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4 ABSTRACT: Glycogen synthase kinase 3 β (GSK3β) is a serine/
5 threonine kinase that phosphorylates several protein substrates in
6 crucial cell signaling pathways. Owing to its therapeutic
7 importance, there is a need to develop GSK3β inhibitors with
8 high specificity and potency. One approach is to find small
9 molecules that can allosterically bind to the GSK3β protein

10 surface. We have employed fully atomistic mixed-solvent molecular
11 dynamics (MixMD) simulations to identify three plausible
12 allosteric sites on GSK3β that can facilitate the search for allosteric
13 inhibitors. Our MixMD simulations narrow down the allosteric
14 sites to precise regions on the GSK3β surface, thereby improving
15 upon the previous predictions of the locations of these sites.

16 KEYWORDS: MixMD, cosolvent simulations, GSK3 allosteric site mapping, structure-based drug design

1. INTRODUCTION

17 Protein phosphorylation is an important post-translational
18 modification of proteins. This reversible process involves
19 transfer of a phosphate group of purine nucleotide
20 triphosphates, that is, adenosine (ATP) and guanosine
21 triphosphate (GTP) to the serine, threonine, and tyrosine
22 residues of proteins. Protein phosphorylation is catalyzed by
23 enzymes called protein kinases. Protein kinases mediate
24 numerous signal transduction pathways in eukaryotic cells
25 and control a large number of cellular processes, including
26 transcription, apoptosis, homeostasis, cell cycle progression,
27 intercellular communication, etc. Dysregulation of protein
28 kinases is linked to various human ailments, thus affording the
29 development of their agonists and antagonists as a promising
30 route for disease therapy. There are more than 500 kinases in
31 the human genome.1 Glycogen synthase kinase 3 (GSK3) is a
32 conserved serine/threonine kinase present in all eukaryotes
33 that regulates numerous cellular functions. GSK3 exists in two
34 isoforms, namely, GSK3α and GSK3β, that share 68% amino
35 acid similarity, and their ATP binding site is conserved with
36 95% sequence similarity. Both these isoforms are expressed in
37 humans. While first identified as a kinase for glycogen synthase,
38 at present there are over 40 known GSK3 substrates. Not
39 surprisingly, abnormal activity of GSK3 is associated with a
40 host of diseases, including cancer, non-insulin-dependent
41 diabetes mellitus, pathological inflammation, asthma, myeloid
42 leukemia, cardiac hypertrophy, and neurological and neuro-
43 developmental disorders such as bipolar disorder and
44 Alzheimer’s disease.2 GSK3’s multifarious roles in many

45cellular events make it an important therapeutic target for
46the treatment of these disorders.2−8

47GSK3 inhibitors may be classified as ATP-competitive, non-
48ATP-competitive, and allosteric. The majority of the known
49small molecule GSK3 inhibitors are ATP-competitive. These
50inhibitors are not highly selective toward GSK3 because of
51similarities of the ATP binding pockets between different
52kinases. The compound 9-ING-41 is an ATP-competitive
53inhibitor that has entered phase-II clinical trials.9 Wagner et
54al.10,11 recognized that the ATP binding sites of GSK3β and
55GSK3α differ by a single residue: Arg-113 (GSK3β)/Glu-196
56(GSK3α) and so developed GSK3β selective inhibitors
57exploiting the different interactions and steric requirements
58of the ATP binding sites in the two isoforms. In another work,
59researchers identified 4-hydroxy-4-phenyl-3-(pyridine-4-
60ylmethyl)thiazolidine-2-thione (in short, COB-187) as a
61specific and potent ATP competitive inhibitor of GSK3α and
62GSK3β.10,11 Tideglusib is a non-ATP competitive inhibitor
63that is now under phase-II clinical trials. However, recent
64studies have shown that tideglusib binds to several different
65kinases and is only moderately selective toward GSK3.10,11

66An important concern in developing GSK3 inhibitors is that
67they should not upregulate oncogenes in the process of
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68 suppressing GSK3 activity. For instance, the inhibitors should
69 not alter GSK3’s role in β-catenin signaling. One approach to
70 ensure this is to develop GSK3 inhibitors that target the
71 allosteric binding sites.12 Palinurin, a natural product extracted
72 from marine sponge, has been identified as a non-ATP/
73 substrate GSK3 inhibitor.13 So far, the search for allosteric
74 inhibitors of GSK3 has remained little explored.14,15 While
75 ATP binding sites, with their well-defined cleft, are clearly
76 delineated on the protein surface, allosteric binding sites are
77 more challenging to find. A pioneering work in this field is
78 from Palomo et al.,16 wherein the researchers studied 25 PDB
79 structures of GSK3β using Fpocket and Hpocket binding site
80 identification algorithms to map the potential binding sites.
81 Along with the ATP-, the substrate-, and the binding sites of
82 peptides axin/fratide, Palomo et al. identified four potential
83 allosteric binding sites. In a subsequent study, Palomo et al.17

84 identified a family of allosteric modulators associated with the
85 binding site between the residues Arg209 and Thr235 of
86 GSK3β (labeled as pocket 7 in their work16). Brogi et al.18

87 developed a dual inhibitor of human adenosine kinase and
88 GSK3β and then docked the inhibitor on the pocket 7 of
89 GSK3β using Autodock to determine its relevant interactions
90 with the protein.18 Silva et al.19 employed a number of binding
91 site identification algorithms (Fpocket, Superstar, metaPocket,
92 Sitemap, and PARS) to determine which residues are included
93 to be a part of the pocket 7 by these algorithms. Then, they
94 docked a previously identified allosteric modulator on the four
95 allosteric sites found by Palomo et al.16 Carullo et al.20

96 synthesized a family of square-amide based compounds and
97 evaluated their potencies as ATP noncompetitive inhibitors of
98 GSK3β. While these are illuminating studies, they are based on
99 a static structure of a protein to identify the binding sites and

100 ligand binding affinities. Fpocket uses a geometry-based
101 criterion for finding the binding sites. Recent work has
102 shown that protein geometry may not be correlated to the
103 behavior of interfacial water and ligand binding propensity.21

104 Therefore, searching for ligand binding sites solely based on
105 protein geometry may be misleading. The present work stands
106 out as the first dynamical investigation of allosteric binding
107 sites of GSK3β, which will be immensely useful to the
108 practitioners who invoke docking and molecular simulation
109 methods to identify allosteric inhibitors of GSK3β.
110 In an aqueous environment, a ligand will bind to a protein
111 only if it has a stronger affinity for a site as compared to water
112 and ions. Binding of a ligand on a protein surface is associated
113 with the loss in translational and conformational entropy of the
114 ligand and, in some cases, a gain in the entropy of interfacial
115 water.22 Geometry-based algorithms and/or algorithms that
116 only consider a static structure of a protein to identify binding
117 sites are unable to capture these entropic effects as well as the
118 competition between ligand and water molecules for the
119 binding sites. The dynamics of the protein itself plays a role in
120 ligand binding, which is also missed in these coarse
121 approaches. In this work, we have employed cosolvent
122 molecular dynamics simulations (MixMD) to identify plausible
123 allosteric sites on GSK3β. MixMD is a powerful, yet
124 computationally tractable approach for mapping hotspots on
125 proteins and has been used to map active sites, allosteric sites,
126 protein−protein interfaces, and cryptic pockets.23−27 Through
127 the MixMD simulation methodology, we have identified three
128 different potential allosteric sites on GSK3β. The sites
129 identified through our methodology align well with the
130 findings of Palomo et al.16 Since Fpocket is a geometry-

131based algorithm that works on static protein structures, the
132Palomo et al. work identified large regions on the protein that
133can serve as binding sites. Our MixMD approach, on the other
134hand, is based on molecular dynamics and, therefore, is able to
135identify precise regions on the GSK3β protein surface as
136potential binding sites. Hence, this work presents an
137improvement over the previously identified allosteric sites.16

2. SIMULATION SYSTEM AND METHODS

138In MixMD simulations, a single protein chain is simulated in an
139aqueous medium with a fixed concentration of a small molecule,
140which is termed as a molecular probe/cosolvent. Through a series of
141MD simulations performed by choosing different polar, charged, and
142hydrophobic molecular probes, the locations on the protein surface
143that register a large concentration of these probes are identified as
144putative binding sites. For the MixMD simulations, crystal structure of
145GSK3β, PDB ID 6V6L, was obtained from the protein data bank
146(PDB).28 We chose the PDB structure 6V6L because it has 2.1 Å
147resolution and no missing residues at the catalytic site. This crystal
148structure has 11 missing residues, mostly in the N and C termini ends
149of the sequence, which are not essential for the kinase activity. The
150structure was prepped by adding missing residues and hydrogen
151atoms and setting all protonation states in accordance with a pH of
1527.2. Histidine, Glutamine, and Asparagine residue tautomers were
153manually corrected, and the structure was stripped of all nonprotein
154atoms. These protein structure preparation steps were performed
155using Molecular Operating Environment (MOE).29 To neutralize the
156system, seven chloride ions were added using the tleap module of
157AMBER20.30 The GSK3β structure so obtained when compared to
158the structure predicted by α-fold has a backbone RMSD of 0.89 Å,
159which confirms that our initial structure aligns closely with the α-fold
160model (Figure S1 in Supporting Information). Six different molecular
161probes were used in the MixMD simulations: acetonitrile (C3N),
162isopropanol (IPA), pyrimidine (1P3), N-methylacetamide (NMA),
163imidazole (IMI), and ethanol (EOH). The selected molecular probes
164are drug-like fragments so that the identified binding sites have high
165druggability. We used the same probes that have been used in
166previously published MixMD simulation-based works.31−36 The C3N,
167EOH, and IPA have the ability to form hydrogen bonds with protein
168pockets and are considered polar moieties, although the IPA group
169can act as a hydrophobic marker and has the potential to probe deep
170pockets. The IMI group is hydrophobic, participates in π−π
171interactions, and therefore maps the hinge binding regions of kinases
172which are mostly heteroaromatic cores. Force field parameters of IPA,
1731P3, C3N, IMI, and EOH were taken from Lexa et al.37 NMA
174parameters were developed by Caldwell and Kollman.38 “The force
175field parameters of the probes that were used in this study have been
176well-validated and are the ones that have been used in the previous
177MixMD simulation studies.”32,39−41 Implementation of the MixMD
178method was as per the protocol delineated in previous works.23,24,42

179In the initial configuration, the apo protein was layered with an 8-Å-
180thick shell of molecular probes. Then the system was solvated with
181water represented by the TIP3P43 water model to achieve 5%v/v
182concentration of the probe. Simulations were performed in Amber20
183using the ff119SB force field.44 All hydrogen atoms were restrained
184using the SHAKE45 algorithm. MD simulations were performed with
185a time step of 2 fs using Pmemd.cuda46 on GPU architecture for
186equilibration and production runs and Sander was used for energy
187minimization and temperature ramping steps. Long-range electro-
188statics were treated using Particle Mesh Ewald.46 The real space parts
189of Coulombic interactions and nonbonded interactions were cut off at
19010 Å. The system was energy minimized using a 20 kcal/mol/A2

191harmonic restraint on the protein via steepest descent for 15 000
192steps. The system was then gradually heated from 0 to 300 K in 300
193ps in the canonical ensemble. During the heating step, the protein
194backbone was restrained using a harmonic restrain of 3 kcal/mol/A2.
195After reaching the target temperature of 300 K, the system was
196subjected to equilibration in the isothermal−isobaric ensemble at 300
197K and 1 bar pressure. Three equilibration steps, each 1 ns long, were
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198 performed wherein the protein backbone restrain was reduced from 5
199 to 2 to 1 kcal/mol/A2. A final unconstrained equilibration step was
200 performed for 75 ns in the isothermal−isobaric ensemble, which was
201 followed by a 30 ns production run. For each probe, ten independent
202 runs were performed to ensure adequate sampling and the MD
203 configurations were written after every 250 ps. To confirm that our
204 simulations are sufficiently long, for each probe we extended five
205 independent runs to 100 ns and ensured that the probe mapping is
206 consistent for each 20 ns window (30−50 ns, 70−90 ns, and 80−100
207 ns) and with the first 30 ns. Therefore, for each probe, we have 650 ns
208 of simulation data.

3. RESULTS AND DISCUSSION

209 To generate a local density map of the probes/cosolvent
210 molecules, the simulation system was divided into grids of 0.5
211 Å spacing.47 In each voxel of the grid, average density of the
212 probe molecules was determined. A mesh of cosolvent density,
213 called a normalized occupancy map, was created by
214 considering deviation from the mean density, given by

215 =

x

, where x is the ensemble averaged density in the

216 voxel of the grid, μ is the mean density of the probe in the
217 simulation system, and σ is the standard deviation of the
218 density of the probe in the voxel of the grids. The normalized
219 occupancy maps were visualized in Pymol.48 The probe/
220 cosolvent densities were contoured at ξ > 35. The regions with
221 large ξ associated with three or more probes were considered
222 the potential binding sites. Large-valued contours indicate high

f1 223 concentration of the probes. Figure 1 shows the hotspots on
224 GSK3β (ξ > 35) identified in the MixMD simulations.
225 A total of 6 sites were mapped by three or more probes. The
226 ATP binding site was found to be the dominant one and was
227 mapped by 5 probes (C3N, IPA, 1P3, IMI, and NMA) at ξ >
228 70. Other sites were mapped with ξ ∈(35,50). Several
229 conserved sites on GSK3β, including the P-loop, the C lobe
230 area, and the catalytic and activation loops registered large ξ

231 values in the MixMD simulations (Figure S2, Supporting
232 Information). In addition, three possible allosteric sites were
233 also identified, which are labeled as sites PA1, PA2, and PA3 in
234 the Figure 1.
235 In the MixMD simulations, the GSK3β protein did not

f2 236 undergo any conformational change. Figure 2 shows the

237backbone RMSD plots of the MD trajectories associated with
238each probe. The backbone RMSD fluctuations were within 2−

2393 Å in the last 80 ns of the simulation time, except in the case
240of the IPA probe, where for 15 ns (from 35 to 50 ns), the
241RMSD jumped to 3.8 Å but then reverted back to 2−3 Å. The
242backbone fluctuations arise mainly from the motion of the P
243loop and the catalytic loop.
244The allosteric site 1 (PA1), mapped by the probes 1P3,
245NMA, IMI, and IPA, is located at the G-H helix intersection
246with several aromatic-rich residues lining the binding pocket.
247This site is hydrophobic with the following residues within 4 Å
248of the pocket: Phe-206, Ile-258, Pro-263, Pro-253, Asn-263,
249and Tyr-265. The 1P3 and IMI probes are involved in π−π
250interactions with the aromatic groups of Tyr-265 and Phe-206
251residues. The NMA probe forms H-bonds with the Asn-263.
252IPA and IMI have hydrophobic interactions with the Pro-263,
253Pro-253, and Ile-258 groups. The allosteric site 2 (PA2) is a
254negatively charged, slightly shallow cleft, composed of acidic
255and charged side chains: Asp-82, His-83, Arg-144, Tyr-148,
256and Thr-340. Not surprisingly, this site is mapped by the polar
257probes: NMA, 1P3, and IMI. NMA and 1P3 have Coulombic
258interactions with Asp-82, His-83, and Arg-144. IMI has π−π
259interactions with Tyr-148. The allosteric site 3 (PA3) is mainly

Figure 1. Hotspots mapped on GSK3β using 6 small water miscible probes (C3N�orange, IPA�blue, 1P3�purple, IMI�black, NMA�yellow,
and EOH�light pink). The solvent maps are contoured at 35σ. GSK3β has several important sites mapped including the P-loop, the catalytic site,
the C lobe area, the catalytic and the activation loops, and three possible allosteric sites (PA1, PA2, and PA3) that are circled in the figure.

Figure 2. Backbone RMSD fluctuations of representative MD
trajectories for each probe for the last 80 ns of the simulation. The
RMSD remained within 2−3 Å as compared to the crystal structure,
showing that the GSK3β protein did not undergo any conformational
change in the presence of the probes.
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260 lined up with amino acid residues: Arg-125, Tyr-117, Ala-120,
261 Pro-232, Gln-231, Tyr-199, and Ser-124. This site is mapped
262 by the probes: NMA, 1P3, and IMI. The 1P3 and IMI probes
263 are involved in π−π interactions with the aromatic group of
264 Tyr-199. The NMA and 1P3 probes interact with Arg-125 and
265 Gln-231 residues via Coulombic interactions. IMI has
266 hydrophobic interactions with Tyr-117, Ala-120, and Pro-232.
267 We estimated free energy of binding of the molecular probes
268 on the three potential allosteric sites based on the probability

269 of occupancy of the sites, =G RT ln
i

N
N

i

o
. Here Ni is the

270 probability of a molecular probe being bound to the site and
271 No is the probability of occupying a bulk region of the same
272 volume as the site. This methodology has been outlined in a
273 recent work.12 The estimated free energies of binding of all the

t1 274 probes are listed in Table 1. For the sites PA1, PA2, and PA3,
275 1P3 shows the highest binding affinity followed closely by IMI

276and NMA. Since C3N is composed of 3 heavy atoms, it has the
277weakest affinity among all the probes simulated.
278 f3Figure 3 compares the binding sites identified by Palomo et
279al.16 and in this work. The MixMD contours appear different in
280this figure as compared to Figure 1 because the surface plot
281representation of the protein hides some contours. Site 1 is the
282ATP binding site. Site two is the substrate binding site. The
283sites 3, 4, and 7 in Palomo et al. correspond to the potential
284allosteric sites PA1, PA3, and PA2, respectively. The PA2 is
285essentially a smaller hotspot that overlaps with site 7 of Palomo
286et al. as well as another hotspot close to it (Figure 1). MixMD
287simulations provide precise locations of the binding probes and
288therefore narrow down the locations of the putative binding
289sites. Site 5 in Palomo et al. was not found to be conserved in
290all crystal structures of GSK3β. It was only mapped by two
291probes in the MixMD simulations and therefore was not
292identified as a potential allosteric site.

Table 1. Free Energy of Binding, ΔGi, of Different Molecular Probes at the Three Potential Allosteric Sites on GSK3βa

Site ID C3N IPA 1P3 NMA IMI EOH

PA1 −1.5 (0.2) −2.5 (0.4) −3.9 (0.2) −2.2 (0.2) −2.9 (0.2) −1.5 (0.3)

PA2 −1.8 (0.2) −2.3 (0.3) −3.7 (0.4) −2.6 (0.3) −2.7 (0.3) −1.7 (0.3)

PA3 −1.8 (0.2) −2.8 (0.3) −4.2 (0.3) −2.9 (0.3) −3.0 (0.2) −2.2 (0.5)
aThe ΔGi are listed in kcal/mol and are the mean values calculated from the five 100 ns MD runs. The errors are standard deviations of ΔGi from
the five runs.

Figure 3. Comparison of the binding sites identified by Palomo et al.16 (left column) and in this work (right column). (A) shows sites 1−5. Site 1 is
the ATP binding site. Site 2 is the substrate binding site. (B) shows the site 2, and sites 5−7. The sites 3, 4, and 7 in Palomo et al. correspond to
PA1, PA3, and PA2, respectively. Site 5 in Palomo et al. was not found to be conserved in all crystal structures of GSK3β. It was only mapped by
two probes in the MixMD simulations. The MixMD contours appear different than Figure 1 because the surface plot representation of the protein
hides some contours. The left column figures in (A) and (B) are reproduced from ref 16. Copyright 2011 American Chemical Society.
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293 A search of the protein data bank shows that there are
294 several ligands that are known to bind to the ATP binding site
295 of GSK3β (PDB IDs: 5KPM, 6Q8K, 1H8F, 1Q41, 3F88,

f4 296 2OW3, 1R0E, and 1Q4L). In Figure 4, we compare the
297 configurations of these ligands when bound to the ATP
298 binding site with the contours of the molecular probes
299 obtained from the MixMD simulations. We find that the
300 bound locations of the ligands coincide quite well with the
301 molecular probe contours highlighting the effectiveness of the
302 MixMD methodology. As our MixMD simulations revealed,
303 the ATP binding site is the most favorable one for ligand
304 binding, and that is why ligands in nanomolar concentrations
305 can bind to this site and many such ligands have been found in
306 nature. The potential allosteric sites have smaller affinities for
307 ligands. As has been highlighted in previous work, ligands
308 targeting these sites are expected to mildly modulate GSK3β

309 activity and will be needed in higher concentra-
310 tions.14,15,17−19,49 Therefore, it is not surprising that there
311 are no ligands found in nature that bind to these potential
312 allosteric sites in nanomolar concentrations. We used Fourier
313 Transform Map (FTMap)50 as an independent technique to
314 identify binding sites on GSK3β to compare against our
315 findings. FTMap is a computational technique in which 16
316 different molecular probes are docked on to a protein surface
317 in a large number of conformations to identify the strongest
318 binding sites. This methodology is directly analogous to the X-
319 ray technique called multiple solvent crystal structures wherein

320probe molecules are used to search for binding sites by
321performing X-ray crystallography. While FTMap has proven to
322be an effective technique, its drawback is that it does not
323consider protein flexibility and competition between water and
324molecular probes for the binding sites. We find that the
325FTMap is only able to identify the ATP binding site on GSK3β

326(Figure 4 Panel I and Figure S3).
327We also employed another recently developed druggability
328prediction tool, PockDrug Server51 to identify potential
329bindable sites for GSK3β. PockDrug uses a consensus
330algorithm based on the binding site predictions made by
331various binding site prediction algorithms: Fpocket,52

332DrugPred,53 SiteMap,54 and DoGSiteScorer.55 The results
333from the PockDrug server are given in Table S1 (Supporting
334Information). Interestingly, PockDrug can identify the
335allosteric sites 1 and 3 with a high druggability score. The
336site 1 is labeled as the site P6 in the Table S1 and has a volume
337of 727 Å3. The site 3 corresponds to the site P4 in the Table S1
338and has a cavity volume of 908 Å3. Since PockDrug is a
339geometry-based algorithm that operates on a static structure of
340protein and does not include the dynamics of water, it is not as
341accurate as the MixMD methodology that we have
342implemented. Nevertheless, it corroborates our assessment
343that the allosteric site 1 is mainly hydrophobic. Similarly,
344FTMap fails to identify the potential allosteric sites identified
345by the MixMD methodology as has been noted before for
346other kinases.33

Figure 4. ATP binding site of GSK3 was found to be the dominant binding site in our MixMD simulations with molecular probes contoured at 70σ

levels. The contours obtained for the molecular probes coincide with the ligands that have been identified to the ATP binding site. PDB structures
of these ligands in the bound configuration are shown in the panels A to H with PDB IDs: A. 5KPM; B. 6Q8K; C.1H8F; D. 1Q41; E. 3F88; F.
2OW3; G. 1R0E; H. 1Q4L. Panel I shows result from the FTMap technique. FTMap was able identify only the ATP binding site on the GSK3
protein.
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347 The probe molecules used in MixMD simulation are like
348 fragments of actual drug molecules, and so how do we know
349 that the sites identified by these probes will also serve as
350 putative binding sites for drug molecules? An important point
351 to remember is that in the MixMD approach, a site is
352 considered as a binding site only when three or more different
353 probes show affinity for the site and have extensive site
354 mapping at ξ > 35. This rule has been optimized to obtain a
355 clean signal-to-noise ratio and to filter out sites that may not be
356 amenable for small molecule drug design. Different probes are
357 chosen to capture different kinds of interactions (hydrophobic,
358 polar, hydrogen bonding, π−π interactions). So, these criteria
359 ensure that the identified sites have affinity for a multitude of
360 functional groups and a drug molecule with similar groups will
361 experience a strong binding affinity for these sites. Therefore,
362 the binding sites identified by us using MixMD, albeit smaller
363 than those identified by geometry-based algorithms, are still
364 large enough to harbor drug-like molecules. In a mini
365 perspective, Ghanakota and Carlson33 have discussed the
366 need for cosolvent based MD simulations to determine
367 potential hotspots on protein targets for structure based drug
368 discovery. They compared the performance of binding site
369 mapping algorithms like FTMap with MixMD simulations.
370 While static protein structure-based algorithms are computa-
371 tionally fast, they lack the accuracy offered by MixMD
372 simulations. FTMap samples probe molecules on a densely
373 spaced grid. The 16 probes used in FTMap are all similarly
374 sized to the fragments used in MixMD. For the 5 kinases
375 studied by Ghanakota and Carlson, FTMap was successful in
376 characterizing their ATP binding site but was unable to map
377 the potential allosteric sites in any of them. A similar failure
378 was observed with the SiteMap tool of Schrodinger. Often,
379 distinct conformational changes like closing or opening of a
380 binding site (allosteric/cryptic pockets) and side-chain move-
381 ments are important, which are only captured by molecular
382 dynamics-based methods. Along with the identification of
383 hotspots, MixMD simulation results are useful for fragment-
384 based drug design, wherein a set of small fragments are grown
385 to lead molecules that eventually become drug candidates.35

386 MixMD simulations have also helped in identifying cryptic
387 binding sites, which are defined as the sites that become
388 available upon structural reorganization of a protein.31

389 ■ CONCLUSIONS

390 We employed mixed-solvent molecular dynamics (MixMD)
391 simulations to identify potential allosteric sites on GSK3β
392 protein. In these simulations, we find that small water miscible
393 probes employed in the MixMD simulations not only
394 efficiently map the ATP binding site but also map three
395 other potential allosteric sites. These sites can be targeted for
396 designing GSK3β specific inhibitors. It should be noted that we
397 refer to the identified sites as “potential” allosteric sites because
398 we do not provide evidence that binding of a ligand at any of
399 these sites will result in the modulation of GSK3β activity.
400 Allosteric inhibition of GSK3β has garnered significant interest
401 as it is expected to help to achieve specificity without
402 impacting other kinases. We argue through this work that to
403 find allosteric inhibitors of GSK3β, the researchers should
404 target the potential allosteric sites identified by us for their
405 search. The potential allosteric sites identified through MixMD
406 simulations align well with those from Palomo et al.16 but our
407 work narrows down the regions on the protein surface
408 associated with these sites. These sites have been the basis of

409previous studies to develop allosteric inhibitors for
410GSK3β.17−19
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