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Discovery of new substrates of the elongation factor-2 kinase
suggests a broader role in the cellular nutrient response

Michael B. Lazarus?, Rebecca S. Levin, and Kevan M. Shokat”
Howard Hughes Medical Institute and Department of Cellular and Molecular Pharmacology;,
University of California, San Francisco, San Francisco, CA 94158, USA

Abstract

Elongation Factor-2 Kinase (eEF2K) in an unusual mammalian enzyme that has one known
substrate, elongation factor-2. It belongs to a class of kinases, called alpha kinases, that has little
sequence identity to the > 500 conventional protein kinases, but performs the same reaction and
has similar catalytic residues. The phosphorylation of eEF2 blocks translation elongation, which is
thought to be critical to regulating cellular energy usage. Here we report a system for discovering
new substrates of alpha kinases and identify the first new substrates of eEF2K including AMPK
and alpha4, and determine a sequence motif for the kinase that shows a requirement for threonine
residues as the target of phosphorylation. These new substrates suggest that eEF2K has a more
diverse role in regulating cellular energy usage that involves multiple pathways and regulatory
feedback.
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1. Introduction

Regulation of cellular energy homeostasis is an essential feature of mammalian cells and
involves nearly every major biological pathway. While several central energy-regulating
pathways have been well characterized, others have remained poorly understood, including
the elongation factor-2 kinase (eEF2K). Regulation of translation elongation is an important
place to manage cellular energy needs, because translation is one of the most energy
intensive processes in the cell, and elongation is the step in translation that requires the most
energy, yet little is known about regulation at this level(1-3). The major known mechanism
to regulate translation elongation is through the phosphorylation of elongation factor-2
(eEF2), the only known substrate of eEF2K(4,5). The phosphorylation of eEF2 is thought to
regulate energy usage by decreasing its affinity for the ribosome and blocking translation
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elongation(5,6). There is increasing appreciation for the importance of eEF2K in
maintaining cellular energy levels, in particular for survival of cancer cells, for example in
early stages of tumor development, suggesting a broader role in signaling pathways. eEF2K
is tightly regulated through phosphorylation by several major signaling pathways including
AMPK, mTOR, ERK, and PKA(7-12). Since no other substrates have been identified for
eEF2K besides autophosphorylation, it has been thought that eEF2K represents a terminal
effector of energy homeostasis. As eEF2K is an alpha kinase, standard kinase tools have not
been applicable to its investigation(13,14). Recent evidence has shown a conserved role for
eEF2K in the cellular response to nutrient deprivation and a role in tumor survival(15,16). In
certain malignancies, including neuroblastoma and medulloblastoma, eEF2K expression
correlates with poor patient survival(15,17). Despite the fundamental importance in
responding to nutrient levels, a clear understanding of how the activity of this kinase helps
the tumor survive remains elusive. Here, we report a system for finding substrates of alpha
kinases like eEF2K and the discovery of several novel substrates of eEF2K, including
alpha4, the essential regulatory subunit of protein phosphatase 2A (PP2A) involved in
glutamine homeostasis(18,19); and AMPK, the key regulator of cellular energy
homeostasis(20,21). With the identification and confirmation of new substrates of eEF2K we
provide a sequence motif, which will guide discovery of further eEF2K substrates. Together,
these substrates suggest that it is not only through eEF2 that eEF2K regulates energy usage,
but rather multiple substrates involved in feedback of energy metabolism.

2. Experimental Procedures

2.1. Plasmids and reagents

Plasmids containing the cDNA for eEF2K as well as the substrates were obtained from
DNASU. AMPK kinase dead plasmid was a kind gift from David Carling. MBP was
obtained from Millipore.

2.2. Protein Purification

Full-length eEF2K was cloned from a plasmid containing eEF2K cDNA (DNASU) into a
modified pET 47b vector (EMD) with an N-terminal Sumo fusion tag instead of the HRV3C
cleavage site. The plasmid was transformed into BL21 Rosetta 2 Cells (EMD). An overnight
culture was used to inoculate (1:500) 1 L of LB medium containing 50 pg/ml kanacmycin,
30 pg/ml chloramphenicol, and 500 pM zinc sulfate and grown at 37 °C until the cells
reached an OD600 of 1.0 to 1.3, at which point they were transferred to 16 °C and induced
overnight with 0.2 mM IPTG. The next day, cells were harvested and resuspended in TBS
(pH 8.0, 250 mM NaCl) and lysed with a microfluidizer. After pelleting the cell debris, the
lysate was loaded onto a column containing Ni-NTA (Qiagen) for IMAC purification. The
column was equilibrated with TBS supplemented with 40 mM imidazole pH 8.0, washed
with TBS with 50 mM imidazole, and eluted with 4 ml of TBS with 250 mM imidazole. The
eluate was then supplemented with 0.5 mM THP (EMD) and concentrated with Amicon
centrifugal filters (Millipore). The tag was then cleaved with Sumo protease (Life Sensors)
overnight at 4 °C. The protein was then purified with ion exchange chromatography, on a 1
ml HiTrap Q column (GE Lifesciences) using a gradient from Tris pH 8.0 with 40 mM NacCl
to Tris pH 8.0 with 500 mM NaCl. The correct fractions were then collected and
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concentrated and purified further on a Superdex200 gel filtration column (GE Lifescience).
Finally, the protein was concentrated to 10 mg/ml. Mutants for the analog sensitive kinase
were generated using standard Quichchange mutagenesis and purified in the same way as
the wild-type protein. AMPK Kkinase dead and kinase dead T482A mutants were expressed
in BL21 cells as previously reported(22).

2.3. Labeling of cell lysate

HelL a cell lysate was generated from 1L frozen HeLa pellets lysed with a sonicator in
HEPES pH 7.5 buffer. Lysates were labeled for 1 hr at room temperature in reactions
containing lysate, 3 uM eEF2K kinase (or zero kinase control or EGTA control), and 250
UM NB-Furfuryl ATP -y—thiophosphate (Axxora), 250 uM ATP, 50 mM HEPES pH 7.5, 10
mM MnCly, 5 uM calmodulin, 150 pM CaCl,, and 3 mM GTP to block nonspecific labeling.
The reaction was then quenched with 100 mM EDTA, and a small aliquot was removed for
western analysis by incubating it with 0.4 mg/ml paranitrobenzomesylate (PNBM) for 45
minutes at room temperature. The PNBM-labeled lysate was then boiled with SDS sample
buffer, and the samples were run on a Western blot using the thiophosphate ester primary
antibody (Epitomics) at a dilution of 1:10,000 overnight at 4 °C, followed by anti-rabbit
secondary antibody with IR-Dye 800 (Li-Cor) and analyzed on a Li-Cor Odyssey.

2.4. Mass spectrometry analysis of substrates

The remaining thiophoshate-labeled sample was enriched and analyzed for mass
spectrometry analysis as previously reported(23,24). In short, the samples were denatured
with urea and cleaved with mass spectrometry grade trypsin (Promega) overnight at 37 °C.
The peptides were then purified on a Sep-Pak column, and enriched by binding to Sulfolink
iodacetyl resin (pierce) overnight at room temperature in the dark. Finally, samples were
washed and eluted with oxone and purified by Zip-tip (Millipore). Desalted peptides were
resuspended into 10 pL of 0.1% Formic Acid. Peptides were then loaded on to a
nanoACQUITY (Waters) UPLC instrument for reversed-phase chromatography with a C18
column (BEH130, 1.7-um bead size, 100 um x 100 mm) in front of an LTQ Orbitrap Velos.
The LC was operated at a 600nL/min flow rate and peptides were separated over an 80
minute gradient from 2-50% Buffer B (Buffer A: water and 0.1% formic acid, Buffer B:
acetonitrile and 0.1% formic acid). Survey scans were recorded over a 350 — 1800 m/z range
and MS/MS fragmentation was performed using ETD on the top 8 peaks. Peaklists were
generated with the UCSF program PAVA and searched against the SwissProt Homo Sapiens
database (downloaded June 27, 2013, 20,264 entries) using Protein Prospector (version
5.10.10). Data was searched with a 20 ppm tolerance for parent and fragment ions, allowing
for standard variable modifications and S/T/Y phosphorylation.

2.5. Validation of substrates

Substrates were cloned into a Tag-2 vector (Agilent) containing an N-terminal Flag tag.
After mini-prepping the substrates, they were transfected into HEK293T cells using
Lipofectamine LTX (Life Technologies) for 48 hours. After transfection, cells were washed
with PBS and lysed with TBS containing 1% Triton-X (Sigma) and protease and
phosphatase inhibitors (Roche) for 30 minutes on ice. Cells were then pelleted and the
clarified lysate was loaded onto Flag magnetic beads (Sigma) pre-equilibrated with lysis
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buffer. The substrates were incubated with the beads overnight at 4 °C and then washed with
lysis buffer and eluted with 3X Flag peptide. The eluted substrates were then incubated with
kinase in a reaction containing 10 mM MgCl,, 100 nM purified eEF2K, 50 mM HEPES pH
7.5, 5 uM calmodulin, 150 pM CaCl, and ATP containing 150 uM cold ATP and 0.25 pCi/
ul 32p v-ATP (Perkin Elmer) for 30 minutes at room temperature. The reaction was then
quenched by boiling the samples with SDS sample buffer and analyzed by PAGE. The gel
was dried and imaged onto a phosphor screen and analyzed on a Typhoon. For AMPK,
validation was performed using the thiophosphate ester antibody and a Dylight 680 anti-His
antibody (Pierce) after performing an enzymatic reaction with 0.5 mM ATP-y-S, 40 nM
eEF2K, and 10 uM AMPK holoenzyme. The amount of phosphorylation decrease was
quantified and normalized using densitometry analysis of the anti-thiophosphate and anti-
His blot respectively, using LI-COR Image Studio Light software. The AMPK motif was
searched using ScanProsite(25) and compared to the PhosphoSite database(26).

3.1. Development of an analog-sensitive eEF2K

We speculated that eEF2K could have additional substrates along with eEF2, and the
phosphorylation of these substrates with eEF2 would help explain the kinase’s importance
and mechanism. Therefore, we employed an analog-sensitive(AS)/covalent capture approach
to identify additional substrates. This approach relies on engineering a mutant version of the
kinase that can accept a bulky analog of ATP that cannot be efficiently used by any other
kinase(27,28). This ATP analog can then be used to transfer thiophosphate rather than
phosphate to its substrates, which serves as a chemical handle for detection or enrichment
and mass spectrometry analysis(23,29). eEF2K is a calcium/calmodulin dependent kinase
that belongs to the alpha kinase family, which has negligible sequence identity to the
conventional protein kinase family. Therefore, we had to explore novel “gatekeeper”
residues that could be mutated to accept bulkier ATP analogs. While there is no structure of
eEF2K, there are crystal structures of other alpha kinase family members, so we were able to
generate a homology model of eEF2K using the structure of Myosin Heavy Chain
Kinase(30) (PDB code 3LMH). The residue that most closely overlays with conventional
gatekeeper residues (Fig. 1A) is glutamate, which makes likely hydrogen bonds to the
adenine in the active site and has been shown to be essential for activity in the alpha kinase
family (Fig. 1B). Therefore, we chose to mutate Met 210, which is not conserved and
occupies space in the pocket close to the N® position of the adenine base. We first developed
a recombinant bacterial expression system for the full-length kinase (Fig. 1C), which
allowed us to easily produce mutants of the kinase in large quantities. After testing multiple
mutants of recombinantly expressed full-length protein, we discovered that M210C showed
substantial activity with the bulky analog of ATP, N8-Furfuryl ATP -y-thiophosphate (FF-
ATPyS). While conventional protein kinases show poor activity with bulky ATP analogs, the
apparently larger atypical active site of wild-type eEF2K still showed activity with sterically
enlarged ATP. However, the AS mutant of eEF2K showed some improved tolerance for FF-
ATPyS, so we employed this mutant for mass spectrometry identification of novel
substrates.
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3.2. Discovery of new substrates of eEF2K

To identify substrates we incubated HelLa cell lysate with purified AS-eEF2K. For
background controls we also used lysate alone or AS-eEF2K with EGTA to remove
phosphorylation by eEF2K that requires calcium, as eEF2K is calcium dependent kinase.
After phosphorylation we monitored the levels of lysate labeling using MAb 51-8 that
recognizes a chemically modified thiophosphate(29). As seen in Fig. 2A, substantial
phosphorylation specific to eEF2K is seen in the lysate suggesting a range of substrates for
eEF2K. Therefore, we analyzed the labeled lysate by iodacetyl-enrichment/oxidative release
of substrate peptides and mass spectrometry identification of peptides. We analyzed the
peptides with ETD mass spectrometry (see Supplementary Table 1 for all of the peptides
found). After filtering against the control samples, the resulting set of peptides showed
several phosphopeptides specific to the AS-eEF2K sample (Table 1). In addition to
autophosphorylation of eEF2K and phosphorylation of eEF2 at the known Thr57 site,
several new targets were identified. The substrates showed a strong sequence motif
consisting of acidic residues in the —2 position and basic residues in the +3 position and
almost exclusively threonine as the phosphorylated residue (Fig. 2B). The strong threonine
preference was consistent with earlier peptide library analysis of eEF2K(31), further
supporting the validity of the substrates. The selectivity for threonine is unusual, but not
unprecedented in the kinome. A few other kinases have been reported to be threonine
specific, including MST1 and MST4. It was recently reported that the position after the DFG
motif, termed the “DFG+1 residue”, is responsible for the selectivity for serine vs. threonine,
with B-branched amino acids in the DFG+1 position being responsible for the threonine
selectivity(32). Although no structural information is known for eEF2K, it does contain a
DFG motif that could have the same function in conventional protein kinases. For eEF2K,
the DFG+1 residue is an aspartate, which occurs only one other time in the entire kinome, in
Trio kinase.

3.3. Validation of novel substrates

We then validated substrates using an orthogonal /n vitro phosphorylation assay with wild-
type eEF2K enzyme and either wild-type or phosphosite mutants of the substrates to
establish that they were indeed phosphorylated by eEF2K and that the sites we identified
were correct. Therefore, we expressed and purified twelve of the top substrates as Flag-
tagged full-length proteins in HEK293 cells. We phosphorylated the immunoprecipitated
substrates using eEF2K and y-32P-ATP. Of the twelve new substrates, two in particular
showed strong /n vitro phosphorylation in vitro and total loss of signal upon phosphosite
mutation: alpha4 (also known as IGBP1) and NDRG1 (Fig. 3). Mutation of the alpha4 site to
alanine or serine abrogated phosphorylation validating the site and reinforcing the
remarkably strong preference for threonine. NDRG1 contains a set of three repeats
containing the phosphorylation site so all 3 sites were mutated resulting in complete loss of
phosphorylation. The discovery of alpha4 was particularly interesting as a substrate of
eEF2K because it has been linked to nutrient response, as an essential protein required for
glutamine deprivation, a key nutrient for cancer cells. Furthermore, alpha4 is a regulatory
subunit of PP2A(33), which is the phosphatase that acts on phospho-eEF2(34). Alpha4
regulates PP2a by binding to and stabilizing the protein to protect it from degradation(35).
Therefore, it is possible that alpha4 acts in a feedback loop for the eEF2K-eEF2 axis. As

Cell Signal. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lazarus et al.

Page 6

further evidence of its role in energy regulation, it acts on mTOR signaling by regulating
dephosphorylation of elF4E and S6 Kinase(36). The function of NDRG1 has been debated
but it is well known as a substrate of AKT, is completely repressed by Myc(37), and is
thought to have a role in the cell’s response to stress from several sources including hypoxia
and heavy metals(38—41).

3.4. Bioinformatics discovery of additional substrates and confirmation of substrate motif

To find additional substrates, validate our sequence motif, and overcome false negatives
from the substrate capture method (see discussion below), we scanned the proteome for the
motif (that have a glutamate or aspartate in the —2 position and a lysine or arginine in the +3
position and a threonine at the 0 position) and filtering for known phosphorylation sites led
to the identification of the alpha subunit of AMPK at Thr 482. While eEF2K has been long
known to be a substrate of AMPK(7), the reverse has never been found. The phosphorylation
site on AMPK was previously found in a proteomics screen, but it was not known which
kinase is responsible. Moreover, the phosphorylation occurs on a regulatory tail of AMPK,
proximal to other regulatory phosphorylation sites by GSK3, suggesting a potential negative
feedback mechanism(42). We expressed the AMPK holo enzyme with a recombinant
multicistronic bacterial expression system and looked for phosphorylation using wild-type
eEF2K and ATPyS (Fig. 4). We then saw strong phosphorylation of the alpha subunit that
was decreased by 18% by a T482A mutation, validating the phosphorylation by eEF2K of
AMPK. Because only a partial reduction of phosphorylation is observed in the mutant, likely
additional sites of phosphorylation exist on AMPK by eEF2K, further enhancing the
connection between these two major energy-regulating enzymes.

4. Discussion

The analog sensitive technique is a powerful approach for identifying novel substrates of
protein kinase. Here we have extended it to an unusual family of kinases that bears no
sequence identity to the large family of conventional eukaryotic protein kinases. We have
noticed that the substrate capture and release approach possesses can lead to false negative
identifications due to the following circumstances: 1) low protein abundance, 2) the presence
of a cysteine in a tryptic peptide containing a phosphorothioate will not be released in
following the capture step, 3) spacing of lysine or arginine residues in the phosphorylation
motif can lead to missed cleavages or very short peptides which are missed by the LC/MS.
In order to mitigate these drawbacks we have found that the kinase motif discovered by the
thiophosphate capture is a useful tool that can enable a bioinformatics based method to
search the proteome(43). We have used these two approaches, the chemical genetic and
bioinformatics methods, as a way to find new substrates of protein kinase, both conventional
and atypical.

The alpha-kinase eEF2K was initially discovered based on the calcium stimulated
phosphorylation of a 100kD protein in cell lysates incubated with 32P-ATP(44). It was
always a mystery that eEF2K would have only one substrate, given the huge number of
substrates known for most kinases and given major role of eEF2K in integrating energy
signals in the cell. Here, we have found additional substrates for the kinase that add to the
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complex picture of energy-regulating signaling networks. These substrates suggest that
eEF2K has a broader role in regulating cellular energy than just eEF2 regulation, through
phosphorylation of an array of substrates involved in these processes. We note that eEF2 is
one of the most abundant proteins in cells(45,46). Therefore, it is possible that additional
substrates could only be phosphorylated either based on localization or after eEF2 is fully
phosphorylated. We speculate that additional substrates could be a feedback mechanism for
enabling translation to start again when nutrients are available. Lastly, we report that we
have extended the analog-sensitive approach towards alpha kinases, which should facilitate
discovery of new substrates of this challenging family of kinases. Future structural work on
eEF2K should shed insight onto the mechanisms of substrate recognition by eEF2K and
other alpha kinases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research highlights

eEF2K has multiple substrates beyond eEF2, including AMPK and
alpha4.

Atypical kinases can be made analog sensitive for discovering new
substrates.

eEF2K has an unusual substrate motif that requires threonine.
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Figure 1. Development of an analog sensitive kinase system for eEF2K
(A) Active site of Src, indicating gatekeeper residues. Val 323 was initially considered, but

Thr 338 became the successful gatekeeper residue. (B) Homology model of eEF2K active
site, based on the structure of MHCK. (C) Purification of recombinant full-length eEF2K
protein in bacteria, showing the coomassie-stained gel of the final protein. (D) Analysis of
eEF2K wild type and mutant usage of ATP analogs for autophosphorylation and
transphosphorylation, using MBP as a substrate. The reactions were performed with ATP-yS
and blotted with MAb 51-8.
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Figure 2. Discovery of substrates of eEEF2K
(A) Phosphorylation of substrates in HeLa lysate was detected using the thiophosphate

adduct antibody. Each reaction was performed in duplicate. A small amount of each reaction
was removed for this Western blot analysis. The rest was captured on resin for mass
spectrometry analysis. (B) Sequence motif for substrates detected in mass spectrometry
experiments selectively with eEF2K and calcium. Position 0 shows a strong preference for
threonine. Motif was generated using WebLogo(47)
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Figure 3. Discovery and validation of two new substrates of eEF2K: IGBP1 (alpha 4) and
NDRG1

Wild type and mutant IGBP1 and NDRG1 proteins were purified from HEK293T cells and
phosphorylated using 32P-y-ATP. The samples were analyzed by SDS-PAGE followed by
autoradiography. Samples were also analyzed by western blot for loading prior to addition of
the 32P-y-ATP.
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Figure 4. eEF2K phosphorylates AMPK on T482
Recombinant AMPK kinase dead was expressed recombinantly in bacteria as a tricistronic

holoenzyme comprising a,b, and g subunits. The protein was then phosphorylated using
ATPyS and analyzed by western blot. The phosphorylation is seen on the a subunit, which
is also the one His-tagged for purification.
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Table 1
Selected phosphorylated hits identified from eEF2K mass spectrometry analysis

Example peptides discovered with the phosphosite shown in bold. We note that for several of proteins multiple
sites were identified. For the full list, see Supplementary Table 1. These substrates are ones that were
identified as phosphopeptides and were enriched in the AS kinase samples relative to the lysate only controls.

Symbol Name Phosphopeptide
EEF2K Eukaryotic elongation factor 2 kinase DSGYPSEKRGE
EEF2 Elongation factor 2 GETRFTDTRKD
HSPD1 Heat shock protein 60 TKDGVTVAKSI
PTMA Prothymosin alpha TSSEITTKDLK
HNRNPA1  Heterogeneous nuclear ribonucleoprotein A1~ VSREDSQRPGA
SRC8 Src substrate cortactin EYQGKTEKHAS
NDRG1 N-myc downstream-regulated gene 1 protein ~~ TSLDGTRSRSH
MAP4 Microtubule-associated protein 4 TEAAATTRKPE
HN1L Hematological and neurological expressed 1- ~ FGSPVTATSRL
like protein
IGBP1 Immunoglobulin-binding protein 1 EDDEQTLHRAR
(alpha4)
SARNP SAP domain-containing ribonucleoprotein GTTEDTEAKKR
SAFB2 Scaffold attachment factor B2 VISVKTTSRSK
PCNP PEST proteolytic signal-containing nuclear AIGSQTTKKAS
protein
PRP31 U4/U6 small nuclear ribonucleoprotein Prp31  ERLGLTEIRKQ
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