Argl85, Argl9l, and Glu343. In the SphK1 ATP-bound system cluster structures, ATP
interacted with the charged residues Arg56, Arg57, Asp81, Aspl178, Argl85, Argl91, and
Glu343 (Figure 3, Table S9). In the energy minimized SphK2 ATP-bound system, ATP
interacted with the charged residues Glu216, Arg315, Arg321, and Glu588. In the SphK2
ATP-bound system cluster structures, ATP interacted with the charged residues Argl57,
Asp211, Arg315, Arg321, and Glu588 (Figure 3, Table S9). In ATP only systems, this
shows the importance of having negatively-charges region, consisting of arginine rich
domain, for ATP binding in both SphK1 and SphK2 structures. With typical kinases

consisting of interactions with catalytic aspartates,’ /”

it is possible that the interactions
with glutamates could be replacing or supplementing aspartate interactions to support
catalytic activity. In the energy minimized SphK1 ATP+sphingosine bound system, ATP
interacted with the charged residues Arg24, Glu86, Argl85, Argl91, and Glu313. In the
SphK1 ATP+sphingosine bound system cluster structures, ATP interacted with the charged
residues Arg24, Arg57, Glu86, Argl85, Argl91, and Glu343 (Figure 3, Table S9). In the
energy minimized SphK2 ATP+sphingosine bound system starting structures, ATP
interacted with the charged residues Glu216, Arg315, Arg321, and Glu588. In the SphK2
ATP+sphingosine bound system cluster structures, ATP interacted with the charged
residues Argl57, Arg315, Arg321, and Glu588 (Figure 3, Table S9). Both SphK isoform
interactions with ATP are the overall same between the ATP bound system and the
ATP+sphingosine bound system, except for a loss of the interaction with the essential
catalytic aspartate, Asp81 in SphK1 and Asp211 in SphK2, in the ATP+sphingosine bound

systems. This suggests that Asp81 in SphK1 and Asp211 in SphK2 is important for

recruiting ATP into the active site but may play a different role in the phosphotransfer
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reaction. SphK1 Glu343 and SphK2 Glu588 show promising importance in ATP binding.
Investigating the binding cavity and comparing the apo, ATP bound, and ATP+sphingosine
bound systems, SphK1 Glu343 and SphK2 Glu588 move towards the y-phosphate of ATP,
most distinctly in SphK2 systems, signifying potential importance in y-phosphate cleavage
(Figure 3). From these interactions, its potential that rather than catalytic and ion-orienting
aspartates, SphK isoforms may utilize glutamate residues for catalytic activity as well and
a heavy presence of arginine residues for ATP binding.

Interestingly, Argl85 in SphK1 and Arg315 in SphK2 are located on the a7-a8
helix loop. Evaluating the movement of the Argl85 in SphK1 and Arg315 in SphK2 by
comparing the apo, ATP bound, and sphingosine bound systems, Argl85/Arg315 moves
considerably towards ATP in the ATP bound system and the ATP+sphingosine bound
system (Figure 3). It is possible that the ATP-Arg interactions anchors the a7-a8 helix
loop, reducing the overall fluctuation of that domain (Figure S4). This interaction also may
be influencing the total SASA in the structures (Table 2). The decrease of SASA in the
ATP+sphingosine bound systems in both isoforms supports the native substrate binding
influence the a7-a8 helix loop to be anchored in place by the ATP-Arg interactions,
reducing structural fluctuation. This information could provide useful insight into protein
breakdown through proteasomal degradation via ubiquitination of Lys183 in SphKlI,
displaying that low cellular levels of ATP could lead to more loop variability, prompting
pathways for degradation.

Key residues for sphingosine binding, identified in Worrell, et al. /°? for SphK1 are
Asp81, Serl68, lle174, Asp178, Phe288, Phe303, His311, and Tyr321 and for SphK2 are

Asp211, Ser298, Val304, Asp308, Cys533, Phe548, His556, and Tyr566./7? After energy
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minimization through MD setup, SphK1 ATP+sphingosine system had interactions with
the key residues Ser168, Ile174, Aspl78, and Phe303 (Figure 4, Table S10). SphK2
ATP+sphingosine system interacted with key residues Ser298, Val304, Asp308, and
His556. In the SphK1 ATP+sphingosine bound system dominant morphologies,
sphingosine interacted with the key residues Ile174, Asp178, Phe288, and Phe303 in two
or more reps. Additionally, sphingosine interacted with Phe192 and Met306 in SphK1. In
the SphK2 ATP+sphingosine bound system dominant morphologies, sphingosine
interacted with the key residues Phe303, Asp308, Cys533, and Phe548 (Figure 4, Table
S10). Sphingosine also interacted with Phe322 and Met551 in SphK2. Comparing the
SphK isoforms interactions with sphingosine, both interact with similar residues: one
negatively charged residue (Aspl178 in SphK1 and Asp308 in SphK2), three aromatic
residues (Phel192, Phe288, and Phe303 in SphK1 and Phe303, Phe322, and Phe548 in
SphK?2), and a methionine (Met306 in SphK1 and Met551 in SphK2). Outside of identified
key residues, new residues were identified through the protein-substrate interaction
analysis by identifying residues that had interactions in three or more replicates. In SphK1,
Phe192, Leu268, and Met306 have interactions with sphingosine. In SphK2, Phe322,
Leu513, and Met551 have interactions with sphingosine. These residues are shared in both
the SphK isoforms, indicating them as new potential key residues in sphingosine binding.
While these residues do not indicate exploitable features, the exceeding similarities
between SphK1, a crystallized protein structure, and SphK2, a computationally solved
structure, it provides insight that the SphK2 homology model it is to be expected similar to

the biological structure and a useful model in future drug discovery applications.
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Previous work has identified the Ile174 in SphK1 and Val304 in SphK2 as being
essential in dictation isoform specificity for drugs.””? While the majority of the interactions
are similar between the SphK isoforms, the importance of SphK1 Ile174 and SphK2
Val304 are evident in this work. In SphK1 ATP+sphingosine systems, Ile174 interacts with
sphingosine in two of the four replicates (Figure 4). In SphK2 ATP+sphingosine systems,
Val304 did not interact with any of the replicates. This displays a larger importance in
Ile174 in the SphK1 hydrophobic channel than Val304 in SphK2. Further evaluation of the
influence on Ile174 on SphK1 and Val304 on SphK2 sphingosine binding should be
explored.

3.5 Conclusion

MD simulations were used to provide insight into binding pocket flexibility and
establishing how residue interactions change in different biological systems. Taken
together, this work seeks to develop a better understanding of the binding mechanics for
biological substrates of SphKs, ATP and sphingosine, to help aid in development of more
efficacious isoform-specific inhibitors and their rationale for design. Here, we show that
SphK isoforms do not have the typical kinase ATP binding motifs, but instead contain an
arginine-rich, ATP binding region with three potential leads for catalytic activity in the
active site, such as Asp81, Aspl178, and Glu343 in SphK1 and Asp211, Asp308, and
Glu588 in SphK2. From our MD simulations, we discovered the a7-a8 helix loop
fluctuation is influenced by the ATP presence, between the apo (no sphingosine or ATP
bound), ATP-bound, and ATP-sphingosine complex systems supporting that ATP binding
changes the positioning of Argl85 in SphK1 and Arg315 in SphK2, anchoring the a7-a.8

helix loop to stabilize substrate binding. In sphingosine binding, the most important
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components for binding include Asp178, Phe192, Phe288, Phe303, and Met306 in SphK1
and Asp308, Phe303, Phe322, Phe548, and Met551 in SphK2. Binding similarities in the
SphK1 crystal structure and the SphK2 homology model supports the SphK2 structure as
a valid predictor of future drug discovery practices. Additionally, further emphasis on key
residues identified for exploitation between SphK isoforms are Ile174 in SphK1 and
Val304 in SphK2. Future experiments should explore the influences Ile174 and Val304
have on known inhibitors. This work provides the biological foundation for understanding
ATP and sphingosine binding characteristics and their influence on the structure of SphK1
and SphK?2, which in turn can be used for future drug discovery research.
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3.7 Main Figures and Tables

N terminal
N terminal

C terminal

C terminal

Elongated loop region
%/ J ATP Binding Domain
Sphingosine Binding Domain
Figure 1. Structural features of SphK isoforms in the energy minimized starting structures.
A. SphK1 and B. SphK2. Both structures represented in cartoon with ATP shown in stick.
Blue star represents the ATP binding domain and the yellow start represents the

sphingosine binding domain.
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ATP

Sphingosine

Figure 2. SphK 1 and SphK2 dominant morphologies over the last 250 ns of each simulation
as based on backbone RMSD clustering. RMSD between replicates of each system was
performed and the replicate with the lowest RMSD was chosen as the representative
morphology of the simulation system. For the replicate chosen as representative of the
system, the center structure of the largest cluster, representing the largest number of frames
sampled, is shown. Percent size of the cluster is shown in the bottom right of each replicate.
Sphk1 and SphK2 are shown as cartoon, color maroon and teal respectively, with ATP and
sphingosine shown as sticks and colored by element. Mg2+ is shown as a green sphere.

118



Table 1. Average Percent Secondary Structure throughout SphK system simulations.

Structure a Helix B Sheet Coll
SphK1 apo 28+ 1 29+1 43 +1
SphK1 ATP 29+ 1 29+0 42 +1
SphK1 ATP + sphingosine 29+ 1 29+ 1 42 + 1
SphK2 apo 24+ 1 20+ 2 56+3
SphK2 ATP 25+1 21+1 54+ 1
SphK2 ATP + sphingosine 25+ 1 21+ 1 55+1

Percent secondary structure for SphK systems averaged over the final 250 ns of four replicates for a
cumulative sampling time of 1000 ns with corresponding standard deviations.

Table 2. Solvent Accessible Surface Area (SASA) of SphK structures from system
simulations.

Hydrophobic Hydrophilic Total SASA
System " ) (nm’)
SphK1 apo 872 85+2 172 +£3
SphK1 ATP 83+2 83+2 165+3
SphK1 ATP + Sphingosine 88 +2 85+2 173+3
SphK2 apo 131 +4 108 £3 238+ 6
SphK2 ATP 131+£3 105+3 236 +5
SphK2 ATP + Sphingosine 134+ 4 106 + 2 240 £ 5

Average over final 250 ns of four replicate trajectories for a cumulative sampling time of 1000 ns, with
corresponding standard deviations.

Table 3. Total number of hydrogen bonds between SphK isoforms and ligands from the
SphK system MD simulations

Ligand System Number of Hydrogen Bonds
SphK1 ATP 6+1
ATP SphK1 ATP + Sphingosine 6+1
SphK2 ATP 6+1
SphK2 ATP + Sphingosine 8+2
. . SphK1 ATP + Sphingosine 1+0
Sphingosine sﬁth ATP + Sihiniosine 10

119



*_‘ 2| Glusss ” | s
9y A\
/ e \—

p \
[ y l
L\ ‘;.A Asp211
\ { o

_J

o\

o -
S Glu343

‘ /1\ /> i \]lA 321 '
i Arg191 R " \ = Lord W
v/ 1 N~ Y
7N I\ \4;. ‘ ( Q//’: )

‘ v I = Y& Argsé > 1A
. '_/:

> g
N
Figure 3. ATP binding domain overlaid structures of most representative structures of
SphK isoform apo, ATP bound, and ATP+sphingosine bound systems showing residue
positionings. A. SphK1 with interacting residues shown in stick. Apo colored in darkest
red, ATP bound system colored in medium red, and the ATP+sphingosine system colored
in the lightest shade of red. ATP colored purple and by atom type with magnesium
displayed as sphere colored in green scaled down to 0.6 nm. Sphingosine shown in stick
colored in green. B. SphK2 with key residues shown in stick. Apo colored in darkest teal,
ATP bound system colored in medium teal, and the ATP+sphingosine system colored in
the lightest shade of teal. ATP colored purple and by atom type. Sphingosine shown in
stick colored in yellow with magnesium displayed as sphere colored in green scaled down
to 0.6 nm. C. SphK1 systems colored and presented as in A, without ATP. D. SphK2
systems colored and presented as in B, without ATP.
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Figure 4. Overlays of sphingosine binding of dominant morphologles of Sth 1sof0rm apo,

ATP bound, and ATP+sphingosine bound systems showing key residue positionings. A.

SphK1 with key residues shown in stick. Apo colored in darkest red, ATP bound system
colored in medium red, and the ATP+sphingosine system colored in the lightest shade of
red. Sphingosine shown in stick colored in green. ATP colored by atom type with
magnesium displayed as sphere colored in green scaled down to 0.6 nm. B. SphK2 with
key residues shown in stick. Apo colored in darkest teal, ATP bound system colored in
medium teal, and the ATP-+sphingosine system colored in the lightest shade of teal.
Sphingosine shown in stick colored in yellow. ATP colored by atom type. C. SphK1
systems colored and presented as in A, without sphingosine. D. SphK2 systems colored
and presented as in B, without sphingosine.
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3.8 Supplemental Information
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Figure S1. Root mean-square deviation (RMSD) of protein backbone atoms for each
system and SphK isoform. RMSD is shown for each replicate over the 1 us simulation.
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ATP APO

Sphingosine

Figure S2. SphK1 dominant morphologies over the last 250 ns of each simulation as based
on backbone RMSD clustering. The center structure of the largest cluster, representing the
largest number of frames sampled, is shown for each replicate and each isoform of SphK1.
Percent size of the cluster is shown in the bottom right of each replicate. SphK1, is shown
as cartoon and is colored by replicate number (1-4). ATP and sphingosine are shown as
sticks and colored by element. Mg2+ is shown as a green sphere.
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Figure S3. SphK2 dominant morphologies over the last 250 ns of each simulation as based
on backbone RMSD clustering. The center structure of the largest cluster, representing the
largest number of frames sampled, is shown for each replicate and each isoform of SphK2.
Percent size of the cluster is shown in the bottom right of each replicate. SphK2, is shown
as cartoon and is colored by replicate number (1-4). ATP and sphingosine are shown as
sticks and colored by element. Mg2+ is shown as a green sphere.
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Table S1. Percent size of dominant morphologies for the largest cluster of SphK as based
on backbone RMSD clustering with a cut-off of 0.2 nm.

Percent Dominant Morpholo
System P gy

Repl Rep2 Rep3 Rep4
SphK1 Apo 89.0 100 91.0 95.5
SphK1 ATP 99.9 100 98.7 99.9
SphK1 ATP + Sphingosine 96.5 79.1 62.2 100
SphK2 Apo 28.3 3.7 25.0 13.6
SphK2 ATP 35.8 5.5 15.3 35.8
SphK2 ATP + Sphingosine 41.8 8.9 19.6 11.3

Table S2. RMSD of dominant morphologies per replicate of each system as compared
across replicates. The replicate with the lowest RMSD compared to the replicates in that
system was chosen as the representative structure for that system.

Average Dominant Morphology RMSD

System

Repl Rep2 Rep3 Rep4
SphK1 Apo 2.14+0.30 2.29+0.29 2.19+0.19 2.52+0.12
SphK1 ATP 1.38+0.14 1.34+0.12 1.51+0.13 1.54 £0.10
SphK1 ATP + Sphingosine ~ 1.61 £ 0.03 1.68 +0.07 1.71 £ 0.09 1.69 £ 0.05
SphK2 Apo 3.02+0.52 3.52+0.23 3.73 £ 0.34 3.22+£0.74
SphK2 ATP 348+ 1.15 3.17£0.66 3.18+1.13 4.62 +0.44
SphK2 ATP + Sphingosine  2.75 £+ 0.08 244 +0.31 248 £0.18 2.40 +0.22

Table S3. RMSD of ATP per replicate of each system as compared across replicates. The
replicate with the lowest RMSD compared to the replicates in that system was chosen as
the representative structure for that system.

System Average Dominant Morphology RMSD

Repl Rep2 Rep3 Rep4
SphK1 ATP 4.46 + 0.82 5.76 £ 1.17 6.60 £ 0.86 5.84 +1.49
SphK1 ATP + Sphingosine ~ 3.75 + 1.43 391 +1.54 5.90 +1.53 5.98 + 1.47
SphK2 ATP 8.96 +2.46 12.50+2.23  13.62+1.81 10.51 £3.64

SphK2 ATP + Sphingosine  6.16 £ 0.52 4.90 + 1.40 524+ 1.65 3.18 £ 0.95

Table S4. RMSD of sphingosines per replicate of each system as compared across
replicates. The replicate with the lowest RMSD compared to the replicates in that system
was chosen as the representative structure for that system.

Average Dominant Morphology RMSD

t
System Repl Rep2 Rep3 Rep4
SphK1 ATP + Sphingosine ~ 7.85 £+ 0.55 5.68 +1.82 5.96 +1.63 5.30 +1.30
SphK2 ATP + Sphingosine  4.17 £ 0.38 3.11 £ 0.44 3.29£0.78 3.18 £ 0.95
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Table S5. Average secondary structure composition of SphKs (shown as %). ¢

Starting Structure Last 250 ns

Structure o Sheet o o Helix .

Heli Coil Sheet €Ol
SphK1 apo 301 311 38«1 28+1 29+1 43+1
SphK1 ATP 301 310 39+1 29+1 29+0 42+1
SphK1 ATP + sphingosine 301 310 38+1 29+1 2941 42+1
SphK2 apo 2841 24+1 49=+1 241 20+2 563
SphK2 ATP 28640 23+1 49+1 2541 21+1 54+1
SphK2 ATP + sphingosine  29+0 23+1 49+1 25+1 21+1 55+1

¢ Secondary structure percentages represent averages over the final 250 ns of simulation time for
four replicates of each system (cumulative sampling time of 1000 ns) with corresponding standard

deviations

Table S6. Average radius of gyration for pre and post simulation systems. “

System Rg(nsnt:;rt R(gn]i‘ll)ld
SphK1 apo 2.0 2.1+0.01
SphK1 ATP 2.0 2.1+0.01
SphK1 ATP + Sphingosine 2.0 2.1+£0.01
SphK2 apo 24 2.4+ 0.03
SphK2 ATP 24 2.4+0.02
SphK2 ATP + Sphingosine 2.4 2.4 +0.03

% Radius of gyration for SphK systems averaged over the final 250 ns of four replicates for a cumulative
sampling time of 1000 ns with corresponding standard deviations.

Table S7. Average moments of inertia and eccentricity for SphKs. ¢

System 10! aqu1 xnm?) (10* amllf xnm?)  (10* amllf x nm?) €
SphK1 apo 83+0.1 11.9+0.2 142+0.2 0.82+£0.1
SphK1 ATP 8.1+£0.1 11.6 £0.2 14.0+0.2 0.82+£0.1
SphK1 ATP + Sphingosine 8.2+0.1 12.0+0.2 142+0.2 0.81£0.2
SphK2 apo 14.4+0.5 19.5+0.6 22.3+0.7 0.74 £ 0.2
SphK2 ATP 13.9+0.4 20.2 +0.5 24.1+0.7 0.82+£0.1
SphK2 ATP + Sphingosine 14.7+0.4 20.8+0.7 23.8+0.8 0.78 0.1

“ Moment of Inertia for SphK systems averaged over the final 250 ns of four replicates for a cumulative
sampling time of 1000 ns with corresponding standard deviations.
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Figure S6. Solvent Accessibility Surface Area (SASA) of SphK systems averaged across
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Table S8. SphK isoform Binding cavity analysis influenced by biological substrate

binding.”
System Pocke(tA\sf)olume
SphK1 apo 1137 £ 166
SphK1 ATP 1039 + 128
SphK1 ATP + Sphingosine 1079 + 146
SphK2 apo 896 + 184
SphK2 ATP 1042 + 398
SphK2 ATP + Sphingosine 1189 + 261

*Pocket volume was calculated using Metapocket 2.0 webserver and analyzed for volume in UCSF Chimera.
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Table S9. Analysis of Protein-ATP interactions in cluster structures of SphK systems

System | Replicate Electrostatic Polar Neutral Hydrophobic Backbone
R56, R57, D178,
! R185, R191, E343 SI81 G342
= R57, D81, ES6, E55, G80,
3 2 D178, R185, L83 G82, G113,
- R191, E343, G342
> R56, R57, E182,
v 3 R185, R191, S112 L344
= E343,
Z R24, R57, D81,
4 R185, R186, N22, §79, S112 G25, G26, E55
R191, E343
R157, D211,
. 1 R315. R321. E388 N188, H215 G212
j=
2 R157, E312
el ) ]
-~ 2 R315, ESS8 Q589 1309, V582
< 3 R157, E312, R315 | S242,N244, Q589 | L159, C240 G156, G241,
< R321, E588 G243, G587
= R157, D211,
4 E216, R315, Q187, N188, H215 G212, G587
R321, E588
5 R24, R57, ES6,
§ 1 RI185. R191, E343 N22, T54 L83 E55, G82
el
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Table S10. Analysis

systems

of Protein-sphingosine interactions in cluster structures of SphK

System

Replicate

Electrostatic

Polar Neutral

Hydrophobic

Backbone

SphK1
ATP+sphingosine bound

1

E307

T193, E307

F173, V177, F192,
L259, L.268, M272
F303, M306

G269, L302

D178

1174, F192, L261,
L268, F288, L302

H311, G342

D178

F173, V177, L259,
L261, 1263, L268,
A274, F288, L302,
F303, M306, L319

1174

D178

H311

1174, F192, L268,
F288, M306

D341 G342

SphK2
ATP+sphingosine bound

D308 R321

F322,1L513, A519,
C533, L547, M551,
F557,L564

D308

F303, F322, L504,
L513, C533, F548,
M551

A519, G587

D308 R315

T326

F303, V307, F322,

L513,L517, V535,

L544, F548, M551,
L564

L547, G587

D308

H556, T584

V307, F322, L513,
L517,L547, M551

L544, F548,
G587
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CHAPTER 4: DISCUSSION

This work provides useful insight into computational advances useful in orthologue
and isoform specific inhibitor design. In the Extracellular Signal Regulated Kinase 8
(ERKS), we were able to identify new residues in TbERKS, TbLys75 and TbPhel54, that
can be utilized for orthologue selective inhibitor design. Additionally, TODERKS shows
promising inhibition with small, flexible molecules containing an aromatic central feature,
and positively charged flanking side chains. This work utilizing molecular docking
protocols allows new insight into orthologue specific features and created a starting
scaffold for next-gen HAT therapeutic inhibitor design.

In the SphK isoform exploration, we used molecular dynamics simulations to
explore the protein structure-function relationship influence by the biological substrates,
ATP and sphingosine. Here, we were able to determine that SphK1 and SphK2 contain an
a7-a8 helix loop that fluctuates in apo systems and is anchored in the presence of ATP,
showing potential insight in this domain being essential for sphingosine binding. We
identified an arginine-rich region within the ATP binding site, important in triphosphate
binding. Additionally, we identified glutamate residues that could be an alternative for the
catalytic aspartate, essential in facilitating phosphotransfer reactions. In sphingosine
binding, many similarities occurred with the SphK isoforms, showing the importance of
the polar head and the hydrophobic channel of the sphingosine binding cavity, and that
isoform differences may be influenced by the residues Ile174 in SphK1 and Val304 in
SphK2, residues in spatially the same position. Importantly, this work supports the

usefulness the the SphK2 homology model, showing promising similarities to SphK1
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binding, indicating it as a useful tool when utilizing computational techniques in SphK
isoform drug discovery practices.

Collectively, both ERKS orthologue and SphK isoform investigation using
computational strategies provided new insight into protein structure-function relationships.
Exploring the physicochemical characteristics of protein structures can help identify
features specific to isoform or orthologue structures, providing a deeper understanding on
how structural mutations or variations effect the protein interface, influencing small
molecule binding. Molecular docking protocols provided useful information into protein
specific features, identifying novel chemical orthologue-specific features caused by residue
deletions and a shift in residues, which can be exploited in drug discovery of Human
African Trypanosomiasis. Molecular Dynamics (MD) simulations provided an atomistic
approach for investigating isoform-specific structural features. MD analysis identified
structural morphology differences between the two SphK isoforms, providing further
insight into the biological roles each structure performs. Together, this work demonstrates
a streamlined approach for computation advancements useful in drug discovery aspects,

providing strategies to accelerate therapeutic discovery.

135



REFERENCES

[1] Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S. (2002) The
protein kinase complement of the human genome, Science 298, 1912-1934.

[2] Krebs, E. G., and Beavo, J. A. (1979) Phosphorylation-dephosphorylation of
enzymes, Annu. Rev. Biochem. 48, 923-959.

[3] Jiang, Z. G., and McKnight, C. J. (2006) A phosphorylation-induced conformation
change in dematin headpiece, Structure 14, 379-387.

[4] Volkman, B. F., Lipson, D., Wemmer, D. E., and Kern, D. (2001) Two-state allosteric
behavior in a single-domain signaling protein, Science 291, 2429-2433.

[5] Lubman, O. Y., and Waksman, G. (2002) Dissection of the energetic coupling across
the Src SH2 domain-tyrosyl phosphopeptide interface, J. Mol. Biol. 316, 291-304.

[6] Duronio, R. J., and Xiong, Y. (2013) Signaling pathways that control cell
proliferation, Cold Spring Harb. Perspect. Biol. 5, a008904.

[7] Owa, T., Yoshino, H., Yoshimatsu, K., and Nagasu, T. (2001) Cell cycle regulation in
the G1 phase: a promising target for the development of new chemotherapeutic
anticancer agents, Curr. Med. Chem. 8, 1487-1503.

[8] Lawen, A. (2003) Apoptosis—an introduction, Bioessays 25, 888-896.

[9] Hanahan, D., and Weinberg, R. A. (2000) The hallmarks of cancer, Cell 100, 57-70.

[10] Cohen, P. (1999) The development and therapeutic potential of protein kinase
inhibitors, Curr. Opin. Chem. Biol. 3, 459-465.

[11] Endicott, J. A., Noble, M. E., and Johnson, L. N. (2012) The structural basis for
control of eukaryotic protein kinases, Annu. Rev. Biochem. 81, 587-613.

[12] Hanks, S. K., and Hunter, T. (1995) Protein kinases 6. The eukaryotic protein kinase
superfamily: kinase (catalytic) domain structure and classification, FASEB J. 9,
576-596.

[13] Lindberg, R. A., Quinn, A. M., and Hunter, T. (1992) Dual-specificity protein
kinases: will any hydroxyl do?, Trends Biochem. Sci. 17, 114-119.

[14] Taylor, S. S., Keshwani, M. M., Steichen, J. M., and Kornev, A. P. (2012) Evolution
of the eukaryotic protein kinases as dynamic molecular switches, Philos. Trans.
R. Soc. Lond., B, Biol. Sci. 367,2517-2528.

[15] Huse, M., and Kuriyan, J. (2002) The conformational plasticity of protein kinases,
Cell 109, 275-282.

[16] Hanks, S. K., Quinn, A. M., and Hunter, T. (1988) The protein kinase family:
conserved features and deduced phylogeny of the catalytic domains, Science 241,
42-52.

[17] Hammarén, H. M., Virtanen, A. T., and Silvennoinen, O. (2016) Nucleotide-binding
mechanisms in pseudokinases, Biosci. Rep. 36.

[18] Hemmer, W., McGlone, M., Tsigelny, 1., and Taylor, S. S. (1997) Role of the
glycine triad in the ATP-binding site of cAMP-dependent protein kinase, J. Biol.
Chem. 272, 16946-16954.

[19] Kornev, A. P., Haste, N. M., Taylor, S. S., and Ten Eyck, L. F. (2006) Surface
comparison of active and inactive protein kinases identifies a conserved activation
mechanism, PNAS 103, 17783-17788.

[20] Cohen, P. (2002) Protein kinases—the major drug targets of the twenty-first
century?, Nat. Rev. Drug Discov. 1, 309.

136



[21] Harsha, H., and Pandey, A. (2010) Phosphoproteomics in cancer, Mol. Oncol. 4,
482-495.

[22] Siegel, R. L., Miller, K. D., and Jemal, A. (2020) Cancer statistics, 2020, CA-
CANCER J CLIN 70, 7-30.

[23] van Oosterom, A. T., Judson, 1., Verweij, J., Stroobants, S., di Paola, E. D.,
Dimitrijevic, S., Martens, M., Webb, A., Sciot, R., and Van Glabbeke, M. (2001)
Safety and efficacy of imatinib (STI5S71) in metastatic gastrointestinal stromal
tumours: a phase I study, The Lancet 358, 1421-1423.

[24] Fabian, M. A., Biggs, W. H., Treiber, D. K., Atteridge, C. E., Azimioara, M. D.,
Benedetti, M. G., Carter, T. A., Ciceri, P., Edeen, P. T., and Floyd, M. (2005) A
small molecule—kinase interaction map for clinical kinase inhibitors, Nat.
Biotechnol. 23, 329-336.

[25] Roskoski, R. (2019) Properties of FDA-approved small molecule protein kinase
inhibitors, Pharmacol. Res.

[26] Peng, B., Lloyd, P., and Schran, H. (2005) Clinical pharmacokinetics of imatinib,
Clin. Pharmacokinet.44, 879-894.

[27] Deininger, M. W. (2008) Nilotinib, Clin. Cancer. Res. 14, 4027-4031.

[28] Kantarjian, H., Jabbour, E., Grimley, J., and Kirkpatrick, P. (2006) Dasatinib, Nature
Publishing Group.

[29] Maemondo, M., Inoue, A., Kobayashi, K., Sugawara, S., Oizumi, S., Isobe, H.,
Gemma, A., Harada, M., Yoshizawa, H., and Kinoshita, I. (2010) Gefitinib or
chemotherapy for non—small-cell lung cancer with mutated EGFR, New Engl. J.
Med. 362, 2380-2388.

[30] Solomon, B. J., Mok, T., Kim, D.-W., Wu, Y.-L., Nakagawa, K., Mekhail, T., Felip,
E., Cappuzzo, F., Paolini, J., and Usari, T. (2014) First-line crizotinib versus
chemotherapy in ALK-positive lung cancer, N Engl j Med 371,2167-2177.

[31] Shepherd, F. A., Rodrigues Pereira, J., Ciuleanu, T., Tan, E. H., Hirsh, V.,
Thongprasert, S., Campos, D., Maoleekoonpiroj, S., Smylie, M., and Martins, R.
(2005) Erlotinib in previously treated non—small-cell lung cancer, New Engl. J.
Med. 353, 123-132.

[32] Llovet, J. M., Ricci, S., Mazzaferro, V., Hilgard, P., Gane, E., Blanc, J.-F., De
Oliveira, A. C., Santoro, A., Raoul, J.-L., and Forner, A. (2008) Sorafenib in
advanced hepatocellular carcinoma, New Engl. J. Med. 359, 378-390.

[33] Sternberg, C. N., Davis, I. D., Mardiak, J., Szczylik, C., Wagstaff, J., Salman, P.,
Kavina, A., Chen, M., Pandite, L., and Hawkins, R. E. (2010) Pazopanib in
locally advanced or metastatic renal cell carcinoma: results of a randomized phase
III trial, J. Clin. Oncol.

[34] Motzer, R. J., Hutson, T. E., Tomczak, P., Michaelson, M. D., Bukowski, R. M.,
Rixe, O., Oudard, S., Negrier, S., Szczylik, C., and Kim, S. T. (2007) Sunitinib
versus interferon alfa in metastatic renal-cell carcinoma, New Engl. J. Med. 356,
115-124.

[35] Geyer, C. E., Forster, J., Lindquist, D., Chan, S., Romieu, C. G., Pienkowski, T.,
Jagiello-Gruszfeld, A., Crown, J., Chan, A., and Kaufman, B. (2006) Lapatinib
plus capecitabine for HER2-positive advanced breast cancer, New Engl. J. Med.
355, 2733-2743.

137



[36] Carles, F., Bourg, S., Meyer, C., and Bonnet, P. (2018) PKIDB: A curated, annotated
and updated database of protein kinase inhibitors in clinical trials, Molecules 23,
908.

[37] Caporali, R., and Zavaglia, D. (2019) Real-world experience with tofacitinib for the
treatment of rheumatoid arthritis, Clin Exp Rheumatol 37, 485-495.

[38] Zamora, N. V., Tayar, J. H., Lopez-Olivo, M. A., Christensen, R., and Suarez-
Almazor, M. E. (2019) Baricitinib for rheumatoid arthritis, Cochrane Database
Syst. Rev..

[39] Serhal, L., and Edwards, C. J. (2019) Upadacitinib for the treatment of rheumatoid
arthritis, Expert Rev. Clin. Immunol. 15, 13-25.

[40] Sin, J. H., and Zangardi, M. L. (2019) Ruxolitinib for secondary hemophagocytic
lymphohistiocytosis: first case report, Hematol Oncol Stem Cell Ther. 12, 166-
170.

[41] Blair, H. A. (2019) Fedratinib: first approval, Drugs 79, 1719-1725.

[42] Flaherty, K. R., Wells, A. U., Cottin, V., Devaraj, A., Walsh, S. L., Inoue, Y.,
Richeldi, L., Kolb, M., Tetzlaff, K., and Stowasser, S. (2019) Nintedanib in
progressive fibrosing interstitial lung diseases, New Engl. J. Med. 381, 1718-
1727.

[43] Asrani, S., Robin, A. L., Serle, J. B., Lewis, R. A., Usner, D. W., Kopczynski, C. C.,
Heah, T., Ackerman, S. L., Alpern, L. M., and Bashford, K. (2019)
Netarsudil/Latanoprost Fixed-Dose Combination for Elevated Intraocular
Pressure: Three-Month Data from a Randomized Phase 3 Trial, Am. J.
Ophthalmol. 207, 248-257.

[44] Hanauer, S., Panaccione, R., Danese, S., Cheifetz, A., Reinisch, W., Higgins, P. D.,
Woodworth, D. A., Zhang, H., Friedman, G. S., and Lawendy, N. (2019)
Tofacitinib induction therapy reduces symptoms within 3 days for patients with
ulcerative colitis, Clin. Gastroenterol. Hepatol. 17, 139-147.

[45] O'Connell, E. M., Bennuru, S., Steel, C., Dolan, M. A., and Nutman, T. B. (2015)
Targeting Filarial Abl-like Kinases: Orally Available, Food and Drug
Administration—Approved Tyrosine Kinase Inhibitors Are Microfilaricidal and
Macrofilaricidal, J. Infect. 212, 684-693.

[46] Dissous, C., Ahier, A., and Khayath, N. (2007) Protein tyrosine kinases as new
potential targets against human schistosomiasis, Bioessays 29, 1281-1288.

[47] Knobloch, J., Beckmann, S., Burmeister, C., Quack, T., and Grevelding, C. G.
(2007) Tyrosine kinase and cooperative TGFf signaling in the reproductive
organs of Schistosoma mansoni, Exp. Parasitol. 117, 318-336.

[48] Li, X., Haeberlein, S., Zhao, L., Mughal, M. N., Zhu, T., Liu, L., Fang, R., Zhou, Y.,
Zhao, J., and Grevelding, C. G. (2019) The ABL kinase inhibitor imatinib causes
phenotypic changes and lethality in adult Schistosoma japonicum, Parasitol. Res.
118, 881-890.

[49] Zhang, J., Yang, P. L., and Gray, N. S. (2009) Targeting cancer with small molecule
kinase inhibitors, Nat. Rev. Cancer 9, 28-39.

[50] Ranjitkar, P., Perera, B. G. K., Swaney, D. L., Hari, S. B, Larson, E. T.,
Krishnamurty, R., Merritt, E. A., Villén, J., and Maly, D. J. (2012) Affinity-based
probes based on type II kinase inhibitors, J. Am. Chem. Soc. 134, 19017-19025.

138



[51] Roskoski Jr, R. (2016) Classification of small molecule protein kinase inhibitors
based upon the structures of their drug-enzyme complexes, Pharmacol. Res. 103,
26-48.

[52] Zuccotto, F., Ardini, E., Casale, E., and Angiolini, M. (2010) Through the
“gatekeeper door”: exploiting the active kinase conformation, J. Med. Chem. 53,
2681-2694.

[53] Lamba, V., and Ghosh, I. (2012) New directions in targeting protein kinases:
focusing upon true allosteric and bivalent inhibitors, Curr. Pharm. Des. 18, 2936-
2945.

[54] W, P., Nielsen, T. E., and Clausen, M. H. (2016) Small-molecule kinase inhibitors:
an analysis of FDA-approved drugs, Drug Discov. Today 21, 5-10.

[55] Karve, T. M., and Cheema, A. K. (2011) Small changes huge impact: the role of
protein posttranslational modifications in cellular homeostasis and disease, J.
Amino Acids 201 1.

[56] Ardito, F., Giuliani, M., Perrone, D., Troiano, G., and Lo Muzio, L. (2017) The
crucial role of protein phosphorylation in cell signaling and its use as targeted
therapy, Int. J. Mol. Med. 40, 271-280.

[57] Li, X., Wilmanns, M., Thornton, J., and K&hn, M. (2013) Elucidating human
phosphatase-substrate networks, Sci. Signal. 6, rs10-rs10.

[58] Beenstock, J., Mooshayef, N., and Engelberg, D. (2016) How do protein kinases
take a selfie (autophosphorylate)?, Trends Biochem. Sci. 41, 938-953.

[59] Lau, A. T., and Xu, Y. M. (2019) Regulation of human mitogen-activated protein
kinase 15 (extracellular signal-regulated kinase 7/8) and its functions: A recent
update, J. Cell. Physiol. 234, 75-88.

[60] Valenciano, A. L., Ramsey, A. C., Santos, W. L., and Mackey, Z. B. (2016)
Discovery and antiparasitic activity of AZ960 as a Trypanosoma brucei ERKS
inhibitor, Bioorg. Med. Chem. 24, 4647-4651.

[61] Abe, M. K., Saelzler, M. P., Espinosa, R., Kahle, K. T., Hershenson, M. B., Le Beau,
M. M., and Rosner, M. R. (2002) ERKS, a new member of the mitogen-activated
protein kinase family, J. Biol. Chem. 277, 16733-16743.

[62] Abe, M. K., Kahle, K. T., Saelzler, M. P., Orth, K., Dixon, J. E., and Rosner, M. R.
(2001) ERK7 is an autoactivated member of the MAPK family, J. Biol. Chem.
276, 21272-21279.

[63] Groehler, A. L., and Lannigan, D. A. (2010) A chromatin-bound kinase, ERKS,
protects genomic integrity by inhibiting HDM2-mediated degradation of the DNA
clamp PCNA, J. Cell Biol. 190, 575-586.

[64] Nicolae, C. M., and Moldovan, G.-L. (2016) ERKing Trypanosoma: PCNA
phosphorylation as novel target, Cell Cycle 15,3167.

[65] Jang, J.-C., Leon, P., Zhou, L., and Sheen, J. (1997) Hexokinase as a sugar sensor in
higher plants, Plant Cell 9, 5-19.

[66] Mansour, T. E. (1972) Phosphofructokinase, In Curr. Top. Cell. Regul., pp 1-46,
Elsevier.

[67] Prokazova, N., Samovilova, N., Golovanova, N., Gracheva, E., Korotaeva, A., and
Andreeva, E. (2007) Lipid second messengers and cell signaling in vascular wall,
Biochemistry (Moscow) 72, 797-808.

139



[68] Pitson, S. M. (2011) Regulation of sphingosine kinase and sphingolipid signaling,
Trends Biochem. Sci. 36, 97-107.

[69] Sibley, C. D., Morris, E. A., Kharel, Y., Brown, A. M., Huang, T., Bevan, D. R.,
Lynch, K. R., and Santos, W. L. (2020) Discovery of a Small Side Cavity in
Sphingosine Kinase 2 that Enhances Inhibitor Potency and Selectivity, J. Med.
Chem. 63, 1178-1198.

[70] Santos, W. L., and Lynch, K. R. (2015) Drugging sphingosine kinases, ACS Chem.
Biol. 10, 225-233.

[71] Pappu, R., Schwab, S. R., Cornelissen, 1., Pereira, J. P., Regard, J. B., Xu, Y.,
Camerer, E., Zheng, Y.-W., Huang, Y., and Cyster, J. G. (2007) Promotion of
lymphocyte egress into blood and lymph by distinct sources of sphingosine-1-
phosphate, Science 316, 295-298.

[72] Mendoza, A., Bréart, B., Ramos-Perez, W. D., Pitt, L. A., Gobert, M., Sunkara, M.,
Lafaille, J. J., Morris, A. J., and Schwab, S. R. (2012) The transporter Spns2 is
required for secretion of lymph but not plasma sphingosine-1-phosphate, Cell
Rep. 2, 1104-1110.

[73] Darrow, M. C., Zhang, Y., Cinquin, B. P., Smith, E. A., Boudreau, R., Rochat, R. H.,
Schmid, M. F., Xia, Y., Larabell, C. A., and Chiu, W. (2016) Visualizing red
blood cell sickling and the effects of inhibition of sphingosine kinase 1 using soft
X-ray tomography, J. Cell Sci. 129, 3511-3517.

[74] Hait, N. C., Allegood, J., Maceyka, M., Strub, G. M., Harikumar, K. B., Singh, S.
K., Luo, C., Marmorstein, R., Kordula, T., and Milstien, S. (2009) Regulation of
histone acetylation in the nucleus by sphingosine-1-phosphate, Science 325, 1254-
1257.

[75] Chun, J., and Hartung, H.-P. (2010) Mechanism of action of oral fingolimod
(FTY720) in multiple sclerosis, Clin. Neuropharmacol. 33, 91.

[76] Pyne, N. J., and Pyne, S. (2017) Sphingosine 1-phosphate receptor 1 signaling in
mammalian cells, Molecules 22, 344.

[77] Dichiara, M., Marrazzo, A., Prezzavento, O., Collina, S., Rescifina, A., and Amata,
E. (2017) Repurposing of Human Kinase Inhibitors in Neglected Protozoan
Diseases, ChemMedChem 12, 1235-1253.

[78] Brun, R., Blum, J., Chappuis, F., and Burri, C. (2010) Human african
trypanosomiasis, 7The Lancet 375, 148-159.

[79] Biischer, P., Cecchi, G., Jamonneau, V., and Priotto, G. (2017) Human African
trypanosomiasis, 7The Lancet 390, 2397-2409.

[80] Nok, A. J. (2003) Arsenicals (melarsoprol), pentamidine and suramin in the
treatment of human African trypanosomiasis, Parasitol. Res. 90, 71-79.

[81] Babokhov, P., Sanyaolu, A. O., Oyibo, W. A., Fagbenro-Beyioku, A. F., and
Iriemenam, N. C. (2013) A current analysis of chemotherapy strategies for the
treatment of human African trypanosomiasis, Pathog. Glob. Health 107, 242-252.

[82] Naula, C., Parsons, M., and Mottram, J. C. (2005) Protein kinases as drug targets in
trypanosomes and Leishmania, Biochim. Biophys. Acta 1754, 151-159.

[83] Klevernic, 1. V., Stafford, M. J., Morrice, N., Peggie, M., Morton, S., and Cohen, P.
(2006) Characterization of the reversible phosphorylation and activation of ERKS,
Biochem. J. 394, 365-373.

140



[84] Waskiewicz, A. J., and Cooper, J. A. (1995) Mitogen and stress response pathways:
MAP kinase cascades and phosphatase regulation in mammals and yeast, Curr.
Opin. Cell Biol. 7, 798-805.

[85] Saelzler, M. P., Spackman, C. C., Liu, Y., Martinez, L. C., Harris, J. P., and Abe, M.
K. (2006) ERKS8 down-regulates transactivation of the glucocorticoid receptor
through Hic-5, J. Biol. Chem. 281, 16821-16832.

[86] Strambi, A., Mori, M., Rossi, M., Colecchia, D., Manetti, F., Carlomagno, F., Botta,
M., and Chiariello, M. (2013) Structure prediction and validation of the ERKS8
kinase domain, PloS one 8, €52011.

[87] Coulombe, P., and Meloche, S. (2007) Atypical mitogen-activated protein kinases:
structure, regulation and functions, Biochim. Biophys. Acta 1773, 1376-1387.

[88] Huang, D., Zhou, T., Lafleur, K., Nevado, C., and Caflisch, A. (2009) Kinase
selectivity potential for inhibitors targeting the ATP binding site: a network
analysis, Bioinformatics 26, 198-204.

[89] Strebhardt, K., and Ullrich, A. (2008) Paul Ehrlich's magic bullet concept: 100 years
of progress, Nat. Rev. Cancer 8, 473-480.

[90] Laufer, S. A., Domeyer, D. M., Scior, T. R., Albrecht, W., and Hauser, D. R. (2005)
Synthesis and biological testing of purine derivatives as potential ATP-
competitive kinase inhibitors, J. Med. Chem. 48, 710-722.

[91] Xu, Y.-M., Zhu, F., Cho, Y.-Y., Carper, A., Peng, C., Zheng, D., Yao, K., Lau, A.
T., Zykova, T. A., and Kim, H.-G. (2010) Extracellular signal-regulated kinase 8—
mediated c-Jun phosphorylation increases tumorigenesis of human colon cancer,
Cancer Res. 70, 3218-3227.

[92] Mackey, Z. B., Koupparis, K., Nishino, M., and McKerrow, J. H. (2011) High-
throughput analysis of an RNAI library identifies novel kinase targets in
Trypanosoma brucei, Chem. Biol. Drug Des. 78, 454-463.

[93] Paculova, H., and Kohoutek, J. (2017) The emerging roles of CDK12 in
tumorigenesis, Cell Div. 12, 7.

[94] Merritt, C., and Stuart, K. (2013) Identification of essential and non-essential protein
kinases by a fusion PCR method for efficient production of transgenic
Trypanosoma brucei, Mol. Biochem. Parasitol. 190, 44-49.

[95] Wei, Y., and Li, Z. (2014) Distinct roles of a mitogen-activated protein kinase in
cytokinesis between different life cycle forms of Trypanosoma brucei, Eukaryot.
Cell 13, 110-118.

[96] Mervin, L. H., Bulusu, K. C., Kalash, L., Afzal, A. M., Svensson, F., Firth, M. A.,
Barrett, 1., Engkvist, O., and Bender, A. (2018) Orthologue chemical space and its
influence on target prediction, Bioinformatics 34, 72-79.

[97] Ekins, S., Mestres, J., and Testa, B. (2007) In silico pharmacology for drug
discovery: methods for virtual ligand screening and profiling, Br. J. Pharmacol.
152, 9-20.

[98] Ekins, S., Mestres, J., and Testa, B. (2007) In silico pharmacology for drug
discovery: applications to targets and beyond, Br. J. Pharmacol. 152, 21-37.

[99] Logan-Klumpler, F. J., De Silva, N., Boehme, U., Rogers, M. B., Velarde, G.,
McQuillan, J. A., Carver, T., Aslett, M., Olsen, C., and Subramanian, S. (2012)
GeneDB—an annotation database for pathogens, Nucleic Acids Res. 40, D98§-
D108.

141



[100] Benson, D. A., Cavanaugh, M., Clark, K., Karsch-Mizrachi, 1., Lipman, D. J.,
Ostell, J., and Sayers, E. W. (2012) GenBank, Nucleic Acids Res. 41, D36-D42.

[101] Inc., C. C. G. (2016) Molecular operating environment (MOE), Chemical
Computing Group Inc 1010 Sherbooke St. West, Suite# 910, Montreal ....

[102] Ponder, J. W., and Case, D. A. (2003) Force fields for protein simulations, In Adv
Protein Chem., pp 27-85, Elsevier.

[103] Li, M.-J., Wu, G.-Z., Kaas, Q., Jiang, T., and Yu, R.-L. (2017) Development of
efficient docking strategies and structure-activity relationship study of the c-Met
type Il inhibitors, J. Mol. Graphics Model. 75, 241-249.

[104] Bowie, J. U., Luthy, R., and Eisenberg, D. (1991) A method to identify protein
sequences that fold into a known three-dimensional structure, Science 253, 164-
170.

[105] Melo, F., and Feytmans, E. (1998) Assessing protein structures with a non-local
atomic interaction energy, J. Mol. Biol. 277, 1141-1152.

[106] Wiederstein, M., and Sippl, M. J. (2007) ProSA-web: interactive web service for
the recognition of errors in three-dimensional structures of proteins, Nucleic Acids
Res. 35, W407-W410.

[107] Biasini, M., Bienert, S., Waterhouse, A., Arnold, K., Studer, G., Schmidt, T.,
Kiefer, F., Cassarino, T. G., Bertoni, M., and Bordoli, L. (2014) SWISS-MODEL.:
modelling protein tertiary and quaternary structure using evolutionary
information, Nucleic Acids Res. 42, W252-W258.

[108] Kiefer, F., Arnold, K., Kiinzli, M., Bordoli, L., and Schwede, T. (2009) The
SWISS-MODEL Repository and associated resources, Nucleic Acids Res. 37,
D387-D392.

[109] Benkert, P., Kiinzli, M., and Schwede, T. (2009) QMEAN server for protein model
quality estimation, Nucleic Acids Res. 37, W510-W514.

[110] Benkert, P., Tosatto, S. C., and Schomburg, D. (2008) QMEAN: A comprehensive
scoring function for model quality assessment, Proteins. 71,261-277.

[111] Lovell, S. C., Davis, I. W., Arendall III, W. B., De Bakker, P. I., Word, J. M.,
Prisant, M. G., Richardson, J. S., and Richardson, D. C. (2003) Structure
validation by Ca geometry: ¢, y and CB deviation, Proteins. 50, 437-450.

[112] Bhattacharyya, R. P., Reményi, A., Good, M. C., Bashor, C. J., Falick, A. M., and
Lim, W. A. (2006) The Ste5 scaffold allosterically modulates signaling output of
the yeast mating pathway, Science 311, 822-826.

[113] Huang, B. (2009) MetaPocket: a meta approach to improve protein ligand binding
site prediction, OMICS 13, 325-330.

[114] Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M.,
Meng, E. C., and Ferrin, T. E. (2004) UCSF Chimera—a visualization system for
exploratory research and analysis, J. Comput. Chem. 25, 1605-1612.

[115] Release, S. (2017) 1: Maestro, Schrodinger, LLC, New York, NY 2017.

[116] Schrodinger, L. (2017) The PyMol molecular graphics system, version 2.0.
Schrédinger, LLC, New York, NY.

[117] Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. F., Belew, R. K., Goodsell, D.
S., and Olson, A. J. (2009) AutoDock4 and AutoDockTools4: Automated docking
with selective receptor flexibility, J. Comput. Chem. 30, 2785-2791.

142



[118] Trott, O., and Olson, A. J. (2010) AutoDock Vina: improving the speed and
accuracy of docking with a new scoring function, efficient optimization, and
multithreading, J. Comput. Chem. 31, 455-461.

[119] Kim, S., Thiessen, P. A., Bolton, E. E., Chen, J., Fu, G., Gindulyte, A., Han, L., He,
J., He, S., and Shoemaker, B. A. (2015) PubChem substance and compound
databases, Nucleic Acids Res.44, D1202-D1213.

[120] Reményi, A., Good, M. C., Bhattacharyya, R. P., and Lim, W. A. (2005) The role
of docking interactions in mediating signaling input, output, and discrimination in
the yeast MAPK network, Mol. Cell 20, 951-962.

[121] Schrodinger, L. (2011) Maestro, New York, NY.

[122] Pinzi, L., and Rastelli, G. (2019) Molecular Docking: Shifting Paradigms in Drug
Discovery, Int. J. Mol. Sci. 20, 4331.

[123] Schneider, N., Hindle, S., Lange, G., Klein, R., Albrecht, J., Briem, H., Beyer, K.,
ClauBBen, H., Gastreich, M., and Lemmen, C. (2012) Substantial improvements in
large-scale redocking and screening using the novel HYDE scoring function, J.
Comput.-Aided Mol. Des. 26, 701-723.

[124] Kazatskaya, A., Kuhns, S., Lambacher, N. J., Kennedy, J. E., Brear, A. G.,
McManus, G. J., Sengupta, P., and Blacque, O. E. (2017) Primary Cilium
Formation and Ciliary Protein Trafficking Is Regulated by the Atypical MAP
Kinase MAPK15 in Caenorhabditis elegans and Human Cells, Genetics, genetics.
300383.302017.

[125] Bermingham, D. P., Hardaway, J. A., Refai, O., Marks, C. R., Snider, S. L.,
Sturgeon, S. M., Spencer, W. C., Colbran, R. J., Miller, D. M., and Blakely, R. D.
(2017) The atypical MAP kinase SWIP-13/ERKS regulates dopamine transporters
through a Rho-dependent mechanism, J. Neurosci., 1582-1517.

[126] Klevernic, I. V., Martin, N. M., and Cohen, P. (2009) Regulation of the activity and
expression of ERK8 by DNA damage, FEBS Lett. 583, 680-684.

[127] Colecchia, D., Strambi, A., Sanzone, S., Iavarone, C., Rossi, M., Dall’Armi, C.,
Piccioni, F., Verrotti di Pianella, A., and Chiariello, M. (2012) MAPK15/ERKS8
stimulates autophagy by interacting with LC3 and GABARAP proteins,
Autophagy 8, 1724-1740.

[128] Chia, J., Tham, K. M., Gill, D. J., Bard-Chapeau, E. A., and Bard, F. A. (2014)
ERKS is a negative regulator of O-GalNAc glycosylation and cell migration, Elife
3,e01828.

[129] Rossi, M., Colecchia, D., Iavarone, C., Strambi, A., Piccioni, F., di Pianella, A. V.,
and Chiariello, M. (2011) Extracellular signal-regulated kinase 8 (ERKS) controls
estrogen-related receptor a (ERRa) cellular localization and inhibits its
transcriptional activity, J. Biol. Chem. 286, 8507-8522.

[130] Kanev, G. K., de Graaf, C., de Esch, 1. J., Leurs, R., Wiirdinger, T., Westerman, B.
A., and Kooistra, A. J. (2019) The landscape of atypical and eukaryotic protein
kinases, Trends Pharmacol. Sci.

[131] Pyne, S., and Pyne, N. J. (2011) Translational aspects of sphingosine 1-phosphate
biology, Trends Mol. Med. 17, 463-472.

[132] Ding, B.-S., Liu, C. H., Sun, Y., Chen, Y., Swendeman, S. L., Jung, B., Chavez, D.,
Cao, Z., Christoffersen, C., and Nielsen, L. B. (2016) HDL activation of

143



endothelial sphingosine-1-phosphate receptor-1 (S1P1) promotes regeneration and
suppresses fibrosis in the liver, JCI insight 1.

[133] Czubowicz, K., Jesko, H., Wencel, P., Lukiw, W. J., and Strosznajder, R. P. (2019)
The role of ceramide and sphingosine-1-phosphate in Alzheimer’s disease and
other neurodegenerative disorders, Mol. Neurobiol. 56, 5436-5455.

[134] Zhang, Y., Berka, V., Song, A., Sun, K., Wang, W., Zhang, W, Ning, C., Li, C.,
Zhang, Q., and Bogdanov, M. (2014) Elevated sphingosine-1-phosphate promotes
sickling and sickle cell disease progression, J. Clin. Invest. 124, 2750-2761.

[135] Brinkmann, V., Cyster, J. G., and Hla, T. (2004) FTY720: sphingosine 1-phosphate
receptor-1 in the control of lymphocyte egress and endothelial barrier function,
Am. J. Transplantation 4, 1019-1025.

[136] Billich, A., Bornancin, F., Dévay, P., Mechtcheriakova, D., Urtz, N., and
Baumruker, T. (2003) Phosphorylation of the immunomodulatory drug FTY720
by sphingosine kinases, J. Biol. Chem. 278, 47408-47415.

[137] Donoviel, M. S., Hait, N. C., Ramachandran, S., Maceyka, M., Takabe, K.,
Milstien, S., Oravecz, T., and Spiegel, S. (2015) Spinster 2, a sphingosine-1-
phosphate transporter, plays a critical role in inflammatory and autoimmune
diseases, FASEB J. 29, 5018-5028.

[138] Zhang, F., Xia, Y., Yan, W., Zhang, H., Zhou, F., Zhao, S., Wang, W., Zhu, D.,
Xin, C., and Lee, Y. (2016) Sphingosine 1-phosphate signaling contributes to
cardiac inflammation, dysfunction, and remodeling following myocardial
infarction, Am. J. Physiol. Heart. Circ. Physiol. 310, H250-H261.

[139] Johnson, K. R., Johnson, K. Y., Crellin, H. G., Ogretmen, B., Boylan, A. M.,
Harley, R. A., and Obeid, L. M. (2005) Immunohistochemical distribution of
sphingosine kinase 1 in normal and tumor lung tissue, J. Histochem. Cytochem.
53, 1159-1166.

[140] Li, J., Guan, H.-Y., Gong, L.-Y., Song, L.-B., Zhang, N., Wu, J., Yuan, J., Zheng,
Y.-J., Huang, Z.-S., and Li, M. (2008) Clinical significance of sphingosine kinase-
1 expression in human astrocytomas progression and overall patient survival,
Clin. Cancer. Res. 14, 6996-7003.

[141] Shida, D., Takabe, K., Kapitonov, D., Milstien, S., and Spiegel, S. (2008) Targeting
SphK1 as a new strategy against cancer, Curr. Drug Targets 9, 662-673.

[142] Pyne, S., Adams, D. R., and Pyne, N. J. (2016) Sphingosine 1-phosphate and
sphingosine kinases in health and disease: recent advances, Prog. Lipid Res. 62,
93-106.

[143] Futerman, A. H., and Riezman, H. (2005) The ins and outs of sphingolipid
synthesis, Trends Cell Biol. 15,312-318.

[144] Gomez-Munoz, A., Presa, N., Gomez-Larrauri, A., Rivera, I.-G., Trueba, M., and
Ordonez, M. (2016) Control of inflammatory responses by ceramide, sphingosine
1-phosphate and ceramide 1-phosphate, Prog. Lipid Res. 61, 51-62.

[145] Rex, K., Jeffries, S., Brown, M. L., Carlson, T., Coxon, A., Fajardo, F., Frank, B.,
Gustin, D., Kamb, A., and Kassner, P. D. (2013) Sphingosine kinase activity is
not required for tumor cell viability, PLoS One 8.

[146] Strub, G. M., Maceyka, M., Hait, N. C., Milstien, S., and Spiegel, S. (2010)
Extracellular and intracellular actions of sphingosine-1-phosphate, In
Sphingolipids as signaling and regulatory molecules, pp 141-155, Springer.

144



[147] Cannavo, A., Liccardo, D., Komici, K., Corbi, G., de Lucia, C., Femminella, G. D.,
Elia, A., Bencivenga, L., Ferrara, N., and Koch, W. J. (2017) Sphingosine kinases
and sphingosine 1-phosphate receptors: signaling and actions in the
cardiovascular system, Front. Pharmacol. 8, 556.

[148] Olivera, A., Rosenfeldt, H. M., Bektas, M., Wang, F., Ishii, I., Chun, J., Milstien,
S., and Spiegel, S. (2003) Sphingosine kinase type 1 induces G12/13-mediated
stress fiber formation, yet promotes growth and survival independent of G
protein-coupled receptors, J. Biol. Chem. 278, 46452-46460.

[149] Huang, K., Huang, J., Chen, C., Hao, J., Wang, S., Huang, J., Liu, P., and Huang,
H. (2014) AP-1 regulates sphingosine kinase 1 expression in a positive feedback
manner in glomerular mesangial cells exposed to high glucose, Cell. Signal. 26,
629-638.

[150] Maceyka, M., Sankala, H., Hait, N. C., Le Stunff, H., Liu, H., Toman, R., Collier,
C., Zhang, M., Satin, L. S., and Merrill, A. H. (2005) SphK1 and SphK2,
sphingosine kinase isoenzymes with opposing functions in sphingolipid
metabolism, J. Biol. Chem. 280, 37118-37129.

[151] Liu, H., Toman, R. E., Goparaju, S. K., Maceyka, M., Nava, V. E., Sankala, H.,
Payne, S. G., Bektas, M., Ishii, I., and Chun, J. (2003) Sphingosine kinase type 2
is a putative BH3-only protein that induces apoptosis, J. Biol. Chem. 278, 40330-
40336.

[152] Worrell, B. L., Brown, A. M., Santos, W. L., and Bevan, D. R. (2019) In Silico
Characterization of Structural Distinctions between Isoforms of Human and
Mouse Sphingosine Kinases for Accelerating Drug Discovery, J. Chem. Inf.
Model. 59,2339-2351.

[153] Olivera, A., Kohama, T., Edsall, L., Nava, V., Cuvillier, O., Poulton, S., and
Spiegel, S. (1999) Sphingosine kinase expression increases intracellular
sphingosine-1-phosphate and promotes cell growth and survival, J. Cell Biol. 147,
545-558.

[154] Pitson, S. M., Moretti, P. A., Zebol, J. R., Lynn, H. E., Xia, P., Vadas, M. A., and
Wattenberg, B. W. (2003) Activation of sphingosine kinase 1 by ERK1/2-
mediated phosphorylation, 7he EMBO journal 22, 5491-5500.

[155] Igarashi, N., Okada, T., Hayashi, S., Fujita, T., Jahangeer, S., and Nakamura, S.-i.
(2003) Sphingosine kinase 2 is a nuclear protein and inhibits DNA synthesis, J.
Biol. Chem. 278, 46832-46839.

[156] Pall, S., Abraham, M. J., Kutzner, C., Hess, B., and Lindahl, E. (2014) Tackling
exascale software challenges in molecular dynamics simulations with
GROMACS, In EASC, pp 3-27, Springer.

[157] Wang, Z., Min, X., Xiao, S.-H., Johnstone, S., Romanow, W., Meininger, D., Xu,
H., Liu, J., Dai, J., and An, S. (2013) Molecular basis of sphingosine kinase 1
substrate recognition and catalysis, Structure 21, 798-809.

[158] Huang, J., Rauscher, S., Nawrocki, G., Ran, T., Feig, M., de Groot, B. L.,
Grubmiiller, H., and MacKerell, A. D. (2017) CHARMM36m: an improved force
field for folded and intrinsically disordered proteins, Nat. Methods 14, 71-73.

[159] Vanommeslaeghe, K., Hatcher, E., Acharya, C., Kundu, S., Zhong, S., Shim, J.,
Darian, E., Guvench, O., Lopes, P., and Vorobyov, 1. (2010) CHARMM general

145



force field: A force field for drug-like molecules compatible with the CHARMM
all-atom additive biological force fields, J. Comput. Chem. 31, 671-690.

[160] Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., and Klein, M. L.
(1983) Comparison of simple potential functions for simulating liquid water, J.
Chem. Phys. 79, 926-935.

[161] Neria, E., Fischer, S., and Karplus, M. (1996) Simulation of activation free energies
in molecular systems, J. Chem. Phys. 105, 1902-1921.

[162] Durell, S. R., Brooks, B. R., and Ben-Naim, A. (1994) Solvent-induced forces
between two hydrophilic groups, Am. J. Phys. Chem. 98, 2198-2202.

[163] Luo, Y., and Roux, B. (2010) Simulation of osmotic pressure in concentrated
aqueous salt solutions, Am. J. Phys. Chem. letters 1, 183-189.

[164] Beglov, D., and Roux, B. (1994) Finite representation of an infinite bulk system:
solvent boundary potential for computer simulations, J. Chem. Phys. 100, 9050-
9063.

[165] Berendsen, H. J., Postma, J. v., van Gunsteren, W. F., DiNola, A., and Haak, J. R.
(1984) Molecular dynamics with coupling to an external bath, J. Chem. Phys. 81,
3684-3690.

[166] Nosé, S., and Klein, M. (1983) Constant pressure molecular dynamics for
molecular systems, Mol. Phys. 50, 1055-1076.

[167] Parrinello, M., and Rahman, A. (1981) Polymorphic transitions in single crystals: A
new molecular dynamics method, J. Appl. Phys. 52, 7182-7190.

[168] Bussi, G., Donadio, D., and Parrinello, M. (2007) Canonical sampling through
velocity rescaling, J. Chem. Phys. 126, 014101.

[169] Hess, B. (2008) P-LINCS: A parallel linear constraint solver for molecular
simulation, J. Chem. Theory Comput. 4, 116-122.

[170] Verlet, L. (1967) Computer" experiments" on classical fluids. I. Thermodynamical
properties of Lennard-Jones molecules, Physical review 159, 98.

[171] Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H., and Pedersen, L. G.
(1995) A smooth particle mesh Ewald method, J. Chem. Phys. 103, 8577-8593.

[172] Darden, T., York, D., and Pedersen, L. (1993) Particle mesh Ewald: An N- log (N)
method for Ewald sums in large systems, J. Chem. Phys. 98, 10089-10092.

[173] Daura, X., Gademann, K., Jaun, B., Seebach, D., Van Gunsteren, W. F., and Mark,
A. E. (1999) Peptide folding: when simulation meets experiment, Angew. Chem.
Int. Ed. 38, 236-240.

[174] Duan, J., Dixon, S. L., Lowrie, J. F., and Sherman, W. (2010) Analysis and
comparison of 2D fingerprints: insights into database screening performance
using eight fingerprint methods, J. Mol. Graphics Model. 29, 157-170.

[175] Gupta, P., Mohammad, T., Khan, P., Alajmi, M. F., Hussain, A., Rehman, M. T.,
and Hassan, M. L. (2019) Evaluation of ellagic acid as an inhibitor of sphingosine
kinase 1: A targeted approach towards anticancer therapy, Biomed. Pharmacother
118, 109245.

[176] Bayraktar, O., Ozkirimli, E., and Ulgen, K. (2017) Sphingosine kinase 1 (SK1)
allosteric inhibitors that target the dimerization site, Comput. Biol. Chem. 69, 64-
76.

[177] Vettorazzi, M., Angelina, E., Lima, S., Gonec, T., Otevrel, J., Marvanova, P.,
Padrtova, T., Mokry, P., Bobal, P., and Acosta, L. M. (2017) An integrative study

146



to identify novel scaffolds for sphingosine kinase 1 inhibitors, Eur. J. Med. Chem.
139, 461-481.

[178] Vettorazzi, M., Menéndez, C., Gutiérrez, L., Andujar, S., Appignanesi, G., and
Enriz, R. D. (2018) Theoretical models to predict the inhibitory effect of ligands
of sphingosine kinase 1 using QTAIM calculations and hydrogen bond dynamic
propensity analysis, J. Comput.-Aided Mol. Des. 32, 781-791.

[179] Gupta, P., Mohammad, T., Dahiya, R., Roy, S., Noman, O. M. A., Alajmi, M. F.,
Hussain, A., and Hassan, M. L. (2019) Evaluation of binding and inhibition
mechanism of dietary phytochemicals with sphingosine kinase 1: Towards
targeted anticancer therapy, Sci. Rep. 9, 1-15.

[180] Vettorazzi, M., Vila, L., Lima, S., Acosta, L., Yépes, F., Palma, A., Cobo, J.,
Tengler, J., Malik, 1., and Alvarez, S. (2019) Synthesis and biological evaluation
of sphingosine kinase 2 inhibitors with anti-inflammatory activity, Archiv der
Pharmazie 352, 1800298.

[181] Zhang, J., Zhang, M., Yu, J., Shang, Y., Jiang, K., Jia, Y., Wang, J., and Yang, K.
(2020) Investigating the binding mechanism of sphingosine kinase 1/2 inhibitors:
Insights into subtype selectivity by homology modeling, molecular dynamics
simulation and free energy calculation studies, J. Mol. Struct. 1208, 127900.

[182] Gupta, P., Khan, F. ., Ambreen, D., Lai, D., Alajmi, M. F., Hussain, A., Islam, A.,
Ahmad, F., and Hassan, M. 1. (2020) Investigation of guanidinium chloride-
induced unfolding pathway of sphingosine kinase 1, Int. J. Biol. Macromol..

[183] Khan, F. L., Lai, D., Anwer, R., Azim, 1., and Khan, M. K. A. (2020) Identifying
novel sphingosine kinase 1 inhibitors as therapeutics against breast cancer, J.
Enzyme Inhib. Med. Chem. 35, 172-186.

[184] Fang, L., Wang, X., Xi, M., Liu, T., and Yin, D. (2016) Assessing the ligand
selectivity of sphingosine kinases using molecular dynamics and MM-PBSA
binding free energy calculations, Molecular BioSystems 12, 1174-1182.

[185] Vettorazzi, M., Insuasty, D., Lima, S., Gutiérrez, L., Nogueras, M., Marchal, A.,
Abonia, R., Andgjar, S., Spiegel, S., and Cobo, J. (2020) Design of new quinolin-
2-one-pyrimidine hybrids as sphingosine kinases inhibitors, Bioorg. Chem. 94,
103414.

[186] Huang, J., and MacKerell Jr, A. D. (2013) CHARMM36 all-atom additive protein
force field: Validation based on comparison to NMR data, J. Comput. Chem. 34,
2135-2145.

[187] Powell, J. A., Pitman, M. R., Zebol, J. R., Moretti, P. A., Neubauer, H. A., Davies,
L. T., Lewis, A. C., Dagley, L. F., Webb, A. L., and Costabile, M. (2019) Kelch-
like protein 5-mediated ubiquitination of lysine 183 promotes proteasomal
degradation of sphingosine kinase 1, Biochem. J. 476, 3211-3226.

[188] Adams, D. R., Pyne, S., and Pyne, N. J. (2016) Sphingosine kinases: emerging
structure—function insights, Trends Biochem. Sci. 41, 395-409.

[189] Ding, G., Sonoda, H., Yu, H., Kajimoto, T., Goparaju, S. K., Jahangeer, S., Okada,
T., and Nakamura, S.-i. (2007) Protein kinase D-mediated phosphorylation and
nuclear export of sphingosine kinase 2, J. Biol. Chem. 282, 27493-27502.

[190] Pyne, N. J., Adams, D. R., and Pyne, S. (2017) Sphingosine kinase 2 in
autoimmune/inflammatory disease and the development of sphingosine kinase 2
inhibitors, Trends Pharmacol. Sci. 38, 581-591.

147



