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Mechanistic Studies and Drug Discovery for eEF-2 Kinase
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Supervisor: Kevin N. Dalby

eEF-2K, also known as CaM kinase-III, is an atypical protein kinase which
negatively regulates the global rate of protein synthesis through the phosphorylation and
inactivation of its substrate eEF-2. Recently eEF-2K has been validated as a novel target
for anti-cancer therapy. However, a detailed understanding of the role of eEF-2K in
cancer biology is unavailable. Mechanistic studies can often provide an understanding of
enzyme function. Therefore, we determined the kinetic mechanism of eEF-2K using a
peptide substrate (Acetyl-RKKYKFNEDTERRRFL-amide).

We found that eEF-2K

adopts a ternary-complex, steady state ordered mechanism, with ATP binding required
before the peptide substrate. A good cellular inhibitor is required for elucidating the role
of eEF-2K in cancer biology. To date, NH125 is the only inhibitor used to investigate the
activity of eEF-2K in cells. Although it is reported as a specific inhibitor of eEF-2K, its
exact mode of action has not been reported. Through in-vitro assays and cellular studies,
we found that NH125 is a non-specific inhibitor of eEF-2K that blocks eEF-2
phosphorylation in cells. There is a great demand for specific inhibitors of eEF-2K. We
developed a fluorescence high throughput assay system for eEF-2K. The assay utilizes
the peptide substrate labeled with a Sox moiety whose phosphorylation can be monitored
at 485 nm in the presence of magnesium. We also validated the assay in a screen of
30,000 compounds in 384 well plates. We found the assay to be robust and identified a
vi

relatively specific inhibitor of eEF-2K and determined its mechanism of action. We
found it behaved as a slowly reversible inhibitor of eEF-2K with a two step inhibition
mechanism - fast initial binding at the enzyme active site, followed by a slower
inactivation step. We propose that the nitrile group on the compound binds to the active
site thiol in the enzyme covalently forming a reversible thioimidate adduct to inactivate
the enzyme.
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Chapter 1: Introduction
1.1 PROTEIN KINASES
Protein kinases are enzymes that modify their substrates via phosphorylation. In
most cases, they do so by transferring the γ-phosphate of ATP onto the hydroxyl groups
of serine, threonine or tyrosine residues on the substrate protein. While protein kinases
contain a highly conserved ATP binding site, protein substrates are recognized through a
variety of strategies, often involving multiple weak interactions, which support
recognition of a consensus sequence at the active site (1). Phosphorylation alters the
physical properties of the substrate leading to a change in its catalytic or ligand binding
activity (1). Through this mechanism, protein kinases regulate a wide variety of signal
transduction processes in eukaryotic cells leading to effects in downstream processes
such as metabolism, transcription, survival, growth, proliferation, differentiation and
apoptosis (2). However overexpression or dysregulation of protein kinases can also lead
to many types of diseases including cancer.
Protein kinases represent one of the largest and most functionally diverse gene
families. The human genome encodes 518 different protein kinase genes that account for
nearly 1.7 percent of all human genes (2). Out of 518 human protein kinases, 478 belong
to a single superfamily whose catalytic domains are related in sequence. These are
classified as ‘typical’ or ‘conventional’ kinases. The remaining 40 belong to a family of
‘atypical’ protein kinases that have no sequence similarity to conventional protein kinases
(2). Eukaryotic elongation factor-2 kinase (eEF-2 kinase or eEF-2K) is one of the
members of atypical protein kinase family.

1

1.2 EEF-2K:

STRUCTURE, FUNCTION AND REGULATION

Eukaryotic elongation factor-2 kinase (eEF-2 kinase or eEF-2K) gains its name
based on its ability to phosphorylate eukaryotic elongation factor-2 (eEF-2), its only
known physiological substrate (3, 4).

In eukaryotic tissues, eEF-2 promotes the

translocation of the ribosome along mRNA during translation (5).

eEF-2K

phosphorylates eEF-2 predominantly on Thr-56 and Thr-58 within the sequence
50

RAGETRFTDTRKD62 (6). Phosphorylation of eEF-2, especially on Thr-56, decreases

the affinity for eEF-2 to bind to the ribosome leading to the inhibition of protein synthesis
(6, 7). It is believed that the inactivation of eEF-2 by eEF-2K is a mechanism that
regulates the global rate of protein synthesis at the elongation stage (7).
eEF-2K is also known as calcium/calmodulin dependent protein kinase III
(CAMK-III)

due

to

the

requirement

of

calcium

and

calmodulin

for

its

autophosphorylation and activity (4, 8). Several upstream kinases or pathways have been
reported to regulate eEF-2K either positively or negatively by phosphorylating it on
several of its serine residues (9). cAMP dependent protein kinase or AMP-activated
protein kinase (AMPK) are reported to activate the kinase (10-12). On the other hand,
mTOR, the MEK/ERK pathway and the SAPK/p38 MAP kinases inactivate eEF-2 kinase
(5, 13-15).
As mentioned earlier, eEF-2K belongs to the family of atypical or unconventional
protein kinases (16). Other atypical protein kinases that contain similar sequence to eEF2K include Dictyostelium myosin heavy chain kinase A, B and C (MHCK A, B and C)
and atypical channel kinases 1 and 2 (CHAK1 and CHAK2) (16, 17). The crystal
structures of CHAK1 (TRPM7) and MHCK A kinase domains have been determined (18,
19). When the structure of CHAK1 was first compared to the conventional cAMP
2

dependent protein kinase (PKA), it was found that despite the lack of sequence similarity,
the overall catalytic domain structure of the atypical protein kinase is similar to that of
classical conventional protein kinases – both contain two lobes separated by a catalytic
cleft (20, 21). This was further supported by the crystal structure of MHCK A that was
determined recently (19). Although the crystal structure of eEF-2K is not yet available,
sequence alignment and mutational studies predict that it contains two domains separated
by a linker region (22). The N-terminal domain consists of the catalytic domain and the
calmodulin binding domain while the C-terminal domain is thought to be important for
substrate (eEF-2) binding (22).
As mentioned earlier, eEF-2K regulates the global protein synthesis rate through
the inhibition of eEF-2. Detailed molecular understanding of the role of eEF-2K in cell
biology has been difficult largely because of the lack of good cellular inhibitors.
However knockout or knockdown experiments performed using siRNA have suggested
eEF-2K to be an important enzyme in autophagy and cancer.
1.3 ROLE OF AUTOPHAGY IN CANCER
In normal cells, the process of autophagy is a cell survival pathway that occurs
under harsh and stressful conditions such as nutrient or oxygen deprivation (23-28).
Autophagy begins with the formation of double membrane bound structures called
autophagosomes which is mediated by the autophagy-related genes (atg genes) (29, 30).
First the cytoplasmic contents and cellular organelles are sequestered in autophagosomes.
The autophagosomes then fuse with the lysosomes to form autolysosomes where the
sequestered contents are degraded by the lysosomal hydrolases. By this process,
autophagy recycles molecules for biosynthetic or metabolic reactions for the purpose of
temporary survival (26, 27, 31-34). Autophagy has also been reported to have a profound
3

role in cancer cells. Whether autophagy promotes cell death or aids in the survival of
cancer cells has been debated with evidence reported in the literature to support both
arguments.
Autophagy, also referred to as the programmed cell death type II, has been shown
to facilitate tumor cell death in many cases. Some studies have found that cancer cells
contain defective autophagy machinery and show less degree of autophagy compared to
the normal cells (35). Beclin1 (BECN1) is an autophagy promoting tumor suppressor
gene that is deleted in 40-75% of cases of human sporadic breast, ovarian and prostate
cancers (35). Heterozygous disruption of Beclin1 increases the frequency of spontaneous
malignancies and accelerates the development of premalignant lesions (35). This
suggests that defects in autophagy promote tumor cell survival and cancer growth. In
addition, silencing of anti-apoptotic Bcl-2 protein expression by small interfering RNA
induces autophagic cell death in Bcl-2 overexpressing MCF-7 breast cancer cells as
indicated by the formation of autophagosomes and the induction of LC3-II, Beclin-1 and
ATG5 expression (35, 36). In addition, silencing of Bcl-2 in the presence of low doses of
doxorubicin, a chemotherapeutic agent, further enhances the autophagic response, growth
inhibition and cell death in MCF-7 breast cancer cells. Similar autophagy-mediated
tumor suppression or cell death is also supported from studies in pancreatic cancer cells.
It is known that tissue transglutaminase 2 (TG2), a constitutive suppressor of autophagic
cell death, is highly expressed in majority of the pancreatic cancer cell lines and in
tumors from patients with pancreatic cancer (36). When TG2 was silenced in mouse
xenografts bearing TG2 positive pancreatic tumor using liposomal siRNA alone or in the
presence of gemcitabine, significant inhibition of cancer cell proliferation and tumor
growth were observed (36). These evidences suggest that induction of autophagic cell
death may be a therapeutic strategy especially in tumors that are resistant to apoptosis.
4

On the other hand autophagy has also been reported to help in cancer cell
survival. The ability to survive harsh conditions is an essential trait of cancer cells. It is
believed that cancer cells induce autophagy to survive and grow under conditions of
hypoxia, lack of adequate nutrients and growth factors (23, 37). Furthermore, many
cancer cells induce autophagy in response to anti-cancer therapies, such as radiation
therapy, hormonal therapy (tamoxifen) and chemotherapy (32, 38-40). In MCF-7 breast
cancer cells treated with radiation or anti-cancer agents such as tamoxifen, autophagy has
been reported to have a prosurvival role (37, 41). Furthermore some studies have shown
that inhibition of autophagy leads to increased cell death and sensitizes cancer cells to
anti-cancer therapies. This is supported by the fact that tamoxifen induced autophagy in
MCF-7 breast cancer cells is reduced upon silencing of autophagy promoting genes such
as Atg5, Atg7 and Beclin1 by siRNA (41). Also autophagy knockdown combined with
tamoxifen treatment leads to increased mitochondrial-mediated apoptosis in MCF-7
breast cancer cells (41). In addition, inhibition of irradiation-induced autophagy
sensitizes resistant carcinoma cells to therapy as demonstrated by clonogenic survival
assay (39). Evidence for autophagy inhibition leading to cell death also has been
demonstrated in malignant glioma cells. Temozolomide is an alkylating agent that
induces autophagy but not apoptosis in malignant glioma cells. In temozolomide treated
malignant glioma cells, bafilomycin A1 (an inhibitor of autophagy at a later stage) has
been shown to induce apoptosis via the activation of caspase-3 leading to cell death (31).
Studies conducted in mouse model of B-cell lymphoma also support the protective role of
autophagy. An induction of tumor cell apoptosis was observed when p53 was induced in
Mycp53ERTAM tumors, but in the cells that survived the acute induction of p53-mediated
apoptosis, active autophagy was observed suggesting a role of autophagy in cell survival.
Furthermore, autophagy inhibition by ATG5 shRNA or chloroquine (an inhibitor of
5

autophagy through the disruption of lysosomal function) enhances tumor cell apoptosis
and suppresses tumor cell recovery when p53 is induced in-vitro (42). These studies
suggest that development of inhibitors of autophagy may have therapeutic benefits in
treating cancer if they can be utilized in combination with apoptosis inducing agents.
The molecular mechanisms of autophagy in cancer cell survival and cancer cell
death are not clearly understood yet. However it is clear from the above evidence that
both inhibitors or activators of autophagy may be helpful for anti-cancer therapy. The
therapeutic direction one should take seems to depend on several factors such as cancer
cell type, signaling pathways involved and the nature of anti-cancer therapy or
therapeutic agent. A few studies using glioblastoma and breast cancer cells have
suggested a role of eEF2K in mediating protective autophagy of cancer cells, suggesting
that inhibition of eEF-2K may enhance anti-cancer therapies through the inhibition of
autophagy (25, 43-45).
1.4 EEF-2K IS A TARGET FOR ANTI-CANCER THERAPY
Several studies have suggested eEF-2K as an important enzyme in cancer. The
evidences mainly come from studies performed in glioma and breast cancer cells. The
activity of eEF-2K is found to be increased in fresh human tumor samples and several
cancer cell lines (25, 43, 46-50) and its activity is greater in proliferating cells (48, 50,
51) especially during the S phase of the cell cycle (46, 52). Higher activity of eEF-2K
has been correlated with higher proliferation rate in C6 glioma cells (48) and breast
cancer cells (47). Furthermore the inhibition of eEF2K by the nonspecific inhibitor
rottlerin (50), or its degradation following disruption of its complex with heat shock
protein 90 by geldanamycin (53) blocks glioma cells at the G1-S (50) and inhibits the
growth of a variety of cancer cell lines (53).
6

More direct evidence of the role of eEF-2K in the growth, proliferation, invasion
and metastasis in breast cancer cells comes from the recent study by Tekedereli et. al.
(54). In the study, the expression of eEF-2K in non-tumorogenic breast epithelium cell
line was compared to several estrogen-receptor negative, estrogen-receptor positive and
metastatic breast cancer cells. It was found that the levels of eEF-2K were higher in all
breast cancer cell lines tested compared to the non-tumorigenic breast epithelium (54).
Higher expression of eEF-2K was also correlated with higher proliferation rate in MDAMB231 breast cancer cells as evidenced by Western blot analysis and proliferation assay
(54). The effect of downregulation of eEF-2K by siRNA was also examined in the
proliferation of MDA-MB231 and MCF-7 breast cancer cell lines via in-vitro colony
formation or MTS assay. The knockdown of eEF-2K significantly inhibited the
proliferation of both breast cancer cell lines. In addition down-regulation of eEF-2K was
also shown to cause apoptosis and promote doxorubicin-induced cell death in MDAMB231 breast cancer cells suggesting that eEF-2K silencing sensitizes cancer cells to
therapy (54).
Cancer is often caused by gain of function mutations that convert protooncogenes to oncogenes or loss of function mutation in tumor suppressor genes.
Identifying the role of eEF-2K in regulating these genes or proteins can lead to better
therapy. One of the oncogene that is overexpressed in majority of the human breast
cancers leading to abnormal cell proliferation is c-myc. When eEF-2K was downregulated using siRNA in MDA-MB231 cells, the level of c-myc expression was reduced
(54). The role of eEF-2K was also investigated in the expression of a proto-oncogene
cyclin D1 and a tumor suppressor p27Kip1. Overexpression of cyclin D1 and reduced
expression of p27Kip1 are indicative of poor prognostic factor in breast cancer (54). Both
proteins are found to be important in the progression to the S-phase where eEF-2K
7

activity is also higher. Knockdown of eEF-2K led to the reduction in cyclin D1
expression and enhancement of p27Kip1 expression and the results were further enhanced
when combined with Doxorubicin (54). This suggests that eEF-2K is involved in the
regulation of genes that are abnormally expressed in breast cancer and therefore
inhibition of eEF-2K alone or in combination may lead to better therapy.
Tekedereli et. al. also tested the role of eEF-2K in the migration and invasion of
breast cancer cells. As demonstrated by Matrigel-coated Boyden chamber assay, eEF-2K
promoted migration and invasion of MDA-MB-231 cells which was associated with
increased c-Src activity (54). C-src belongs to a family of non-receptor tyrosine kinase
and play important roles in adhesion, migration, invasion, metastasis and resistance to
chemotherapy. eEF-2K induced activation of c-src also led to an increase in activity of
critical proteins, such as insulin-like growth factor receptor 1 (IGF-1R), protein kinase B
(Akt) and tissue transglutaminase 2 (TG2), levels of which are highly elevated in breast
cancer. In addition, knockdown of eEF-2K with siRNA not only inhibited the activation
of c-src, IGF-1R and Akt and downregulated TG2 but also significantly inhibited the
invasion of breast cancer cells (54). Furthermore therapeutic targeting of eEF-2K by
systematically administered DOPC-liposomal siRNA significantly inhibited tumor
growth and enhanced the efficacy of Doxorubicin in the MDA-MB-231 orthotopic mouse
model (54). All these evidences suggest that eEF-2K promotes cell growth, survival,
migration, invasion and tumorigenesis and is a novel target for breast cancer.
eEF-2K, which lies downstream of mTOR (a negative regulator of autophagy as
well as eEF-2K) is also reported to promote protective autophagy in tumor cells in
response to environmental or metabolic stress suggesting a possible link between the
inhibition of global protein synthesis and the induction of autophagy (25, 43-45). It is
reported that overexpression of eEF-2K enhances autophagy while the knockdown of
8

eEF-2K by siRNA decreases autophagy in human glioma and breast cancer cells as
measured by the formation of light chain 3 (LC3)-II, measurement of acidic vesicular
organelle (AVO) or by electron microscopy (25, 43-45). Reduction in the autophagy
level was also observed in the mouse embryonic fibroblasts from eEF-2K knockout
embryos as measured by AVOs formation (43). In glioma cells, nutrient deprivation
increases eEF-2K mediated autophagy and silencing of eEF-2K expression by siRNA
blunts the autophagic response to nutrient deprivation (43). When measured by MTT
assay under the conditions of nutrient deprivation, glioma cells with eEF-2K knockdown
had low viability compared to the control (43). Similar results have been obtained in
glioma cells using 2-Deoxy-D-Glucose (2DG). 2DG is a glycolytic inhibitor that have
been shown to in inhibit growth and viability of cancer cells and enhance the efficacy of
cancer therapy (44). Treatment with 2-DG activates eEF-2K and induces autophagy in
glioma cells whereas silencing of eEF-2K expression blunts 2DG activated autophagy
and enhances the sensitivity of glioma cells to 2DG (44). Similarly, inhibition of Akt by
MK-2206 (an Akt inhibitor) or siRNA strongly activates autophagy which is blunted
upon silencing of eEF-2K. In addition, suppression of the eEF-2K mediated autophagy
promotes apoptotic cell death and augments the cytotoxicity of MK-2206 (55, 56).
Furthermore in breast cancer cells, nutrient deprivation and growth factor inhibitorsactivated-autophagy is blunted with silencing of eEF-2K leading to suppression of
survival and growth of breast cancer cells and sensitization of breast cancer cells to
growth factor inhibitors such as trastuzumab, gefitinib and lapatanib (45). These studies
further verify that eEF-2K is a valid target for anti-cancer therapy and targeting eEF-2K
mediated autophagic survival may enhance the efficacy of various anti-cancer agents.
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1.5 REPORTED INHIBITORS OF EEF-2K
As the role of eEF-2K in cancer is still not very clear, inhibition of eEF-2K in a
dose dependent manner can provide better role of eEF-2K in cancer biology. siRNAs can
be used to silence eEF-2K in cells, however it has several shortcomings. First, achieving
dose dependent inhibition with siRNA is very difficult. Often siRNAs have off target
effects since they also tend to silence other genes that are similar in sequence to the target
gene (57).
Potent and specific small molecule inhibitors of eEF-2K are an effective way to
achieve dose dependent inhibition in cells. Only few inhibitors of this kinase have been
reported in the literature (scheme 1.1). Rottlerin (scheme 1.1A), initially reported to
inhibit PKCδ has been shown to inhibit eEF-2K with similar potency (58, 59).

However

it is a non-specific inhibitor since, in addition to uncoupling the mitochondrial oxidative
phosphorylation (60), it is also reported to inhibit several other kinases such as MAPKactivated protein kinase 2, p38-regulated/activated kinase, protein kinase A and glycogen
synthase kinase-3β (61). Another class of compounds, 1,3-selenazine derivatives, have
also been reported as inhibitors of eEF-2K (62). TS-2, the most potent of these
compounds with an in-vitro IC50 of 0.31 µM, is shown in scheme 1.1B. However their
mechanism of action on eEF-2K have not been fully characterized yet. Although the
compounds were identified more than a decade ago, the compounds have not been
followed up in any of the subsequent studies. Recently a series of moderately potent
ATP-competitive thieno[2,3-b]pyridine-containing compounds were reported with the
most potent compound (scheme 1.1C) exhibiting an IC50 of 170 nM against eEF-2K in
vitro (63). Although the compound was also shown to demonstrate a cytotoxicity EC50 of
17 µM in HCT-116 cells (63), there is no data provided to verify that the observed
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cytotoxicity effect is due to the inhibition of eEF-2K in-vivo. Another compound,
NH125 (1-Hexadecyl-2-methyl-3-(phenylmethyl)-1H-imidazolium iodide) (scheme
1.1D), is a histidine kinase inhibitor (64) that was later reported to inhibit GST-eEF-2K in
vitro with an IC50 value of 60 nM (65). However the enzyme was assayed at a
concentration around 6-7 fold higher than the reported IC50. Under such conditions,
where enzyme is present in excess of its inhibitor, the IC50 value can not be accurately
determined by using a steady state kinetic approach and therefore the IC50 of 60 nM can
not be trusted. The compound was also shown to block the phosphorylation of eEF-2 in
cells and decrease the viability of ten cancer cell lines. On the other hand, overexpression of eEF-2K in a glioma cell line was shown to produce a 10-fold resistance to
NH125 (65). Based on the assumption that eEF-2K contains similar ATP-fold as
histidine kinases, the compound is predicted to bind to the ATP binding site in eEF-2K
(65), although the exact mechanism of action has not been elucidated. Due to the
limitations of other inhibitors, NH125 has been used in several studies to investigate the
activity of eEF-2K in cells (66-70).
1.6 ASSAYS FOR PROTEIN KINASES
Usually protein kinase assays monitor the transfer of γ-phosphate of ATP onto the
protein or peptide substrates. A good and reliable assay system for monitoring kinetic
activity is required for the identification of small molecule kinase inhibitors. In general,
the desired assay system should be simple (mix and read), inexpensive, sensitive,
continuous, non-radioactive, antibody-free and automation-friendly. Since most of the
assay systems that are available lack one or more of these qualities, it is very important to
choose the suitable assay system that would fulfill most of the requirements. Some of
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the common assay systems that are used to detect activity of protein kinases are discussed
here.
Radioactive based assays
One of the most common and traditional assay technology for measuring protein
kinase activity is radioactive based assay that monitors the incorporation of gammaphosphate from radiolabelled ATP onto the substrate. These are available in different
formats such as filter capture assay (FCA), which measure the phosphotransfer by
scintillation counting; scintillation proximity assay (SPA), which measures the
phosphotransfer using substrate localized into the scintillation beads; and flashplate,
which measures phosphotransfer using substrate coated onto the surface of microplate
wells (71). Although these radioactive based assay systems offer high sensitivity, they
generate large amounts of radioactive waste, require special precautions for handling and
are not suitable for high throughput environments (72).
Luminescence detection assays
Luminescence assays that make use of the firefly protein luciferase are widely
used. Luciferase is an enzyme that converts the substrate luciferin into oxyluciferin,
which releases a yellow green photon of light with a spectral maximum of 560 nm (73).
One of the most widely used luminescence based assay is Kinase-GloTM which is
commercially available from Promega. Kinase-GloTM is a coupled enzyme assay system
which monitors the amount of ATP remaining in the solution following a kinase reaction
(71, 73). The assay system is homogeneous, simple, automation friendly, antibody-free
and non-radioactive (74). However, since it is a coupled enzyme assay system, many
false hits can be identified during inhibitor screening due to the non-specific inhibition of
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luciferase. Additional drawbacks also include high background and requirement of large
amount of substrate turnover.
Fluorescence detection assays
Fluorescence assays are the most widely used technique for measuring protein
kinase activity. Some of the common protein kinase assays that employ fluorescent
detection techniques are discussed below.
ELISA and DELFIA
In ELISA (Enzyme linked immunosorbent assay), the plate is coated with
streptavidin which captures the biotinylated product. Then the primary phospho-specific
antibody that binds to the phospho-product is added followed by a secondary enzyme
conjugated antibody that binds to the primary antibody. In the presence of the detection
reaction, the labeled enzyme catalyzes the reaction whose product is quantified by
fluorescence (75). Although ELISA have the ability to use peptide or protein substrates
and can avoid compound interference since the compounds are removed before detection,
they are heterogeneous and require several wash steps which makes them difficult to
automate (73, 75). DELFIA (dissociation-enhanced lanthanide fluro-immuno assay) is
also similar but an improved version of ELISA. Similar to ELISA, in DELFIA assays,
first the biotinylated product is captured by streptavidin coated plates followed by the
addition of an euphoruim labeled antibody to detect the phosphorylated product. In the
presence of low pH enhancement solution, the euphorium is released from the chelate
leading to increased fluorescence intensity (73, 75). Although DELFIA carries similar
advantages as ELISA in addition to reduced number of wash steps, it is still
heterogeneous and requires washing of unbound antibodies (75).
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Fluorescence polarization (FP) assays
Fluorescence polarization is a ratiometric technique which depends on the
differing rotational properties of small versus large molecules (72). In FP assay, a sample
containing fluorescent molecule is excited with polarized light and the ratio of emission
in horizontal and vertical planes is determined. The extent of the polarization of the
fluorescent molecule correlates to its rotation rate in solution. Larger molecules such as
proteins (or proteins conjugated to fluorophores) rotate slowly in solution. Therefore
upon excitation with the polarized light, the light emitted by large fluorescent molecule is
polarized, leading to high FP signal. On the other hand, small molecules such as peptides
rotate very fast in solution. Upon excitation with the polarized light, the light emitted by
the small fluorescent molecule is depolarized, leading to low FP signal (72, 75). FP
assays are generally used in two different formats – direct FP measurement and
competition based FP measurement (72, 75). In direct FP assay, the peptide substrate,
which is usually labeled with fluorescein, is captured with phospho-specific antibody
upon phosphorylation. This will lead to the formation of larger peptide-antibody
complex resulting in an increase in FP. On the other hand, in competition based FP
format, a fluorescein labeled phospho-peptide is used as a tracer to bind to the phosphospecific antibody to generate high FP signal. Upon phosphorylation by a kinase, the
unlabelled phospho-product competes with the tracer for binding to the antibody resulting
in low FP signal (72, 75). While only peptide substrates can be used for direct FP assays,
both protein or peptide substrates can be used for competitive FP assays. Also compared
to direct FP assays, competitive FP assays have higher sensitivity since they utilize high
concentrations of tracer molecules. Therefore competitive FP assays are more common
than the direct FP assays (72, 75).
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Some examples of competitive FP assaysthat are commercially available include
TranscreenerTM FP assay (BellBrook), HitHunterTM FP (DiscoveRX) and PolarScreenTM
FP assay (Invitrogen) (73). TranscreenerTM uses an ADP specific antibody to measure
the amount of ADP formation. In contrast, HitHunterTM and PolarScreenTM assays use
substrate specific antibody to quantify the amount of phosphorylated substrates (73). In
general, FP assays are homogeneous, sensitive, suitable for automation and can tolerate
high ATP concentration. However the major disadvantage is that most of the FP assays
require phospho-specific antibody which needs to be optimized (73, 75).
Immobilized metal-ion affinity partitioning (IMAP®) sold by Molecular Devices
is also an FP based technology but does not require phospho-specific antibody. Instead
IMAP uses nanoparticles coated with trivalent metal ions that binds to the fluoresceinlabelled peptide substrate yielding a bigger sized molecule and thus high FP signal (71,
75). Although no antibodies are required, it still carries some drawbacks such as
limitation to small molecular weight substrates, susceptibility to non-specific binding of
ATP or the peptide substrate to the metal ions and the requirement of high percentage of
substrate turnover for detection (75).
FRET and TR-FRET based assays
Fluorescence resonance energy transfer (FRET) is a distant dependent interaction
where the excitation energy is transferred from a donor molecule to an acceptor molecule
without emission of a photon. For FRET to occur, the donor and acceptor molecules
have to be in close proximity (1 – 10 nm), the absorption spectrum of the acceptor must
overlap with the emission spectrum of the donor, and donor and acceptor transition dipole
orientations must be parallel (Molecular probes, Invitrogen, CA). FRET signal can be
detected in two ways – as the quenching of the donor fluorescence by the acceptor or
15

appearance of the sensitized fluorescence of the acceptor (72). Commercially available
FRET based assays include Z-LyteTM assay (Invitrogen) and AlphaScreen (Perkin Elmer)
(73). In Z-Lyte assays, FRET peptide containing a protease cleavage site is used as a
substrate with coumarin (donor) and fluorescein (acceptor) fluorophores.
Unphosphorylated peptides are susceptible to proteage cleavage leading to low FRET
signal. However, upon phosphorylation, the peptide becomes resistant to protease
cleavage yielding increased FRET signal (73, 75). In AlphaScreen, the donor bead
coated with streptavidin binds to the biotin-labelled peptide. Upon phosphorylation of
the peptide, the phospho-specific antibody coated to the acceptor bead recognizes the
phosphorylated peptide bringing the donor and acceptor beads closer. The excitation of
the donor bead converts the ambient oxygen to more excited singlet state which reacts
with the chemiluminescer in the acceptor bead. This in turn activates the fluorophore in
the acceptor bead yielding a fluorescence signal (71, 73, 75). Although FRET-based
assays are suitable for automation, they need significant development since the two
fluorophores have to be close to certain distance and correct orientation for the energy
transfer to occur (72). In addition, they also have few other drawbacks. In case of ZLyte assays, besides the possibility of obtaining false hits due to the utilization of coupled
assay system, specific substrate sequence need to be designed and optimized. Similarly
AlphaScreen requires production and optimization of phospho-specific antibodies which
is challenging specially in case of Ser/Thr protein kinases. Even with above things
optimized, often FRET assays do suffer problem with high background (73, 75).
TR-FRET (time resolved fluorescence resonance energy transfer) based assays
are similar in principle to FRET assays but offer better advantage in terms of reducing
high background interference. In TR-FRET assays, a long lifetime donor species (usually
APC or XL665) and a suitable acceptor (usually europium) are used as FRET pairs. The
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long lifetime of APC or XL665 allows FRET to be measured in a gated detection mode
following a suitable delay during which the background interfering signals completely
decay (72). HTRF (homogeneous time-resolved fluorescence) (Cis-Bio) and LANCE
(lanthanide chelate excitation) (Perkin Elmer) are some examples of commercially
available TR-FRET based assays (73, 75). Similar to other FRET-based assays, they are
also dependent on the phospho-specific antibodies (71).
Mobility shift assays
Upon phosphorylation of the fluorescently labeled peptide substrate, the negative
charge on the phosphorylated peptide increases resulting in the shift in mobility in the
electrophoresis. As the product and substrate migrate at different speeds, they generate
different signals when they reach the detector (73). Caliper technology (Caliper Life
Sciences) is a microfluidic chip based assay that is based on this principle (71, 73, 75).
One of the main advantages of these assays is that both the substrate and the
phosphorylated product are measured simultaneously and the ratio values are used during
data analysis, which will generate accurate readings and minimize the unnecessary
background interference. In addition, they are automation friendly and do not require
phospho-specific antibodies. However they are expensive and require special substrate
development (71, 73, 75).
Sox-based assays
Sox based assays can be used to monitor the activity of serine/threonine or
tyrosine kinase activity. Sox (8-hydroxy-5-(N,N-dimethylsulfonamido)-2methylquinoline), an unnatural amino acid, is a chelation enhanced fluorophore (CHEF)
(76, 77). Originally the Sox moiety was incorporated into the peptide substrate using
standard solid-phase peptide chemistry (77, 78). The original approach required a kinase
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recognition motif either at the N or C terminal, followed by a phosphorylation residue
(serine/threonine/tyrosine), further followed by a β-turn sequence (a two residue turn to
pre-organize Mg2+ binding between the Sox and the newly introduced phosphate group),
attached to a Sox moiety (77). The process of substrate preparation was simplified later
on by incorporating Sox moiety through cysteine labeling (79). The assay relies on the
principle that unphosphorylated peptide does not undergo chelation enhanced
fluorescence. However, upon phosphorylation, magnesium is chelated to form a bridge
between the Sox moiety and the phosphate group, which can be measured as an increase
in fluorescence intensity at 485 nm when excited at 360 nm (76, 77). In general, Sox
moiety placed at -2 or +2 positions from the phosphorylation residue provides maximum
sensitivity (79). This is an advantage since most kinases are relatively insensitive to
substitutions at one of these positions. Sox based assays for wide range of enzymes are
commercially available from Invitrogen as Omnia kinase assays. Sox-based assays offer
several advantages over most of the currently available assays. They are highly sensitive
and can be monitored in real time. As they employ mix and read approach, they can be
easily automated and are highly suitable for high throughput screening for the
identification of kinase inhibitors. In addition, unlike most of the fluorescence assays,
Sox based assays do not require rigorous assay optimization process as they do not utilize
antibody and offer a very easy method of substrate preparation (77, 79).
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Scheme 1.1. Reported inhibitors of eEF-2K. A) Rottlerin, B) TS-2 (1,3-selenazine
derivative), C) thieno[2,3-b]pyridine derivative, and D) NH125 ((1Hexadecyl-2-methyl-3-(phenylmethyl)-1H-imidazolium iodide).
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Chapter 2: Kinetic Mechanism of eEF-2K and Mechanism of Action of
NH125
2.1 INTRODUCTION
eEF-2K, an atypical protein kinase, is a novel target for anti-cancer therapies
(discussed in chapter 1). Despite its importance, the kinetic mechanism of eEF-2K has
not been reported. A recent structure of myosin heavy chain kinase A (MHCK A), an
atypical protein kinase with a predicted structural similarity to eEF-2K, revealed the
presence of AMP and a phosphorylated aspartate in the active site when the protein
kinase was co-crystalized with a peptide substrate and ATP (19). This observation opens
up the possibility that members of the atypical protein kinase subfamily catalyze protein
phosphorylation through a phospho-protein intermediate. Several peptide substrates for
eEF-2K have been reported, including the commercially available peptide
RKKFGESEKTKTKEFL, which was derived from a positional scanning assay.
Recently, we found a similar peptide substrate, Ac-RKKYKFNEDTERRRFL-NH2,
which was also derived from a positional scanning assay to be a useful substrate for eEF2K. Both peptides share a common basic residue at the +3 position with the major
phosphorylated sequence in eEF-2.
Relatively few inhibitors of eEF-2K have been reported in the literature. Among
the ones reported are rottlerin (scheme 1.1A) (58, 59), 1,3-selenazine derivative (scheme
1.1B) (62), thieno[2,3-b]pyridine derivative (scheme 1.1C) (63) and NH125 (scheme
1.1D) (65). As the former three compounds have several limitations, NH125 has been
mainly used in the recent studies to investigate the activity of eEF-2K in cells. NH125,
originally identified as a histidine kinase inhibitor, was also reported to inhibit eEF-2K
in-vitro with an IC50 of 60 nM, block the phosphorylation of eEF-2 in cells and decrease
the viability of ten cancer cell lines (65). Although, based on the assumption that eEF-2K
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contains similar catalytic fold as histidine kinases, the compound was predicted to bind to
the ATP binding site of eEF-2K (65). However the exact mechanism of action has not
been elucidated.
The goal of this study was to examine the kinetic mechanism of eEF-2K and to
assess the mechanism by which NH125 inhibits eEF-2K. eEF-2K was found to
phosphorylate the peptide substrate through a sequential mechanism, suggesting that if a
phospho-protein intermediate does form, ADP is not released before the second substrate
binds. Substrate inhibition by the peptide was observed, and found to be competitive
with ATP. Analysis of the kinetic data suggests that the peptide binds weakly to eEF-2K
consistent with the notion that docking interactions facilitate phosphorylation of the
physiological substrate. Taken together the data favors an ordered mechanism, with ATP
binding first, however a random-order mechanism cannot be excluded unequivocally. Invitro dose-response assays suggest that NH125 neither competes with ATP nor the
peptide substrate. Furthermore, NH125 bears hallmarks of a non-specific aggregator (8082) because it shows steep dose response curve with hill coefficient of 3.7, inhibits the
protein kinases TRPM7 and ERK2 and its activity is prevented by the addition of a small
amount of detergent to the assays. In a pancreatic cancer cell line, the application of
NH125 was found to promote a decrease in the expression level of eEF-2K, which
coincided with a decrease in the observed level of phosphorylated eEF-2. Thus, NH125
appears to inhibit eEF-2K activity through an indirect mechanism in vivo.
2.2 MATERIALS AND METHODS
Reagents and equipments
Competent cells used for amplification and expression were provided by Novagen
(Gibbstown, NJ). Yeast extract and tryptone were purchased from US biological
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(Swampscott, MA). IPTG and DTT were obtained from USB (Cleveland, OH). Most of
the buffer components including HEPES, Trizma base (Tris), sodium chloride, potassium
chloride, EDTA, EGTA, calcium chloride, magnesium chloride, Brij-35, Triton X-100, βmercaptoethanol, benzamidine hydrochloride, TPCK and PMSF were purchased from
Sigma (St. Louis, MO). Ni-NTA agarose was supplied by Qiagen (Santa Clarita, CA)
while all other components used in the protein expression and purification was obtained
from Fisher Scientific (Pittsburgh, PA). Amersham Biosciences (Pittsburgh, PA)
provided the FPLC system and the columns for purification. P81 cellulose papers were
obtained from Whatman (Piscataway, NJ). ATP was purchased from Roche
(Indianapolis, IN). Radiolabelled [ϒ-32P]-ATP was obtained from Perkin Elmer
(Waltham, MA). ADP was from MP Biomedicals (Solon, OH).
Cloning of pET32a-Tev-eEF-2K construct
First, a pET32a-eEF-2K construct was made using cDNA from the bacterial
expression vector pGEX-2T, encoding the human GST-tagged eEF-2K (GenBank
accession number NM_013302) (a generous gift from Dr. A. Ryazanov, Robert Wood
Johnson Medical School, University of Medicine and Dentistry of New Jersey,
Piscataway, NJ) as a template in a PCR reaction. The PCR was performed using the
following primers: a forward primer, 5'- G GAT ATC ATG GCA GAC GAA GAT CTC
ATC TTC CGC CTG G -3' (EcoRV recognition site underlined) and a reverse primer, 5'CGG CTC GAG TTA CTC CTC CAT CTG GGC CCA GGC CTC TTC AG -3' (XhoI
recognition site underlined). The PCR amplification reaction mixture (50 l) contained
1X PfuUltra™ HF reaction buffer (Tris (pH 8.0) and 2 mM Mg2+), 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
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˚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 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 pET32a-eEF2K construct. The resulting construct would have a thioredoxin tag (Trx-tag) followed by
an N-terminal hexa-histidine tag (His6-tag) with an enterokinase cleavage site (DDDDK)
fused to the N-terminus of eEF-2K. The ligated product was transformed into the E. coli
DH5 cells. A single colony was isolated and amplified and the extracted plasmid DNA
was verified for sequencing at the ICMB core facilities, UT-Austin, using an applied
Biosystems automated DNA sequencer.
In the next step, pET32a-Tev-eEF-2K construct was generated by replacing the
enterokinase recognition site (DDDDK) of the above construct with that of the Tobacco
Etch Virus (TEV) protease (ENLYFQG). 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 amount, heated to 95 ˚C for 5 min and
cooled to allow annealing in order to obtain a double stranded DNA fragment with a
blunt and a sticky end. This fragment was then ligated into the above pET32a-eEF-2K
construct digested with KpnI and EcoRV. The ligation mixture was transformed into E.
coli DH5 cells. A single colony was isolated and amplified and the extracted plasmid
DNA was verified for sequencing at the ICMB core facilities, UT-Austin, using an
applied Biosystems automated DNA sequencer. The final construct in pET32a vector
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would contain a Trx tag followed by a His6 tag further followed by a Tev protease
cleavage site fused to the N-terminus of eEF-2K.
eEF-2K expression
Recombinant human eEF-2K was expressed in E. coli strain Rosetta-gamiTM 2
(DE3) (Novagen). The strain was chosen to facilitate the expression of human eEF-2K
since it contains many rare codons (almost 9% of the total codons). Rosetta-gamiTM 2
(DE3) carries the pRARE2 plasmid that provides tRNAs for seven rare codons. The
pET32a-Tev-His6-eEF-2K expression construct was transformed into Rosetta-gamiTM 2
(DE3) chemical competent cells. A single isolated colony was used to inoculate 100 mL
of LB media containing 50 µg/mL ampicillin, 100 µg/mL chloramphenicol and 10 µg/mL
tetracycline and the culture was grown overnight at 37 °C. Next day the overnight
culture was diluted 50 fold into 500 mL LB media containing same concentrations of
antibiotics and were grown at 37 °C for 5-6 hours for OD600 to reach 0.6-0.8. Cultures
were induced with 0.5 mM IPTG for 16 hours at 22 °C. Then the cells were harvested by
centrifugation (6000 g for 10 min at 4 ºC), flash frozen in liquid nitrogen and stored at 80 °C until lysis.
eEF-2K Purification
Ni-NTA affinity chromatography
Cells (14 g from 4L) were resuspended in 200 mL lysis buffer (20 mM Tris pH
8.0, 0.50 M NaCl, 5 mM Imidazole, 0.1% β-mercaptoethanol, 0.03% Brij-30 (v/v), 1 %
triton X-100 (v/v), 1 mM benzamidine, 0.1 mM PMSF, 0.1 mM TPCK and 0.1 mg/mL
lysozyme). The suspension was sonicated for a total of 15 minutes at 5 second pulse with
5 second intervals in ice at 4 °C. The lysate was centrifuged for 30 minutes at 16,000
rpm at 4 ºC. The supernatant containing the protein fractions were incubated with 10 mL
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Ni-NTA beads (Qiagen) for 1 hour at 4 ºC. The beads were washed with 200 mL wash
buffer (20 mM Tris pH 8.0, 10 mM Imidazole, 0.03% Brij-30, 0.1% β-mercaptoethanol,
1 mM benzamidine, 0.1 mM PMSF and 0.1 mM TPCK). The Trx-His6-Tev-eEF-2K
protein was eluted with 50 mLs of elution buffer (20 mM Tris pH 8.0, 200 mM
Imidazole, 0.03% Brij-30, 0.1% beta-mercaptoethanol, 1 mM benzamidine, 0.1 mM
PMSF and 0.1 mM TPCK). The concentration was estimated based on the absorbance at
280 nm (A280) in spectrophotometer using the extinction coefficient of 112370 cm-1M-1
and path length of 1 cm.
TEV Protease cleavage
The Trx-His6-Tev-eEF2K protein eluted from Ni-NTA affinity chromatography
was dialyzed in 4 L of Tev Cleavage buffer (20 mM Tris, pH 8.0, 0.15 M NaCl, 0.1 mM
EDTA, 0.1% β-mercaptoethanol). The cleavage was performed by incubating protein in
the presence of 1.5 % TEV protease (w/w) at 4 ºC overnight with gentle shaking. The
cleavage was confirmed by running the protein in 10% SDS-PAGE.
MonoQ 10/10 anion exchange chromatography
The cleaved protein was applied to Mono-Q HR 10/10 anion exchange column
preeqilibrated with anion exchange buffer (20 mM Tris pH 8.0, 0.1 mM EDTA, 0.1 mM
EGTA, 0.1% β-mercaptoethanol). The column was developed with a gradient of 0.15-1
M NaCl over 17 column volumes at a flowrate of 3 mL/min. The collected peak
fractions were analyzed by SDS-PAGE and the fractions containing cleaved eEF-2K
were collected.
26/60 Sephacryl S-200 gel filtration chromatography
The protein from MonoQ was concentrated to a volume of 10 mL using Amicon
Ultra-15 centrifugal filter unit (10,000 NMWL) (Millipore), passed through 0.45 micron
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filter, and loaded into HiPrepTM 26/60 SephacrylTM S-200 HR gel filtration
chromatography that was pre-equilibrated with gel filtration buffer (20 mM Tris, pH 8.0,
0.15 M NaCl, 0.1 mM EDTA, 0.1% BME). The protein was run over 1.2 column volume
at a flowrate of 1 mL/min. The collected peak fractions were analyzed by SDS-PAGE
and the fractions containing monomeric eEF-2K were collected and dialyzed against
storage buffer. The dialyzed protein were concentrated using Amicon Ultra-15
centrifugal filter unit (10,000 NMWL) (Millipore), flash frozen in small aliquots in liquid
nitrogen and were stored at -80 ºC. The concentration of the protein was established
based on the absorbance at 280 nm (A280) in spectrophotometer using the extinction
coefficient of 97,150 cm-1M-1 and path length of 1 cm.
Tev Protease expression and purification
Tev protease was expressed from pRK793 expression vector (a generous gift from
Dr. John Tesmer, Life Sciences Institute, University of Michigan, Ann Arbor, MI). The
expression construct was transformed into Rosetta-gamiTM 2 (DE3) chemical competent
cells. A single isolated colony was used to inoculate 100 mL of LB media containing 50
µg/mL ampicillin, 100 µg/mL chloramphenicol and 10 µg/mL tetracycline and the
culture was grown overnight at 37 °C. Next day the overnight culture was diluted 50 fold
into 500 mL LB media containing same concentrations of antibiotics and were grown at
37 °C for 5-6 hours for OD600 to reach 0.6-0.8. Cultures were induced with 0.5 mM
IPTG for 4 hours at 28 °C. Then the cells were harvested by centrifugation (6000 g for
10 min at 4 °C), flash frozen in liquid nitrogen and stored at -80 °C until lysis.
Calmodulin expression and purification
Calmodulin was expressed from pET-23 expression vector (a generous gift from
Dr. Neal Waxham, Department of Neurobiology and Anatomy, University of Texas
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Medical School at Houston, Houston, TX). The expression construct was transformed
into BL21 (DE3) chemical competent cells (Novagen). A single isolated colony was
used to inoculate 100 mL of LB media containing 50 µg/mL ampicillin and the culture
was grown overnight at 37 °C. Next day the overnight culture was diluted 50 fold into
500 mL LB media containing same concentrations of antibiotics and were grown at 37 °C
for 3-4 hours for OD600 to reach 0.6-0.8. Cultures were induced with 0.5 mM IPTG for 5
hours at 30 °C. Then the cells were harvested by centrifugation (6000 g for 10 min at 4
ºC), flash frozen in liquid nitrogen and stored at -80 °C until lysis. Purification was
performed according to the already published protocol (83) with minor modifications
(84).
Peptide synthesis
Peptide substrate (Pep-S, Acetyl-RKKYKFNEDTERRRFL-amide) and peptide
inhibitor (Pep-I, Acetyl-RKKYKFNEDAERRRFL-amide) were synthesized and purified
by HPLC at the Institute for Cell and Molecular Biology at the University of Texas at
Austin. The peptides were raised in 25 mM HEPES, pH 7.5 and were verified by
MALDI. The concentration was determined based on the absorbance at 280 nm (A280) in
spectrophotometer using the extinction coefficient of 1280 cm-1M-1 and path length of 1
cm.
Two substrate kinetics assay
Assays were performed in 100 µl volume at 30 °C in assay buffer (25 mM
HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 1.5 mM
CaCl2, 10 mM MgCl2, 1 µM CaM, 40 µg/ml BSA) containing 10 nM eEF-2K, 0-1000
µM [ϒ-32P]-ATP (specific activity = 1000 cpm/pmol), and 0-720 µM Pep-S (AcetylRKKYKFNEDTERRRFL-amide). Reaction mixtures were prepared and kept in ice until
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the time of assay. Reaction mixtures were incubated for 5 minutes at 30 °C and the
reactions were started with the addition of [ϒ-32P]-ATP. 10 µl aliquots were taken and
spotted into P81 phosphocellulose papers at fixed time point intervals. The papers were
washed with 50 mM phosphoric acid (5 times for 10 minutes each) and then dried
following acetone wash. The amounts of radiolabelled phospho-peptides were
determined by counting the associated counts/min on a synctillation counter (Packard
1500) at a ζ value of 2.
Product and dead end inhibition assay
All inhibition assays with ADP or Pep-I (Acetyl-RKKYKFNEDAERRRFL-amide) were
performed in 100 µl volume at 30 °C in assay buffer (25 mM HEPES pH 7.5, 50 mM
KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 1.5 mM CaCl2, 10 mM MgCl2, 1 µM
CaM, 40 µg/ml BSA) using 10 nM eEF-2K in the presence of Pep-S (AcetylRKKYKFNEDTERRRFL-amide), ATP [ϒ-32P]-ATP (specific activity = 1000
cpm/pmol) and inhibitor (ADP or Pep-I). Inhibition assays for ADP against ATP were
performed by varying ATP (12.5-125 µM) in the presence of several fixed concentrations
of ADP (0 µM, 250 µM, 500 µM, 1000 µM, 2000 µM, 3000 µM and 4000 µM) and fixed
concentration of Pep-S (50 µM). Inhibition assays for ADP against Pep-S were
performed by varying Pep-S (15-90 µM) in the presence of several fixed concentrations
of ADP (0 µM, 250 µM, 500 µM, 1000 µM, 2000 µM, 3000 µM and 4000 µM) and fixed
concentration of ATP (50 µM). Similarly inhibition assays for Pep-I against Pep-S were
performed by varying Pep-S (15-90 µM) in the presence of several fixed concentrations
of Pep-I (0 µM, 15.6 µM, 31.3 µM, 62.5 µM, 125 µM, 250 µM and 500 µM) and 50 µM
ATP. Inhibition assays for Pep-I against ATP were performed by varying ATP (12.5-125
µM) in the presence of several fixed concentrations of Pep-I (0 µM, 50 µM, 100 µM, 200
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µM, 300 µM, 400 µM and 500) and 50 µM ATP. Reaction mixtures were prepared and
kept in ice until the time of assay. Reaction mixtures were incubated for 5 minutes at 30
°C and the reactions were started with the addition of [ϒ-32P]-ATP. 10 µl aliquots were
taken and spotted into P81 phosphocellulose papers at fixed time point intervals. The
papers were washed with 50 mM phosphoric acid (5 times for 10 minutes each) and then
dried following acetone wash. The amounts of radiolabelled phospho-peptides were
determined by counting the associated counts/min on a synctillation counter (Packard
1500) at a ζ value of 2.
Synthesis of 1-benzyl-3-cetyl-2-methylimidazolium iodide (NH125)
NH125 was synthesized according to the reported procedure (64) with some
modifications.
Synthesis of cetyle-2-methylimidazole
2-Methylimidazole (10 g, 122 mmol, 10 eq) in chloroform (150 mL) was stirred
for 10 minutes at 70 oC. Bromohexadecane (7.46 mL, 12.2 mmol, 1 eq) in chloroform
(15 mL) was added dropwise to the above solution and reflux for overnight while stirring.
Large excess 2-Methylimidazole was used to avoid the unfavorable doubly alkylated side
product formation. Reaction mixture was dissolved with water (1 L- to remove excess 2Methylimidazole) and organic layer was extracted with EtOAc (50 mL x 3). Combined
organic layer was washed with water (50 mL x 3), dried with MgSO4 and solvent was
evaporated in vacuum to obtain the crude product. After purification by flash
chromatography (chloroform/methanol 10:1) product was obtained as an off-white
powder (2.7g, 72%).
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Synthesis of 1-benzyl-3-cetyl-2-methylimidazolium iodide (NH125)
Potassium iodide (14.18 g, 10 eq) and benzyl bromide (2.92 g, 17.08 mmol, 2 eq)
in chloroform (100 mL) was refluxed for 15 min. Cetyle-2-methylimidazole (2.616 g,
8.54 mmol, 1 eq) in chloroform (40 mL) was added dropwise to the above solution and
refluxed overnight. Solvent was evaporated in vacuum to obtain the crude product. After
purification by flash chromatography (chloroform/methanol 7:1) and recrystallization
using ethylacetate product was obtained as a white solid (1.74g, 52.4%). 1HNMR (300
MHz, CDCl3, δ): 0.89 (t, 3H), 1.23 (b, 26H), 1.89 (m, 2H), 2.80 (s, 3H), 4.19 (t, 2H), 5.6
(s, 2H), 7.37 (b, 5H), 7.45(s, 1H), 7.55(s, 1H). 13CNMR (300 MHz, CDCl3, δ): 144.2,
133.1, 129.8, 129.7, 129.1, 122.4, 121.8, 153.1, 149.5, 32.2, 29.9, 29.8, 29.6, 26.5, 22.5,
14.3, 12.3. ESI-MS [M+H]+ calculated, 397.357 ; observed, 397.5.
In-vitro Assays with NH125
NH125 was synthesized and the identity and purity were verified by NMR and
ESI-MS. Dose response inhibition assays against eEF-2K were performed using 2 nM
eEF-2K, 50 µM [ϒ-32P]-ATP, 30 µM Pep-S and various concentrations of NH125 (0-100
µM). To test the sensitivity against detergent, the same above assays were also
performed in the presence of 0.1% triton-X-100. Competition assays against ATP were
conducted using 2 nM eEF-2K, 30 µM Pep-S and varying concentrations of NH125 (0100 µM) at different fixed concentrations of [ϒ-32P]-ATP (50 µM or 2 mM). Similarly
competition assays against Pep-S were conducted using 2 nM eEF-2K, 500 µM [ϒ-32P]ATP and varying concentrations of NH125 (0-100 µM) at different fixed concentrations
of PepS (10 or 100 µM). In all cases, the enzyme was pre-incubated with [ϒ-32P]-ATP
for 15 minutes before initiating the reaction with NH125/Pep-S. Assay buffer for eEF2K contained 25 mM HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 150
µM CaCl2, 1 µM CaM, 40 µg/ml BSA, 2 mM DTT, 10 mM MgCl2 and 5% DMSO. In
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order to test the specificity of NH125, dose response inhibition assays were also
performed against TRPM7 and ERK2. Dose response assays against ERK2 were
performed using 2 nM ERK2, 500 µM [ϒ-32P]-ATP, 20 µM Ets1 and various
concentrations of NH125 (0-500 µM). Dose response assays against TRPM7 were
performed using 25 nM TRPM7, 500 µM [ϒ-32P]-ATP, 20 µM TRPM7-peptide (85) and
various concentrations of NH125 (0-500 µM). Assay buffer for TRPM7 and ERK2
contained same components to that of eEF-2K without calcium and calmodulin.
Effect of NH125 on eEF-2 phosphorylation
Purification of wheat germ EF-2 is already described elsewhere (86). Assays
were performed at 30 ºC in assay buffer (25 mM HEPES pH 7.5, 50 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1500 µM CaCl2, 1 µM CaM, 40 µg/ml BSA, 2 mM DTT, 10 mM
MgCl2 and 5% DMSO) containing 10 nM eEF-2K, 1 µM EF-2, 7.5 µM ATP and
different concentrations of NH125 (0, 50, 500 and 5000 nM). Assay buffer containing
eEF-2K (10 nM) and wheat germ EF-2 (1 µM) were pre-incubated for 30 minutes in the
presence of above mentioned concentrations of NH125. Then the assays were started
with the addition of [ϒ-32P]-ATP. Reactions were allowed to proceed for either 10 or 30
minutes and were quenched by addition of SDS-PAGE sample loading buffer followed
by heating for 10 min at 95 ˚C. The quenched samples were resolved by running in 10%
SDS-PAGE and staining with Coomassie Brilliant Blue dye. The gel was dried and
exposed in a Phosphorimager cassette for 3 hours. The cassette was scanned in a
Typhoon Phosphorimager and analyzed using ImageQuantTM software. To quantify the
degree of EF-2 phosphorylation, the bands corresponding to phospho-EF-2 were excised
and the associated counts were measured on a synctillation counter (Packard 1500) at a ζ
value of 2.
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Cell lines and culture conditions
Pancreatic Stellate cells (PaSC) were cultured in DMEM medium supplemented
with 5% FBS in 37 °C incubator with 5% CO2.
MTS assay
Cell proliferation were assessed using MTS assay (CellTiter 96® AQueous Assay,
Promega, WI). Cells were seeded in 96-well plates at a density of 1.5 X 103 cells per
well in 100 µl medium. Next day cells were treated with different concentrations of
NH125. After 72 hours incubation, 20% MTS reagent was added into the culture
medium. After 2-4 hours further incubation, the change in tetrazolium salts into
formazan was determined by measuring the absorbance at 490 nm using kinetic
microplate reader (Molecular Devices Corporation, Sunnyvale, CA).
Western blot
Cells were treated in the presence or absence of 4 µM NH125 for 3, 6 or 9 hours.
After respective times, the cells were trypsinized and collected by centrifugation. The
cells were lysed and the total protein concentration was determined using a DC protein
assay kit (Bio-Rad, Hercules, CA). Aliquots containing 30 µg of total protein from each
sample were subjected to SDS-PAGE with a 4-20% gradient and were electrotransferred
to nitrocellulose membranes. The membranes were blocked with 5% dry milk in Trisbuffered saline-Tween 20 (TBST), probed with primary antibodies anti p-EF-2, EF-2, pEF-2K, EF-2K and p-AMPKα antibodies (Cell signaling, MA). The antibodies were
diluted in TBST containing 2.5% dry milk and incubated at 4 °C overnight. The
membranes were washed with TBST and were incubated with horseradish peroxidaseconjugated anti-rabbit secondary antibody (Amersham Life Science, Cleveland, OH).
Chemiluminescent detection was performed with Chemi-glow detection reagents (Alpha
32

Innotech, San Leandro, CA). The blots were visualized with a FlourChem 8900 imager
and quantified by a densitometer using the Alpha Imager application program (Alpha
Innotech).
Data analysis
All initial velocity data for substrate and inhibition kinetics were fitted using a
non-linear least squares approach using Scientist (Micromath) or Kaliedagraph 3.5
(Synergy software). Initial rate data conforming to ternary complex ordered mechanism
displaying substrate inhibition were fitted using equation 1 (87). The initial rate data
displaying competitive inhibition pattern, uncompetitive inhibition pattern and mixedtype inhibition pattern were fitted to equations 2, 3 and 4 respectively (87). The slope
and the 1/v-axis intercept replot at different fixed concentrations of Pep-S were fitted to
equations 5 and 6 respectively (87). The slope replot at different fixed concentrations of
Pep-I was fitted to equation 7 (87). Dose response IC50 curves were fitted using equation
8 (88).

33

2.3 EQUATIONS

(2.1)
(2.2)
(2.3)
(2.4)
(2.5)
(2.6)
(2.7)
(2.8)

The kinetic parameters are defined as follows: v, observed velocity; Vmax, maximum
initial velocity; [A], concentration of substrate A; [B], concentration of substrate B; Kia,
dissociation constant for substrate A; KmA, Michaelis-Menten constant for substrate A;
KmB, Michaelis-Menten constant for substrate B; KiB, inhibition constant for EB
complex; [S], concentration of varied substrate S; KmS, apparent Michaelis-Menten
constant for substrate S; [I], concentration of inhibitor I; KiC, inhibition constant for EI
(Enzyme-Inhibitor) complex; α, the factor by which KmS changes when I occupies the
enzyme; vi, observed velocity in the presence of inhibitor; v0, observed velocity in the
absence of inhibitor; IC50, inhibitor concentration required to achieve 50% inhibition; h,
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hill coefficient. Apparent kinetic constants obtained at sub-saturating substrate
concentrations are designated by ‘app’, for example,
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,

and

.

2.4 RESULTS
eEF-2K Purification
eEF-2K was purified according to the protocol explained earlier in methods
section. The final His6 tag cleaved recombinant eEF-2K contains three extra residues
(GDI) at the N-terminus as a part of the vector after TEV proteage cleavage. The final
purification step of eEF-2K on HiPrepTM 26/60 SephacrylTM S-200 HR gel filtration
chromatography is shown in figure 2.1A. The purity of eEF-2K was verified by running
the protein in 10% SDS-PAGE. eEF-2K runs as an 85-kD protein in SDS-PAGE (figure
2.1B). Peak 2 (figure 2.1A), which corresponds to the monomeric fraction (89), was
collected and used for all experiments. Almost 10 milligrams of recombinant eEF-2K
was obtained from 1 L of bacterial culture.
Two Substrate kinetics
Often the analysis of initial rate studies in the presence of different concentrations
of the substrates can be used to predict the kinetic mechanism. Typically, for a protein
kinase, the velocity, v, is determined over a range of substrate concentrations at different
fixed concentrations of co-substrate and then the double reciprocal plots of 1/v against
1/[substrate] are analyzed to distinguish between a sequential or a non-sequential
mechanism. A sequential mechanism is characterized by addition of both substrates to
the enzyme before the products are released whereas a non-sequential mechanism is
characterized by the release of products between substrate additions. These two can be
distinguished by observing the patterns of lines in the double reciprocal plots of 1/v
against 1/[substrate]. A sequential mechanism would demonstrate an intersecting pattern
whereas a non-sequential mechanism would demonstrate a non-intersecting pattern.
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Two substrate kinetics for eEF-2K were performed using 0-1000 µM ATP and 0720 µM peptide substrate (Pep-S).

Due to the substrate inhibition observed at high

concentrations of Pep-S (explained later), analysis of double reciprocal plots were
performed only at low peptide concentrations. Double reciprocal plots of 1/v against
1/[ATP] (Figure 2.2) and 1/v against 1/[Pep-S] (Figure 2.3) converge to the left of the
1/v-axis consistent with a sequential mechanism where both substrates add to eEF-2K
before products dissociate (87). Sequential mechanisms may be regarded as either at
rapid-equilibrium or at steady-state with the addition of the substrates occurring in either
a random (Scheme 2.1A) or obligate ordered (Scheme 2.1B) fashion. In the case of rapid
equilibrium ordered mechanism, a competitive activation by the first substrate is
observed resulting in the intersection of one of the double reciprocal plots at 1/v-axis
(87). The intersection of both double reciprocal plots to the left of the 1/v-axis makes a
rapid equilibrium ordered mechanism less likely (87). Recently, a crystal structure of
myosin heavy chain kinase A (MHCK A), an atypical protein kinase with a predicted
structural similarity to eEF-2K, revealed the presence of AMP and a phosphorylated
aspartate in the active site when the protein kinase was co-crystalized with a peptide
substrate and ATP (19). This observation opens up the possibility that atypical protein
kinases catalyze protein phosphorylation through a phospho-protein intermediate. While
the kinetic data displayed in figures 2.2 and 2.3 do not rule out such a mechanism, the
convergent lines indicate that both ATP and peptide must be bound before any products
are released (87).
Substrate inhibition
Occasionally, substrates may act as inhibitors at high concentrations (87). Under
these conditions, the observed rate decreases with increasing substrate concentration.
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Inhibition of eEF-2K was exhibited by Pep-S whereas ATP showed no sign of inhibition
at concentrations as high as one millimolar. The nature of such inhibition by PepS was
expected to be either competitive or uncompetitive against ATP (87). Pep-S as a
competitive inhibitor would affect only the slope. This will result in a linear plot at low
concentrations of Pep-S, but as the Pep-S concentration increases (i.e. 1/Pep-S
concentration decreases) the slope would pass through a minimum and increase again
resulting in a non-linear slope plot. On the other hand, Pep-S as an uncompetitive
inhibitor would affect only the intercept resulting in a non-linear 1/Vmaxapp plot. As
shown in Figure 2.4, Pep-S affects a slope, but not an intercept indicating that the
mechanism of inhibition by Pep-S with respect to ATP is competitive.
The possible mechanisms of competitive substrate inhibition are outlined in
scheme 2.2. A competitive substrate inhibition in a random mechanism often leads to the
formation of eEF-2K.(Pep-S)2 dead end complex (scheme 2.2A) (87). On the other hand,
a competitive substrate inhibition in an ordered mechanism can form either Pep-S.eEF2K (scheme 2.2B) or eEF-2K.ATP2 (scheme 2.2C) complexes (87). Since the inhibition
is observed at high concentrations of Pep-S but not with ATP, inhibition due to dead end
eEF-2K.ATP2 model (scheme 2.2C) is not likely. Therefore the mechanism of inhibition
is consistent with either a rapid-equilibrium random, a steady-state random or a steadystate ordered mechanism.
Inhibition studies
Inhibition studies in the presence of products or dead-end inhibitors are useful to
determine the kinetic mechanism. Usually the mechanism of inhibition can be
determined by analyzing the 1/v against 1/[substrate] data at different concentrations of
inhibitor: a competitive inhibitor would affect only a slope, an uncompetitive inhibitor
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would affect only an intercept and a mixed-type inhibitor would affect both a slope as
well as an intercept. Inhibition kinetics were performed at different fixed concentrations
of inhibitors with varied concentrations of one substrate and fixed unsaturated
concentration of the other substrate. ADP exhibits competitive inhibition with respect to
ATP (figure 2.5) and mixed-type inhibition with respect to Pep-S (figure 2.6). The deadend inhibitor Pep-I has a similar sequence to Pep-S with the phosphorylation residue
threonine mutated to alanine. Pep-I exhibits competitive inhibition towards Pep-S (figure
2.7) and mixed-type inhibition towards ATP (figure 2.8). The inhibition patterns are
consistent with random order mechanism. However, an ordered mechanism with
competitive substrate inhibition pattern (i.e. the formation of an abortive eEF-2K.Pep-S
complex) would also demonstrate similar inhibition patterns and thus could not be
distinguished from the random order mechanisms.
Inhibition studies obtained using the dead-end peptide inhibitor Pep-I (AcetylRKKYKFNEDAERRRFL-amide) were used to differentiate between the random order
mechanism (scheme 2.1A) and the steady-state ordered mechanism (scheme 2.1B).
These mechanisms differ with respect to the nature of substrate binding to eEF-2K. In
the ordered mechanism (scheme 2.2B) the formation of eEF-2K•Pep-S is predicted to
block the binding of ATP and subsequently inhibit the reaction. In the random-ordered
mechanism (scheme 2.2A) a second molecule of Pep-S is predicted to bind to eEF-2K
and inhibit the enzyme. If one assumes that Pep-I mimics the ability of Pep-S to bind
eEF-2K, then by analyzing the dependence of the observed rate as a function of the
concentration of Pep-I, one may distinguish between the two mechanisms. Thus, if the
ordered mechanism prevails then Pep-I is predicted to inhibit eEF-2K through the
formation of the eEF2K•Pep-I complex (scheme 2.3B). In this case the slope replot will
look linear (87). If however the mechanism is random ordered a second molecule of Pep39

I is predicted to bind to form the eEF-2K•(Pep-I)2 complex as outlined in scheme 2.3A.
The slope equation for inhibition by Pep-I in random mechanism is derived according to
scheme 2.3A (scheme 2.4). Due to the presence of (KB / (βKi2[B]))X([I2]) term, at
constant [B], as [I] increases, the slope1/A value for random ordered mechanism is
predicted to increase in a non-linear fashion as demonstrated in figure 2.9 (Inset).
Therefore the linear slope1/ATP plot obtained in figure 2.9 suggests that the mechanism is
likely to be ordered.
Global Fitting
As the kinetic experiments are usually performed at wide range of substrate
concentrations, it is often necessary to combine all the individual data sets to calculate a
common set of kinetic parameters that would explain all individual data sets. This can be
achieved by performing a global fit analysis. The initial velocity data from all range of
substrate concentrations (including concentration range demonstrating substrate
inhibition) were fitted globally using equation 2.1, for steady state ordered bi-bi
mechanism with competitive substrate inhibition (figure 2.10). The kinetic parameters
obtained are shown below in table 2.1.
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Vmax

0.153 ± 0.01 µM/s

Kia

16.2 ± 6.9 µM

KmA

36.5 ± 3.5 µM

KmB

393 ± 40 µM

KiB

178 ± 16 µM

Table 2.1. Kinetic parameters for the phosphorylation of Pep-S by eEF-2K. The
parameters were obtained from global fitting of the kinetic data in figure
2.10 to equation 2.1.
Mechanistic studies with NH125
NH125 has been reported as a specific inhibitor of eEF-2K with an in-vitro IC50
of 60 nM (65). In addition NH125 inhibits phosphorylation of eEF-2 in cells (65).
However the mechanism of inhibition by NH125 has not been proposed. Therefore we
synthesized NH125 and confirmed its structure by 1H NMR, 13C NMR and mass
spectrometry (figures 2.S1 and 2.S2, supplementary materials). The ability of NH125 to
inhibit eEF-2K was tested in an in-vitro dose response assay. NH125 exibited a steep
slope with a non-ideal hill coefficient of 3.7 and an IC50 of 18 µM, a value that is 300
times higher than the previously reported IC50 (figure 2.11). Similar IC50 value (IC50 =
18.7 µM) for NH125 against eEF-2K has also been reported by Invitrogen using Z’LITE® kinase assay (Invitrogen, Carlsbad, CA). Next we examined if the compound
binds to the active site. If the compound competes with ATP or peptide, it is expected
that the inhibition is severe at low substrate concentrations and weaker at higher substrate
concentrations. This can be observed as a horizontal shift in the dose response curve.
However, the dose response curves obtained at 50 or 2000 µM ATP exhibited no major
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shift with IC50 values of 19 and 21 µM respectively (figure 2.12). Similarly the dose
response curves obtained at 10 or 100 µM Pep-S also had similar IC50 values of 37 and
32 respectively with no major shift in the dose response curves (figure 2.13). This
suggested that NH125 does not bind to the ATP or the peptide substrate binding site. In
addition, we also tested the specificity of NH125 against TRPM7 (a related kinase to
eEF-2K) and ERK2 (an unrelated kinase to eEF-2K) in a dose response assay. NH125
was found to inhibit both TRPM7 and ERK2 with an IC50 of 55 and 70 µM and Hill
coefficient of 1.6 and 3.6 respectively (data not shown). These evidences suggested a
possibility of NH125 being a promiscuous aggregator.
Presence of small amount of non-ionic detergents can often attenuate the
inhibition if the compound is acting by aggregation (80-82). Therefore assays were
performed in the presence (0.1%) or absence of triton X-100 to confirm the promiscuity
nature of inhibition by NH125. Increasing triton X-100 concentrations from 0 to 0.1%
increased the IC50 value from 18 µM to 452 µM (figure 2.11). This confirmed that
NH125 is a non-specific inhibitor of eEF-2K. Since NH125 is reported to inhibit eEF-2
phosphorylation, the effect of NH125 (0–5 µM) on the phosphorylation of wheat germ
EF-2 were tested in-vitro. As seen in figure 2.14, NH125 (0-5 µM) has no affect on the
rate of phosphorylation of wheat germ EF2 (1 µM) in the presence of ATP (7.5 µM).
This further verified that the NH125 does not act on eEF-2K.
Cellular studies with NH125
Arora et. al. showed that NH125 at 1 µM concentration strongly inhibits eEF-2
phosphorylation in C6 glioma cells after incubation for 9 hours (65). To make sure our
in-vitro results using pure enzyme correlates with cellular studies, we examined the
ability of NH125 (4 µM) to inhibit phosphorylation of eEF-2 (Thr-56) in PaSC cells
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using western blot. As our previous results suggested a possibility of NH125 inhibiting
eEF-2 phosphorylation by indirect mechanism, we also tested the effect of NH125 on the
expression level of eEF-2K and eEF-2 as well as on the phosphorylation of eEF-2K on
Ser-366 (an inhibitory phosphorylation site for p90RSK and S6 kinase) and AMPK (an
upstream kinase) on Thr-172. According to the western blot (figure 2.15A) the level of
eEF-2 phosphorylation only started to decrease after 9 hours. The slow effect on eEF-2
dephosphorylation indicates that NH125 does not inhibit eEF-2K directly. In addition,
eEF-2K and AMPKα (an upstream kinase) are phosphorylated after incubation with
NH125 suggesting that the inhibition of phosphorylation of eEF-2 is due to the effect on
the upstream pathway. The effect of NH125 on cell viability and proliferation was also
tested by MTS assay. In agreement to previous data, the PaSC cell viability decreased
four folds after treatment with NH125 for 72 hours (figure 2.15B). Therefore the cellular
data conclude that NH125 is toxic to PaSC cells but the observed effects with NH125 are
due to the indirect action on eEF-2K.
2.5 DISCUSSION
Kinetic mechanism
Although eEF-2K has been suggested as a novel target for anti-cancer therapy
(25, 43-45, 54), mechanistic studies on eEF-2K have not been reported. Recently the
crystal structure of the α-kinase domain of MHCK A was determined. When the enzyme
was crystallized in the presence of the ATP and the peptide substrate, which does not
appear in the structure, phosphorylated aspartic acid (pAsp766) was found at the active site
along with ADP (19). This raises the possibility that other alpha kinases such as eEF-2K
may utilize Ping Pong mechanism for transferring ϒ-phosphate of ATP onto the peptide
substrate through an aspartylphosphate intermediate. To test this possibility, the kinetic
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mechanism of recombinant eEF-2K was studied using a peptide substrate. Although the
Ping Pong mechanism can not be ruled out for eEF-2K, the convergent lines observed in
figures 2.2 and 2.3 suggest that both ATP and peptide must be bound to the enzyme
before any products are released.
Based on the substrate, product and dead-end inhibitor kinetics studies, the
enzyme was found to adopt steady state ordered mechanism with ATP binding required
prior to peptide binding (figures 2.2 - 2.10). Ordered mechanisms have been observed
previously in other kinases. For example, tyrosine kinases such as v-src tyrosine kinase
(90) and vascular endothelial growth factor receptor-2 tyrosine kinase (91) as well as
serine/threonine protein kinases such as CaM Kinase II (92) are reported to adopt order
mechanism.
Substrate inhibition
Substrate inhibition, a very common phenomena among enzymes, have also been
reported for few kinases such as phosphofructokinase (93), adenosine 5’-phosphosulfate
(APS) kinase (94-96) and adenylate kinase (97). Although often treated as nonphysiological phenomena and often ignored, substrate inhibition can provide important
information on the enzyme mechanism.

In the case of eEF-2K, we found that the

substrate inhibition is observed only at high concentrations of Pep-S suggesting ATP as
the first substrate to bind to the free enzyme. Pep-S can possibly cause inhibition either
in competitive or non-competitive fashion. A competitive inhibition, as outlined in
scheme 2.2A, would lead to the formation of eEF-2K.Pep-S dead end complex. Usually
this occurs if the substrate binding site either partially or fully overlaps the ATP binding
site; thus binding of peptide to the free enzyme would directly prevent ATP from binding
(87). On the other hand, a non-competitive inhibition would lead to the formation of
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eEF-2K.Pep-S.ADP dead end complex as shown in scheme 2.2B. A most common
scenario would be the presence of a lower affinity substrate binding site on the enzyme in
addition to the normal substrate binding site; binding of substrate to the secondary site
changes or locks the enzyme into a different conformation preventing ADP release and
subsequent ATP binding (87). The attenuation of substrate inhibition by increasing ATP
concentration (figure 2.10) and the observation of slope effect but no intercept effect
(figure 2.4) support the competitive nature of inhibition by PepS.
An interesting point is that Pep-S and Pep-I are structurally similar yet they
demonstrate different mechanism of inhibition toward ATP. The explanation lies in the
fact that Pep-S is a substrate that can also act as an inhibitor whereas Pep-I is only an
inhibitor. Pep-I can bind and inhibit both apo-enzyme as well as enzyme.ATP form
resulting in mixed-type inhibition pattern. Similarly Pep-S can also bind to both of these
forms. However, Pep-S would only inhibit the apo-enzyme form since binding to
enzyme.ATP form would result in catalysis. This explains the competitive nature of
inhibition by Pep-S unlike mixed-type shown by Pep-I.
Enzyme regulation in cells.
The kinetic studies from the peptide substrate provide important clues about the
interaction of eEF-2K with its physiological substrate. As mentioned earlier, the only
identified physiological substrate for eEF-2K is eEF-2. Although crystal structure of the
enzyme is not yet available, mutational studies have suggested that N-terminal domain is
responsible for catalysis whereas the C-terminal domain is responsible for substrate
targeting (22). This is further supported from our studies. The weak affinity for the PepS (Km = 393 µM) in our studies suggests that the eEF-2K interacts to its substrate via
additional docking sites. Docking sites are common among other kinases too. For
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example, MAPKs such as ERK, JNK and P38 contain docking sites for their respective
substrates which help to facilitate substrate specificity and phosphorylation (98-103).
Such specific nature of eEF-2K interaction with its substrate also reduces the possibility
of eEF-2K having many physiological substrates.
Mechanism of NH125
NH125, identified as a bacterial histidine kinase inhibitor, is also reported as a
specific inhibitor for eEF-2K (65). Based on the prediction that eEF-2K contains similar
ATP fold as histidine kinases, NH125 was assumed to be an ATP competitor (65).
However the exact mechanism of inhibition was not determined previously. Here on the
basis of no direct competition against ATP or peptide substrate, steep dose response
curve, lack of selectivity toward eEF-2K and sensitivity to added detergent, we concluded
that NH125 inhibits eEF-2K by aggregation. Many organic compounds form colloid-like
aggregates in aqueous environment. Non-specific inhibition due to aggregate formation
is a very common mechanism not only for compounds but also for known inhibitors and
even drugs (104). Many of the aggregators have been identified. NH125 has a structure
that is consistent with the structure of the detergent - it contains a polar head and a 16
carbon long hydrophobic alkyl tail and is very likely to form aggregate. Typically the
aggregation formation process is significant in the micromolar range and this is the range
where compounds usually act as non-specific inhibitors (105). Furthermore the IC50
value of 60 nM reported by Arora et. al. is questionable since the enzyme was assayed at
a concentration that is 6-7 folds higher than the reported IC50. Under such conditions,
where the enzyme is present in excess of its inhibitor, the IC50 value can not be
determined accurately by using a steady state kinetic approach. In fact, the IC50 that we
obtained for NH125 was more than 300 fold higher than the reported IC50 of 60 nM. A
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similar IC50 value (IC50 = 18.7 µM) for NH125 against eEF-2K has also been reported by
Invitrogen using Z’-LITE® kinase assay (Invitrogen, Carlsbad, CA).
NH125 is reported to inhibit EF-2 phosphorylation in C6 glioma cells (66). To
examine this possibility, first we assessed the phosphorylation of eEF-2 using pure
enzyme and found that NH125 upto 5 µM has no effect in the rate of eEF-2
phosphorylation (figure 2.14). Next we examined whether the eEF-2 phosphorylation is
blocked with NH125 in cells as suggested by Arora et. al.(66). Our data (figure 2.15A)
using PaSC cells showed that NH125 significantly inhibits phosphorylation of eEF-2 in
cells only after 9 hours. Such a slow response of NH125 on eEF-2 phosphorylation
suggests that NH125 is not directly inhibiting eEF-2K. Since the levels of eEF-2 and
eEF-2K are not affected, we can rule out the possibility of NH125 affecting the
transcription level of eEF-2 or eEF-2K. One possibility is that it may be affecting the
post-translational modification of eEF-2. However the modification of eEF-2K and the
upstream kinase AMPKα after NH125 treatment indicates that the compound is most
likely acting upstream of eEF-2K at the level of transcription or post-translational
modification. The promiscuity nature of NH125 is not a surprise at all since there have
been reports of many other compounds reported as specific kinase inhibitors and later
found to act as promiscuous, aggregation based inhibitors for other targets. For example,
bisindolylmaleimide derivatives of staurosporine, the reported specific inhibitors for
conventional PKC isoforms, have not only been found to be active against other protein
kinases such as glycogen synthase kinase-3, Rsk-2 and p70 S6 kinase, but also against
serotonin receptors with comparable potency to PKC (106-109). Similarly Rottlerin, that
acts on mitochondria decreasing the cellular ATP levels (58, 60), has also been found to
inhibit a number of unrelated kinase and non-kinase enzymes including eEF-2K with
similar potency (59, 110). Therefore the possible target for NH125 could also be a
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kinase, non-kinase enzyme or a receptor. Further experiments are required to determine
the target and exact mechanism of inhibition.
In addition, we show significant decrease in PaSC cell line viability after NH125
treatment from MTS assay (figure 2.15B) which is supportive of the results obtained by
Arora et. al. Therefore our data supports the previously reported data that NH125 is
toxic to cells and decreases eEF-2 phosphorylation in cells. On the contrary, our data
also proves that NH125 is a promiscuous inhibitor of eEF-2K and the cellular effects
observed are not from direct binding of NH125 to eEF-2K.
In conclusion, we determined the kinetic mechanism for recombinant eEF-2K
using a peptide substrate. We also determined the mechanism of action of NH125 in
cells. Our studies provide better understanding of the role of eEF-2K in cellular function
and cancer biology. Our studies also caution researchers from using NH125 as a specific
inhibitor for investigating eEF-2K activity.
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Figure 2.1. Tag-cleaved eEF-2K purification on a gel filtration column. A)
Chromatogram of eEF-2K purification on a HiPrepTM 26/60 Sephacryl S200 HR gel filtration column. Peak 1 corresponds to aggregated eEF-2K
while peak 2 corresponds to monomeric eEF-2K. B) eEF-2K runs as a 85
kD protein on 10% SDS-PAGE.
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Figure 2.2. 1/v vs 1/[ATP]. Initial velocities were measured using 10 nM eEF-2K,
several fixed concentrations of Pep-S (indicated above in µM) and varied
concentrations of ATP (12.5-125 µM). Inset: 1/v vs 1/ATP plot at 360 or
720 µM Pep-S. The lines correspond to equation 2.1 according to the
parameters in table 2.1.
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Figure 2.3. 1/v vs 1/[Pep-S]. Initial velocities were measured using 10 nM eEF-2K,
several fixed concentrations of ATP (indicated above in µM) and varied
concentrations of Pep-S (15-90 µM). The lines correspond to equation 2.1
according to the parameters in table 2.1.
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Figure 2.4. A) Slope1/ATP and B) 1/
replots in all range of fixed Pep-S
concentrations. The double reciprocal plots of 1/v against 1/[ATP] were
used to determine slope and intercept values. The lines for slope and
intercept correspond to equations 2.5 and 2.6 respectively according to the
parameters in table 2.1.
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Figure 2.5. Competitive inhibition of ADP toward ATP. Initial velocity studies at 50
µM Pep-S in the presence of several fixed concentrations of ADP (indicated
above in µM) and varied concentrations of ATP (12.5-125 µM). The lines
correspond to equation 2.2 where
= 0.024 ± 0.001 µM/s,
= 22 ±
2.5 µM,
= 464 ± 50 µM.
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Figure 2.6. Mixed inhibition of ADP toward Pep-S. Initial velocity studies at 50 µM
ATP in the presence of several fixed concentrations of ADP (indicated
above in µM) and varied concentrations of Pep-S (30-90 µM). The lines
correspond to equation 2.4 where
= 0.10 ± 0.002 µM/s,
= 299 ±
7.3 µM,
= 4361 ± 2105 µM and α = 0.08 ± 0.05 µM.
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Figure 2.7. Competitive inhibition of Pep-I toward Pep-S. Initial velocity studies at 50
µM ATP in the presence of several fixed concentrations of Pep-I (indicated
above in µM) and varied concentrations of Pep-S (15-90 µM). The lines
correspond to equation 2.2 where
= 0.11 ± 0.002 µM/s,
= 300 ±
5.8 µM,
= 294 ± 26 µM.
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Figure 2.8. Mixed inhibition of Pep-I toward ATP. Initial velocity studies at 50 µM PepS in the presence of several fixed concentrations of Pep-I (indicated above
in µM) and varied concentrations of ATP (12.5-125 µM). The lines
correspond to equation 2.4 where
= 0.04 ± 0.001 µM,
= 26 ± 2.5
µM,
= 455 ± 141 µM, α = 0.66 ± 0.25 µM.
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Figure 2.9. Slope1/ATP replot at different fixed concentrations of Pep-I. The double
reciprocal plot of 1/v against 1/[ATP] at different Pep-I concentrations were
used to determine the secondary slope data. The line corresponds to
equation 2.7 where
= 0.04 ± 0.001 µM,
= 26 ± 2.5 µM and
= 455 ± 141 µM. Inset: Predicted plot of Slope1/ATP vs [Pep-I] for
ordered (1) and random (2) mechanisms. Line (1) corresponds to equation
2.5 according to the parameters in table 2.1. Line (2) corresponds to rapid
equilibrium equation (scheme 2.5) according to the following assumptions:
α = β = 1, KB = Ki = 100 µM, Vmax = 0.153 µM/s, KA = 36.5 µM and [B] =
50 µM.
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Figure 2.10. v vs [Pep-S]. Initial velocities were measured using 10 nM eEF-2K, several
fixed concentrations of ATP (indicated above in µM) and varied
concentrations of Pep-S (15-720 µM). The lines correspond to equation 2.1
according to the parameters in table 2.1.
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Figure 2.11. Dose-response curve for NH125 in the presence (■) or absence (●) of 0.1%
triton X-100. Initial rates were measured using 2 nM eEF-2K, 50 µM ATP,
30 µM Pep-S, 0 or 0.1% triton X-100 and various concentrations of NH125
(0-100 µM). The lines correspond to the best fit to equation 2.8 according
to an IC50 of 18 ± 0.25 µM and a Hill coefficient of 3.7 ± 0.14. In the
presence of triton, the IC50 increases to 452 ± 243 µM with a Hill coefficient
of 1.0 ± 0.28.
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Figure 2.12. NH125 competition assay against ATP. Initial rates were measured using
50 µM (●) or 2000 µM (■) ATP in the presence of 2 nM eEF-2K, 30 µM
Pep-S and various concentrations of NH125 (0-100 µM). The lines
correspond to the best fit to equation 2.8 according to IC50 values of 19 ± 1.0
and 21 ± 1.6 µM in the presence of 50 or 2000 µM ATP respectively.
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Figure 2.13. NH125 competition assay against PepS. Initial rates were measured using
10 µM (●) or 100 µM (■) Pep-S in the presence of 2 nM eEF-2K, 500 µM
ATP and various concentrations of NH125 (0-100 µM). The lines
correspond to the best fit to equation 2.8 according to IC50 values of 37 ± 2.3
and 32 ± 1.1 µM in the presence of 10 or 100 µM Pep-S respectively.
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Figure 2.14. Effect of NH125 on wheat-germ EF-2 phosphorylation by eEF-2K.
Phosphorylation reactions were performed in the presence of different
concentrations of NH125 (0, 50, 500 or 5000 nM) for 10 (lanes 1-4) or 30
(lanes 5-8) minutes. Controls with no eEF-2 (lanes 9 and 10) or no enzyme
(lanes 11 and 12) were also performed for 10 or 30 minutes as indicated.
Phosphorylation reactions quenched after 10 or 30 minutes were resolved by
SDS-PAGE and analyzed by phosphorimager scanning.
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Figure 2.15. Effect of NH125 in PaSC cells. A) Western blot. PaSC cells were treated
with (3, 6, or 9 hours) or without (NT) NH125. The levels of
phosphorylated eEF-2, eEF-2K and AMPKα were measured using
respective antibodies shown below. eEF-2, eEF-2K and β-actin (not shown)
levels were also measured as control. B) MTS assay. PaSC cells were
treated with NH125 (0 – 3 µM) and the cell viability were measured after 72
hours.
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Scheme 2.1. (A) random-order ternary complex mechanism, (B) compulsory-order
ternary-complex mechanism (A binds before B). The abbreviations used
are: E, eEF-2K; A, ATP; B, Pep-S; P, phospho-peptide; Q, ADP.
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Scheme 2.2. Competitive substrate inhibition in (A) Random order mechanism with BEB
dead-end complex formation, (B) Compulsory order mechanism with
EB dead-end complex formation, and (C) Compulsory order mechanism
with EA2 dead-end complex formation. The abbreviations used are: E,
eEF-2K; A, ATP; B, Pep-S; P, phospho-Pep-S; Q, ADP.
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Scheme 2.3. (A) Random ordered mechanism and (B) Compulsory ordered mechanism
in the presence of dead-end inhibitor (I). The abbreviations used are: E,
eEF-2K; A, ATP; B, Pep-S; P, phospho-peptide; Q, ADP; I, Pep-I.
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Scheme 2.4. Derivation of rapid equilibrium equation (according to scheme 2.3A)
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2.6 SUPPLEMENTARY MATERIALS

Figure 2.S1: NMR spectra for NH125 - 13C NMR (top) and 1H NMR (bottom).
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Figure 2.S2: ESI-MS of NH125.
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Chapter 3: Fluorescence High Throughput Assay Development and
Identification of Small Molecule Inhibitors for eEF-2K
3.1 INTRODUCTION
Eukaryotic elongation factor-2 kinase (eEF-2K), also known as
Calcium/Calmodulin dependent protein kinase-III (CaM kinase-III), belongs to a family
of atypical protein kinases characterized by a different catalytic domain sequence from
conventional protein kinases (17, 22). eEF-2K is involved in the regulation of protein
synthesis. It does so by phosphorylating and inactivating its only known substrate eEF-2
and thus inhibiting protein synthesis (7). More importantly this enzyme shows increased
activity in several cancer cell lines and has been identified as a potential target for many
anti-cancer therapies (25, 43).
Currently there are currently no good cellular inhibitors available for eEF-2K. To
date, NH125 (scheme 1.1D) is the only compound that is used to investigate the activity
of eEF-2K in cells (66-70). However we recently identified that NH125 inhibits eEF-2K
via non-specific mechanism (111). Recently a series of thieno[2,3-b]pyridine derivatives
were reported as ATP competitive inhibitors of eEF-2K with the most potent of these
compounds showing an in-vitro IC50 of 170 nM (scheme 1.1C) (63). Although the
compound was also shown to demonstrate a cytotoxicity EC50 of 17 µM in HCT-116
cells (63), there is no data provided to verify that the observed cytotoxicity effect is due
to the inhibition of eEF-2K in-vivo. Lack of small molecule inhibitors for eEF-2K has
not only hampered the study of role of eEF-2K in cancer biology but also in the
development of cancer therapeutics. Therefore currently there is a great demand for the
pharmacological inhibitors for eEF-2K.
Small molecule inhibitors are generally identified in a high throughput assay
system where large number of compounds are screened against a target enzyme in an
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automated fashion using a suitable assay system. Typically a radiolabelled [ϒ-32P]-ATP
can be used to monitor the transfer of ϒ-phosphate of ATP onto the known protein or
peptide substrate. However the slow, discontinuous and hazardous nature of radioactive
based assay is impracticable for high throughput purpose. Therefore, in general,
fluorescent assays are desired for such purposes due to their fast and continuous nature.
Although a wide variety of fluorescence assays are commercially available for a number
of protein kinases, no such assays are available for eEF-2K from commercial sources.
Recently a high throughput screen for eEF-2K was reported using fluorometric coupled
enzyme assay that monitors ADP release (63). This is the only high throughput assay
reported for eEF-2K in the literature. To facilitate the drug discovery process for this
enzyme, development of other fluorescent based high throughput assay systems are
required.
Despite several advantages, most fluorescent assays suffer problem with low
sensitivity and optimizing it often requires specific reagents and significant development.
Sox based fluorescence assays described by Shults et. al. is reported to have high signal
to background ratio (77, 78). The original method involved the incorporation of the
unnatural, Sox containing amino acid onto the peptide substrate using standard solid
phase peptide chemistry (77, 78). The method was further simplified by using cysteine
labeling to incorporate Sox moiety onto the peptide substrate (79) and was the method of
our choice. This approach contains added advantage since the Sox moiety placed at the
+2 or the -2 position from the phosphorylation site presents optimum sensitivity (79), but
most protein kinase are relatively insensitive to substitutions at either of these positions.
Upon phosphorylation of peptide by eEF-2K in the presence of magnesium, the increase
in fluorescence can be monitored continuously at 485 nm when excited at 360 nm (77).
Here we synthesized and characterized the fluorescence peptide substrate using this
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approach and developed the assay. Then we further optimized the assay in a 384-well
format and validated it in a screen of 30,000 compounds. In addition, we also analyzed
the diversity of our screening libraries and proposed a method of selecting libraries that
are likely to be effective against an atypical kinase like eEF-2K.
3.2 MATERIALS AND METHODS
Reagents and equipments
Competent cells used for amplification and expression were purchased from
Novagen (Gibbstown, NJ). Yeast extract and tryptone were obtained from US biological
(Swampscott, MA). IPTG and DTT were from USB (Cleveland, OH). Most of the
buffer components including HEPES, Tris, sodium chloride, potassium chloride, EDTA,
EGTA, calcium chloride, magnesium chloride, brij-35, triton X-100, betamercaptoethanol, benzamidine hydrochloride, TPCK and PMSF were purchased from
Sigma (St. Louis, MO). Amersham Biosciences (Pittsburgh, PA) provided the FPLC
system and the columns for purification. All other components used in the protein
expression and purification were obtained from Fisher Scientific (Pittsburgh, PA). Low
volume 384 well plates were from Nunc (Catalog # 267461). 96 well assay plates
(catalog # 3363) were from Corning and P81 cellulose plates with 96 wells were from
Whatman (Piscataway, NJ). ATP was purchased from Roche (Indianapolis, IN).
Radiolabelled [ϒ-32P]ATP was obtained from Perkin Elmer (Waltham, MA). Multichannel pipettes were purchased from VWR (West Chester, PA). Janus liquid handling
workstation and Envision plate reader were from Perkin Elmer.
Enzyme preparation
Methods for eEF-2K, Tev protease and Calmodulin expression and purification
are already explained in chapter 1. ERK2, Ets1 and MKK1G7B were expressed and
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purified according to the methods explained in (112). ERK2 was activated according to
the protocol explained in (112). Preparation of TRPM7 and synthesis of TRPM7-peptide
was performed according to (85).
Compound libraries and Screening Facilities
Compound libraries and automation facilities for high throughput screening
(HTS) were provided by Texas Institute for Drug and Diagnostic Development (TI3D)
facility at the University of Texas at Austin. The compound libraries include NCC
Clinical collection (NIH), Kinase Set (Chembridge), Fragment Set (Chembridge),
Spectrum Collection (MicroSource Discovery Systems, Inc.) and Hitfinder V. 9
(Maybridge). All compounds were stored at -80 °C as 10 mM stock in 100% DMSO.
The dilutions were made according to the assay requirements as explained later.
Peptide synthesis
Peptide substrate (Acetyl-RKKYKFNEDTERRRFL-amide) was synthesized and
purified by HPLC at the Institute for Cell and Molecular Biology at University of Texas
at Austin. The peptide was raised in 25 mM HEPES, pH 7.5 and verified by MALDI.
The concentration was determined by measuring absorbance at 280 nm (A280) in
spectrophotometer using the extinction coefficient of 1280 cm-1M-1 and path length of 1
cm.
Sox peptide synthesis
Unless otherwise mentioned, all solvents and reagents were obtained
commercially and used without further purification. Nα-Fmoc-protected amino acids
[Fmoc-Arg(Pbf)-OH, Fmoc-Cyc(Mmt)-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, FmocPhe-OH, Fmoc-Phe-OH, Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Asp(OBut)OH, Fmoc-Asn(Trt)-OH] were purchased from Advanced Chemtech. Analytical TLC
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was performed on silica gel 60 F254 precoated plates (EMD Chemicals Inc.) and
visualized by UV. Peptide was synthesized using CEM Liberty Automated Microwave
Peptide Synthesizer.

Peptide was purified via preparative reverse-phase HPLC

employing a gradient of solvents A (H2O with 0.1% v/v TFA) and B (CH3CN with 0.1%
v/v TFA). Compounds were characterized by 1H and

13

C NMR. Peptide purity was

determined by analytical reverse-phase HPLC.
Synthesis of SOX-Br (2-bromomethyl-8-tert-butyldiphenylsilyloxy-5-(N,Ndimethyl)sulfonamidoquinoline)
8-Hydroxy-2-methyl-quinoline-5-sulfonyl

chloride.

8-hydroxy-2-methyl-

quinoline (2.0 g, 12.6 mmol) was dissolved in chlorosulfonic acid (10 mL) and stirred at
0 0C for 2 hours. Reaction mixture was added to a separatory funnel containing
dichloromethane (DCM 400 mL) followed by slurry of ice in brine (400 mL). The layers
were shaken 10-20 seconds and DCM layer was poured in to a flask containing a bed (5
g) of anhydrous potassium carbonate. Resulting solution was filtered and solvent was
evaporated in vacuo to obtain the crude product as a yellow powder (1.42 g, 45%). Crude
product was used in the next step without further purification.
8-Hydroxy-2-methyl-quinoline-5-(N,N-dimetyl)sulfonamide. N,N-dimethylamine
in dry tetrahydrofuran (THF, 2M, 100 mL) was dissolved in THF (500 mL). 8-Hydroxy2-methyl-quinoline-5-sulfonyl chloride (12 g, 46.5 mmol in 100 mL THF) was added to
the N,N-dimethylamine in THF dropwise over 3 hours. After adding another portion of
N,N-dimethylamine (20 mL , 2M in THF) reaction mixture was stirred a further hour.
After removing the solvent in vacuo excess N,N-dimethylamine was removed by
dissolving the residue in DCM (100mL X 3) and rotary evaporation. After purification by
flash chromatography (ethylacetate/hexane 1:2) product was obtained as a off white
powder (8 g, 56%). Rf = 0.35 (silica, ethylacetate/hexane, 1:2).
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8-tert-butyldiphenylsilyloxy-5-(N,N-dimethyl)sulfonamide-2-methylquinoline.

8-

Hydroxy-2-methyl-quinoline-5-(N,N-dimetyl)sulfonamide (6 g, 22.53 mmol) was
dissolved in 30 mL of anhydrous THF and brought to 0 0C. Sodium hydride (983 mg
24.78 mmol) was added slowly and stirred for 1 hour. Tert-butyldiphenylsilyl chloride
(17.92 mL, 67.59 mmol in 30 mL of THF) was slowly added to the mixture and stirred
for one hour. Reaction mixture was stirred for one hour and gently refluxed at 55 0 0C
overnight. Solvent was removed in vacuo and remain was dissolved in hexane/ethyl
acetate (2:1). Mixture was filtered through celite to remove remaining sodium hydride.
After purification by flash chromatography (ethyl acetate/hexane 7:1) product was
obtained as a white powder (8 g, 56%). Rf = 0.5 (silica, ethyl acetate/hexane, 4:1).
8-tert-butyldiphenylsilyloxy-5-(N,N-dimethyl)sulfonamide-2-formylquinoline.

8-

tert-butyldiphenylsilyloxy-5-(N,N-dimethyl)sulfonamide-2-methylquinoline (3 g, 5.95
mmol) was dissolve in 50 mL of anhydrous dioxane and molecular sieves added (4 Å, 1
g). Selenium dioxide (750 mg, 6.75 mmol) was added and the reaction was stirred at 95
0

C for overnight. Reaction mixture was brought to room temperature and filtered through

celite to remove black residues and molecular sieves. The celite was washed with dioxane
(60 mL, until no chromophore was detected by UV spotting on TLC plates).The dioxane
was removed by rotary evaporation and the yellow oil (3.59 g) was used for the next step
without further purification.
8-tert-butyldiphenylsilyloxy-5-(N,N-dimethyl)sulfonamide-2-(hydroxymethyl)
quinoline. 8-tert-butyldiphenylsilyloxy-5-(N,N-dimethyl)sulfonamide-2-formylquinoline
(3.59 g) in DCM (90 mL) was added dropwise to a solution of sodium borohydried in
ethanol (1 g in 45 mL) at 0 0C. The reaction mixture was stirred for 30 minutes. Reaction
mixture was diluted with diethyl ether (300 mL), washed with saturated ammonium
chloride (200 mL), water (2x 100 mL), brine (100 mL) and dried with anhydrous
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magnesium sulfate (MgSO4). A pale yellow sticky solid (2.87 g) was obtained after
removing the solvent in vacuo. This material was used in the subsequent step without
purification.
2-bromomethyl-8-tert-butyldiphenylsilyloxy-5-(N,N-dimethyl)sulfonamide
quinoline. 8-tert-butyldiphenylsilyloxy-5-(N,N-dimethyl)sulfonamide-2(hydroxymethyl)quinoline ( 2.87 g) was dissolved in diethyl ether (40 mL) and brought to
0 0C. Carbon tetrabromide (1.9 g, 5.7 mmol) and triphenylphosphine ( 1.4 g, 5.34 mmol)
were added and the reaction mixture was stirred 36 hours at 0 0C. Yellow color
precipitate was filtered. Solvent was removed and product was obtained as a clear oil
after purifying by flash Colum chromatography with hexane/ethyl acetate as the solvent
(9:1, 850 mg, 26% after three steps).
Synthesis of Soxtide (Ac-RKKYKFNC-Sox-DTERRRFL-NH2)
Coupling chemistry and conditions. eEF-2K fluorescence peptide substrate was
synthesized using the standard Fmoc-based amino acid protection chemistry. The
peptides was synthesized on Nova Syn TGR resin (Novabiochem, 0.2 mmol/g) using
CEM Liberty Automated Microwave Peptide Synthesizer. The resin was swelled in
CH2Cl2 (5 min) and then DMF (5 min) prior to synthesis. All the amino acids were
coupled according to the following procedure: Fmoc deprotection (20% piperidine in
DMF, 3 x 5 min), rinsing step (DMF, 5 x), coupling step (0.2M amino acid/0.45M
HBTU/2 M DIEA, in DMF, 30-45 min), rinsing step (DMF, 5 x; CH2Cl2, 5 x). All the
coupling were repeated two times. At the end of the synthesis, the Fmoc group was
removed with 20% piperidine in DMF (3 x 5 min.) and the resin was rinsed with DMF (5
x). The resin-attached free amines were acetylated with Ac2O (20 equiv.) and
diisopropylethylamine (20 equiv.) in n-methylpyrrolidone for 30 min. The resin was
rinsed with DMF (5 x), CH2Cl2 (5 x) and dried under vacuum.
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On-resin alkylation of peptides with Sox-Br. Resin-bound peptide (50 mg, 0.0095
mmol, 1 equiv.) incorporating Cys (Mmt) were swelled in CH2Cl2, then DMF (5 min
each). The Mmt protecting group was removed from the resin-bound peptide by bubbling
N2 through a solution of 1% TFA, 5% TIS in CH2Cl2 (until most of the yellow color due
to the Mmt cation has disappeared). The resin was then subjected to rigorous washing
with CH2Cl2 (5 x) and DMF (5 x). Anhydrous DMF (200 μL) was added to the resin
followed by freshly distilled tetramethylguanidine (5.96 μL, 0.0475 mmol, 5 equiv.). The
mixture was incubated for 2-3 min. Sox-Br (17 mg, 0.0285 mmol, 3 equiv.) was
dissolved in anhydrous DMF (150 μL) and added to the resin. After ca. 12 hours of
reaction time, the excess reagents were drained and the resin washed with DMF, CH2Cl2,
MeOH, CH2Cl2 (5 x each).
Side chain deprotection and cleavage from resin.

The resin cleavage and

protecting group removal was achieved by exposing the resin-bound peptide to
TFA/H2O/TIS (95:2.5:2.5% v/v) (C-Sox does not require EDT in the cleavage cocktail).
The resulting solution was concentrated under a stream of N2 and precipitated by addition
of cold Et2O. The pellet was triturated with cold Et2O (3 x), redissolved in water, filtered
and lyophilized. The peptide was purified by preparative reverse-phase HPLC using UV
detection at 214 nm (amide bond absorption) and 316 nm (Sox absorption). Only
fractions showing a single peak of correct mass by analytical HPLC were used in further
experiments.
Stock solution of the peptide was prepared in doubly deionized water and
concentrations was determined by UV-Vis (based on the determined extinction
coefficient of the fluorophore unit, 5-(N,N-dimethylsulfonamido)-8-hydroxy-2methylquinoline, ε355 = 8247 M-1 cm-1 at 355 nm in 0.1 M NaOH with 1 mM
Na2EDTA).
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Assay development in the fluorometer
Fluorescence assays were performed using a Fluorolog model FL3-11 fluorometer
(Jobin Yvon, Edison, NJ) equipped with excitation and emission filters and three-window
fluorescence grade quartz cuvettes with a path length of 10 mm (Helma, Plainview, NY).
Unless otherwise stated, the assay buffer contained 25 mM HEPES pH 7.5, 50 mM KCl,
0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 1.5 mM CaCl2, 1 µM CaM, 10 mM MgCl2
and 40 µg/mL BSA. Kinetic assays were performed with or without 10 nM eEF-2K, 100
µM ATP and 10 µM Soxtide (Sox-modified peptide substrate) in 100 µl volume at room
temperature. Reactions were started with the addition of ATP. For determining
maximum signal change upon phosphorylation, assays were allowed to proceed to
endpoint using 100 nM (10X) eEF2K before the emission spectrum was recorded. The
time required for the reaction to reach the endpoint was estimated by incubating 100 nM
(10X) enzyme with 10 µM Soxtide and monitoring activity for upto 5 half lives. The
excitation and emission wavelengths used were 360 nm and 485 nm respectively.
DMSO tolerance
Assays to test DMSO tolerance were performed in assay buffer (25 mM HEPES
pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 1.5 mM CaCl2, 1 µM
CaM, 10 mM MgCl2 and 40 µg/mL BSA) containing 10 nM eEF-2K, 100 µM ATP, 10
µM Soxtide and different concentrations of DMSO (0, 1, 2, 3, 5, 10%) in 100 µl volume
at room temperature. Assays were started with the addition of ATP. Samples were
excited at 360 nm in the fluorometer and the emission were recorded at 485 nm.
Brij-35 tolerance
Assays to test brij-35 tolerance were performed in assay buffer (25 mM HEPES
pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 1.5 mM CaCl2, 1 µM
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CaM, 10 mM MgCl2 and 40 µg/mL BSA) containing 10 nM eEF-2K, 100 µM ATP, 10
µM Soxtide and different concentrations of brij-30 (0.01, 0.02, 0.03, 0.05, 0.1 %) in 100
µl volume at room temperature. Assays were started with the addition of ATP. Samples
were excited at 360 nm in the fluorometer and the emission were recorded at 485 nm.
Assay stability
Enzyme stability was tested by pre-incubating the enzyme mixture for upto 5
hours at room temperature before initiating the reaction with ATP. Assays were
performed in assay buffer (25 mM HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM
EGTA, 2 mM DTT, 1.5 mM CaCl2, 1 µM CaM, 10 mM MgCl2 and 40 µg/mL BSA)
containing 10 nM eEF2K, 100 µM ATP, 10 µM Soxtide, 0.03% Brij-35 and 0.25 %
DMSO in 100 µl volume. Assays were incubated at room temperature for different
amounts of time (10, 30, 60, 120, 180, 300 min) and then were started with the addition
of ATP. Samples were excited at 360 nm in the fluorimeter and the emission were
recorded at 485 nm.
Assay optimization in platereader
The assays were further optimized in Nunc low volume 384 well plates using
Envision platereader (Perkin Elmer). Automated pipeting were performed using Perkin
Elmer Janus workstation. Assay conditions were kept same except the assay volume was
lowered to 10 µl. A final concentration of 0.25% DMSO and 0.03% Brij-30 were used to
resemble HTS condition. Half of the 384 well plates were assayed in the presence of
eEF2K (positive control) while the other half contained no eEF2K (negative control).
Initial velocity were determined by measuring kinetic readouts. Since the excitation and
emission wavelengths of 360 and 485 nm were not available, they were changed to 355
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nm and 460 nm respectively. Z’ factor was calculated as mentioned below to determine
the confidence level in the assay.
High Throughput Screen (HTS)
HTS were performed using optimized assay conditions mentioned above. The
final concentration of compounds screened were 100 µM (NCC Clinical collection,
Spectrum Collection and Fragment library) or 25 µM (Kinase Set and Hitfinder V9) in
0.25% DMSO. First, 7 µl of the reaction mix (enzyme, peptide, assay buffer) were
pipetted into 384 well plates. Then 1 µl compounds were added to the wells and enzymeinhibitor mix were allowed to incubate for atleast 10 minutes at room temperature.
Lastly the assays were started with the addition of 2 µl ATP and the kinetic readouts were
measured in platereader for 10 minutes. The first two rows contained enzyme but no
inhibitors (positive control). The last 2 rows contained no enzyme or inhibitors (negative
control).
Rescreen
Compounds with higher than 30% activity were rescreened using the same
fluorescence assay. The compound final concentrations for the rescreen were 100 µM for
Fragment library and 25 µM for all others. Final DMSO concentration was increased to
2.5% to enhance compound solubility. The assays were performed in duplicates and the
assay volume was increased to 20 µl. First, 15 µl of the reaction mix (enzyme, peptide,
assay buffer) were pipetted into 384 well plates. Then 1 µl compounds were added to the
wells and enzyme-inhibitor mix were allowed to incubate for 10 minutes at room
temperature. Lastly the assays were started with the addition of 4 µl ATP and the kinetic
readouts were measured in platereader for 10 minutes.
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Confirmation Screen
Compounds demonstrating above 30% activity in the rescreen were further
confirmed by radioactive screen. Compound final concentrations were 100 µM for
fragment library and 50 µM for all other libraries in 5% DMSO. Assays were performed
at room temperature in 100 µl volume in 96 well plate format. The assay buffer was
same as fluorescence assay. All other assay conditions were maintained similar except
that the radioactive assays were performed using original peptide substrate at 50 µM.
First, 10 µl of compounds were pipetted into the wells of 96 well plates. Then 70 µl of
the assay mix (enzyme, peptide, buffer) were added into each wells. The first row
contained enzyme but no inhibitors (positive controls) and the last row contained no
enzyme or inhibitors (negative control). The enzyme-inhibitor mix were incubated at
room temperature for 10 minutes and the reactions were initiated with the addition of 20
µl [ϒ-32P]-ATP. Reactions were quenched after 10 minutes with 100 µl of 100 mM (2X)
phosphoric and 150 µl of the quenched reactions were transferred to the p-81 plates. The
plates were washed several times with 50 mM phosphoric acid to get rid of excess ATP,
dried with acetone and the counts in each wells were read using MicroBeta®TriLux
scintillation counter (Perkin Elmer). For the compounds that showed activity, dose
response assays were performed at several concentrations of the compound to determine
IC50.
Data Analysis
Data analysis were performed using either Microsoft Excel or Kaliedagraph.
Fluorescence counts were normalized using equation 1. Initial velocity were calculated
by fitting kinetic measurements against time data with linear regression. The amount of
product formation (fluorescence) per time were fitted using equation 1. Percent
inhibition of enzyme activity (which is inversely related to the percent activity of
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compounds) were calculated using equation 2. The Z’ factor was calculated using
equation 3 (113). The dose response data were fitted using equation 4.
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3.3 EQUATIONS

(3.1)
(3.2)
(3.3)
(3.4)

The parameters used above are as follows: F(t), fluorescence at time t; Fmax,
maximum fluorescence upon complete product turnover; F0, background fluorescence;
vcontrol, initial velocity for maximum enzyme activity control; vcompounds, initial velocity for
the compounds; Z’, the Z’ factor; SDp, the standard deviation of the signal for positive
control (100% enzyme activity); and SDn, the standard deviation of the signal for
negative control (0% enzyme activity); µp, the mean value for positive controls (100%
enzyme activity); µn, the mean value for negative controls (0% enzyme activity); vi,
observed velocity in the presence of inhibitor; v0, observed velocity in the absence of
inhibitor; IC50, inhibitor concentration required to achieve 50% inhibition; h, hill
coefficient.
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3.4 RESULTS
Fluorescence assay development in fluorometer
Assay development is an important yet challenging step in the drug discovery
process. For fluorescence assays the main challenges include high background and low
sensitivity. To determine the sensitivity of the assay upon phosphorylation, assays were
allowed to proceed to endpoint before recording the emission spectrum. The time
required for the assays to reach an endpoint was estimated by monitoring the reaction for
five half lives (figure 3.2). As shown in figure 3.1 phosphorylated Soxtide demonstrates
5 times higher signal intensity compared to the background. This was within the
expected range since Sox based assays are reported to generate a 3 to 5 fold increase in
signal intensity upon phosphorylation (77).
In addition, it is necessary to make sure the assay can be monitored continuously
over time. However one has to make sure that the assay be monitored under conditions
where substrate to product conversion is less than 10% where the initial velocity is
expected to be linear. This was tested in an assay containing 10 µM Soxtide with or
without eEF-2K and monitoring the assay for first 7 minutes. As shown in figure 3.3, the
assay could be monitored over time as demonstrated with an initial velocity of 74 Fu/s
(0.0036 µM/s). Assays were also well replicated in triplicates ensuring reproducibility.
Effect of additives on enzyme stability
High throughput assays usually contain small amounts of additives. One of the
most common additive is DMSO. Since many small molecule compounds are insoluble
in aqueous buffer, addition of small amount of DMSO can greatly enhance the solubility
of the compounds. In addition, mild detergents such as Brij-35 are also widely used since
they can enhance the stability of the enzyme. Often these additives can bind to the
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enzyme and alter the enzyme activity. Therefore the effect of DMSO and brij-35 on the
enzyme activity were tested by varying the concentrations of DMSO (0 to 10%) and brij35 (0 to 0.1%). The presence of DMSO (upto 10%) or brij-35 (upto 0.1%) did not affect
the enzyme activity (figures 3.4 and 3.5).
Effect of incubation time on enzyme stability
High throughput assays are usually performed at room temperature where the
enzyme needs to be stored for long periods of time. The long incubation time at room
temperature can sometime lead to the decrease in enzyme activity. Therefore the stability
of the enzyme was tested by incubating the reaction mixture (in the presence of 0.25%
DMSO and 0.03% brij-35) for different amounts of time and initiating the reaction with
ATP. As shown in figure 3.6, incubation for upto 5 hours at room temperature did not
alter the enzyme activity.
Assay optimization in platereader
To get reproducible hits, it is important to optimize assays to high throughput
condition before conducting actual screening with compounds. Therefore assays were
further optimized in 384 well plate in 10 µl volume with one half of the 384 well plate
containing enzyme (positive control, 100% enzyme activity) and the other half containing
no enzyme (negative control, 0% enzyme activity). The assays produced reproducible Z’
factor of 0.7 suggesting high confidence level in the assay.
High throughput screen (HTS)
HTS was performed in 384 well plates using the optimized assay condition.
Compounds showing greater than 50% activity in the assay were considered as hits. Out
of 32,096 compounds screened, 664 compounds showed greater than 50% activity which
corresponds to a 2% hit-rate. Often times HTS is populated with false-hits which can
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arise from the variability in the assay itself. The suitability of the HTS assay is often
measured by a statistical parameter called the Z’ factor which takes into account the mean
and standard deviation values for the positive and negative reference controls (114).
Generally an assay with a Z’ value between 0.5 and 1 is expected to give an excellent
performance in HTS. The distribution of Z’ values for each assay plate is plotted in
figure 3.7. The Z’ values are greater than 0.5 for all plates which suggests that the hits
obtained were not due to the variability in the assay itself. The distribution of compound
activity were also plotted against assay plates (figure 3.8) and also as a histogram (figure
3.9). Both figures 3.8 and 3.9 show that compounds exhibiting greater than 50%
inhibition and low autofluorescence (discussed below) can be confidently identified as
hits.
The analysis of hit rate is illustrated in figure 3.12. A total hit rate of two percent
was obtained from HTS (figure 3.12A). The percentage of hits that came out of the
kinase focused library and diverse (non-focused) library were further calculated. As
shown in figure 3.12B, non kinase library had slightly higher percentage of hits (2.3%)
compared to the kinase-focused libraries (1.6%). Lastly the hit rates were also calculated
according to the individual libraries (figure 3.12C). Although NIH and Spectrum
libraries had higher hit rate, it is most likely due to the screening performed at higher
inhibitor concentration (100 µM) compared to Kinase and Maybridge libraries (25 µM).
On the other hand, although the Fragment library was also screened at 100 µM
concentration, the hit rate was similar to that of Kinase and Maybridge libraries which
were screened at 25 µM. This was expected since the fragment libraries contain smaller
size compounds compared to the other four libraries. In general, the kinase focused
library were expected to give a significantly higher hit-rate compared to the other
libraries. Instead, higher percentage of hit rates were obtained from non-kinase libraries.
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This suggests that typical kinase-focused libraries may not be suitable for targeting
atypical kinases like eEF-2K.
Rescreen
It is common that many of the hits identified in HTS turn out to be false hits.
Especially if the errors are pippeting-related, it can be minimized by performing each
assays in duplicates. However it is not always feasible to perform HTS assays in
duplicates due to the limitation in the cost and the reagent availability. In such cases,
HTS assays can be performed first in singlet. Then all the hits can be rescreened in
duplicates using the same assay. Due to the similar issue, our HTS assays were also
performed in singlet which reduced the total number of compounds to 664 active hits.
These compounds then were rescreened in duplicates using the same fluorescence assay.
In the rescreen, most conditions were kept similar except for few changes: the assay
volume were increased to 20 µl to enhance better pipeting accuracy, the DMSO
concentration were increased to 2.5% for better solubility, and the compounds
concentrations for NCC Clinical collection and Spectrum collection were reduced to 25
µM. Only 68 compounds showed greater than 50% activity in the duplicate plates. Since
the number of hits were reduced significantly, compounds showing greater than 30%
activity were picked for the conformation screen. There were 117 compounds that
showed higher than 30% activity.
Confirmation screen
Confirmation screen was performed by radioactive assay using unmodified
peptide substrate. All enzyme-inhibitor mixtures were incubated for 30 minutes before
starting the reaction with [ϒ-32P]-ATP. The compound concentrations were increased to
50 µM (except fragments which were kept similar). Since some compounds were found
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to be insoluble, the final DMSO concentration was increased to 5% to enhance better
solubility. First the compounds were screened at single concentrations. For the ones that
showed activity, dose response assays were performed at different concentrations in the
presence of 0.01% triton X-100. It is known that many compounds form aggregate in
aqueous solutions and inhibit the enzyme by non-specifically binding to them (80-82).
Presence of small amounts of non-ionic detergent such as triton X-100 can often
attenuate the inhibition if the compound is acting by aggregation (80-82). Therefore the
purpose of triton X-100 was to get rid of the promiscuous inhibitors. Only 4 compounds
with IC50 lower than 100 µM were obtained after dose response assay. The identified
four inhibitors are shown in table 3.1. The dose response curves against different
concentrations of inhibitors are plotted in figure 3.10. Compounds 1, 2, 3 and 4 display
IC50 values of 46 µM, 77 µM, 85 µM and 60 uM, and hill coefficients of 2.0, 2.9, 2.9 and
1.0 respectively.
Compounds specificity
The identified eEF-2K inhibitors were also tested against TRPM7 and ERK2 in a
dose response assay. TRPM7, like eEF-2K, also belongs to an atypical family of protein
kinases and displays high sequence similarity to eEF-2K catalytic domain. On the other
hand, ERK2 is a conventional protein kinase which belongs to a MAP kinase family and
demonstrates no similarity at all to eEF-2K. As shown in table 3.1, compound 1 shows
similar potency towards eEF-2K and TRPM7 but no inhibition towards ERK2. Therefore
it is a specific inhibitor for atypical protein kinases. Compound 2 on the other hand also
inhibits eEF-2K as well as TRPM7 (with two fold higher potency than eE-F2K), but it
also inhibits ERK2 to some degree. Hence it is not a specific inhibitor. Furthermore
compound 3 inhibits eEF-2K with an IC50 of 85 µM but shows no sign of inhibition
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against TRPM7 and ERK2. Therefore it is a specific inhibitor for eEF-2K only. Lastly
compound 4 is also a specific inhibitor for eEF-2K with an IC50 of 60 µM. The
compound demonstrates a weaker potency toward TRPM7 (a related kinase to eEF-2K)
with an IC50 of 500 µM and no inhibition against ERK2 (an unrelated kinase to eEF-2K).
Due to high hill coefficient values (between 2 to 3), low potency and no further
room for modification, compounds 1, 2 and 3 were not further investigated. Compound 4
however has an ideal hill coefficient of 1.0. Although it also has low potency, it is a
fragment and has room for further improvement. Furthermore it was later discovered that
it is a reversible, time dependent inhibitor of eEF-2K. Therefore compound 4 is
extensively characterized in chapter 4. A point to note is that IC50 values usually may not
accurately demonstrate the potency of time dependent inhibitors. However in case of
compound 4, the enzyme-inhibitor mixture were incubated for enough time for them to
reach equilibrium before initiating the reactions. Therefore the determined IC50 of 60 µM
is fairly a good estimate of potency of the compound at equilibrium.
3.5 DISCUSSION
Autofluorescence
A major drawback many fluorescence assays suffer is the problem of
autofluorescent compounds. Compounds that have intrinsic autofluorescence give very
high background complicating the data analysis process. Almost 9% of the total
compounds screened were found to be autofluorescent and the fluorescence intensity
from these compounds varied greatly. Therefore the compound autofluorescent levels
were further classified into two groups: high (compounds with 5 fold higher signal
intensity over the control) and low (compounds with less than 5 fold higher signal
intensity over the control). As demonstrated in figure 3.11A, almost 2% of the total
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libraries screened had high autofluorescence level while the remaining 7% had low
autofluorescence level.
The autofluorescent compounds were also characterized according to the
individual library (figure 3.11B). NIH and spectrum library show larger percentage of
highly autofluorescent compounds than the other libraries. The probable explanation is
that these libraries were screened at higher concentrations compared to the Kinase and
Maybridge library. NIH and Spectrum were screened at 100 µM concentration while it
was later reduced to 25 µM for Kinase and Maybridge in order to decrease the hit-rate.
Fragment library on the other hand had lowest percentage of autofluorescent compounds
although it was screened at 100 µM concentration.
False Hits
Many false hits were observed both in the fluorescence rescreen as well as in the
radioactive confirmation screen. Autofluorescent compounds, as explained above, played
a major role in contributing false hits. This is supported by the fact that while the
autofluorescent compounds made only 9% of the total library, almost 70% of the hits
from high throughput screening were autofluorescent. Furthermore, out of 117 active
compounds identified in the rescreen, only 4 compounds showed positive activity in the
radioactive screen. When the autofluorescence was analyzed, 88 out of those 117
compounds had intrinsic fluorescence activity with 53 of those demonstrating high levels
of autofluorescence. All of the compounds with high level of autofluorescence turned out
to be false positives. The 4 inhibitors that were identified had either no autofluorescence
or a low level of autofluorescence. This suggests that high levels of autofluorescence is
the major contributor for false hits.
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Some of the false hits may also have arisen from the difference in the peptide
substrate. While the fluorescence assay used Sox modified peptide substrate, the
radioactive screen used the unmodified peptide. Furthermore the peptide concentration
was also increased from 10 µM to 50 µM in the radioactive screen which may also be
responsible for reduction in the number of hits, especially for the ones competitive
against the peptide substrate.
In addition, many of the hits identified from HTS were eliminated in the rescreen.
It was quite surprising since both HTS and rescreen utilized the same fluorescence assay.
However it should be noted that the compound concentrations from NIH and Spectrum
libraries were reduced from 100 µM to 25 µM in the rescreen. This would not only
reduce the number of actual hits but also reduce the autofluorescent related false hits. As
expected, many of the compounds were eliminated from these two libraries.
There may also be several other factors that may have contributed to false hits.
First, the fluorescence rescreen and the radioactive screen contained 10 and 20 fold
higher DMSO concentrations than the HTS assays. Although the effect of DMSO on
enzyme activity at these concentration ranges were tested, the possibility of DMSO
binding and altering the compound can not be ruled out. Second, unlike rescreen which
was performed in duplicate plates, the HTS assays were conducted in singlet which may
have contained random errors. Some of the false hits observed in HTS but not in
rescreen may also be due to the pipeting errors since HTS utilized lower assay volume
(10 µL) compared to the rescreen (20 µL). Last but not least, many of the false hits were
due to the action of aggregation based promiscuous aggregators which are discussed
below in detail.
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Aggregation based promiscuous inhibitors
Generally HTS small molecule libraries are populated with large number of
artifactual hits, called promiscuous inhibitors, that can outnumber the true inhibitors in
the HTS hit list. In order to explain the prevalence of these artifactual hits, several
mechanisms have been proposed such as oxidation potential, chemical reactivity and
spectral properties that interfere with the assay readout (81). However, one of the more
common mechanism for promiscuous inhibition is the formation of colloidal aggregates
through the self-association of organic molecules into the aqueous solution (81). These
aggregates, which generally form at micromolar concentrations, are often several hundred
nanometers in diameter and can bind to proteins non-specifically inhibiting their activity
(81). These aggregators typically demonstrate steep slope on a dose-response curve and
lack of clear structure-activity relationships (115-117). One common way to identify
such promiscuous inhibitors is by using a small amount of detergents such as triton-X100 or tween-20 in the assay as they can often attenuate the inhibition caused by
promiscuous inhibitors (80-82). Generally a 0.01% triton X-100 or tween-20 is
recommended for eliminating such compounds from HTS.
In our case, we used brij-35, a mild detergent, in our HTS assays. Although mild
detergents such as brij-35 can provide enzyme stability, it was not suitable to eliminate
promiscuous inhibitors at a concentration of 0.03%. Since we used triton-X 100 (0.01%)
only for the radioactive screen, these aggregators were only identified at the later stage.
Use of such detergents in the HTS assays would have eliminated many of these
aggregators early on. Some examples of the promiscuous aggregators observed in our
screen are outlined in figure 3.13.
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Measures to minimize false positives
Since autofluorescence was the major contributor for false hits, measures that
minimize autofluorescence can significantly reduce the number of false hits. Monitoring
kinetic as opposed to end-point measurements can significantly overcome
autofluorescence related high background intensity. By taking kinetic measurements, we
were still able to detect hits showing upto 5 times higher fluorescence intensity.
However all the hits higher than 5 times fluorescence intensity were identified as false
positives in our screen. Often lowering the screening concentration of the compound in
the assay can significantly reduce autofluorescence related high background. In other
cases increasing the fluorescence substrate concentration in the assay can also help
overcome the high background related problem. Using fluorescein-based fluorescence
polarization (FP) assays, Turek-Etienne et. al. evaluated the fluorescence compound
interference using kinase, protease and phosphatase assays in LOPACTM library. It was
found that compounds that were interfering with assay readout at low fluorophore
concentration did not interfere with the assay readout when the fluorophore concentration
was increased by twenty folds (118). The fluorescence compound interference also
largely depends on the choice of assay format. Generally many of the standard
fluorophores that are commonly used in the fluorescence assays use shorter wavelength
that interferes with many of the compound emission wavelength. Such problems can be
avoided by utilizing red-shifted fluorophores with longer wavelength. For example, by
substituting fluorescein dyes with CyTM dyes, which excite and emit further into the red
region than fluorescein, it eliminated all the fluorescence interference associated with
fluorescein (118). Alternately, if the autofluorescence profile of the compounds are
known, they can also be eliminated from the assay and screened separately using
alternate assays.
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False positives can also arise from other sources. Often times it can result from
random pipeting errors. Generally performing assays in duplicates or screening at
multiple concentrations can significantly reduce problems related to pipeting. As
mentioned above, majority of the HTS hits are populated with compounds that form
aggregates and these aggregates non-specifically inhibit the enzymes. Detergents such as
triton-X 100 or tween-20 can prevent the compounds from forming these aggregates
making the enzyme resistant to such inhibitors (80-82). However the amounts of such
additives should be kept low as much as possible to make sure they do not interfere with
the enzyme activity. Lastly, a systematic error such as fluctuations in temperature at two
different sides of the same plate can also lead to false reading. Alternating the position of
positive and negative controls among different plates can help minimize such edge
related bias (119).
Assay approach
Radiolabelled assays are the traditional choice of assay for determining protein
kinase activity. Although it offers high sensitivity, the assay suffers several drawbacks
such as being slow and discontinuous and not to mention the requirement of special
handling and precautions. Fluorescence assays are good choice for high throughput
screen due to their fast and continuous nature. Despite these advantages, fluorescence
assays do suffer problems with low sensitivity and often require significant development
before improvement. One of the exceptions to this is Sox based fluorescence assays
which are reported to have high signal to background ratio (77, 78). Originally the
method involved the incorporation of unnatural, Sox containing amino acid onto the
peptide substrate using standard solid phase peptide chemistry (77, 78). However more
simpler method was developed later by using cysteine labeling to incorporate Sox moiety
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onto the peptide substrate (79). Sox moiety placed at +2 or -2 position from the
phosphorylation site presents optimum sensitivity (79). Therefore this method is suitable
especially for kinases because but most protein kinases are relatively insensitive to
substitutions at either of these positions. Using this approach, we developed our
fluorescence assay. The assay was highly sensitive since the achieved signal to
background ratio upon complete phosphorylation of the peptide substrate was almost 5
times which is significantly higher compared to most fluorescence assays. The optimized
assay was robust and was suitable for high throughput screening. However since the
substrate was modified, the hits identified were still confirmed using radioactive assay
which makes use of the original peptide substrate.
Alternative assays
Despite several advantages, like many other fluorescence assays, one of the major
drawback the Sox based fluorescence assay suffers is the problem related to
autofluorescence. As mentioned earlier, almost 2% of our compound library had high
degree of autofluorescence and the other 7% of the library had low level of
autofluorescence. Since the enzyme activity was measured in terms of initial velocity as
opposed to endpoint measurement, the 7% of the library that had low level of
autofluorescence did not pose much of a problem and we were still able to obtain positive
hits out of these compounds. However for the 2% of the library compounds, the
autofluorescence intensity was significantly high and led to false estimation of the initial
velocity. As a result all of the hits that were identified from this 2% of the library turned
out to be false positives. Therefore one way the autofluorescence related false positives
can be prevented is by eliminating these compounds with high autofluorescence level and
screening them using alternative assays.
95

Coupled assay systems such as luciferase assay that detect bioluminescence are
widely used for high throughput screening assays. In bioluminescence assays, first the
enzyme of interest converts the substrate proluciferin to luciferin. This is coupled to a
second reaction where luciferin is detected with luciferase containing luciferase detection
reagent (120). The luminescent signal intensity is proportional to the amount of luciferin
produced and thus with the activity of the enzyme (120). While such coupled
luminescence assays can avoid problems related to autofluorescence, they also do suffer
problem of false hits due to the direct inhibition of luciferase itself or due to the
interference with the buffer components (121). Recently a firefly (P. Pyralis) luciferase
activity was screened against a library of 70,000 compounds by using a concentrationresponse method (qHTS). It was found that almost 3% of the library was active against
luciferase (121). Therefore Sox based assay that we developed is comparable to the other
types of HTS assay systems that are widely used.
Screening inhibitors for atypical protein kinases
Our compounds led to the identification of only 4 inhibitors and their potency
were in the range of 50 to 100 µM. Among these 4 compounds, two were from kinasefocused libraries while the other two came from diverse libraries. Lack of nanomolar or
low micromolar range inhibitors made us wonder whether it has to do with the nature of
the libraries screened. Typically inhibitors of protein kinases contain common scaffolds
that are well characterized. Ten of these scaffolds that are commonly found in the typical
protein kinase inhibitors are outlined in scheme 3.1 (122). We screened our kinase as
well as non-kinase focused libraries for compounds containing one or more of these
scaffolds. Figure 3.14 shows the percentage of compounds from kinase and non-kinase
libraries containing these 10 substructures. One would assume that these scaffolds would
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be present in significantly high numbers in kinase-focused libraries compared to the nonkinase libraries. Although this was true in few cases, it was not for most of them (figure
3.14A). Taken together, 24 percent of the kinase-focused libraries and 16 percent of the
non-kinase focused libraries contained these scaffolds (figure 3.14B). In other words, the
non-kinase libraries were not found to be too diverse from the kinase-focused libraries.
eEF-2K belongs to an atypical family of protein kinases with different catalytic
domain sequence compared to conventional protein kinases. Although we used nonkinase libraries in our screen, as mentioned above, we found that they were not too
diverse from the typical kinase libraries. Therefore the typical kinase inhibitors designed
to inhibit conventional kinases may not be suitable for inhibiting atypical kinases.
Therefore more diverse libraries should be considered for targeting atypical protein
kinases like eEF-2K.
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Figure 3.1. Emision spectrum for 100% (top) and 0% (bottom) phosphorylated Soxtide.
Assays were performed using fluorimeter in assay buffer containing ± 100
nM (10X) eEF-2K, 100 µM ATP and 10 µM Soxtide. Samples were excited
at 360 nm. Assays were allowed to proceed to endpoint before the emission
spectrum were recorded at 485 nm.
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Figure 3.2. Endpoint estimation: Phosphorylation of Soxtide by eEF-2K for upto 5 half
lives. Assays were conducted with 100 nM (10X) eEF-2K, 100 µM ATP
and 10 µM Soxtide. Data were fitted using equation 3.1 where kobs = 0.003
s-1.
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Figure 3.3. Initial velocity of Soxtide phosphorylation in the presence (■) or absence (●)
of eEF-2K. Assays were performed in assay buffer containing 100 µM ATP
and 10 µM Soxtide with or without 10 nM eEF-2K. Kinetic measurements
were recorded for upto 7 minutes and the data were fitted using linear
regression. The initial velocity of the enzyme reaction is 74 Fu/s (0.0036
µM/s).
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Figure 3.4. Assay stability in the presence of different concentrations of DMSO. Assays
were performed in assay buffer containing 10 nM eEF-2K, 100 µM ATP
and 10 µM Soxtide and above indicated concentrations of DMSO. Initial
rate for 0% DMSO (control) corresponds to 100% enzyme activity.
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Figure 3.5. Enzyme stability in the presence of different concentrations of Brij-35.
Assays were performed in assay buffer containing 10 nM eEF-2K, 100 µM
ATP and 10 µM Soxtide and above indicated concentrations of brij-35.
Initial rate for 0% brij-35 (control) corresponds to 100% enzyme activity.
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Figure 3.6. Enzyme stability at room temperature. Assays were performed in assay
buffer containing 10 nM eEF-2K, 100 µM ATP, 10 µM Soxtide, 0.03%
Brij-35 and 0.25% DMSO. Assays were pre-incubated for the above
indicated times before starting the reactions with ATP. Initial rate after 10
minute incubation time (control) corresponds to 100% enzyme activity.

103

Figure 3.7. Z’ value against assay plate number
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Figure 3.8. Percent activity against assay plate number for library compounds, 0%
compound activity control and 100% compound activity control.
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Figure 3.9. Histogram of percent activity for compound libraries (green), 0% compound
activity (blue) and 100% compound activity (red).
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Figure 3.10. Dose response curves for compounds 1-4. Data were fitted according to the
equation 3.4 according to the following parameters: compound 1 (IC50 = 46
µM, h = 2.0); compound 2 (IC50 = 77 µM, h = 2.9); compound 3 (IC50 = 85
µM, h = 2.9); and compound 4 (IC50 = 60 µM, h = 1.0).
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Figure 3.11. Autofluorescence analysis. A) Percent of autofluorescent compounds in all
libraries. The colors correspond to the percent of compounds with different
autofluorescence levels: black (high), grey (low) and white (none). B)
Percent of autofluorescent compounds in each individual libraries. The
black and grey bars correspond to the percent of compounds with high and
low levels of autofluorescence respectively.
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Figure 3.12. Hit-rate analysis from HTS. A) Percentage of hits (black) out of total
compounds (gray). B) Percentage of hits from kinase or non-kinase
libraries. C) Percentage of hits from individual libraries.
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Figure 3.13. Examples of a few promiscuous aggregators (10 of them shown above)
observed in the eEF-2K screen
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Figure 3.14. Analysis of kinase scaffolds. Percentage of 10 common kinase scaffolds in
kinase versus non-kinase library - A) individually or B) combined.
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Scheme 3.1. 10 frequently observed scaffolds in a typical kinase library.
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IC50 (µM)
Compounds

Structures
eEF-2K

TRPM7

ERK2

1

46 µM

60 µM

No inhibition

2

77 µM

35 µM

207 µM

3

85 µM

No inhibition

No inhibition

4

60 µM

500 µM

No inhibition

Table 3.1. Identified hits and their potency against eEF-2K, TRPM7 and ERK2
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Chapter 4: Elucidation of Mechanism of Action for Novel eEF-2K
Inhibitors
4.1 INTRODUCTION
eEF-2K has been established as a target for anti-cancer therapy. To date much of
the role of eEF-2K in cancer biology have been investigated using siRNA. Although
siRNAs are widely used for gene silencing, achieving dose dependent inhibition in cells
is very difficult. Often siRNAs can also have off-target effect due to the inhibition of
genes that are similar (57).
Potent and specific small molecule inhibitors provide an alternative means to
elucidate the role of eEF-2K in cancer biology. In addition, they are also important for
the development of anti-cancer therapies. However potent and specific cellular inhibitors
of eEF-2K are not available. NH125, which inhibits the phosphorylation of eEF-2 in C6
glioma (65) and PaSC cells (111), is an indirect inhibitor of eEF-2K (111). Recently a
series of thieno[2,3-b]pyridine-containing compounds were identified as ATP
competitive inhibitors of eEF-2K. The most potent of these compounds was reported to
demonstrate an IC50 of 170 nM in vitro and a cytotoxicity EC50 of 17 µM in HCT-117
cells (123). However no evidence was provided to support the argument that the
observed cytotoxic effect in the cells were due to the inhibition of eEF-2K in-vivo.
Therefore currently there are no good small molecule inhibitors to investigate the activity
of eEF-2K in cells.
Previously we identified a specific inhibitor for eEF-2K (compound 4 from
chapter 3; referred to as compound A here in after) (scheme 4.1A). As the compound
shows no sign of non-specific aggregation and has the potential for further development,
here we elucidated the mechanism of action for compound A. Based on the dilution
experiments, experiments with derivative (compound B; scheme 4.1B), mutation, and
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docking studies, compound A was found to be a reversible, covalent inhibitor of eEF-2K.
The proposed inactivation mechanism involves the formation of a covalent bond by a
nitrile group with the active site cysteine on the enzyme.

Scheme 4.1. Identified eEF-2K inhibitors. A) Compound A, and B) Compound B

4.2 MATERIALS AND METHODS
Reagents and equipments
Compound A was purchased from Chembridge (catalog no. 5212007).
Compound B was obtained from NCI (NCI no. 323953). Structures and purity for
compound A and compound B were verified by NMR (figure 4.S1 for compound A; not
shown for compound B) and MS (figure 4.S2 for compound A; not shown for compound
B). Competent cells used for DNA amplification and protein expression were provided
by Novagen (Gibbstown, NJ). Yeast extract and tryptone were purchased from US
biological (Swampscott, MA). IPTG and DTT were obtained from USB (Cleveland,
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OH). Most of the buffer components including HEPES, Trizma base (Tris), sodium
chloride, potassium chloride, EDTA, EGTA, calcium chloride, magnesium chloride, Brij35, Triton X-100, β-mercaptoethanol, benzamidine hydrochloride, TPCK and PMSF
were purchased from Sigma (St. Louis, MO). Ni-NTA agarose was supplied by Qiagen
(Santa Clarita, CA) while all other components used in the protein expression and
purification was obtained from Fisher Scientific (Pittsburgh, PA). Amersham
Biosciences (Pittsburgh, PA) provided the FPLC system and the columns for purification.
P81 cellulose papers were obtained from Whatman (Piscataway, NJ). ATP was
purchased from Roche (Indianapolis, IN) while ADP was from MP Biomedicals (Solon,
OH). Radiolabelled [ϒ-32P]-ATP was obtained from Perkin Elmer (Waltham, MA).
Time dependence inhibition with compound A
Enzyme (100 nM) was incubated with different concentrations of inhibitor (0,
31.25, 62.5, 125, 250, 500 µM) for different amounts of time (1, 5, 10, 20, 30, 60, 120,
180 min) in buffer containing 25 mM HEPES pH 7.5, 40 µg/mL BSA, 2 mM DTT and
5% DMSO. Then the enzyme + inhibitor mixtures were diluted 50 fold into the assay
buffer (25 mM HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM
DTT, 10 mM MgCl2, , 40 µg/ml BSA and 5% DMSO) containing 150 µM CaCl2, 1 µM
CaM and 50 µM peptide substrate. Immediately after the dilution, the assays were
started with the addition of [ϒ-32P]-ATP (specific activity = 1000 cpm/pmol). The
product formation was monitored over 2.5 minutes by spotting 10 µl aliquots into P81
cellulose papers at fixed time point intervals. The papers were washed with 50 mM
phosphoric acid (5 times for 10 minutes each) and then dried following acetone wash.
The amounts of radiolabelled phospho-peptides were determined by counting the
associated counts/min on a synctillation counter (Packard 1500) at a ζ value of 2. All
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assays were performed at 30 ºC in 100 µL volume and contained 2 nM eEF-2K, 100 µM
[ϒ-32P]-ATP (specific activity = 1000 cpm/pmol), 50 µM peptide substrate and 10 µM
inhibitor.
Recovery experiment with compound A
Enzyme (100 nM) was incubated with inhibitor (0 or 250 µM) in buffer
containing 25 mM HEPES pH 7.5, 40 µg/mL BSA, 2 mM DTT and 5% DMSO. After 1
hour, the enzyme + inhibitor mixtures were diluted 50 fold in the assay buffer (25 mM
HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 10 mM
MgCl2, 40 µg/ml BSA and 5% DMSO) containing 50 µM peptide substrate. The diluted
enzyme + inhibitor mixtures were incubated for several timepoints (0, 5, 10, 20, 30, 45,
60 min). After respective timepoints, the assays were started with the addition of calcium
+ calmodulin + [ϒ-32P]-ATP (specific activity = 1000 cpm/pmol). The product formation
was monitored over 2.5 minutes by spotting 10 µL aliquots into P81 cellulose papers at
fixed time point intervals. The papers were washed with 50 mM phosphoric acid (5 times
for 10 minutes each) and then dried following acetone wash.

The amounts of

radiolabelled phospho-peptides were determined by counting the associated counts/min
on a synctillation counter (Packard 1500) at a ζ value of 2. All assays were performed at
30 °C in 100 µL volume and contained 2 nM eEF-2K, 100 µM [ϒ-32P]-ATP (specific
activity = 1000 cpm/pmol), 50 µM peptide substrate and 5 µM inhibitor.
Time dependence inhibition with compound B
Enzyme (100 nM) was incubated with different concentrations of inhibitor (0 or
125 µM) for different amounts of time (0.5, 1, 5, 10, 20, 30, 60, 120 min) in buffer
containing 25 mM HEPES pH 7.5, 40 µg/mL BSA, 2 mM DTT and 5% DMSO. Then
the enzyme + inhibitor mixtures were diluted 50 fold into the assay buffer (25 mM
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HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 10 mM
MgCl2, 40 µg/ml BSA and 5% DMSO) containing 150 µM CaCl2, 1 µM CaM and 50 µM
peptide substrate. Immediately after the dilution, the assays were started with the
addition of [ϒ-32P]-ATP (specific activity = 1000 cpm/pmol). The product formation
was monitored over 2.5 minutes by spotting 10 µl aliquots into P81 cellulose papers at
fixed time point intervals. The papers were washed with 50 mM phosphoric acid (5 times
for 10 minutes each) and then dried following acetone wash. The amounts of
radiolabelled phospho-peptides were determined by counting the associated counts/min
on a synctillation counter (Packard 1500) at a ζ value of 2. All assays were performed at
30 ºC in 100 µL volume and contained 2 nM eEF-2K, 100 µM [ϒ-32P]-ATP (specific
activity = 1000 cpm/pmol), 50 µM peptide substrate and 2.5 µM inhibitor.
Recovery experiment with compound B
Enzyme (100 nM) was incubated with inhibitor (0 or 250 µM) in buffer
containing 25 mM HEPES pH 7.5, 40 µg/mL BSA, 2 mM DTT and 5% DMSO. After 1
hour, the enzyme + inhibitor mixtures were diluted 50 fold in the assay buffer (25 mM
HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 10 mM
MgCl2, 40 µg/ml BSA and 5% DMSO) containing 50 µM peptide substrate. The diluted
enzyme + inhibitor mixtures were incubated for several timepoints (0, 10, 20, 30 and 60
min). After respective timepoints, the assays were started with the addition of calcium +
calmodulin + [ϒ-32P]-ATP (specific activity = 1000 cpm/pmol). The product formation
was monitored over 2.5 minutes by spotting 10 µL aliquots into P81 cellulose papers at
fixed time point intervals. The papers were washed with 50 mM phosphoric acid (5 times
for 10 minutes each) and then dried following acetone wash.

The amounts of

radiolabelled phospho-peptides were determined by counting the associated counts/min
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on a synctillation counter (Packard 1500) at a ζ value of 2. All assays were performed at
30 °C in 100 µL volume and contained 2 nM eEF-2K, 100 µM [ϒ-32P]-ATP (specific
activity = 1000 cpm/pmol), 50 µM peptide substrate and 5 µM inhibitor.
ADP protection against compound A
Enzyme (100 nM) was incubated in the presence of ADP (0 or 4 mM) and/or
inhibitor (0 or 250 µM) for different timepoints (1, 5, 10, 15, 20 and 30 min) in buffer
containing 25 mM HEPES pH 7.5, 40 µg/mL BSA, 2 mM DTT and 5% DMSO. Then
the enzyme + ADP + inhibitor mixturs were diluted 50 fold into the assay buffer (25 mM
HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 10 mM
MgCl2, 40 µg/ml BSA and 5% DMSO) containing 150 µM CaCl2, 1 µM CaM and 50 µM
peptide substrate. Immediately after the dilution, the assays were started with the
addition of [ϒ-32P]-ATP (specific activity = 1000 cpm/pmol). The product formation
was monitored over 2.5 minutes by spotting 10 µl aliquots into P81 cellulose papers at
fixed time point intervals. The papers were washed with 50 mM phosphoric acid (5 times
for 10 minutes each) and then dried following acetone wash. The amounts of
radiolabelled phospho-peptides were determined by counting the associated counts/min
on a synctillation counter (Packard 1500) at a ζ value of 2. All assays were performed at
30 ºC in 100 µL volume and contained 2 nM eEF2K, 100 µM [ϒ-32P]-ATP (specific
activity = 1000 cpm/pmol), 50 µM peptide substrate, 80 µM ADP and 5 µM inhibitor.
pH dependence inactivation of eEF-2K by compound A
Enzyme (100 nM) was incubated in the presence of inhibitor (0 or 500 µM) for
different amounts of time (1, 5, 10, 20 and 30 min) at 3 different pHs (7, 7.5 and 8) in
buffer containing 25 mM HEPES, 40 ug/mL BSA, 2 mM DTT and 5% DMSO. Then the
enzyme + inhibitor mixtures were diluted 50 fold into the assay buffer (25 mM HEPES
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pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 10 mM MgCl2, , 40
µg/ml BSA and 5% DMSO) containing 150 µM CaCl2, 1 µM CaM and 50 µM peptide
substrate. Immediately after the dilution, the assays were started with the addition of [ϒ32

P]-ATP (specific activity = 1000 cpm/pmol). The product formation was monitored

over 2.5 minutes by spotting 10 µL aliquots into P81 cellulose papers at fixed time point
intervals. The papers were washed with 50 mM phosphoric acid (5 times for 10 minutes
each) and then dried following acetone wash. The amounts of radiolabelled phosphopeptides were determined by counting the associated counts/min on a synctillation
counter (Packard 1500) at a ζ value of 2. All assays were performed at 30 °C in 100 µL
volume and contained 2 nM eEF-2K, 100 µM [ϒ-32P]-ATP (specific activity = 1000
cpm/pmol), 50 µM peptide substrate and 10 µM inhibitor.
Effect of DTT on enzyme recovery against compound A
Enzyme (100 nM) was incubated with inhibitor (0 or 250 µM) in buffer
containing 25 mM HEPES pH 7.5, 40 µg/mL BSA, 2 mM DTT and 5% DMSO. After 1
hour, the enzyme + inhibitor mixture was diluted 50 fold in the assay buffer (25 mM
HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 10 mM
MgCl2, 40 µg/ml BSA and 5% DMSO) containing 50 µM peptide substrate and different
concentrations of DTT (0.5, 2 or 10 mM). The assays were further incubated for 2
minutes and were started with the addition of [ϒ-32P]-ATP (specific activity = 1000
cpm/pmol). The product formation was monitored over 2.5 minutes by spotting 10 µl
aliquots into P81 cellulose papers at fixed time point intervals. The papers were washed
with 50 mM phosphoric acid (5 times for 10 minutes each) and then dried following
acetone wash. The amounts of radiolabelled phospho-peptides were determined by
counting the associated counts/min on a synctillation counter (Packard 1500) at a ζ value
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of 2. All assays were performed at 30 ºC in 100 µL volume and contained 2 nM eEF-2K,
100 µM [ϒ-32P]-ATP (specific activity = 1000 cpm/pmol), 50 µM peptide substrate and
5 µM inhibitor.
Docking
Homology model of eEF-2K was constructed using TRPM7 and MHCKA as
templates (unpublished work from Dr. Pengyu Ren’s lab, UT-Austin). Compound was
docked into the active site of the eEF-2K homology model and the distances between the
active site residues and the compound were predicted using Chimera (UCSF).
Site directed mutagenesis
Human eEF-2K (Genbank accession number NM_013302) in pET32a expression
vector was used as a template for PCR reaction. The protein contains a thirodoxin tag
followed by a His6 sequence and a TEV protease cleavage site at the N-terminus. Site
directed mutagenesis was performed on eEF-2K to obtain the C146A and C146S
mutants. The sense and antisense primers used to construct each mutations are listed in
table 4.1. PCR reaction was performed in 50 µL reaction using 1X PfuUltraTM HF
reaction buffer (Agilent Technologies, Inc., Santa Clara, CA), 200 µM dNTP mix, 0.2
µM of sense and antisense primers, 10 ng of DNA template and 1U of PfuUltraTM HF
polymerase (Agilent Technologies, Inc., Santa Clara, CA). The PCR conditions included
initial denaturation step (95 ºC for 2 min), followed by 18 PCR cycles (95 ºC
denaturation step for 30 sec, 58 ºC primer annealing step for 1 min, 72 ºC extension step
for 4 min), followed by a final elongation step of 72 ºC for 10 min. The PCR reaction
was further incubated at 37 ºC for 1 hour in the presence of 10 units of DpnI to degrade
the methylated parent strand. 1 µL of DpnI treated sample was transformed into E. coli
DH5α chemical competent cells. A single colony was isolated and amplified and the
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extracted plasmid DNA was verified for sequencing at the ICMB core facilities, UTAustin, using an applied Biosystems automated DNA sequencer.
Mutation

Primer sequences (5’ to 3’) with mutated residues in bold

C146S (sense)

ga gca atg agg gag agc ttc cgg acg aag

C146S (antisense)

ctt cgt ccg gaa gct ctc cct cat tgc tc

C146A (sense)

a gga gca atg agg gag gcc ttc cgg acg aag aag

C146A (antisense)

ctt ctt cgt ccg gaa ggc ctc cct cat tgc tcc t

Table 4.1. Site directed mutagenesis primers for eEF-2K
Expression and purification of eEF-2K mutants
All the mutant constructs of eEF-2K were expressed and purified according to the
protocol already explained in chapter 1 for the wildtype enzyme.
Activity and dose response assays for eEF-2K cysteine mutants
All assay buffer contained 25 mM HEPES pH 7.5, 50 mM KCl, 0.1 mM EDTA,
0.1 mM EGTA, 2 mM DTT, 10 mM MgCl2, 40 µg/ml BSA and 5% DMSO. Activity
assays were performed in assay buffer using 10 nM eEF-2K, 50 µM peptide substrate,
100 µM [ϒ-32P]-ATP, 150 µM CaCl2 and 1 µM CaM. Dose response assays were
performed in assay buffer using 2 nM (for wildtype and C146A eEF-2K) or 10 nM (for
C146S eEF-2K) enzyme, 50 µM peptide substrate, 100 µM [ϒ-32P]-ATP, 150 µM
CaCl2,1 µM CaM, 5% DMSO and several different concentrations of compound A (0,
31.25, 62.5, 125, 250, 500 and 1000 µM). In case of dose response assays, enzyme and
inhibitor mixtures were incubated for 30 minutes before initiating the reactions with [ϒ32

P]-ATP. The product formation were monitored over 2.5 minutes by spotting 10 µL
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aliquots into P81 cellulose papers at fixed time point intervals. The papers were washed
with 50 mM phosphoric acid (5 times for 10 minutes each) and then dried following
acetone wash.

The amounts of radiolabelled phospho-peptides were determined by

counting the associated counts/min on a synctillation counter (Packard 1500) at a ζ value
of 2.
Time dependence and reversibility experiments for eEF-2K cysteine mutants
To test the enzyme inactivation and reversibility against compound A,
enzymes (100 nM for wildtype and C146A mutant enzyme; 500 nM for C146S mutant
enzyme) were incubated with compound A (0 or 500 µM) in buffer containing 25 mM
HEPES pH 7.5, 40 µg/mL BSA, 2 mM DTT and 5% DMSO for 1 hour. Then the
enzyme + inhibitor mixtures were diluted 50 fold in the assay buffer (25 mM HEPES pH
7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 10 mM MgCl2, 40 µg/ml
BSA and 5% DMSO) containing 50 µM peptide substrate.

The diluted enzyme +

inhibitor mixtures were incubated for several timepoints (0, 5, 10, 20, 30 min). Then the
assays were started with the addition of calcium + calmodulin + [ϒ-32P]-ATP (specific
activity = 1000 cpm/pmol).

Same experiments were also repeated with higher

concentration of compound A (1 mM). The product formation were monitored over 2.5
minutes by spotting 10 µL aliquots into P81 cellulose papers at fixed time point intervals.
The papers were washed with 50 mM phosphoric acid (5 times for 10 minutes each) and
then dried following acetone wash. The amounts of radiolabelled phospho-peptides were
determined by counting the associated counts/min on a synctillation counter (Packard
1500) at a ζ value of 2.
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Data analysis
Two step inhibition mechanism for compound A were fitted globally using
KinTek global explorer. The formation or the loss of product over time were fitted using
equations 4.1 and 4.2 respectively. The dose response data were fitted using equation
4.3.
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4.3 EQUATIONS

(4.1)
(4.2)
(4.3)

The parameters used above are as follows: P(t), amount of product at time t; Pmax,
maximum product formation; P0, amount of product at t = 0; vi, observed velocity in the
presence of inhibitor; v0, observed velocity in the absence of inhibitor; IC50, inhibitor
concentration required to achieve 50% inhibition; h, hill coefficient.
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4.4 RESULTS
Time dependence inhibition and recovery against compound A
Generally time dependent inhibitors demonstrate two step inhibition mechanism
as demonstrated in scheme 4.2 – a fast initial binding step to form enzyme-inhibitor
complex (EI) followed by a slower inactivation step that will lead to more stable enzymeinhibitor complex (EI*). In order to test whether the compound A is a time dependent
inhibitor, enzyme (50 times above the assay concentration) was incubated with various
concentrations of inhibitor for different amounts of time. After respective time, the
enzyme + inhibitor mixtures were diluted 50 fold into the assay buffer and were
immediately started with the addition of ATP. If the compound acts by time dependent
inactivation, the loss of enzyme activity is observed over time which is correlated with
the increase in the formation of EI* complex. Figure 4.1 shows the formation of EI*
complex plotted against time at different inhibitor concentrations. For every inhibitor
concentrations, the formation of EI* complex increases with time suggesting that
compound A is a time dependent inhibitor.

Scheme 4.2. General two step inhibition mechanism
In many cases, enzyme activity can be slowly recovered from the EI* complex as
shown in scheme 4.2 yielding non-zero k-2 rate. In other cases however, the k-2 can be
zero or close to zero due to either very tight binding or covalent interaction between the
enzyme and the compound. In such cases, the inactivation mechanism can not be
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reversed. This is generally tested by dilution experiments where unbound inhibitors are
removed from the enzyme solution and tested for activity. To determine if compound A
is reversible, enzyme (50 fold above the assay concentration) was incubated with
inhibitor for 1 hour to let the enzyme-inhibitor complex reach equilibrium. After 1 hour,
the enzyme + inhibitor mixtures were diluted 50 fold into the assay buffer with no
calcium and calmodulin. The diluted enzyme mixtures were incubated for several
timepoints and the assays were started with the addition of calcium + calmodulin + ATP.
If the inhibitor is reversible, an increase in the enzyme activity would be observed over
time that would correlate with the loss of EI* complex. As shown in figure 4.2, most of
the enzyme is recovered after 30 minutes of dilution suggesting that compound A is a
slowly reversible inhibitor.
To determine the kinetic parameters, we fitted the time dependent and recovery
experiments globally using KinTek Global Explorer (figures 4.1 and 4.2). The kinetic
parameters from global fit are summarized in scheme 4.3. In agreement with most time
dependent inhibitors, compound A demonstrates fast initial binding step (Kd = 100 µM)
followed by a slower inactivation step (k2 = 0.0065 s-1). Compound A also demonstrates
slow reversibility with k-2 = 0.0007 s-1, which corresponds to an enzyme recovery half
time of 16.5 minutes.

Scheme 4.3. Two step inhibition mechanism with rapid first step and slower second step
fitted using KinTek Global Explorer.
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ADP protection against compound A
In some cases time dependent inhibitors bind to the site that is distant from the
ATP binding site leading to a slow conformation change. However in other cases, time
dependent inhibitors can also bind to the active site and eventually form a covalent bond
with an active site residue. Generally this can be determined by testing whether the
inactivation by the compound can be protected in the presence of an active site inhibitor.
ADP is a competitive inhibitor of ATP that does not show any time dependence. When
the time dependence of compound A was tested in the presence of 4 mM ADP, the rate of
formation of [EI*] complex decreased by 7.5 folds (figure 4.3). This suggests that the
compound A competes with ADP and thus binds to the ATP binding site.
Time dependence and recovery experiment with compound B
Compound B (scheme 4.1B), which was identified by similarity search from NCI
library, is structurally similar to compound A (scheme 4.1A).

However, unlike

compound A, compound B is substituted with nitrogen in place sulfur atom on the
heterocyclic ring.

Compound B also contains two hydroxyl groups bonded to the

heterocyclic ring in place amines.
We showed that compound A binds to the active site and reversibly inactivates
eEF-2K with a two step inhibition mechanism. This suggests a possibility of covalent
bond formation with the active site of eEF-2K. In most cases, the covalent bond
formation occurs with the nucleophilic attack of active site cysteine residue. As eEF-2K
contains a cysteine residue at the active site, one possible way compound A can
covalently inactivate eEF-2K is via Michael reaction as shown in scheme 4.4. The rate of
reversible inactivation by compounds A and B through this mechanism will depend on
the electrophilicity of the 1,4 alkene-nitrile conjugated system at carbon 1.
Electrophilicity of the 1,4 conjugated systems at carbon 1 position for compounds A and
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B is expected to differ greatly due to the different substituents on the electrophilic
carbons of the two systems. Therefore, if the reversible inactivation by compound A
occurs according to scheme 4.4, the rate of enzyme inactivation and recovery in the
presence of compound B is expected to differ significantly. However, similar to
compound A, compound B also shows time dependence inactivation (figure 4.4). The
rate of inactivation (k2 = 0.002 s-1) by compound B is only 3 times less compared to that
of compound A. Furthermore, compound B shows similar reversibility rate (kobs = 0.0007
s-1) (figure 4.5) as compound A. The similar rate of inactivation and recovery by both
compounds suggests that inactivation according to scheme 4.4 is unlikely.
Another similarity both compound A and compound B possess is the presence of
a nitrile group. Nitriles generally tend to form reversible covalent interaction. In a study
performed by Dalby et. al., the addition of aromatic thiols to cyanamide under general
acid catalysis produced reversible intermediate with significant S-C bond formation (36).
Nitriles are also known to form covalent reversible interaction with biological
nucleophiles such as cysteines (124). Such nitrile based inactivation, especially
characterized in enzymes such as cysteine proteases (e.g. papains and cathepsins), usually
occurs via pinner type reaction through the reversible formation of thioimidate ester
adducts (128, 129). Therefore it is very likely that the compounds A may be inactivating
eEF-2K through a similar mechanism shown in scheme 4.5.
Docking
If the crystal structure of the enzyme is available, the reaction mechanism can
often be predicted by docking the compound into the structure. Since the crystal
structure of eEF-2K is not available, a homology model was constructed using crystal
structures of TRPM7 and MHCK A as templates (unpublished data from Dr. Pengyu
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Ren’s lab, UT-Austin). Both TRPM7 and MHCK A belong to the same family of
atypical kinases as eEF-2K and resemble high sequence similarity to eEF-2K. Upon
docking of compound A into the active site of eEF-2K homology model, it was found
that compound A has a nitrile group that is only 4.5 angstroms away from the active site
thiol on the enzyme (figure 4.6) supporting the above argument of eEF-2K inactivation
by thiol attack.
Effect of DTT on enzyme recovery against compound A
As eEF-2K contains 10 cysteine groups, the possibility of enzyme inactivation
through the involvement of non-specific thiol interaction was tested in the presence of
different concentrations of DTT. Enzyme (50 fold above the assay concentration) was
incubated with inhibitor for 1 hour to let the enzyme-inhibitor complex to reach
equilibrium. After 1 hour, the enzyme + inhibitor mixtures were diluted 50 fold into the
assay buffer containing different concentrations of DTT. The diluted enzyme mixtures
were incubated for 3 minutes and the assays were started with the addition of calcium +
calmodulin + ATP. If the involvement of non-specific cysteines or the formation of
disulfide bond is involved, the presence of DTT in the assay would enhance the enzyme
recovery rate. However increasing DTT concentration from 0.5 to 10 mM did not affect
the enzyme recovery rate (figure 4.7) suggesting that there is negligible off-target effect
with non-specific thiols.
Effect of pH on enzyme inactivation by compound A
If the inactivation is due to the nucleophilic attack, the rate of inactivation may
change at different pH. To test the effect of pH on enzyme inactivation, the enzyme and
inhibitor (0 or 500 µM) mixtures were incubated at different pH (7, 7.5 or 8) for different
amounts of time, then diluted into the assay buffer (pH 7.5) containing peptide substrate
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and immediately started with the addition of calcium, calmodulin and ATP. As shown in
figure 4.8, the inactivation was faster at higher pH. Change in enzyme inactivation rate
with different pH further supported the possibility of nucleophilic attack by thiol.
Assays with cysteine mutants
If the inactivation is due to the thiol attack, mutation of cysteine to alanine or
serine should prevent the time dependent inactivation by compound A. In order to test
this, it is necessary to make sure that both mutants are active. As shown by activity assay
(figure 4.9), C146A has similar activity as the wildtype while the activity of C146S is 5
times less compared to the wildtype. When the mutants were incubated with 500 µM
inhibitor, the inactivation was not observed even after 1 hour. Therefore both the mutants
were rapidly reversible (figure 4.10). For comparison, a parallel experiment was also
performed using wildtype enzyme. Unlike the mutants, the wildtype enzyme showed
inactivation and a slow reversibility (figure 4.10). Similar results were obtained when the
same experiments were repeated with higher inhibitor concentration (1 mM) (data not
shown). This further suggested that cysteine is involved in the inactivation.
Since the inactivation step was not observed in the cysteine mutants, dose
response assays were performed at different inhibitor concentrations to test whether the
initial binding step was also affected due to mutation. Compound A demonstrated an
IC50 of 890 and 655 µM against C146A and C146S mutants respectively (figure 4.11).
This suggested that the mutation of cysteine prevents eEF-2K inactivation without
affecting the binding.
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4.5 DISCUSSION
Proposed mechanism of action
Compound A (scheme 4.1A) is a time-dependent but slowly reversible inhibitor
(figures 4.1 and 4.2) as summarized in scheme 4.3. Protection experiment in the presence
of ADP (a competitive inhibitor of ATP) attenuates the inactivation of eEF-2K by
compound A (figure 4.3) suggesting that the compound binds to the active site. Similar
time dependence (figure 4.4) and reversibility (figure 4.5) rates with compound B
eliminates the possibility of inactivation through Michael reaction (scheme 4.4).
However the presence of nitrile groups in both compounds suggest that nitrile may be
involved in the reversible inactivation process. Docking of compound A to the eEF-2K
homology model predicts the nitrile group on the compound located only 4.5 angstroms
away from the active site thiol (figure 4.6) further supporting a possibility of inactivation
by thiol attack on nitrile. While higher pH leads to faster inactivation rate (figure 4.8),
DTT does not have effect on the enzyme recovery rate (figure 4.7) suggesting that the
inactivation is not due to the off-target effect with non-specific thiols. Finally the time
dependent inactivation and slow reversibility is not observed upon mutation of the active
site cysteine to alanine or serine (figure 4.10) further confirming that the cysteine is
involved in the inactivation. Therefore the data supports the argument that active site
thiol on the enzyme attacks the nitrile group on the compound leading to covalent bond
formation that inactivates the enzyme. A subsequent attack by a base reverses the
process making it a covalent reversible inhibition mechanism. The proposed mechanism
is summarized in scheme 4.5.
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Possible experiments and limitations
Although our data strongly suggest nitrile based inactivation by thiol attack,
further experiments may be necessary to actually confirm the mechanism. When the
compound is docked into the active site of the eEF-2K homology model, it can be
observed from figure 4.6 that there are three other possible nucleophiles besides cysteine
(Asp-284, Lys-170 and Tyr-236) that are located 5.6, 3.5 and 3.4 angstroms away from
the nitrile group on the compound. While cysteine is involved in the inactivation in
majority of the cases, the possible direct or indirect involvement of the other three
nucleophiles in the reversible inactivation of eEF-2K can not be completely ruled out.
Generally, if the inhibition is irreversible, the amino acid residue that is involved in the
covalent bond formation can be identified directly by tryptic digest followed by MS/MS.
However, for reversible inhibitors like compound A with short half-life (t1/2 of around 15
minutes), such method would be impracticable. Reaction mechanism can also be
confirmed if the enzyme can be crystallized in the presence of the inhibitor. However
there is no crystal structure reported for eEF-2K and obtaining one is a challenge.
Alternately, NMR experiments can provide direct evidence on the mechanism. In fact,
the first evidence of the reversible covalent thioimidate link between nitrile inhibitors and
papain were identified by NMR (125). When the 13C labeled dipeptide nitrile was
interacted with papain, it yielded a 13C NMR signal of the thioimidate, which disappeared
when the inhibitor was displaced from the active site cysteine (125). Since compound A
contains a fluorine, the covalent interaction with active site cysteine can be detected by
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F NMR. Another possible way of identifying the formation of thioimidate adduct is by

infrared spectroscopy (IR) by measuring the vibrational absorption of C=N bond. A
general problem is that since proteins are crowded with C=O bonds, whose stretching
frequency is very close to that of a C=N bond, the small signal from the C=N bond will
133

be masked by a huge background from the C=O bonds. However, it may be possible to
detect by performing a difference spectrum where the background is subtracted.
Covalent inhibitor as drugs
Drug discovery efforts in the past, especially for protein kinases as targets, have
mainly focused on the reversible ATP competitive inhibitors. This is mainly because
ATP-binding site, unlike the substrate binding site, are highly conserved which facilitates
the structure based drug design. However reversible ATP competitive inhibitors possess
several drawbacks. First, they need to be highly potent in order to compete against the
millimolar concentrations of ATP inside the cells. Second, since all protein kinases
contain highly conserved ATP binding site, there is always a possibility of non-specific
inhibition leading to side effects. Third, many kinases have the ability to develop
mutations making the inhibitor or the drug molecule resistant over time (126-128). Due
to these challenges, recent drug discovery programs are shifting towards inhibitors with
different modes of action.
Covalent inhibitors are alternatives to reversible ATP competitive inhbibitors.
Covalent drugs were largely avoided in the past by pharmaceutical industries due to the
possibility of off-target modification of proteins that may lead to possible side effects
(128). However due to the success of several targeted covalent inhibitors (TCIs) in the
past decade, covalent drugs have achieved significant attention in recent years (127).
Generally they possess an advantage over reversible ATP competitive inhibitors as they
are resistant to mutations in most cases. Furthermore, as they often inactivate their
enzyme by time dependent inactivation mechanism, potency is obtained with time and so
high concentrations of ATP inside the cells is not generally a problem (127). Covalent
drugs that have been approved by US Food and Drug administration (FDA) are used in
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the treatment of broad range of diseases such as infections, cancer, gastrointestinal
disorders, cardiovascular diseases, central nervous system disorders and inflammation
(127). To date, for protein kinases, only 5 covalent inhibitors have been introduced into
clinical study – Canertinib, Pelitinib, Neratinib, BIBW 2992 and PCI-32765. The first
four target the erbB family of protein kinases whereas the PCI-32765 target Bruton’s
tyrosine kinase (Btk) (128).
Inactivation by nitriles
Almost 200 protein kinases contain a cysteine in the nucleotide binding pocket
(129). In most cases, formation of covalent bond is initiated via the nucleophilic attack
by the active site cysteine onto the electrophilic warhead on the compound. Specificity in
such cases depends on initial binding of the compound to the active site as well as on the
positioning of unique active site cysteine in proximity to the electrophilic group (127).
The covalent modification can either be reversible or irreversible which depends on the
reaction type and the partner (125).
Dalby et. al. have reported that upon addition of the aromatic thiolate anions to
cyanamide in water, the acid form of the buffer catalyzes them to form a central transition
state with a S-C bond, and this reaction is reversible (36). Nitriles also act as
electrophilic warheads to reversibly inactivate many cysteine proteases such as papain
and cathepsins (125, 130-133). They do so via Pinner type reaction which involves the
reversible formation of thioimidate ester adducts (125, 130). Although extensively
studied in proteases, such nitrile based inactivation mechanism has not been characterized
in protein kinases. Therefore, our data, which supports the nitrile based inactivation of
protein kinases, represents a novel mechanism of action.
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Figure 4.1. Time dependent inhibition by compound A. Formation of E-I* complex
against different pre-incubation time at different inhibitor concentrations
fitted using KinTek Global Explorer. Enzyme (100 nM) was pre-incubated
with different concentrations of inhibitor (0, 31.25, 62.5, 125, 250, 500 µM)
for different amounts of time (1, 5, 10, 20, 30, 60, 120, 180 min) in the
absence of Ca/CaM. After respective time, the E+I mix were diluted 50 fold
into the assay buffer containing Ca/CaM. Immediately after the dilution, the
assays were started with the addition of [ϒ-32P]-ATP.
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Figure 4.2. Recovery of enzyme activity against compound A. Loss of E-I* complex
against different incubation time after dilution fitted using KinTek Global
Explorer. Enzyme (100 nM) was incubated with 0 (not shown) or 250 µM
inhibitor in the absence of Ca/CaM. After 1 hour, the E+I mix was diluted
50 fold into the assay buffer without Ca/CaM/ATP. The diluted enzyme
mixture were incubated for several timepoints (0, 5, 10, 20, 30, 45, 60 min).
After respective timepoints, the assays were started with the addition of
Ca+CaM+[ϒ-32P]-ATP.
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Figure 4.3. Protection with ADP against compound A. Formation of [E-I*] complex
were plotted against different pre-incubation times in the presence of ADP.
Enzyme (100 nM) was pre-incubated in the presence of ADP (0 or 4 mM)
and/or inhibitor (0 or 250 µM) for different timepoints (1, 5, 10, 15, 20, 30
min). After respective time, the E + I + ADP mix were diluted 50 fold into
the assay buffer and the reactions were immediately started with the addition
of [ϒ-32P]-ATP. Data in the presence of I were fitted using equation 4.1
whereas data in the absence of I were fitted with linear regression. The
legends are as follows: ○, E only; □, E + ADP; ●, E + I; ■, E + I + ADP.
The kobs (in the same order) are 0, 0,0.0015 ± 0.0004 and 0.0002 ± 0.00003
s-1.
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Figure 4.4. Time dependent inhibition by compound B. Formation of E-I* complex
against different pre-incubation time at 0 (not shown) or 125 µM inhibitor
fitted using equation 4.1. Enzyme (100 nM) was pre-incubated with 0 or
125 µM inhibitor for different amounts of time (0.5, 1, 5, 10, 20, 30, 60 and
120 min) in the absence of Ca/CaM. After respective time, the E+I mix
were diluted 50 fold into the assay buffer containing Ca/CaM. Immediately
after the dilution, the assays were started with the addition of [ϒ-32P]-ATP.
The kobs for the formation of [E-I*] complex is 0.002 ± 0.0005 s-1.
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Figure 4.5. Recovery of enzyme activity against compound B. Loss of E-I* complex
against different incubation time after dilution fitted using equation 4.2.
Enzyme (100 nM) was incubated with 0 (not shown) or 250 µM inhibitor in
the absence of Ca/CaM. After 1 hour, the E+I mix was diluted 50 fold into
the assay buffer without Ca/CaM/ATP. The diluted enzyme mixtures were
incubated for several timepoints (0, 10, 20, 30, 60 min). After respective
timepoints, the assays were started with the addition of Ca+CaM+[ϒ-32P]ATP. The kobs for the loss of [E-I*] complex is 0.0007 ± 0.0001 s-1.
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Figure 4.6. Docking of compound A into the active site of the eEF-2K homology model.
The distances between the nitrile carbon on compound A and the
nucleophilic groups on Cys-146, Asp-284, Lys-170 and Tyr-236 were
calculated using Chimera. Cys-146 (thiol), Asp-284 (carbonyl oxygen),
Lys-170 (amine) and Tyr-236 (hydroxyl) are 4.5, 5.6, 3.5 and 3.4 angstroms
away from the nitrile carbon on compound A as indicated in the figure
above.
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Figure 4.7. Effect of DTT on enzyme recovery against compound A. Enzyme (100 nM)
+ Inhibitor (0 or 250 µM) were pre-incubated for 1 hour in the presence of 2
mM DTT. After 1 hour, the E + I mix were diluted 50 fold into assay buffer
containing different DTT concentrations (0.5, 2 or 10 mM). The assays
were further incubated for 2 minutes and were started with the addition of
Ca/CaM/[ϒ-32P]-ATP. The legends are as follows: ○, enzyme only control
(0.5 mM DTT); ●, enzyme + inhibitor (0.5 mM DTT); □, enzyme only
control (2 mM DTT); ■, enzyme + inhibitor (2 mM DTT); ∆, enzyme only
control (10 mM DTT); ▲, enzyme + inhibitor (10 mM DTT). The rate of
product formation in the same order are 0.012316, 0.006115, 0.012712,
0.006408, 0.013323 and 0.006508 µM/s respectively.
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Figure 4.8. pH dependent inactivation of eEF-2K by compound A. Enzyme (100 nM)
and inhibitor (500 µM) were incubated for different time (1, 5, 10, 20, 30
min) at different pH (7, 7.5, 8) and were diluted 50 fold into the assay buffer
(pH 7.5) containing calcium, calmodulin and peptide substrate.
Immediately after the dilution, assays were started with the addition of [ϒ32
P]-ATP. The legends are as follows: ○, enzyme only control (pH 7); ●,
enzyme + inhibitor (pH 7); □, enzyme only control (pH 7.5); ■, enzyme +
inhibitor (pH 7.5); ∆, enzyme only control (pH 8); ▲, enzyme + inhibitor
(pH 8).
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Figure 4.9. eEF-2K cysteine mutants activity. Assays were performed using 10 nM eEF2K, 50 µM peptide substrate and 100 µM [ϒ-32P]-ATP. The legends are as
follows: ●, wildtype; ■, C146A; ▲, C146S. The initial velocity (v) for
wildtype, C146A and C146S eEF-2K are 0.11, 0.09 and 0.02 µM/s
respectively.
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Figure 4.10. Recovery of cysteine mutants activity against compound A. Enzyme (100
nM for WT and C146A mutant or 500 nM for C146S mutant) was incubated
with 0 or 500 µM inhibitor in the absence of Ca/CaM. After 1 hour, the E+I
mix was diluted 50 fold into the assay buffer without Ca/CaM/ATP. The
diluted enzyme mixture were incubated for several timepoints (0, 5, 10, 20,
30 min). After respective timepoints, the assays were started with the
addition of Ca+CaM+[ϒ-32P]-ATP. The fractional activity in the presence
of compound A were fitted against time for C146A (♦) and C146S (■)
mutants by linear regression and WT (●) enzyme using equation 4.1.
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Figure 4.11. Dose response assays against compound A for cysteine mutants. Assays
were performed using 2 nM (●, C146A) or 10 nM (■, C146S) eEF-2K, 50
µM peptide substrate, 100 µM [ϒ-32P]-ATP and different concentrations (0
– 1000 µM) of compound A. Data were fitted using equation 4.3. The IC50
values for C146A and C146S mutants are 890 ± 52 and 655 ± 21 µM
respectively.
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Scheme 4.4. A possible mechanism of eEF-2K inactivation by Compound A via Michael
reaction. eEF-2K-S- represents a cysteine residue located in the active
site of eEF-2K.
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Scheme 4.5. Proposed mechanism of action for compound A. eEF-2K-S- represents a
cysteine residue located in the active site of eEF-2K.
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4.6 SUPPLEMENTARY MATERIALS

Figure 4.S1. 1H NMR for compound A
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Figure 4.S2. ESI-MS of compound A
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