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Computational details

Our simulation protocol is very similar to those employed in our previous studies of HDACS8" 2.

1. Preparation of simulation systems

All HDAC8 models were built based on the crystal structure of 1T69,> a HDACS8-SAHA
complex. Firstly, the missing residues were added by the Swiss-PdbViewer.* The mutant models
were prepared with Swiss-PdbViewer® based on the same crystal structure. We determined the
protonation states of charged residues in the enzyme complex via H++ program5. His180 was
determined as singly protonated on 6 site, while His143 and His142 were determined as singly
protonated on ¢ site. The same protocol has been employed to build HDAC7 and HDAC4 models
base on crystal structures of 3COZ ¢ and 2VQM ” respectively. For HDAC4, considering that the
five-member ring of the linker in the crystal structure’ is very different from SAHA and would
pose some difficulties for QM/MM partition, we kept the initial length of linker but modified the
5-member ring in the linker (shown in Figure 1) to a SAHA-like straight-chain linker (shown in
Figure S1). In this way, inhibitor linker components in our simulated three HDAC enzymes are
quite similar.

Each prepared system was neutralized by adding Na' ion at the protein surface with the
Amber tool, and was solvated into a rectangular box with a 8-10 A buffer distance between the
solvent box wall and the nearest solute atoms. By employing AMBERI10 molecular dynamics
package®, it was first minimized and equilibrated, and then simulated for at least 3 ns with periodic
boundary condition with a time step of 2 fs, temperature at 300 K and pressure at 1 atm. The
trajectory was stable, and the resulted snapshot was employed for preparing subsequent QM/MM

studies. The Amber99SB’!! force field for the protein and TIP3P model'? for water molecules



were employed. We also utilized AMBER tools to generate atomic charges for SAHA or
SAHA-like inhibitors and the rest of the parameters were from AMBER GAFF force field". The
Zn*" ion was modeled with the Stote’s scheme'®, and 1500 kcal/mol/A harmonic restraint was
placed on ~15 atoms in the zinc binding site to retain the zinc coordination structure during the
MM minimizations and dynamics simulations since zinc coordination shell is very difficult to be
properly described by a molecular mechanical force field'” '
2. Born-Oppenheimer ab initio QM/MM MD simulations

With the snapshots taken from the classical MD trajectory, the QM/MM models were prepared
by deleting the solvent molecules which are beyond 30 A of the zinc atom in the active site. The
His142, His143, Asp178, His180, Asp267, SAHA and zinc ion in HDAC8 models (similar choice
for HDAC7/-4) were chosen as the QM subsystem with B3LYP functional and Stuttgart ECP/basis
set’” (SDD) for the zinc atom and 6-31G(d) basis set for all other QM atoms. The QM/MM
boundaries were described by the improved pseudobond approach’®®. All other atoms were
described by the same molecular mechanical force field used in classical MD simulations. The
spherical boundary condition was applied and the atoms 22 A beyond from the zinc atom were
fixed. The 18 and 12 A cutoffs were employed for electrostatic and van der Waals interactions,
respectively. There was no cutoff for electrostatic interactions between QM and MM regions. The
prepared system was first minimized by QM/MM optimization. Then, 25 ps ab initio QM/MM MD
simulations were carried out with the time step 1 fs and the Beeman algorithm®* to integrate the
Newton equations of motion, as well as the Berendsen thermostat method® to control the system

temperature at 300 K. All ab initio QM/MM calculations were performed in modified Q-Chem?®

and Tinker?’ programs.



3. Determination of the free energy profile

To study the hydrogen transfer from SAHA to His142 in HDACS, we employed the distance
between His:N° and SAHA:H (on Ol) as the reaction coordinate, and used an iterative
minimization procedure with the reaction coordinate driving method® to first map out the
minimum energy path (MEP) associated with the reaction coordinate. For each determined
structure along the reaction path, first the MM subsystem was further equilibrated with 500 ps
molecular mechanical MD simulation. Then the resulting snapshot was used as the starting
structure for ab initio QM/MM MD simulations with umbrella sampling. Each window was
simulated for 25 ps. The configurations after 5 ps for each window were collected for data analysis.
The probability distributions along the reaction coordinate were determined for each window and
pieced together with the WHAM® # to calculate the free energy profile along the reaction
coordinate. This computational protocol has successfully been applied to study several enzymes as

well as chemical reactions in aqueous solution®*>’.
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Figure S1. Tllustration of active sites of initially prepared enzyme-inhibitor complexes for HDACS,
HDAC7 and HDACA4.
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Figure S2. Distributions of hydroxamate oxygen-zinc distances (d;&d, in Figure la) from ab

QM/MM MD simulations.
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Figure S3. The chelation mode and hydrogen bond network for HDAC4 (state B).



(a) Y306H HDACS (b) F152A/F208A HDACS

Figure S4. The binding pockets (sideview) in the selected models.

(c) HDAC4 (state-B)
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Figure S5. The surface and binding pocket (topview) of models shown in Figure 5.
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Figure S6. Averaged ESP charge of zinc in each model. The average values and error bars are calculated

from the QM/MM MD snapshots.



(a) wild type HDACS8 (b) Y306H/F152A/F208A HDACS8
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Figure S7. Volume of active pocket in the selected models. Calculation details: the cavity was occupied by
dummy atoms (radius is 1.1 A) using McMol program. The dummy atoms at the entrance of pocket is
shown in red, and others shown in blue. Total numbers of dummy atoms are denoted in each figure. Taken
model (a) as an example, the pocket volume is calculated as: 4/3 * IT * (1.1 A)* * (62+337) = 2225 A°.
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