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of Tyr705 on STAT3 increased the instability of the STAT3 complex, but it also decreased 

the movement or fluctuation of HDAC6 residues (Figure 10B). In contrast to the 

phosphorylation, the acetylation of STAT3 caused the increment of fluctuation of HDAC6. 

Figure 9. STAT3 and HDAC6 interaction in the presence of STAT3 PTMs. (A) 

Interaction between STAT3 and HDAC6 without PTMs. (B) Interaction between STAT3 

and HDAC6 with PTMs (Lys685Ac+Tyr705Pho). (C) Interaction between STAT3 and 

HDAC6 with Acetylated Lysine (Lys685). (D) Interaction between STAT3 and HDAC6 

with Phosphorylated Tyrosine (Tyr705). 
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A) 

B) 

Figure 10. Analysis of the STAT3-HDAC6 complex with PTMs. (A) RMSD of 100 ns of MD simulation. (B) RMSF by residue 

of STAT3 and HDAC6.  
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The analysis of the distances between STAT3 (SH2 and TAD domain) and HDAC6 

also showed the tendency of HDAC6 to interact with STAT3 (Figure 11). During the MD 

simulation, HDAC6 showed to decrease in the distance with STAT3 when it was 

phosphorylated. On the other hand, the distance between HDAC6 and STAT3 was 

increased when STAT3 possessed the phosphorylation and acetylation (Table 3).  

 

Protein Complex RMSD 
STAT3-HDAC6 

Distance (nm) 

STAT3-HDAC6 0.43 +/- 0.07 3.44 +/- 0.04 

STAT3(Lys685Ac+Tyr705Pho)-HDAC6 0.53 +/- 0.08 3.88 +/- 0.14 

STAT3(Lys685Ac)-HDAC6 0.85 +/- 0.21 3.77 +/- 0.11 

STAT3(Tyr705Pho)-HDAC6 0.95 +/- 0.24 3.41 +/- 0.05 

STAT

3HDAC

6

STAT3 (SHD-TAD)

90° 

Figure 11. Analysis of the distance between STAT3 and HDAC6. Analysis of the 

distance between STAT3 (SHD and TAD domains) and HDAC6 during the MD simulation. 

Table 3. Analysis of the interaction between STAT3 and HDAC6 in the 

presence of STAT3 PTMs.  

Average values of RMSD and distances between STAT3 and HDAC6. 

Table 1218. Analysis of the interaction between STAT3 and HDAC6 in the 

presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and HDAC6. 

Table 1219. Analysis of the interaction between STAT3 and HDAC6 in the 

presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and HDAC6. 

Table 1220. Analysis of the interaction between STAT3 and HDAC6 in the 

presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and HDAC6. 

Table 1221. Analysis of the interaction between STAT3 and HDAC6 in the 

presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and HDAC6. 

Table 1222. Analysis of the interaction between STAT3 and HDAC6 in the 

presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and HDAC6. 

Table 1223. Analysis of the interaction between STAT3 and HDAC6 in the 

presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and HDAC6. 

Table 1224. Analysis of the interaction between STAT3 and HDAC6 in the 

presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and HDAC6. 

Table 1225. Analysis of the interaction between STAT3 and HDAC6 in the 

presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and HDAC6. 

Table 1226. Analysis of the interaction between STAT3 and HDAC6 in the 
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STAT3-PP2A complex 

The interaction between STAT3 and PP2A with PTMs was done modifying the 

residues Lys685 and Tyr705 on STAT3. The acetylation was done on Lys685 (Figure 12C), 

phosphorylation on Tyr705 (Figure 12D), acetylation, and phosphorylation (Figure 12B), 

and without any PTMs (Figure 12A).  

The analysis of the MD simulation from the STAT3-PP2A complexes with PTMs 

showed the influence of these modifications on the stability of the complex. The RMSD 

analysis (Figure 13A) showed the high instability of the STAT3-PP2A complex when 

STAT3 was acetylated (Lys685Ac); however, when STAT3 was phosphorylated 

(Tyr705Pho), the complete complex showed high stability during the MD simulation. The 

RMSF analysis (Figure 13B) showed the increased fluctuations in the PP2A catalytic 

subunit residues when PP2A was acetylated and phosphorylated. Also, there was an 

increment in the fluctuations of the PP2A scaffolding subunit when PP2A was interacting 

with the acetylated STAT3.  

Figure 12. STAT3 and PP2A interaction in the presence of STAT3 PTMs. (A) 

Interaction between STAT3 and HDAC6 without PTMs. (B) Interaction between STAT3 

and PP2A with PTMs (Lys685Ac+Tyr705Pho). (C) Interaction between STAT3 and PP2A 

with Acetylated Lysine (Lys685). (D) Interaction between STAT3 and PP2A with 

Phosphorylated Tyrosine (Tyr705). 
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A) 

A)

B) 

Figure

Figure 13.  Analysis of the STAT3-PP2A with PTMs. (A) RMSD of 100 ns of MD simulation. (B) RMSF by residue of STAT3 and PP2A 

(divided by subunits).  
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The analysis of the distances between STAT3 (SH2 and TAD domain) and PP2A 

showed that PP2A could frequently interact with STAT3 (Figure 14). The distance between 

STAT3 and PP2A when STAT3 was acetylated was less than phosphorylated and 

acetylated and phosphorylated STAT3.  

Protein Complex RMSD (nm) 
STAT3-PP2A 

Distance (nm) 

STAT3-PP2A 0.82 +/- 0.17 5.55 +/- 0.15 

STAT3(Lys685Ac+Tyr705Pho)-PP2A 0.75 +/- 0.19 5.55 +/- 0.19 

STAT3(Lys685Ac)-PP2A 0.76 +/- 0.21 5.16 +/- 0.24 

STAT3(Tyr705Pho)-PP2A 0.53 +/- 0.06 5.30 +/- 0.13 

Table 4. Analysis of the interaction between STAT3 and PP2A in the 

presence of STAT3 PTMs. 

Average values of RMSD and distances between STAT3 and PP2A. 

Figure 4547.  Analysis of the distance between STAT3 (SHD and TAD

domains) and PP2A during the MD simulation.Table 1714. Analysis of the 

interaction between STAT3 and PP2A in the presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and PP2A. 

Figure 4548. Analysis of the distance between STAT3 (SHD and TAD domains)

and PP2A during the MD simulation.

Figure 4549. Bar plot comparing the binding free energy in the STAT3-HDAC6 

and STAT3-PP2A complexes.Figure 4550.  Analysis of the distance between 

STAT3 (SHD and TAD domains) and PP2A during the MD simulation.Table

1715. Analysis of the interaction between STAT3 and PP2A in the presence of

STAT3 PTMs.

Average values of RMSD and distances between STAT3 and PP2A. 

Figure 4551.  Analysis of the distance between STAT3 (SHD and TAD

domains) and PP2A during the MD simulation.Table 1716. Analysis of the 

interaction between STAT3 and PP2A in the presence of STAT3 PTMs.

Average values of RMSD and distances between STAT3 and PP2A. 

Figure 4552. Analysis of the distance between STAT3 (SHD and TAD domains)

and PP2A during the MD simulation.

Figure 4553. Bar plot comparing the binding free energy in the STAT3-HDAC6 

and STAT3-PP2A complexes.Figure 4554. Analysis of the distance between

STAT3 (SHD and TAD domains) and PP2A during the MD simulation.

Figure 4555. Bar plot comparing the binding free energy in the STAT3-HDAC6 

and STAT3-PP2A complexes. Comparison of the binding free energy in the protein-

protein interactions in the presence of STAT3 PTMs.   

Figure 14. Analysis of the distance between STAT3and PP2A. Analysis of the distance 

between STAT3 (SHD and TAD domains) and PP2A during the MD simulation. 
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Comparison of the binding free energy (STAT3-HDAC6 and STAT3-PP2A 

complexes) 

 The binding free energy in all STAT3 complexes was a critical parameter to 

determine its possible interaction with HDAC6 or with PP2A. Figure 15 compares the 

binding free energy of the STAT3-HDAC6 and STAT3-PP2A complexes in all possible 

STAT3 PTMs modifications considered before. In the case of the STAT3-HDAC6 

complex, there was an increment of the binding free energy when STAT3 was acetylated; 

however, there was a decrease when STAT3 was acetylated and phosphorylated 

(Lys685Ac + Tyr705Pho). In the case of the STAT3-PP2A complexes (-85.9 kcal/mol), 

the interaction was favored when STAT3 was without PTMs and a reduction (-41.2 

kcal/mol) when STAT3 was acetylated and phosphorylated (Lys685Ac + Tyr705Pho). 

Figure 15. Binding free energy in the STAT3-HDAC6 and STAT3-PP2A complexes. 

Comparison of the binding free energy in the protein-protein interactions in the presence of 

STAT3 PTMs.    
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Interaction of HDAC6 inhibitors and the STAT3-HDAC6 complex 

The HDAC6 

inhibitors were introduced 

into the catalytic cavity of 

the catalytic domain 2 in the 

STAT3 with PTMs 

(Lys685Ac + Tyr705Pho), 

as it is shown in Figure 16. 

The analysis of the 

interaction of STAT3-

HDAC6 and inhibitors are 

shown in Figure 17 and 18. 

The RMSD analysis (Figure 17) showed the influence of the HDAC6 inhibitors in 

the stability of the STAT3-HDAC6 complex. The selective inhibitors (Figure 17A) caused 

high instability in the protein complex, except Suprastat (average RMSD value of 0.46 +/- 

0.07 nm shown in Table 5). In contrast, Tubacin increased the instability of the STAT3-

HDAC6 complex (1.23 +/- 0.44 nm). In non-selective HDAC6 inhibitors, ACY-775 caused 

a high instability during the 100 ns of simulation (RMSD average 0.98 +/- 0.21 nm) and 

Vorinostat and Panobinostat (RMSD average 0.53 +/- 0.08 nm for each of them). In the 

RMSF analysis, in the selective inhibitors (Figure 18A), SS-208 showed to increase in the 

fluctuations of STAT3 residues, but it is Tubacin which caused more instability of the SH2 

Figure 16. Docking of  HDAC6 inhibitors in the STAT3-

HDAC6 complex. STAT3-HDAC6 complex used 

included both PTMs (Lys685Ac + Tyr705Pho). 

90° 
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and TAD domains in STAT3. A similar behavior was showed with the HDAC6 structure; 

however, in this case, Suprastat showed a reduction of fluctuations. The RMSF analysis 

for non-selective HDAC6 inhibitors showed that Panobinostat and Ricolinostat increased 

the fluctuation of the STAT3 residues. On the other hand, ACY-738 and ACY-775 

increased the fluctuation of the residues in HDAC6. In the analysis of the distances between 

STAT3(SH2 and TAD domains) and HDAC6, Tubacin tends to increase the distance 

between these two proteins during the MD simulation; however, Suprastat and CPD11352 

decreased this distance, comparing with the complex without inhibitors (Figure 19A and 

Table 5). In the non-selective inhibitors, Ricolinostat and TrichostatinA decreased the 

distances between STAT3 and HDAC6 during the MD simulation.  
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A) 

B) 

Figure 17. RMSD analysis of the STAT3-HDAC6 complex with HDAC6 inhibitors. (A) RMSD of the STAT3-HDAC6 complexes 

done with selective HDAC6 inhibitors. (B) RMSD of the STAT3-HDAC6 complexes done with non-selective HDAC6 inhibitors. 
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A) 

B) 

Figure 18. RMSF analysis of the STAT3-HDAC6 complex with HDAC6 inhibitors. (A) RMSF of the STAT3-HDAC6 complexes done 

with selective HDAC6 inhibitors. (B) RMSF of the STAT3-HDAC6 complexes done with non-selective HDAC6 inhibitors. 



40 

In the analysis of the binding free energy between STAT3 and HDAC6 in the 

presence of HDAC6 inhibitors, it was shown the increment of this interaction in the 

presence of Suprastat and its reduction with SP-S-225 (-110.02 +/- 13.87 kcal/mol and -

53.96 +/- 21.81 kcal/mol respectively) selective inhibitors. In the case of non-selective 

inhibitors, all the selected molecules strongly reduced the binding free energy of interaction 

between STAT3 and HDAC6, comparing with the binding free energy when there were 

not inhibitors in the HDAC6 catalytic domain 2 (-76.06 +/- 16.32 kcal/mol). All the binding 

free energy values are shown in Table 5.  

Figure 19. Distance between STAT3 and HDAC6 with HDAC6 inhibitors. (A)  Analysis 

of the distance between STAT3 and HDAC6 in the presence of HDAC6 selective 

inhibitors. (B) Analysis of the distance between STAT3 and HDAC6 in the presence of 

HDAC6 non-selective inhibitors.
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STAT3-HDAC6 

+ Inhibitor 
RMSD (nm) STAT3-HDAC6 Distance (nm) 

ΔG Binding Energy 

(kcal/mol) 

No Inhibitor 0.53 +/- 0.08 3.88 +/- 0.14 -76.06 +/- 16.32

Selective Inhibitors 

Suprastat 0.46 +/- 0.07 3.46 +/- 0.06 -110.02 +/- 13.87 

CPD11352 0.85 +/- 0.21 3.41 +/- 0.05 -77.93 +/- 9.82 

SS-208 0.63 +/- 0.10 3.78 +/- 0.09 -76.06 +/- 8.38

NextA 0.63 +/- 0.12 3.75 +/- 0.07 -70.89 +/- 12.91

TubastatinA 0.78 +/- 0.16 3.79 +/- 0.10 -69.86 +/- 9.46 

Tubacin 1.23 +/- 0.44 4.08 +/- 0.20 -63.74 +/- 10.39 

SP-S-225 0.89 +/- 0.29 3.55 +/- 0.07 -53.96 +/- 21.81 

Non-selective Inhibitors 

ACY-738 0.74 +/- 0.16 3.84 +/- 0.14 -69.32 +/- 10.70

Vorinostat 0.53 +/- 0.08 3.60 +/- 0.05 -68.35 +/- 19.55 

ACY-775 0.98 +/- 0.21 3.83 +/- 0.07 -66.89 +/- 13.28 

TrichostatinA 0.56 +/- 0.09 3.58 +/- 0.11 -61.54 +/- 10.58 

Panobinostat 0.53 +/- 0.08 3.85 +/- 0.08 -58.08 +/- 14.88

Ricolinostat 0.73 +/- 0.19 3.54 +/- 0.08 -45.08 +/- 16.23

 Table 5. Average values of  the analysis of STAT3-HDAC6 complex with inhibitors. Average of 
the distances and RMSD; and binding free energy values between STAT3 (SHD and TAD domains) 

and HDAC6 during the MD simulation in the presence of HDAC6 inhibitors. 

Figure 7331. STAT3 dimers structures. (A) STAT3 dimer without PTMs (STAT3d No PTMs). (B)

Constitutively activated STAT3 dimer (STAT3c). (C) STAT3 dimer with PTMs (STAT3d). (D)

STAT3 dimer with PTMs interacting with 1 HDAC6 molecule (STAT3d + 1HDAC6). (E) STAT3

dimer with PTMs interacting with 2 HDAC6 molecule (STAT3d + 2HDAC6).

Figure 7332. STAT3 dimers structures.Table 2210. Average of the distances and RMSD; and

binding free energy values between STAT3 (SHD and TAD domains) and HDAC6 during the

MD simulation in the presence of HDAC6 inhibitors.

Figure 7333. STAT3 dimers structures. (A) STAT3 dimer without PTMs (STAT3d No PTMs). (B)

Constitutively activated STAT3 dimer (STAT3c). (C) STAT3 dimer with PTMs (STAT3d). (D)

STAT3 dimer with PTMs interacting with 1 HDAC6 molecule (STAT3d + 1HDAC6). (E) STAT3

dimer with PTMs interacting with 2 HDAC6 molecule (STAT3d + 2HDAC6).

Figure 7334. STAT3 dimers structures. (A) STAT3 dimer without PTMs (STAT3d No PTMs). (B)

Constitutively activated STAT3 dimer (STAT3c). (C) STAT3 dimer with PTMs (STAT3d). (D)

STAT3 dimer with PTMs interacting with 1 HDAC6 molecule (STAT3d + 1HDAC6). (E) STAT3

dimer with PTMs interacting with 2 HDAC6 molecule (STAT3d + 2HDAC6).

Figure 7335. STAT3 dimers structures. (A) STAT3 dimer without PTMs (STAT3d No PTMs). (B)

Constitutively activated STAT3 dimer (STAT3c). (C) STAT3 dimer with PTMs (STAT3d). (D)

STAT3 dimer with PTMs interacting with 1 HDAC6 molecule (STAT3d + 1HDAC6). (E) STAT3

dimer with PTMs interacting with 2 HDAC6 molecule (STAT3d + 2HDAC6).

Figure 7336. STAT3 dimers structures.Table 2211. Average of the distances and RMSD; and

binding free energy values between STAT3 (SHD and TAD domains) and HDAC6 during the

MD simulation in the presence of HDAC6 inhibitors.

Figure 7337. STAT3 dimers structures. (A) STAT3 dimer without PTMs (STAT3d No PTMs). (B)

Constitutively activated STAT3 dimer (STAT3c). (C) STAT3 dimer with PTMs (STAT3d). (D)

STAT3 dimer with PTMs interacting with 1 HDAC6 molecule (STAT3d + 1HDAC6). (E) STAT3

dimer with PTMs interacting with 2 HDAC6 molecule (STAT3d + 2HDAC6).

Figure 7338. STAT3 dimers structures.Table 2212. Average of the distances and RMSD; and

binding free energy values between STAT3 (SHD and TAD domains) and HDAC6 during the

MD simulation in the presence of HDAC6 inhibitors.

Figure 7339. STAT3 dimers structures. (A) STAT3 dimer without PTMs (STAT3d No PTMs). (B)

Constitutively activated STAT3 dimer (STAT3c). (C) STAT3 dimer with PTMs (STAT3d). (D)

STAT3 dimer with PTMs interacting with 1 HDAC6 molecule (STAT3d + 1HDAC6). (E) STAT3

dimer with PTMs interacting with 2 HDAC6 molecule (STAT3d + 2HDAC6).

Figure 7340. STAT3 dimers structures. (A) STAT3 dimer without PTMs (STAT3d No PTMs). (B)
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STAT3 dimers and its interaction with HDAC6 

The dimer structures of HDAC6 were built according to the experimental structures 

obtained from PDB. The STAT3 dimer structures obtained were without PTMs (STAT3d 

no PTMs, Figure 20A), the constitutively activated dimer (STAT3c, Figure 20B), with 

PTMs (STAT3d, Figure 20C), with PTMs and one molecule of HDAC6 (STAT3d + 

1HDAC6, Figure 20D), and with PTMs and two molecules of HDAC6 located on each 

chain of the STAT3 dimer (STAT3d + 2HDAC6, Figure 20E). The RMSD analysis of the 

MD simulation from all the STAT3 dimers (Figure 21A)  showed the high stability of 

STAT3c (RMSD average 0.61 +/- 0.95 nm shown in Table 6); however, the interaction 

with 2 HDAC6 molecules increased the instability of the STAT3 dimer (RMSD average 

1.08 +/- 0.26 nm). The RMSF analysis (Figure 21B) showed the difference in the STAT3 

residues (chain A and chain B). The RMSF analysis showed the high fluctuation of residues 

Figure 20. STAT3 dimers structures. (A) STAT3 dimer without PTMs (STAT3d No PTMs). (B) 

Constitutively activated STAT3 dimer (STAT3c). (C) STAT3 dimer with PTMs (STAT3d). 

(D) STAT3 dimer with PTMs interacting with 1 HDAC6 molecule (STAT3d + 1HDAC6). (E) 

STAT3 dimer with PTMs interacting with 2 HDAC6 molecule (STAT3d + 2HDAC6). 
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in both STAT3 chains in the presence of HDAC6 (1 or 2 molecules) compared with the 

other STAT3 dimers.   
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A) 

B) 

Figure 21. Analysis of the MD simulation of the STAT3 dimers.  (A) RMSD analysis of the 200 ns of MD simulation of STAT3 

dimers. (B) RMSF by residue of STAT3 dimers. 



45 

Distances Between STAT3-STAT3 monomers and binding free energy 

The distances between monomers in the STAT3 dimers showed constant behavior 

during the complete MD simulation (Figure 22A). The STAT3d with no PTMs showed the 

longest distance between STAT3 monomers without PTMs; in contrast when the STAT3 

was dimerized with PTMs (STAT3d), the distance was reduced (Table 6). The binding free 

energy between monomers in the STAT3 dimers showed that these protein structures could 

have a stronger interaction in the presence of 1 molecule of HDAC6 and a weaker 

interaction in the absence of HDAC6 and PTMs (Figure 22B). 

 

Protein Complex RMSD (nm) 
Distance STAT3-STAT3 

(nm) 

STAT3c 0.61 +/- 0.95 2.52 +/- 0.04 

STAT3d + 1HDAC6 0.73 +/- 0.11 2.25 +/- 0.05 

STAT3d + 2HDAC6 1.08 +/- 0.26 2.28 +/- 0.05 

STAT3d 0.89 +/- 0.18 2.22 +/- 0.04 

STAT3d (No PTMs) 0.76 +/- 0.19 2.75 +/- 0.91 

Table 6. Analysis of the interaction between monomers in the STAT3 dimers. 

Figure 8851. STAT3 dimers 

structures.Protein 

Complex

RMSD (nm)
Distance STAT3-STAT3

(nm)

STAT3c 0.61 +/- 0.95 2.52 +/- 0.04

STAT3d + 1HDAC6 0.73 +/- 0.11 2.25 +/- 0.05

STAT3d + 2HDAC6 1.08 +/- 0.26 2.28 +/- 0.05

STAT3d 0.89 +/- 0.18 2.22 +/- 0.04

STAT3d (No PTMs) 0.76 +/- 0.19 2.75 +/- 0.91

Table 3138. Analysis of the interaction between monomers in the STAT3 dimers. 

Average of the RMSD and distances (between STAT3 monomers) during the MD 

simulation.

Table 3139. Analysis of the interaction between monomers in the STAT3 dimers. 

Average of the RMSD and distances (between STAT3 monomers) during the MD 

simulation.

Figure 8852. STAT3 dimers 

structures.Protein 

Complex

RMSD (nm)
Distance STAT3-STAT3

(nm)

STAT3c 0.61 +/- 0.95 2.52 +/- 0.04

STAT3d + 1HDAC6 0.73 +/- 0.11 2.25 +/- 0.05

STAT3d + 2HDAC6 1.08 +/- 0.26 2.28 +/- 0.05

STAT3d 0.89 +/- 0.18 2.22 +/- 0.04

STAT3d (No PTMs) 0.76 +/- 0.19 2.75 +/- 0.91

Table 3140. Analysis of the interaction between monomers in the STAT3 dimers. 

Average of the RMSD and distances (between STAT3 monomers) during the MD 

simulation.
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A) 

B) 

Figure 22. Distance and binding free energy  in the STAT3 dimers. (A) Distribution plot 

of the distances between SHD and TAD domains from each monomer. (B) Bar plot of 

the binding free energy between monomers in the STAT3 dimers.  
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Discussion and Conclusion 

STAT3 has a conserved protein structure, similar to other proteins in the STAT 

protein family; however, the STAT3 protein structures obtained by structural biologists 

and available at the PDB had missing residues in the SH2 domain (Figure 1). These 

residues play an important role in the STAT3 dimerization and possible interaction with 

other proteins in the STAT3 pathway. The abnormal STAT3 activity has been involved in 

the occurrence of several diseases; thus, studying the activity and protein structure of 

STAT3 has been important to understand its role in these diseases and use it as a possible 

therapeutic target. The homology prediction of the STAT3 structure showed a high 

similarity with the structure obtained from X-ray crystallography.  

The physical interaction of STAT3 with multiple proteins and the addition of post-

translational modifications (PTMs) could modify its behavior, enhancing or diminishing 

STAT3 activity [15]. It has been shown the physical interaction of STAT3 with HDAC6 

[30], being the HDAC6 catalytic domain 2 and the STAT3 SH2 and TAD domains. The 

docking and MD simulation (Figure 3 and Figure 4) have shown the possible alternatives 

to how HDAC6 could interact with STAT3 and the stability of this complex's formation. 

In addition, the position of HDAC6 determined the stability of the whole STAT3-HDAC6 

complex, since the further HDAC6 was from the TAD domain (Figure 3A), the increment 

of instability in the RMSD analysis (Figure 4). The addition of PTMs in the STAT3 

structure (Lys685Ac and Tyr705Pho) caused an increment of the instability in the STAT3-

HDAC6 complex (Figure 10). The binding free energy between STAT3 and HDAC6 in 

the STAT3-HDAC6 complex (Figure 15) decreased when STAT3 was acetylated 
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(Lys685Ac) and phosphorylated (Tyr705Pho). However, there is no reduction of the 

binding free energy when STAT3 was acetylated and phosphorylated at the same time 

(Lys685Ac + Tyr705Pho).  Also, the variations in the binding free energy did not show a 

correlation with the distance between STAT3 and HDAC6 during the MD 

simulation(Figure 11 and Table 3). These results suggest the spontaneity of HDAC6 to 

form a protein-protein interaction (PPI) with STAT3, and although some studies [33] 

support the absence of deacetylase activity of HDAC6 for the acetylated Lys685 in STAT3, 

HDAC6 could have enhanced interaction with STAT3 because of the presence of this 

PTM, or even deacetylase STAT3 in other conditions as it was shown by Belo et al [35].  

In the case of the interaction between STAT3 and PP2A, it has been shown an 

enhanced activity of PP2A in the absence of HDAC6, suggesting that PP2A could be the 

phosphatase that decreases the phosphorylation on STAT3 [33]. The possible interaction 

between STAT3 and PP2A (Figure 6) has shown that the PP2A regulatory subunit could 

be essential for this interaction (Figure 7 and 8). The binding free energy between STAT3 

and PP2A (Figure 15) showed that STAT3 and PP2A could interact even if STAT3 is 

without PTMs. According to binding free energy analysis, the interaction between STAT3 

and PP2A was enhanced when STAT3 was only phosphorylated (Tyr705Pho). When 

STAT3 was acetylated and phosphorylated (Lys685Ac+Tyr705Pho), the binding free 

energy showed that PP2A could have a lower tendency to interact with STAT3.   

As previously stated, HDAC6 and PP2A could have an enhanced interaction with 

STAT3 when it is acetylated or phosphorylated (acetylated for HDAC6 and phosphorylated 

for PP2A). Comparing both scenarios, we could describe that STAT3 could have a higher 
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affinity for HDAC6 than for PP2A, even when STAT3 possesses both PTM. Therefore, 

this could be a possible explanation of the competitive behavior of HDAC6 over PP2A in 

the STAT3/JAK pathway shown in Figure 2.  

The pharmacological inhibition of HDAC6 has been shown to modify several 

pathways [36], and the JAK/STAT3 pathway is not the exception [33]. The MD simulation 

of the STAT3-HDAC6 pathway with selective and non-selective HDAC6 inhibitors 

(Figure 16), has been shown to induce changes in the stability of the STAT3-HDAC6 

complex, shown in Figure 17 and 18. In the case of HDAC6 selective inhibitors, Suprastat 

increased the stability of the STAT3-HDAC6 interaction (Figure 17) and the binding free 

energy of interaction between STAT3 and HDAC6 during the MD simulation (Table 5). 

Although the STAT3-HDAC6 complex with Suprastat MD simulation results, Noonepalle 

et al. [47] showed the reduction of STAT3 phosphorylation (Tyr705Pho) WM164 

melanoma cells were treated with Suprastat and NextA. On the other hand, Tubacin caused 

a strong instability (shown in the RMSD analysis, Figure 17A) and decreased the binding 

free energy between STAT3 and HDAC6 shown in Table 5.  According to Yan et. al [83], 

in a study done using HeLa cells, Tubacin did not decrease STAT3 phosphorylation 

(Tyr705Pho) in response to IL-6. In the analysis of the non-selective HDAC6 inhibitors, 

ACY-775 caused a high instability in the STAT3-HDAC6 interaction (Figure 17) and a 

reduction of the binding free energy (Table 5). Also, Ricolinostat showed to decrease the 

interaction between STAT3 and HDAC6, reducing the binding free energy; however, 

according to Lee et al. [84], the treatment of colon cancer cells (HCT116 and HT29 cell 

lines) with Ricolinostat did not show a reduction of the STAT3 phosphorylation 

(Tyr705Pho). As it was shown in the results, although the MD simulations showed the 
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increasement of instability on the STAT3-HDAC6 complex and the reduction of the 

binding free energy between STAT3 and HDAC6, the experiments showed that STAT3 

could be dephosphorylated. On the other hand, the increment of stability of the STAT3-

HDAC6 complex and the binding free energy induced by an HDAC6 inhibitor (Suprastat), 

have shown to reduce the phosphorylation of STAT3 (Tyr705Pho) according to the 

experimental studies. This inverse effect in the STAT3 phosphorylation due to the action 

by HDAC6 inhibitors could suggest the role of other parameters responsible preserving or 

exposing these PTMs.  

The dimerization process is crucial for the transcription activity of STAT3 (even if 

STAT3 is without PTMs[15]). The results of the simulation of STAT3 dimers have shown 

the stability of these monomers, especially when there are not PTMs (Figure 21A). On the 

other hand, the presence of the 1 or 2 molecules of HDAC6 could increase the instability 

of the STAT3 dimer; however, HDAC6 could induce the maintenance of the distance 

between the STAT3 monomers during the MD simulation (Figure 22A). The analysis of 

the binding free energy between STAT3 monomers forming a dimer (Figure 22B) had 

shown the increment of the interaction between STAT3 monomers when they were 

acetylated and phosphorylated, and the reduction of the spontaneity to form a STAT3 dimer 

when there is not PTMs. According to Nkansah et. al. [85], the binding free energy between 

STAT3 monomers when they are only phosphorylated (Tyr705Pho) was -194.8 kcal; 

however, in our study, when STAT3 was acetylated, and phosphorylated showed an -

181.91 kcal/mol. This comparison showed that the formation of STAT3 dimers could be 

stronger if STAT3 is just phosphorylated. About the constitutively activated STAT3 
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(STAT3c) and the STAT3 without PTMs (STAT3d no PTMs), even if their binding energy 

is weaker than the other structures, they showed acceptable energy to maintain the dimers. 

The presence of HDAC6 have shown a slightly increasement of the interaction between 

the STAT3 monomers, although they increased the instability of the complete complexes. 

The MD simulations of the STAT3 interacting with PP2A and HDAC6 represent 

the basis for the development of future experiments. STAT3 and HDAC6 have shown to 

be important targets to treat cancer and other diseases, and understanding their potential 

interactions would help in the development of new therapeutic strategies. Also, the 

competitive behavior between PP2A and HDAC6 could be relevant for the development 

of new inhibitors that could favor the regulation of STAT3 activity, avoiding its 

dimerization, and enhancing the PP2A activity. The simulation showed that the interaction 

between HDAC6 and STAT3 is not dependent on the Lys685 acetylation. This result 

suggests that HDAC6 could identify other potential acetylated residues on STAT3. 

Therefore, this difference could facilitate the discovery of the role of other residues on 

STAT3 that would be playing a protagonistic role in its activity.   

In conclusion, using MD simulations, we have shown the stability of the protein-

protein interactions (PPIs) between STAT3 and HDAC6, STAT3, and PP2A. Also, it has 

been shown the high probability of the interaction between acetylated STAT3 with HDAC6 

than phosphorylated STAT3 with PP2A, and although the presence of HDAC6 inhibitors 

the interaction between STAT3 and HDAC6 could not be completely disrupted. Moreover, 

HDAC6 could enhance the dimerization of STAT3, having a similar behavior to the 

constitutively activated STAT3 (STAT3c). This study provided important insights into the 
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modulatory role of HDCA6 in the JAK/STAT3 pathway, suggesting a possible mechanism 

of protection of STAT3 post-translational modifications and enhancing the STAT3 

activity.  
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Figure A 1. STAT3 structure homology prediction validation and quality. (A) Structural 

alignment between STAT3 crystal structure (PDB ID: 1BG1) and the homology 

predicted STAT3. (B) ProSA-web result. (C) Ramachandran plot obtained from 

PROCHECK. (D) ERRAT. (E) Verify-3D results.  
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Figure A 2. MD simulation trajectory clustering of each STAT3-HDAC6 complex. 

(A)STAT3-HDAC6 complex 1. (B) STAT3-HDAC6 complex 2. (C) STAT3-HDAC6 
complex 2. (D) STAT3-HDAC6 complex 3. (E) STAT3-HDAC6 complex 4. (E) STAT3-

HDAC6 complex 5.
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Figure A 3. MD simulation trajectory clustering of each STAT3-PP2A complex. 

(A)STAT3-PP2A complex 1. (B) STAT3-PP2A complex 2. (C) STAT3-PP2A complex 2. (D) 
STAT3-PP2A complex 3. (E) STAT3-PP2A complex 4. (E) STAT3-PP2A complex 5.




