/CaM-dependent protein kinase (CaMK-III) 

(7, 8, 35, 36)
, because it requires Ca

2+
 and CaM for autophosphorylation.  Redpath and Proud 

demonstrated that autophosphorylation increased kinase activity by 2-3 fold 
(36)

.  In 
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contrast, Mitsui et al. suggested that this is not the case 
(35)

.  Both groups suggested that 

autophosphorylation imparts significant Ca
2+

-independent activity to the kinase 
(35, 36)

 – 

however, the autophosphorylation site(s) responsible for inducing this activity remains to 

be determined.  The mechanism of regulation of eEF-2K activity by Ca
2+

/CaM-induced 

autophosphorylation also remains to be detailed.   

Due to its lack of sequence homology with conventional protein kinases, eEF-2K 

is classified as an atypical protein kinase 
(6)

 – a group that includes myosin II heavy chain 

kinase A (MHCK A) 
(43)

.  Recently, Crawley et al. reported that in Dictyostelium, 

autophosphorylation activates MHCK A 
(50)

.  Autophosphorylated Thr-825 is proposed to 

act as an intramolecular ligand for a phosphothreonine-binding pocket on the surface of 

the kinase, whose occupancy allosterically induces a conformational change in the 

enzyme, which results in its activation.  Based on sequence similarity, the group has also 

suggested that eEF-2K may be regulated in a similar manner 
(50)

.   

In addition to its activation by Ca
2+

/CaM, other factors that influence the 

functioning of eEF-2K have been determined.  Two central signaling pathways, the 

mTOR and the MAPK (MEK/ERK) cascades, are involved in inhibiting the activity of 

the kinase via phosphorylation 
(59-61, 85, 87)

.  On the other hand, two kinases have been 

shown to activate eEF-2K – the cAMP-dependent PKA 
(58, 89, 95)

 and the energy-supply 

regulator AMPK 
(62)

.  Phosphorylation of Ser-500 by PKA additionally imparts Ca
2+

-

independent activity to eEF-2K 
(58, 95)

.  

A compelling factor behind deciphering the mechanism of activation and 

regulation of eEF-2K is its association with enhancing tumor survival.  eEF-2K is up-
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regulated in glioblastoma and breast cancer, where it is suggested to promote 

proliferation, migration and survival of cancer cells 
(134, 135, 138-140, 142)

.  eEF-2K has also 

recently been implicated in depression 
(124)

, and hence an understanding of the regulation 

of kinase activity is crucial for detailing its contribution to these various diseased states.  

We have recently purified recombinant human eEF-2K expressed in bacteria 
(41)

, which 

allows us to assess its regulation by autophosphorylation.   

Despite eEF-2K being known to undergo rapid autophosphorylation upon 

activation by Ca
2+

 and CaM, the autophosphorylation sites on the kinase have not been 

reported
**

.  In this study we identified five major eEF-2K autophosphorylation sites, 

which include Thr-348, Thr-353, Ser-445, Ser-474 and Ser-500.  We show that the 

phosphorylation of Thr-348 occurs within seconds, and is required for substrate 

phosphorylation (eEF-2 or a peptide substrate), but not self-phosphorylation.  Evidence is 

presented that the phosphorylation of Ser-500, which occurs within a few minutes, is 

                                                 
**

 During the review of this manuscript, a research article by Pyr Dit Ruys et al., identifying some of the 

autophosphorylation sites in eEF-2K, was accepted for publication.  Some similarities between the two 

manuscripts include the detection of Thr-348, Thr-353 and Ser-445 as major autophosphorylation sites.  

Additionally, it was suggested that eEF-2K autophosphorylation at Thr-348 is required for activity against its 

substrate.  However, in addition to the different approaches used, several significant differences exist between 

the two studies, which include:  a. The stoichiometry of phosphate incorporation into eEF-2K – we have found 

that 4 mol phosphate/mol eEF-2K are incorporated in the presence of Ca
2+

/CaM, while Pyr Dit Ruys et al. report 

8 mol phosphate/mol eEF-2K.  b. An increase in phosphate incorporation at Thr-348 – Pyr Dit Ruys et al. report 

no significant increase in phosphorylation at Thr-348 in vitro, as it is constitutively phosphorylated.  However, 

co-expression of eEF-2K with λ-phosphatase afforded us an enzyme that, upon incubation with Ca
2+

/CaM, 

enabled detection of rapid incorporation of phosphate at Thr-348 by mass spectrometry and immunoblotting 

analysis, which supports the claim that phosphorylation at Thr-348 is stimulated by Ca
2+

/CaM and is required for 

activity against eEF-2.  c. Detection of Ser-500 as a significant autophosphorylation site – Pyr Dit Ruys et al. 

indicated that Ser-500 is not a significant site of autophosphorylation, however, our studies indicate that 

phosphate is incorporated at this site within the first five minutes of autophosphorylation, and moreover, 

mutational analysis suggests that phosphorylation at Ser-500 induces significant Ca
2+

-independent activity that is 

dependent on CaM.  Some of these differences could be due to the difference in enzyme preparations – our study 

employs a tagless recombinant eEF-2K verified as highly purified and monomeric by light scattering.  Pyr Dit 

Ruys et al. use a GST-tagged form of the enzyme.   
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associated with Ca
2+

-independent activity of eEF-2K.  Mutagenesis studies did not reveal 

a function for the phosphorylation of Thr-353, Ser-445 and Ser-474.   

 

3.3. MATERIALS AND METHODS 

3.3.1. Reagents, Strains, Plasmids and Equipment 

Yeast extract, tryptone and agar were purchased from USB Corporation 

(Cleveland, OH).  Restriction enzymes and reagents for site-directed mutagenesis were 

obtained from New England BioLabs (Ipswich, MA).  Oligonucleotides for mutagenesis 

were from Integrated DNA Technologies, Inc. (Coralville, IA).  Stratagene PfuUltra
™

 II 

Fusion HS DNA Polymerase kit was purchased from Agilent Technologies, Inc. (Santa 

Clara, CA).  Qiagen (Valencia, CA) supplied QIAprep Spin Miniprep Kit and Ni-NTA 

Agarose.  Affi-Gel 15 activated affinity media for the generation of CaM-agarose beads 

was obtained from Bio-Rad Laboratories (Hercules, CA).  BenchMark
™

 Protein Ladder 

was from Invitrogen Corporation (Carlsbad, CA).  Ultra-pure grade Tris-HCl and HEPES 

were from Sigma-Aldrich (St. Louis, MO).  Dithiothreitol (DTT) was obtained either 

from US Biological (Swampscott, MA) or Gold Biotechnology (St. Louis, MO).  Trypsin 

and Chymotrypsin were from Promega (Madison, WI) and Sigma-Aldrich respectively.  

PerkinElmer (Waltham, MA) or MP Biomedicals (Solon, OH) supplied [-
32

P]ATP.  All 

other buffer components or chemicals were purchased from Sigma-Aldrich, Fisher 

Scientific (Pittsburgh, PA) or MP Biomedicals.  
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Escherichia coli strain NovaBlue – for cloning – and BL21(DE3) and Rosetta-

gami
™

 2(DE3) – for recombinant protein expression – were from Novagen, 

EMD4Biosciences (Gibbstown, NJ).  The pET-32a vector was obtained from Novagen.  

A Techne Genius Thermal Cycler purchased from Techne, Inc. (Burlington, NJ) 

was used for site-directed mutagenesis.  The ÄKTA FPLC
™

 System and the HiPrep
™

 

26/60 Sephacryl
™

 S-200 HR gel filtration column were from Amersham Biosciences / 

GE Healthcare Life Sciences (Piscataway, NJ).  Absorbance readings were performed on 

a Cary 50 UV-Vis spectrophotometer.  Proteins were resolved using the Mini-PROTEAN 

3 vertical gel electrophoresis apparatus from Bio-Rad Laboratories.  Amicon Ultra 

Centrifugal Filter Units were from Millipore (Billerica, MA).  P81 cellulose filters were 

from Whatman / GE Healthcare Life Sciences (Florham Park, NJ).  Radioactivity 

measurements were performed on a Packard 1500 Lab TriCarb Liquid Scintillation 

Analyzer from PerkinElmer.  The Phosphorimager cassette and the Typhoon 

Phosphorimager were from GE Healthcare Life Sciences (Piscataway, NJ).   

 

3.3.2. Molecular Biology 

A modified pET-32a vector (p32TeEF-2K 
(41)

) containing cDNA encoding human 

eEF-2K (GenBank accession number NM_013302), was used for the expression of Trx-

His6-tagged eEF-2K.  Alanine and aspartate autophosphorylation-site mutants were 

generated by site-directed mutagenesis using the PfuUltra
™

 II Fusion HS DNA 

Polymerase kit from Stratagene, specific primers and the p32TeEF-2K vector as a 

template.   



63 

 

3.3.3. Analytical Methods 

General kinetic assays. eEF-2K activity was assayed at 30 ˚C in Buffer 3.A (25 

mM HEPES (pH 7.5), 2 mM DTT, 0.15 M BSA, 100 M EDTA, 100 M EGTA, 250 

M CaCl2, 2 M CaM and 10 mM MgCl2), containing 150 μM (Acetyl-

RKKYKFNEDTERRRFL-Amide) peptide substrate (Pep-S), 2 nM eEF-2K enzyme and 

0.5 mM [-
32

P]ATP (100-1000 cpm/pmol) in a final reaction volume of 100 L.  The 

reaction mixture was incubated at 30 ˚C for 10 min before the reaction was initiated by 

addition of 0.5 mM [-
32

P]ATP.  At set time points, 10 L aliquots were taken and 

spotted onto P81 cellulose filters (Whatman, 2 × 2 cm).  The filter papers were then 

washed thrice in 50 mM phosphoric acid (15 min each wash), once in acetone (15 min) 

and finally dried.  The amount of labeled peptide associated with each paper was 

determined by measuring the cpm on a Packard 1500 scintillation counter.   

Characterization of enzymatic activity. Buffer 3.B (25 mM HEPES (pH 7.5), 2 

mM DTT, 0.15 μM BSA, 50 mM KAcO, 100 μM EGTA, 1 mM [-
32

P]ATP (100-1000 

cpm/pmol) and 150 µM peptide substrate) was used for the assay of dependence on Ca
2+

, 

CaM, enzyme concentration and magnesium.  Kinase activity in each case was 

determined by calculating the rate of phosphorylation of the peptide (μM.s
-1

) in a similar 

manner to the general kinetic assay described above.  The assays were performed in 

duplicate.  a. Calcium dependence: Dose response Ca
2+

 dependence assays were 

performed using 0.5 nM eEF-2K, 10 mM MgCl2, 2 μM CaM and several concentrations 

of free Ca
2+

 (0-3 µM), and the data were fitted to equation 3.1.  Free Ca
2+

 concentrations 
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were calculated using an EGTA calculator (http://www.stanford.edu/~cpatton/CaEGTA-

TS.htm), which allows input of EGTA and Ca
2+

 concentrations, as well as temperature, 

pH and ionic conditions.  b. Calmodulin dependence: Assays were performed using 0.5 

nM eEF-2K, 10 mM MgCl2, 50 µM free Ca
2+

 and several concentrations of CaM (0-1 

µM), and the data were fitted to equation 3.2.  c. Enzyme concentration dependence: 

Assays were performed using 10 mM MgCl2, 2 μM CaM, 50 µM free Ca
2+

 and several 

concentrations of eEF-2K (0-10 nM), and the data were fitted with linear regression.  d. 

Magnesium dependence: Assays were performed using 2 nM eEF-2K, 2 μM CaM, 50 

µM free Ca
2+

 and several concentrations of free magnesium (0-10 mM), and the data 

were fitted to equation 3.2.  Free magnesium concentrations were determined based on 

the known amount of ATP added.  e. Salt dependence: Assays were performed using 2 

nM eEF-2K, 10 mM MgCl2, 2 μM CaM and 150 µM CaCl2, in a buffer containing 25 

mM HEPES (pH 7.5), 2 mM DTT, 0.15 μM BSA, 100 μM EGTA, 150 µM peptide 

substrate, 1 mM [-
32

P]ATP (100-1000 cpm/pmol) and several concentrations of either 

NaCl, KCl or KAcO (0-500 mM).   

 

 n
n

n

CK

Ck
k




app

c

app

catapp

obs
 (Equation 3.1) 
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c

app

catapp

obs
 (Equation 3.2) 

The parameters are defined as follows: 
app

obsk , apparent rate constant; 
app

catk , apparent 

catalytic constant; [C], concentration of varied co-activator (Ca
2+

, CaM or Mg
2+

); app

cK , 
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apparent co-activator concentration required to achieve half maximal activity; n, Hill 

coefficient.   

Autophosphorylation assay. Autophosphorylation of eEF-2K was carried out in 

Buffer 3.C (25 mM HEPES (pH 7.5), 2 mM DTT, 0.15 μM BSA, 50 mM KAcO, 100 M 

EGTA, 150 μM CaCl2, 5 μM CaM and 10 mM MgCl2) containing 500 nM eEF-2K 

enzyme and 1 mM [-
32

P]ATP (100-1000 cpm/pmol) in a final volume of 250 L.  The 

reaction mixture was incubated at 30 ˚C for 10 min before the reaction was initiated by 

addition of 1 mM [-
32

P]ATP.  Aliquots (10 pmol) of eEF-2K were removed at intervals 

over a 3 h time period and the reaction quenched by addition of SDS-PAGE sample 

loading buffer (125 mM tris-HCl (pH 6.75), 20% glycerol (v/v), 10% 2-mercaptoethanol 

(v/v), 4% SDS and 0.02% bromophenol blue) followed by heating for 10 min at 95 ˚C.  

The samples were resolved by SDS-PAGE and stained with Coomassie Brilliant Blue.  

Gels were exposed for 3 h in a Phosphorimager cassette which was then scanned in a 

Typhoon Phosphorimager and then analyzed using ImageQuant
™

 TL software.  To 

determine the stoichiometry of the autophosphorylation, the gels were dried, the pieces 

containing eEF-2K excised, and the associated radioactivity measured with a Packard 

1500 liquid scintillation analyzer.  The mechanism of autophosphorylation was analyzed 

using Buffer 3.D (25 mM HEPES (pH 7.5), 2 mM DTT, 0.15 μM BSA, 50 mM KAcO, 

100 M EGTA, 150 μM CaCl2, 2 μM CaM and 10 mM MgCl2) containing 1 mM [-

32
P]ATP and varying concentrations of the purified enzyme (0-500 nM).  The reaction 

was carried out under conditions in which linear incorporation of 
32

P was achieved (1 min 

incubation) and quenched by addition of hot SDS-PAGE sample loading buffer.  The 
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extent of phosphate incorporation for each sample was determined as described above, 

and then plotted as a function of enzyme concentration.   

Effect of autophosphorylation on enzyme activity. eEF-2K (20 nM) was 

preincubated in Buffer 3.D for 10 min at 30 ˚C, and autophosphorylation then initiated by 

the addition of 1 mM ATP as described above.  At predetermined intervals of time (0-180 

min), the autophosphorylated enzyme (2 nM) was assayed at 30 ˚C in Buffer 3.E (25 mM 

HEPES (pH 7.5), 2 mM DTT, 0.15 μM BSA, 50 mM KAcO, 100 M EGTA, 150 μM 

CaCl2, 2 μM CaM and 10 mM MgCl2) containing 150 μM peptide substrate and 1 mM 

[-
32

P]ATP (100-1000 cpm/pmol).  The rate of phosphorylation of the peptide (μM.s
-1

) 

was determined using the general kinetic assay described earlier, and a graph of 
app

obsk  (s
-1

) 

as a function of the autophosphorylation time (min) was plotted.  Activity of the 

unautophosphorylated control (incubated in the absence of ATP) was also determined.  

The assays were performed in duplicate. 

Analysis of the autophosphorylation site mutants.  a. Assay against peptide 

substrate: Assays were performed in Buffer 3.A using 2 nM eEF-2K enzyme, 150 μM 

peptide substrate and 0.5 mM [-
32

P]ATP (100-1000 cpm/pmol) in a final reaction 

volume of 100 L.  Kinase activity in each case was determined by calculating the rate of 

phosphorylation of the peptide (μM.s
-1

) in a similar manner to the general kinetic assay 

described above.  The assays were performed in triplicate.  b. Assay against wheat germ 

eEF-2: Assays were performed in Buffer 3.D using 2 nM eEF-2K enzyme, 4 μM wheat 

germ eEF-2 and 1 mM [-
32

P]ATP (100-1000 cpm/pmol) in a final reaction volume of 50 
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L.  The reaction mixture was incubated at 30 ˚C for 10 min before the reaction was 

initiated by addition of 1 mM [-
32

P]ATP.  The reaction was carried out for 1 min and 

quenched by addition of hot SDS-PAGE sample loading buffer.  The samples were 

resolved by SDS-PAGE and stained with Coomassie Brilliant Blue.  Gels were exposed 

for 2 h in a Phosphorimager cassette which was then scanned in a Typhoon 

Phosphorimager.  c. Autophosphorylation of eEF-2K mutants: Assays were performed in 

Buffer 3.C using 1 μM eEF-2K enzyme and 1 mM [-
32

P]ATP (100-1000 cpm/pmol) in a 

final reaction volume of 50 L.  The assay was performed and samples analyzed as 

mentioned above in the wheat germ eEF-2 assay, except that the reaction was carried out 

for 10 min before quenching.   

Analysis of Thr-348 and Ser-500 autophosphorylation by immunoblotting. 

Autophosphorylation of eEF-2K (500 nM) was carried out in Buffer 3.C containing 1 

mM ATP as described earlier.  Aliquots (50 ng) of eEF-2K were removed at intervals 

over a 3 h time period and the reaction quenched by addition of hot SDS-PAGE sample 

loading buffer followed by heating for 10 min at 95 ˚C.  Samples were analyzed by 

immunoblotting as described below.  Blots were quantified using ImageJ software, and 

data were plotted as percent phosphorylation of Thr-348 or Ser-500 against 

autophosphorylation time.  The experiments were performed in duplicate.  a. Commercial 

antibodies: Anti-eEF-2K antibody (#3692, 1:2000) was purchased from Cell Signaling 

Technology (Danvers, MA) and Goat Anti-Rabbit IgG (H+L)-HRP Conjugate (#172-

1019, 1:2000) was from Bio-Rad.  b. Phospho-specific antibodies for eEF-2K Thr-348 

and Ser-500: ECM Biosciences (Versailles, KY) generated affinity purified rabbit 
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polyclonal antibodies against eEF-2K Thr-348 (Cat.# EP4411) and eEF-2K Ser-500 

(Cat.# EP4451).  To characterize the anti-eEF-2K (Thr-348 and Ser-500), phospho-

specific antibodies, using the Western blotting technique mentioned below, we tested it 

against recombinant human eEF-2K co-expressed in bacteria with λ-phosphatase.  The 

samples probed for phosphorylation at Thr-348 included: untreated eEF-2K WT, T348A 

and T348D; eEF-2K WT, T348A and T348D allowed to autophosphorylate in the 

presence of CaM, Ca
2+

 and MgATP for 1 h; and eEF-2K treated in vitro with λ-

phosphatase (New England BioLabs) as per the manufacturer’s protocol.  The samples 

probed for phosphorylation at Ser-500 included: untreated eEF-2K WT, S500A and 

S500D; and eEF-2K WT, S500A and S500D allowed to autophosphorylate in the 

presence of CaM, Ca
2+

 and MgATP for 1 h.  c. Western blot analysis: Samples (50 ng 

eEF-2K) were resolved by 10% SDS-PAGE and then transferred to Amersham Hybond-P 

PVDF membranes (GE Healthcare, Piscataway, NJ).  Membranes were blocked with 5% 

non-fat dry milk in Tris-buffered saline/Tween 20 (TBST), and incubated with primary 

antibodies eEF2K (Thr-348 or Ser-500) phospho-specific or anti-eEF-2K, followed by 

the secondary antibody Goat Anti-Rabbit IgG (H+L)-HRP Conjugate.  To determine the 

total levels and Thr-348 phosphorylation status of eEF-2K, chemiluminescent detection 

was performed with Amersham ECL Plus™ Western Blotting Detection Reagents (GE 

Healthcare).  

Analysis of calcium-independent activity of eEF-2K. eEF-2K activity (wild type, 

S500A and S500D) was assayed at 30 ˚C in Buffer 3.F (25 mM HEPES (pH 7.5), 2 mM 

DTT, 0.15 M BSA, 100 M EGTA and 10 mM MgCl2) containing 150 μM peptide 
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substrate, ± 150 M CaCl2, ± 2 M CaM and 0.5 mM [-
32

P]ATP (100-1000 cpm/pmol) 

in a final reaction volume of 100 L.  EGTA (1 mM) was added to all assays conducted 

in the absence of Ca
2+

.  For eEF-2K WT, S500A and S500D assayed in the presence of 

both Ca
2+

 and CaM, and eEF-2K S500D assayed in the presence of only CaM, activities 

were much higher than the basal level of kinase activity, and hence only 5 nM of kinase 

was used.  For all the other assays, 50 nM eEF-2K was used in order to detect an increase 

in kinase activity over the basal level.  Kinase activity in each case was determined by 

calculating the rate of phosphorylation of the peptide (μM.s
-1

) in a similar manner to the 

general kinetic assay described above.   

  

3.4. RESULTS 

3.4.1. Purification and Characterization of eEF-2K 

Co-expression of eEF-2K with λ-phosphatase, and purification using a 

calmodulin-affinity column. Bacteria, being prokaryotic, are not known to express CaM.  

Despite eEF-2K being a Ca
2+

/CaM-dependent protein kinase, to reduce the likelihood of 

autophosphorylation in E. coli even further, the enzyme was co-expressed with λ-

phosphatase.  Taking advantage of the absence of CaM-kinases in bacteria, a CaM-

affinity column was employed in the purification of recombinant eEF-2K.  A three-step 

protocol using a Ni-NTA affinity column followed by a CaM-affinity column and finally 

a size-exclusion column yielded milligram amounts of kinase with > 98% purity.   

Enzymatic characterization. As the eEF-2K used in this study has not previously 

been described in detail, it was important to establish its kinetic properties.  Thus, 
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characterization of the enzymatic activity of autophosphorylated eEF-2K was performed 

using a peptide substrate as described under ‘3.3. Materials and Methods’: 

i) Calcium dependence assays were performed using 0.5 nM eEF-2K, 2 μM CaM 

and several concentrations of free Ca
2+

 (0-3 µM).  Data were fitted using equation 3.1, 

where n = 1.40 ± 0.03, app

cK  = 0.140 ± 0.003 µM and 
app

catk  = 25.5 ± 0.2 s
-1

 (Figure 3.1A).  

The concentration of Ca
2+

 required to achieve half maximal activity is 140 ± 3 nM.  

Maximum activity is observed up to around 3 µM free Ca
2+

.  Once the free Ca
2+

 

concentration exceeds this limit, a concentration dependent inhibitory effect of Ca
2+

 is 

observed.  The kinase possesses low enzymatic activity (
app

obsk
 
= 1.1 ± 0.4 s

-1
) in the 

presence of 2 μM CaM alone (100 µM EGTA and no added Ca
2+

).  Thus, the increase in 

free Ca
2+

 concentration from 0 to 3 µM enhances this kinase activity by around 25-fold (

app

catk  = 25.5 ± 0.2 s
-1

).  A Hill coefficient of 1.4 ± 0.03 suggests that no significant co-

operativity is involved in the enzyme activation by the Ca
2+

/CaM complex.   

ii) Calmodulin dependence assays were performed using 0.5 nM eEF-2K, 50 µM 

free Ca
2+

 and several concentrations of CaM (0-1 µM).  The data were fitted to equation 

3.2, where app

cK  = 76 ± 5 nM and 
app

catk  = 21.1 ± 0.2 s
-1

 (Figure 3.1B).  Earlier studies on 

the native kinase indicate a half maximal activation of < 1 nM CaM 
(35)

.  Further work is 

necessary to test the native enzyme under buffer conditions identical to those used in the 

present study.   

iii) Enzyme concentration dependence assays used 0 to 10 nM concentrations of 

eEF-2K.  The linear plot of rate versus enzyme concentration (Figure 3.1C) is consistent 
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with the notion that eEF-2K is monomeric over the concentration range employed, in 

agreement with the light scattering data obtained by Abramczyk et al. 
(41)

.   

iv) Magnesium dependence assays used 2 nM eEF-2K and 0-10 mM free 

magnesium.  The data were fitted to equation 3.2, where app

cK  = 0.33 ± 0.01 mM and 

app

catk  = 37.8 ± 0.3 s
-1

.  The concentration of free magnesium required for half maximal 

activation of eEF-2K is 330 ± 10 µM (Figure 3.1D).   

v) Salt dependence – Studies on the presence of salt in the buffer indicate an 

inhibitory effect by potassium acetate on the activity of the kinase.  The kinase has half 

maximal activity at a [KAcO] of ~ 110 mM (Figure 3.1E).  NaCl and KCl also inhibit the 

kinase, however to a slightly greater extent, with half maximal activity being observed at 

a salt concentration of ~ 80 mM (Figure 3.S1A and 3.S1B).   

Since our data indicate that autophosphorylation of eEF-2K is required for 

activity, it was important to determine whether autoactivation was rate-limiting under 

conditions of low observed activity (e.g. low concentration of Ca
2+

, CaM and Mg
2+

, or 

high salt).  To assess this, eEF-2K was pre-incubated in the presence of ATP for either 0 

or 30 min under the reaction conditions.  No significant difference in the activity was 

observed for eEF-2K incubated for 0 or 30 minutes, suggesting that autophosphorylation 

is not rate-limiting under any of the reaction conditions tested.  Furthermore, support for 

this conclusion was obtained by noting that under all assay conditions, the appearance of 

product with time was linear.   
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3.4.2. Autophosphorylation of Recombinant eEF-2K 

Stoichiometry of autophosphorylation. Upon incubation with Ca
2+

 and CaM, the 

enzyme undergoes rapid autophosphorylation (Figure 3.2A and 3.2B).  The stoichiometry 

of phosphate incorporation was measured by incubating the kinase (500 nM) with 5 μM 

CaM, 50 μM free Ca
2+

, 10 mM MgCl2 and 1 mM ATP, for various times (0.5-180 min) 

before measuring the phosphate incorporated.  Aliquots of the reaction mixture were 

fractionated by SDS-PAGE, and the radioactivity of each sample was measured with a 

liquid scintillation counter as described under ‘3.3. Materials and Methods’.  Results 

revealed the incorporation of approximately 4 mol phosphate/mol enzyme over the 3 h 

incubation time (Figure 3.2C).  The rate of autophosphorylation of the enzyme appears to 

be quite complex, with an initial incorporation of ~ 1 mole of phosphate occurring within 

the first minute, followed by a progressively slower incorporation of a further 3 moles of 

phosphate.  SDS-PAGE analysis indicated that the phosphorylation was accompanied by 

a slight shift in the protein band (Figure 3.2A), as noted previously 
(36)

.  Prior studies on 

the enzyme however show varied results regarding the rate and extent of phosphate 

incorporation upon autophosphorylation.  Analysis of eEF-2K from rat pancreas and 

rabbit reticulocytes indicated the maximal incorporation of ~ 1 mol phosphate/mol 

enzyme 
(35)

, whereas other reports on the kinase from rabbit reticulocytes showed the 

incorporation of ~ 3.5 and 5 mol phosphate/mol enzyme over a 1 h incubation period 
(36, 

95)
.   

Mechanism of autophosphorylation. Autophosphorylation of eEF-2K was 

previously proposed to occur through an intramolecular mechanism 
(35, 36)

.  To assess the 
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mechanism of autophosphorylation of recombinant eEF-2K the initial rate of phosphate 

incorporation was determined for various concentrations of the kinase.  The previous 

autophosphorylation assay with 500 nM eEF-2K showed the reaction to be approximately 

linear over the first minute.  Hence, varying concentrations of the enzyme (0-500 nM) 

were incubated with 2 μM CaM, 50 μM free Ca
2+

, 10 mM MgCl2 and 1 mM ATP, and 

allowed to autophosphorylate for 1 min, following which time the rate of incorporation of 

phosphate for each of the reactions was determined as described under ‘3.3. Materials 

and Methods’.  The rate of phosphate incorporation was found to be proportional to the 

concentrations of eEF-2K over the entire range of concentrations examined (Figure 

3.2D).  As eEF-2K shows no propensity to self-associate over this concentration range, a 

mechanism corresponding to more than one eEF-2K molecule in the rate-limiting 

transition state may be excluded.  Thus, following binding of Ca
2+

/CaM and MgATP, 

eEF-2K is presumed to autophosphorylate in an intramolecular manner (within the same 

polypeptide) rather than within an eEF-2K dimer, with regards to the initial rapid 

incorporation of the first mole of phosphate.  However, the possibility of the subsequent 

incorporation of phosphate occurring in an intermolecular manner cannot be ruled out.   

Effect of autophosphorylation on kinase activity. To examine the effects of 

autophosphorylation on kinase activity, the enzyme was allowed to autophosphorylate in 

the presence of CaM, Ca
2+

 and MgATP for various intervals of time (0.5-180 min) before 

being assayed for activity against the peptide substrate in the presence of 55 M free Ca
2+

 

and 2.2 μM CaM as described under ‘3.3. Materials and Methods’.  Over the 3 h period 

of autophosphorylation, the kinase activity gradually decreases to approximately 50% of 
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its initial value (Figure 3.2E).  A similar trend is also observed with the 

unautophosphorylated control (no ATP), albeit to a lesser degree, suggesting that the 

decrease in activity is due to the loss in stability of the enzyme over time at 30 ˚C.  

Earlier characterization of eEF-2K from a mammalian source by Redpath and Proud 

suggested that kinase activation was partially dependent on autophosphorylation 
(36)

, 

while Mitsui et al. report no significant effect of autophosphorylation on activity of the 

enzyme 
(35)

.  It should be noted that due to the nature of the assay, which is conducted 

over 2 minutes, any rapid effect of autophosphorylation on kinase activity is unlikely to 

have been detected.  As noted below, we have identified Thr-348 as a major early site of 

phosphorylation, whose phosphorylation we believe leads to the activation of the kinase 

towards substrates.  Pre-steady state studies are underway to investigate this further.   

 

3.4.3. Mapping the Autophosphorylation Sites on eEF-2K 

Examining the post-translational phosphorylation of eEF-2K in the absence of 

calmodulin. To examine the phosphorylation status of the protein purified from E. coli, 

the recombinant enzyme was resolved by SDS-PAGE and then subjected to in-gel 

digestion with trypsin or chymotrypsin as described under ‘3.7. Supporting Information’.  

Digests were then analyzed by tandem mass spectrometry using a Q-TOF Premier mass 

spectrometer (Waters Corporation) and MS/MS spectra from the analysis were searched 

against the modified Swiss-Prot all-species database using Mascot 

(www.matrixscience.com) 
(160)

.  Peptide identifications with Mascot scores equal to or 

above ~ 48 typically represent an assignment with ≥ 95% confidence ( 5% chance that 
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the peptide ID is a random event).  No peptides were found to be significantly 

phosphorylated in the analysis of the eEF-2K purified from E. coli, and the tryptic and 

chymotryptic peptide digest study accounted for ~ 90% (649/725) of the eEF-2K 

sequence, with ~ 92% (76/83) of the threonine and serine residues covered (Figure 3.3A).  

This is consistent with the notion that Ca
2+

/CaM is required for autophosphorylation 
(35, 

36)
.  Some trace phosphorylation was however detected, in agreement with the kinase 

possessing a low level of Ca
2+

-independent kinase activity 
(89)

.   

Autophosphorylation sites on eEF-2K. To determine the possible 

autophosphorylation sites on eEF-2K, the recombinant enzyme was allowed to 

autophosphorylate in the presence of CaM, Ca
2+

 and MgATP for 3 h.  The sample was 

resolved by SDS-PAGE and then subjected to in-gel digestion with trypsin or 

chymotrypsin as described under ‘3.7. Supporting Information’.  Tryptic and 

chymotryptic digests were then analyzed by tandem mass spectrometry and MS/MS 

spectra from the analysis were searched against the modified Swiss-Prot all-species 

database using Mascot.  Peptide identifications with Mascot scores equal to or above 45 

(tryptic digest) or 49 (chymotryptic digest) represent an identification with ≥ 95% 

confidence and were considered for protein identification and phosphorylation site 

determination.  Combined data from the analysis of both digests gave coverage of ~ 86% 

(624/725) of the eEF-2K sequence, with ~ 94% (78/83) of the threonine and serine 

residues covered (Figure 3.3B).  Mass spectrometric analysis of the autophosphorylated 

sample, the results of which have been summarized in Table 3.1, revealed five sites of 

autophosphorylation in recombinant human eEF-2K – Thr-348, Thr-353, Ser-445, Ser-
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474 and Ser-500.  MS data also indicated other residues (Thr-64 and Ser-491) as being 

phosphorylated, but these peptides did not have significant Mascot scores and hence 

could not be confidently claimed as autophosphorylation sites.   

 

3.4.4. Analysis of the eEF-2K Autophosphorylation-Site Mutants 

To analyze the significance of autophosphorylation for activity, alanine and 

aspartate autophosphorylation-site mutants were generated by site-directed mutagenesis, 

and the mutant proteins purified to homogeneity as described under ‘3.7. Supporting 

Information’ (Figure 3.4A).  Activity assays were performed using 2 nM eEF-2K in a 

buffer containing 2 M CaM, 250 M CaCl2, 100 M EDTA, 100 M EGTA, 10 mM 

MgCl2, 0.5 mM ATP and 150 μM peptide substrate.  The results are displayed in Figure 

3.4B as the percentage of kinase activity of each of the mutant enzymes compared to wild 

type eEF-2K.  Alanine and aspartate mutants of four of the autophosphorylation sites 

(Thr-353, Ser-445, Ser-474 and Ser-500) do not show any significant difference in 

activity compared to the wild type eEF-2K with respect to their ability to phosphorylate a 

peptide substrate.  This suggests that the autophosphorylation of these sites may not be 

essential for the kinase to be active.  In contrast, autophosphorylation of Thr-348 appears 

to be critical for activity of the kinase.  Mutation of this site to alanine results in a loss of 

~ 95% of kinase activity.  An attempt to rescue the loss of activity in the form of a 

mutation of Thr-348 to aspartate was unsuccessful.  The T348D mutant exhibited only ~ 

7% of kinase activity, indicating that a negative charge at this position was unable to 

compensate for the loss of a phosphate at Thr-348.   
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To confirm that the effects observed were not an artifact of using a peptide 

substrate, 2 nM of the kinase was assayed against 4 μM wheat germ eEF-2 for a minute, 

in the presence of 2 μM CaM and 50 µM free Ca
2+

 as described under ‘3.7. Supporting 

Information’.  Results indicate that phosphorylation of Thr-348 is crucial for its ability to 

phosphorylate its substrate eEF-2 (Figure 3.4C).  Since the T348D mutant could not 

rescue kinase activity, it is possible that Thr-348 is important for the structural integrity 

of the kinase, and the inactivity of the mutants is structure-related rather than a result of 

the lack of Thr-348 phosphorylation.  However, both the T348A and T348D mutants are 

able to autophosphorylate (Figure 3.4D), suggesting that Thr-348 phosphorylation is 

required for eEF-2K activity against its substrate.   

  

3.4.5. Analysis of Phosphate Incorporation at Thr-348 

Monitoring incorporation of phosphate at Thr-348 by immunoblotting. It is 

highly likely that the rapid initial incorporation of phosphate (Figure 3.2C) occurs at Thr-

348, and is required for activation of the kinase.  To detect incorporation of phosphate at 

this site, ECM Biosciences (Versailles, KY) generated affinity-purified rabbit polyclonal 

anti-eEF-2K (Thr-348) phospho-specific antibodies, which were used in Western 

blotting.  Interestingly, results obtained from characterization of the phospho-specific 

antibody revealed that despite co-expressing eEF-2K with λ-phosphatase, the kinase 

purified from bacteria displays a low level of phosphorylation at Thr-348 (Figure 3.5A).  

A loss in phosphorylation at this site is observed when the kinase is treated with λ-

phosphatase in vitro (Figure 3.5A).  Additionally, the antibody showed a high specificity 
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for the form of the enzyme autophosphorylated at Thr-348, as assessed by probing the 

autophosphorylated eEF-2K mutants T348A and T348D (Figure 3.5A).  Upon incubation 

with CaM, Ca
2+

 and MgATP, eEF-2K undergoes rapid autophosphorylation at Thr-348 in 

the first minute (Figure 3.5B and 3.5C) with phosphorylated levels increasing to ~ 80%.  

The percentage of phosphate incorporated at Thr-348 levels out after approximately 10 

min, following which there is no significant increase in autophosphorylation at this site.   

Monitoring incorporation of phosphate at Thr-348 by mass spectrometry. To 

verify the rapid incorporation of phosphate at Thr-348 upon incubation with Ca
2+

 and 

CaM, percent phosphorylation was determined based on monitoring the 
348

TILR
351

 

peptide by LC-MS/MS using a ThermoFisher LTQ XL linear ion trap mass spectrometer.  

The recombinant enzyme was allowed to autophosphorylate in the presence of CaM, Ca
2+

 

and MgATP, and after 0 min (no ATP added), 1 min, 10 min and 3 h, the reaction was 

quenched.  The sample was resolved by SDS-PAGE, subjected to in-gel digestion with 

trypsin and the tryptic digest was then analyzed by mass spectrometry.  The average 

percent phosphorylation of residue Thr-348 was calculated based on monitoring the 

abundance of 
348

TILR
351

 and 
348

pTILR
351

 by LC-MS/MS for each of the digests as 

described under ‘3.7. Supporting Information’.  Representative CID mass spectra for 

348
TILR

351
 and 

348
pTILR

351
 are shown in Figure 3.S2.  The results, which indicate 

reproducibility of the mass spectrometry data, are summarized in Table 3.S1 and shown 

graphically in Figure 3.5D.  The mass spectrometry data mirrored the results from 

immunoblotting, with detection of a small amount of phosphate (~ 8%) at Thr-348 in 

recombinant eEF-2K purified from bacteria (Figure 3.5C and 3.5D).  As expected, 
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autophosphorylation at Thr-348 rapidly increases in the presence of CaM, Ca
2+

 and 

MgATP, with ~ 78% of this site being phosphorylated within the first minute, thus 

validating results obtained by Western blotting.  The percentage of phosphate 

incorporated at Thr-348 levels out at approximately 88% after 10 min, following which 

there is no notable increase in autophosphorylation at this site. 

 

3.4.6. Analysis of Phosphate Incorporation at Ser-500 

Monitoring incorporation of phosphate at Ser-500 by immunoblotting. To 

analyze the time course of phosphate incorporation at Ser-500, ECM Biosciences 

generated affinity-purified rabbit polyclonal anti-eEF-2K (Ser-500) phospho-specific 

antibodies, which were used in Western blotting.  Results obtained from characterization 

of the phospho-specific antibody indicated that it showed a high specificity for the form 

of the enzyme autophosphorylated at Ser-500, as assessed by probing the 

autophosphorylated eEF-2K mutants S500A and S500D (Figure 3.6A).  Upon incubation 

with CaM, Ca
2+

 and MgATP, phosphate is incorporated at Ser-500 within the first 5 min 

(~ 7%), with phosphorylated levels increasing to over 80% after 30 min, when compared 

to the maximal level of phosphorylation (100%) detected after 3h (Figure 3.6B and 3.6C). 

Analysis of the calcium-independent activity of eEF-2K. Two groups in 1993 

demonstrated that eEF-2K gains Ca
2+

-independent activity with autophosphorylation 
(35, 

36)
.  However, the autophosphorylation site(s) responsible for imparting this Ca

2+
-

independent activity have not yet been reported.  Additional studies on eEF-2K have 

shown that PKA also induces Ca
2+

-independent activity of eEF-2K by phosphorylation of 
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Ser-500 
(58)

.  Interestingly, we identified Ser-500 as an autophosphorylation site (Table 

3.1), which suggests that it could potentially be the site responsible for 

autophosphorylation-induced Ca
2+

-independent activity.  Substitution to alanine 

completely abrogated Ca
2+

-independent activity following autophosphorylation, 

supporting this notion.   

To examine the mechanism further S500D was assayed against the peptide 

substrate in the presence or absence of Ca
2+

 or CaM, as described under ‘3.3. Materials 

and Methods’ and compared to wild type eEF-2K and the S500A mutant.  It should be 

noted that under the experimental conditions employed eEF-2K is not expected to 

undergo extensive phosphorylation on Ser-500 during the course of the experiment.  Both 

mutants were active in the presence of Ca
2+

 and CaM, indicating that the mutations do 

not compromise structural integrity (Figure 3.6D).  Based on previous reports on the 

kinase, the S500D mutant (if able to mimic phosphorylation at Ser-500) was expected to 

be active in the absence of Ca
2+

 and CaM.  However, as indicated in Figure 3.6D, the 

mutant did not display a considerable gain in activity when compared to the basal level of 

activity of the wild type enzyme in the absence of both Ca
2+

 and CaM.  Intriguingly 

however, eEF-2K S500D did display a significant increase in Ca
2+

-independent activity 

in the presence of CaM alone (~ 95% of the maximal wild type activity); this suggests 

that autophosphorylation of eEF-2K on Ser-500 induces a Ca
2+

-independent activity that 

is dependent on CaM.   

 

3.5. DISCUSSION 
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3.5.1. Regulation of eEF-2K by Calcium and Calmodulin 

The primary Ca
2+

-signaling protein in eukaryotes is CaM.  Activation of 

Ca
2+

/CaM-dependent protein kinases (CaM-kinases) is generally dependent on the 

binding of Ca
2+

/CaM, and in some cases the enzyme is reported to become Ca
2+

-

independent following activation, or requires additional phosphorylations by other 

protein kinases to achieve full activity 
(53)

.  Our in vitro data suggest that at a CaM 

concentration of 2 μM, eEF-2K exhibits significant activity (
app

catk  = 3 s
-1

) when [Ca
2+

]free 

is low (e.g. 25 nM, calculated from known concentrations of Ca
2+

 and EGTA).  This 

compares to a 10-fold higher apparent kcat (
app

catk  = 26 s
-1

) when [Ca
2+

]free is increased to 3 

M (Figure 3.1A).  Free CaM concentrations within cells are suggested to vary from 

around 10
-12

 – 10
-5

 M in different tissues and at different stages of the cell cycle 
(63)

.  Our 

unpublished studies suggest that activation of eEF-2K by Ca
2+

/CaM has little effect on 

substrate binding, suggesting that Ca
2+

 influx, which raises [Ca
2+

]i from basal levels of 50 

nM to about 10-100 M, can lead to a 10-fold enhancement of eEF-2K activity in the 

presence of 2 µM CaM.  Thus, these data suggest that significant basal activity of eEF-

2K can be supported at low physiological concentrations of [Ca
2+

]i if the concentrations 

of cellular CaM is sufficiently high.  Interestingly, the characterization of eEF-2K from 

rabbit reticulocytes and rat pancreas by Mitsui et al. indicated that the native enzyme 

exhibits half maximal activation at < 1 nM CaM 
(35)

.  One explanation for this low app

cK  

value could be that certain post translational modifications occurring in vivo may increase 

the affinity of CaM for the kinase 
(62)

.   
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Our studies have identified five Ca
2+

/CaM-stimulated autophosphorylation sites in 

eEF-2K – Thr-348, Thr-353, Ser-445, Ser-474 and Ser-500.  Three of these sites – Thr-

348, Ser-445 and Ser-474 – have been identified as possible phosphorylation sites during 

the large-scale analysis of proteins phosphorylated in vivo 
(161-164)

.  Mutagenesis studies 

support the notion that the phosphorylation of Thr-353, Ser-445, and Ser-474 are not 

essential for eEF-2K activity (Figure 3.4).  Phosphorylation of Thr-348 and Ser-500, 

which are both early events following stimulation by Ca
2+

/CaM are discussed further 

below. 

 

3.5.2. Calcium/Calmodulin-Stimulated Autophosphorylation of Thr-348 Triggers 

Substrate Phosphorylation 

Autophosphorylation of eEF-2K exhibits complex progression, with an initial 

rapid autophosphorylation phase being followed by a slower phase.  We have shown that 

the activity of eEF-2K against a peptide substrate is independent of autophosphorylation 

events that occur after the first minute (Figure 3.2E).  Mutation of Thr-348 to Ala or Asp 

renders eEF-2K inactive towards the peptide substrate (Figure 3.4), suggesting that the 

initial rapid phosphate incorporation observed in Figure 3.2C involves the 

phosphorylation of Thr-348.  To analyze this further we monitored phosphorylation of 

Thr-348 using both a mass spectrometry approach, as well as by immunoblotting using an 

antibody that specifically detects phosphorylated Thr-348.  These studies confirmed that 

rapid incorporation of phosphate occurs at Thr-348 within the first minute following 

stimulation, affirming the importance of phosphorylation at this site in the activation of 
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the kinase (Figure 3.5).  Indeed, Thr-348 has previously been identified as a possible 

phosphorylation site in a variety of mouse tissues including pancreas, spleen and testis, 

during the large-scale mass spectrometry analysis of proteins phosphorylated in vivo 
(165)

.   

Sequence alignment studies by Crawley et al. have indicated that the 

corresponding residue in MHCK A is Thr-825, the phosphorylation of which has also 

been shown to be a necessity for activity 
(50)

.  In an intriguing mechanism, Crawley et al. 

proposed a model where phosphorylated Thr-825 acts as a ligand for a Pi-binding pocket 

in the catalytic domain of MHCK A.  This interaction is predicted to have an allosteric 

effect that induces a conformational change in the active site of MHCK, thus promoting 

its activity.  Several residues of MHCK A have been demonstrated to be involved in this 

process, and the corresponding residues are conserved in eEF-2K 
(50)

.  Therefore, as 

suggested by Crawley et al. 
(50)

, it is reasonable to propose that eEF-2K is regulated in a 

similar manner, but since activation also depends on its interaction with Ca
2+

/CaM, a 

more complex activation process is likely.  Furthermore, both T348A and T348D 

undergo robust Ca
2+

/CaM-stimulated autophosphorylation, suggesting that the role of the 

Thr-348 phosphorylation is to somehow trigger the additional function of 

phosphorylating an exogenous substrate.   

 

3.5.3. Evidence that Calcium/Calmodulin-Stimulated Autophosphorylation of Ser-

500 Induces Paradoxical Calcium-Independent Activity which Requires Calmodulin 

eEF-2K has previously been shown to be phosphorylated by cAMP-dependent 

protein kinase (PKA) both in vitro and indirectly in vivo 
(58, 89, 95)

.  This phosphorylated 
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residue has been identified as Ser-500 (Ser-499 in rat), and has been suggested to play an 

important role in inducing Ca
2+

-independent activity of eEF-2K 
(58)

.  

Autophosphorylation of eEF-2K has also been reported to elicit Ca
2+

-independent activity 

(35, 36)
.  Our mass spectrometry analysis identified Ser-500 as a site that becomes 

phosphorylated upon Ca
2+

/CaM stimulation of eEF-2K.  Analysis of the phosphorylation 

using an antibody that is specific for eEF-2K when phosphorylated at Ser-500 revealed 

the time-course for Ser-500 phosphorylation following Ca
2+

/CaM stimulation.  

Interestingly, under the experimental conditions the phosphorylation of Ser-500 appears 

to exhibit a lag phase, but is detectable within five minutes of adding Ca
2+

/CaM to eEF-

2K, with around 50% (compared to the maximal level detected after 3 h) being 

phosphorylated after 15 min (Figure 3.6C).  As noted earlier, our studies confirm that 

Ca
2+

/CaM-stimulated autophosphorylation induces Ca
2+

- independent activity of eEF-2K, 

and that the S500A mutant autophosphorylates, but does not become Ca
2+

-independent.   

We report here that the substitution of an Asp for Ser-500 (to generate eEF-2K 

S500D) renders the kinase Ca
2+

-independent (Figure 3.6D).  Paradoxically, this activity 

requires the presence of CaM in the buffer (Figure 3.6D).  In contrast, neither the wild 

type enzyme nor the S500A mutant exhibits significant activity in the presence of 1 mM 

EGTA (without Ca
2+

 and with CaM).  It should be noted that under the conditions of the 

experiment shown in Figure 3.6D, autophosphorylation of eEF-2K at Ser-500 is predicted 

to be minor when both Ca
2+

 and CaM are absent from the buffer.   

CaMK-II and CaMK-IV are hypothesized to act as molecular switches, where a 

momentary increase in [Ca
2+

]i permits CaM to modulate the activity of the kinase through 
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autophosphorylation 
(36, 82)

.  In the process, the autophosphorylation equips the enzyme 

with Ca
2+

-independent activity, thus when the [Ca
2+

]i declines to the basal level, the 

kinase continues to possess significant activity until it is dephosphorylated by cellular 

phosphatases 
(36, 82)

.  A similar mechanism of eEF-2K regulation, which would depend on 

significant phosphorylation of Ser-500, remains to be demonstrated in vivo.   

 

3.6. CONCLUSION 

Elevation of [Ca
2+

]i is presumed to activate eEF-2K following Ca
2+

/CaM binding 

(7, 8, 18, 19)
.  This study identified five major Ca

2+
/CaM-stimulated autophosphorylation 

sites in eEF-2K, which include Thr-348, Thr-353, Ser-445, Ser-474 and Ser-500.  

Phosphorylation of Thr-348 occurs within seconds, and appears to be necessary for 

substrate phosphorylation, but not autophosphorylation.  Phosphorylation of Ser-500, 

which occurs within a few minutes but lags behind the phosphorylation of Thr-348, is 

associated with Ca
2+

-independent activity of eEF-2K.  No function for the 

phosphorylation of Thr-353, Ser-445 and Ser-474 has been delineated.  Many questions 

remain to be addressed regarding the molecular mechanisms that underlie the control of 

eEF-2K through multi-site phosphorylation.  In addition to autophosphorylation, several 

protein kinases are known to regulate eEF-2K.  The various sites of phosphorylation in 

eEF-2K have been summarized in Scheme 3.1.  AMPK and PKA are reported to activate 

eEF-2K through mechanisms associated with the phosphorylation of Ser-398 and Ser-

500, respectively 
(58, 62, 89, 95)

.  Inactivation of eEF-2K is associated with the 

phosphorylation of Ser-78, Ser-359, Ser-366 or Ser-396, brought about by a number of 
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upstream kinases including p38α, p38δ, p70 S6 kinase, p90
RSK1

, MAPKAP-K2, cdc2 and 

at least two other unidentified kinases regulated by mTOR 
(59-61, 85, 87)

.  The availability of 

highly purified eEF-2K is expected to facilitate a better understanding of the mechanisms 

governing the post-translational control of this important protein kinase.   
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Table 3.1. Summary of phosphopeptides indicating autophosphorylation sites 

Phosphopeptide Ids (Tryptic digest) Mascot Score
a
 
(160)

 Peptide
b
 p-Residue

c
 

K.YYSNLTK.S + Phospho (ST) (11) 59-65 Thr-64 

K.LLQSAKTILR.G + Phospho (ST) (57), (62) 342-351 Thr-348 

K.LLQSAKTILRGTEEK.C + 2 Phospho (ST) (58) 342-356 Thr-348, Thr-353 

K.TILRGTEEK.C + 2 Phospho (ST) (22) 348-356 Thr-348, Thr-353 

R.ESENSGDSGYPSEK.R + Phospho (ST) (32), (42), (61), (34) 434-447 Ser-445 

R.KYESDEDSLGSSGR.V + Phospho (ST) (93), (86), (90), 18) 467-480 Ser-474 

K.WNLLNSSR.L + Phospho (ST) (15) 486-493 Ser-491 

R.ASAVALEVQR.L + Phospho (ST) (55), (42), (51), (43) 499-508 Ser-500 

Phosphopeptide Ids (Chymotryptic digest) Mascot Score Peptide p-Residue 

F.DLSPRERDAVNQNTKLLQSAKTIL.R + Phospho (ST) (47) 327-350 Thr-348 

L.HLPRASAVAL.E + Phospho (ST) (37) 487-504 Ser-500 

W.NLLNSSRLHLPRASAVAL.E + Phospho (ST) (44) 495-504 Ser-491 

Autophosphorylation sites on eEF-2K were detected by mass spectrometry analysis of the in-gel tryptic and chymotryptic 

digests.  eEF-2K (5 μM) was allowed to autophosphorylate in the presence of CaM, Ca
2+

 and MgATP for 3 h, resolved by SDS-

PAGE and subjected to digestion with Trypsin or Chymotrypsin as described under ‘3.7. Supporting Information’.  The in-gel peptide 

digests were then screened for phosphorylated peptides by mass spectrometry.  
a
Peptide ion scores equal to or greater than 45-49 

represent identifications with at least 95% confidence.  Multiple Mascot scores indicate a particular peptide being identified in 

multiple trials of the experiment.  
b
The range of residues of the detected peptide.  

c
The phosphorylated Ser/Thr residue detected, and 

corresponds to the amino acid which is underlined in the ‘Phosphopeptide Id’ sequence.   
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Figure 3.1. Characterization of enzymatic activity. Buffers used are described under ‘3.3. Materials and 

Methods’.  Kinase activity was determined by measuring the rate of phosphorylation of the peptide (μM.s
-

1
).  (A) Ca

2+
 dependence assays were made with 0.5 nM eEF-2K and 0-3 µM free Ca

2+
.  Data were fitted 

with equation 3.1, where n = 1.4 ± 0.03, 
app

c
K  = 0.14 ± 0.003 µM and 

app

cat
k  = 25.5 ± 0.2 s

-1
.  (B) CaM 

dependence assays were made with 0.5 nM eEF-2K and 0-1 µM CaM.  The data were fitted to equation 

3.2, where 
app

c
K  = 76 ± 5 nM and 

app

cat
k  = 21.1 ± 0.2 s

-1
.  (C) Enzyme concentration dependence assays were 

made with 0-10 nM eEF-2K.  (D) Magnesium dependence assays were made with 2 nM eEF-2K and 0-10 

mM free magnesium.  The data were fitted to equation 3.2, where 
app

c
K  = 0.33 ± 0.01 mM and 

app

cat
k  = 37.8 

± 0.3 s
-1

.  (E) Salt dependence assays were made with 2 nM eEF-2K and several concentrations (0-500 

mM) of KAcO.   

  

A B 

C E D 
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Figure 3.2. Autophosphorylation of eEF-2K. (A-C) eEF-2K (500 nM) was allowed to autophosphorylate 

in the presence of 5 μM CaM and 50 μM free Ca
2+

.  At the indicated times, 10 pmol of eEF-2K were 

removed and the reaction quenched with hot SDS-PAGE sample loading buffer.  The samples were then 

analyzed as described under ‘3.3. Materials and Methods’.  (A) Coomassie-stained gel.  (B) 

Autoradiograph.  (C) Phosphate incorporation as a function of autophosphorylation time – stoichiometry of 

the autophosphorylation of eEF-2K.  Inset: Expansion of the data for 0-10 min.  (D) Rate of phosphate 

incorporation (mole 
32

P incorporated per min) as a function of enzyme concentration.  To analyze the 

mechanism of autophosphorylation of recombinant human eEF-2K, varying concentrations of the purified 

enzyme (0-500 nM) were allowed to autophosphorylate in the presence of 2 μM CaM and 50 μM free Ca
2+

.  

The reaction was carried out under conditions in which linear incorporation of 
32

P was achieved (1 min 

incubation) and quenched by addition of hot SDS-PAGE sample loading buffer.  The samples were then 

analyzed as described under ‘3.3. Materials and Methods’.  The experiment was duplicated with similar 

results.  (E) Effect of autophosphorylation on kinase activity.  eEF-2K (20 nM) was allowed to 

autophosphorylate in the presence of 2 μM CaM and 50 μM free Ca
2+

.  At the indicated times (0-180 min), 

the effect of autophosphorylation on kinase activity against the peptide substrate was determined by 

assaying the autophosphorylated enzyme (2 nM) in the presence of 55 M free Ca
2+

 and 2.2 μM CaM (●) 

as described under ‘3.3. Materials and Methods’.  The rate of phosphorylation of the peptide (μM.s
-1

) was 

determined using the general kinetic assay, and a graph of 
app

obs
k

 
(s

-1
) as a function of the 

autophosphorylation time (min) was plotted.  Activity of the unautophosphorylated control (without ATP) 

was also determined (■).   

  

A C 

D E 

B 
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Figure 3.3. Mass spectrometry analysis sequence coverage of eEF-2K. (A) Sequence coverage of the 

purified recombinant eEF-2K from E. coli is ~ 90%, indicated by the blue residues.  (B) Sequence coverage 

of the autophosphorylated enzyme (3 h incubation with CaM/Ca
2+

/MgATP) is ~ 86%, indicated by the red 

residues.  Both samples were resolved by SDS-PAGE, subjected to tryptic and chymotryptic in-gel 

digestion and the peptide digests then used for mass spectrometry analysis as described under ‘3.7. 

Supporting Information’.   

  

A B 
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Figure 3.4. Purification and kinetic analysis of wild type eEF-2K and autophosphorylation-site 

mutants expressed in E. coli. (A) Samples purified by Ni-NTA affinity, CaM-agarose affinity and gel 

filtration chromatography were resolved by SDS-PAGE.  Lane 1, protein marker; Lanes 2-12, eEF-2K WT, 

T348A, T348D, T353A, T353D, S445A, S445D, S474A, S474D, S500A and S500D.  (B) Kinase activity 

of the autophosphorylation-site mutants.  Buffers used are described under ‘3.3. Materials and Methods’.  

Assays were performed with 2 nM eEF-2K enzyme, 2 M CaM and 50 M free Ca
2+

.  Kinase activity of 

the autophosphorylation-site mutants was determined by measuring the rate of phosphorylation of the 

peptide (μM.s
-1

).  Activities of the mutants are reported as the percentage of the wild type activity.  The 

assays were performed in triplicate and error bars represent the standard deviation.  (C) Activity of the 

autophosphorylation-site mutants against 4 M wheat germ eEF-2, using 2 nM eEF-2K enzyme, 2 M 

CaM and 50 M free Ca
2+

, over an incubation time of 1 min.  Upper panel: Coomassie-stained gel.  Lower 

panel: Autoradiograph.  (D) Autophosphorylation of wild type eEF-2K, and T348A and T348D eEF-2K 

mutants, using 1 M eEF-2K enzyme in the presence of 5 M CaM and 50 M free Ca
2+

, over an 

incubation time of 10 min.  Upper panel: Coomassie-stained gel.  Lower panel: Autoradiograph.   

  

A B 

C 
D 
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Figure 3.5. Analysis of phosphate incorporation at Thr-348. (A) Characterization of anti-phospho-eEF-

2K (Thr-348) antibody.  The antibody was characterized against 50 ng recombinant eEF-2K by 

immunoblotting as described under ‘3.3. Materials and Methods’.  Lane 1, untreated eEF-2K WT; Lane 2, 

autophosphorylated eEF-2K WT; Lane 3, untreated eEF-2K T348A; Lane 4, autophosphorylated eEF-2K 

T348A; Lane 5, untreated eEF-2K T348D; Lane 6, autophosphorylated eEF-2K T348D; Lane 7, untreated 

eEF-2K WT; Lane 8, autophosphorylated eEF-2K WT; Lane 9, λ-phosphatase treated eEF-2K WT.  (B) 

Time course of incorporation of phosphate at Thr-348.  eEF-2K (500 nM) was allowed to 

autophosphorylate in the presence of 5 μM CaM and 50 μM free Ca
2+

.  At the indicated times, 50 ng of 

eEF-2K were removed and the reaction quenched with hot SDS-PAGE sample loading buffer.  The 

samples were then analyzed by Western blotting using the anti-phospho-eEF-2K (Thr-348) antibody as 

described under ‘3.3. Materials and Methods’.  (C) Graphical representation of (B).  Western blots were 

quantified using ImageJ, and data then plotted as the percent phosphorylation of Thr-348 against 

autophosphorylation time.  Inset: Expansion of the data for 0-12 min.  Experiments were performed in 

duplicate, and error bars represent the standard deviation.  (D) Average percent phosphorylation of residue 

Thr-348 of eEF-2K based on monitoring the TILR peptide by LC-MS/MS.  eEF-2K was allowed to 

autophosphorylate in the presence of CaM, Ca
2+

 and MgATP.  After 0 min (no ATP added), 1 min, 10 min 

and 3 h, the reaction was quenched and the sample subjected to tryptic in-gel digestion followed by 

analysis by mass spectrometry as described under ‘3.7. Supporting Information’.  Inset: Expansion of the 

data for 0-12 min.  Runs for each sample were performed in triplicate and error bars represent the standard 

deviation.   

  

A B 

C D 
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Figure 3.6. Analysis of phosphorylation at Ser-500. (A) Characterization of anti-phospho-eEF-2K (Ser-

500) antibody.  The antibody was characterized against 50 ng recombinant eEF-2K by immunoblotting as 

described under ‘3.3. Materials and Methods’.  Lane 1, untreated eEF-2K WT; Lane 2, autophosphorylated 

eEF-2K WT; Lane 3, untreated eEF-2K S500A; Lane 4, autophosphorylated eEF-2K S500A; Lane 5, 

untreated eEF-2K S500D; Lane 6, autophosphorylated eEF-2K S500D.  (B) Time course of incorporation 

of phosphate at Ser-500.  eEF-2K (500 nM) was allowed to autophosphorylate in the presence of 5 μM 

CaM and 50 μM free Ca
2+

.  At the indicated times, 50 ng of eEF-2K were removed and the reaction 

quenched with hot SDS-PAGE sample loading buffer.  The samples were then analyzed by Western 

blotting using the anti-phospho-eEF-2K (Ser-500) antibody as described under ‘3.3. Materials and 

Methods’.  (C) Graphical representation of (B).  Western blots were quantified using ImageJ, and data then 

plotted as the percent phosphorylation of Ser-500 against autophosphorylation time.  Inset: Expansion of 

the data for 0-70 min.  Experiments were performed in duplicate, and error bars represent the standard 

deviation.  (D) Buffers used are described under ‘3.3. Materials and Methods’.  Assays were performed 

with eEF-2K enzyme, ± 50 M free Ca
2+

 and ± 2 M CaM.  EGTA (1 mM) was added to all assays 

conducted in the absence of Ca
2+

.  For eEF-2K WT, S500A and S500D assayed in the presence of both 

Ca
2+

 and CaM, and eEF-2K S500D assayed in the presence of only CaM, activities were much higher than 

the basal level of kinase activity, and hence only 5 nM of kinase was used.  For all the other assays, 50 nM 

eEF-2K was used in order to detect an increase in kinase activity over the basal level.  Kinase activity was 

determined by measuring the rate of phosphorylation of the peptide (μM.s
-1

).  Activities of the mutants are 

reported as the percentage of the wild type activity.   

  

A B 

C D 



94 

 

Scheme 3.1. Regulation of eEF-2K activity by multisite phosphorylation. Summary of the various 

phosphorylated residues on eEF-2K.  Components are color coded as follows: Red indicates portions 

suggested to be involved in the negative regulation of eEF-2K activity through an inhibitory 

phosphorylation (these sites include Ser-78, Ser-359, Ser-366 and Ser-396).  Regulation through the mTOR 

pathway involves the phosphorylation of Ser-366 by p70 S6 kinase, and the phosphorylation of Ser-359 

and Ser-78 by at least two additional unknown kinases 
(60, 61, 85)

.  It has been postulated that the Ser-78 

phosphorylation acts to hinder the binding of CaM to eEF-2K 
(85)

.  The cdc2-cyclin B complex has been 

shown to modulate eEF-2K activity via Ser-359 in a manner that is dependent on the cell cycle as well as 

amino acid availability, and is perhaps controlled by mTOR 
(87)

.  Regulation through the MAPK cascade 

occurs via the phosphorylation of Ser-366 by p90
RSK1 

in an ERK-dependent fashion 
(60)

.  In addition, the 

stress-activated protein kinases p38α and p38δ inhibit eEF-2K via phosphorylation on Ser-396 
(61)

.  p38δ is 

also known to phosphorylate eEF-2K on Ser-359 
(59)

; Green indicates portions suggested to be involved in 

the positive regulation of eEF-2K activity through an activating phosphorylation (these sites include Ser-

398 and Ser-500).  Phosphorylation of Ser-398 by the energy-supply regulator AMPK is known to activate 

eEF-2K 
(62)

.  The cAMP-dependent PKA has also been shown to activate eEF-2K via a phosphorylation on 

Ser-500, and in the process imparts Ca
2+

-independent activity to the kinase 
(58, 89, 95)

; Blue indicates portions 

involved in autophosphorylation of eEF-2K (these sites include Thr-348, Thr-353, Ser-445, Ser-474 and 

Ser-500).  Of the 5 autophosphorylation sites, only Thr-348 appears to be essential for activity against its 

substrate.  Ser-500 is an autophosphorylation site and is also known to be phosphorylated by PKA, and 

could be the key residue responsible for autophosphorylation-induced Ca
2+

-independent (CaM-dependent) 

activity 
(35, 36)

.  The role of the phosphorylation at Ser-377 by MAPKAP-K2 has not yet been determined 
(61)

.   
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3.7. SUPPORTING INFORMATION 

3.7.1. Supplementary Experimental Procedures 

Expression and Purification of Recombinant Proteins. 

i) Eukaryotic elongation factor 2 kinase – Even though E. coli lacks CaM, to 

ensure that the phosphate-free form of eEF-2K was purified, the enzyme was co-

expressed with λ-phosphatase.  Wild type and mutant forms of recombinant human eEF-

2K (encoded in a modified pET-32a (p32TeEF-2K) expression vector 
(41)

) were co-

expressed with λ-phosphatase (encoded in a pCDF-Duet (Novagen) expression vector 

(166)
) in the bacterial E. coli strain Rosetta-gami

™
 2(DE3) (Novagen) under similar 

conditions as previously described 
(41)

.  Cell lysis and Ni-NTA affinity chromatography 

were performed as outlined before 
(41)

.  However, after the Ni-NTA purification step, 

cleavage of the Trx-His6 tag was carried out by incubation of the kinase with 1.5% TEV 

protease (w/w).  Cleavage was performed at 4 ˚C for 4 h while simultaneously dialyzing 

the sample against Buffer 3.SA (20 mM tris-HCl (pH 8.0), 0.15 M NaCl, 5 mM MgCl2 

and 0.1% 2-mercaptoethanol (v/v)).   

CaM-agarose column affinity chromatography – The kinase was separated from 

the tag with the help of a CaM-agarose column (preparation described below).  After the 

addition of CaCl2 to a final concentration of 1 mM, the cleaved sample was gently 

agitated with 5 mL of CaM-agarose beads for 1 h at 4 ˚C.  In a 50 mL chromatography 

column, the beads were washed with 100 mL of Buffer 3.SB (50 mM HEPES (pH 7.5), 

50 mM NaCl, 1 mM CaCl2 and 0.1% (v/v) -mercaptoethanol).  The tagless kinase was 
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then eluted with 15 mL of Buffer 3.SC (50 mM HEPES (pH 7.5), 50 mM NaCl, 7.5 mM 

EGTA and 0.1% (v/v) -mercaptoethanol).   

26/60 Sephacryl S-200 gel filtration chromatography – This additional 

purification step was performed with the aim of separating out monomeric eEF-2K from 

eEF-2K aggregates.  The protocol described by Abramczyk et al. indicates the possibility 

of the presence of aggregated eEF-2K when separated on a Sephacryl gel filtration 

column 
(41)

.  Monomeric eEF-2K was most likely eluted in the second peak (110-130 

mL), since it possessed a four-fold higher activity than the enzyme eluted in the first peak 

(41)
.  Hence, the protein eluted from the CaM-agarose column was concentrated to a 

volume of 5 mL using a 50 mL Amicon Ultra centrifugal filter device (MW cut off 10 

kDa), filtered and applied to a HiPrep
™

 26/60 Sephacryl
™

 S-200 HR gel filtration column 

pre-equilibrated with Buffer 3.SA.  Chromatography was performed over one column 

volume (320 mL) at a flow rate of 1 mL/min.  Fractions that contained the eluted 

monomeric kinase were pooled and dialyzed against storage buffer (Buffer 3.SD) (25 

mM HEPES (pH 7.5), 2 mM DTT, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and 

10% glycerol).  The dialyzed protein was concentrated using the centrifugal filter device, 

flash frozen and stored at -80 ˚C.  The concentration of eEF-2K was determined by 

measuring its absorbance at 280 nm and using an extinction coefficient (A280) of 97, 150 

cm
-1

M
-1

 calculated from the primary amino acid sequence.   

ii) Tobacco Etch Virus protease and calmodulin – TEV protease was expressed 

from the pRK793 expression vector in Rosetta-gami
™

 2(DE3) cells and the protein was 

purified according to protocols published earlier 
(153, 154)

.  The pET-23 expression vector 
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carrying the CaM clone was used to express CaM in BL21(DE3) cells (Novagen), and the 

enzyme then purified as previously described 
(155)

 with minor modifications 
(156)

.   

iii) Generation of calmodulin-agarose beads – The purified CaM was dialyzed 

against 100 mM HEPES (pH 7.5) and concentrated to 1.5 mM using an Amicon Ultra 

centrifugal filter device (MW cut off 3 kDa).  CaM-agarose was prepared by coupling 

CaM to Affi-Gel 15 activated affinity media as per the manufacturer’s protocol.  Affi-Gel 

15 (5 mL) was coupled gently with 7.5 mL of CaM on a shaker at 4 ˚C for 4 h.  The 

beads were washed with 10 column volumes of Buffer 3.SB, and then stored at 4 ˚C in 

the same buffer containing 0.2% (w/v) sodium azide.   

iv) Peptide synthesis – For the kinetic analysis of eEF-2K, the peptide substrate, 

Acetyl-RKKYKFNEDTERRRFL-Amide (2,227.8 Da), was synthesized and purified at 

the UT Molecular Biology Core Facilities as described earlier 
(41)

.   

Analytical Methods. 

i) Phosphopeptide analysis – Phosphorylation sites on the purified enzyme were 

detected by mass spectrometry analysis of the in-gel tryptic and chymotryptic digests.  

The eEF-2K sample (5 μM) purified from E. coli was resolved using SDS-PAGE (Bio-

Rad Ready Gel Tris-HCl Gel 10% precast polyacrylamide gel), stained with Coomassie 

Brilliant Blue and destained.  The band corresponding to eEF-2K was carefully excised 

and diced into small pieces which were dehydrated twice with 100 μL acetonitrile (ACN) 

for 5-10 min.  Gel pieces were destained further with 100 μL of destaining solution (50% 

methanol and 5% glacial acetic acid) for 1 h, following which the sample was again 

dehydrated twice with 100 μL ACN for 5-10 min.  The gel was dried in a speed vacuum 
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(5-10 min) and the enzyme then reduced with 100 μL 10 mM DTT at 60 ˚C for 1 h.  The 

excess solution was removed and the sample treated with 100 μL ACN for 5-10 min.  

Alkylation was then performed for 1 h in the dark by the addition of 100 μL 55 mM 

iodoacetamide.  The excess solution was again removed and the sample treated this time 

with 50 mM ammonium bicarbonate (pH 8.5) for 5-10 min, dehydrated with 100 μL 

ACN (5-10 min) and dried in a speed vacuum (5-10 min).  The gel pieces were treated 

with Trypsin (Promega) or Chymotrypsin (Sigma) in 50 mM ammonium bicarbonate (pH 

8.5) to give a final protease-enzyme ratio of ~ 1:5.  Digestion was carried out at 37 ˚C for 

16 h, after which the sample was treated with 5 μL of a solution containing 60% ACN 

and 5% formic acid, and sonicated for 5 min.  Excess solution was removed and retained.  

ACN (10 μL) was added twice and the excess solution each time was pooled with the 

solution from the previous step.  The combined digested peptide sample was dried in a 

speed vacuum (5-10 min) and stored at -20 ˚C.  (The protocol followed was suggested by 

the Mass Spectrometry Facility, Department of Chemistry and Biochemistry, UT Austin).  

To detect potential autophosphorylation sites, 5 μM of the purified enzyme was allowed 

to autophosphorylate in the presence of CaM, Ca
2+

 and MgATP for 3 h as outlined above.  

The sample was then resolved by SDS-PAGE and the autophosphorylated eEF-2K 

subjected to tryptic and chymotryptic in-gel digestion as described.  Tryptic and 

chymotryptic eEF-2K peptide digests were solubilized in mobile phase 3.A (MP3.A: 

0.1% formic acid and 0.01% trifluoroacetic acid) and adjusted to pH < 3 with addition of 

10% trifluoroacetic acid.  The peptides (20 pmol) were then loaded onto a reversed phase 

trap column (Symmetry C18, 180 μm × 20 mm, Waters Corporation) mounted on a 
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nanoAcquity UPLC system (Waters Corporation) and washed for 10 min with 10 μL/min 

MP3.A.  A reversed phase nano-LC analytical column (Atlantis dC18, 75 μm × 150 mm, 

Waters Corportation) was then incorporated into the flow path.  Peptides were eluted with 

a linear 30 min 2-30% mobile phase 3.B (MP3.B: acetonitrile, 0.1% formic acid and 

0.01% trifluoroacetic acid) gradient followed by a linear 10 min 30-60% MP3.B gradient.  

Eluted peptides were infused directly into a Q-TOF Premier mass spectrometer (Waters 

Corporation) using a nanospray ion source.  Mass spectra were acquired using a 

nanospray voltage of 3.5 kV, sampling cone voltage of 40 V, cone gas (nitrogen) flow of 

20 L/h, a source temperature of 100 ˚C, and a collision gas (nitrogen) pressure of 5.1e
-3

.  

All mass spectra were collected for 1.95 s over m/z 50-2000 with an interscan delay of 

0.1 s.  The mass spectrometer was programmed to perform an experiment sequence 

consisting of an MS analysis at a collision energy of 5.0 V, followed by MS/MS analysis 

on the 3 most intense ions observed in the MS spectrum.  For each precursor ion, MS/MS 

spectra were collected at four collision energies: 18, 27, 35 and 42 V.  Dynamic exclusion 

was enabled for all experiments for a duration of 78.9 s with a rejection mass window of 

m/z 2.3.  The ProteinLynx 4.1 software suite (Waters Corporation) was used to de-isotope 

the MS and MS/MS spectra, and the MS/MS spectra at all four collision energies for each 

peptide were averaged and combined.  Processed MS/MS spectra were then searched 

locally against the Swiss-Prot all-species database (downloaded 02/24/2010, 

ftp://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/complete/) 

using the Mascot 2.2 algorithm (Matrix Science).  The local version of the Swiss-Prot all-

species database was modified to include the sequence of the recombinant tryptic eEF-2K 
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protein digest analyzed in this work.  Peptides with up to three possible missed cleavages 

were specified as a search parameter.  Protein molecular weight and pI constraints were 

not used in the database searches.  Dynamic chemical modifications corresponding to M-

oxidation, C-carbamidomethylation and S,T,Y-phosphorylation were included as search 

parameters.  A peptide mass accuracy of 150 ppm was used for MS spectra and a peptide 

fragment mass accuracy of 0.3 Da was used for MS/MS spectra.  Peptide summary 

reports were generated for all protein identifications using Mascot.  Therefore, protein 

identifications resulted solely from peptide sequence information (MS/MS) without 

consideration of peptide mass fingerprints (MS).  Peptide ion scores equal to or greater 

than 45-49 (varies for each database search) represent an identification with 95% 

confidence (< 5% chance that the peptide ID is a random event).   

ii) Analysis of Thr-348 autophosphorylation by LC-MS/MS – All experiments 

were undertaken on a ThermoFisher LTQ XL linear ion trap mass spectrometer (San 

Jose, CA).  Liquid chromatography was performed using a RLSC Dionex UltiMate 3000 

system (Sunnyvale, CA).  An Agilent ZORBAX 300 Extend-C18 column (Santa Clara, 

CA) (150 × 0.3 mm, 3.5 µm particle size) was used for all separations.  The 

autophosphorylation of eEF-2K was allowed to proceed in the presence of CaM, Ca
2+

 and 

MgATP as described earlier.  After 0 min (no ATP added), 1 min, 10 min and 3 h, the 

reaction was quenched with hot SDS-PAGE sample loading buffer.  The sample was then 

resolved by SDS-PAGE and the autophosphorylated eEF-2K subjected to tryptic in-gel 

digestion as outlined above.  The resulting digests were re-solubilized in 0.1% formic 

acid for a final concentration of 10 μM, and approximately 2 picomoles were loaded onto 
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the column for each run.  Each tryptic digest sample was run in triplicate.  Eluent 3.A 

consisted of 0.1% formic acid in water and eluent 3.B 0.1% formic acid in acetonitrile.  A 

linear gradient from 5% eluent 3.B to 40% eluent 3.B over 70 min at a flow rate of 0.3 

µL/min was used for all separations.  For all LC-MS/MS runs, the first event was the full 

mass scan (m/z range of 400-2000) followed by six sets of consecutive collision induced 

dissociation (CID) events on the six most abundant ions from each full mass scan.  CID 

was performed using a q-value of 0.25, a normalized collisional energy of 35%, and a 

collision activation time of 30 ms.  Processed MS/MS spectra were then searched using 

MassMatrix, a free online database search algorithm for peptide MS/MS data 

(www.massmatrix.net).  MassMatrix was modified to include the sequence of eEF-2K in 

a custom protein database.  Peptides with up to four possible missed cleavages were 

specified as a search parameter.  A peptide mass accuracy of 2.0 Da was used for full 

mass spectra and a peptide fragment mass accuracy of 0.8 Da was used for the MS/MS 

spectra.  Dynamic chemical modifications corresponding to M-oxidation, C-

carbamidomethylation and S,T,Y-phosphorylation were included as variable search 

parameters.  Peptide matches were identified using pp and pp2 cut-off values of 5.0, and 

a ppTag cut-off value of 1.3 was used to positively confirm peptide matches within the 

database.  The peptide pTILR was found to be the single most consistently matched 

peptide containing Thr-348 in all of the eEF-2K tryptic digest samples.  All MS/MS 

spectra for TILR and pTILR were manually confirmed after identification using the 

MassMatrix algorithm.  pTILR and TILR were used to determine the percent 

phosphorylation of Thr-348 for eEF-2K.  The phosphorylation of TILR was calculated 
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using equation 3.S1 shown below.  The areas used in equation 3.S1 were found by 

integrating the areas under the selected ion chronograms for the peaks corresponding to 

the elution of the TILR and pTILR peptides from each of the LC-MS runs.   

100×%
TILRofArea+pTILRofArea

pTILRofArea
=ationPhosphoryl  (Equation 3.S1) 
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Table 3.S1. Percent phosphorylation of residue Thr-348 of eEF-2K based on 

monitoring the TILR peptide by LC-MS/MS 

 % Phosphorylation of Thr-348 

 0 min 1 min 10 min 180 min 

Injection 1 8.5% 78.6% 87.5% 88.4% 

Injection 2 7.9% 75.7% 88.2% 87.7% 

Injection 3 7.9% 79.2% 88.9% 88.2% 

Average % Phosphorylation 8.1% 77.8% 88.2% 88.1% 

Standard Deviation % Phosphorylation 0.3% 1.9% 0.7% 0.3% 

Incorporation of phosphate at Thr-348 during autophosphorylation of eEF-2K 

was analyzed by monitoring the TILR peptide by LC-MS/MS.  eEF-2K was allowed to 

autophosphorylate in the presence of CaM, Ca
2+

 and MgATP.  After 0 min (no ATP 

added), 1 min, 10 min and 3 h, the reaction was quenched and the sample subjected to 

tryptic in-gel digestion followed by analysis by mass spectrometry as described under 

‘3.7. Supporting Information’.  Three injections were performed per sample, and the 

values of % phosphorylation of Thr-348 were calculated using equation 3.S1 as 

described under ‘3.7. Supporting Information’.  Values are plotted as a graph in Figure 

3.5D. 
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Figure 3.S1. Characterization of enzymatic activity. Buffers used are described under ‘3.3. Materials 

and Methods’.  Kinase activity was determined by measuring the rate of phosphorylation of the peptide 

(μM.s
-1

).  (A) Salt dependence assays were made with 2 nM eEF-2K and several concentrations (0-500 

mM) of NaCl.  (B) Salt dependence assays were made with 2 nM eEF-2K and several concentrations (0-

500 mM) of KCl.   

  

B A 



105 

 

 

 

 

 

Figure 3.S2. CID mass spectra of TILR and pTILR. (A) CID mass spectrum of protonated TILR.  (B) 

CID mass spectrum of protonated pTILR.  Loss of phosphate is the dominant fragmentation pathway from 

protonated pTILR.  (C) MS/MS/MS spectrum obtained from the product ion in (B) arising from the loss of 

phosphate from pTILR.    

B 

A 

C 
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Chapter 4: Mechanistic Analysis of Thr-348 Autophosphorylation and 

its Role in the Regulation of Eukaryotic Elongation Factor 2 Kinase
††

  

 

4.1. ABSTRACT 

The activation of eukaryotic elongation factor 2 kinase (eEF-2K) requires Ca
2+

 

and calmodulin (CaM) and involves the  autophosphorylation of Thr-348, resulting in the 

phosphorylation of its only known target, elongation factor 2 (eEF-2).  The mechanism of 

Thr-348 autophosphorylation has not been studied in great detail.  Here we investigate 

the mechanism both in vitro as well as in an eEF-2K knockout (KO) cell line.  Rapid 

quench analysis indicates that the rate of Thr-348 autophosphorylation occurs swiftly, 

with 80% phosphorylated within 300 msec.  This rapid process requires both Ca
2+

 and 

CaM, however, unlike Thr-286 autophosphorylation in Ca
2+

/CaM-dependent protein 

kinase II (CaMK-II), Thr-348 autophosphorylation in eEF-2K shows no enhancement in 

CaM affinity for the kinase.  Sequence comparison with myosin II heavy chain kinase A 

(MHCK A) indicates a potential phosphate-binding pocket comprised of Lys-205, Arg-

252 and Thr-254.  Kinase activity is diminished for K205A, R252A and T254A eEF-2K 

mutants, indicating the importance of the putative phosphate-binding pocket.  Using both 

Western blotting and a peptide-based fluorescence assay on lysates from KO (eEF-2K–/–

) cells transfected with a vector encoding either eEF-2K WT or T348A, we found that 

                                                 
††

 Contributions to the work described in this chapter: Dr. Scarlett B. Ferguson (Analyzed autophosphorylation of 

Thr-348 and phosphate-binding pocket mutants biochemically in vitro, analyzed eEF-2K by fluorescence, and 

cloned phosphate-binding pocket mutants into a mammalian expression vector); Dr. Qiantao Wang (Highlighted 

the phosphate-binding pocket in the eEF-2K homology model); Rebecca M. Wellmann (Generated a number of 

site-directed mutants, and cloned them into a mammalian expression vector).   
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T348A has significantly lower activity compared to WT, similar to what is observed in 

vitro.  However, while T348A has an overall lower activity than the WT kinase, 

autophosphorylation at Thr-348 does not appear to be involved in the mechanism by 

which eEF-2K is activated by 2-deoxy-D-glucose (2-DOG), H2O2, ionomycin or 

starvation.  This suggests that phosphorylation at Thr-348 could act as a switch 

controlling the level of eEF-2K activation in cells.  Here we propose a two-step model for 

the activation of eEF-2K involving CaM binding followed by Thr-348 

autophosphorylation, to enhance the activity of the kinase towards its substrate.  Both 

these steps are associated with a conformational change, the latter brought about through 

interaction of phospho-Thr-348 with the phosphate-binding pocket.   

 

4.2. INTRODUCTION 

Eukaryotic elongation factor 2 kinase (eEF-2K) catalyzes the phosphorylation of 

eukaryotic elongation factor 2 (eEF-2) thereby inhibiting the elongation phase of protein 

synthesis by blocking the interaction between eEF-2 and the ribosome 
(7, 18-20, 22)

.  eEF-2K 

is also known as Ca
2+

/CaM-dependent protein kinase III (CaMK-III) as it requires both 

Ca
2+

 and CaM to be active 
(7, 19, 35, 36)

.  In addition to being activated by Ca
2+

/CaM-

stimulated autophosphorylation, eEF-2K is activated via phosphorylation by upstream 

kinases such as cAMP-dependent protein kinase (PKA) and AMP-activated protein 

kinase (AMPK) 
(35, 36, 42, 49, 58, 62, 95, 100, 167)

.  Autophosphorylation or phosphorylation by 

PKA at Ser-500 is known to induce Ca
2+

-independent activity, and is a key regulatory 

site for eEF-2K 
(42, 58)

.  Other phosphorylation sites downstream of the central signaling 



108 

mTOR and MAPK (MEK/ERK) pathways have been shown to cause inhibition of eEF-

2K, but these mechanisms have not been studied in great detail 
(59-61, 85, 87)

.  eEF-2K has 

been implicated in various cancers and diseases, making it important to understand the 

overall function and regulation of this protein kinase 
(124, 134, 135, 138-140, 142, 168)

.   

eEF-2K lacks sequence homology with conventional protein kinases and therefore 

has been classified as an atypical kinase belonging to the same family as myosin II heavy 

chain kinase A (MHCK A) 
(6, 43)

.  A crystal structure for eEF-2K has not been 

determined, but several studies have mapped out the overall layout of the protein and 

location of the various domains (Scheme 4.1) 
(37, 38, 48)

.  At the N-terminus, the CaM-

binding region just precedes the kinase domain, with the activation loop located between 

the catalytic domain and the C-terminal eEF-2 binding domain.  Majority of the 

phosphorylation sites are found within the activation loop, with the exception of Ser-78 

which is located near the CaM-binding domain.  The Sel1-type repeats, which are found 

in various other proteins, are present at the C-terminus of eEF-2K and are thought to 

assist in engaging the substrate, with the last few residues at the C-terminus being 

essential for eEF-2 phosphorylation 
(48)

.  Examination of the eEF-2K sequence upstream 

of the CaM-binding domain suggests a possible Ca
2+

-binding site known as the DxDxDG 

motif 
(54)

.  The function of this motif is unknown, but it is possible that this region allows 

for eEF-2K regulation by Ca
2+

 independent of CaM.   

The expression and purification of recombinant eEF-2K from E. coli has allowed 

for the autophosphorylation sites to be identified, and Thr-348 is shown to be the site 

essential for eEF-2K activation 
(41, 42)

.  Autophosphorylation at Thr-348 occurs quickly 
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and requires Ca
2+

/CaM, but the mechanism of how this phosphorylation activates eEF-2K 

is unknown.  Crawley et al. showed that autophosphorylation of MHCK A at Thr-825 

promotes activation of the kinase through the binding of the phosphorylated threonine to 

an allosteric phosphate-binding pocket 
(169)

.  Through sequence comparison between eEF-

2K and MHCK A, along with a homology model for eEF-2K based on the crystal 

structure of MHCK A and TRPM7, it appears that eEF-2K also possesses a phosphate-

binding pocket, suggesting that this could be the mechanism through which phospho-Thr-

348 activates the kinase.  The residues that make up this pocket are located within the 

catalytic domain of eEF-2K (Scheme 4.1 and Figure 4.3), permitting Thr-348 binding 

once phosphorylated in the active site.   

In the current study, we show that Thr-348 autophosphorylation is extremely 

rapid, reaching 80% saturation within 1 s, and requires CaM.  We also show that Thr-348 

autophosphorylation does not work through enhancement of CaM binding, but functions 

through interaction with a phosphate-binding pocket, and in the process positions eEF-2K 

in an active conformation for substrate phosphorylation.  This mechanism is also shown 

to occur in cells, and could act as a switch to regulate the level of eEF-2K activity.  

Further, stimulants such as 2-DOG, H2O2, ionomycin and starvation activate both eEF-

2K WT and T348A in a similar manner, suggesting that the mechanism of activation of 

the kinase under these conditions occurs independently of Thr-348 autophosphorylation.   

 

4.3. MATERIALS AND METHODS 
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4.3.1. Reagents, Strains, Plasmids and Equipment 

Yeast extract, tryptone and agar were purchased from USB Corporation 

(Cleveland, OH).  Restriction enzymes and reagents for site-directed mutagenesis and 

cloning were obtained from New England BioLabs (Ipswich, MA).  Oligonucleotides for 

mutagenesis were from Integrated DNA Technologies, Inc. (Coralville, IA).  Stratagene 

PfuUltra
™

 II Fusion HS DNA Polymerase kit was purchased from Agilent Technologies, 

Inc. (Santa Clara, CA).  Qiagen (Valencia, CA) supplied QIAprep Spin Miniprep Kit and 

Ni-NTA Agarose.  Affi-Gel 15 activated affinity media for the generation of CaM-

agarose beads was obtained from Bio-Rad Laboratories (Hercules, CA).  BenchMark
™

 

Protein Ladder was from Invitrogen Corporation (Carlsbad, CA).  Ultra-pure grade Tris-

HCl and HEPES were from Sigma-Aldrich (St. Louis, MO).  Dithiothreitol (DTT) was 

obtained from Gold Biotechnology (St. Louis, MO).  PerkinElmer (Waltham, MA) or MP 

Biomedicals (Solon, OH) supplied [-
32

P]ATP.  All other buffer components or 

chemicals were purchased from Sigma-Aldrich, Fisher Scientific (Pittsburgh, PA) or MP 

Biomedicals.   

The pET-32a vector was obtained from Novagen, EMD4Biosciences (Gibbstown, 

NJ), and the pcDNA3 Flag HA vector (Plasmid 10792) was obtained from Addgene 

(Cambridge, MA).  Escherichia coli strain NovaBlue – for cloning – and BL21(DE3) and 

Rosetta-gami
™

 2(DE3) – for recombinant protein expression – were from Novagen.   

A Techne Genius Thermal Cycler purchased from Techne, Inc. (Burlington, NJ) 

was used for site-directed mutagenesis and cloning.  The ÄKTA FPLC
™

 System and the 

HiPrep
™

 26/60 Sephacryl
™

 S-200 HR gel filtration column were from Amersham 
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Biosciences / GE Healthcare Life Sciences (Piscataway, NJ).  Absorbance readings were 

performed on a Cary 50 UV-Vis spectrophotometer.  Proteins were resolved using the 

Mini-PROTEAN 3 vertical gel electrophoresis apparatus from Bio-Rad Laboratories.  

Amicon Ultra Centrifugal Filter Units were from Millipore (Billerica, MA).  P81 

cellulose filters were from Whatman / GE Healthcare Life Sciences (Florham Park, NJ).  

Radioactivity measurements were performed on a Packard 1500 Lab TriCarb Liquid 

Scintillation Analyzer from PerkinElmer.  The Phosphorimager cassette and the Typhoon 

Phosphorimager were from GE Healthcare Life Sciences (Piscataway, NJ).  Rapid 

quench experiments were performed on a KinTek RQF-3 rapid quench-flow apparatus.  

Fluorescence measurements were taken on a Jobin-Yvon Spex Fluorolog-3 Model FL3-

11 fluorometer using a SpetrAcq controller and FluorEssence
™

 software.   

 

4.3.2. Molecular Biology 

A modified pET-32a vector (p32TeEF-2K 
(41)

) containing cDNA encoding human 

eEF-2K (GenBank accession number NM_013302), was used for the expression of Trx-

His6-tagged eEF-2K.  Alanine mutants were generated by site-directed mutagenesis using 

the PfuUltra
™

 II Fusion HS DNA Polymerase kit from Stratagene, specific primers and 

the p32TeEF-2K vector as a template.  Wild type and mutant eEF-2K cDNA was cloned 

into the mammalian expression vector pcDNA3 Flag HA (Addgene) using specific 

primers, PfuUltra
™

 II Fusion HS DNA Polymerase, restriction enzymes and the Quick 

Ligation™ Kit (New England BioLabs), according to the manufacturer’s protocol.  
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Plasmid DNA was purified and the sequence verified by sequencing at the ICMB Core 

Facilities, UT Austin, using an Applied Biosystems automated DNA sequencer. 

 

4.3.3. Expression and Purification of Proteins 

Expression and purification of eEF-2K. Recombinant human eEF-2K was 

expressed in E. coli, and purified using Ni-NTA affinity chromatography, CaM-agarose 

affinity chromatography and gel filtration chromatography as described earlier 
(41, 42)

.   

Expression and purification of phosphate-free eEF-2K. Even though E. coli 

lacks CaM, to ensure that the phosphate-free form of eEF-2K was purified, the enzyme 

was co-expressed with λ-phosphatase.  Recombinant human eEF-2K (encoded in the 

modified pET-32a (p32TeEF-2K) expression vector was co-expressed with λ-

phosphatase (encoded in a pCDF-Duet (Novagen) expression vector) in the bacterial E. 

coli strain Rosetta-gami
™

 2(DE3) (Novagen) under similar conditions as described earlier 

(41, 42)
.  To select for the pCDF-Duet vector, 20 μM spectinomycin was also added to the 

culture media, and 0.4 mM IPTG was used for the induction of protein expression.  Cell 

lysis, Ni-NTA affinity chromatography and TEV protease cleavage of the Trx-His6 tag 

were performed as outlined earlier 
(41, 42)

.  However, to further decrease the possibility of 

having phosphates on eEF-2K, an additional step of treatment with λ-phosphatase was 

performed.  After the addition of MnCl2 to a final concentration of 1 mM, the cleaved 

sample was incubated with 5000 U of λ-phosphatase (New England Biolabs) for 30 min 

at 30 ˚C, as per the manufacturer’s protocol.  The remainder of the purification steps 
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(CaM-agarose affinity chromatography, gel filtration chromatography and dialysis into 

storage buffer) were carried out as described earlier 
(41, 42)

.   

Expression and purification of TEV protease and calmodulin. Tobacco Etch 

Virus protease was expressed from the pRK793 expression vector, and purified according 

to protocols published earlier 
(153, 154)

.  The calmodulin (CAM) clone in the pET-23 

expression vector was expressed and purified as previously described 
(155, 156)

.   

Peptide synthesis. For the kinetic analysis of eEF-2K, the peptide substrate, 

Acetyl-RKKYKFNEDTERRRFL-Amide (2,227.8 Da), was synthesized and purified at 

the UT Molecular Biology Core Facilities as described earlier 
(41)

.   

 

4.3.4. Analytical Methods 

General kinetic assays. eEF-2K activity was assayed at 30 ˚C in Buffer 4.A (25 

mM HEPES (pH 7.5), 2 mM DTT, 0.15 M BSA, 100 M EGTA, 150 M CaCl2, 2 M 

CaM and 10 mM MgCl2), containing 150 μM peptide substrate, 2 nM eEF-2K enzyme 

and 1 mM [-
32

P]ATP (100-1000 cpm/pmol) in a final reaction volume of 100 L.  The 

reaction mixture was incubated at 30 ˚C for 10 min before the reaction was initiated by 

addition of 1 mM [-
32

P]ATP.  At set time points, 10 L aliquots were taken and spotted 

onto P81 cellulose filters (Whatman, 2 × 2 cm).  The filter papers were then washed 

thrice in 50 mM phosphoric acid (15 min each wash), once in acetone (15 min) and 

finally dried.  The amount of labeled peptide associated with each paper was determined 

by measuring the cpm on a Packard 1500 scintillation counter.   
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Autophosphorylation assay. Autophosphorylation of eEF-2K was carried out in 

Buffer 4.B (25 mM HEPES (pH 7.5), 2 mM DTT, 0.15 μM BSA, 100 M EGTA and 10 

mM MgCl2), using 100 nM phosphate-free eEF-2K, ± 150 μM CaCl2, ± 2 μM CaM or ± 

250 μM CaM as indicated, and 1 mM ATP.  EGTA (2.5 mM) was added to all assays 

conducted in the absence of Ca
2+

.  The reaction mixture was incubated at 30 ˚C for 10 

min before the reaction was initiated by addition of 1 mM ATP.  a. Analysis of Thr-348 

autophosphorylation by immunoblotting: Reaction was carried out with 1 mM ATP, and 

aliquots (50 ng) of eEF-2K were removed at the various indicated times, and the reaction 

quenched by addition of hot SDS-PAGE sample loading buffer (125 mM tris-HCl (pH 

6.75), 20% glycerol (v/v), 10% 2-mercaptoethanol (v/v), 4% SDS and 0.02% 

bromophenol blue), followed by heating for 10 min at 95 ˚C.  Samples were resolved by 

SDS-PAGE, and then analyzed for the incorporation of phosphate at Thr-348 by Western 

blotting with specific antibodies and quantified as described below.   

 Pre-steady state enzymatic activity assays. Experiments were performed on a 

KinTek RQF-3 rapid quench-flow apparatus at 30 ˚C in Buffer 4.A.  Experiments were 

initiated by the rapid mixing of Solution 4.A (200 nM eEF-2K in Buffer 4.A), with an 

equal volume of Solution 4.B (2 mM ATP in Buffer 4.A).  Reactions were quenched at 

the various indicted times (0-1 s) with 4 volumes of Buffer 4.D (200 mM KCl, 50 mM 

EDTA and 10 mM EGTA), followed by immediate addition of hot SDS-PAGE sample 

loading buffer and further heating for 10 min at 95 ˚C.  The samples were then analyzed 

for the incorporation of phosphate at Thr-348 by Western blotting as described earlier in 
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the autophosphorylation assay.  The data were then fit to equation 4.1 to approximate the 

rate of autophosphorylation at Thr-348 in eEF-2K.   











 )( auto1%%
tk

eationPhosphorylMax=ationPhosphoryl  (Equation 4.1) 

The parameters are defined as follows: autok , rate of Thr-348 autophosphorylation; t, time 

in s.   

Characterization of enzymatic activity. a. Calmodulin dependence: Dose 

response assays were performed in Buffer 4.E (25 mM HEPES (pH 7.5), 2 mM DTT, 

0.15 M BSA, 100 M EGTA, 150 M CaCl2 and 10 mM MgCl2), against 150 μM 

peptide substrate, with 1 mM [-
32

P]ATP (100-1000 cpm/pmol) and several CaM 

concentrations.  Reactions were performed with 0.5 nM eEF-2K WT and 0-5 M CaM 

WT, 2 nM eEF-2K WT and 0-2 M CaM(C75)IAE, or 20 nM eEF-2K T348A and 0-10 

M CaM WT.  Kinase activity in each case was determined by calculating the rate of 

phosphorylation of the peptide (μM.s
-1

) in a similar manner to the general kinetic assay 

described earlier, and the data were fit to equation 4.2.  b. ATP dependence: Assays were 

performed in Buffer 4.B, in the presence or absence of 2 μM CaM and 150 μM CaCl2, 

against 150 μM peptide substrate, with several concentrations of [-
32

P]ATP (100-1000 

cpm/pmol) (0-1 mM).  Reactions were performed with 1 nM eEF-2K in the presence of 

Ca
2+

/CaM or 100 nM eEF-2K in the absence of Ca
2+

/CaM.  EGTA (2.5 mM) was added 

to all assays conducted in the absence of Ca
2+

.  The reaction mixture was incubated at 30 

˚C for 10 min before the reaction was initiated by addition of ATP.  Kinase activity in 
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each case was determined by calculating the rate of phosphorylation of the peptide (μM.s
-

1
) in a similar manner to the general kinetic assay described earlier, and the data were fit 

to equation 4.2.  c. KH2PO4 rescue of T348A mutants: Assays were performed using 25 

nM eEF-2K against 150 μM peptide substrate in Buffer 4.A, with 1 mM [-
32

P]ATP 

(100-1000 cpm/pmol) and several concentrations of KH2PO4 (0-10 mM).  Kinase activity 

in each case was determined by calculating the rate of phosphorylation of the peptide 

(μM.s
-1

) in a similar manner to the general kinetic assay described earlier.  The data were 

converted to fold-change in activity (compared to kinase activity at 0 mM KH2PO4), and 

then fit to equation 4.3.   
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The parameters are defined as follows: 
app

obsk , apparent rate constant; 
app

catk , apparent 

catalytic constant; [E], concentration of eEF-2K; [C], concentration of varied co-activator 

or substrate (CaM, ATP or KH2PO4); 
app

cK , apparent co-activator or substrate 

concentration required to achieve half maximal activity.  When 
app

obsk  is converted to 

fractional activity, 
app

catk  is taken as 1, and when it is converted to percentage maximal 

activity, 
app

catk  is taken as 100.   

 Analysis of calmodulin binding by fluorescence. Binding of CaM to various 

forms of eEF-2K was measured using 25 nM CaM(C75)IAE, that was labeled using a 
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protocol described earlier 
(170)

, at 30 ˚C in Buffer 4.F (25 mM HEPES (pH 7.5), 2 mM 

DTT, 0.15 μM BSA, 100 µM EGTA and 150 µM CaCl2), and titrated with eEF-2K with 

a starting volume of 350 µL.  CaM(C75)IAE was excited at 345 nm using 3 mm slits and 

the emission measured from 400-600 nm for spectral data, and at 470 nm with 3 mm slits 

to determine dose dependence of CaM, both using blank subtraction.  The intensity at 470 

nm was corrected for changes in the assay volume as well as fluctuation in the signal to 

noise of the instrument by taking measurements at 590 nm (where the emission of 

CaM(C75)IAE is known not to be affected by eEF-2K binding), and subtracting that from 

the intensity at 470 nm.  The fraction of CaM bound was then determined using equation 

4.4 and plotted as a function of eEF-2K concentration.  The data were then fit to equation 

4.5.   
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The parameters are defined as follows: 
x

470I , intensity at 470 nm when [eEF-2K] = x; 

0

470I , intensity at 470 nm when [eEF-2K] = 0; 
max

470I , intensity at 470 nm at maximum 

[eEF-2K]; [C], concentration of CaM; [E], concentration of eEF-2K; app

cK , apparent eEF-

2K concentration required to achieve half CaM binding.   

Homology model and sequence alignments. COBALT software was used to 

perform eEF-2K (Homo sapiens) and MHCK A (Dictyostelium discoideum) sequence 

alignments.  A homology model of the catalytic subunit of eEF-2K was derived based on 
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the catalytic domains of MHCK A and TRPM7 (unpublished work by Devkota et al.).  

The PyMOL software was used for highlighting the various indicated regions in the 

homology model.   

 

4.3.5. Cell Work 

Cell lines and culture conditions. Isogenic non-tumorigenic breast epithelial cell 

lines MCF-10A and KO MCF-10A (eEF-2K–/–) (MCF-10A with both alleles of the eEF-

2K gene knocked out) were obtained from Sigma-Aldrich (St. Louis, MO).  MDA-MB-

231 (breast adenocarcinoma) and MIA PaCa-2 (pancreatic carcinoma) cell lines were 

obtained from American Type Culture Collection (Manassas, VA).  MDA-MB-231 cells 

were cultured in DMEM/F12 supplemented with 10% FBS, 50 units/mL penicillin and 50 

μg/mL streptomycin.  MIA PaCa-2 cells were cultured in DMEM supplemented with 

10% FBS, 2 mM glutamine, 50 units/mL penicillin and 50 μg/mL streptomycin.  The 

MCF-10A cell lines were cultured in DMEM/F12 supplemented with 5% horse serum, 20 

ng/mL EGF, 0.5 µg/mL hydrocortisone, 10 µg/mL insulin, 100 ng/mL cholera toxin, 50 

units/mL penicillin and 50 μg/mL streptomycin.  Cell cultures were maintained at 37 ˚C 

in a humidified incubator containing 5% CO2.  All cell culture reagents were from 

Invitrogen or Sigma-Aldrich.   

Transfections. MCF-10A and KO MCF-10A (eEF-2K–/–) cells were seeded in 6-

well plates (0.3 x 10
6
 cells/well), and after 24 h (~ 50% confluency), cells were 

transfected with the eEF-2K pcDNA3 Flag HA vector (2.5 μg/well) using 

Lipofectamine® LTX with Plus
™

 Reagent (Life Technologies), according to the 
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manufacturer’s protocol.  Cells were incubated for a further 48 h to allow for expression, 

and then either lysed or treated with various stimuli before being lysed.  Controls 

included transfection with the empty pcDNA3 Flag HA vector.   

Treatment of cells with stimuli. Cells were treated with 400 µM H2O2 for 1 h, or 

5 µM ionomycin for 5 min, in the normal growth media described earlier.  For treatment 

with 2-DOG, cells were pre-incubated in media with low glucose (5.6 mM) for 6 h, 

before being treated with 25 mM 2-DOG for 30 min in the same low-glucose media.  For 

starvation experiments, cells were incubated in Dulbecco's Phosphate-Buffered Saline 

(DPBS), without serum supplementation, for 6 h.   

Cell lysis. Following treatments, cells were washed twice in ice-cold PBS (pH 

7.4) (Life Technologies), and lysed in ice-cold Buffer 4.G (50 mM HEPES (pH 7.4), 150 

mM NaCl, 1.5 mM MgCl2, 1% Triton X-100, 1 mM EGTA, 100 mM NaF, 10 mM Na 

pyrophosphate, 1 mM Na3VO4 and 10% glycerol), supplemented with PhosSTOP 

Phosphatase Inhibitor Cocktail (Roche Diagnostics, Indianapolis, IN), cOmplete EDTA-

free Protease Inhibitor Cocktail (Roche Diagnostics), Halt Protease and Phosphatase 

Inhibitor Cocktail (Thermo Fisher Scientific), 1 μM Microcystin-LR and 100 nM 

Calyculin A.  Lysates were subjected to one freeze-thaw cycle, and then clarified by 

centrifugation at 15,000 × g for 15 min.  Total protein concentration for each sample was 

determined by Bradford assay (Bio-Rad, Hercules, CA).   

Fluorescence-based assay measuring eEF-2K activity in cell lysates. 

Fluorescence-based kinase assays using equal amounts of protein (30 µg) from the KO 

MCF-10A (eEF-2K–/–) cell lysates that had been transfected with control vector, eEF-2K 
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WT or eEF-2K T348A, were performed at 30 ˚C in Buffer 4.H (25 mM HEPES (pH 7.5), 

2 mM DTT, 10 mM MgCl2, 1.5 mM CaCl2 and 1 µM CaM), with 4 mM ATP in a total 

assay volume of 100 µL.  The reaction was initiated by the addition of 100 µM eEF-2K 

Sox-peptide 
(171)

, excited at 360 nm using 1 mm excitation and emission slits.  The 

emission at 492 nm was followed for 30 min, taking 10 s time points.  The assay was 

performed using a cuvette (Starna Cells, Inc., Atascadero, CA) of 10 mm path length.  

Reaction rate was measured by taking the slope of the linear region within the 30 min 

data series.   

Western blot analysis. Equal amounts of protein (5-60 µg) from cell lysate 

samples were resolved by 10% SDS-PAGE and then transferred to Amersham Hybond-P 

PVDF membranes (GE Healthcare, Piscataway, NJ).  Membranes were blocked with 5% 

BSA or non-fat dry milk in Tris-buffered saline/Tween 20 (TBST) for 1 h, and then 

incubated with primary antibodies at 4 ˚C overnight, according to the manufacturer’s 

protocol.  The membranes were washed with TBST and incubated with the appropriate 

HRP-conjugated secondary antibody at room temperature for 2 h.  After washing with 

TBST, chemiluminescence detection was performed with Amersham ECL Plus
™

 Western 

Blotting Detection Reagents (GE Healthcare).   

Commercial antibodies. The following antibodies were purchased from:  a. Cell 

Signaling Technology (Danvers, MA): Phospho-eEF2 (Thr56) Antibody (#2331, 1:3000).  

b. Millipore: Anti-Actin Antibody, clone C4 (#MAB1501, 1:40000); Anti-eEF2 (C-term) 

(#07-1382, 1:25000).  c. Epitomics (Burlingame, CA): eEF-2K (C-term) (EEF2K) 

antibody RabMAb® (#1754-1, 1:3000); eEF2 Phospho (pT56/58) (EEF2) antibody 
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RabMAb® (#1853-1, 1:1000).  d. ECM Biosciences (Versailles, KY): eEF2K (Thr-348), 

phospho-specific (#EP4411, 1:1000).  e. Bio-Rad: Goat Anti-Rabbit IgG (H+L)-HRP 

Conjugate (#172-1019, 1:2000); Goat Anti-Mouse IgG (H+L)-HRP Conjugate (#172-

1011, 1:2000).   

Quantification and normalization of blots. Blots were quantified either using 

Image Studio 3.1 (LI-COR) or ImageJ software.  For analysis of lysates from KO MCF-

10A (eEF-2K–/–) cells transfected with eEF-2K, the following normalization was 

performed.  First, all samples were normalized to pan-Actin to account for any error in 

gel-loading.  Despite using an eEF-2K knockout cell line, blotting results indicate very 

low levels of phospho-eEF-2 (Thr-56) in samples transfected with the control vector, 

possibly due to non-specific binding of the antibody.  To account for this low 

background, the quantified value was subtracted across all the samples in the second step 

of normalization.  In the final step of normalization, to take into account differences in 

eEF-2K expression levels either due to variations in transfection or mutant expression, 

phospho-eEF-2 values were further normalized to eEF-2K levels.   

 

4.4. RESULTS 

4.4.1. Rate of Thr-348 Autophosphorylation and Effect of Calcium and Calmodulin 

on Autophosphorylation   

It has previously been shown by our lab and others that eEF-2K undergoes 

autophosphorylation at multiple sites 
(35, 36, 42, 49)

.  Of these sites, autophosphorylation at 

Thr-348 is known to be required for maximal activity.  Upon mutation of Thr-348 to Ala 
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(T348A), the activity is decreased to 5% of the wild type activity in vitro (Figure 4.1A).  

In order to eliminate the possibility that the T348A mutation affects MgATP binding, the 

affinity of MgATP for both WT and T348A was determined and found to be similar 

(Table 4.1).  This indicates that mutating Thr-348 to an Ala affects kinase activity 

through another mechanism.  In addition to identifying the sites of autophosphorylation, 

our lab has also shown that the rate of Thr-348 autophosphorylation is quite rapid with 

80% being autophosphorylated within 1 minute 
(42)

.  To determine the rate of Thr-348 

autophosphorylation more accurately, we utilized rapid quench kinetics in combination 

with Western blotting as described under ‘4.3. Materials and Methods’.  This allowed us 

to determine the rate of phosphorylation on the millisecond to second time scale.  

Autophosphorylation was initiated by mixing eEF-2K (pre-incubated with CaM and 

Ca
2+

) with MgATP, and then at various time points (5 ms – 2 s) the reaction was 

quenched with 50 mM EDTA and 10 mM EGTA to chelate the Ca
2+

 and Mg
2+

 ions, thus 

stopping the reaction.  The samples were then resolved by SDS-PAGE and analyzed by 

Western blotting using a phospho-specific antibody to determine the amount of 

phosphate incorporated at Thr-348 at each time point.  Figure 4.1B depicts the time 

course of Thr-348 autophosphorylation, showing that the reaction is extremely rapid – 

reaching 80% saturation within 1 s.   

We also wanted to examine the relationship between CaM, Ca
2+

 and Thr-348 

autophosphorylation.  In order to do this, we measured the rate of autophosphorylation of 

Thr-348 under various buffer conditions (± CaM and ± Ca
2+

) and times (0-600 s), 

utilizing the phospho-specific antibody (Figure 4.1C).  By examining this relationship, 
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we determined that in order to achieve the optimal rate of autophosphorylation, both CaM 

and Ca
2+

 have to be present at saturating concentrations.  The rate of Thr-348 

autophosphorylation decreases significantly when both are absent, and we see this low 

rate increase slightly when you add back either CaM or Ca
2+

 alone.  However, these rates 

are still much slower compared to when both ligands are present.  We were able to 

achieve optimal Thr-348 autophosphorylation in the absence of Ca
2+

 by increasing the 

CaM concentration to 250 µM which is saturating under these conditions.  These results 

suggest that the role of Ca
2+

 is to enhance CaM binding.  However, since there is a slight 

increase in rate with Ca
2+

 alone, there could potentially be a Ca
2+

-binding site on eEF-2K 

that allows it to bind in the absence of CaM.  It must also be pointed out here that the first 

time point is at 15 s, where as rapid quench data are collected on a much smaller time 

scale.  Thus, while 250 µM CaM appears to be optimal for autophosphorylation at Thr-

348 in the absence of Ca
2+

, data needs to be collected at earlier time points to confirm 

this.   

The considerable change in rate of Thr-348 autophosphorylation when Ca
2+

/CaM 

binds eEF-2K could be due to an enhancement in the binding affinity for MgATP (K-type 

effect), the overall catalytic rate (V-type effect) or both.  To determine this, we performed 

a dose-response curve for MgATP in the presence or absence of 2 µM CaM and 50 µM 

free Ca
2+

 (Figure 4.S1).  The data were fit to equation 4.2 to determine the app

aK  for 

MgATP as well as the 
app

maxV .  It is clear that under the conditions tested, Ca
2+

/CaM has a 

greater effect on 
app

maxV  with an ~ 4,500-fold enhancement in 
app

catk , and interestingly an 8-



124 

fold decrease in app

aK .  These results suggest that Ca
2+

/CaM could be acting as a 

‘regulatory switch’, where upon binding to eEF-2K it enhances the catalytic rate of the 

enzyme, a common theme observed in protein kinases 
(172)

.   

 

4.4.2. Effect of Thr-348 Autophosphorylation on Calmodulin Binding   

Autophosphorylation is known to increase kinase activity for CaMK-II through 

enhanced binding of CaM also known as ‘CaM-trapping’ 
(80, 173)

.  Here we examined the 

effect of Thr-348 autophosphorylation on CaM binding by utilizing a fluorescently 

labeled form of CaM, CaM(C75)IAE, where the IAEDANS label is attached to Cys-75, to 

determine its affinity for various forms of eEF-2K by fluorescence 
(170)

.  After 

determining that CaM(C75)IAE had the same affinity for eEF-2K WT as non-labeled CaM 

(Figure 4.S2), we measured how the binding of eEF-2K influenced the fluorescent 

properties of the labeled CaM.  Figure 4.2A shows the steady-state fluorescence emission 

spectra for 25 nM CaM(C75)IAE in the presence or absence of 50 µM Ca
2+

, as well as 

with the addition of 1 µM eEF-2K.  Upon addition of Ca
2+

, there is a slight blue shift in 

the spectra with a 20% increase in maximal intensity.  Once eEF-2K is added to the 

reaction, there is a further blue shift in the spectra along with a greater increase in the 

maximal intensity.  It was then important to show that the change in the fluorescence 

upon the addition of eEF-2K occurred in a dose-dependent manner.  Figure 4.2B shows 

that there is indeed a dose-dependent change in the emission spectra.  For further 

experiments, the change in fluorescence at 470 nm was used to measure the binding 

affinity of CaM to eEF-2K.   
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To determine the effect of Thr-348 autophosphorylation on CaM binding to eEF-

2K, several forms of eEF-2K were utilized.  Even though E. coli is known to lack CaM, 

we found that recombinant eEF-2K expressed in E. coli already had at least 80% of Thr-

348 phosphorylated when purified from bacteria (Figure 4.S3A).  By co-expressing eEF-

2K with λ-phosphatase, followed by treatment with λ-phosphatase during purification, we 

were able to significantly decrease the level of Thr-348 phosphorylation to less than 1% 

(Figure 4.S3A).  Dose-response curves for CaM were performed for both phosphorylated 

and non-phosphorylated forms of eEF-2K WT, as well as eEF-2K T348A (Figure 4.2C).  

eEF-2K WT without Thr-348 autophosphorylated (WT) has the highest affinity for CaM 

with app

cK  = 24 ± 5 nM, while eEF-2K WT autophosphorylated at Thr-348 (p-WT
Thr-348

) 

shows a 3.3-fold decrease in affinity ( app

cK  = 78 ± 8 nM).  eEF-2K T348A shows an even 

weaker binding affinity for CaM with app

cK  = 225 ± 49 nM.  These results suggest that 

autophosphorylation of Thr-348 on eEF-2K does not enhance CaM binding, which is 

unlike what is seen with CaMK-II.  The binding affinity for CaM was also determined 

using a kinetic assay, and the app

cK  values are similar for eEF-2K WT and T348A (Figure 

4.2D and Table 4.1).   

 

4.4.3. Role of the Phosphate-Binding Pocket in the Activation of eEF-2K   

Activation of MHCK A, another atypical kinase similar to eEF-2K, occurs 

through binding of a phosphorylated threonine to a distinct phosphate-binding pocket 
(50)

.  

In order to identify whether or not eEF-2K could contain a similar binding pocket, the 
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two protein sequences were aligned.  It was determined that the three main residues 

identified to be required for activation in MHCK A are conserved in eEF-2K (Figure 

4.3A and 4.3B).  Since no crystal structure of eEF-2K has been determined, a homology 

model was created based on the sequence similarity between the catalytic domain of eEF-

2K and MHCK A.  Figure 4.3C shows the homology model for the catalytic subunit of 

eEF-2K with Lys-205, Arg-252 and Thr-254 highlighted in cyan.  This region is in close 

proximity to the G-loop (yellow) and the hinge region (magenta) of the ATP binding 

motif, so it is likely that once the Thr-348 becomes phosphorylated, it could move and 

occupy the phosphate-binding pocket.   

To investigate the role of the residues within the potential phosphate-binding 

pocket, each was mutated to an alanine to generate eEF-2K K205A, R252A and T254A 

mutants.  First we measured the rate of Thr-348 autophosphorylation (Figure 4.4A) and 

the activity against the peptide (Figure 4.4B) for each eEF-2K mutant.  It is clear that the 

rate of Thr-348 autophosphorylation was not affected at 15 s, while activity against the 

peptide substrate was diminished, although to varying extents for the different mutants.  

We then asked if the change in activity against the peptide substrate was due to a change 

in CaM binding, and addressed this using CaM(C75)IAE (Figure 4.4C).  None of the 

mutations caused a significant weakening in CaM binding, with T254A having a slightly 

weaker affinity than WT ( app

cK  = 77 ± 9 nM), and K205A and R252A showing slight 

enhancement in CaM affinity ( app

cK  = 10 ± 3 nM and 12 ± 1 nM respectively).   

The next step in determining if a phosphate-binding pocket is involved in the 

mechanism of activation by Thr-348 autophosphorylation, was to perform a phosphate-
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rescue experiment in which we titrated in KH2PO4 (0-10 mM) and measured the activity 

of eEF-2K T348A against the peptide substrate (Figure 4.4D).  We were able to enhance 

the activity of eEF-2K T348A ~ 2.4-fold.  Even though this change is small, it is dose-

dependent, which suggests a phosphate can occupy the site.  To confirm that the pocket 

involved in the rescue was the one we identified as the phosphate-binding pocket, we 

generated the double mutants K205A/T348A, R252A/T348A and T254A/T348A, and 

then measured the ability of 10 mM KH2PO4 to rescue their activities (Figure 4.4E).  It 

appears that 10 mM KH2PO4 is unable to rescue the double mutants to the same extent as 

T348A.  This suggests that these residues are involved in the rescue of T348A activity by 

a phosphate, and potentially could be involved in the interaction with a phosphorylated 

residue – in this case phosphorylated Thr-348.   

 

4.4.4. Phosphorylation of Thr-348 in Cells   

Apart from the large scale mapping of phosphorylation sites in cells by mass 

spectrometry, phosphorylation of Thr-348 has not been detected on endogenously 

expressed eEF-2K.  In order to detect the incorporation of phosphate at Thr-348 and its 

effect on activity, the non-tumorigenic breast epithelial cell line MCF-10A was 

stimulated with 400 µM H2O2 for 1 h, 5 µM ionomycin for 5 min or 25 mM 2-DOG (in 

the presence of low glucose) for 30 min.  Stimulation of the cells resulted in an increase 

in phosphate at Thr-348 (Figure 4.5A), as detected by Western blotting using a phospho-

specific antibody that detects eEF-2K only when phosphorylated at Thr-348.  

Interestingly, increased phospho-Thr-348 on eEF-2K correlates with a corresponding 
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increase in phospho-Thr-56 levels on eEF-2 (Figure 4.5A), indicating a possible link 

between phosphorylation of eEF-2K on Thr-348 and the activity of the kinase in cells.  

Similar results were obtained when the breast cancer cell line MDA-MB-231 and 

pancreatic cancer cell line MIA PaCa-2 were used (Figure 4.S3B and 4.S3C).   

To further confirm the importance of Thr-348 phosphorylation for activity of the 

kinase, MCF-10A cells having both alleles of the eEF-2K gene knocked out (KO MCF-

10A (eEF-2K–/–)) were obtained from Sigma-Aldrich, and used for analysis of various 

eEF-2K mutants.  Since eEF-2K is the only kinase known to phosphorylate eEF-2 at Thr-

56, the level of phosphorylation at this site was used as readout of the kinase activity of 

various eEF-2K mutants.  Cells were transfected with vectors containing the genes 

encoding eEF-2K WT or T348A as described under ‘4.3. Materials and Methods’, and 

allowed to express for 48 h.  Using Western blotting, cell lysates were probed for 

phosphorylation of eEF-2 on Thr-56 (Figure 4.5B and 4.S3D).  The levels of expression 

of eEF-2, eEF-2K and Actin were also assessed.  Normalized levels of phospho-eEF-2 

(Thr-56) were calculated (Figure 4.5C) as described under ‘4.3. Materials and Methods’, 

taking into account differences in eEF-2K expression levels due to variations in 

transfection, as well as background phospho-eEF-2 (Thr-56) levels due to non-specific 

binding of the antibody.  Results indicate that under basal conditions (no stimulation) the 

T348A mutant possesses ~ 17% of the WT activity.  Apart from phosphorylating eEF-2 

at Thr-56, eEF-2K has been shown to phosphorylate it at Thr-58 as well.  And hence, to 

verify the results, an antibody that detects eEF-2 when phosphorylated at both Thr-56 and 

Thr-58 was used.  Results obtained suggest that under basal conditions the T348A mutant 
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possesses ~ 21% of the WT activity (Figure 4.S3E), which is similar to the value 

determined by using the antibody that recognizes eEF-2 when only phosphorylated at 

Thr-56.   

To validate the decrease in activity seen with T348A in cells, we utilized a 

fluorescence assay employing a SOX-peptide that interacts with eEF-2K 
(171)

.  The 

peptide is added to the cell lysate along with CaM, Ca
2+

 and MgATP, and upon 

phosphorylation by cellular eEF-2K, it emits fluorescence.  This change of fluorescence 

can be monitored over time to determine the activity of eEF-2K.  The assay was 

performed using lysate from the KO MCF-10A (eEF-2K–/–) cells, as well as those from 

KO cells transfected with either WT or T348A eEF-2K.  Results indicate that T348A 

shows ~ 6% activity compared to WT (Figure 4.5D).  The decrease in activity of eEF-2K 

T348A measured in the cell lysates using both techniques is similar to what is seen in 

vitro (5%) (Figure 4.1A), affirming the physiological importance of phosphorylation at 

Thr-348.   

Analysis of the phosphate-binding pocket mutants in cells was also performed to 

verify the results obtained in vitro using the recombinant kinase.  KO MCF-10A (eEF-

2K–/–) cells were transfected with eEF-2K K205A, R252A and T254A as described 

under ‘4.3. Materials and Methods’, and allowed to express for 48 h.  Using Western 

blotting, cell lysates were probed for phosphorylation of eEF-2 on Thr-56 (Figure 4.5E).  

The levels of expression of eEF-2, eEF-2K and Actin were also assessed.  Normalized 

levels of phospho-eEF-2 (Thr-56) (Figure 4.5F) indicate that, similar to T348A, the 

phosphate-binding pocket mutants K205A, R252A and T254A possess decreased activity 
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compared to WT under basal conditions (~ 40%, ~ 30% and ~ 28% respectively).  These 

data further enhance the proposition that Lys-205, Arg-252 and Thr-254 form a 

phosphate-binding pocket that enables phospho-Thr-348 binding, which in turn permits 

maximal activation of eEF-2K.   

 

4.4.5. Requirement of Phosphorylation of Thr-348 for eEF-2K Activity in Cells   

To study the necessity of Thr-348 phosphorylation for activity upon stimulation in 

cells, KO MCF-10A (eEF-2K–/–) cells were transfected with eEF-2K WT or T348A as 

described under ‘4.3. Materials and Methods’, and allowed to express for 48 h.  Cells 

were then stimulated with 25 mM 2-DOG for 30 min (in the presence of low glucose), 

400 µM H2O2 for 1 h, 5 µM ionomycin for 5 min, or starvation (DPBS) for 6 h.  Using 

Western blotting, cell lysates were probed for phosphorylation of eEF-2 on Thr-56 

(Figure 4.6A, 4.6B and 4.S4A).  The levels of expression of eEF-2, eEF-2K and Actin 

were also assessed.  Data were plotted as the fold-change in normalized levels of 

phospho-eEF-2 (Thr-56) as compared to the untreated wild type transfected cells.  When 

cultured in media containing low glucose, stimulation with 25 mM 2-DOG for 30 min 

resulted in an 8.2-fold and an 8.6-fold increase in WT and T348A activity respectively 

(Figure 4.6C and 4.6E).  Exposure to 400 µM H2O2 for 1 h resulted in a 7.1-fold and an 

8.3-fold increase in WT and T348A activity respectively (Figure 4.6D and 4.6E).  

Treatment with 5 µM ionomycin for 5 min resulted in a 9.2-fold and a 9.1-fold increase 

in WT and T348A activity respectively (Figure 4.S4B and 4.6E).  And, starvation with 

DPBS for 6 h caused a 7.2-fold and an 8.0-fold increase in WT and T348A activity 
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respectively (Figure 4.S4B and 4.6E).  Thus surprisingly, eEF-2K T348A exhibited 

increased activity under all stimuli tested, with a fold-change increase in activity very 

similar to that of the WT upon stimulation (Figure 4.6E).  This indicates that, for the 

various stimuli tested, phosphorylation at Thr-348 does not play a significant role in the 

mechanism of activation by the particular stimulus.  However, interestingly, the fold 

difference between eEF-2K WT and T348A activity upon the various stimuli remains 

very similar to that under the basal non-stimulated conditions (basal: 5.4-fold; 2-DOG: 

5.2-fold; H2O2: 6.2-fold; ionomycin: 5.2-fold; and starvation: 4.7-fold) (Figure 4.6F).  

This suggests that phosphorylation of Thr-348 could act as a ‘switch’ to increase kinase 

activity by ~ 5-fold when required.  This maximal activity (‘switch on’) could possibly be 

achieved allosterically through interaction of phospho-Thr-348 with the putative 

phosphate-binding pocket.   

 

4.5. DISCUSSION 

Autophosphorylation is a common mechanism employed by protein kinases to 

activate or inhibit kinase activity.  Conversely, not all autophosphorylation events have 

an effect on modulating kinase activity.  There are various mechanisms by which 

autophosphorylation can be used to regulate the activity of a protein kinase.  These 

include, but are not limited to, an alteration in the rate of autophosphorylation through 

effects of regulatory ligands, a change in substrate or regulatory ligand recognition or 

affinity after autophosphorylation, as well as autophosphorylation-induced changes in 

specificity for various exogenous substrates 
(174)

.  Previous studies have shown that eEF-
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2K is autophosphorylated on multiple sites, and that autophosphorylation at one site in 

particular, Thr-348, is required for optimal catalytic activity 
(42, 49)

.  However, the 

mechanism of how Thr-348 autophosphorylation activates eEF-2K has not been analyzed 

in great detail.  In this study, we examine the details of Thr-348 autophosphorylation and 

the mechanism by which this event enhances the overall catalytic activity of eEF-2K, 

both in vitro as well as in cells.   

We first demonstrate that Thr-348 autophosphorylation of eEF-2K occurs very 

rapidly.  We used rapid quench kinetics and Western blotting analysis to determine that 

80% of the kinase is autophosphorylated at Thr-348 within 1 s, which correlates to a rate 

constant of 2.6 ± 0.3 s
-1

.  Very few autophosphorylation events have been studied on the 

ms to s time scale.  Examples include the receptor tyrosine kinases, epidermal growth 

factor receptor (EGFR) and fibroblast growth factor receptor 1 (FGFR1) 
(175, 176)

.  These 

receptors become autophosphorylated at multiple sites and these autophosphorylation 

events are required for regulation of catalytic activity as well as the initiation of 

downstream signaling events.  These autophosphorylation events occur via an 

intermolecular, trans mechanism initiated by dimerization, which is unlike eEF-2K where 

autophosphorylation occurs within a monomer via an intramolecular mechanism.  In the 

case of FGFR1, the first autophosphorylation event occurs at a rate of 0.05 s
-1

 with each 

subsequent event occurring at an increasingly slower rate.  EGFR autophosphorylation on 

the other hand starts out at 0.007 s
-1

 and increases with the last site being phosphorylated 

at a rate of 0.055 s
-1

.  These rates are ~ 50-fold slower than Thr-348 autophosphorylation 

in eEF-2K.  It is thought that intramolecular autophosphorylation reactions are more 
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efficient and are tightly controlled at the level of individual molecules, which could be 

the reason that the rate of autophosphorylation is quicker in eEF-2K 
(177)

.   

To establish the mechanism of Thr-348 autophosphorylation, it was important to 

determine the relationship between autophosphorylation and the binding of Ca
2+

/CaM.  

Our results suggest that eEF-2K requires both Ca
2+

 and CaM to stimulate rapid 

autophosphorylation at Thr-348; however, CaM can bind eEF-2K in the absence of Ca
2+

, 

but with greatly reduced affinity.  In mammalian tissue, cellular CaM can range from 2-

25 µM and is greatly dependent on the type of tissue 
(78)

.  In intact HEK-293 cells it was 

found that the resting [CaM] is 8.8 ± 2.2 µM, with the free concentration of Ca
2+

-bound 

CaM falling in the nanomolar range when there is an increase in Ca
2+

 levels 
(79)

.  It is also 

important to mention that free Ca
2+

 in the cell is buffered, with resting concentrations 

around 100 nM.  And upon influx, Ca
2+

 ions are only allowed to move ~ 10-50 nm into 

the cell from the point of entry 
(178-180)

.  This makes the localization of both CaM and 

eEF-2K important for rapid autophosphorylation of Thr-348 and activation of eEF-2K.   

Another important feature of eEF-2K is that autophosphorylation of Thr-348 does 

not have a large effect on CaM binding, unlike what is observed with CaMK-II.  Like 

eEF-2K, CaMK-II is activated by the binding of Ca
2+

/CaM, which allows for the 

autophosphorylation of a specific residue, Thr-286 
(181)

.  Once autophosphorylated on 

Thr-286, the binding affinity for Ca
2+

/CaM is enhanced > 1,000-fold, and occurs through 

a phenomenon known as ‘CaM-trapping’ 
(80)

.  The mechanism of CaM-trapping has been 

studied in great detail and appears to occur due to a large conformational change in 

CaMK-II.  This allows for tighter binding of Ca
2+

/CaM as well as gives CaMK-II 
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autonomous activity, permitting it to stay active once cellular concentrations of Ca
2+

 

decrease 
(170, 173, 182)

.  Binding of Ca
2+

/CaM to CaMK-II allows the active site to become 

accessible and Thr-286 autophosphorylation to occur.  Together these events open up the 

substrate binding site allowing for enhanced activity of CaMK-II.  This doesn’t appear to 

be the case for eEF-2K, since MgATP can bind with similar affinity in the presence or 

absence of Ca
2+

/CaM, suggesting that a different mechanism could be responsible for the 

active site already being accessible.   

MHCK A, like eEF-2K, requires autophosphorylation to be active 
(50)

.  Upon 

autophosphorylation at Thr-825, MHCK A is activated through a conformational change 

induced by binding of the phosphorylated Thr-825 to a phosphate-binding pocket.  This 

allosteric mechanism is thought to activate the kinase.  Sequence alignment and a 

homology model of eEF-2K indicate that the residues that make up the phosphate-

binding pocket of MHCK A are conserved in eEF-2K.  Mutagenesis of these conserved 

residues in eEF-2K diminished the catalytic rate against the peptide substrate indicating 

that eEF-2K is activated via a similar mechanism.  In the absence of phosphorylated Thr-

825, phosphate was able to rescue the activity of MHCK A ~ 4-fold with a binding 

affinity of 440 µM.  In the case of eEF-2K, phosphate rescue was ~ 2.4-fold, and the 

affinity was not as tight, with a binding affinity of 1.3 ± 0.2 mM.  Based on the homology 

model, there are variations in several residues surrounding the phosphate-binding pocket 

of eEF-2K compared to MHCK A, which could cause a weaker binding of phosphate.  

However, it does appear that this pocket is involved in the rescue by phosphate, since the 



135 

double mutants, containing both T348A and each of the phosphate-binding pocket 

mutants, are not able to show the same amount of rescue.   

Thus, we propose the following two-step model for the activation of eEF-2K by 

CaM and autophosphorylation (Scheme 4.2).  The first step involves the binding of CaM, 

which induces a conformational change in the kinase.  This then permits the second step, 

which involves the autophosphorylation of eEF-2K at Thr-348.  This second step is also 

accompanied by a conformational change brought about by the allosteric interaction of 

the phosphorylated threonine with a putative phosphate-binding pocket.  Together, these 

events put eEF-2K into a conformation that allows for substrate phosphorylation.  The 

presence of Ca
2+

 enhances this entire process several fold.  All the data together also 

allows us to predict a mechanism where upon binding of Ca
2+

/CaM, the activation loop is 

allowed access to the active site, which promotes Thr-348 autophosphorylation (Scheme 

4.3).  The resulting binding event involving autophosphorylated Thr-348 and the 

phosphate-binding pocket then puts eEF-2K in a conformation that has a higher activity, 

potentially through opening up the active site.  This permits substrate phosphorylation, 

either the peptide or eEF-2.  Our studies indicate that this mechanism is also valid in 

cells.   

Regulation of protein synthesis in cells is mainly thought to occur at the initiation 

phase, where Cap-dependent and IRES-mediated mechanisms of translation initiation are 

modulated through the mTOR pathway.  Regulation of translation at the elongation phase 

has not been studied in great detail.  It has been suggested that a global decrease in 

elongation may increase the availability of protein translation factors, thereby permitting 



136 

translation initiation of certain transcripts that are poorly initiated under basal conditions 

(183-185)
.  This sort of regulation would be dependent on a transient inhibition of the 

elongation phase of protein synthesis.  Interestingly, several studies have shown that 

while eEF-2K down-regulates global protein synthesis, certain transcripts such as 

Arc/Arg3.1 and CaMK-II are differentially translated 
(31, 33)

.  Alternatively, based on 

varying half-lives of proteins, Rosenwald et al. have suggested a different mechanism of 

regulating protein expression 
(143)

.  They have shown that the transient inhibition of 

protein synthesis induces the expression of certain proto-oncogenes, possibly through the 

elimination of short-lived negative growth regulators 
(143)

.  Thus, in all the above 

mentioned cases, cellular levels of phosphorylated eEF-2 may be critical in determining 

which transcripts are translated.  Treatment of cells with various stimuli indicates an 

increase in the Thr-348 phosphorylation on eEF-2K, with a concomitant increase in 

phosphorylated eEF-2.  This suggests that Thr-348 is not constitutively phosphorylated 

under basal conditions, and is a dynamic site available for modulation.  Hence, 

phosphorylation of Thr-348 could act as a ‘switch’ (possibly through its allosteric 

interaction with the putative phosphate-binding pocket) to increase kinase activity against 

eEF-2 by ~ 5-fold when desired.  In this way, to permit differential translation, levels of 

phosphorylated Thr-348 could be controlled either by increasing the rate of incorporation 

through activation, or decreasing levels through dephosphorylation by phosphatases.   

 

4.6. CONCLUSION 
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The appropriate control of protein translation is essential for maintaining cellular 

integrity in response to changes in the cellular environment.  Control of elongation 

through the inhibitory activity of eEF-2K on eEF-2 allows for regulation of translational 

flux at the elongation stage of protein synthesis 
(7, 8, 18, 19, 22)

.  eEF-2K integrates signals 

from Ca
2+

, CaM and multiple upstream kinases.  Subconfluent cells in culture maintain 

eEF-2K in a relatively suppressed state by signaling from mTOR (to phosphorylate Ser-

78 and Ser-366) and ERK (to phosphorylate Ser-366) 
(60, 61, 85)

.  While Ca
2+

 transients can 

stimulate eEF-2K within seconds, its activity can also be suppressed by CDK1 during the 

cell cycle (via phosphorylation of Ser-359) 
(87)

, and p38 isoforms during certain cell 

stresses 
(59, 61)

, even when Ca
2+

 levels are elevated.  Increased eEF-2K activity is also 

associated with elevated PKA and AMPK activity, which can phosphorylate eEF-2K on 

Ser-500 
(58)

 and Ser-398 
(62)

 respectively.  Understanding how these various signals 

integrate to control the activity of eEF-2K is unclear and requires delineation of the 

underlying mechanisms.  Here we reveal that unmodified eEF-2K is activated through a 

sequential process initiated by the binding of CaM.  We demonstrate that rapid 

autophosphorylation of Thr-348, which lies within a putative loop immediately C-

terminal to the catalytic domain, leads to allosteric stimulation of CaM bound eEF-2K 

through relocation of phospho-Thr-348 to a pocket on the catalytic domain.  While 

phosphorylation of Thr-348 appears to correlate with eEF-2 phosphorylation in cells, it 

has potential to be modulated independently of CaM binding, potentially providing a 

second tier of dynamic control.  Autophosphorylation can be stimulated by CaM as well 

as apo-CaM, suggesting that eEF-2K may be activated through both Ca
2+

-dependent and 
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Ca
2+

-independent mechanisms.  These studies provide an experimental and theoretical 

framework from which to begin to elucidate the complex mechanisms of eEF-2K 

regulation.   
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Table 4.1. In vitro kinetic parameters for various forms of eEF-2K 

eEF-2K
a app

obsk  (s
-1

)
b
 app

aK  (µM)
c app

caK  (nM)
c app

cbK  (nM)
d 

WT
 

n.d.
e
 n.d. n.d. 24 ± 5 

p-WT
Thr-348 

19.0 ± 1.0 66 ± 1 66 ± 2 78 ± 8 

T348A 1.0 ± 0.2 59 ± 2 491 ± 13 225 ± 49 

K205A 3.3 ± 0.1 n.d. n.d. 10 ± 3 

R252A 6.5 ± 0.5 n.d. n.d. 12 ± 1 

T254A 1.8 ± 0.2 n.d. n.d. 77 ± 9 

a
WT and all eEF-2K mutants were co-expressed with λ-phosphatase, and 

subsequently treated with λ-phosphatase during purification, to yield a form of the 

kinase with minimal amount of phosphate at Thr-348 (< 1%).  p-WT
Thr-348

 was neither 

co-expressed nor treated with λ-phosphatase, and contains > 80% phosphorylation at 

Thr-348.  
b app

obsk  determined against 150 μM peptide substrate in the presence of 2 μM 

CaM, 50 μM free Ca
2+

 and 1 mM MgATP.  
c app

aK  and app

caK  determined against 

peptide substrate.  
d app

cbK  determined by fluorescence following binding of IAEDANS-

CaM to various forms of eEF-2K.  
e
Not determined.  The parameters are defined as 

follows: 
app

obsk , apparent rate constant; app

aK , apparent MgATP concentration required 

to achieve half maximal activity; app

caK , apparent CaM concentration required to 

achieve half maximal activity; and app

cbK , apparent eEF-2K concentration required to 

achieve half CaM-binding.   
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Figure 4.1. Autophosphorylation of Thr-348 is rapid and regulates eEF-2K activity. (A) Activity of 

eEF-2K was determined by assaying 2 nM enzyme against 150 µM peptide substrate in the presence of 2 

μM CaM, 50 μM free Ca
2+

 and MgATP as described under ‘4.3. Materials and Methods’.  Kinase activity 

was determined by measuring the rate of phosphorylation of the peptide (μM.s
-1

), and reported as the 

percentage of WT activity.  The assays were performed in triplicate and error bars represent the standard 

deviation.  (B) Rapid quench analysis was utilized to measure the rate of Thr-348 autophosphorylation on 

the ms timescale.  eEF-2K (100 nM) was pre-incubated with 2 µM CaM and 50 µM free Ca
2+

, and the 

reaction was begun by rapid addition of 1 mM ATP as described under ‘4.3. Materials and Methods’.  The 

reaction was quenched at various time points (0-2 s) with 50 mM EDTA and 10 mM EGTA, and heated 

immediately with SDS-PAGE sample loading buffer.  The samples were then analyzed by Western blotting 

with a phospho-specific antibody for Thr-348 as described under ‘4.3. Materials and Methods’.  Western 

blots were quantified using ImageJ, and data then plotted as the percent phosphorylation of Thr-348 as a 

function of autophosphorylation time.  Experiments were performed in triplicate, and error bars represent 

the standard deviation.  (C) The rate of phosphate incorporation at Thr-348 for eEF-2K WT under varying 

CaM and Ca
2+

 conditions was determined.  Assays were performed using 100 nM eEF-2K ± 2/250 µM 

CaM and ± 50 µM free Ca
2+

 (as indicated), and MgATP as described under ‘4.3. Materials and Methods’.  

EGTA (2.5 mM) was added to all assays conducted in the absence of Ca
2+

.  At the indicated times (0-600 

s), 25 ng of eEF-2K were removed and the reaction quenched with hot SDS-PAGE sample loading buffer.  

The samples were then analyzed by Western blotting with a phospho-specific antibody for Thr-348 as 

described under ‘4.3. Materials and Methods’.    

A B 

C 
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Figure 4.2. Analysis of the effect of Thr-348 autophosphorylation on calmodulin binding using 

fluorescence. (A) Normalized fluorescence emission spectra of 25 nM IAEDANS-CaM ± 50 µM free Ca
2+

 

and ± 1 µM eEF-2K as indicated.  IAEDANS-CaM was excited at 345 nm and the emission spectra taken 

from 400-600 nm with both the excitation and emission slits at 3 nm.  Spectra were corrected for changes 

in volume and noise measured at 590 nm.  (B) Changes in the fluorescence emission spectra of IAEDANS-

CaM as a function of eEF-2K concentration.  eEF-2K was titrated into a cuvette containing 25 nM 

IAEDANS-CaM and 50 µM free Ca
2+

, and the emission spectra measured and analyzed as described in (A).  

(C) Dose-dependence assays measuring interaction between eEF-2K and IAEDANS-CaM.  The 

fluorescence intensity of 25 nM IAEDANS-CaM at 470 nm was measured at various concentrations of 

eEF-2K (0-1 µM) in the presence of 50 µM free Ca
2+

.  Continuous readings were taken until the s.e.m. was 

less than 1%.  The fraction of CaM bound was calculated as described under ‘4.3. Materials and Methods’, 

and plotted as a function of [eEF-2K].  Data were fit to equation 4.5 using the following parameters: red 

circles (●), WT without phospho-Thr-348 ( app

c
K  = 0.024 ± 0.005 µM); blue squares (■), WT with phospho-

Thr-348 ( app

c
K  = 0.078 ± 0.008 µM); and green diamonds (♦), T348A ( app

c
K  = 0.225 ± 0.049 µM).  (D) 

CaM dependence assays were performed with 0.5 nM eEF-2K WT and 0-1 µM CaM, or 20 nM eEF-2K 

T348A and 0-10 µM CaM.  Assays were performed against 150 µM peptide substrate in the presence of 50 

µM free Ca
2+

 and initiated with 1 mM [-
32

P]ATP as described under ‘4.3. Materials and Methods’.  Kinase 

activity was determined by measuring the rate of phosphorylation of the peptide (μM.s
-1

).  Data was 

converted to the fractional activity of the respective maximal 
app

obs
k  values of each curve, and plotted as a 

function of CaM concentration.  Data were fit to equation 4.2 using the following parameters: red circles 

(●), WT ( app

c
K  = 0.066 ± 0.002 µM); and blue squares (■), T348A ( app

c
K  = 0.491 ± 0.013 µM).    

A B 

D C 
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Figure 4.3. Identification of a potential phosphate-binding pocket in eEF-2K. (A) Sequence 

comparison between eEF-2K from Homo sapiens and MHCK A from Dictyostelium discoideum.  Residues 

located within the proposed phosphate-binding pocket are highlighted in red.  (B) Primary sequence 

alignment of eEF-2K with residues in the phosphate-binding pocket, catalytic loop and C-tail of MHCK A.  

Through x-ray crystallography studies, Crawley et al. have shown that the residues Lys-684, Arg-734, Thr-

736 and Asp-762 form electrostatic interactions with the phosphate molecule, and are critical for the 

activity of MHCK A 
(50)

.  The corresponding conserved residues in eEF-2K have been highlighted in red 

(Lys-205, Arg-252, Thr-254 and Asp-280).  (C) Homology model of the catalytic subunit of eEF-2K 

(based on the catalytic domains of MHCK A and TRPM7) with phosphate-binding pocket residues (cyan), 

and the G-loop (yellow) and hinge region (magenta) of the ATP binding region.    

A 

B 

C 
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Figure 4.4. The mechanism of activation of eEF-2K by autophosphorylation of Thr-348 in vitro 

involves the putative phosphate-binding pocket.    

A 

B C 

E D 
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Figure 4.4. The mechanism of activation of eEF-2K by autophosphorylation of Thr-348 in vitro 

involves the putative phosphate-binding pocket. (A) The rate of phosphate incorporation at Thr-348 for 

the eEF-2K phosphate-binding pocket mutants (K205A, R252A and T254A) was determined and compared 

to WT.  Assays were performed using 100 nM eEF-2K in the presence of 2 μM CaM, 50 μM free Ca
2+

 and 

MgATP as described under ‘4.3. Materials and Methods’.  At the indicated times (0-60 s), 25 ng of eEF-2K 

were removed and the reaction quenched with hot SDS-PAGE sample loading buffer.  The samples were 

then analyzed by Western blotting with a phospho-specific antibody for Thr-348 as described under ‘4.3. 

Materials and Methods’.  (B)  Activity of the phosphate-binding pocket mutants was determined by 

assaying 2 nM eEF-2K against 150 µM peptide substrate in the presence of 2 μM CaM, 50 μM free Ca
2+

 

and MgATP as described under ‘4.3. Materials and Methods’.  Kinase activity of the mutants was 

determined by measuring the rate of phosphorylation of the peptide (μM.s
-1

).  Activities of the mutants are 

reported as the percentage of the wild type activity.  The assays were performed in triplicate and error bars 

represent the standard deviation.  (C) Dose-dependence assays measuring interaction between eEF-2K 

phosphate-binding pocket mutants and IAEDANS-CaM.  The fluorescence intensity of 25 nM IAEDANS-

CaM at 470 nm was measured at various concentrations of eEF-2K (0-1 µM) in the presence of 50 µM free 

Ca
2+

.  Continuous readings were taken until the s.e.m. was less than 1%.  The fraction of CaM bound was 

calculated as described under ‘4.3. Materials and Methods’, and plotted as a function of [eEF-2K].  Data 

were fit to equation 4.5 using the following parameters: red circles (●), WT ( app

c
K  = 0.024 ± 0.005 µM); 

blue squares (■), K205A ( app

c
K  = 0.010 ± 0.003 µM); green diamonds (♦), R252A ( app

c
K  = 0.012 ± 0.001 

µM); and black triangles (▲), T254A ( app

c
K  = 0.077 ± 0.009 µM).  (D) Rescue of the kinase activity of 

eEF-2K T348A by phosphate.  Phosphate dependence assays were performed with 25 nM eEF-2K T348A 

and varying concentrations of KH2PO4 (0-10 mM) against 150 µM peptide substrate in the presence of 2 

μM CaM, 50 µM free Ca
2+

 and MgATP as described under ‘4.3. Materials and Methods’.  Kinase activity 

was determined by measuring the rate of phosphorylation of the peptide (μM.s
-1

).  Data was converted to 

the fold-change in eEF-2K T348A activity, and plotted as a function of KH2PO4 concentration.  Data were 

fit to equation 4.3, where app

c
K  = 1.3 ± 0.2 mM.  (E) The assay described in (D) was performed with the 

double mutants containing T348A along with each of the phosphate-binding pocket mutations 

(K205A/T348A, R252A/T348A and T254A/T348A).  Assays were performed with 25 nM eEF-2K at 0 and 

10 mM KH2PO4.  Data was plotted as the fold-change in eEF-2K activity for each of the mutants.  The 

experiments were performed in triplicate, and error bars represent the standard deviation.   
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Figure 4.5. Activity of eEF-2K in cells is dependent upon Thr-348 phosphorylation and the 

phosphate-binding pocket.    

A 

B 

C 

E 

D 
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Figure 4.5. Activity of eEF-2K in cells is dependent upon Thr-348 phosphorylation and the 

phosphate-binding pocket. (A) MCF-10A non-tumorigenic breast epithelial cells were treated with 400 

µM H2O2 (1 h), 5 µM ionomycin (5 min) and 25 mM 2-DOG (30 min) along with the appropriate controls.  

Cell lysates were then analyzed by Western blotting using antibodies specific for phospho-eEF-2K (Thr-

348), eEF-2K, phospho-eEF-2 (Thr-56), eEF-2 and pan-Actin as described under ‘4.3. Materials and 

Methods’.  (B) Knockout MCF-10A (eEF-2K–/–) cells were transfected with a vector encoding either eEF-

2K WT or T348A mutant.  The cells were lysed after 48 h, and lysates were then analyzed by Western 

blotting using the indicated antibodies.  (C) Graphical representation of (B).  Western blots were quantified 

using ImageJ, and as described under ‘4.3. Materials and Methods’, data were reported as the fold-change 

in normalized levels of phospho-eEF-2 (Thr-56) as compared to the WT transfected cells.  The experiments 

were performed in triplicate, and error bars represent the standard deviation.  (D) Cell lysates from (B) 

were analyzed for eEF-2K activity by fluorescence using a SOX-peptide.  Cell lysates (80 µg of total 

protein) were assayed against 100 µM of the SOX-peptide in the presence of CaM, Ca
2+

 and MgATP as 

described under ‘4.3. Materials and Methods’.  The SOX-peptide was excited at 360 nm and emission was 

followed at 492 nm over 30 min at 10 s time intervals, using 1 nm emission and excitation slits and a 10 s 

integration time as described under ‘4.3. Materials and Methods’.  The rate of peptide phosphorylation was 

determined by fitting data with linear regression.  (E) Knockout MCF-10A (eEF-2K–/–) cells were 

transfected with a vector encoding eEF-2K WT, T348A, or the phosphate-binding pocket mutants K205A, 

R252A and T254A.  The cells were lysed after 48 h, and lysates were then analyzed by Western blotting 

using the indicated antibodies.  (F) Graphical representation of (E).  Western blots were quantified using 

ImageJ, and as described under ‘4.3. Materials and Methods’, data were reported as the fold-change in 

normalized levels of phospho-eEF-2 (Thr-56) as compared to the WT transfected cells.  The experiments 

were performed in triplicate, and error bars represent the standard deviation.   
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Figure 4.6. Thr-348 autophosphorylation is required for maximal activation of eEF-2K in cells.    

A B 

C 

E 

D 

F 
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Figure 4.6. Thr-348 autophosphorylation is required for maximal activation of eEF-2K in cells. (A-B) 

Knockout MCF-10A (eEF-2K–/–) cells were transfected with a vector encoding either eEF-2K WT or 

T348A.  After 48 h, cells were treated with either (A) 25 mM 2-DOG (30 min) or (B) 400 µM H2O2 (1 h) 

along with the appropriate controls.  Lysates were then analyzed by Western blotting using antibodies 

specific for eEF-2K, phospho-eEF-2 (Thr-56), eEF-2 and pan-Actin as described under ‘4.3. Materials and 

Methods’.  (C-D) Graphical representation of (A) and (B).  Western blots were quantified using ImageJ, 

and as described under ‘4.3. Materials and Methods’, data were reported as the fold-change in normalized 

levels of phospho-eEF-2 (Thr-56) as compared to the untreated WT transfected cells.  The experiments 

were performed in triplicate, and error bars represent the standard deviation.  (E) Graphical summary 

comparing the fold-change in eEF-2K WT and T348A mutant activity upon various stimuli – 25 mM 2-

DOG (30 min), 400 µM H2O2 (1 h), 5 µM ionomycin (5 min), and starvation with DPBS (6 h).  (F) 

Graphical summary of the fold-difference between eEF-2K WT and T348A activities under basal 

conditions, as well as upon the various indicated stimuli.  For (E) and (F), normalized phospho-eEF-2 (Thr-

56) was considered as a read-out for eEF-2K activity.   
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Scheme 4.1. Putative domains and regulatory regions in eEF-2K. Depiction of the structural layout of 

eEF-2K based on primary and secondary sequence prediction software (PSIPRED) 
(148)

.  The highlighted 

regions include the proposed Ca
2+

-binding site (purple), the CaM-binding region (red), the atypical kinase 

catalytic domain (green), and the C-terminal helical domain (dark blue) that contains three potential SEL1-

like helical repeats (cyan) based on the program SMART 
(55, 56)

.  The extreme C-terminal region (light blue) 

is known to be required for eEF-2 binding 
(48)

.  The residue numbers assigned to a domain or region are an 

estimate based on previous experimental studies and the prediction software 
(37, 38, 149)

.  Two key 

autophosphorylation events (at Thr-348 and Ser-500) are indicated by the yellow circles 
(42)

.   
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Scheme 4.2. Two-step model for the activation of eEF-2K by calmodulin and Thr-348 

autophosphorylation. The model consists of three states of the kinase, inactive E1 (eEF-2K), partially 

active E2 (eEF-2K•CaM) and fully active E3 (p-eEF-2K
Thr-348

•CaM).  The first step involves the binding of 

CaM, which induces a conformational change in the kinase.  This then permits the second step which 

involves the autophosphorylation at Thr-348, and is also accompanied by a conformational change through 

allosteric interaction of the phosphorylated threonine with a putative phosphate-binding pocket.  The 

presence of Ca
2+

 enhances this process several fold.  Transition from state E1 to E3 represents an ~ 4,500-

fold increase in catalytic activity against a substrate, with the transition from E2 to E3 responsible for a 5-

20-fold increase in activity.    
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Scheme 4.3. Model describing the proposed structural mechanism of activation of eEF-2K by 

calcium/calmodulin binding and Thr-348 autophosphorylation. The highlighted regions include the 

Ca
2+

/CaM binding domain (red helix), the atypical kinase catalytic domain (green) and the C-terminal 

helical domain (blue).  In the apo-form, eEF-2K is thought to have a potential inhibitory sequence (that lies 

just C-terminal to the Ca
2+

/CaM binding domain) bound in the active site (large dotted circle), with Thr-

348 (large black dot) located in close proximity.  Upon Ca
2+

/CaM binding, a conformational change occurs 

in the kinase, which displaces the inhibitory sequence from the active site, in turn permitting Thr-348 to 

bind.  Once bound, Thr-348 undergoes autophosphorylation (large yellow dot), and this is followed by a 

second conformational change when this phosphorylated threonine interacts with the phosphate-binding 

pocket (small dotted circle).  This conformation of eEF-2K, with Ca
2+

/CaM attached and phospho-Thr-348 

bound to the phosphate-binding pocket, represents the fully active form of the kinase that displays 

maximum amplitude of activity.   
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4.7. SUPPORTING INFORMATION 

 

Figure 4.S1. Effect of calcium/calmodulin on MgATP binding to eEF-2K. ATP dependence assays 

were performed with 1 nM eEF-2K (with Ca
2+

/CaM) or 100 nM eEF-2K (without Ca
2+

/CaM), and 0-1 mM 

[-
32

P]ATP.  Assays were performed against 150 µM peptide substrate, ± 2 µM CaM and ± 50 µM free 

Ca
2+

, as described under ‘4.3. Materials and Methods’.  Kinase activity was determined by measuring the 

rate of phosphorylation of the peptide (μM.s
-1

), and a graph of 
app

obs
k  (s

-1
) as a function of ATP concentration 

was plotted.  Data were fit to equation 4.2 using the following parameters: red circles (●), eEF-2K with 

Ca
2+

/CaM ( app

a
K  = 66 ± 1 µM and 

app

cat
k  = 21.6 ± 0.3 s

-1
); and blue squares (■), eEF-2K without Ca

2+
/CaM (

app

a
K  = 7.9 ± 0.5 µM and 

app

cat
k  = 0.005 ± 0.0001 s

-1
).    
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Figure 4.S2. Comparison between affinity of eEF-2K for WT and (C75)IAE calmodulin. CaM 

dependence assays were performed with 0.5 nM eEF-2K and 0-5 µM WT CaM, or 2 nM eEF-2K and 0-2 

µM (C75)IAE CaM.  Assays were performed against 150 µM peptide substrate in the presence of 50 µM 

free Ca
2+

 and initiated with 1 mM [-
32

P]ATP as described under ‘4.3. Materials and Methods’.  Kinase 

activity was determined by measuring the rate of phosphorylation of the peptide (μM.s
-1

).  Data was 

converted to the fractional activity of the respective maximal 
app

obs
k  values of each curve, and plotted as a 

function of CaM concentration.  Data were fit to equation 4.2 using the following parameters: red circles 

(●), WT CaM ( app

c
K  = 0.052 ± 0.003 µM); and blue squares (■), (C75)IAE CaM ( app

c
K  = 0.055 ± 0.002 

µM).   
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Figure 4.S3. Analysis of Thr-348 autophosphorylation in vitro and in cells. (A) Recombinant eEF-2K 

(± λ-phosphatase co-expression/treatment) was probed for the amount of phosphate incorporated at Thr-

348, and compared to eEF-2K that was allowed to autophosphorylate for 30 min in the presence of CaM, 

Ca
2+

 and MgATP.  eEF-2K samples (50 ng) were analyzed by Western blotting using the anti-phospho-

eEF-2K (Thr-348) antibody as described under ‘4.3. Materials and Methods’.  (B-C) MDA-MB-231 breast 

cancer cells (B), and MIA PaCa-2 pancreatic cancer cells (C) were treated with 400 µM H2O2 (1 h), 5 µM 

ionomycin (5 min) and 25 mM 2-DOG (30 min) along with the appropriate controls.  Cell lysates were then 

analyzed by Western blotting using antibodies specific for phospho-eEF-2K (Thr-348), eEF-2K, phospho-

eEF-2 (Thr-56), eEF-2 and pan-Actin as described under ‘4.3. Materials and Methods’.  (D) Knockout 

MCF-10A (eEF-2K–/–) cells were transfected with a vector encoding either eEF-2K WT or T348A mutant.  

The cells were lysed after 48 h, and lysates were then analyzed by Western blotting using the indicated 

antibodies.  (E) Lysates from (D) were probed with an antibody that recognizes eEF-2 only when 

phosphorylated at both Thr-56 and Thr-58.  Western blots were quantified using ImageJ, and as described 

under ‘4.3. Materials and Methods’, data were reported as the fold-change in normalized levels of pp-eEF-2 

(Thr-56/Thr-58) as compared to the WT transfected cells.    

A 

B C 

E 

D 
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Figure 4.S4. Effects of ionomycin and starvation on eEF-2K WT and T348A activity in cells. (A) 

Knockout MCF-10A (eEF-2K–/–) cells were transfected with a vector encoding either eEF-2K WT or 

T348A.  After 48 h, cells were treated with either 5 µM ionomycin (5 min) or starvation with DPBS (6 h), 

along with the appropriate controls.  Lysates were then analyzed by Western blotting using antibodies 

specific for eEF-2K, phospho-eEF-2 (Thr-56), eEF-2 and pan-Actin as described under ‘4.3. Materials and 

Methods’.  (B) Graphical representation of (A).  Western blots were quantified using ImageJ, and as 

described under ‘4.3. Materials and Methods’, data were reported as the fold-change in normalized levels 

of phospho-eEF-2 (Thr-56) as compared to the untreated WT transfected cells.  The experiments were 

performed in triplicate, and error bars represent the standard deviation.    

A 

B 
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Chapter 5: Phosphorylation of Ser-500 Enhances the Binding of 

Calmodulin to Elongation Factor 2 Kinase as well as the Rate of the 

Regulatory Thr-348 Autophosphorylation
‡‡

 

 

5.1. ABSTRACT 

In addition to the autophosphorylation stimulated by calcium and calmodulin 

(CaM), multisite phosphorylation by upstream kinases has been suggested to modulate 

elongation factor 2 kinase (eEF-2K) activity.  However, little is understood about the 

mechanism of regulation of eEF-2K activity by phosphorylation, and how Ca
2+

 and CaM 

contribute to this.  Recently, we identified Thr-348 and Ser-500 as Ca
2+

/CaM-stimulated 

autophosphorylation sites.  Additionally, protein kinase A (PKA) is known to activate 

eEF-2K through the phosphorylation of Ser-500.  Here, using both biochemical and 

cellular approaches, we investigate the mechanism through which phosphorylation at Ser-

500 controls eEF-2K activity, and describe the observed allosteric effects.  We observed 

that Ca
2+

/CaM-stimulated autophosphorylation of recombinant eEF-2K induces Ca
2+

-

independent kinase activity following the addition of EGTA.  We found that this effect 

involves the phosphorylation of Ser-500 and requires the binding of CaM, and could 

potentially permit the temporal regulation of eEF-2K activity.  Studies in cells also 

suggest that CaM binding is important for the regulation of eEF-2K activity when 

stimulated by 2-DOG, H2O2, ionomycin or starvation.  Mechanistic studies using the 

                                                 
‡‡

 Contributions to the work described in this chapter: Dr. Scarlett B. Ferguson (Analyzed eEF-2K S500D using 

rapid quench kinetics, and analyzed eEF-2K by fluorescence); Gabriel B. Stancu (Analyzed dephosphorylation of 

eEF-2K at Thr-348 in cell lysates); Rebecca M. Wellmann (Generated a number of site-directed mutants, and 

cloned them into a mammalian expression vector); John P. O'Brien (Analyzed eEF-2K by circular dichroism 

spectrometry); Dr. Austen F. Riggs and Claire Riggs (Analyzed eEF-2K by dynamic light scattering).   
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S500D mutant indicate that the increased activity generated by Ser-500 phosphorylation 

is CaM-dependent, and is partially the result of enhanced CaM binding (~ 20-fold), 

similar to the CaM-trapping effect observed upon the autophosphorylation of Thr-286 in 

Ca
2+

/CaM-dependent protein kinase II (CaMK-II).  Additionally, using rapid quench 

analysis, we provide evidence that phosphorylation of Ser-500 on the eEF-2K•CaM 

complex increases (~ 25-fold) the already rapid rate of Thr-348 autophosphorylation (a 

key site for the allosteric regulation of eEF-2K activity).  Assays using cell lysates 

suggest that this effect alters the competition between autophosphorylation of Thr-348 

and dephosphorylation by phosphatases, which would have a considerable impact on the 

amplitude of eEF-2K activity.  Mutation of Thr-348 to Ala unmasks an allosteric effect of 

Ser-500 phosphorylation on eEF-2K, indicating that it is also able to enhance catalytic 

activity against a peptide substrate.  This work builds on a two-step model that we have 

recently described for the activation of eEF-2K.  Here we report that phosphorylation at 

Ser-500 influences both steps in the model, CaM binding and autophosphorylation at 

Thr-348, to stabilize the active conformation of the kinase.   

 

5.2. INTRODUCTION 

During protein translation, eukaryotic elongation factor 2 (eEF-2) is important for 

the ribosomal translocation of the nascent peptide chain from the A-site to the P-site 
(150-

152)
.  Elongation factor 2 kinase (eEF-2K) is a dedicated enzyme that phosphorylates eEF-

2 at Thr-56.  This results in the inhibition of eEF-2 by reducing its affinity for the 

ribosome, and thus slows down the rate of global protein synthesis 
(7, 8, 18, 19, 22)

.  
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Paradoxically, this has been shown to be accompanied by the up-regulation in translation 

of certain transcripts 
(34)

.  eEF-2K has also been shown to promote cancer 
(134, 135, 138-140, 

142)
 and depression 

(124)
.  However, it is still unclear how, or if, eEF-2K contributes to 

these disease states solely by altering translation elongation rates.   

eEF-2K was initially identified as a Ca
2+

/CaM-dependent protein kinase (CaMK-

III) 
(7, 8, 35, 36)

.  More recently, the regulation of eEF-2K activity in cells has been linked to 

several prominent pathways.  Activation of eEF-2K by cAMP-dependent protein kinase 

(PKA), which has also been suggested to impart Ca
2+

-independent activity, is known to 

occur through phosphorylation at Ser-500 
(58, 89, 95)

.  This Ca
2+

-independent kinase activity 

appears to require CaM 
(42)

.  Additionally, the energy-supply regulator AMP-activated 

protein kinase (AMPK) is known to phosphorylate eEF-2K on Ser-398 under conditions 

of stress, in the process activating it to block global protein synthesis 
(62, 84, 101)

.  

Phosphorylations on Ser-78, Ser-359 and Ser-366, inhibit eEF-2K and are brought about 

through the mTOR and MAPK (MEK/ERK) pathways as well as the cdc2-cyclin B 

complex 
(59-61, 85, 87)

.  However, Perraud et al. have shown that phosphorylation at Ser-78 

by transient receptor potential cation channel, subfamily M, member 7 (TRPM7) can also 

activate eEF-2K 
(103)

.  Bar the inhibition by Ser-78 phosphorylation which decreases eEF-

2K affinity for CaM 
(85)

, the underlying mechanisms of the regulations mentioned above, 

and their dependence on Ca
2+

 and CaM, are not well defined.   

Ca
2+

/CaM-stimulated autophosphorylation of eEF-2K was reported by two groups 

to activate the kinase and impart significant Ca
2+

-independent activity 
(35, 36)

, however the 

sites involved were not determined.  We have recently shown that CaM-dependent 
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autophosphorylation at Thr-348 is essential for the activation of eEF-2K 
(42)

, and this 

could occur through allosteric interaction of the phospho-threonine with a putative 

phosphate-binding pocket, similar to the mechanism described in myosin II heavy chain 

kinase A (MHCK A) 
(50)

.   

CaMK-II has been shown to undergo Ca
2+

/CaM-dependent autophosphorylation 

at Thr-286, which generates significant Ca
2+

-independent activity through a mechanism 

known as CaM-trapping 
(80, 173)

.  Thus, autophosphorylation-induced Ca
2+

-independent 

eEF-2K activity could potentially occur through a similar effect.  A potential site 

involved in this regulation of eEF-2K could be Ser-500, as it is an autophosphorylation 

site 
(42)

, as well as it is known to induce Ca
2+

-independent eEF-2K activity via PKA 

phosphorylation 
(58, 89, 95)

.  CaMK-II has been shown to play a significant role in memory 

formation, where transient spikes in neuronal Ca
2+

 activate the kinase resulting in 

potentiation at the synapse 
(186)

.  Interestingly, studies have shown that while eEF-2K 

down-regulates global protein synthesis, certain transcripts such as CaMK-II are 

differentially translated in neurons 
(31, 33)

.  These studies provide a link between the 

stimulation of neuronal receptors, eEF-2K activation, CaMK-II up-regulation and 

memory formation.  In fact, Gildish et al. have reported that mice lacking functional eEF-

2K display defective associative taste learning and brain activation 
(117)

.  However, there 

is no clear indication of the contribution of autophosphorylation-induced Ca
2+

-

independent eEF-2K activity to this process.   

In this study, we use the ability of the kinase to autophosphorylate at Ser-500, as 

well as the eEF-2K S500D mutant, as tools to further develop a recently proposed two-
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step model for the activation of eEF-2K by Ca
2+

/CaM.  This model involves two 

sequential conformational changes brought about by the binding of CaM followed by 

autophosphorylation at Thr-348.  We analyze how Ser-500 phosphorylation affects the 

kinetics of each step, to stabilize the active conformation of the enzyme.  This work thus 

provides a framework for understanding the regulation of eEF-2K activity by upstream 

kinases, where phosphorylations can work exclusively, synergistically or antagonistically 

to modulate the dynamics at either step of the model.   

 

5.3. MATERIALS AND METHODS 

5.3.1. Reagents, Strains, Plasmids and Equipment 

Restriction enzymes and reagents for site-directed mutagenesis were obtained 

from New England BioLabs (Ipswich, MA).  Oligonucleotides for mutagenesis were 

from Integrated DNA Technologies, Inc. (Coralville, IA).  Stratagene PfuUltra
™

 II 

Fusion HS DNA Polymerase kit was purchased from Agilent Technologies, Inc. (Santa 

Clara, CA).  Qiagen (Valencia, CA) supplied QIAprep Spin Miniprep Kit and Ni-NTA 

Agarose.  Affi-Gel 15 activated affinity media for the generation of CaM-agarose beads 

was obtained from Bio-Rad Laboratories (Hercules, CA).  Yeast extract, tryptone and 

agar were purchased from USB Corporation (Cleveland, OH).  Ultra-pure grade Tris-HCl 

and HEPES were from Sigma-Aldrich (St. Louis, MO).  Dithiothreitol (DTT) was 

obtained either from US Biological (Swampscott, MA) or Gold Biotechnology (St. Louis, 

MO).  PerkinElmer (Waltham, MA) or MP Biomedicals (Solon, OH) supplied [-

32
P]ATP.  BenchMark

™
 Protein Ladder was from Invitrogen Corporation (Carlsbad, CA).  
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All other buffer components or chemicals were purchased from Sigma-Aldrich, Fisher 

Scientific (Pittsburgh, PA) or MP Biomedicals.   

The pET-32a vector was obtained from Novagen, EMD4Biosciences (Gibbstown, 

NJ), and the pcDNA3 Flag HA vector (Plasmid 10792) was obtained from Addgene 

(Cambridge, MA).  Escherichia coli strain NovaBlue (for cloning), and BL21(DE3) and 

Rosetta-gami
™

 2(DE3) (for recombinant protein expression) were from Novagen.   

A Techne Genius Thermal Cycler purchased from Techne, Inc. (Burlington, NJ) 

was used for site-directed mutagenesis.  The ÄKTA FPLC
™

 System, the Mono Q HR 

10/10 anion exchange column and the HiPrep
™

 26/60 Sephacryl
™

 S-200 HR gel filtration 

column were from Amersham Biosciences / GE Healthcare Life Sciences (Piscataway, 

NJ).  Proteins were resolved using the Mini-PROTEAN 3 vertical gel electrophoresis 

apparatus from Bio-Rad Laboratories.  Absorbance readings were performed on a Cary 

50 UV-Vis spectrophotometer.  Amicon Ultra Centrifugal Filter Units were from 

Millipore (Billerica, MA).  Rapid quench experiments were performed on a KinTek 

RQF-3 rapid quench-flow apparatus.  P81 cellulose filters were from Whatman / GE 

Healthcare Life Sciences (Florham Park, NJ).  Radioactivity measurements were 

performed on a Packard 1500 Lab TriCarb Liquid Scintillation Analyzer from 

PerkinElmer.  The Phosphorimager cassette and the Typhoon Phosphorimager were from 

GE Healthcare Life Sciences (Piscataway, NJ).  Fluorescence measurements were taken 

on a Jobin-Yvon Spex Fluorolog-3 Model FL3-11 fluorometer using a SpetrAcq 

controller and FluorEssence
™

 software.   
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5.3.2. Molecular Biology 

A modified pET-32a vector (p32TeEF-2K 
(41)

) containing cDNA encoding human 

eEF-2K (GenBank accession number NM_013302), was used for the expression of Trx-

His6-tagged eEF-2K.  Alanine, aspartate, glutamate and serine mutants were generated by 

site-directed mutagenesis using the PfuUltra
™

 II Fusion HS DNA Polymerase kit from 

Stratagene, specific primers and the p32TeEF-2K vector as a template.  Wild type and 

mutant eEF-2K cDNA was cloned into the mammalian expression vector pcDNA3 Flag 

HA (Addgene) using specific primers, PfuUltra
™

 II Fusion HS DNA Polymerase, 

restriction enzymes and the Quick Ligation™ Kit (New England BioLabs), according to 

the manufacturer’s protocol.  Plasmid DNA was purified and the sequence verified by 

sequencing at the ICMB Core Facilities, UT Austin, using an Applied Biosystems 

automated DNA sequencer. 

 

5.3.3. Expression and Purification of Proteins 

Expression and purification of eEF-2K. Expression and purification of eEF-2K 

was performed as previously described 
(41, 42)

.  However, the eEF-2K W85S mutant was 

purified by anion-exchange chromatography (Mono Q) instead of CaM-agarose affinity 

chromatography.  Purity of the samples was tested by SDS-PAGE (Figure 5.S1A).   

Expression and purification of phosphate-free eEF-2K. Even though E. coli 

lacks CaM, to ensure that the phosphate-free form of eEF-2K was purified, the enzyme 

was co-expressed and treated with λ-phosphatase as described under ‘4.3. Materials and 

Methods’.   
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Expression and purification of TEV protease and calmodulin. Tobacco Etch 

Virus protease was expressed from the pRK793 expression vector, and purified according 

to protocols published earlier 
(153, 154)

.  The calmodulin (CAM) clone in the pET-23 

expression vector was expressed and purified as previously described 
(155, 156)

.   

Peptide synthesis. For the kinetic analysis of eEF-2K, the peptide substrate, 

Acetyl-RKKYKFNEDTERRRFL-Amide (2,227.8 Da), was synthesized and purified at 

the UT Molecular Biology Core Facilities as described earlier 
(41)

.   

 

5.3.4. Analytical Methods 

General kinetic assays. eEF-2K activity was assayed at 30 ˚C in Buffer 5.A (25 

mM HEPES (pH 7.5), 2 mM DTT, 0.15 M BSA, 100 M EGTA, 150 M CaCl2, 2 M 

CaM and 10 mM MgCl2), containing 150 μM peptide substrate, 2 nM eEF-2K enzyme 

and 1 mM [-
32

P]ATP (100-1000 cpm/pmol) in a final reaction volume of 100 L.  The 

reaction mixture was incubated at 30 ˚C for 10 min before the reaction was initiated by 

addition of 1 mM [-
32

P]ATP.  At set time points, 10 L aliquots were taken and spotted 

onto P81 cellulose filters (Whatman, 2 × 2 cm).  The filter papers were then washed 

thrice in 50 mM phosphoric acid (15 min each wash), once in acetone (15 min) and 

finally dried.  The amount of labeled peptide associated with each paper was determined 

by measuring the cpm on a Packard 1500 scintillation counter.   

 Autophosphorylation assay. Autophosphorylation of eEF-2K was carried out in 

Buffer 5.B (25 mM HEPES (pH 7.5), 2 mM DTT, 0.15 μM BSA, 100 M EGTA, 150 

μM CaCl2, 5 μM CaM and 10 mM MgCl2) containing 500 nM phosphate-free eEF-2K 
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enzyme and 1 mM ATP.  The reaction mixture was incubated at 30 ˚C for 10 min before 

the reaction was initiated by addition of 1 mM ATP.  a. Analysis by autoradiography: 

Reaction was carried out with 1 mM [-
32

P]ATP (100-1000 cpm/pmol), and aliquots (0.8 

μg) of eEF-2K were removed at the various indicated times, and the reaction then 

quenched by addition of SDS-PAGE sample loading buffer (125 mM tris-HCl (pH 6.75), 

20% glycerol (v/v), 10% 2-mercaptoethanol (v/v), 4% SDS and 0.02% bromophenol blue) 

followed by heating for 10 min at 95 ˚C.  The samples were resolved by SDS-PAGE and 

stained with Coomassie Brilliant Blue.  Gels were exposed for 3 h either to KODAK® 

BioMax® Maximum Sensitivity autoradiography film, or in a Phosphorimager cassette 

which was then scanned in a Typhoon Phosphorimager.  b. Analysis of Thr-348 and Ser-

500 autophosphorylation by immunoblotting: Reaction was carried out with 1 mM ATP, 

and aliquots (50 ng) of eEF-2K were removed at the various indicated times, and the 

reaction quenched by addition of hot SDS-PAGE sample loading buffer.  Samples were 

then analyzed by Western blotting with specific antibodies, and quantified as described 

below.  c. Specificity of autophosphorylation: Reaction was carried out at 30 ˚C for 1 h 

using 500 nM phosphate-free eEF-2K WT or T348A, ± 5 μM or 100 μM CaM, ± 50 μM 

free Ca
2+

 and ± 2.5 mM EGTA as indicated.  Samples were then analyzed by 

autoradiography or Western blotting.  d. Separation of calmodulin after 

autophosphorylation: Reaction was carried out at 30 ˚C for 1 h using 2 μM phosphate-

free eEF-2K WT or S500D, 20 μM CaM, 200 μM free Ca
2+

 and 1 mM ATP.  The 

reaction was quenched with 5 mM EGTA for 30 min at 4 ˚C, and then applied to a 

HiPrep
™

 26/60 Sephacryl
™

 S-200 HR gel filtration column pre-equilibrated with Buffer 



165 

5.C (20 mM tris-HCl (pH 8.0), 0.15 M NaCl, 5 mM EGTA and 0.1% 2-mercaptoethanol 

(v/v)) to separate CaM.  Chromatography was performed over one column volume (320 

mL) at a flow rate of 1 mL/min.  Fractions were collected and analyzed for purity by 

resolving the samples by SDS-PAGE.  Fractions that contained the eluted monomeric 

kinase were pooled and dialyzed against storage buffer (Buffer 5.D) (25 mM HEPES (pH 

7.5), 2 mM DTT, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and 10% glycerol), and 

stored at -80 ˚C.  Activity assays using the autophosphorylated kinase were carried out 

using the general kinetic assay ± 2 μM CaM, ± 50 μM free Ca
2+

 and ± 5 mM EGTA as 

indicated.   

 Effect of autophosphorylation on enzyme activity. eEF-2K (500 nM) was 

preincubated in Buffer 5.B for 10 min at 30 ˚C, and autophosphorylation then initiated by 

the addition of 1 mM ATP as described above.  To quench the reaction, at the various 

indicted times (0-180 min) an aliquot of autophosphorylated eEF-2K was diluted 5-fold 

in Buffer 5.E (25 mM HEPES (pH 7.5), 2 mM DTT, 0.15 μM BSA and 6.25 mM 

EGTA), to a final concentration of 5 mM EGTA.  After quenching for 1 min, the effect of 

autophosphorylation on Ca
2+

-independent kinase activity was determined against the 

peptide substrate or wheat germ eEF-2.  a. Assay against peptide substrate: The 

autophosphorylated enzyme (50 nM) was assayed at 30 ˚C in Buffer 5.F (25 mM HEPES 

(pH 7.5), 2 mM DTT, 0.15 μM BSA, 5 mM EGTA and 10 mM MgCl2) containing 150 

μM peptide substrate and 1 mM [-
32

P]ATP (100-1000 cpm/pmol).  Due to dilutions, this 

results in a calculated [Ca
2+

]free of ~ 0.2 nM, 500 nM CaM and 7.5 mM EGTA in the 

assay.  The rate of phosphorylation of the peptide (μM.s
-1

) was determined using the 
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general kinetic assay described earlier.  In a similar manner, Ca
2+

-independent kinase 

activity of the unautophosphorylated control (incubated in the absence of ATP) was also 

determined.  Comparisons were made to autophosphorylated and unautophosphorylated 

eEF-2K (5 nM) assayed against the peptide substrate in the presence of 2 μM CaM and 

50 μM free Ca
2+

.  All the assays were performed in triplicate.  b. Assay against wheat 

germ eEF-2: Assays were performed using 10 nM autophosphorylated eEF-2K in Buffer 

5.F containing 10 μM wheat germ eEF-2 and 1 mM [-
32

P]ATP (100-1000 cpm/pmol) in 

a final reaction volume of 50 L.  The reaction was carried out for 1 min, quenched by 

addition of hot SDS-PAGE sample loading buffer, and analyzed using autoradiography 

film as described earlier in the autophosphorylation assay.   

 EGTA quench activity assay. eEF-2K (500 nM) was preincubated in Buffer 5.B 

for 10 min at 30 ˚C, and autophosphorylation then initiated by the addition of 1 mM ATP 

as described earlier.  Autophosphorylation was carried out for 1 h, after which an aliquot 

of eEF-2K was diluted 5-fold in Buffer 5.E to quench the reaction.  After quenching for 

the various indicted times (0-60 min), the effect of quench time on autophosphorylation-

induced Ca
2+

-independent kinase activity was determined against 150 μM peptide 

substrate in Buffer 5.F using 50 nM eEF-2K as described earlier.  The data were then fit 

to equation 5.1 to approximate the half-life of Ca
2+

-independent kinase activity after 

quenching with EGTA.   











 )(
decapp
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obs

tk
ekInitialkFinalk  (Equation 5.1) 
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The parameters are defined as follows: 
app

obsk , apparent rate constant; deck , rate of decrease 

in Ca
2+

-independent kinase activity; t, time in min.   

Analysis of calcium-independent activity of eEF-2K. eEF-2K activity was 

assayed at 30 ˚C in Buffer 5.G (25 mM HEPES (pH 7.5), 2 mM DTT, 0.15 M BSA, 50 

mM KAcO, 100 M EGTA and 10 mM MgCl2), ± 5 M CaM and ± 150 M CaCl2, in a 

final reaction volume of 50 L.  EGTA (1 mM) was added to all assays conducted in the 

absence of Ca
2+

.  Assays were performed using 2 nM eEF-2K and 1 mM [-
32

P]ATP 

(100-1000 cpm/pmol), against 4 μM wheat germ eEF-2.  The reaction was carried out for 

1 min, quenched by addition of hot SDS-PAGE sample loading buffer, and analyzed 

using the Phosphorimager as described earlier in the autophosphorylation assay. 

 Pre-steady state enzymatic activity assays. Experiments were performed on a 

KinTek RQF-3 rapid quench-flow apparatus at 30 ˚C in Buffer 5.A.  Experiments were 

initiated by the rapid mixing of Solution 5.A (200 nM eEF-2K in Buffer 5.A), with an 

equal volume of Solution 5.B (2 mM ATP in Buffer 5.A).  Reactions were quenched at 

the various indicted times (0-1 s) with 4 volumes of Buffer 5.H (200 mM KCl, 50 mM 

EDTA and 10 mM EGTA), followed by immediate addition of hot SDS-PAGE sample 

loading buffer and further heating for 10 min at 95 ˚C.  The samples were then analyzed 

for the incorporation of phosphate at Thr-348 by Western blotting as described earlier in 

the autophosphorylation assay.  The data were then fit to equation 5.2 to approximate the 

rate of autophosphorylation at Thr-348 in eEF-2K.   
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The parameters are defined as follows: autok , rate of Thr-348 autophosphorylation; t, time 

in s.   

Characterization of enzymatic activity. a. Calmodulin dependence: Dose 

response assays in the presence of Ca
2+

 were performed in Buffer 5.J (25 mM HEPES 

(pH 7.5), 2 mM DTT, 0.15 M BSA, 100 M EGTA, 150 M CaCl2 and 10 mM 

MgCl2), against 150 μM peptide substrate, with 1 mM [-
32

P]ATP (100-1000 cpm/pmol) 

and several concentrations of CaM (0-10 M).  Reactions were performed with 0.5 nM 

eEF-2K WT, S500A, S500D or S500E, 5 nM eEF-2K T348A/S500D or 20 nM eEF-2K 

T348A.  Dose response assays in the absence of Ca
2+

 were performed in Buffer 5.K (25 

mM HEPES (pH 7.5), 2 mM DTT, 0.15 M BSA, 2.5 mM EGTA and 10 mM MgCl2), 

against 150 μM peptide substrate, with 1 mM [-
32

P]ATP (100-1000 cpm/pmol) and 

several concentrations of CaM (0-250 M).  Reactions were performed with 5 nM eEF-

2K WT, S500A, S500D, S500E or T348A/S500D.  Kinase activity in each case was 

determined by calculating the rate of phosphorylation of the peptide (μM.s
-1

) in a similar 

manner to the general kinetic assay described earlier, and the data were fit to equation 

5.3.  b. EGTA dependence: Assays were performed in Buffer 5.L (25 mM HEPES (pH 

7.5), 2 mM DTT, 0.15 M BSA, 50 mM KAcO and 10 mM MgCl2), ± 2 μM CaM and ± 

150 μM CaCl2, against 150 μM peptide substrate, with 1 mM [-
32

P]ATP (100-1000 

cpm/pmol) and several concentrations of EGTA (0-5 mM).  Reactions were performed 
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with 2 nM eEF-2K in the presence of CaM or 50 nM eEF-2K in the absence of CaM.  

Kinase activity in each case was determined by calculating the rate of phosphorylation of 

the peptide (μM.s
-1

) in a similar manner to the general kinetic assay described earlier.   
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The parameters are defined as follows: 
app

obsk , apparent rate constant; 
app

catk , apparent 

catalytic constant; [E], concentration of eEF-2K; [C], concentration of CaM; app

cK , 

apparent CaM concentration required to achieve half maximal activity.  When 
app

obsk  is 

converted to fractional activity, 
app

catk  is taken as 1.   

 Analysis of calmodulin binding by fluorescence. Binding of CaM to various 

forms of eEF-2K was measured using 25 nM CaM(C75)IAE, that was labeled using a 

protocol described earlier 
(170)

, at 30 ˚C in Buffer 5.M (25 mM HEPES (pH 7.5), 2 mM 

DTT, 0.15 μM BSA, 100 µM EGTA and 150 µM CaCl2), and titrated with eEF-2K with 

a starting volume of 350 µL.  CaM(C75)IAE was excited at 345 nm using 3 mm slits and 

the emission measured from 400-600 nm for spectral data, and at 470 nm with 3 mm slits 

to determine dose dependence of CaM, both using blank subtraction.  The intensity at 470 

nm was corrected for changes in the assay volume as well as fluctuation in the signal to 

noise of the instrument by taking measurements at 590 nm (where the emission of 

CaM(C75)IAE is known not to be affected by eEF-2K binding), and subtracting that from 

the intensity at 470 nm.  The fraction of CaM bound was then determined using equation 



170 

5.4 and plotted as a function of eEF-2K concentration.  The data were then fit to equation 

5.5.   
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The parameters are defined as follows: 
x

470I , intensity at 470 nm when [eEF-2K] = x; 

0

470I , intensity at 470 nm when [eEF-2K] = 0; 
max

470I , intensity at 470 nm at maximum 

[eEF-2K]; [C], concentration of CaM; [E], concentration of eEF-2K; app

cK , apparent eEF-

2K concentration required to achieve half CaM binding.   

Light scattering analysis. Multi-angle laser light scattering experiments were 

performed on eEF-2K previously dialyzed against Buffer 2.N (25 mM HEPES (pH 7.5), 

100 mM NaCl, 2 mM DTT, 1.5 mM CaCl2 and 5 mM MgCl2).  A similar setup as 

described earlier 
(158)

 was employed, however, only a single TSK-GEL G3000PWXL 

size-exclusion column (TosoHaas, 300 x 7.8 mm) was used.  Buffer 2.N was used to 

establish the light scattering and refractive index baselines.  The eEF-2K samples (40 

µL), were centrifuged for 30 s and injected into the column.  Size exclusion 

chromatography was performed at a flow rate of 0.4 mL/min at room temperature for a 

run time of ~ 40 min.  Samples included: a. 25 μM eEF-2K; b. 25 μM CaM; c. 25 μM 

eEF-2K and 25 μM CaM; d. 200 μM CaM; e. 25 μM eEF-2K and 200 μM CaM; f. 25 μM 

autophosphorylated eEF-2K (incubated with CaM, Ca
2+

 and MgATP for 1 h) and 200 μM 
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CaM; g. 25 μM autophosphorylated eEF-2K (incubated with CaM, Ca
2+

 and MgATP for 

1 h, and CaM separated by size exclusion chromatography as described earlier).   

Circular dichroism analysis. eEF-2K was dialyzed into Buffer 5.P (10 mM 

KH2PO4 (pH 7.4), 100 mM NaF and 0.1 mM TCEP).  Far-UV CD spectra were recorded 

using 3 µM eEF-2K in a cuvette with a path length of 0.1 cm, and between 190 nm and 

260 nm on a Jasco J-815 CD Spectrometer (Easton, MD) at the Texas Institute for Drug 

and Diagnostics Development, UT, Austin.  Spectra for each sample were collected in 

triplicate and the data averaged to give the final trace.  As a folding control, eEF-2K WT 

that was heat denatured (heated for 10 min at 95 ˚C) was used.   

 

5.3.5. Cell Work 

Cell lines and culture conditions. Isogenic non-tumorigenic breast epithelial cell 

lines MCF-10A and KO MCF-10A (eEF-2K–/–) (MCF-10A with both alleles of the eEF-

2K gene knocked out) were obtained from Sigma-Aldrich (St. Louis, MO).  MDA-MB-

231 (breast adenocarcinoma) cell line was obtained from American Type Culture 

Collection (Manassas, VA).  MDA-MB-231 cells were cultured in DMEM/F12 

supplemented with 10% FBS, 50 units/mL penicillin and 50 μg/mL streptomycin.  The 

MCF-10A cell lines were cultured in DMEM/F12 supplemented with 5% horse serum, 20 

ng/mL EGF, 0.5 µg/mL hydrocortisone, 10 µg/mL insulin, 100 ng/mL cholera toxin, 50 

units/mL penicillin and 50 μg/mL streptomycin.  Cell cultures were maintained at 37 ˚C 

in a humidified incubator containing 5% CO2.  All cell culture reagents were from 

Invitrogen or Sigma-Aldrich.   
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Transfections. MDA-MB-231 cells were seeded in 6-well plates (1 x 10
6
 

cells/well), and after 24 h (~ 80% confluency), cells were transfected with the eEF-2K 

pcDNA3 Flag HA vector (4 μg/well) using Lipofectamine® 2000 (Life Technologies, 

Grand Island, NY), according to the manufacturer’s protocol.  MCF-10A and KO MCF-

10A (eEF-2K–/–) cells were seeded in 6-well plates (0.3 x 10
6
 cells/well), and after 24 h 

(~ 50% confluency), cells were transfected with the eEF-2K pcDNA3 Flag HA vector 

(2.5 μg/well) using Lipofectamine® LTX with Plus
™

 Reagent (Life Technologies), 

according to the manufacturer’s protocol.  Cells were incubated for a further 48 h to 

allow for expression, and then either lysed or treated with various stimuli before being 

lysed.  Controls included transfection with the empty pcDNA3 Flag HA vector.   

Treatment of cells with stimuli. Cells were treated with 400 µM H2O2 for 1 h, or 

5 µM ionomycin for 5 min, in the normal growth media described earlier.  For treatment 

with 2-DOG, cells were pre-incubated in media with low glucose (5.6 mM) for 6 h, 

before being treated with 25 mM 2-DOG for 30 min in the same low-glucose media.  For 

starvation experiments, cells were incubated in Dulbecco's Phosphate-Buffered Saline 

(DPBS), without serum supplementation, for 6 h.   

Cell lysis. Following treatments, cells were washed twice in ice-cold PBS (pH 

7.4) (Life Technologies), and lysed in ice-cold Buffer 5.Q (50 mM HEPES (pH 7.4), 150 

mM NaCl, 1.5 mM MgCl2, 1% Triton X-100, 1 mM EGTA, 100 mM NaF, 10 mM Na 

pyrophosphate, 1 mM Na3VO4 and 10% glycerol), supplemented with PhosSTOP 

Phosphatase Inhibitor Cocktail (Roche Diagnostics, Indianapolis, IN), cOmplete EDTA-

free Protease Inhibitor Cocktail (Roche Diagnostics), Halt Protease and Phosphatase 
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Inhibitor Cocktail (Thermo Fisher Scientific), 1 μM Microcystin-LR and 100 nM 

Calyculin A.  For experiments analyzing the dephosphorylation of Thr-348 on eEF-2K by 

phosphatases, ice-cold Buffer 5.R (50 mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM 

MgCl2, 1% Triton X-100 and 10% glycerol), supplemented with cOmplete EDTA-free 

Protease Inhibitor Cocktail, lacking phosphatase inhibitors was used for lysis.  Lysates 

were subjected to one freeze-thaw cycle, and then clarified by centrifugation at 15,000 × 

g for 15 min.  Total protein concentration for each sample was determined by Bradford 

assay (Bio-Rad, Hercules, CA).   

Analysis of Thr-348 phosphorylation in cell lysates. MDA-MB-231 cell lysate 

(80 µg) lacking phosphatase inhibitors was used for the analysis.  The lysate was 

supplemented with 1 mM CaCl2, 0.2 nM CaM and 100 µM ATP in a final reaction 

volume of 100 L.  The reaction mixture was incubated at 30 ˚C for 3 min before the 

reaction was initiated by the addition of 60 nM pre-autophosphorylated eEF-2K WT or 

S500D (CaM separated by size exclusion chromatography).  Aliquots of eEF-2K (50 ng) 

were removed at the various indicated times, and the reaction then quenched by addition 

of hot SDS-PAGE sample loading buffer followed by heating for 10 min at 95 ˚C.  

Samples were then analyzed for phosphorylation at Thr-348 by Western blotting with 

specific antibodies, and quantified as described below.  For the control experiment, to 

block active phosphatases, 2.5 μM Microcystin-LR and 100 nM Calyculin A were added 

to the assay.   

Immunoprecipitation of FLAG-tagged eEF-2K from cell lysates. Equal amounts 

of protein (250 µg) from cell lysate samples were made up to a final volume of 500 µL in 
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Buffer 5.Q (containing protease and phosphatase inhibitors).  Samples were then 

incubated with 50 µL ANTI-FLAG® M2 Affinity Gel (Sigma-Aldrich) at 4 ˚C overnight.  

Beads were then washed 3 times with Buffer 5.Q (containing protease and phosphatase 

inhibitors), and the bound sample then eluted by heating the beads with SDS-PAGE 

sample loading buffer for 10 min at 95 ˚C.  The samples were then analyzed by Western 

blotting as described earlier in the autophosphorylation assay.   

Western blot analysis. a. Detection by chemiluminescence: Equal amounts of 

protein (5-30 µg) from cell lysate samples were resolved by 10% SDS-PAGE and then 

transferred to Amersham Hybond-P PVDF membranes (GE Healthcare, Piscataway, NJ).  

Membranes were blocked with 5% BSA or non-fat dry milk in Tris-buffered 

saline/Tween 20 (TBST) for 1 h, and then incubated with primary antibodies at 4 ˚C 

overnight, according to the manufacturer’s protocol.  The membranes were washed with 

TBST and incubated with the appropriate HRP-conjugated secondary antibody at room 

temperature for 2 h.  After washing with TBST, chemiluminescence detection was 

performed with Amersham ECL Plus
™

 Western Blotting Detection Reagents (GE 

Healthcare).  b. Detection by fluorescence: Equal amounts of protein (5-30 µg) from cell 

lysate samples were resolved by 10% SDS-PAGE and then transferred to Immobilon-FL 

PVDF Membrane (Millipore).  Membranes were blocked with Odyssey® Blocking 

Buffer (LI-COR , Lincoln, NE) for 1 h, and then incubated at 4 ˚C overnight with primary 

antibodies in 5% BSA or non-fat dry milk in TBST, according to the manufacturer’s 

protocol.  The membranes were washed with TBST and incubated at room temperature 

for 1 h in Odyssey® Blocking Buffer with the appropriate secondary antibody conjugated 
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to a fluorescent dye.  After washing with TBST, fluorescence detection was performed on 

an Odyssey® Sa Imaging System (LI-COR).   

Commercial antibodies. The following antibodies were purchased from:  a. Cell 

Signaling Technology (Danvers, MA): Phospho-eEF2 (Thr56) Antibody (#2331, 1:3000); 

Phospho-eEF2k (Ser366) Antibody (#3691, 1:2000).  b. Millipore: Anti-Actin Antibody, 

clone C4 (#MAB1501, 1:40000); Anti-eEF2 (C-term) (#07-1382, 1:25000).  c. Santa 

Cruz Biotechnology, Inc. (Dallas, TX): p-eEF2K Antibody (Ser 78) (#sc-33051, 1:1000).  

d. Epitomics (Burlingame, CA): eEF-2K (C-term) (EEF2K) antibody RabMAb® (#1754-

1, 1:3000).  e. ECM Biosciences (Versailles, KY): eEF2K (Thr-348), phospho-specific 

(#EP4411, 1:1000); eEF2K (Ser-359), phospho-specific (#EP4431, 1:1000); eEF2K (Ser-

500), phospho-specific (#EP4451, 1:1000).  f. Sigma-Aldrich: ANTI-FLAG® M2, Clone 

M2 antibody (#F1804, 1:1000).  g. Bio-Rad: Goat Anti-Rabbit IgG (H+L)-HRP 

Conjugate (#172-1019, 1:2000); Goat Anti-Mouse IgG (H+L)-HRP Conjugate (#172-

1011, 1:2000).  h. LI-COR: IRDye® 680RD Goat anti-Mouse IgG (H+L) (#926-68170, 

1:15000); IRDye 800CW Goat anti-Rabbit IgG (H+L) (#827-08365, 1:15000).   

Quantification and normalization of blots. Blots were quantified either using 

Image Studio 3.1 (LI-COR) or ImageJ software.  For analysis of lysates from KO MCF-

10A (eEF-2K–/–) cells transfected with eEF-2K, the following normalization was 

performed.  First, all samples were normalized to pan-Actin to account for any error in 

gel-loading.  Despite using an eEF-2K knockout cell line, blotting results indicate very 

low levels of phospho-eEF-2 (Thr-56) in samples transfected with the control vector, 

possibly due to non-specific binding of the antibody.  To account for this low 
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background, the quantified value was subtracted across all the samples in the second step 

of normalization.  In the final step of normalization, to take into account differences in 

eEF-2K expression levels either due to variations in transfection or mutant expression, 

phospho-eEF-2 values were further normalized to eEF-2K levels.  Interestingly, the 

W85S mutant consistently shows a 4 to 5-fold higher level of expression than WT, 

suggesting that the inability to bind CaM could stabilize the kinase.   

  

5.4. RESULTS 

5.4.1. Calcium/Calmodulin-Stimulated Autophosphorylation at Ser-500 Induces 

Calcium-Independent eEF-2K Activity   

In 1993, Mitsui et al. 
(35)

 as well as Redpath and Proud 
(36)

, demonstrated that 

autophosphorylation of eEF-2K purified from a mammalian source induces Ca
2+

-

independent activity.  However, the site(s) responsible for this was not determined.  Ser-

500 has been shown to be the site phosphorylated by PKA 
(58)

, which is suggested to 

induce Ca
2+

-independent eEF-2K activity.  Interestingly, we recently identified Ser-500 

as one of the autophosphorylation sites in eEF-2K 
(42)

.  Hence, to verify that 

phosphorylation of Ser-500 was indeed responsible for autophosphorylation-induced 

Ca
2+

-independent eEF-2K activity, kinetic analysis of site-directed mutants S500A, 

S500D and S500E was carried out.   

Autophosphorylation induces calcium-independent eEF-2K activity. First, we 

determined that recombinant eEF-2K behaved in a similar manner to the enzyme purified 

from a mammalian source, with respect to autophosphorylation-induced Ca
2+

-
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independent kinase activity.  eEF-2K (500 nM) was allowed to autophosphorylate for 1 h 

in the presence of 5 μM CaM and 50 μM free Ca
2+

.  To quench the reaction, an aliquot of 

autophosphorylated eEF-2K was diluted 5-fold in a buffer containing EGTA (final 

concentration of 5 mM).  After quenching for 1 min, the effect of autophosphorylation on 

Ca
2+

-independent kinase activity against the peptide substrate (150 µM) was determined 

by assaying the autophosphorylated enzyme (50 nM) in a buffer containing 5 mM EGTA 

(lacking CaCl2 and CaM), resulting in a calculated [Ca
2+

]free of ~ 0.2 nM, 500 nM CaM 

and 7.5 mM EGTA.  Autophosphorylation induces a 20-fold increase in Ca
2+

-

independent kinase activity, and is about 20% of the maximal kinase activity measured 

under conditions of saturating free Ca
2+

 (50 M) and CaM (2 μM) (Figure 5.1A).  A 

similar experiment was performed against wheat germ eEF-2 instead of the peptide, and 

Figure 5.1B also indicates a significant increase in Ca
2+

-independent eEF-2K activity 

upon autophosphorylation.   

The site responsible for this calcium-independent activity is Ser-500. Next, to 

investigate the role of Ser-500 in inducing this effect, the residue was mutated either to 

Ala, Asp or Glu.  Autophosphorylation-induced Ca
2+

-independent activity for the mutants 

was determined as described earlier, and then compared to the wild type kinase.  As 

expected, the S500A mutant was unable to gain Ca
2+

-independent activity (Figure 5.1C), 

indicating the importance of this site for the generation of Ca
2+

-independent activity.  

Mutation of this site does not appear to affect the structural integrity of the kinase, as the 

mutant activity is comparable to WT under saturating conditions of Ca
2+

 and CaM.  Both 

S500D and S500E mutants have significant Ca
2+

-independent activity, irrespective of the 
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autophosphorylation state of the kinase before the assay (Figure 5.1C).  This effect is 

observed, as the Asp and Glu in place of Ser-500 mimics a negatively charged phosphate 

at this position, resulting in a form of the kinase that resembles eEF-2K constitutively 

phosphorylated at Ser-500.   

Correlation between Ser-500 autophosphorylation and calcium-independent 

activity. With the help of an antibody that specifically recognizes eEF-2K phosphorylated 

at Ser-500, we monitored the time course of phosphate incorporation at Ser-500, and 

compared it to the induction of Ca
2+

-independent kinase activity.  eEF-2K (500 nM) was 

allowed to autophosphorylate in the presence of 5 μM CaM and 50 μM free Ca
2+

.  At 

various times (0-180 min), the effect of autophosphorylation on Ca
2+

-independent kinase 

activity against the peptide substrate was determined as described earlier.  At the same 

time intervals, eEF-2K was probed for the incorporation of phosphate at Ser-500 by 

immunoblotting using the anti-phospho-eEF-2K (Ser-500) antibody.  Results indicate a 

striking similarity between the trends of Ser-500 autophosphorylation and generation of 

autophosphorylation-induced Ca
2+

-independent kinase activity over time.  Upon 

incubation with CaM, Ca
2+

 and MgATP, Figure 5.1D indicates a strong correlation 

between phosphate incorporation at Ser-500 and Ca
2+

-independent kinase activity, with 

an initial lag in respective levels over the first 2 min (Figure 5.1E), followed by a 

simultaneous increase after that.  These data taken together, strongly suggest that 

phosphorylation at Ser-500 is responsible for the observed autophosphorylation-induced 

Ca
2+

-independent eEF-2K activity.   
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5.4.2. The Autophosphorylation-Induced Calcium-Independent eEF-2K Activity is 

Dependent on Calmodulin   

The extent of calcium-independent eEF-2K activity depends on the duration of 

EGTA quench. Our assays on eEF-2K, as well as earlier studies measuring the 

autophosphorylation-induced Ca
2+

-independent activity 
(35, 36)

, all utilize an EGTA 

quench step to stop the autophosphorylation.  We thus assume that Ca
2+

 gets chelated by 

the EGTA (Figure 5.S2), resulting in the dissociation of CaM from eEF-2K.  However, 

due to the nature of the assay, CaM that is present in the initial autophosphorylation step 

is diluted down, but remains present in the final activity assay against eEF-2 or the 

peptide.  As we were unsure of the time dynamics involved in the chelation of calcium by 

EGTA to permit CaM dissociation, we decided to investigate whether the duration of the 

EGTA quench affects Ca
2+

-independent activity.  eEF-2K (500 nM) was allowed to 

autophosphorylate for 1 h in the presence of 5 μM CaM and 50 μM free Ca
2+

, following 

which the autophosphorylation was quenched with a buffer containing EGTA (final 

concentration of 5 mM).  At various times after the quench (0-60 min), the effect of 

autophosphorylation on Ca
2+

-independent kinase activity against the peptide substrate 

(150 µM) was determined by assaying the autophosphorylated enzyme (50 nM) in a 

buffer containing 5 mM EGTA (lacking CaCl2 and CaM), resulting in a calculated 

[Ca
2+

]free of ~ 0.2 nM, 500 nM CaM and 7.5 mM EGTA.  Intriguingly, there is a time-

dependent effect of the EGTA quench on Ca
2+

-independent activity (Figure 5.2A).  

Moreover, the extent of this effect is greatly determined by the autophosphorylation state 

of the kinase.  Results indicate that if eEF-2K is not pre-autophosphorylated, Ca
2+

-
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independent activity decreases quickly with a half-life of ~ 70 s.  Whereas, if eEF-2K is 

pre-autophosphorylated, presumably at Ser-500, Ca
2+

-independent kinase activity is 

prolonged with the half-life increased by around 5-fold to 380 s (Figure 5.2A and Table 

5.1).  These findings uncover a novel and potentially critical temporal aspect of the 

regulation of eEF-2K activity by autophosphorylation.  The change in half-life of Ca
2+

-

independent kinase activity could be explained by a decrease in the rate of CaM 

dissociation upon autophosphorylation.  A similar effect is brought about by 

phosphorylation of Thr-286 in CaMK-II, and is also known as CaM-trapping 
(80)

.  

However, the quick dissociation of CaM, followed by a slow change in the conformation 

of eEF-2K could also account for the time-dependent decrease in Ca
2+

-independent 

activity.   

Calmodulin is essential for calcium-independent activity of eEF-2K. In order to 

remove CaM from the activity assay against the substrate, it was separated off after the 

autophosphorylation step with the help of size exclusion chromatography (Figure 5.2B).  

eEF-2K (500 nM) was allowed to autophosphorylate for 1 h in the presence of 5 μM 

CaM and 50 μM free Ca
2+

, following which the autophosphorylation was quenched with 

a buffer containing EGTA (final concentration of 5 mM).  To separate CaM, the 

autophosphorylated quenched sample was immediately run over a HiPrep
™

 26/60 

Sephacryl
™

 S-200 HR gel filtration column with a buffer containing 5 mM EGTA.  

Samples from the two peaks that appear on the chromatogram were resolved by SDS-

PAGE, and results indicate that peak (i) contains eEF-2K, while peak (ii) contains CaM 

(Figure 5.2B).  Autophosphorylated eEF-2K (50 nM) separated from CaM was assayed 
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for Ca
2+

-independent activity against 150 µM peptide substrate in the absence of Ca
2+

 

and CaM in a buffer containing 5 mM EGTA.  Separation of CaM from 

autophosphorylated eEF-2K results in a considerable drop in Ca
2+

-independent kinase 

activity (Figure 5.2C).  This suggests that CaM plays a critical role in the observed 

autophosphorylation-induced Ca
2+

-independent eEF-2K activity.  Control experiments 

indicate that separation of autophosphorylated eEF-2K from CaM down the gel filtration 

column does not compromise the activity of the kinase (Figure 5.2C).  However, re-

addition of CaM to the activity assay results in only a partial rescue of 

autophosphorylation-induced Ca
2+

-independent eEF-2K activity (Figure 5.2D).  Previous 

studies on CaMK-II suggest that autophosphorylation on Thr-305 and Thr-306 prevents 

the rebinding of CaM once it dissociates 
(105-107)

.  Experiments using autophosphorylated 

eEF-2K S500D separated from CaM, suggest that autophosphorylation at additional sites, 

possibly Ser-78, Ser-359 or Ser-366 (Supplementary Figure 5.S3B), may prevent CaM 

from rebinding once it dissociates from eEF-2K (data not shown).   

 

5.4.3. Calmodulin is Required for the Regulation of eEF-2K Activity in Cells   

Characterization of the eEF-2K W85S mutant that displays a reduced affinity 

for calmodulin. eEF-2K was initially identified as a Ca
2+

/CaM dependent protein kinase 

(7, 8)
.  Over the years, several kinases have been shown to modulate eEF-2K activity via 

phosphorylation 
(58-60, 62, 85)

.  However the role of CaM binding for most of these 

regulations has not been determined.  Browne and Proud have shown that 

phosphorylation at Ser-78 inhibits eEF-2K by decreasing the affinity of the kinase for 
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CaM 
(85)

.  Our studies on Ser-500 autophosphorylation suggest that CaM is essential for 

the observed Ca
2+

-independent activity, indicating that the activation by PKA could be 

dependent on CaM binding.  Previous studies have shown that Trp-85 on eEF-2K is 

required for its interaction with CaM 
(37)

, and hence, to study the importance of CaM 

binding for regulation of eEF-2K activity, the W85S mutant that displays a low affinity 

for CaM was used.  To characterize this mutant in vitro, recombinant eEF-2K W85S (5 

nM) was assayed against the peptide in the presence of 2 M CaM and 50 M free Ca
2+

.  

Results indicate that the mutant displays significantly lower activity against the peptide 

(~ 1%) compared to the WT (Figure 5.S1B).  The affinity of eEF-2K W85S for CaM was 

determined using fluorescence.  Dose dependence of interaction between eEF-2K WT or 

W85S and IAEDANS-CaM was performed as described under ‘5.3. Materials and 

Methods’.  The fluorescence intensity of IAEDANS-CaM at 470 nm was measured at 

various concentrations of eEF-2K in the presence of 50 µM free Ca
2+

, and the fraction of 

CaM bound was calculated, and plotted as a function of eEF-2K concentration.  Data 

indicate that the affinity of eEF-2K W85S for CaM ( app

cK  = 1.4 ± 0.2 µM) is greatly 

reduced compared to the WT kinase ( app

cK  = 0.078 ± 0.008 µM) (Figure 5.S1C).  As the 

mutation of Trp-85 to Ser could have a detrimental effect on protein folding, a circular 

dichroism (CD) spectrum of the mutant was compared to the WT.  Far-UV CD spectra 

were recorded between 190 nm and 260 nm, with a path length of 0.1 cm, and using 3 

µM eEF-2K as described under ‘5.3. Materials and Methods’.  Results indicate that 

W85S is folded correctly as it possesses a spectrum similar to the WT (Figure 5.S1D).  
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These results suggest that mutating the Trp-85 residue to Ser decreases the affinity of 

eEF-2K for CaM without affecting the structural integrity of the kinase.  Since mutation 

of Trp-85 to Ser has an effect on CaM binding in vitro, the W85S mutant was used for 

analysis of eEF-2K regulation in cells.   

Calmodulin binding is involved in the modulation of eEF-2K activity in cells. 

MCF-10A cells having both alleles of the eEF-2K gene knocked out (KO MCF-10A 

(eEF-2K–/–)) were obtained from Sigma-Aldrich, and used for analysis of the eEF-2K 

mutant.  Since eEF-2K is the only kinase known to phosphorylate eEF-2 at Thr-56, the 

level of phosphorylation at this site was used as a readout of the kinase activity of eEF-

2K.  To study the necessity of CaM binding for regulation of eEF-2K activity upon 

stimulation in cells, KO MCF-10A (eEF-2K–/–) cells were transfected with eEF-2K WT 

or W85S as described under ‘5.3. Materials and Methods’, and allowed to express for 48 

h.  Cells were then stimulated with 25 mM 2-DOG for 30 min (in the presence of low 

glucose), 400 µM H2O2 for 1 h, 5 µM ionomycin for 5 min, or starvation (DPBS) for 6 h, 

all treatments of which are known to increase eEF-2K activity.  Using Western blotting, 

cell lysates were probed for phosphorylation of eEF-2 on Thr-56 (Figure 5.3A, 5.3B and 

5.S4A).  The levels of expression of eEF-2, eEF-2K, and Actin were also assessed.  

Normalized levels of phospho-eEF-2 (Thr-56) were calculated as described under ‘5.3. 

Materials and Methods’, taking into account differences in eEF-2K expression levels due 

to variations in transfection, as well as background phospho-eEF-2 (Thr-56) levels due to 

non-specific binding of the antibody.  Data were plotted as the fold-change in normalized 

levels of phospho-eEF-2 (Thr-56) as compared to the untreated wild type transfected 
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cells.  When cultured in media containing low glucose, stimulation with 25 mM 2-DOG 

for 30 min resulted in a 4.8-fold and a 1.1-fold increase in WT and W85S activity 

respectively (Figure 5.3C).  Exposure to 400 µM H2O2 for 1 h resulted in a 4.7-fold and a 

1.2-fold increase in WT and W85S activity respectively (Figure 5.3D).  Treatment with 5 

µM ionomycin for 5 min resulted in a 5.3-fold and a 1.2-fold increase in WT and W85S 

activity respectively (Figure 5.S4B).  And, starvation with DPBS for 6 h caused a 5.0-

fold and a 1.1-fold increase in WT and W85S activity respectively (Figure 5.S4B).  Thus 

surprisingly, eEF-2K W85S exhibits no significant increase in activity under all stimuli 

tested, with a fold-change in activity close to 1, which is much lower that of the WT upon 

stimulation (Figure 5.3E).  This indicates that for the various stimuli tested, CaM binding 

plays a significant role in the mechanism of activation by the particular stimulus.  This 

raises the possibility that upstream kinases could activate or inhibit eEF-2K through 

phosphorylations that modulate its affinity for CaM.   

 

5.4.4. Ser-500 Phosphorylation Enhances the Affinity of eEF-2K for Calmodulin 

eEF-2K S500D displays calcium-independent calmodulin-dependent activity 

against eEF-2. It was previously shown by our laboratory that the mutation of Ser-500 to 

Asp promotes a significant increase in Ca
2+

-independent eEF-2K activity against a 

peptide substrate, which was dependent on CaM 
(42)

.  To confirm that the effects observed 

were not an artifact of using a peptide substrate, 2 nM of the kinase (WT, S500A and 

S500D) was assayed against 4 μM wheat germ eEF-2 for a minute, in the presence or 

absence of 5 μM CaM or 50 µM free calcium as described under ‘5.3. Materials and 
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Methods’.  EGTA (1 mM) was added to all assays conducted in the absence of Ca
2+

.  

Figure 5.4A indicates that a similar effect is seen against the full length substrate purified 

from wheat germ, where S500D shows increased kinase activity in the presence of CaM 

alone.  Since Ser-500 is a Ca
2+

/CaM-stimulated autophosphorylation site, and is also 

phosphorylated by PKA, it becomes important to understand the mechanism by which its 

phosphorylation affects interaction with CaM to promote eEF-2K activation.   

Calmodulin binding to eEF-2K occurs in a 1:1 stoichiometry. Earlier reports 

have identified the CaM-binding domain to be present just N-terminal to the kinase 

domain of eEF-2K 
(37, 38)

.  However, one study suggests that a CaM binding site may lie 

downstream of the catalytic domain 
(187)

.  To test whether CaM binds to eEF-2K with a 

stoichiometry of 1:1, we used dynamic light scattering analysis.  Multi-angle laser light 

scattering experiments were performed on eEF-2K in the presence or absence of 

Ca
2+

/CaM as described under ‘5.3. Materials and Methods’.  The molar mass distribution 

of the samples as a function of elution volume is presented in Figure 5.4B.  Analysis by 

MALS shows that recombinant eEF-2K has a molar mass of ~ 89 kDa.  This is consistent 

with the molar mass of ~ 82 kDa determined from the protein sequence.  CaM shows a 

molar mass of ~ 18 kDa, which is similar to the expected value of ~ 17 kDa.  The 

Ca
2+

/CaM/eEF-2K complex shows a molar mass of ~ 103 and 106 kDa for duplicate 

runs, which is indicative of a 1:1 interaction between eEF-2K and CaM.  Additional 

experiments suggest that neither CaM binding nor autophosphorylation promote 

oligomerization of eEF-2K (Figure 5.4B and 5.S5).   
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Phosphorylation at Ser-500 increases the affinity of eEF-2K for calmodulin. As 

mentioned earlier, autophosphorylation of Thr-286 on CaMK-II enhances CaM binding 

through a process called CaM-trapping 
(80, 173)

.  To examine if a similar mechanism was 

involved in the increased Ca
2+

-independent CaM-dependent activity observed when Ser-

500 is phosphorylated, CaM dose-response curves were performed in the presence and 

absence of Ca
2+

.  Assays were performed with eEF-2K WT, S500A, S500D and S500E, 

using either 0.5 nM eEF-2K (in the presence of 50 μM free Ca
2+

) or 5 nM eEF-2K (in the 

absence of Ca
2+

), and varying concentrations of CaM.  Data were fit to equation 5.3 and 

results are summarized in Table 5.2.  As Figure 5.4C and 5.4E indicate, S500D shows an 

increase of ~ 18-fold in affinity for CaM ( app

cK  = 2.3 ± 0.1 nM) compared to WT ( app

cK  = 

42 ± 2 nM) in the presence of Ca
2+

.  The mutant also shows an increase of ~ 25-fold in 

affinity for CaM ( app

cK  = 1.5 ± 0.1 µM) compared to WT ( app

cK  = 37 ± 1 µM) in the 

absence of Ca
2+

 (Figure 5.4D and 5.4E).  Mutation of Ser-500 to Glu also had a similar 

effect, with an increase in affinity for CaM by ~ 4-fold in the presence of Ca
2+

, and by ~ 

18-fold in the absence of Ca
2+

 (Table 5.2).  We have termed this phosphorylation-induced 

effect as T-type (trapping), as it involves the enhancement of eEF-2K affinity for the co-

activator (CaM) to regulate kinase activity.   

 

5.4.5. Ser-500 Phosphorylation on eEF-2K•CaM Promotes Autophosphorylation at 

Thr-348  

The CaM dose-response curves also reveal that in addition to enhancement in 

affinity for CaM, there could be a catalytic effect that contributes to autophosphorylation-



187 

induced Ca
2+

-independent eEF-2K activity.  However, if the product (ADP/phospho-

peptide) release step is rate limiting in the reaction, any significant increase in rate at the 

chemistry step may be masked when using peptide phosphorylation to monitor kinase 

activity.  And hence, to monitor activity of eEF-2K by bypassing requirement of the 

release of products during the assay, intrinsic phosphorylation at Thr-348 was analyzed.  

We have shown that autophosphorylation at Thr-348 is intramolecular, extremely rapid, 

and most likely the first site of phosphate incorporation.   

Rapid quench analysis indicates that phosphorylation at Ser-500 increases the 

rate of phosphate incorporation at Thr-348. We have recently shown that incorporation 

of phosphate at Thr-348 occurs extremely rapidly within a few seconds.  And hence, to 

accurately compare the difference in the rate of Thr-348 autophosphorylation between 

WT and S500D, we utilized rapid quench kinetics in combination with Western blotting.  

Autophosphorylation was initiated by the mixing of eEF-2K (pre-incubated with 

saturating concentrations of Ca
2+

 and CaM) with MgATP, and then at various time points 

(5 ms – 2 s) the reaction was quenched with 50 mM EDTA and 10 mM EGTA.  The 

samples were then probed for incorporation of phosphate at Thr-348 by Western blotting 

using a phospho-specific antibody.  The amount of phosphorylated Thr-348 at each time 

point was determined, and plotted as a function of time.  While the phosphorylation of 

Thr-348 in WT occurs swiftly (with half phosphorylated within ~ 275 ms), Figure 5.5A 

indicates that mutation of Ser-500 to Asp speeds up this process 25-fold, resulting in half 

phosphorylated within ~ 11 ms.  This suggests that Ser-500 phosphorylation increases the 

intrinsic catalytic activity of eEF-2K.  Results suggest that this increase in activity could 
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involve a previously undescribed allosteric mechanism, which is independent of Thr-348 

phosphorylation and the phosphate-binding pocket.   

A similar experiment was performed with 2 µM CaM in the absence of Ca
2+

.  

Here too a similar result was observed, with S500D promoting the increase in phosphate 

incorporation at Thr-348 (Figure 5.5B).  However, care must be taken in interpreting this 

data as the amount of CaM used in the assay is not saturating in the absence of Ca
2+

.  

Using saturating amounts of CaM would likely result in the rapid incorporation of 

phosphate at Thr-348 within a few seconds.  Unfortunately, using such large amounts of 

CaM is not feasible when performing rapid quench experiments.   

The rate of Thr-348 dephosphorylation by phosphatases in cell lysates is 

regulated by Ser-500 phosphorylation. Stimulation of MDA-MB-231 cells with 5 µM 

ionomycin for 5 min suggests that Ser-500 on eEF-2K is a site that can be phosphorylated 

quickly in cells (Figure 5.S6A).  We have recently shown that upon interaction with the 

phosphate-binding pocket, phosphorylated Thr-348 could act as a switch to allosterically 

increase eEF-2K activity by around 5-fold in cells.  To determine if Ser-500 

phosphorylation could contribute to this activation in cells, the dephosphorylation of Thr-

348 on pre-autophosphorylated recombinant eEF-2K was monitored in cell lysates.  

Recombinant eEF-2K WT and S500D were allowed to autophosphorylate in the presence 

of Ca
2+

, CaM and MgATP.  CaM was then separated out using a gel filtration column as 

described under ‘5.3. Materials and Methods’.  To obtain lysates for the assays, MDA-

MB-231 cells were cultured to ~ 80% confluency, and then lysed in a buffer that was 

supplemented with protease but not phosphatase inhibitors.  This cell lysate with active 
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phosphatases was then used for the assay.  Autophosphorylated recombinant eEF-2K WT 

or S500D was added to the lysate supplemented with Ca
2+

, CaM and MgATP.  Decrease 

in the phosphorylation at Thr-348 on eEF-2K was monitored at 30 
°
C over 30 min by 

immunoblotting with a phospho-specific antibody.  Figure 5.5C and 5.5D indicate that 

eEF-2K S500D displays a significantly reduced decrease in the rate of Thr-348 

dephosphorylation compared to the WT.  If the lysate was not supplemented with Ca
2+

, 

CaM and MgATP, the rates of Thr-348 dephosphorylation in eEF-2K WT and S500D 

were similar (Figure 5.5E).  This indicates that upon addition of Ca
2+

, CaM and MgATP 

to the lysate, the rate of decrease in phosphorylated Thr-348 is determined by the 

competition between autophosphorylation of Thr-348 and dephosphorylation by 

phosphatases.  This rate of decrease is quicker for the WT compared to the S500D 

mutant.  These results highlight the physiological relevance of Ser-500 phosphorylation 

in regulating eEF-2K activity, which could occur in part through promoting the allosteric 

activation involving Thr-348 and the phosphate-binding pocket.  Moreover, control 

experiments show that addition of Microcystin-LR and Calyculin A to the lysate is 

sufficient to prevent dephosphorylation of Thr-348 (Figure 5.S6B), suggesting that 

phosphorylation at this site could be regulated by PP1 or PP2A in cells.   

 

5.4.6. Phosphorylation at Thr-348 may be a Prerequisite for Enhanced Calmodulin 

Binding due to Ser-500 Phosphorylation   

Peptide activity assays indicate that mutation of Thr-348 to alanine abolishes 

the T-type effect of Ser-500 phosphorylation. Having shown that Ser-500 activates eEF-
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2K through a novel T-type mechanism, we wanted to know if this effect was dependent 

on phosphorylation at Thr-348.  To test this, the double mutant T348A/S500D was used.  

CaM dose response activity curves in the presence of 50 μM free Ca
2+

 were performed 

with 0.5 nM eEF-2K WT and S500D, and 5 nM eEF-2K T348A/S500D.  CaM dose 

response curves were also performed in the absence of Ca
2+

 with 5 nM eEF-2K WT, 

S500D and T348A/S500D.  Results indicate that in the presence or absence of Ca
2+

, 

mutation of Thr-348 to Ala on eEF-2K abolishes the T-type effect induced by Ser-500 

phosphorylation (Figure 5.6A to 5.6D).  However, this experiment involves using eEF-

2K with a mutation at Thr-348, and since T348A itself shows a reduced affinity for CaM, 

results need to be verified using fluorescence assays comparing S500D and p-S500D
Thr-

348
, which does not require the mutation of Thr-348.   

Mutation of Thr-348 to alanine unmasks a V-type allosteric effect of Ser-500 

phosphorylation on activity against the peptide substrate. Interestingly, data using the 

eEF-2K T348A/S500D mutant reveals that phosphorylation at Ser-500 could induce an 

allosteric effect to enhance catalysis, which is however masked by phosphorylation at 

Thr-348.  CaM dependence assays were performed with 5 nM eEF-2K T348A/S500D or 

20 nM eEF-2K T348A in the presence of 50 μM free Ca
2+

, and varying concentrations of 

CaM.  Figure 5.7A and 5.7B indicate that mutation of Ser-500 to Asp in eEF-2K T348A 

increases 
app

catk  (V-type effect) by around 7-fold, but does not affect its affinity for CaM 

(T-type effect).  This data suggests that in addition to enhancing the intrinsic catalytic 

activity of eEF-2K, Ser-500 phosphorylation could also be involved in an allosteric effect 

that increases catalytic activity against the peptide substrate.   
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5.5. DISCUSSION 

5.5.1. Phosphorylation at Ser-500 Promotes Activation of eEF-2K through Multiple 

Mechanisms   

Early studies on eEF-2K identified it as a Ca
2+

/CaM-dependent protein kinase 
(7, 8, 

35, 36)
, and it was also suggested that autophosphorylation activated the kinase 

(36)
.  

However, it was not until recently that our group and Pyr Dit Ruys et al. reported that 

autophosphorylation at Thr-348 was required for activity against a substrate 
(42, 49)

.  Our 

more recent work has shown that upon interaction with the phosphate-binding pocket, 

phosphorylated Thr-348 could act as a switch to allosterically increase eEF-2K activity 

by around 5-fold in cells.  We described a two-step model for the activation of eEF-2K, 

involving the sequential binding of CaM followed by rapid autophosphorylation at Thr-

348, each of which is accompanied by a conformational change.  The mechanism by 

which apo-CaM or Ca
2+

/CaM promotes the phosphorylation of Thr-348 is unknown, and 

may occur through disrupting an inhibitory domain from an intrinsically active catalytic 

domain, or by realigning catalytic residues in the domain to activate the kinase.  eEF-2K 

is known to be regulated through multisite phosphorylation by upstream kinases, 

including the PKA-mediated phosphorylation of Ser-500 
(58)

.  Our work describes 

potential mechanisms behind which a phosphate at Ser-500 may increase eEF-2K 

activity.   

Ser-500 phosphorylation promotes calmodulin-trapping. CaM-trapping is a 

phenomenon that was first described by Meyer at al. in CaMK-II 
(80)

, where Ca
2+

/CaM-
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stimulated autophosphorylation at Thr-286 increased the affinity of CaMK-II for CaM by 

1000-fold, and markedly slowed down the rate of dissociation of the bound Ca
2+

/CaM.  

This effect is considered to be significant for memory formation 
(186)

.  Interestingly, 

mutation of Ser-500 to Asp in eEF-2K increases the affinity of the kinase for Ca
2+

-bound 

CaM by ~ 18-fold (Figure 5.4C and 5.4E), and this enhancement could be substantially 

higher if there was an actual phosphate group at Ser-500.  Additionally, our 

autophosphorylation studies on eEF-2K further suggest that a CaM-trapping mechanism 

may be involved in the generation of Ca
2+

-independent kinase activity.  Ca
2+

/CaM-

stimulated autophosphorylation at Ser-500 appears to reduce the rate of decline of Ca
2+

-

independent kinase activity after quenching with EGTA (Figure 5.2A) – which is most 

likely due to a deceleration in the release of the bound Ca
2+

/CaM.   

Ser-500 phosphorylation promotes apo-calmodulin binding. Apart from being 

an autophosphorylation site, Ser-500 on eEF-2K is phosphorylated by PKA to activate it 

(58)
.  Dose-response assays with apo-CaM indicate an ~ 25-fold increase in kinase affinity 

for CaM when Ser-500 is mutated to an Asp, and as mentioned earlier, this could be 

significantly more if Ser-500 is phosphorylated.  Thus, phosphorylation at Ser-500 

appears to modulate the first-step of our model for eEF-2K activation (Scheme 5.1), by 

markedly enhancing the affinity of the kinase for CaM, irrespective of Ca
2+

 

concentrations.   

Ser-500 phosphorylation promotes Thr-348 autophosphorylation which 

mediates a conformational change. We have recently shown that the extremely rapid 

CaM-dependent autophosphorylation at Thr-348 is essential for the activation of eEF-2K 
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(42)
, and this could occur through allosteric interaction of the phospho-threonine with a 

putative phosphate-binding pocket.  Using a rapid quench apparatus, our studies on eEF-

2K S500D suggest that a phosphate at Ser-500 significantly augments the rate of Thr-348 

autophosphorylation under saturating concentrations of Ca
2+

/CaM.  This change in 

autophosphorylation rate appears to be significant when analyzing the dephosphorylation 

of Thr-348 by phosphatases in mammalian cell lysates.  Thus, in addition to enhancing 

CaM binding, Ser-500 autophosphorylation also stabilizes the active conformation of 

eEF-2K by increasing the rate of Thr-348 autophosphorylation, and potentially the 

associated conformational change involving the allosteric phosphate-binding pocket.   

Ser-500 phosphorylation can partially substitute for the phosphorylation at Thr-

348. Experiments using the eEF-2K T348A and T348A/S500D mutants indicate that 

phosphorylation at Ser-500 increases the catalytic activity even when Thr-348 is mutated 

to an Ala.  This suggests that Ser-500 phosphorylation can partially substitute for the 

phosphorylation at Thr-348, however, potentially through a different conformation than 

the one induced by Thr-348 autophosphorylation.   

 

5.5.2. Regulation of eEF-2K Activity via Multisite Phosphorylation  

Modulation of eEF-2K activity requires calmodulin binding. The activity of 

eEF-2K in cells is known to be increased through regulation by Ca
2+

/CaM 
(7, 8, 35, 36)

, PKA 

(58, 89, 95)
, AMPK 

(62, 84, 101)
, and TRPM7 

(103)
.  On the other hand, eEF-2K inhibition is 

reported to occur through modulation by the mTOR and MAPK (MEK/ERK) pathways, 

as well as the cdc2-cyclin B complex 
(59-61, 85, 87)

.  Using a knockout cell line, we show 
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that CaM binding is essential for the regulation of eEF-2K activity under the stimuli 

tested, which include 2-DOG, H2O2, ionomycin and serum starvation.  As most stimuli 

that are used to activate eEF-2K trigger multiple cellular signaling events, the activity of 

eEF-2K was gauged as a whole, due to the contribution of multiple phosphorylation 

events, rather than the individual effect of a particular phosphorylation.  Activation of 

eEF-2K by 2-DOG (inhibits glycolysis and its production of ATP) and H2O2 (induces 

oxidative stress), may occur through AMPK activation which promotes phosphorylation 

at Ser-398 
(62, 84, 101)

.  However, AMPK additionally inhibits mTOR, which would result 

in a decreased phosphorylation at Ser-78, Ser-359 and Ser-366, as indicated in data 

reported by Browne et al. 
(62)

, and could also contribute to increased eEF-2K activity.  

Stimulation by serum starvation would result in mTOR inhibition, promoting 

dephosphorylation of Ser-78, Ser-359 and Ser-366 
(60, 85, 87)

, which could activate eEF-

2K.  Activation of eEF-2K by ionomycin (raises the intracellular Ca
2+

 levels) could occur 

through Ca
2+

/CaM-stimulated autophosphorylation, or the PKA-mediated 

phosphorylation of Ser-500 
(58, 89, 95)

.  In all these cases, the W85S mutant kinase activity 

cannot be modulated, which suggests that CaM binding plays an important role in the 

mechanism of activation by the various stimuli.   

Regulation of kinase activity based on the proposed model. We have recently 

proposed a two-step model for the activation of eEF-2K by Ca
2+

/CaM, which involves 

two sequential conformational changes brought about by the binding of CaM followed by 

autophosphorylation at Thr-348.  The combination of both steps appears to contribute to 

an ~ 4,500-fold increase in catalytic activity, with the phosphate at Thr-348 increasing 
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eEF-2K activity by around 5-fold, possibly through a conformational change brought 

about by an allosteric interaction with the putative phosphate-binding pocket.  In this 

study, we analyze the effect of an activating phosphate at Ser-500 (both an 

autophosphorylation site 
(42)

 as well as phosphorylated by PKA 
(58)

) on the dynamics of 

each step of the two-step model.  Studies suggest that Ser-500 phosphorylation enhances 

both steps, by elevating CaM affinity, as well as significantly increasing the rate of Thr-

348 autophosphorylation, thus potentially stabilizing the active conformation of the 

enzyme.  These effects are observed irrespective of the presence or absence of Ca
2+

, but 

Ca
2+

 does additionally enhance CaM binding.  And hence, we predict that the various 

phosphorylations that activate or inactivate eEF-2K, such as at Ser-78, Ser-359, Ser-366, 

Ser-377, Ser-396, Ser-398 and Ser-500, function through altering the kinetics at either or 

both steps of the model, by altering CaM affinity, rate of Thr-348 autophosphorylation, or 

even the associated conformational changes such as that brought about by binding of the 

phosphorylated threonine to the phosphate-binding pocket.  Indeed, Browne and Proud 

report that inhibition of eEF-2K activity by phosphorylation at Ser-78 occurs through a 

reduction in CaM affinity 
(85)

, thus affecting the first step of our model.  The overall 

regulation of kinase activity would depend upon the communication between the various 

phosphorylations and how they modulate the kinetics at either step of the model.  It 

remains to be determined whether phosphorylations work exclusively, synergistically or 

antagonistically, or dominantly or recessively, and the influence of Ca
2+

 concentrations 

on this.  Based on our data, it appears that phosphorylations affecting the first step of the 
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model would have a greater effect on kinase activity than those that regulate the second 

step.   

Does calmodulin binding promote degradation of eEF-2K? Wiseman et al. have 

shown that eEF-2K turnover can be regulated via a cAMP/PKA-dependent mechanism, 

mediated through the phosphorylation of Ser-500 on eEF-2K, which activates it 
(92)

.  

Additionally, Kruiswijk et al. have reported that when cells encounter genotoxic stress, 

eEF-2K is activated by AMPK through phosphorylation at Ser-398 
(84)

.  Subsequently, 

after recovery from the stress, entry back into the cell cycle appears to be dependent on 

the autophosphorylation of Ser-445, which signals for the ubiquitin-mediated degradation 

of eEF-2K 
(84, 110)

.  Thus in these cases, it appears that activation of eEF-2K can promote 

its degradation, where phosphorylation at Ser-398 or Ser-500 may enhance CaM binding.  

Interestingly, transfection of the knockout MCF-10A (eEF-2K–/–) cells with the eEF-2K 

W85S mutant which has a lower affinity for CaM, appears to stabilize the kinase, with a 

3 to 4-fold increase in expression levels.  Thus it is plausible that CaM binding could 

promote degradation of eEF-2K, possibly through inducing a conformational change or 

through stimulating autophosphorylation at Ser-445.   

 

5.5.3. Potential Significance of Autophosphorylation in the Regulation of eEF-2K 

Activity in Neurons 

Autophosphorylation of Thr-348 and Ser-500 function as a potential decoder of 

calcium signals. Communication between neurons across synapses is known to involve 

the release of neurotransmitters from the presynaptic neuron, which elicits a change in 
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membrane potential in the postsynaptic neuron via interaction with receptors 
(114)

.  This 

may result in the influx of Ca
2+

 into the cell, known as oscillations or spikes, and could 

occur at varied frequencies and amplitudes, based on the strength of the signal 
(115)

.  

Several groups have reported that CaMK-II plays a unique role in decoding the frequency 

of these Ca
2+

 signals 
(80, 186, 188)

.  The transient spikes in neuronal Ca
2+

 have been shown 

to promote Ca
2+

/CaM-dependent autophosphorylation of CaMK-II at Thr-286, which is 

known to serve two functions, activation of the kinase and generation of significant Ca
2+

-

independent activity through a mechanism known as CaM-trapping 
(80, 189)

.  Ca
2+

/CaM-

dependent autophosphorylation of eEF-2K also induces similar outcomes, interestingly 

however, the two effects appear to be the consequence of separate phosphorylation 

events.  The extremely rapid autophosphorylation at Thr-348 activates the kinase 
(42)

; 

whereas the slower autophosphorylation at Ser-500 (which requires prior 

autophosphorylation at Thr-348) generates Ca
2+

-independent kinase activity.  Thus, eEF-

2K could also act as a decoder of the frequency and duration of Ca
2+

 pulses.  For 

example, low frequency Ca
2+

 spikes could result in Ca
2+

/CaM-stimulated 

autophosphorylation at Thr-348, which would temporarily activate eEF-2K for the 

duration of the pulse.  When Ca
2+

 levels drop, dissociation of CaM and 

dephosphorylation of eEF-2K at Thr-348 by phosphatases would inactivate the kinase.  

However, high frequency spikes could result in a prolonged increase in intracellular Ca
2+

 

levels, which would also permit the slower Ca
2+

/CaM-stimulated autophosphorylation at 

Ser-500.  However in this case, upon the drop in Ca
2+

 levels, eEF-2K remains active for a 

while as Ser-500 phosphorylation promotes Ca
2+

-independent activity by increasing CaM 
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affinity and slowing down its dissociation, and increasing the rate of Thr-348 

autophosphorylation.  Thus, it is possible that the lag in Ser-500 autophosphorylation acts 

as a temporal detector to monitor the duration of elevated intracellular Ca
2+

 levels, where 

after a certain time threshold, incorporation of phosphate at Ser-500 generates the Ca
2+

-

independent form of the kinase.   

Contribution of eEF-2K to learning and memory. Long term potentiation (LTP) 

is an important cellular mechanism that is associated with learning and memory, as it 

involves the modification of synaptic strength 
(113)

.  The induction of various forms of 

LTP, such as short-lasting, intermediate duration and long-lasting LTP, are encoded by 

functionally and spatially distinct Ca
2+

 signals 
(116)

.  Due to its unique ability to 

potentially decode these Ca
2+

 signals, it is not unreasonable for eEF-2K to contribute to 

synaptic plasticity.  Interestingly, mice lacking functional eEF-2K are reported to display 

defective associative taste learning and brain activation 
(117)

, suggesting that the kinase 

could play a role in LTP.  Potential areas for the involvement of eEF-2K include the 

differential up-regulation in translation of certain transcripts like CaMK-II and AMPA, 

which has been suggested to occur in neurons 
(31, 33, 119)

, and where both proteins play an 

important role in the potentiation of the synapse 
(186, 188, 190)

.  It remains to be determined 

if the ability of the kinase to gain Ca
2+

-independent activity upon autophosphorylation, 

plays a role in determining the type of LTP induced based on the message encoded by the 

Ca
2+

 signal.   

 

5.6. CONCLUSION 
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eEF-2K lies downstream of several key cell signaling pathways, however, it is not 

clear how the kinase integrates various signals to regulate the rate of protein translation 

elongation.  The mTOR and MAPK pathways, which are known to promote cell growth 

and proliferation, signal for the inhibition of eEF-2K through phosphorylation at Ser-78, 

Ser-359 and Ser-366 
(59-61, 85)

.  During the cell cycle, phosphorylation at Ser-359 by the 

cdc2-cyclin B complex inhibits eEF-2K to promote protein expression during mitosis, 

despite Ca
2+

 levels being high 
(87)

.  In response to stress, AMPK is reported to activate 

eEF-2K through phosphorylation at Ser-398, presumably to decrease the rate of the high-

energy consumptive process of protein synthesis 
(62, 84, 101)

.  Additionally, TRPM7 and 

PKA are known to activate eEF-2K through phosphorylation at Ser-78 
(103)

 and Ser-500 

(58)
 respectively.  To address the question of how the kinase could respond to these 

multiple inputs, we build on a two-step model that we have recently described for the 

activation of eEF-2K.  The first step involves the binding of CaM which induces a 

conformational change in the kinase.  This is then followed by autophosphorylation at 

Thr-348, and this phosphorylated threonine, by interacting with a putative phosphate-

binding pocket, then allosterically activates the enzyme through a second conformational 

change.  Here we describe how phosphorylation at Ser-500 alters the kinetics of this 

activation.  The phospho-mimic eEF-2K S500D exhibits an enhanced affinity for CaM 

compared to the WT kinase.  Additionally, S500D displays a significant increase in the 

rate of Thr-348 autophosphorylation compared to WT.  This suggests that 

phosphorylation at Ser-500 influences both steps in the model, to stabilize the active 

conformation of eEF-2K.  We predict that the various phosphorylations by upstream 
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kinases function in a similar manner, by altering CaM affinity, rate of Thr-348 

autophosphorylation, or even binding of the phosphorylated threonine to the putative 

phosphate-binding pocket.  It remains to be determined which phosphorylation sites, 

when in combination, possess greater influence over kinase activity.   
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Table 5.1. Effect of EGTA quench on calcium-independent eEF-2K activity 

Autophosphorylation 
Initial 
app

obsk  (s
-1

) 

Final 
app

obsk  (s
-1

) 
Half-life 

(s) 

Estimated 

offk  (s
-1

) 

Estimated 
dK  (nM) 

( onk  ~ 10
6
 M

-1
s

-1
) 

– 4.3 0.41 72 0.0096 9.6 

+ 6.6 0.90 380 0.0018 1.8 

eEF-2K WT (500 nM) was allowed to autophosphorylate for 1 h in the presence 

of 5 μM CaM and 50 μM free Ca
2+

.  To quench the reaction, an aliquot of 

autophosphorylated eEF-2K was diluted 5-fold in a buffer containing EGTA (final 

concentration of 5 mM).  At various time points after quenching (0-60 min), the effect of 

autophosphorylation on Ca
2+

-independent kinase activity against the peptide substrate 

(150 µM) was determined by assaying the autophosphorylated enzyme (50 nM) in a 

buffer containing 5 mM EGTA (lacking CaCl2 and CaM), resulting in a calculated 

[Ca
2+

]free of ~ 0.2 nM, 500 nM CaM and 7.5 mM EGTA, as described under ‘5.3. 

Materials and Methods’.  Kinase activity was determined by measuring the rate of 

phosphorylation of the peptide (μM.s
-1

) over 2 min.  Data were fit to equation 5.1 (Figure 

5.2A), and the above parameters were used to give the best fit.  The parameters are 

defined as follows: offk , dissociation rate; onk , association rate; 
dK , dissociation 

constant.   
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Table 5.2. Calmodulin dependence assays in the presence or absence of calcium 

 – Calcium ([EGTA] = 2.5 mM) + Calcium ([Ca
2+

]free = 50 µM) 

 
app

catk  (s
-1

) 
app

cK  (µM) app

catk  (s
-1

) 
app

cK  (nM) 

eEF-2K WT 11.0 ± 0.1 37 ± 1 24.5 ± 0.5 42 ± 2 

eEF-2K S500A 13.3 ± 0.2 35 ± 1 20.5 ± 0.3 30 ± 1 

eEF-2K S500D 25.7 ± 0.1 1.5 ± 0.1 24.9 ± 0.1 2.3 ± 0.1 

eEF-2K S500E 20.8 ± 0.2 2.1 ± 0.1 20.6 ± 0.2 10.6 ± 0.5 

Effects of mutation of eEF-2K Ser-500 on the kinetic parameters of CaM 

binding.  CaM dependence assays were performed with either 0.5 nM eEF-2K (in the 

presence of 50 μM free Ca
2+

) or 5 nM eEF-2K (in the absence of Ca
2+

), and varying 

concentrations of CaM.  Details of buffers used are described under ‘5.3. Materials and 

Methods’.  Kinase activity was determined by measuring the rate of phosphorylation of 

the peptide (μM.s
-1

).  Data were fit to equation 5.3, and the above parameters were used 

to give the best fit.   
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Figure 5.1. Autophosphorylation at Ser-500 induces calcium-independent eEF-2K activity.    

A B 

C 

E D 
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Figure 5.1. Autophosphorylation at Ser-500 induces calcium-independent eEF-2K activity. (A-B) 

Effect of autophosphorylation on Ca
2+

-independent kinase activity.  eEF-2K (500 nM) was allowed to 

autophosphorylate for 1 h in the presence of 5 μM CaM and 50 μM free Ca
2+

.  To quench the reaction, an 

aliquot of autophosphorylated eEF-2K was diluted 5-fold in a buffer containing EGTA (final concentration 

of 5 mM).  (A) After quenching for 1 min, the effect of autophosphorylation on Ca
2+

-independent kinase 

activity against the peptide substrate (150 µM) was determined by assaying the autophosphorylated enzyme 

(50 nM) in a buffer containing 5 mM EGTA (lacking CaCl2 and CaM), resulting in a calculated [Ca
2+

]free of 

~ 0.2 nM, 500 nM CaM and 7.5 mM EGTA).  Kinase activity was determined by measuring the rate of 

phosphorylation of the peptide (μM.s
-1

).  Activities are reported as the percentage of the activity of control 

eEF-2K (not pre-autophosphorylated) in the presence of saturating free Ca
2+

 (50 M) and CaM (2 μM).  

Details of buffers used are described under ‘5.3. Materials and Methods’.  (B) Additionally, after quenching 

for 1 min, the effect of autophosphorylation on Ca
2+

-independent kinase activity against 10 M wheat germ 

eEF-2 was determined by assaying the autophosphorylated enzyme (10 nM) in the assay buffer mentioned 

in (A).  After an incubation time of 1 min, the reaction was quenched with hot SDS-PAGE sample loading 

buffer, and the samples were then analyzed as described under ‘5.3. Materials and Methods’.  Upper panel: 

Autoradiograph.  Lower panel: Coomassie-stained gel.  (C) Effect of autophosphorylation on Ca
2+

-

independent activity of Ser-500 eEF-2K mutants.  The effect of autophosphorylation on Ca
2+

-independent 

kinase activity of eEF-2K wild type, S500A, S500D and S500E against the peptide substrate was 

determined as described in (A).  Kinase activity was determined by measuring the rate of phosphorylation 

of the peptide (μM.s
-1

).  Activities are reported as the percentage of the activity of autophosphorylated eEF-

2K in the presence of saturating free Ca
2+

 (50 M) and CaM (2 μM).  Details of buffers used are described 

under ‘5.3. Materials and Methods’.  (D-E) Correlation between Ser-500 autophosphorylation and Ca
2+

-

independent activity.  eEF-2K (500 nM) was allowed to autophosphorylate in the presence of 5 μM CaM 

and 50 μM free Ca
2+

.  At various times (0-180 min), the effect of autophosphorylation on Ca
2+

-independent 

kinase activity against the peptide substrate was determined as described in (A).  Kinase activity was 

determined by measuring the rate of phosphorylation of the peptide (μM.s
-1

).  At the same time points, 50 

ng of eEF-2K were removed and the reaction quenched with hot SDS-PAGE sample loading buffer.  The 

samples were then analyzed by Western blotting using the anti-phospho-eEF-2K (Ser-500) antibody as 

described under ‘5.3. Materials and Methods’.  (D) Both Ca
2+

-independent activity (Blue squares: ■) and 

phosphate incorporation at Ser-500 (Red circles: ●) are reported as the percentage of their respective 

maximal values (at 180 min), and data then plotted against autophosphorylation time.  (E) Expansion of the 

data for 0-20 min.   
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Figure 5.2. Autophosphorylation-induced calcium-independent activity of eEF-2K is dependent on 

calmodulin.    

A 

B 

C D 
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Figure 5.2. Autophosphorylation-induced calcium-independent activity of eEF-2K is dependent on 

calmodulin. (A) Effect of duration of quench after autophosphorylation on Ca
2+

-independent eEF-2K 

activity.  eEF-2K (500 nM) was allowed to autophosphorylate for 1 h in the presence of 5 μM CaM and 50 

μM free Ca
2+

.  To quench the reaction, an aliquot of autophosphorylated eEF-2K was diluted 5-fold in a 

buffer containing EGTA (final concentration of 5 mM).  At various time points after quenching (0-60 min), 

the effect of autophosphorylation on Ca
2+

-independent kinase activity against the peptide substrate (150 

µM) was determined by assaying the autophosphorylated enzyme (50 nM) in a buffer containing 5 mM 

EGTA (lacking CaCl2 and CaM), resulting in a calculated [Ca
2+

]free of ~ 0.2 nM, 500 nM CaM and 7.5 mM 

EGTA).  Kinase activity was determined by measuring the rate of phosphorylation of the peptide (μM.s
-1

) 

over 2 min.  Activities are reported as 
app

obs
k  (s

-1
) as a function of time after quenching.  Red circles (●): 

Autophosphorylated; and blue squares (■): Unautophosphorylated control.  (B) Scheme for the analysis of 

Ca
2+

-independent activity of eEF-2K with or without separation of CaM.  1. Autophosphorylation of eEF-

2K in the presence of Ca
2+

 and CaM.  2. Autophosphorylation is quenched in a buffer containing EGTA 

(final concentration of 5 mM).  3a. Without separation of CaM, the effect of autophosphorylation on Ca
2+

-

independent eEF-2K activity against 150 µM peptide substrate is determined by assaying the 

autophosphorylated enzyme (50 nM) in a buffer containing 5 mM EGTA (lacking CaCl2 and CaM), 

resulting in a calculated [Ca
2+

]free of ~ 0.2 nM, 500 nM CaM and 7.5 mM EGTA).  3b. Alternatively, to 

separate CaM, the autophosphorylated quenched sample is run over a HiPrep
™

 26/60 Sephacryl
™

 S-200 HR 

gel filtration column with a buffer containing 5 mM EGTA.  Inset: Upper panel: Chromatogram (peak (i): 

eEF-2K and peak (ii): CaM).  Lower panel: Corresponding peaks from chromatogram resolved by SDS-

PAGE.  4b. Autophosphorylated eEF-2K separated from CaM is assayed for Ca
2+

-independent activity 

against 150 µM peptide substrate in a buffer containing 5 mM EGTA (lacking CaCl2 and CaM).  (C) Ca
2+

-

independent activity of autophosphorylated eEF-2K (± CaM separation) was assayed as described in (B3a 

and B4b).  Kinase activity was determined by measuring the rate of phosphorylation of the peptide (μM.s
-

1
).  Activities are reported as the percentage of the activity of autophosphorylated eEF-2K (without CaM 

separation) in the presence of saturating free Ca
2+

 (50 M) and CaM (2 μM).  (D) Similar assay performed 

as that described in (C), however 2 μM CaM was re-added to the assay after separation down the gel 

filtration column.  Kinase activity was determined by measuring the rate of phosphorylation of the peptide 

(μM.s
-1

).  Activities are reported as the percentage of the activity of autophosphorylated eEF-2K (without 

CaM separation) in the presence of saturating free Ca
2+

 (50 M) and CaM (2 μM).   
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Figure 5.3. Calmodulin binding is required for modulation of eEF-2K activity in cells. (A-B) 

Knockout MCF-10A (eEF-2K–/–) cells were transfected with a vector encoding either wild type eEF-2K 

(WT) or the eEF-2K W85S mutant.  After 48 h, cells were treated with (A) 25 mM 2-DOG (30 min) or (B) 

400 µM H2O2 (1 h) along with the appropriate controls.  Lysates were then analyzed by Western blotting 

using antibodies specific for eEF-2K, phospho-eEF-2 (Thr-56), eEF-2 and pan-Actin as described under 

‘5.3. Materials and Methods’.  (C-D) Graphical representation of (A-B).  Western blots were quantified 

using ImageJ, and as described under ‘5.3. Materials and Methods’, data were reported as the fold-change 

in normalized levels of phospho-eEF-2 (Thr-56) compared to the untreated wild type transfected cells.  The 

experiments were performed in triplicate, and error bars represent the standard deviation.  (E) Graphical 

summary comparing the fold-change between eEF-2K WT and W85S mutant activity upon various stimuli 

– 25 mM 2-DOG (30 min), 400 µM H2O2 (1 h), 5 µM ionomycin (5 min), and starvation with DPBS (6 h).  

Normalized phospho-eEF-2 (Thr-56) was considered as a read-out for eEF-2K activity.    

A B 

C 

E 

D 
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Figure 5.4. Phosphorylation at Ser-500 enhances eEF-2K affinity for calmodulin.   

  

A 

B C 

E D 
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Figure 5.4. Phosphorylation at Ser-500 enhances eEF-2K affinity for calmodulin. (A) eEF-2K S500D 

shows increased calcium-independent calmodulin-dependent activity against eEF-2 compared to wild type.  

Assays were performed with 2 nM eEF-2K enzyme (WT, S500A and S500D), ± 5 μM CaM and ± 50 μM 

free Ca
2+

 against 4 M wheat germ eEF-2 as indicated.  EGTA (1 mM) was added to all assays conducted 

in the absence of Ca
2+

.  After an incubation time of 1 min, the reaction was quenched with hot SDS-PAGE 

sample loading buffer, and the samples were then analyzed as described under ‘5.3. Materials and 

Methods’.  Upper panel: Autoradiograph.  Lower panel: Coomassie-stained gel.  (B) Light scattering 

analysis of eEF-2K.  The continuous patterns represent the refractive index signal, and horizontal lines 

represent the calculated molar mass.  The protein concentration at the maximum of the upper curve reflects 

a ~ 30-fold dilution of the injected sample.  Analysis indicates that eEF-2K binds to CaM in a 1:1 ratio, and 

CaM binding does not induce oligomerization of eEF-2K.  Details of buffers used are described under ‘5.3. 

Materials and Methods’.  Red (■) – 25 μM eEF-2K (~ 89 kDa); Pink (■) – 25 μM CaM (~ 18 kDa); Black 

(■) – 25 μM eEF-2K + 25 μM CaM (~ 103 kDa); Green (■) – 25 μM eEF-2K + 25 μM CaM (~ 106 kDa).  

(C-E) eEF-2K S500D displays an increased affinity for CaM compared to wild type eEF-2K.  CaM 

dependence assays were performed with either 0.5 nM eEF-2K (in the presence of 50 μM free Ca
2+

) or 5 

nM eEF-2K (in the absence of Ca
2+

), and varying concentrations of CaM.  Details of buffers used are 

described under ‘5.3. Materials and Methods’.  Kinase activity was determined by measuring the rate of 

phosphorylation of the peptide (μM.s
-1

).  Data were fit to equation 5.3 using the following parameters: Red 

circles (●): WT + Ca
2+

 ( app

c
K  = 0.042 ± 0.002 µM and 

app

cat
k  = 24.5 ± 0.5 s

-1
); Black triangles (▲): S500D + 

Ca
2+

 ( app

c
K  = 0.0023 ± 0.0001 µM and 

app

cat
k  = 24.9 ± 0.1 s

-1
); Blue squares (■): WT – Ca

2+
 ( app

c
K  = 37 ± 1 

µM and 
app

cat
k  = 11 ± 0.1 s

-1
); Green diamonds (♦): S500D – Ca

2+
 ( app

c
K  = 1.5 ± 0.1 µM and 

app

cat
k  = 25.7 ± 

0.1 s
-1

).  (C-D) Graphs of 
app

obs
k  (s

-1
) as a function of CaM concentration.  (E) Graph of fractional activity as 

a function of CaM concentration.  Data was converted to the fractional activity of the respective maximal 
app

obs
k  values of each curve.   
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Figure 5.5. Phosphorylation at Ser-500 on eEF-2K•CaM promotes rapid Thr-348 

autophosphorylation.   

  

A B 

C 

E 
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Figure 5.5. Phosphorylation at Ser-500 on eEF-2K•CaM promotes rapid Thr-348 

autophosphorylation. (A) Rapid quench analysis was utilized to compare the rate of Thr-348 

autophosphorylation between WT and S500D on the ms timescale.  eEF-2K (100 nM) WT and S500D were 

pre-incubated with 2 µM CaM and 50 µM free Ca
2+

, before rapid mixing with 1 mM ATP.  Details of 

buffers used are described under ‘5.3. Materials and Methods’.  The reaction was quenched at various time 

points with 200 mM KCl, 50 mM EDTA and 10 mM EGTA, and analyzed by Western blotting using the 

anti-phospho-eEF-2K (Thr-348) antibody as described under ‘5.3. Materials and Methods’.  Western blots 

were quantified using ImageJ as described under ‘5.3. Materials and Methods’, and the data are reported as 

% phosphorylation of Thr-348 plotted as a function of time.  Red circles (●): WT; and blue squares (■): 

S500D.  (B) A similar assay was performed as described in (A) (without the rapid quench instrument) to 

compare the rate of Thr-348 autophosphorylation between WT and S500D in the presence of 2 µM CaM 

but absence of Ca
2+

.  Details of buffers used are described under ‘5.3. Materials and Methods’.  The data 

are reported as % phosphorylation of Thr-348 plotted as a function of time.  Red circles (●): WT; and blue 

squares (■): S500D.  (C-E) Competition between eEF-2K autophosphorylation at Thr-348 and 

dephosphorylation by phosphatases.  The dephosphorylation of Thr-348 on pre-autophosphorylated 

recombinant eEF-2K was monitored in MDA-MB-231 cell lysates that contained active phosphatases 

(supplemented with protease but not phosphatase inhibitors).  Autophosphorylated recombinant eEF-2K 

WT or S500D (30 nM) was added to lysate supplemented with Ca
2+

, CaM and MgATP as described under 

‘5.3. Materials and Methods’.  (C) Decrease in the phosphorylation at Thr-348 on eEF-2K at 30 
°
C over 30 

min was monitored by immunoblotting with a phospho-specific antibody.  (D) Graphical representation of 

(C).  Western blots were quantified using Image Studio 3.1 (LI-COR), and data reported as the percentage 

of Thr-348 phosphorylation over time.  Red circles (●): WT; and blue squares (■): S500D.  The 

experiments were performed in triplicate, and error bars represent the standard deviation.  (E) A similar 

experiment as performed in (C), but without the addition of Ca
2+

, CaM and MgATP to the lysate during the 

assay.  Decrease in the phosphorylation at Thr-348 on eEF-2K at 30 
°
C over 30 min was monitored by 

immunoblotting with a phospho-specific antibody.    
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Figure 5.6. Phosphorylation at Thr-348 may be required for increased calmodulin affinity due to Ser-

500 phosphorylation. (A-D) Phosphorylation of Thr-348 on eEF-2K S500D may be a prerequisite for the 

observed increased affinity for CaM in the presence (A-B) or absence (C-D) of calcium.  CaM dependence 

assays were performed with 0.5 nM eEF-2K WT or S500D (in the presence of 50 μM free Ca
2+

), 5 nM 

eEF-2K WT or S500D (in the absence of Ca
2+

), or 5 nM eEF-2K T348A/S500D (in the presence or absence 

of 50 μM free Ca
2+

), and varying concentrations of CaM.  Details of buffers used are described under ‘5.3. 

Materials and Methods’.  Kinase activity was determined by measuring the rate of phosphorylation of the 

peptide (μM.s
-1

).  (A-B) Data were fit to equation 5.3 using the following parameters: Green squares (■): 

T348A/S500D + Ca
2+

 ( app

c
K  = 0.55 ± 0.01 µM and 

app

cat
k  = 12.4 ± 0.1 s

-1
); Black circles (●): S500D + Ca

2+
 (

app

c
K  = 0.0023 ± 0.0001 µM and 

app

cat
k  = 24.9 ± 0.1 s

-1
); Red dashed line (--): WT + Ca

2+
 ( app

c
K  = 0.042 ± 

0.002 µM and 
app

cat
k  = 24.5 ± 0.5 s

-1
).  (A) Graph of 

app

obs
k  (s

-1
) as a function of CaM concentration.  (B) 

Graph of fractional activity as a function of CaM concentration.  Data was converted to the fractional 

activity of the respective maximal 
app

obs
k  values of each curve.  (C-D) Data were fit to equation 5.3 using the 

following parameters: Green squares (■): T348A/S500D – Ca
2+

 ( app

c
K  = 60 ± 17 µM and 

app

cat
k  = 0.6 ± 0.1 s

-

1
); Black circles (●): S500D – Ca

2+
 ( app

c
K  = 1.5 ± 0.1 µM and 

app

cat
k  = 25.7 ± 0.1 s

-1
); Blue dashed line (--): 

WT – Ca
2+

 ( app

c
K  = 37 ± 1 µM and 

app

cat
k  = 11 ± 0.1 s

-1
).  (C) Graph of 

app

obs
k  (s

-1
) as a function of CaM 

concentration.  (D) Graph of fractional activity as a function of CaM concentration.  Data was converted to 

the fractional activity of the respective maximal 
app

obs
k  values of each curve.    

A B 

D C 
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Figure 5.7. Mutation of Thr-348 to alanine unmasks a V-type allosteric effect of phosphorylated Ser-

500. CaM dependence assays were performed with 5 nM eEF-2K T348A/S500D or 20 nM eEF-2K T348A 

in the presence of Ca
2+

 and varying concentrations of CaM.  Details of buffers used are described under 

‘5.3. Materials and Methods’.  Kinase activity was determined by measuring the rate of phosphorylation of 

the peptide (μM.s
-1

).  Data were fit to equation 5.3 using the following parameters: Green squares (■): 

T348A/S500D + Ca
2+

 ( app

c
K  = 0.55 ± 0.01 µM and 

app

cat
k  = 12.4 ± 0.1 s

-1
); Black circles (●): T348A + Ca

2+
 (

app

c
K  = 0.45 ± 0.01 µM and 

app

cat
k  = 1.8 ± 0.02 s

-1
); Red dashed line (--): WT + Ca

2+
 ( app

c
K  = 0.042 ± 0.002 

µM and 
app

cat
k  = 24.5 ± 0.5 s

-1
); Blue dashed line (--): WT – Ca

2+
 ( app

c
K  = 37 ± 1 µM and 

app

cat
k  = 11 ± 0.1 s

-

1
).  (A) Graph of 

app

obs
k  (s

-1
) as a function of CaM concentration.  (B) Graph of fractional activity as a 

function of CaM concentration.  Data was converted to the fractional activity of the respective maximal 
app

obs
k  values of each curve.    

A B 
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Scheme 5.1. Model for the regulation of eEF-2K activity by phosphorylation at Ser-500. (A) Two-step 

model for the activation of eEF-2K described earlier in Scheme 4.2.  The first step involves the binding of 

CaM, which then permits the next step involving autophosphorylation at Thr-348, to yield the fully active 

form of the kinase.  (B) Phosphorylation at Ser-500 can influence the rate of both these steps by increasing 

the affinity of eEF-2K for CaM or increasing the rate of Thr-348 autophosphorylation.  Phosphorylation of 

Ser-500 by PKA stabilizes the active form of the kinase (p-eEF-2K
Thr-348

•CaM) in the absence of Ca
2+

 (E → 
'''

2
E  → '''

3
E ), but the presence of Ca

2+
 enhances this  process several fold (E → ''

2
E  → ''

3
E ).  The ''

3
E  state 

can also be achieved through autophosphorylation of eEF-2K, but it is dependent on the prior binding of 

Ca
2+

/CaM and Thr-348 autophosphorylation in a sequential manner.  We predict that the various 

phosphorylations by upstream kinases function in a similar manner, by altering CaM affinity, rate of Thr-

348 autophosphorylation, or even binding of the phosphorylated threonine to the putative phosphate-

binding pocket.   

  

A 

B 
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5.7. SUPPORTING INFORMATION 

 

Figure 5.S1. Characterization of the eEF-2K W85S mutant which displays reduced calmodulin 

affinity. (A) Purification of various eEF-2K mutants utilized in this study.  Samples purified by Ni-NTA 

affinity, CaM-agarose affinity (WT, T348A/S500D, S500E, S500D, S500A and T348A) or anion-exchange 

chromatography (W85A and W85S), and gel filtration chromatography were resolved by SDS-PAGE.  (B) 

Kinase activity of the W85S mutant.  Details of buffers used are described under ‘5.3. Materials and 

Methods’.  Assays were performed with 5 nM eEF-2K enzyme, 2 M CaM and 50 M free Ca
2+

.  Kinase 

activity of the mutants was determined by measuring the rate of phosphorylation of the peptide (μM.s
-1

).  

Activities of the mutants are reported as the percentage of the wild type activity.  (C) Dose dependence of 

interaction between eEF-2K WT or W85S and IAEDANS-CaM.  IAEDANS-CaM was excited at 345 nm 

and the emission spectra taken from 400-600 nm with both the excitation and emission slits at 3nm.  

Spectra were corrected for changes in volume and noise measured at 590 nm.  The fluorescence intensity of 

IAEDANS-CaM at 470 nm was measured at various concentrations of eEF-2K in the presence of 50 µM 

free Ca
2+

.  Continuous readings were taken until the s.e.m. was less than 1%.  The fraction of CaM bound 

was calculated as described under ‘5.3. Materials and Methods’, and plotted as a function of eEF-2K 

concentration.  Data were fit to equation 5.5 using the following parameters: Red circles (●): WT / 25 nM 

CaM ( app

c
K  = 0.078 ± 0.008 µM); Blue squares (■): W85S / 250 nM CaM ( app

c
K  = 1.4 ± 0.2 µM).  (D) 

Circular dichroism (CD) spectra of WT compared to mutants.  Far-UV CD spectra were recorded between 

190 nm and 260 nm, with a path length of 0.1 cm, and using 3 µM eEF-2K.  Details of buffers used are 

described under ‘5.3. Materials and Methods’.  Red trace (–): WT; Blue trace (–): W85S; Green trace (–): 

Heat-denatured eEF-2K.  These results suggest that W85S is folded correctly as it possesses a spectrum 

similar to the WT.    

A B 

D C 
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Figure 5.S2. Effects of EGTA on eEF-2K activity ± calmodulin and ± calcium. EGTA dose-response 

assays were performed with 2-50 nM eEF-2K ± 2 μM CaM and ± 150 μM CaCl2.  Details of buffers used 

are described under ‘5.3. Materials and Methods’.  Kinase activity was determined by measuring the rate of 

phosphorylation of the peptide (μM.s
-1

).  Activities are reported as 
app

obs
k  (s

-1
) as a function of EGTA 

concentration.  (A) EGTA dose-response assay + CaM and + CaCl2, using 2 nM eEF-2K.  (B) EGTA dose-

response assay + CaM and – CaCl2, using 10 nM eEF-2K.  Inset: Expansion of the data for 0-0.25 mM.  

(C) EGTA dose-response assay – CaM and + CaCl2, using 50 nM eEF-2K.  (D) EGTA dose-response assay 

– CaM and – CaCl2, using 50 nM eEF-2K.  Inset: Expansion of the data for 0-0.6 mM.   

  

A B 

D C 
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Figure 5.S3. Specificity of Ser-500 autophosphorylation. (A-B) Autophosphorylation of Ser-500 requires 

CaM and Ca
2+

.  eEF-2K (500 nM) was allowed to autophosphorylate (1 mM ATP) ± CaM and ± Ca
2+

 as 

indicated.  After 1 h, 50 ng of eEF-2K were removed and the reaction quenched with hot SDS-PAGE 

sample loading buffer.  (A) The samples were then analyzed by Western blotting (a), using anti-phospho-

eEF-2K and anti-eEF-2K antibodies as described under ‘5.3. Materials and Methods’.  Concurrently, eEF-

2K was allowed to autophosphorylate under the same conditions with 1 mM [-
32

P]ATP.  After 1 h, the 

reaction was quenched with hot SDS-PAGE sample loading buffer, and the samples were then analyzed by 

autoradiography ((b) Autoradiograph and (c) Coomassie-stained gel) as described under ‘5.3. Materials and 

Methods’.  (B) Samples were analyzed by Western blotting using various anti-phospho-eEF-2K and anti-

eEF-2K antibodies as described under ‘5.3. Materials and Methods’.  (C) Autophosphorylation of Ser-500 

requires autophosphorylation at Thr-348.  eEF-2K wild type and T348A (500 nM) were allowed to 

autophosphorylate in the presence of 5 μM CaM and 50 μM free Ca
2+

.  After 1 h, 50 ng of eEF-2K were 

removed and the reaction quenched with hot SDS-PAGE sample loading buffer.  The samples were then 

analyzed by Western blotting using anti-phospho-eEF-2K and anti-eEF-2K antibodies as described under 

‘5.3. Materials and Methods’.   

  

A B 

C 
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Figure 5.S4. Calmodulin binding is required for modulation of eEF-2K activity in cells. (A) Knockout 

MCF-10A (eEF-2K–/–) cells were transfected with a vector encoding either wild type eEF-2K (WT) or the 

eEF-2K W85S mutant.  After 48 h, cells were treated with 5 µM ionomycin (5 min) or starvation with 

DPBS (6 h) along with the appropriate controls.  Lysates were then analyzed by Western blotting using 

antibodies specific for eEF-2K, phospho-eEF-2 (Thr-56), eEF-2 and pan-Actin as described under ‘5.3. 

Materials and Methods’.  (B) Graphical representation of (A).  Western blots were quantified using ImageJ, 

and as described under ‘5.3. Materials and Methods’, data were reported as the fold-change in normalized 

levels of phospho-eEF-2 (Thr-56) as compared to the untreated wild type transfected cells.  The 

experiments were performed in triplicate, and error bars represent the standard deviation.    

A 

B 
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Figure 5.S5. Light scattering analysis of eEF-2K. (A) The continuous patterns represent the refractive 

index signal, and horizontal lines represent the calculated molar mass.  The protein concentration at the 

maximum of the upper curve reflects a ~ 30-fold dilution of the injected sample.  Analysis indicates that 

eEF-2K binds to CaM in a 1:1 ratio, and neither CaM binding nor autophosphorylation induces 

oligomerization of eEF-2K.  Details of buffers used are described under ‘5.3. Materials and Methods’.  Red 

(■) – 25 μM eEF-2K (~ 87 kDa); Black (■) – 200 μM CaM (~ 17 kDa); Pink (■) – 25 μM eEF-2K + 200 

μM CaM (~ 104 kDa); Green (■) – 25 μM eEF-2K (Autophosphorylated) + 200 μM CaM (~ 105 kDa); 

Blue (■) – 25 μM eEF-2K (Autophosphorylated and CaM separated) (~ 90 kDa).    

A 
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Figure 5.S6. Regulation of Thr-348 phosphorylation by phosphatases. (A) Ser-500 on eEF-2K is a 

phosphorylation site in cells.  MDA-MB-231 breast cancer cells were transfected with a vector encoding 

either FLAG-tagged eEF-2K WT or S500A.  After 48 h, cells were treated with 5 µM ionomycin (5 min), 

along with the appropriate controls.  Cell lysates were then analyzed by Western blotting using antibodies 

specific for phospho-eEF-2K (Ser-500), as described under ‘5.3. Materials and Methods’.  Additionally, 

lysates were subjected to immunoprecipitation using a FLAG antibody as described under ‘5.3. Materials 

and Methods’, and the eluates were then analyzed by Western blotting using antibodies specific for 

phospho-eEF-2K (Ser-500).  (B) Phosphatase inhibitors block eEF-2K Thr-348 dephosphorylation by 

phosphatases in lysates.  The dephosphorylation of Thr-348 on pre-autophosphorylated recombinant eEF-

2K was monitored in MDA-MB-231 cell lysates that contained active phosphatases (supplemented with 

protease but not phosphatase inhibitors).  Autophosphorylated recombinant eEF-2K WT (30 nM) was 

added to lysate supplemented with or without Microcystin-LR and Calyculin A as described under ‘5.3. 

Materials and Methods’.  Decrease in eEF-2K Thr-348 phosphorylation at 30 
°
C was monitored by 

immunoblotting with a phospho-specific antibody.   

  

A 

B 
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Appendix 

 

A.1. LIST OF ABBREVIATIONS 

2-DOG 2-deoxy-D-glucose 

ACN Acetonitrile 

ADP Adenosine diphosphate 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AMPK AMP-activated protein kinase 

Apo-CaM Calcium -free form of calmodulin 

Arc Cytoskeletal-associated protein also known as Arg3.1 

ATP Adenosine triphosphate 

BDNF Brain-derived neurotrophic factor 

BSA Bovine serum albumin fraction V 

Ca
2+

 Calcium 

[Ca
2+

]free Free calcium concentration 

[Ca
2+

]i Intracellular (cytoplasmic) calcium concentration 

CaM Calmodulin 

CaM(C75)IAE Calmodulin where the IAEDANS label is attached to Cys-75 

CaMK Calcium/calmodulin-dependent protein kinase 

cAMP Cyclic adenosine monophosphate 

CD Circular dichroism 

CDK1 Cyclin-dependent kinase 1 

CDK2 Cyclin-dependent kinase 2 

CHAK1 Channel kinase 1 

CHAK2 Channel kinase 2 

CID Collision-induced dissociation 

DFG Asp-Phe-Gly motif 
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DMEM Dulbecco's Modified Eagle's medium 

DPBS Dulbecco's phosphate-buffered saline 

DTT Dithiothreitol 

ECL Enhanced chemiluminescence 

EDTA Ethylenediaminetetraacetic acid 

eEF-1a Elongation factor-1 alpha 

eEF-2 Eukaryotic elongation factor 2 

eEF-2K Eukaryotic elongation factor 2 kinase 

eEF-2K–/– Both alleles of the eEF-2K gene knocked out 

eEF-3 Elongation factor-3 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 

EGTA Ethylene glycol tetraacetic acid 

EK Enterokinase 

ERK Extracellular-signal-regulated kinases 

FBS Fetal bovine serum 

FGFR1 Fibroblast growth factor receptor 1 

FMOC 9-fluoromethyl-chloroformate 

FPLC Fast performance liquid chromatography 

(G-D-I)-eEF-2K Recombinant human eEF-2K preceded by three residues 

(Gly-Asp-Ile) – a remnant of the Trx-His6-tag after cleavage 

GST Glutathione S-transferase 

GTP Guanosine triphosphate 

H2O2 Hydrogen peroxide 

HA Hemagglutinin 

HAK Heart alpha-kinase 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPLC High-performance liquid chromatography 
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HRP Horseradish peroxidase 

Hsp90 Heat shock protein 90 

IAEDANS N-iodoacetaminoethyl-1-naphthylamine-5-sulfonic acid 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

IRES Internal ribosome entry site 

app

catk  Apparent catalytic constant 

app

obsk
 

Apparent rate constant 

app

MK  Apparent substrate concentration required to achieve half 

maximal activity 

app

aK  Apparent MgATP concentration required to achieve half 

maximal activity  

app

cK
 

Apparent co-activator concentration required to achieve half 

maximal activity 

dK
 

Dissociation constant 

offk
 

Dissociation rate 

onk
 

Association rate 

deck
 

Rate of decrease in Ca
2+

-independent kinase activity 

KAcO Potassium acetate 

KO Knockout 

K-type effect Effect due to a change in affinity 

LAK Lymphocyte alpha-kinase 

LC-MS/MS Liquid chromatography – tandem mass spectrometry 

LTP Long term potentiation 

MAK Muscle alpha-kinase 

MALS Multi-angle laser light scattering 

MAP1B Microtubule-associated protein 1B 

MAPK Mitogen-activated protein kinase 
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MAPKAP-K Mitogen-activated protein kinase-activated protein kinase 

MEK MAPK/ERK kinase 

Mg
2+

 Magnesium 

MgATP Magnesium-bound ATP 

mGluR Metabotropic glutamate receptor 

MHCK A Myosin II heavy chain kinase A 

MLCK Myosin light-chain kinase 

MP3.A Mobile phase 3.A 

MP3.B Mobile phase 3.B 

MS Mass spectrometry 

mTOR Mammalian target of rapamycin 

Ni-NTA Nickel-nitrilotriacetic acid 

NMDA N-methyl-D-aspartate 

NMR Nuclear magnetic resonance 

NT Non-tumorigenic 

OPA o-phthaldehyde 

PCR Polymerase chain reaction 

p-eEF-2K
Thr-348

 eEF-2K autophosphorylated at Thr-348 

PKA cAMP-dependent protein kinase 

PMSF Phenylmethanesulfonyl fluoride 

PP1 Protein phosphatase 1 

PP2A Protein phosphatase 2A 

PVDF Polyvinylidene fluoride 

p-WT
Thr-348

 eEF-2K wild type autophosphorylated at Thr-348 

RPPA Reverse phase protein array 

SCF Skp, Cullin, F-box containing complex 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
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siRNA Small interfering RNA 

TBS Tris-buffered saline 

TBST Tris-buffered saline/Tween 20 

TCEP Tris(2-carboxyethyl)phosphine 

TEV Tobacco etch virus 

TPCK Tosyl phenylalanyl chloromethyl ketone 

TRPM6 Transient receptor potential cation channel, subfamily M, 

member 6 

TRPM7 Transient receptor potential cation channel, subfamily M, 

member 7 

Trx-His6-tag Thioredoxin-6xhistidine-tag 

T-type effect Effect due to a change in affinity by trapping calmodulin 

V-type effect Effect due to a change in catalytic rate 

app

maxV  Apparent maximum velocity 

WT Wild type 
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A.2. REVERSE PHASE PROTEIN ARRAY (RPPA) ANALYSIS 

A.2.1. Materials and Methods 

Cell lines and culture conditions. Isogenic non-tumorigenic breast epithelial cell 

lines MCF-10A and KO MCF-10A (eEF-2K–/–) (MCF-10A with both alleles of the eEF-

2K gene knocked out) were obtained from Sigma-Aldrich (St. Louis, MO).  MDA-MB-

231 and MCF-7 (breast adenocarcinoma) cell lines were obtained from American Type 

Culture Collection (Manassas, VA).  MDA-MB-231 cells were cultured in DMEM/F12 

supplemented with 10% FBS, 50 units/mL penicillin and 50 μg/mL streptomycin.  MCF-

7 cells were cultured in DMEM/F12 supplemented with 10% FBS, 10 µg/mL insulin, 50 

units/mL penicillin and 50 μg/mL streptomycin.  The MCF-10A cell lines were cultured 

in DMEM/F12 supplemented with 5% horse serum, 20 ng/mL EGF, 0.5 µg/mL 

hydrocortisone, 10 µg/mL insulin, 100 ng/mL cholera toxin, 50 units/mL penicillin and 

50 μg/mL streptomycin.  Cell cultures were maintained at 37 ˚C in a humidified incubator 

containing 5% CO2.  All cell culture reagents were from Invitrogen or Sigma-Aldrich.   

Transfections. For siRNA transfections, MCF-10A cells (0.4 x 10
6
 cells/well, ~ 

40% confluency), MDA-MB-231 cells (0.3 x 10
6
 cells/well, ~ 30% confluency), or MCF-

7 cells (0.5 x 10
6
 cells/well, ~ 50% confluency) were seeded in 6-well plates.  After 24 h, 

cells were transfected with 100 nM eEF-2K siRNA using Lipofectamine® 2000 (Life 

Technologies), according to the manufacturer’s protocol.  The following siRNA targeting 

eEF-2K were used: eEF-2K siRNA#1 (5'-AAAAGCUCGAACCAGAAUGUC-3'); and 

eEF-2K siRNA#2 (5'-AACAGGCAGUCCAUGAUCCUA-3') 
(137, 142)

.  The non-

silencing scrambled siRNA (5'-AAUUCUCCGAACGUGUCACGU-3') was used to 
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perform the control transfections 
(191)

.  Cells were incubated for a further 48 h to allow for 

knockdown of eEF-2K, and then lysed.  Treatments were performed in duplicate.   

Cell lysis. Following treatments, cells were washed twice in ice-cold PBS (pH 

7.4) (Life Technologies), and lysed in ice-cold Buffer A.2.A (50 mM HEPES (pH 7.4), 

150 mM NaCl, 1.5 mM MgCl2, 1% Triton X-100, 1 mM EGTA, 100 mM NaF, 10 mM 

Na pyrophosphate, 1 mM Na3VO4 and 10% glycerol), supplemented with PhosSTOP 

Phosphatase Inhibitor Cocktail (Roche Diagnostics, Indianapolis, IN) and cOmplete 

EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics).  Lysates were subjected to 

one freeze-thaw cycle, and then clarified by centrifugation at 15,000 × g for 15 min.  

Total protein concentration for each sample was determined by Bradford assay (Bio-Rad, 

Hercules, CA).  Western blotting was performed to confirm the knockdown of eEF-2K.  

Equal amounts of protein (90 µg) from cell lysate samples were then submitted for 

analysis to the RPPA Core Facility – Functional Proteomics (UT MD Anderson Cancer 

Center, Houston).   

 

A.2.2. Results and Conclusion 

Results are summarized in Table A.2.1 and A.2.3, and Figure A.2.1.  Results 

suggest some significant changes in the phosphorylation status or expression levels of 

certain proteins upon treatment of cells with siRNA targeting eEF-2K (Table A.2.2).  

Results also suggest some significant differences in the phosphorylation status or 

expression levels of certain proteins between the isogenic MCF-10A and KO MCF-10A 

(eEF-2K–/–) cell lines (Table A.2.3 and Figure A.2.1D).  There is a notable correlation 
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between and eEF-2K and phospho-NF-κB-p65 (Ser-536) levels in cells (Figure A.2.2).  

While these observations are interesting, further analysis is necessary to validate and then 

determine the mechanism underlying the changes in the phosphorylation status or 

expression levels of the various proteins.   
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Table A.2.1. Summary of reverse phase protein array (RPPA) analysis 

 MDA-MB-231 MCF-7 MCF-10A 

Protein 
Control 

siRNA 

eEF-2K 

siRNA#1 

eEF-2K 

siRNA#2 

Control 

siRNA 

eEF-2K 

siRNA#1 

eEF-2K 

siRNA#2 

Control 

siRNA 

eEF-2K 

siRNA#1 

eEF-2K 

siRNA#2 

14-3-3 β 100.0 ± 4.3 99.7 ± 6.2 245 ± 212 100.0 ± 1.6 86.6 ± 4.3 90.5 ± 1.4 100.0 ± 6.3 92.2 ± 6.1 102.4 ± 6.0 

14-3-3 ε 100.0 ± 0.2 98.2 ± 3.7 99.2 ± 1.7 100.0 ± 3.1 100.4 ± 2.9 103.0 ± 1.9 100.0 ± 0.2 98.5 ± 0.3 96.7 ± 3.4 

14-3-3 ζ 100.0 ± 0.3 110.5 ± 2.4 91.1 ± 3.3 100.0 ± 7.1 104.9 ± 10 94.9 ± 1.4 100.0 ± 1.8 93.2 ± 10.4 104.7 ± 3.3 

4E-BP1 100.0 ± 3.3 96.8 ± 2.1 96.4 ± 6.8 100.0 ± 2.4 98.4 ± 3.2 97.9 ± 5.1 100.0 ± 6.1 104.0 ± 2.9 101.9 ± 0.8 

4E-BP1 
pS65

 100.0 ± 3.9 89.0 ± 0.9 74.8 ± 4.2 100.0 ± 3.4 91.6 ± 2.3 86.4 ± 4.6 100.0 ± 18 97.1 ± 10.2 80.6 ± 7.2 

4E-BP1 
pT37/T46

 100.0 ± 0.8 87.2 ± 0.1 91.2 ± 18.4 100.0 ± 1.4 94.5 ± 0.7 90.9 ± 1.9 100.0 ± 6.0 99.3 ± 3.0 92.1 ± 1.4 

53BP1 100.0 ± 1.1 96.5 ± 0.3 101.7 ± 2.8 100.0 ± 5.2 99.3 ± 0.4 101.5 ± 4.7 100.0 ± 0.7 113.3 ± 3.1 98.6 ± 4.2 

ACC 
pS79

 100.0 ± 5.7 104.8 ± 2.5 83.0 ± 0.6 100.0 ± 3.2 116.2 ± 1.1 98.0 ± 4.4 100.0 ± 11 107.7 ± 13 99.3 ± 0.7 

ACC1 100.0 ± 3.0 101.0 ± 9.8 86.5 ± 1.7 100.0 ± 2.1 93.5 ± 1.7 91.6 ± 0.3 100.0 ± 5.6 100.3 ± 8.6 78.1 ± 6.9 

ACVRL1 100.0 ± 1.8 101.5 ± 5.1 97.1 ± 2.4 100.0 ± 0.9 102.4 ± 0.4 104.6 ± 1.0 100.0 ± 8.3 96.3 ± 4.6 102.5 ± 3.3 

Akt 100.0 ± 4.2 113.4 ± 3.1 125.6 ± 19 100.0 ± 6.5 118.6 ± 9.4 124.6 ± 0.6 100.0 ± 4.6 98.9 ± 2.2 108.7 ± 3.9 

Akt 
pS473

 100.0 ± 1.1 77.1 ± 1.7 83.8 ± 15.5 100.0 ± 1.0 99.7 ± 3.1 108.8 ± 1.4 100.0 ± 7.8 90.9 ± 1.4 99.7 ± 9.5 

Akt 
pT308

 100.0 ± 2.5 90.0 ± 3.4 94.2 ± 22.0 100.0 ± 0.0 86.5 ± 3.3 94.3 ± 2.5 100.0 ± 11 102.2 ± 33 96.0 ± 5.6 

α-Catenin 100.0 ± 5.6 98.0 ± 0.0 101.2 ± 0.7 100.0 ± 0.7 97.6 ± 1.1 101.7 ± 0.4 100.0 ± 2.6 97.9 ± 0.7 100.8 ± 1.4 

AMPK α 100.0 ± 1.5 100.8 ± 1.0 99.8 ± 4.8 100.0 ± 0.0 101.8 ± 0.4 101.3 ± 1.9 100.0 ± 1.2 107.7 ± 8.8 101.5 ± 2.2 
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AMPK 
pT172

 100.0 ± 3.7 103.8 ± 1.0 77.4 ± 4.3 100.0 ± 2.8 111.3 ± 0.6 94.1 ± 5.5 100.0 ± 2.7 102.0 ± 4.4 115.6 ± 5.9 

Annexin I 100.0 ± 1.0 113.5 ± 1.5 116.3 ± 7.1 100.0 ± 6.4 109.2 ± 9.5 93.4 ± 1.5 100.0 ± 1.2 94.0 ± 1.1 102.8 ± 4.9 

Annexin VII 100.0 ± 2.6 107.2 ± 0.2 107.9 ± 0.6 100.0 ± 0.0 104.6 ± 2.2 106.5 ± 0.6 100.0 ± 2.0 102.9 ± 1.9 102.8 ± 1.7 

AR 100.0 ± 0.4 102.5 ± 1.3 101.5 ± 1.7 100.0 ± 0.4 105.7 ± 2.1 87.2 ± 1.8 100.0 ± 4.3 105.4 ± 1.3 104.6 ± 1.6 

Bad 
pS112

 100.0 ± 3.2 101.3 ± 1.6 97.3 ± 3.0 100.0 ± 2.9 104.9 ± 1.4 103.2 ± 2.5 100.0 ± 2.8 96.3 ± 1.9 97.0 ± 4.0 

Bak 100.0 ± 2.2 102.5 ± 0.3 95.0 ± 5.9 100.0 ± 4.8 98.0 ± 3.4 93.1 ± 1.5 100.0 ± 6.3 94.0 ± 3.3 102.1 ± 7.4 

Bax 100.0 ± 2.7 101.6 ± 5.0 97.1 ± 2.9 100.0 ± 7.8 106.3 ± 4.9 108.4 ± 0.1 100.0 ± 3.8 96.8 ± 2.1 126.2 ± 0.6 

Bcl-2 100.0 ± 7.9 98.2 ± 1.1 105.7 ± 0.8 100.0 ± 9.9 109.7 ± 0.3 107.6 ± 1.9 100.0 ± 4.5 97.1 ± 5.5 99.6 ± 2.0 

Bcl-xL 100.0 ± 0.4 106.4 ± 1.1 101.2 ± 0.4 100.0 ± 4.5 102.0 ± 3.8 99.6 ± 0.4 100.0 ± 1.8 98.9 ± 1.2 103.1 ± 0.8 

Beclin 100.0 ± 1.7 103.7 ± 4.7 219 ± 171 100.0 ± 3.4 100.6 ± 1.6 95.2 ± 4.8 100.0 ± 0.6 97.3 ± 3.7 100.7 ± 0.8 

β-Catenin 100.0 ± 3.2 101.7 ± 0.3 131.2 ± 7.2 100.0 ± 4.6 105.7 ± 0.8 95.6 ± 1.0 100.0 ± 7.1 93.8 ± 3.6 109.9 ± 8.6 

Bid 100.0 ± 2.0 98.9 ± 1.0 96.4 ± 3.0 100.0 ± 2.2 97.1 ± 3.8 94.1 ± 0.3 100.0 ± 1.9 103.2 ± 1.1 104.3 ± 2.0 

Bim 100.0 ± 0.2 103.9 ± 1.0 106.3 ± 1.8 100.0 ± 11 104.4 ± 6.3 111.4 ± 1.1 100.0 ± 14 92.5 ± 15.8 101.0 ± 12 

c-Kit 100.0 ± 2.2 105.0 ± 3.5 101.5 ± 0.7 100.0 ± 4.9 98.0 ± 0.8 102.7 ± 4.1 100.0 ± 1.8 101.3 ± 1.5 95.7 ± 2.5 

c-Met 100.0 ± 0.1 101.7 ± 2.6 98.7 ± 1.6 100.0 ± 0.2 96.3 ± 1.1 101.1 ± 2.8 100.0 ± 4.9 95.8 ± 0.8 92.1 ± 0.7 

c-Met 
pY1235

 100.0 ± 0.0 95.8 ± 1.8 95.8 ± 0.9 100.0 ± 1.9 89.4 ± 1.5 91.6 ± 5.3 100.0 ± 0.3 100.0 ± 2.3 101.7 ± 1.3 

c-Myc 100.0 ± 9.5 97.6 ± 4.9 106.3 ± 48 100.0 ± 5.9 82.5 ± 3.8 74.4 ± 5.3 100.0 ± 8.8 102.9 ± 18 80.7 ± 14.2 

C-Raf 100.0 ± 3.5 110.3 ± 4.0 84.4 ± 1.5 100.0 ± 1.9 111.1 ± 3.6 99.8 ± 0.6 100.0 ± 5.3 107.2 ± 5.4 90.5 ± 2.2 

C-Raf 
pS338

 100.0 ± 3.9 106.3 ± 5.1 87.6 ± 1.0 100.0 ± 2.3 96.6 ± 1.1 80.1 ± 4.9 100.0 ± 18 109.0 ± 8.6 86.4 ± 15.2 
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Caspase-7 
cleavedD198

 100.0 ± 0.8 103.5 ± 0.0 117.8 ± 0.8 100.0 ± 6.9 94.3 ± 2.2 98.2 ± 5.1 100.0 ± 3.3 102.8 ± 5.6 96.8 ± 3.3 

Caspase-8 100.0 ± 3.1 101.8 ± 0.4 95.9 ± 2.8 100.0 ± 0.3 101.6 ± 2.8 104.2 ± 1.4 100.0 ± 2.2 99.5 ± 3.7 94.5 ± 4.0 

Caveolin-1 100.0 ± 8.6 96.1 ± 9.0 114.6 ± 11 100.0 ± 0.4 89.5 ± 5.9 94.3 ± 16.7 100.0 ± 14 109.1 ± 15 140.1 ± 19 

CD31 100.0 ± 2.1 98.1 ± 1.1 101.3 ± 0.3 100.0 ± 0.8 99.9 ± 0.4 99.3 ± 0.6 100.0 ± 3.3 99.3 ± 1.2 105.1 ± 2.7 

CD49b 100.0 ± 1.9 102.2 ± 2.8 127.0 ± 0.9 100.0 ± 1.5 102.0 ± 3.2 103.5 ± 3.1 100.0 ± 8.1 104.5 ± 9.9 107.5 ± 11 

CDK1 100.0 ± 0.6 98.2 ± 1.6 109.4 ± 14 100.0 ± 6.0 91.2 ± 2.9 92.9 ± 0.1 100.0 ± 4.1 105.2 ± 13 89.7 ± 0.6 

Chk1 100.0 ± 0.4 97.0 ± 0.6 96.9 ± 2.4 100.0 ± 1.4 99.7 ± 1.5 99.5 ± 2.3 100.0 ± 11 95.2 ± 8.4 92.7 ± 3.0 

Chk1 
pS345

 100.0 ± 4.6 95.7 ± 3.1 92.1 ± 0.9 100.0 ± 0.3 97.2 ± 3.2 95.9 ± 5.7 100.0 ± 1.9 93.7 ± 2.8 89.2 ± 1.0 

Chk2 100.0 ± 2.8 83.3 ± 1.0 79.3 ± 0.8 100.0 ± 1.0 97.4 ± 1.1 94.3 ± 0.5 100.0 ± 0.2 100.0 ± 1.1 92.6 ± 4.5 

Chk2 
pT68

 100.0 ± 0.5 95.7 ± 3.8 96.2 ± 2.7 100.0 ± 3.6 101.5 ± 1.6 103.2 ± 6.1 100.0 ± 1.7 93.6 ± 1.0 94.1 ± 0.8 

cIAP 100.0 ± 1.8 108.1 ± 0.2 116.5 ± 2.9 100.0 ± 0.3 100.0 ± 5.1 103.5 ± 2.7 100.0 ± 2.2 106.8 ± 4.8 104.5 ± 3.9 

Claudin-7 100.0 ± 0.9 103.0 ± 0.3 109.7 ± 3.7 100.0 ± 2.8 98.5 ± 6.6 101.6 ± 0.7 100.0 ± 29 121.8 ± 38 80.3 ± 16.8 

Collagen VI 100.0 ± 0.2 100.4 ± 1.1 106.1 ± 2.1 100.0 ± 7.0 103.8 ± 1.0 104.2 ± 1.9 100.0 ± 1.3 96.4 ± 7.5 101.2 ± 0.5 

Cyclin B1 100.0 ± 7.2 81.1 ± 2.8 100.6 ± 0.9 100.0 ± 3.7 79.0 ± 2.7 70.9 ± 5.8 100.0 ± 30 90.5 ± 19.2 58.6 ± 0.9 

Cyclin D1 100.0 ± 5.0 111.2 ± 1.8 126.4 ± 52 100.0 ± 6.5 103.7 ± 2.2 92.1 ± 0.9 100.0 ± 0.8 100.7 ± 0.5 94.7 ± 3.0 

Cyclin E1 100.0 ± 0.4 101.7 ± 1.0 101.9 ± 2.5 100.0 ± 4.0 118.0 ± 1.3 117.5 ± 4.8 100.0 ± 6.3 98.5 ± 8.1 93.2 ± 5.2 

DJ-1 100.0 ± 2.3 97.3 ± 0.1 102.1 ± 0.4 100.0 ± 0.4 108.3 ± 0.2 109.2 ± 0.3 100.0 ± 0.4 97.2 ± 1.5 103.8 ± 2.7 

Dvl3 100.0 ± 0.4 86.0 ± 1.0 110.3 ± 1.7 100.0 ± 4.0 97.7 ± 3.6 105.9 ± 1.1 100.0 ± 4.4 95.9 ± 1.0 101.8 ± 4.5 

E-Cadherin 100.0 ± 6.8 85.9 ± 1.6 127.1 ± 11 100.0 ± 4.7 98.4 ± 1.2 88.8 ± 1.0 100.0 ± 4.0 102.7 ± 6.6 110.8 ± 11 
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eEF2 100.0 ± 1.2 98.0 ± 0.6 90.2 ± 2.7 100.0 ± 2.3 98.3 ± 0.5 86.6 ± 1.8 100.0 ± 7.1 102.9 ± 0.7 94.4 ± 1.2 

eEF2K 100.0 ± 1.7 65.2 ± 0.6 48.7 ± 0.9 100.0 ± 1.3 73.4 ± 3.0 63.5 ± 1.1 100.0 ± 12 67.7 ± 6.4 58.2 ± 8.4 

EGFR 100.0 ± 3.8 106.4 ± 0.7 116.6 ± 32 100.0 ± 1.0 99.6 ± 1.0 96.2 ± 1.5 100.0 ± 25 103.4 ± 23 106.6 ± 22 

EGFR 
pY1068

 100.0 ± 0.7 104.2 ± 0.5 99.6 ± 1.7 100.0 ± 1.4 98.8 ± 3.3 102.5 ± 3.0 100.0 ± 1.9 101.5 ± 3.0 105.9 ± 1.2 

EGFR 
pY1173

 100.0 ± 0.3 97.8 ± 1.7 97.9 ± 1.3 100.0 ± 5.3 97.9 ± 0.3 97.6 ± 1.3 100.0 ± 2.3 100.1 ± 2.2 99.1 ± 2.8 

eIF4E 100.0 ± 3.4 103.2 ± 1.3 102.6 ± 0.3 100.0 ± 0.6 104.9 ± 0.6 107.7 ± 1.4 100.0 ± 1.8 103.7 ± 1.0 107.2 ± 8.5 

eIF4G 100.0 ± 7.1 97.2 ± 6.0 97.2 ± 5.7 100.0 ± 1.8 108.0 ± 3.1 104.4 ± 8.4 100.0 ± 1.3 90.1 ± 0.8 92.5 ± 0.0 

ER-α 100.0 ± 6.2 106.1 ± 3.3 111.9 ± 5.6 100.0 ± 0.5 77.0 ± 1.3 75.4 ± 0.7 100.0 ± 2.1 89.2 ± 7.3 93.7 ± 7.5 

ER-α 
pS118

 100.0 ± 5.6 92.2 ± 0.2 92.1 ± 0.0 100.0 ± 2.7 81.2 ± 0.0 84.3 ± 0.5 100.0 ± 1.9 108.1 ± 6.3 100.9 ± 5.3 

ERCC1 100.0 ± 1.5 99.6 ± 3.3 98.7 ± 2.6 100.0 ± 4.2 101.2 ± 2.1 104.5 ± 0.9 100.0 ± 4.4 99.2 ± 7.7 99.6 ± 3.5 

FASN 100.0 ± 0.2 96.7 ± 1.9 90.7 ± 0.3 100.0 ± 8.3 103.2 ± 0.3 97.9 ± 4.8 100.0 ± 7.5 99.6 ± 12.6 87.8 ± 9.5 

Fibronectin 100.0 ± 7.4 120.2 ± 3.9 78.4 ± 2.6 100.0 ± 6.4 100.3 ± 3.2 95.3 ± 4.3 100.0 ± 32 96.0 ± 23.2 108.6 ± 31 

FOX03a 100.0 ± 0.4 104.8 ± 3.3 102.3 ± 3.4 100.0 ± 1.6 102.2 ± 0.1 103.2 ± 0.2 100.0 ± 3.5 105.8 ± 3.1 113.6 ± 0.3 

FoxM1 100.0 ± 1.9 90.1 ± 0.4 96.4 ± 1.6 100.0 ± 4.7 80.5 ± 0.5 79.9 ± 0.2 100.0 ± 13 90.5 ± 10.4 65.4 ± 3.4 

G6PD 100.0 ± 3.3 98.7 ± 2.5 98.0 ± 1.5 100.0 ± 1.7 91.3 ± 0.1 99.3 ± 1.6 100.0 ± 6.1 96.1 ± 2.3 105.1 ± 5.6 

Gab2 100.0 ± 0.1 96.3 ± 1.1 117.0 ± 0.2 100.0 ± 2.9 89.8 ± 2.0 103.7 ± 4.9 100.0 ± 1.9 102.5 ± 3.7 111.5 ± 3.5 

GAPDH 100.0 ± 15 94.9 ± 1.0 87.0 ± 4.3 100.0 ± 7.7 103.6 ± 12 80.3 ± 3.4 100.0 ± 2.6 123.2 ± 21 103.1 ± 1.3 

GATA3 100.0 ± 4.7 92.2 ± 5.1 105.1 ± 6.7 100.0 ± 30 66.0 ± 13.0 101.6 ± 25 100.0 ± 10 96.4 ± 10.9 92.8 ± 0.0 

GSK3-α- β 100.0 ± 3.3 93.7 ± 0.4 88.8 ± 1.2 100.0 ± 2.0 99.3 ± 3.7 96.0 ± 1.1 100.0 ± 7.5 99.0 ± 0.5 101.0 ± 1.6 
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GSK3-α-β 
pS21/S9

 100.0 ± 4.7 90.0 ± 0.5 94.3 ± 6.4 100.0 ± 3.4 99.5 ± 1.5 97.4 ± 4.1 100.0 ± 6.2 96.1 ± 0.1 96.8 ± 9.0 

GSK3 
pS9

 100.0 ± 2.5 106.5 ± 2.1 99.6 ± 1.6 100.0 ± 2.5 104.6 ± 3.3 97.5 ± 3.6 100.0 ± 9.0 101.0 ± 0.4 101.2 ± 3.9 

HER2 100.0 ± 2.9 106.9 ± 1.4 102.3 ± 0.3 100.0 ± 3.8 100.5 ± 3.9 99.5 ± 0.2 100.0 ± 8.8 104.5 ± 6.6 92.4 ± 4.3 

HER2 
pY1248

 100.0 ± 7.9 91.2 ± 2.3 104.2 ± 3.3 100.0 ± 3.9 110.6 ± 5.4 97.3 ± 3.9 100.0 ± 3.4 108.7 ± 11 94.0 ± 14.1 

HER3 100.0 ± 0.7 94.1 ± 0.3 99.8 ± 5.8 100.0 ± 0.1 111.9 ± 1.9 103.5 ± 6.1 100.0 ± 4.1 108.0 ± 0.5 88.2 ± 2.6 

HER3 
pY1298

 100.0 ± 3.2 90.4 ± 2.8 98.8 ± 1.9 100.0 ± 2.9 99.8 ± 4.7 102.5 ± 1.3 100.0 ± 0.5 108.3 ± 9.2 108.0 ± 5.1 

IGFBP2 100.0 ± 13 109.6 ± 14 126.4 ± 33 100.0 ± 7.5 91.9 ± 2.3 97.2 ± 0.4 100.0 ± 11 101.1 ± 7.9 105.4 ± 9.9 

INPP4B 100.0 ± 2.1 94.9 ± 3.2 135.7 ± 39 100.0 ± 0.2 98.1 ± 2.7 95.2 ± 3.4 100.0 ± 0.6 99.6 ± 1.2 111.4 ± 3.5 

IRS1 100.0 ± 2.8 103.3 ± 4.5 95.6 ± 10.8 100.0 ± 10 97.9 ± 3.5 96.4 ± 1.6 100.0 ± 2.0 100.9 ± 0.3 92.7 ± 2.2 

JNK 
pT183/T185

 100.0 ± 2.9 97.6 ± 2.3 87.5 ± 6.9 100.0 ± 1.3 118.9 ± 0.1 107.7 ± 2.0 100.0 ± 3.5 102.9 ± 1.2 95.4 ± 2.4 

JNK2 100.0 ± 0.6 93.3 ± 0.9 93.7 ± 0.3 100.0 ± 0.7 100.3 ± 2.3 99.7 ± 0.3 100.0 ± 2.2 94.9 ± 3.1 98.6 ± 3.9 

K-Ras 100.0 ± 1.2 98.0 ± 2.6 99.5 ± 1.1 100.0 ± 0.3 99.6 ± 0.8 102.0 ± 0.9 100.0 ± 2.6 97.7 ± 2.1 99.5 ± 2.6 

Lck 100.0 ± 3.2 96.1 ± 4.6 102.3 ± 0.3 100.0 ± 1.4 99.2 ± 1.0 96.0 ± 4.8 100.0 ± 5.6 98.4 ± 2.1 99.3 ± 10.1 

MAPK 
pT202/Y204

 100.0 ± 1.3 117.2 ± 1.3 102.7 ± 6.3 100.0 ± 6.8 80.6 ± 2.5 86.9 ± 0.0 100.0 ± 5.7 98.6 ± 2.8 99.4 ± 27.5 

MEK1 100.0 ± 1.1 104.6 ± 3.6 95.7 ± 1.1 100.0 ± 2.3 100.5 ± 5.8 90.0 ± 2.2 100.0 ± 1.5 108.9 ± 1.9 116.9 ± 5.2 

MEK1 
pS217/S221

 100.0 ± 2.3 101.6 ± 3.2 101.6 ± 1.9 100.0 ± 6.5 89.8 ± 2.4 86.4 ± 3.2 100.0 ± 14 111.1 ± 19 96.4 ± 14.6 

MGMT 100.0 ± 4.6 101.0 ± 3.9 108.9 ± 6.9 100.0 ± 3.0 109.5 ± 6.9 99.8 ± 8.7 100.0 ± 6.1 113.9 ± 3.3 117.4 ± 2.3 

MIG-6 100.0 ± 0.5 101.1 ± 4.8 83.6 ± 1.5 100.0 ± 4.4 102.6 ± 5.0 104.4 ± 4.6 100.0 ± 0.2 97.0 ± 3.0 118.9 ± 9.2 

MSH2 100.0 ± 1.5 89.6 ± 0.0 88.6 ± 1.7 100.0 ± 0.6 87.1 ± 1.9 89.7 ± 1.1 100.0 ± 5.9 90.9 ± 3.5 91.6 ± 0.2 
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MSH6 100.0 ± 1.8 90.9 ± 2.8 79.2 ± 3.8 100.0 ± 9.6 89.9 ± 0.3 81.7 ± 0.1 100.0 ± 8.2 92.0 ± 0.5 89.2 ± 0.8 

mTOR 100.0 ± 0.1 96.6 ± 4.5 80.9 ± 0.2 100.0 ± 1.6 99.9 ± 1.0 97.2 ± 2.6 100.0 ± 0.1 99.5 ± 6.2 87.7 ± 4.7 

mTOR 
pS2448

 100.0 ± 0.0 95.9 ± 1.7 80.2 ± 0.1 100.0 ± 3.1 98.1 ± 0.6 98.1 ± 1.8 100.0 ± 13 102.2 ± 10 81.5 ± 6.7 

MYH11 100.0 ± 0.8 113.7 ± 1.0 118.4 ± 3.6 100.0 ± 4.5 102.3 ± 0.2 102.7 ± 1.5 100.0 ± 8.2 104.1 ± 5.3 100.3 ± 5.5 

N-Cadherin 100.0 ± 2.2 99.9 ± 3.5 120.4 ± 32 100.0 ± 0.3 100.1 ± 1.0 101.8 ± 5.5 100.0 ± 0.4 92.3 ± 1.5 96.7 ± 1.8 

N-Ras 100.0 ± 1.4 101.0 ± 0.7 104.6 ± 1.5 100.0 ± 2.7 102.8 ± 4.0 105.1 ± 1.0 100.0 ± 2.0 100.5 ± 2.6 104.8 ± 0.5 

NDRG1 
pT346

 100.0 ± 4.0 90.9 ± 2.7 121.3 ± 1.7 100.0 ± 4.6 101.5 ± 8.3 99.5 ± 6.7 100.0 ± 28 104.8 ± 28 133.7 ± 53 

NF-κB-p65 
pS536

 100.0 ± 3.0 69.4 ± 2.2 75.9 ± 2.1 100.0 ± 2.1 77.2 ± 4.2 79.3 ± 1.1 100.0 ± 5.6 112.1 ± 3.6 90.6 ± 7.0 

NF2 100.0 ± 3.1 97.8 ± 0.8 97.3 ± 0.9 100.0 ± 0.4 97.8 ± 2.6 92.1 ± 0.6 100.0 ± 0.2 123.7 ± 17 109.7 ± 6.6 

Notch1 100.0 ± 0.8 109.7 ± 0.4 94.8 ± 0.8 100.0 ± 4.5 100.3 ± 1.9 100.4 ± 0.3 100.0 ± 1.7 104.3 ± 2.2 100.2 ± 0.5 

p27 100.0 ± 0.4 103.9 ± 3.3 91.0 ± 5.0 100.0 ± 1.1 93.0 ± 1.5 95.8 ± 1.4 100.0 ± 4.7 100.6 ± 3.0 99.1 ± 1.3 

p27 
pT157

 100.0 ± 1.6 94.6 ± 1.3 101.8 ± 2.6 100.0 ± 1.1 95.6 ± 0.0 98.6 ± 4.6 100.0 ± 4.0 97.9 ± 1.5 94.8 ± 2.5 

p27 
pT198

 100.0 ± 1.0 98.7 ± 1.5 88.8 ± 4.1 100.0 ± 2.5 98.1 ± 2.3 96.8 ± 1.0 100.0 ± 6.3 106.8 ± 2.0 98.1 ± 7.1 

p38 MAPK 100.0 ± 4.1 109.3 ± 1.6 98.0 ± 1.2 100.0 ± 1.4 103.6 ± 0.9 105.4 ± 2.2 100.0 ± 5.0 108.2 ± 5.8 95.5 ± 0.3 

p38 
pT180/Y182

 100.0 ± 1.1 118.7 ± 1.2 103.0 ± 3.9 100.0 ± 1.4 110.6 ± 1.0 101.5 ± 2.0 100.0 ± 30 101.3 ± 28 102.2 ± 8.5 

p53 100.0 ± 0.9 103.9 ± 3.1 104.1 ± 1.3 100.0 ± 3.9 100.7 ± 2.8 105.2 ± 3.4 100.0 ± 2.5 98.0 ± 3.0 113.5 ± 1.6 

p70S6K 100.0 ± 0.4 110.5 ± 1.5 103.1 ± 0.8 100.0 ± 1.5 102.3 ± 1.2 101.7 ± 4.3 100.0 ± 4.1 101.3 ± 4.9 90.0 ± 1.5 

p70S6K 
pT389

 100.0 ± 3.5 98.7 ± 0.0 64.3 ± 0.2 100.0 ± 5.6 86.9 ± 1.4 71.3 ± 1.6 100.0 ± 47 115.0 ± 49 57.1 ± 21.2 

p90RSK 100.0 ± 1.7 98.1 ± 0.1 108.7 ± 3.4 100.0 ± 2.0 100.6 ± 2.8 104.4 ± 3.0 100.0 ± 3.0 102.5 ± 2.4 105.0 ± 4.2 
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p90RSK 
pT359/S363

 100.0 ± 2.7 105.4 ± 3.3 103.9 ± 2.6 100.0 ± 0.1 94.4 ± 2.1 96.8 ± 2.4 100.0 ± 6.5 100.3 ± 6.7 95.3 ± 8.5 

PARP 
cleaved

 100.0 ± 0.6 97.4 ± 0.2 95.9 ± 0.4 100.0 ± 1.7 102.7 ± 1.3 105.9 ± 2.4 100.0 ± 2.0 98.7 ± 1.1 101.3 ± 4.7 

Paxillin 100.0 ± 20 114.4 ± 2.4 135.5 ± 1.7 100.0 ± 1.7 101.9 ± 0.1 104.5 ± 3.0 100.0 ± 4.5 99.5 ± 1.8 102.0 ± 2.0 

PCNA 100.0 ± 4.1 95.3 ± 1.8 94.5 ± 3.1 100.0 ± 1.1 105.7 ± 2.7 104.1 ± 2.5 100.0 ± 5.0 109.6 ± 6.2 105.4 ± 1.1 

PDCD4 100.0 ± 4.6 76.7 ± 0.9 124.9 ± 25 100.0 ± 5.9 92.8 ± 1.7 121.8 ± 2.7 100.0 ± 4.2 76.0 ± 1.5 89.7 ± 14.1 

PDK1 100.0 ± 2.5 100.2 ± 3.8 150.0 ± 79 100.0 ± 0.0 97.3 ± 4.3 100.1 ± 0.3 100.0 ± 6.7 103.4 ± 4.0 97.3 ± 3.0 

PDK1 
pS241

 100.0 ± 2.2 105.4 ± 0.8 98.2 ± 1.7 100.0 ± 0.1 100.7 ± 1.3 102.1 ± 1.3 100.0 ± 0.1 103.3 ± 7.3 96.1 ± 3.6 

PEA15 100.0 ± 3.0 92.9 ± 1.3 130.5 ± 44 100.0 ± 3.2 97.2 ± 1.8 96.8 ± 1.5 100.0 ± 0.2 94.2 ± 2.6 96.5 ± 4.0 

PEA15 
pS116

 100.0 ± 0.4 97.2 ± 5.5 142.8 ± 68 100.0 ± 8.8 101.7 ± 8.3 101.5 ± 5.1 100.0 ± 12 94.2 ± 8.5 95.0 ± 2.9 

PI3K-p110-α 100.0 ± 2.4 103.7 ± 2.7 108.6 ± 1.1 100.0 ± 1.3 101.0 ± 0.1 102.1 ± 1.0 100.0 ± 2.1 108.7 ± 13 97.9 ± 0.3 

PI3K-p85 100.0 ± 3.4 94.7 ± 0.9 104.6 ± 6.8 100.0 ± 0.8 89.5 ± 2.1 93.1 ± 5.2 100.0 ± 1.5 101.9 ± 2.9 112.9 ± 3.9 

PKC-α 100.0 ± 0.9 103.9 ± 0.5 77.1 ± 2.7 100.0 ± 0.0 103.0 ± 3.7 97.1 ± 1.5 100.0 ± 2.9 96.4 ± 0.2 97.1 ± 4.6 

PKC-α 
pS657

 100.0 ± 3.8 103.0 ± 0.8 89.5 ± 1.4 100.0 ± 3.7 108.8 ± 4.5 100.9 ± 0.4 100.0 ± 3.1 101.6 ± 4.1 97.9 ± 6.2 

PKC-δ 
pS664

 100.0 ± 0.8 101.9 ± 1.8 115.3 ± 12 100.0 ± 0.3 106.1 ± 1.7 105.7 ± 2.4 100.0 ± 2.8 97.5 ± 1.0 100.4 ± 2.6 

PKC-pan βII 
pS660

 100.0 ± 3.0 106.0 ± 3.7 105.2 ± 3.8 100.0 ± 1.2 95.2 ± 0.2 87.0 ± 1.1 100.0 ± 1.9 102.4 ± 3.2 102.5 ± 7.5 

PR 100.0 ± 0.3 97.7 ± 1.9 93.5 ± 0.1 100.0 ± 1.6 89.5 ± 2.2 97.5 ± 6.4 100.0 ± 5.4 102.7 ± 0.8 101.6 ± 4.3 

PRAS40 
pT246

 100.0 ± 0.0 95.2 ± 2.8 99.1 ± 6.2 100.0 ± 1.9 112.4 ± 0.5 108.8 ± 3.9 100.0 ± 12 96.4 ± 7.0 103.2 ± 4.6 

PTEN 100.0 ± 3.5 109.6 ± 0.6 106.5 ± 2.9 100.0 ± 2.2 102.8 ± 0.1 97.7 ± 2.9 100.0 ± 0.5 104.1 ± 12 102.3 ± 7.6 

Rab11 100.0 ± 5.3 97.1 ± 3.0 118.3 ± 24 100.0 ± 1.7 96.0 ± 0.2 100.8 ± 2.7 100.0 ± 1.7 94.4 ± 1.8 99.0 ± 1.2 
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Rab25 100.0 ± 1.1 95.0 ± 0.3 131.7 ± 43 100.0 ± 1.6 102.3 ± 3.1 102.2 ± 3.7 100.0 ± 3.6 102.1 ± 2.4 105.4 ± 4.3 

Rab25 100.0 ± 2.6 95.4 ± 1.0 89.7 ± 2.8 100.0 ± 3.4 98.4 ± 0.8 101.2 ± 0.1 100.0 ± 3.3 95.4 ± 3.0 92.9 ± 2.8 

Rad50 100.0 ± 5.2 101.8 ± 0.5 104.2 ± 2.4 100.0 ± 3.1 98.9 ± 1.2 104.1 ± 0.8 100.0 ± 4.9 100.2 ± 0.4 101.7 ± 4.7 

Rad51 100.0 ± 7.3 96.8 ± 2.8 95.3 ± 2.7 100.0 ± 3.5 93.1 ± 2.9 95.0 ± 2.8 100.0 ± 8.6 97.8 ± 4.4 92.0 ± 1.7 

Raf-B 100.0 ± 2.5 110.4 ± 3.7 127.8 ± 0.9 100.0 ± 6.2 98.3 ± 2.2 99.9 ± 1.8 100.0 ± 3.6 119.2 ± 7.6 114.4 ± 0.5 

Raptor 100.0 ± 1.2 99.2 ± 2.5 90.3 ± 3.7 100.0 ± 6.5 97.3 ± 3.5 97.8 ± 1.5 100.0 ± 8.4 106.1 ± 6.6 93.5 ± 10.7 

Rb 100.0 ± 0.7 99.5 ± 0.1 91.9 ± 2.3 100.0 ± 1.5 99.4 ± 2.1 98.0 ± 4.2 100.0 ± 1.0 101.4 ± 2.9 97.4 ± 0.1 

Rb 
pS807/S811

 100.0 ± 1.6 92.5 ± 2.5 81.2 ± 19.0 100.0 ± 0.7 80.3 ± 0.6 65.9 ± 4.1 100.0 ± 41 100.6 ± 31 56.8 ± 5.5 

RBM15 100.0 ± 1.6 97.3 ± 1.2 100.3 ± 6.7 100.0 ± 4.2 97.4 ± 3.0 93.7 ± 3.6 100.0 ± 2.1 96.7 ± 3.1 116.4 ± 7.2 

Rictor 100.0 ± 3.3 106.6 ± 3.2 97.9 ± 7.9 100.0 ± 1.9 90.6 ± 0.1 86.4 ± 1.0 100.0 ± 5.6 93.8 ± 3.7 77.0 ± 5.5 

Rictor 
pT1135

 100.0 ± 0.6 106.7 ± 4.8 73.0 ± 0.5 100.0 ± 0.1 92.4 ± 2.5 87.3 ± 1.6 100.0 ± 22 108.5 ± 18 74.5 ± 8.6 

S6 
pS235/S236

 100.0 ± 0.4 91.7 ± 0.3 45.4 ± 0.6 100.0 ± 3.4 102.1 ± 2.8 86.6 ± 2.4 100.0 ± 77 135.7 ± 78 56.2 ± 37.7 

S6 
pS240/S244

 100.0 ± 4.1 78.5 ± 0.2 40.6 ± 1.3 100.0 ± 13 95.7 ± 0.1 92.8 ± 7.0 100.0 ± 70 124.6 ± 55 49.3 ± 27.6 

SCD1 100.0 ± 4.9 99.2 ± 3.9 96.4 ± 0.0 100.0 ± 1.9 109.8 ± 0.3 85.6 ± 2.6 100.0 ± 3.7 111.7 ± 2.5 97.1 ± 1.9 

SETD2 100.0 ± 7.1 101.8 ± 6.7 99.4 ± 4.2 100.0 ± 2.6 101.3 ± 6.2 100.9 ± 0.5 100.0 ± 4.9 98.0 ± 2.3 102.9 ± 3.6 

SF2 100.0 ± 3.8 105.1 ± 3.1 101.6 ± 1.9 100.0 ± 7.6 100.5 ± 1.8 97.8 ± 5.1 100.0 ± 3.3 101.3 ± 2.3 98.7 ± 3.0 

Smac 100.0 ± 2.4 97.7 ± 1.3 97.8 ± 1.1 100.0 ± 2.0 101.7 ± 4.6 94.7 ± 2.1 100.0 ± 7.9 96.5 ± 4.6 105.4 ± 0.3 

Smad1 100.0 ± 0.7 94.5 ± 1.3 99.5 ± 0.4 100.0 ± 0.7 99.1 ± 1.5 100.4 ± 2.4 100.0 ± 1.6 95.2 ± 0.6 97.7 ± 1.3 

Smad3 100.0 ± 0.6 101.5 ± 1.8 102.2 ± 1.1 100.0 ± 4.1 93.6 ± 1.3 99.0 ± 0.2 100.0 ± 0.0 99.7 ± 2.0 98.8 ± 0.3 
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Smad4 100.0 ± 0.7 100.3 ± 0.2 99.3 ± 0.1 100.0 ± 2.7 91.5 ± 2.9 96.5 ± 1.1 100.0 ± 2.6 99.7 ± 0.9 101.0 ± 2.3 

Snail 100.0 ± 1.8 102.4 ± 1.8 102.4 ± 0.8 100.0 ± 4.1 99.5 ± 5.4 98.0 ± 2.0 100.0 ± 3.2 97.8 ± 1.0 103.1 ± 1.7 

Src 100.0 ± 9.5 97.7 ± 0.3 96.9 ± 0.9 100.0 ± 0.9 104.3 ± 5.2 108.8 ± 1.8 100.0 ± 1.2 87.7 ± 0.5 95.3 ± 1.9 

Src 
pY416

 100.0 ± 1.4 95.7 ± 9.6 103.8 ± 12 100.0 ± 0.4 97.5 ± 0.7 104.5 ± 1.1 100.0 ± 15 105.5 ± 12 90.7 ± 0.5 

Src 
pY527

 100.0 ± 0.1 98.5 ± 1.3 97.3 ± 3.3 100.0 ± 0.8 104.5 ± 2.3 101.1 ± 0.1 100.0 ± 0.7 105.2 ± 3.6 106.1 ± 2.7 

STAT3 
pY705

 100.0 ± 8.3 101.4 ± 6.7 114.1 ± 4.8 100.0 ± 2.7 106.1 ± 2.1 103.5 ± 0.0 100.0 ± 14 113.6 ± 0.2 98.6 ± 3.7 

STAT5-α 100.0 ± 1.5 102.7 ± 1.8 103.5 ± 1.1 100.0 ± 2.6 100.9 ± 3.5 98.6 ± 3.0 100.0 ± 4.9 99.4 ± 1.8 95.5 ± 3.2 

Stathmin 100.0 ± 4.1 94.3 ± 1.6 97.2 ± 0.9 100.0 ± 0.4 97.7 ± 2.6 101.9 ± 4.5 100.0 ± 3.7 99.0 ± 1.4 98.0 ± 1.7 

Syk 100.0 ± 5.5 97.3 ± 2.7 92.2 ± 3.6 100.0 ± 0.7 101.5 ± 0.5 104.4 ± 0.6 100.0 ± 1.4 98.7 ± 3.3 100.7 ± 2.7 

TAZ 100.0 ± 4.7 106.2 ± 3.2 244 ± 206 100.0 ± 4.0 104.2 ± 0.2 99.0 ± 4.2 100.0 ± 11 105.3 ± 0.7 99.7 ± 3.6 

TIGAR 100.0 ± 5.8 95.7 ± 1.8 103.6 ± 6.3 100.0 ± 1.7 97.4 ± 0.3 99.5 ± 8.9 100.0 ± 0.2 99.3 ± 0.4 107.9 ± 6.0 

Transglutaminase 100.0 ± 9.0 103.3 ± 5.3 92.2 ± 6.2 100.0 ± 1.4 98.9 ± 3.4 101.5 ± 2.5 100.0 ± 0.5 102.1 ± 2.0 106.7 ± 4.3 

TRFC 100.0 ± 1.2 92.8 ± 1.2 89.9 ± 7.0 100.0 ± 4.8 101.9 ± 3.0 101.0 ± 3.4 100.0 ± 11 93.4 ± 4.0 101.5 ± 7.7 

TSC1 100.0 ± 3.7 111.5 ± 0.5 111.1 ± 0.9 100.0 ± 0.4 105.6 ± 1.9 98.1 ± 1.5 100.0 ± 5.9 100.8 ± 3.5 98.4 ± 3.8 

TTF1 100.0 ± 2.6 95.3 ± 2.1 92.4 ± 1.2 100.0 ± 0.7 98.8 ± 0.6 99.4 ± 2.9 100.0 ± 5.2 95.6 ± 6.4 100.6 ± 2.6 

Tuberin 100.0 ± 3.3 92.2 ± 2.0 105.7 ± 2.7 100.0 ± 3.8 100.3 ± 0.8 105.2 ± 5.8 100.0 ± 0.8 94.8 ± 4.7 111.8 ± 2.6 

VEGFR2 100.0 ± 9.1 97.6 ± 4.9 95.5 ± 4.5 100.0 ± 4.7 127.7 ± 4.0 113.6 ± 0.6 100.0 ± 1.1 87.2 ± 3.5 113.4 ± 6.8 

VHL 100.0 ± 0.4 98.1 ± 1.6 96.4 ± 3.9 100.0 ± 0.9 104.0 ± 4.3 105.9 ± 1.2 100.0 ± 8.8 99.4 ± 2.1 105.8 ± 6.9 

XRCC1 100.0 ± 0.6 98.0 ± 2.0 145.9 ± 61 100.0 ± 0.1 99.7 ± 1.2 107.4 ± 0.4 100.0 ± 1.2 96.7 ± 2.8 99.3 ± 1.2 
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YAP 100.0 ± 2.0 106.8 ± 2.3 133.5 ± 7.3 100.0 ± 2.1 96.5 ± 2.6 106.1 ± 0.6 100.0 ± 15 88.2 ± 14.5 107.7 ± 18 

YAP 
pS127

 100.0 ± 1.9 115.4 ± 1.5 196.8 ± 56 100.0 ± 2.0 106.6 ± 1.4 120.1 ± 3.2 100.0 ± 5.2 87.4 ± 0.3 117.8 ± 1.4 

YB-1 100.0 ± 5.8 100.1 ± 8.5 120.0 ± 19 100.0 ± 0.5 107.0 ± 4.7 103.8 ± 0.3 100.0 ± 14 91.5 ± 7.9 104.4 ± 1.0 

YB-1 
pS102

 100.0 ± 1.2 103.6 ± 5.0 85.5 ± 1.6 100.0 ± 3.0 90.3 ± 1.9 78.8 ± 0.3 100.0 ± 26 110.1 ± 20 88.9 ± 13.0 

MDA-MB-231 and MCF-7 (breast adenocarcinoma), and MCF-10A (non-tumorigenic breast epithelial) cell lines were treated with two 

different siRNA targeting eEF-2K as described under ‘A.2.1. Materials and Methods’, and samples analyzed by the RPPA Core Facility – 

Functional Proteomics (UT MD Anderson Cancer Center, Houston).  Normalized linear values were converted to percentage of the control 

siRNA-treated samples of the respective cell lines.  The experiments were performed in duplicate, and reported errors represent the standard 

deviation.   
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Table A.2.2. Notable changes in phosphorylation status or expression levels of proteins upon treatment of cells with eEF-2K siRNA 

 MDA-MB-231 MCF-7 MCF-10A 

Protein 
Control 

siRNA 

eEF-2K 

siRNA#1 

eEF-2K 

siRNA#2 

Control 

siRNA 

eEF-2K 

siRNA#1 

eEF-2K 

siRNA#2 

Control 

siRNA 

eEF-2K 

siRNA#1 

eEF-2K 

siRNA#2 

S6 
pS240/S244

 100.0 ± 4.1 78.5 ± 0.2 40.6 ± 1.3 100.0 ± 13 95.7 ± 0.1 92.8 ± 7.0 100.0 ± 70 124.6 ± 55 49.3 ± 27.6 

S6 
pS235/S236

 100.0 ± 0.4 91.7 ± 0.3 45.4 ± 0.6 100.0 ± 3.4 102.1 ± 2.8 86.6 ± 2.4 100.0 ± 77 135.7 ± 78 56.2 ± 37.7 

eEF2K 100.0 ± 1.7 65.2 ± 0.6 48.7 ± 0.9 100.0 ± 1.3 73.4 ± 3.0 63.5 ± 1.1 100.0 ± 12 67.7 ± 6.4 58.2 ± 8.4 

p70S6K 
pT389

 100.0 ± 3.5 98.7 ± 0.0 64.3 ± 0.2 100.0 ± 5.6 86.9 ± 1.4 71.3 ± 1.6 100.0 ± 47 115.0 ± 49 57.1 ± 21.2 

Rictor 
pT1135

 100.0 ± 0.6 106.7 ± 4.8 73.0 ± 0.5 100.0 ± 0.1 92.4 ± 2.5 87.3 ± 1.6 100.0 ± 22 108.5 ± 18 74.5 ± 8.6 

4E-BP1 
pS65

 100.0 ± 3.9 89.0 ± 0.9 74.8 ± 4.2 100.0 ± 3.4 91.6 ± 2.3 86.4 ± 4.6 100.0 ± 18 97.1 ± 10.2 80.6 ± 7.2 

NF-κB-p65 
pS536

 100.0 ± 3.0 69.4 ± 2.2 75.9 ± 2.1 100.0 ± 2.1 77.2 ± 4.2 79.3 ± 1.1 100.0 ± 5.6 112.1 ± 3.6 90.6 ± 7.0 

MSH6 100.0 ± 1.8 90.9 ± 2.8 79.2 ± 3.8 100.0 ± 9.6 89.9 ± 0.3 81.7 ± 0.1 100.0 ± 8.2 92.0 ± 0.5 89.2 ± 0.8 

Chk2 100.0 ± 2.8 83.3 ± 1.0 79.3 ± 0.8 100.0 ± 1.0 97.4 ± 1.1 94.3 ± 0.5 100.0 ± 0.2 100.0 ± 1.1 92.6 ± 4.5 

Rb 
pS807/S811

 100.0 ± 1.6 92.5 ± 2.5 81.2 ± 19.0 100.0 ± 0.7 80.3 ± 0.6 65.9 ± 4.1 100.0 ± 41 100.6 ± 31 56.8 ± 5.5 

Akt 
pS473

 100.0 ± 1.1 77.1 ± 1.7 83.8 ± 15.5 100.0 ± 1.0 99.7 ± 3.1 108.8 ± 1.4 100.0 ± 7.8 90.9 ± 1.4 99.7 ± 9.5 

YB-1 
pS102

 100.0 ± 1.2 103.6 ± 5.0 85.5 ± 1.6 100.0 ± 3.0 90.3 ± 1.9 78.8 ± 0.3 100.0 ± 26 110.1 ± 20 88.9 ± 13.0 

MSH2 100.0 ± 1.5 89.6 ± 0.0 88.6 ± 1.7 100.0 ± 0.6 87.1 ± 1.9 89.7 ± 1.1 100.0 ± 5.9 90.9 ± 3.5 91.6 ± 0.2 

4E-BP1 
pT37/T46

 100.0 ± 0.8 87.2 ± 0.1 91.2 ± 18.4 100.0 ± 1.4 94.5 ± 0.7 90.9 ± 1.9 100.0 ± 6.0 99.3 ± 3.0 92.1 ± 1.4 

ER-α 
pS118

 100.0 ± 5.6 92.2 ± 0.2 92.1 ± 0.0 100.0 ± 2.7 81.2 ± 0.0 84.3 ± 0.5 100.0 ± 1.9 108.1 ± 6.3 100.9 ± 5.3 
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Akt 
pT308

 100.0 ± 2.5 90.0 ± 3.4 94.2 ± 22.0 100.0 ± 0.0 86.5 ± 3.3 94.3 ± 2.5 100.0 ± 11 102.2 ± 33 96.0 ± 5.6 

FoxM1 100.0 ± 1.9 90.1 ± 0.4 96.4 ± 1.6 100.0 ± 4.7 80.5 ± 0.5 79.9 ± 0.2 100.0 ± 13 90.5 ± 10.4 65.4 ± 3.4 

Cyclin B1 100.0 ± 7.2 81.1 ± 2.8 100.6 ± 0.9 100.0 ± 3.7 79.0 ± 2.7 70.9 ± 5.8 100.0 ± 30 90.5 ± 19.2 58.6 ± 0.9 

c-Myc 100.0 ± 9.5 97.6 ± 4.9 106.3 ± 48 100.0 ± 5.9 82.5 ± 3.8 74.4 ± 5.3 100.0 ± 8.8 102.9 ± 18 80.7 ± 14.2 

ER-α 100.0 ± 6.2 106.1 ± 3.3 111.9 ± 5.6 100.0 ± 0.5 77.0 ± 1.3 75.4 ± 0.7 100.0 ± 2.1 89.2 ± 7.3 93.7 ± 7.5 

Akt 100.0 ± 4.2 113.4 ± 3.1 125.6 ± 19 100.0 ± 6.5 118.6 ± 9.4 124.6 ± 0.6 100.0 ± 4.6 98.9 ± 2.2 108.7 ± 3.9 

Raf-B 100.0 ± 2.5 110.4 ± 3.7 127.8 ± 0.9 100.0 ± 6.2 98.3 ± 2.2 99.9 ± 1.8 100.0 ± 3.6 119.2 ± 7.6 114.4 ± 0.5 

YAP 
pS127

 100.0 ± 1.9 115.4 ± 1.5 196.8 ± 56 100.0 ± 2.0 106.6 ± 1.4 120.1 ± 3.2 100.0 ± 5.2 87.4 ± 0.3 117.8 ± 1.4 

MDA-MB-231 and MCF-7 (breast adenocarcinoma), and MCF-10A (non-tumorigenic breast epithelial) cell lines were treated with two 

different siRNA targeting eEF-2K as described under ‘A.2.1. Materials and Methods’, and samples analyzed by the RPPA Core Facility – 

Functional Proteomics (UT MD Anderson Cancer Center, Houston).  Normalized linear values were converted to percentage of the control 

siRNA-treated samples of the respective cell lines.  The experiments were performed in duplicate, and reported errors represent the standard 

deviation.  Tabular cells are highlighted as follows: dark pink (■), greater than 30% decrease in levels; light pink (■), 10-30% decrease in 

levels; light green (■), 10-30% increase in levels; dark green (■), greater than 30% increase in levels.   
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Table A.2.3. Differences in phosphorylation status or expression levels of proteins between 

isogenic non-tumorigenic breast epithelial cell lines MCF-10A and knockout MCF-10A (eEF-

2K–/–) 

Protein 
NT    

MCF-10A  

KO    

MCF-10A 

 
Protein 

NT    

MCF-10A 

KO    

MCF-10A 

14-3-3 β 100.0 ± 3.5 100.7 ± 0.7  MEK1 100.0 ± 2.9 89.1 ± 3.8 

14-3-3 ε 100.0 ± 2.3 103.5 ± 1.2  MEK1 
pS217/S221

 100.0 ± 4.3 78.9 ± 0.4 

14-3-3 ζ 100.0 ± 4.5 86.8 ± 1.0  MGMT 100.0 ± 4.4 121.6 ± 4.4 

4E-BP1 100.0 ± 1.5 122.2 ± 1.1  MIG-6 100.0 ± 2.6 95.6 ± 1.9 

4E-BP1 
pS65

 100.0 ± 1.6 125.0 ± 8.9  MSH2 100.0 ± 0.7 98.6 ± 1.7 

4E-BP1 
pT37/T46

 100.0 ± 5.7 120.6 ± 9.2  MSH6 100.0 ± 1.2 99.4 ± 2.6 

53BP1 100.0 ± 1.7 89.6 ± 2.1  mTOR 100.0 ± 1.9 112.6 ± 0.2 

ACC 
pS79

 100.0 ± 2.4 133.9 ± 0.8  mTOR 
pS2448

 100.0 ± 1.3 104.9 ± 2.7 

ACC1 100.0 ± 2.6 144.0 ± 11  MYH11 100.0 ± 6.2 80.0 ± 1.9 

ACVRL1 100.0 ± 4.6 97.8 ± 0.8  N-Cadherin 100.0 ± 0.0 88.8 ± 1.8 

Akt 100.0 ± 7.8 98.3 ± 2.0  N-Ras 100.0 ± 3.5 91.6 ± 3.4 

Akt 
pS473

 100.0 ± 3.0 144.5 ± 3.8  NDRG1 
pT346

 100.0 ± 1.6 51.6 ± 2.0 

Akt 
pT308

 100.0 ± 2.9 108.6 ± 4.5  NF-κB-p65 
pS536

 100.0 ± 3.3 78.5 ± 4.1 

α-Catenin 100.0 ± 1.1 99.1 ± 1.1  NF2 100.0 ± 1.8 86.2 ± 5.6 

AMPK α 100.0 ± 0.6 101.3 ± 0.2  Notch1 100.0 ± 1.4 153.9 ± 2.1 

AMPK 
pT172

 100.0 ± 2.0 78.8 ± 0.6  p27 100.0 ± 3.6 111.9 ± 2.5 

Annexin I 100.0 ± 2.1 97.6 ± 0.3  p27 
pT157

 100.0 ± 3.0 95.0 ± 5.4 

Annexin VII 100.0 ± 2.6 100.5 ± 1.8  p27 
pT198

 100.0 ± 2.9 98.6 ± 3.4 

AR 100.0 ± 0.7 103.9 ± 2.4  p38 MAPK 100.0 ± 1.7 101.9 ± 0.6 

Bad 
pS112

 100.0 ± 5.4 101.8 ± 2.9  p38 
pT180/Y182

 100.0 ± 2.6 125.9 ± 0.7 

Bak 100.0 ± 4.8 104.8 ± 2.2  p53 100.0 ± 0.2 119.1 ± 7.3 

Bax 100.0 ± 3.7 142.9 ± 2.9  p70S6K 100.0 ± 0.6 102.0 ± 1.0 

Bcl-2 100.0 ± 1.6 99.1 ± 3.6  p70S6K 
pT389

 100.0 ± 1.2 87.2 ± 0.7 
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Bcl-xL 100.0 ± 0.4 101.5 ± 2.6  p90RSK 100.0 ± 3.5 98.7 ± 1.3 

Beclin 100.0 ± 1.3 111.9 ± 1.7  p90RSK 
pT359/S363

 100.0 ± 0.2 99.3 ± 2.2 

β-Catenin 100.0 ± 5.4 96.3 ± 1.2  PARP 
cleaved

 100.0 ± 0.5 105.0 ± 1.0 

Bid 100.0 ± 0.5 104.1 ± 2.8  Paxillin 100.0 ± 4.5 85.1 ± 2.3 

Bim 100.0 ± 0.3 123.0 ± 4.0  PCNA 100.0 ± 2.6 118.6 ± 0.1 

c-Kit 100.0 ± 0.2 100.7 ± 7.0  PDCD4 100.0 ± 3.6 174.8 ± 2.6 

c-Met 100.0 ± 0.8 100.4 ± 0.8  PDK1 100.0 ± 3.9 100.7 ± 2.8 

c-Met 
pY1235

 100.0 ± 0.5 96.8 ± 0.3  PDK1 
pS241

 100.0 ± 1.5 96.1 ± 1.6 

c-Myc 100.0 ± 3.8 105.3 ± 2.6  PEA15 100.0 ± 1.9 77.4 ± 2.1 

C-Raf 100.0 ± 8.3 107.8 ± 0.9  PEA15 
pS116

 100.0 ± 3.5 96.8 ± 2.4 

C-Raf 
pS338

 100.0 ± 0.4 95.7 ± 3.4  PI3K-p110-α 100.0 ± 0.6 94.4 ± 0.7 

Caspase-7 
cleavedD198

 100.0 ± 2.9 104.5 ± 2.0  PI3K-p85 100.0 ± 0.1 82.2 ± 1.0 

Caspase-8 100.0 ± 1.4 106.4 ± 1.5  PKC-α 100.0 ± 2.5 92.4 ± 0.1 

Caveolin-1 100.0 ± 6.0 65.1 ± 0.8  PKC-α 
pS657

 100.0 ± 2.0 93.1 ± 1.7 

CD31 100.0 ± 0.5 97.4 ± 1.6  PKC-δ 
pS664

 100.0 ± 0.5 98.7 ± 2.0 

CD49b 100.0 ± 2.1 75.1 ± 0.0  PKC-pan βII 
pS660

 100.0 ± 2.4 99.4 ± 1.4 

CDK1 100.0 ± 1.6 85.7 ± 1.6  PR 100.0 ± 1.0 103.4 ± 2.9 

Chk1 100.0 ± 1.8 96.1 ± 2.9  PRAS40 
pT246

 100.0 ± 0.8 118.0 ± 6.8 

Chk1 
pS345

 100.0 ± 0.9 91.5 ± 5.1  PTEN 100.0 ± 3.5 127.8 ± 4.2 

Chk2 100.0 ± 2.4 126.3 ± 1.7  Rab11 100.0 ± 1.5 109.0 ± 0.1 

Chk2 
pT68

 100.0 ± 2.5 110.8 ± 2.4  Rab25 100.0 ± 2.9 103.7 ± 1.9 

cIAP 100.0 ± 2.0 97.0 ± 1.5  Rab25 100.0 ± 3.1 107.3 ± 4.0 

Claudin-7 100.0 ± 2.1 199.8 ± 16  Rad50 100.0 ± 3.4 104.0 ± 2.8 

Collagen VI 100.0 ± 3.8 104.2 ± 7.9  Rad51 100.0 ± 1.2 94.3 ± 0.7 

Cyclin B1 100.0 ± 2.3 27.9 ± 0.9  Raf-B 100.0 ± 0.1 109.6 ± 1.5 

Cyclin D1 100.0 ± 5.9 99.4 ± 2.0  Raptor 100.0 ± 0.6 111.5 ± 4.3 

Cyclin E1 100.0 ± 1.8 117.6 ± 3.9  Rb 100.0 ± 0.7 97.0 ± 0.8 
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DJ-1 100.0 ± 0.0 103.6 ± 0.8  Rb 
pS807/S811

 100.0 ± 3.5 47.4 ± 4.2 

Dvl3 100.0 ± 1.2 113.0 ± 0.0  RBM15 100.0 ± 5.1 104.3 ± 0.5 

E-Cadherin 100.0 ± 4.3 110.3 ± 1.6  Rictor 100.0 ± 0.3 142.3 ± 4.6 

eEF2 100.0 ± 0.7 105.2 ± 3.1  Rictor 
pT1135

 100.0 ± 2.1 100.8 ± 2.0 

eEF2K 100.0 ± 1.0 25.2 ± 0.5  S6 
pS235/S236

 100.0 ± 6.0 65.2 ± 2.9 

EGFR 100.0 ± 1.6 87.2 ± 1.5  S6 
pS240/S244

 100.0 ± 6.2 67.3 ± 2.3 

EGFR 
pY1068

 100.0 ± 4.1 77.7 ± 1.4  SCD1 100.0 ± 0.5 99.4 ± 5.8 

EGFR 
pY1173

 100.0 ± 2.2 93.2 ± 1.3  SETD2 100.0 ± 1.9 101.6 ± 2.1 

eIF4E 100.0 ± 2.6 118.8 ± 2.0  SF2 100.0 ± 0.9 107.4 ± 4.1 

eIF4G 100.0 ± 2.7 106.4 ± 6.4  Smac 100.0 ± 4.0 98.7 ± 4.1 

ER-α 100.0 ± 0.5 130.9 ± 7.4  Smad1 100.0 ± 3.5 108.9 ± 1.3 

ER-α 
pS118

 100.0 ± 0.1 108.8 ± 2.2  Smad3 100.0 ± 2.6 108.4 ± 2.7 

ERCC1 100.0 ± 1.3 102.6 ± 0.5  Smad4 100.0 ± 1.3 99.8 ± 1.0 

FASN 100.0 ± 4.3 127.6 ± 1.1  Snail 100.0 ± 3.4 101.3 ± 1.0 

Fibronectin 100.0 ± 3.3 35.7 ± 0.7  Src 100.0 ± 0.4 136.5 ± 0.5 

FOX03a 100.0 ± 0.9 97.7 ± 0.2  Src 
pY416

 100.0 ± 6.8 87.5 ± 2.6 

FoxM1 100.0 ± 0.3 79.2 ± 1.1  Src 
pY527

 100.0 ± 2.6 107.7 ± 5.9 

G6PD 100.0 ± 6.0 114.0 ± 3.1  STAT3 
pY705

 100.0 ± 2.4 80.7 ± 2.7 

Gab2 100.0 ± 2.3 66.6 ± 0.0  STAT5-α 100.0 ± 4.7 79.4 ± 2.8 

GAPDH 100.0 ± 8.0 137.1 ± 3.8  Stathmin 100.0 ± 1.6 93.8 ± 1.9 

GATA3 100.0 ± 4.4 106.2 ± 4.4  Syk 100.0 ± 3.9 93.2 ± 2.3 

GSK3-α- β 100.0 ± 1.0 98.8 ± 0.5  TAZ 100.0 ± 2.1 86.0 ± 2.4 

GSK3-α-β 
pS21/S9

 100.0 ± 1.5 100.6 ± 0.9  TIGAR 100.0 ± 5.1 111.4 ± 1.3 

GSK3 
pS9

 100.0 ± 2.9 96.6 ± 0.5  Transglutaminase 100.0 ± 1.6 77.2 ± 0.8 

HER2 100.0 ± 0.0 99.6 ± 4.1  TRFC 100.0 ± 5.5 173.5 ± 14 

HER2 
pY1248

 100.0 ± 1.7 71.9 ± 0.6  TSC1 100.0 ± 2.2 62.0 ± 0.1 

HER3 100.0 ± 4.5 106.6 ± 3.2  TTF1 100.0 ± 0.4 99.9 ± 1.2 



244 

HER3 
pY1298

 100.0 ± 4.5 106.3 ± 6.1  Tuberin 100.0 ± 9.3 97.9 ± 1.3 

IGFBP2 100.0 ± 5.5 95.5 ± 2.7  VEGFR2 100.0 ± 0.4 70.4 ± 5.7 

INPP4B 100.0 ± 1.2 80.1 ± 2.0  VHL 100.0 ± 1.2 107.9 ± 0.2 

IRS1 100.0 ± 1.1 152.2 ± 2.0  XRCC1 100.0 ± 1.9 106.1 ± 0.3 

JNK 
pT183/T185

 100.0 ± 8.1 81.7 ± 0.4  YAP 100.0 ± 1.1 91.4 ± 0.4 

JNK2 100.0 ± 2.1 93.0 ± 2.5  YAP 
pS127

 100.0 ± 4.4 153.4 ± 1.2 

K-Ras 100.0 ± 0.6 95.4 ± 1.5  YB-1 100.0 ± 3.6 98.2 ± 1.6 

Lck 100.0 ± 1.6 102.1 ± 2.4  YB-1 
pS102

 100.0 ± 0.4 87.5 ± 1.5 

MAPK 
pT202/Y204

 100.0 ± 7.3 60.0 ± 0.6     

Isogenic non-tumorigenic breast epithelial wild type MCF-10A and knockout MCF-10A (eEF-2K–

/–) cells were lysed as described under ‘A.2.1. Materials and Methods’, and samples analyzed by 

the RPPA Core Facility – Functional Proteomics (UT MD Anderson Cancer Center, Houston).  

Normalized linear values were converted to percentage of the wild type MCF-10A samples.  The 

samples were submitted in duplicate, and reported errors represent the standard deviation.  Tabular 

cells are highlighted as follows: dark pink (■), greater than 30% decrease in levels; light pink (■), 

10-30% decrease in levels; light green (■), 10-30% increase in levels; dark green (■), greater than 

30% increase in levels.   
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Figure A.2.1. Heat maps summarizing reverse phase protein array (RPPA) analysis. Samples were prepared in duplicate and treated as described 

under ‘A.2.1. Materials and Methods’.  Samples were analyzed and heat maps generated by the RPPA Core Facility – Functional Proteomics (UT MD 

Anderson Cancer Center, Houston).  The heat maps were generated in Cluster 3.0 (http://www.eisenlab.org/eisen/) as a hierarchical cluster using 

Pearson Correlation and a center metric, and visualized in Treeview (http://www.eisenlab.org/eisen/).  Red (■) indicates increase in levels, and green (■) 

indicates decrease in levels.  (A) MDA-MB-231 siRNA-treated cells.  (B) MCF-7 siRNA-treated cells.  (C) MCF-10A siRNA-treated cells.  (D) 

Comparison between wild type MCF-10A and knockout MCF-10A (eEF-2K–/–) cell lines.   

A 

B 

C 

D 
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Figure A.2.2. Correlation between eEF-2K and phospho-NF-κB-p65 (Ser-536) levels in cells. Samples 

were treated as described under ‘A.2.1. Materials and Methods’, and analyzed by the RPPA Core Facility – 

Functional Proteomics (UT MD Anderson Cancer Center, Houston).  For siRNA treatments, normalized 

linear values were converted to percentage of the control siRNA-treated samples of the respective cell 

lines.  For comparison between wild type MCF-10A and knockout MCF-10A (eEF-2K–/–) cell lines, 

normalized linear values were converted to percentage of the wild type MCF-10A samples.  The 

experiments were performed in duplicate, and error bars represent the standard deviation.    
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A.3. METABOLOMIC ANALYSIS
§§

 

A.3.1. Materials and Methods 

Cell lines and culture conditions. Isogenic non-tumorigenic breast epithelial cell 

lines MCF-10A and KO MCF-10A (eEF-2K–/–) (MCF-10A with both alleles of the eEF-

2K gene knocked out) were obtained from Sigma-Aldrich (St. Louis, MO).  Both cell 

lines were cultured in DMEM/F12 supplemented with 5% horse serum, 20 ng/mL EGF, 

0.5 µg/mL hydrocortisone, 10 µg/mL insulin, 100 ng/mL cholera toxin, 50 units/mL 

penicillin and 50 μg/mL streptomycin.  Cell cultures were maintained at 37 ˚C in a 

humidified incubator containing 5% CO2.  All cell culture reagents were from Invitrogen 

or Sigma-Aldrich.   

Fixation of cells and metabolomic analysis. MCF-10A and KO MCF-10A (eEF-

2K–/–) cells were seeded in T-150 flasks (6 x 10
6
 cells/flask), and after 24 h (~ 60% 

confluency), cells were harvested.  Cells were washed twice with 50 mL ice cold PBS, 

followed by fixation with 5 mL ice cold methanol.  The cells were then scraped off the 

flask, and transferred to a 15 mL Falcon tube.  Residual cell clumps were recovered with 

5 mL of ice cold deionized water, and transferred to the 15 mL Falcon tube.  Samples, 

which were collected in quadruplicate, were flash frozen and stored at -80 ˚C.  Extraction 

and metabolomic analysis was then performed by the Tiziani Lab (UT Austin), as 

previously described 
(192, 193)

.   

 

                                                 
§§

 Contributions to the work described in this appendix: Dr. Stefano Tiziani and Dr. Alessia Lodi (Performed 

metabolomic analysis of the various samples, and interpreted the data).   
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A.3.2. Results and Conclusions 

Results suggest some significant differences between the isogenic MCF-10A and 

KO MCF-10A (eEF-2K–/–) cell lines (Figure A.3.1).  There is a marked drop in 

glycerophosphocholine levels, while phosphocreatine levels decrease to 45% in the KO 

cell line compared to the wild type MCF-10A cell line.  On the other hand, glycine, 

alanine, myo-inositol and lactate increase to 135%, 170%, 139% and 212% respectively 

in the KO cell line.  While these observations are interesting, further analysis is necessary 

to determine the reason behind the changes in metabolite levels, and the possible 

pathways and enzymes involved and affected.   
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Figure A.3.1. Metabolomic comparison between the isogenic non-tumorigenic breast epithelial MCF-

10A and knockout MCF-10A (eEF-2K–/–) cell lines. Samples were prepared in quadruplicate as 

described under ‘A.3.1. Materials and Methods’, and analyzed by the Tiziani Lab (UT Austin), as 

previously described 
(192, 193)

.  Blue traces (–): wild type MCF-10A; and Red traces (–): knockout MCF-10A 

(eEF-2K–/–).  Significant differences in metabolite levels between the two cell lines are indicated.   
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