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ABSTRACT: Protein kinases catalyze the phosphorylation reaction, and they themselves become catalytically
activated through phosphorylation of their activation loop. LMTK3 is an oncogenic kinase, reported in
various types of cancer. Recent study highlights LMTK3 phosphorylation by CDK5 results in breast cancer
tumourogenesis. We determined the probable activation loop in LMTK3 and carried out in
silico phosphorylation at probable phosphorylation site (Thr189) in activation loop and studied the effects of
phosphorylation on conformational dynamics. We substituted Glu for phosphorylated Thr189 and noticed
Glu does not mimic the effect of phosphorylation. From Molecular dynamics analysis, phosphorylated,
unphosphorylated and mutated LMTK3 found to be stable. But phosphorylated loop region shows much
fluctuation. Thereby ATP binding mode was observed to be different in phosphorylated as compared to
unphosphorylated LMTK3. Phosphorylation mediated conformational change in the ATP binding site of
LMTK3 may facilitate phosphoryl transfer reaction to its substrates, and may leads to breast cancer
progression.
Keywords: Breast cancer tumourogenesis; Phosphorylation sites; Molecular docking; Activation segment;
Conformational dynamics.
INTRODUCTION
Eukaryotic protein kinases are the largest gene family
that regulates several important cellular processes, such
as cell growth and differentiation (Ban et. al., 2011;
Waldrop, 2014). Protein kinases share a conserved core
consisting of two lobes, the N-terminal (small N-lobe)
and C-terminal (large C-lobe). These two lobes form a
deep pocket that accommodates an ATP molecule
(Kornev et. al., 2010). The N-lobe consists of five βstrands and an α-helix (called αC-helix). The C-lobe
contains α-helices and includes the activation segment
which is 20-35 residues stretch located between a
conserved DFG motif and APE motif that is
conformationaly very flexible and its conformation can
influence both substrate binding and catalytic efficiency
(Huse et. al., 2002; Nolen et. al., 2004).
Phosphorylation is the commonest posttranslational
modification of proteins in eukaryotic cells (Olsen et.
al., 2013). Eukaryotic protein kinases (EPKs) are the
family of enzymes that catalyse the phosphorylation
reaction, and themselves regulated by phosphorylation
(Beltrao et. al., 2012; Nolen et. al., 2004). The
regulatory phosphorylation event occurs in most EPKs

at activation loop of kinases, which is part of the
activation segment (Beltrao et. al., 2012; Nolen et. al.,
2004). Phosphorylation of the activation loop is a key
mechanism that induces a dynamic changes in
activation process (Kornev et. al., 2006; Kornev et. al.,
2015; Meharena et. al., 2013; Taylor et. al., 2012), and
leads to structural changes which stabilize the active
conformation. This mechanism catalyses the transfer of
γ-phosphate of an ATP molecule to the
phosphoacceptor site of substrate (Beltrao et. al., 2012;
Kornev et. al., 2015; Johnson et. al., 1996). Therefore
activation-loop phosphorylation is crucial because it is
required for the interconversion from an inactive to an
active conformation of kinase. Generally the protein
kinase domain is a structurally conserved protein
domain containing the catalytic function of all protein
kinases (Hanks et. al., 1991; Hanks et. al., 1995;
Scheeff et. al., 2005).
Lemur tyrosine kinase-3 (LMTK3) is an oncogenic
Serine Threonine Tyrosine kinase implicated in various
types of cancer including breast (Giamas et. al., 2011)
lungs (Xu et. al., 2014) and colorectal (Shi et. al.,
2014).
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Recently LMTK3 has been reported to regulate ERα
through phosphorylation with a significant role in
endocrine resistance (Giamas et al 2011; Sebbing et.
al., 2012; Stebbing et. al.,2013). In triple-negative
breast cancer, LMTK3 elevation in cytoplasm,
promotes breast cancer cell motility, migration and
invasion through transcriptional activation of intigrins
(Xu et. al., 2014). In addition, LMTK3 also been seen
to promote cancer progression through chromatin
remodelling (Xu et. al., 2015). It is obvious from these
studies that LMTK3 is a new therapeutic target in
breast cancer therapeutics (Xu et. al., 2014).
Recently one of the in vitro studies confirmed the
ability of CDK5 to phosphorylate LMTK3 and results
in breast cancer tumourogenesis (Lucchiari et.
al.,2016). CDK5 is a cytoplasmic proline-directed
serine/threonine kinase which is expressed in many
solid tumours (Keaton, 2017). But phosphorylation of
LMTK3 in detail at molecular level has not been
studied yet. In our computational study, we modelled
3D structure of LMTK3 using I-TASSER (Iterative
Threading Assembly Refinement) (Roy et. al., 2010) as
the crystallographic structure of LMTK3 is not
available.Then we predicted the activation segment in
LMTK3 by comparing the LMTK3 structure with wellknown kinases (PKA, Pdb id- 1ATP; ERK2, Pdb id2ERK) and based on conserved motifs (DFG and APE)
(Huse et. al., 2002; Nolen et. al., 2004) activation
segment was predicted. It has been reported that
phosphorylation of these kinases in activation loop at
threonine regulate the kinase activity (Adams, 2003;
Cheng et. al., 2006; Steichen et. al., 2012; Canagarajah
et. al., 1997). So with this comparative study we
predicted, threonine 189 (Thr-189) to be the
phosphorylation site in LMTK3 which is present near to
the APF motif in activation segment of LMTK3. To
cross check our predicted phosphorylating site (Thr189), we used NetPhos3.1 (Blom et. al., 2004) server
where it shows, the Thr-189 to be a probable
phosphorylation site on LMTK3. Thereby in this study
we carried out in silico phosphorylation of LMTK3 in
activation loop at Thr-189 and studied its effect on
conformational dynamics upon phosphorylation and
also studied ATP binding mechanism. MD simulation
study demonstrated that, phosphorylation stabilize the
structure of LMTK3 but facilitate significant
conformational change in phosphorylated activation
segment and also affect ATP binding site of LMTK3.
Proteins that require phosphorylation for its
activation, there are many examples of constitutively
active mutantin which the phosphorylatable residue is
substituted with either aspartate or glutamate (Charbon
et. al., 2004; Kassenbrock et. al., 2004; Huang et. al.,
1994) Klose et. al., 1993; McCabe et. al., 2000). We

195

substituted glutamic acid (Glu) for phosphorylated Thr189, and predicted that Glu does not mimic the effect of
phosphorylation. We noticed mutated LMTK3 has no
conformational change in the activation loop thus the
mutated LMTK3 is more or less similar to that of
unphosphorylated LMTK3. From molecular docking
study we noticed that due to phosphorylation mediated
conformational change in ATP binding site of LMTK3,
the binding mode of ATP to be different in
phosphorylated
LMTK3
as
compared
to
unphosphorylated LMTK3. The conformational change
in ATP binding site may facilitate to catalyze the
phosphoryl transfer reaction in LMTK3. Overall from
our computational study we infer that the
phosphorylation leads to localized conformational
changes in LMTK3 and affects the binding mechanism
of ATP. Our idea from this study can be used to create
hypotheses about mechanisms of regulation by
phosphorylation that can be tested further
experimentally.
RESEARCH METHOD
A.
Prediction
of
Activation
segment
and
phosphorylation site in LMTK3: A comparative study
with other kinases (PKA and ERK2)
We modelled the 3D structure of LMTK3 domain from
I-TASSER. Then the equilibrated structure of LMTK3
was superimposed with X-ray crystallographic structure
of PKA (PDB ID: 1ATA) and ERK2 (PDB ID: 2ERK)
to determine the probable activation segment and
phosphorylation site in LMTK3.
B. In silico Phosphorylation of LMTK3 at Thr-189 and
substitution of Glutamic acid (Glu) for the
phosphorylated Thr-189 in the activation segment of
LMTK3
Using xleap module of AMBER12 we added phosphate
PO43- group to the equilibrated structure of LMTK3 at
Thr-189 of C-β atom by removing hydrogen (H) atom
from hydroxyl group (OH). In addition wealso
substituted Glu for the phosphorylated Thr-189 using
Chimera in order to check whether Glu mimic the effect
of phosphorylation or not, as Glu is a negatively
charged amino acid.
C. Molecular Dynamics (MD) simulation of
Phosphorylated, Unphosphorylated and Mutated
LMTK3
LMTK3 structures were subjected to MD simulation.
We used the Particle Mesh Ewald Molecular Dynamics
(PMEMD) (Joseph et. al., 2013) module of AMBER12
software package (Case et. al., 2012).
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AMBER ff99SB force field (Honark et. al., 2006)
protein parameters were used on the LMTK3 structures.
Using implicit solvation method the corresponding
topology and co-ordinate files were prepared for the
modelled
structures
of
phosphorylated,
unphosphorylated and mutated LMTK3 domain. The
resultant structures were then subjected to energy
minimization by using 500 steps of steepest descent and
another 500 steps of conjugate gradient. During energy
minimization, we did not fix any restraint to hold the
protein system. In the course of MD simulation, the
systems were gradually heated from 0 to 300 K for slow
relaxation of the built initial structure. In addition
shake constraints (Ryckaert et. al., 1997) using a
geometrical tolerance of 5 x 10-4Ǻ were imposed on all
the covalent bonds involving hydrogen atoms.
Subsequently MD was performed under constant
pressure-temperature
conditions
(NPT)
with
temperature regulation achieved using Berendsen weak
coupling method (Berendsen et. al., 1984) (0.5 ps time
constant for heat bath coupling and 0.2 ps pressure
relaxation time). This was followed by another 200 ps
of equilibration step. After equilibration of the system
with constant temperature and pressure, the production
MD runs were carried out for 30 ns in order to do the
analysis of structure and properties.
D. Molecular Docking with ATP
We utilized AutoDock4.2 (Morries et. al., 2009) for our
molecular docking study. This provides valuable
insight into the interaction of ATP with phosphorylated
and unphosphorylated LMTK3. For docking we used
last LMTK3 trajectory files for docking. AutoDock
program with the Lamarckian genetic algorithms
(LGA) was used to perform docking experiments. The
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Lamarckian GA parameters used in the analysis consist
of 10 independent runs. Docking was carried out with
the grid size of 40, 40, and 40 along the X, Y, and Zaxis with 0.481 Å spacing.
E. Trajectory analysis
Trajectory files from MD simulations were analyzed
using cpptraj (Daniel et. al., 2013) module of
AMBER12 package. Quality assurance such as Root
Mean Square Deviation (RMSD), Root Mean Square
Fluctuation (RMSF) and Radius of gyration (Rg), were
performed. All the graphs were generated using
xmgrace plotting tool. For inspecting the 3D structure
of the molecule, we used UCSF Chimera (Pettersen et.
al., 2004), and VMD (Humphery et. al., 1996).
RESULTS AND ANALYSIS
A. Activation segment and phosphorylation site
prediction
By comparing the LMTK3 structure with ERK2 and
PKA protein kinase, we predicted the probable
activation segment and phosphorylation site in LMTK3.
From Fig. 1 and Fig. 2 we see LMTK3 has an APE
motif as that of ERK2 and PKA. There by with the
visual inspection we predicted that the Tyr164 to
Ser196 region to be the activation segment (shown in
navy blue colour) in LMTK3, which may be important
for catalytic activation of LMTK3.Within the probable
activation segment we assumed Thr-189 to be the
phosphorylation site. We cross checked our predicted
phosphorylation site using NetPhos3.1 server, and we
observed that Thr-189 to be the probable
phosphorylation site in LMTK3.

Fig. 1. Superimposed structure of LMTK3 with ERK2.
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Fig. 2. Superimposed structure of LMTK3 with PKA.
B. Molecular Dynamics (MD) Simulation
To examine the conformational changes, the
phosphorylated, unphosphorylated and mutated
LMTK3 structure, was subjected to MD simulation
upto 30 ns. The snapshots of LMTK3 structures are
depicted in Fig. 3.
Stability and Flexibility. Overall structural stability of
phosphorylated LMTK3 was analysed from Root Mean
Square Deviation (RMSD) and compared with
unphosphorylated and mutated LMTK3. The RMSD
analysis was done based on C-α atoms, depicted in Fig.
4, we noticed, the structures started converging from its
reference structure after 5 ns in LMTK3 and attained
the stable conformation after 15 ns with RMSD near
2.5Å (in phosphorylated LMTK3), 3.5Å (in
unphosphorylated LMTK3) and 4 Å (mutated LMTK3)
during the course of MD run. The lack of gross
structural changes throughout the MD simulation
confirmed that all the respective structures were stable.
However RMSD of loop region (Gly184 to Ser196) in
phosphorylated, unphosphorylated and mutated region
is observed to be, 2.8Å, 2.5Å and 1.4Å respectively
shown in Fig. 5. Phosphorylated loop region shows
high RMSD value (2.8 Å) than the unphosphorylated
and mutated loop region.

For the loop region, we also analyse the potential
energy as a function of RMSD shown in Fig. 6. A,B,C.
The Phosphorylated loop region initially change its
conformation from its initial structure during the course
ofMD simulation from 1Å to 3 Å with a potential
energy of -7500 kcal/mol, however we observed the
lowest energy conformers settles within RMSD value 1
to 1.5 Å with the potential energy of -10700 kcal/mol
depicted in Fig. 6B. Whereas unphosphorylated and
mutated loop region does not show much
conformational changes and shows the RMSD value
ranges between 1 to 1.5 Å with a potential energy of 7500 kcal/mol (Fig. 6. A and C) and the lowest energy
conformers settles for both the structures around 1.5 Å
with the same potential energy as that of
phosphorylated loop region (-10700 kcal/mol). We see
there is a less conformational change in
unphosphorylated and mutated loop region from the
initial structure throughout the MD simulation (Fig. 6
A,C). Whereas phosphorylated loop region undergoes
much conformational changes from the initial structure
throughout the MD simulation shown in Fig. 6B. In
order to check the flexibility of phosphorylatedLMTK3 we analyse Root Mean Square Fluctuation
(RMSF) for the C-α atoms and compared with
unphosphorylated and mutated LMTK3.
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Fig. 3. Snapshots of (A) Unphosphorylated (B) Phosphorylated (C) Mutated LMTK3.

Fig. 4. RMSD plot of Cα atom over time course of MD simulation for phosphorylated (red) and unphosphorylated
(black) and mutated (green) LMTK.3.
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Fig. 5. Loop region RMSD plot of Cα atom over time course of MD simulation for phosphorylated (red) and
unphosphorylated (black) and mutated (green) LMTK3.

Fig. 6.Potential energy as function of RMSD:(A) Unphosphorylated (B) Phosphorylated (C) Mutated LMTK3.
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From the Fig. 7, we see there is a fluctuation near the
phosphorylated residue (Thr-189) between residue
indexes 150 to 200 with 3 high peaks (2.8Å, 3.5Å and
3.8Å), but there is less fluctuation is case of
unphosphorylated LMTK3 region, and there is no
fluctuation in the mutated LMTK3 near the mutated
(Glu-189) region, but shows fluctuations far from the
mutated region (200-250). From this observation we
can say Glu does not mimic the effect of
phosphorylation in terms of stability and fluctuation.
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The fluctuation for phosphorylated, unphosphorylated
mutated residue for C-β atom observed to be 16 Å, 10
Å and 9Å respectively throughout the MD simulation.
Similarly we have also analyse the fluctuation in the
loop region (Gly184-Ser196) for C-β atom, the
phosphorylated, unphosphorylated and mutated loop
fluctuates from its initial position by 14.5Å 11Å and 10
Å respectively throughout the MD simulation. The
fluctuations in the loop region depicted in Fig. 8.

Fig. 7. RMSF plot of Cα atom over time course of MD simulation for phosphorylated (red), unphosphorylated
(black) LMTK3 and mutated (green) LMTK3.

Fig. 8. Flexibility and Conformation change in activation segment of (A) Unphosphorylated (B) Phosphorylatedand
(C) Mutated LMTK3 during the course of MD simulation.

Sarma and Mattaparthi
Radius of gyration. In order to check the compactness
of phosphorylated, unphosphorylated and mutated
LMTK3 we performed radius of gyration (Rg) analysis.
From Fig. S1, in all the three structures we see Rg value
showed a drift between 19.7 Å and 18.7 Å and reached
a stable conformation after 18.75 Å. From the plot we
can infer that there is not much degree of compactness
in the respective structures during the course of MD
simulation, thereby confirming the folding of the
protein structures.
Energetics. From the potential energy plot (Fig. 9), we
see the phosphorylated and unphosphorylated LMTK3
structure have a potential energy value of around -7900
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kcal/mol and -7800kcal/mol respectively while in case
of mutated LMTK3, potential energy value is around 6600 kcal/mol during the course of MD simulation. We
can say that the phosphorylated LMTK3 structure is
more stable than the other structures.
For all the three system electrostatic interactions were
analysed from the last trajectories as a function of time,
electrostatic interactions for unphosphorylated LMTK3
found to oscillate around -18500 to -20500 kcal/mol
whereas electrostatic interactions in phosphorylated and
mutated LMTK3 found to oscillate around -18400 to 20000 kcal/mol as a function of time (Fig. 10).

Fig. S1. Radius of Gyration as a function of time.

Fig. 9. Potential energy plot as a function of time for Unphosphorylated (black), Phosphorylated (red) and Mutated
LMTK3 (green).
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Fig. 10. Electrostatic interaction for (A) unphosphorylated (B) Phosphorylated and (C) Mutated LMTK3 as a
function of time.
We also calculated the energies for phosphate group in
threonine with different orientation in LMTK3. The
variation in energy with rotation of phosphate group is
depicted in Fig. S2.
C. Molecular Docking
From the molecular docking study the ATP binding
pocket of phosphorylated LMTK3 is found to be wider
than unphosphorylated LMTK3 (depicted in Fig. S3),
this is due to the flexibility of phosphorylated activation
loop which changes its conformation during MD
simulation (Fig. 11). Due to the conformational change
of activation loop we observed the binding mode of
ATP is quite different in phosphorylated LMTK3 (Fig.
12). The flexibility and conformational change in ATP
binding site may facilitate the phosphoryl transfer
reaction and may activate LMTK3 which might lead to
the breast cancer tumourogenesis.

Fig. S2. Energies of the phosphate group in different
orientation.

Sarma and Mattaparthi

203

Fig. S3. Docked structure of (A) Unphosphorylated and (B) Phosphorylated LMTK3 with ATP.

Fig. 11. Superimposed structure of Phosphorylated and Unphosphorylated LMTK3.
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Fig. 12. Binding mode of ATP in (A) Phosphorylated LMTK3 and (B) Unphosphorylated LMTK3.
CONCLUSION
In this computational study we determinedthe probable
activation segment in LMTK3. Then we studied the
dynamics of LMTK3 upon phosphorylation and
compared its dynamics with unphosphorylated and
mutated LMTK3 structures. RMSD and potential
energy
analysis
reveal
that
phosphorylated,
unphosphorylated and mutated LMTK3 structures are
stable during the MD simulation. Despite the stability
of the structures we see mainly the phosphorylated
activation segment undergoes much conformational
changes as compared to unphosphorylated and mutated
one. We also inferred that Glu(189) Thr mutationin
phosphorylated LMTK3 does not mimic the effect of
phosphorylation. The conformational change in the
phosphorylated activation segment of LMTK3 was
found to have significant impact on the ATP binding
site. As a result the binding mode of ATP found to be
different in phosphorylated LMTK3 as compared to
unphosphorylated LMTK3. The conformational change
in ATP binding site may facilitate the catalysis of
phosphoryl transfer reaction in LMTK3 to its substrates
and may leads to the breast cancer tumourogenesis. In
this work, we have restricted our efforts in predicting
relatively modest, localized conformational changes in
phosphorylated LMTK3, we have determined the
LMTK3 undergoes significant conformational change
mainly those portions closest to the phosphorylated
threonine-189. This modelling technology may thus be
used to create hypotheses about mechanisms of
regulation by phosphorylation in LMTK3 that can be
further studied experimentally.

REFERENCES
Adams, J.A. (2003). Activation Loop Phosphorylation and
Catalysis in Protein Kinases: Is There Functional
Evidence for the Autoinhibitor Model?
Biochemistry. 42(3): 601-607.
Ban, D., Funk, M., Gulich, R., Egger, D., Sabo, T.M., Walter,
K.F.A., Fenwick, R. B.,
Beltrao, P., Albanese, V., Kenner, L.R., Swaney, D.L.,
Burlingame, A., Villen, J., Lim, W.A., Fraser,
J.S., Frydman, J., Krogan, NJ (2012). Systematic
functional
prioritization
of
protein
posttranslational modifications. Cell. 150(2):
413–425.
Berendsen, H.J.C., Postma, J.R.M., Gunsteren, W.E., DiNola,
A., Haak, J.R. (1984). Molecular dynamics with
coupling to an external bath, Journal of Chemical
Physics. 81(8): 3684-3690.
Blom, N., Sicheritz-Ponten, T., Gupta, R., Gammeltoft, S.,
Brunak, S. (2004). Prediction of posttranslational glycosylation and phosphorylation
of protein from the amino acid sequence.
Proteomics .4(6): 1633-1649.
Canagarajah, B.J., Khokhlatchev, A., Cobb, M.H., Goldsmith,
E.J. (1997). Activation Mechanism of the MAP
Kinase ERK2 by Dual Phosphorylation. Cell.
90(5): 859–869.
Case, D.A., Darden, T.A., Cheatham, T.E., Simmerling, C.L.,
Wang, J., Duke, R.E, Luo, R., Walker, R.C.,
Zhang, W., Merz, K.M., Roberts, B., Hayik, S.,
Roitberg, A., Seabra, G., Swails, J., Gotz, A.W.,
Kolossváry, I., Wong, K.F., Paesani, F., Vanicek,
J., Wolf, R.M., Liu, J., Wu, X., Brozell, S.R.,
Steinbrecher, T., Gohlke, H., Cai, Q., Ye, X.,
Wang, J., Hsieh, M.J., Cui, G., Roe, D.R.,
Mathews, D.H., Seetin, M.G., Salomon-Ferrer,
R., Sagui, C., Babin, V., Luchko, T., Gusarov, S.,
Kovalenko, A., & P.A. Kollman (2012), AMBER
12, University of California, San Francisco.

Sarma and Mattaparthi
Charbon, G., Breunig, K.D., Wattiez, R., Vandenhaute, J.,
Georis, N. (2004). Key role of Ser562/661 in
Snf1-dependent regulation of Cat8p in
Saccharomyces cerevisiae and Kluyveromyces
lactis. Molecular and Cell Biology. 24(10):
4083–4091.
Cheng, Y., Zhang, Y. & Mccammon, J.A. (2006). How does
activation loop phosphorylation modulate
catalytic activity in the cAMP-dependent protein
kinase:
A
theoretical
study.
Protein
Science.15(4): 672–683.
Daniel, R.R. and Cheatham, T.E. (2013). PTRAJ and
CPPTRAJ: Software for Processing and Analysis
of Molecular Dynamics Trajectory Data.Journal
of Chemical Theory Computation.9(7): 30843095.
Giamas, G., Filipovic, A., Jacob, J., Messier, W., Zhang,
H., Yang, D., Zhang. W., Shifa, B.A., Photiou,
A., Tralau-Stewart, C., Castellano, L., Green,
A.R., Coombes, R.C., Ellis, I.O., Ali, S., Lenz,
H.J. & Stebbing, J. (2011). Kinome screening
for regulators of the estrogen receptor identifies
LMTK3 as a new therapeutic target in breast
cancer. Nature Medicine. 17(6): 715-719.
Giller, K., Pichierri, F., de Groot, B L., Lange, O. F.,
Grubmüller, H., Salvatella, X., Wolf, M., Loidl,
A., Kree R., Becker, S., Lakomek, N.A. &
Lunkenheime, D.L.P. (2011). Kinetics of
conformational
sampling
in
ubiquitin.
Angewandte Chemie International Edition.
50(48): 11437–11440.
Hanks, S.K. & Quinn, A.M. (1991). Protein kinase catalytic
domain sequence database: Identification of
conserved features of primary structure and
classification of family members. Methods in
Enzymology. 200: 38–62.
Hanks, S.K., & Hunter, T. (1995). Protein kinases 6. The
eukaryotic protein kinase superfamily: kinase
(catalytic) domain structure and classification.
FASEB Journal.9(8): 576–96.
Hornak, V., Abel, R., Okur, A., Strockbine, B., Roitberg, A.
& Simmerling. C. (2006). Comparison of
multiple Amber force fields and development of
improved protein backbone parameters. Proteins:
Structure Function and Bioinformatics. 65(3):
712-725.
Huang, W. & Erikson, R.L. (1994).Constitutive activation of
Mek1 by mutation of serine phosphorylation
sites. Proceedings of the National Academy of
Sciences U S A. 91(19): 8960–8963.
Humphrey, W., Dalke, A., Schulten, K. (1996). VMD: visual
molecular dynamics. J Mol Graph. 14(1): 33-38.
Huse,
M.,
Kuriyan,
J.
(2002).
Theconformationalplasticityofproteinkinases.Cell
.2002 109(3): 275–282.
Johnson, L.N., Noble, M.E. & Owen, D.J. (1996). Active and
inactive protein kinases: structural basisfor
regulation. Cell. 85(2): 149–158.
Joseph, W.K., Levi, T.P., Ross, C.W., McCammont, J.A
(2013). Improving the Efficiency of Free Energy
Calculations in the Amber Molecular Dynamics

205

Package. Journal of Chemical Theory and
Computation. 9(9): 4131-4139.
Kassenbrock, C.K. & Anderson, S.M. (2004).Regulation of
ubiquitin protein ligase activity in c-Cbl by
phosphorylation-induced conformational change
and constitutive activation by tyrosine to
glutamate point mutations. Journal of Biological
Chemistry. 279(27): 28017–28027.
Keaton, M.A. (2007). Review of "The Cell Cycle: Principles
of Control" by David O. Morgan.Cell Division.
2(1): 1.
Klose, K.E., Weiss, D.S. & Kustu, S. (1993). Glutamate at the
site of phosphorylation of nitrogen-regulatory
protein NTRC mimics aspartyl-phosphateand
activates the protein. Journal of Molecular
Biology. 232(1): 67–78.
Kornev, A.P. & Taylor, S.S. (2015). Dynamics-driven
allostery in protein kinases. Trends Biochem Sci.
40(11): 628–647.
Kornev, A.P., Haste, N.M., Taylor, S.S. & Eyck, L.F.T.
(2006).Surface comparison of active and inactive
protein kinases identifies a conserved activation
mechanism. Proc Natl Acad Sci U.S.A. 103(47):
17783–17788.
Kornev, A.P., Taylor, S.S. (2010). Defining the conserved
internal architecture of a protein kinase. Biochim
Biophys Acta. 1804(3): 440–444.
Lucchiari, G., Zhang, H., Nunes, J., Xu, Y., Grothey, A.,
Stebbing, J., Giamas, G. (2016). Role of
phosphorylation in Lmtk3 activation and its
contribution in breast cancer progression. Cancer
Research.76(14): 85.
McCabe, T.J., Fulton, D., Roman, L.J. &Sessa, W.C. (2000).
Enhanced electron flux and reduced calmodulin
dissociation
may
explain
‘‘calciumindependent’’
eNOS
activation
by
phosphorylation.
Journal
of
Biological
Chemistry. 275(9): 6123–6128.
Meharena, H.S., Chang, P., Keshwani, M.M., Oruganty, K.,
Nene, A.K. & Kannan, N. (2013). Deciphering
the structural basis of eukaryotic protein kinase
regulation. PLoS Biology.11(10): e1001680.
Morries, G.M., Huey, R., Lindstrom, W., Sanner, M.F.,
Belew, R.K., Goodsell, D.S., Olson, A.J. (2009).
AutoDock4 and AutoDockTools4: Automated
docking with selective receptor flexibility.
Journal of Computational Chemistry. 30(16):
2785-2791.
Nolen, B., Taylor, S., Ghosh, G. (2004). Regulation of protein
kinases: control- ling activity through activation
segment conformation, Mol Cell. 15(5): 661–
675.
Olsen, J.V., Mann, M. (2013). Status of large-scale analysis of
post-translational modifications by mass
spectrometry. Mol Cell Proteomics. 12(12):
3444–3452.
Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S.,
Greenblatt, D.M., Meng, E.C., Ferrin, T.E.
(2004). UCSF Chimera--a visualization system
for exploratory research and analysis. Journal of
Computational Chemistry. 25(13): 1605-12.

Sarma and Mattaparthi
Roy, A., Kucukural, A., Zhang, Y. (2010). I-TASSER: a
unified platform for automated protein structure
and function prediction. Nature Protocols. 5(4):
725-738.
Ryckaert JP, Ciccotti G, Berendsen HJ. (1977) Numerical
integration of the cartesian equations of motion
of a system with constraints: molecular dynamics
of n-alkanes. J Computational Physics. 23(3):
327-341.
Scheeff, E.D. & Bourne, P.E. (2005). Structural evolution of
the protein kinase-like superfamily. PLoS
Computational Biology. 1(5): e49
Shi, H., Li, Q., Ji, M., Wu, J., Li, Z., Zheng, X., Xu, B.,
Chen, L., Li, X., Lu, C., Tan, Y., Wu, C., Jiang.
J. (2014). Lemur tyrosine kinase-3 is a
significant prognostic marker for patients with
colorectal cancer. International Journal of
Clinical and Experimental Pathology. 7(3):
1101–1107.
Stebbing, J., Filipovic, A., Ellis, IO., Green, A.R., D’Silva,
T.R., Lenz, H.J., Coombes, R.C., Wang, T., Lee,
S.C., Giamas, G. (2012). LMTK3 expression in
breast cancer: association with tumour phenotype
and
clinical
outcome.
Breast
Cancer
Research.132(2): 537-544.
Stebbing, J., Filipovic, A., Lit, L.C., Blighe, K., Grothey, A.,
Xu, Y., Miki, Y., Chow, L.W., Coombes, R.C.,
Sasano, H., Shaw, J.A., Giamas, G (2012).
LMTK3 is implicated in endocrine resistance via
multiple signaling pathway. Oncogene. 32(28):
3371-3380.

206

Steichen, J.M., Kuchinskas, M., Keshwani, M.M., Yang, J.,
Adams, J.A. & Taylor, S.S. (2012). Structural
Basis for the Regulation of Protein Kinase A by
Activation loop Phosphorylation. Journal of
Biological Chemistry. 287(18): 14672-14680.
Taylor, S.S., Keshwani, M.M., Steichen, J.M. & Kornev,
A.P. (2012).Evolution of the eukaryotic protein
kinases as dynamic molecular switches. Philos
Trans R SocLondBBiol Sci. 367(1602): 2517–
2528.
Waldrop, M.M. (2014). The bigguns. Nature, 505(7485):
604–606.
Xu Z, Qi X, Zhang X, Yu L. (2014). Preoperative serum
LMTK3 as a novel biomarker in non-small cell
lung cancer. Tumour Biology. 35(5): 5007-5011.
Xu, Y., Zhang, H., Ngyuyen, V.T.M., Angelopoulos, N.,
Nunes, J., Reid, A., Buluwela, L., Magnani, L.,
Stebbing, J.,
Giamas, G. (2015). LMTK3
Represses Tumor Suppressor- like genes through
chromatin remodelling in breast cancer. Cell
Report.12(5): 837-849.
Xu, Y., Zhang, H. & Giamas, G. (2014). Targeting lemurs
against cancer metastasis. Oncotarget. 5(14):
5192–5193.
Xu, Y., Zhang, H., Lit, L.C., Grothey, A., Athanasiadou, M.,
Kiritsi, M., Lombardo, Y., Frampton, A. E.,
Green, A. R., Ellis, I. O., Ali, S., Lenz, H.J.,
Thanou, M., Stebbing, J., Giamas, G. (2014). The
kinase LMTK3 Promotes invasion in breast
cancer through GBR2-Mediated induction of
integrin β1.ScienceSignaingl. 7(330): ra58.

