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Benchmark test on the non-enzyme and corresponding enzyme models

The DFT calculations on the selected simplified non-enzyme models were
prepared to probe the reactivity of the intramolecular nucleophilic attack reaction
controlled by R/ R, As shown in Figure S3, both the stepwise and concerted reaction
mechanisms were considered. The reactant and product structures as well as transition
states were optimized at the level of M06-2X/6-311+G** in the gas phase. Based on
these stationary structures, the relative reaction free energy profiles were further
obtained from frequency analysis at the same theoretical level with PCM solvent
continuum models (CCl4, CHCI3 and water were considered). And all these
calculation were carried out in Gaussian 09 package.

As shown in Figure S4(a), It fails to obtain the transition state under the stepwise
mechanism(Scheme I in Figure S3). The relative free energy profiles of the concerted
reaction mechanisms (Scheme II in Figure S3) are shown in Figure S4(b-c). It
indicates that the intramolecular nucleophilic attack reactivity could be modulated by
the R; and R, groups. And further QM/MM calculations indicate that the reactivity
would be highly increased under enzyme catalysis (the computational details are
presented in the “Experimental and Computational details” section and Figure S5-S6,
and the results are summarized in Figure S7). All the reaction barriers of these modes

are summarized in Table S1.



Structure Determination of the #-aminomethyl and f-hydroxymethyl chalcone
(Z2)-4-Amino-1,3-diphenylbut-2-en-1-one (f-aminomethyl chalcone). A brown
and green solid, ~21.4% yield. 90% pure. 1H NMR (400 MHz, CDCI3): 61.29(s, 2H,
NH2), 4.61(s, 2H, CH2), 6.86( s, 2H, ArH), 7.17-7.42(m, 7H, ArH), 8.51(s, 2H, ArH).
13C NMR (100 MHz, CDCI3) 6 190.7, 155.9, 136.4, 135.6, 134.1, 128.4, 128.1,

127.5, 126.1, 124.8, 108.9, 59.2 ESI-MS(m/z)=237.02[M]+

(Z)-4-Hydroxy-1,3-diphenylbut-2-en-1-one (f-hydroxymethyl chalcone). A
pale yellow oil, 10.11% yield. 96% pure. IH NMR (400 MHz, CDCI3): 85.50(s, 2H,
CH2), 7.16-7.57(m, 9H, ArH), 8.00-8.01(d, J = 4Hz, 2H, ArH). 13C NMR (100 MHz,
CDCI3) 6 188.9, 150.5, 140.7, 136.5, 133.6, 128.4, 127.5, 127.1, 126.3, 124.7, 104.5,

51.2 ESI-MS(m/2)=237.94[M]+



Experimental and Computational details
Fluorogenic Assay of HDAC Inhibition Activities.
In the first step, an acetylated lysine substrate was incubated with HDAC1-3 for

30 minutes at 37°C. Deacetylation sensitized the substrate with HDAC developer in

the second step released a fluorescent product. The fluorophore was easily analyzed
using a fluorescence plate reader with excitation wavelength of 347 nm and emission
wavelength of 465 nm. A hydroxamic acid HDAC inhibitor (TSA)" which was
applied to terminate the incubation process was added to HDAC developer before the
second step. The assay buffer (25 mM Tris-HCI, pH 8.0, 137 mM NaCl, 2.7 mM KCl
and 1 mM MgCI2), TSA (0.21 mM), acetylated lysine substrate (3.4 mM) and HDAC
developer were purchased from Cayman (U.S.A). The human recombinant HDACI,
HDAC2 and HDAC3 were purchased from Epigentek (U.S.A). And the benzamide-
like inhibitor MS-275 compound was purchased from Wuhan NCE Biomedical

Co.,Ltd (China).

All assays were performed according to the protocol of HDACI inhibitor screening
assay kit. First, 140 pL assay buffer was added into a well on a 96-well plate. HDAC
enzymes were diluted to the desired concentrations with assay buffer and then, 10 pL.
diluted enzyme was dispensed into the well. Second, S-substituted chalcones and MS-
275 were dissolved in assay buffer primarily, and a series of five-fold dilutions of
each compound were prepared with assay buffer. 10 pL of each dilution was also
added into the correspondent well to mix with enzyme at room temperature. Third, 10
uL acetylated lysine substrate was added to correspondent well to initiate

deacetylation reaction after the mixture above had been mixed at room temperature



for 1 hours. The deacetylation reaction was kept up for 30 minutes on a shaker at
37°C. Finally, 40 uLL HDAC developer which included TSA used to terminate the

deacetylation process was assigned to the well to combine with the deacetylated
lysine for 15 minutes on a shaker at room temperature. The fluorescence intensity of
the combination product was measured on a microplate reader (Flex Station 3,
Moleculardevices) in 30 minutes using an excitation wavelength of 340-360 nm and
an emission wavelength of 440-465 nm. In addition, the fluorescence intensity of the
100% initial activity without enzyme (F100) and background activity without
inhibitors (FO) were also taken into account to equilibrate the assay result. The
fluorescence intensity data were analyzed by Origin software. So in the presence of
inhibitors and HDAC enzymes, the fluorescence intensity (F) was laid between FO
and F100. And the accurate relative HDAC activity was calculated based on the
following equation: %activity = (F-F0)/(F100-F0). The TSA inhibitor was also
employed as the positive control to demonstrate the reliability of the method above.
Each assay was repeated three times and the mean values were used for S curve

fitting to obtain the IC50 values.

To further test the time-dependent inhibition of chemicals, 10 pL of diluted B-
hydroxymethyl chalcone was mixed with or without enzyme at room temperature for
4 hours, 8 hours, 12 hours, 16 hours, 20 hours and 24 hours, respectively. Then 10 pL
acetylated lysine substrate was added to initiate deacetylation reaction. Fluorescence

intensity was recorded at each time point to calculate time-dependent inhibition.



Preparation of the HDAC1/2/3-Ligand Complexes.

The HDAC2-benzamide complex was built based on the crystal structure (pdb
code: 3MAX)’. And then the two HDAC2-S-substituted chalcones complexes were
obtained from manual docking based on the benzamide skeleton. First, the
protonation states of charged residues were determined in consistent with our
previous study’”, His183 was determined as singly protonated on ¢ site, while His145
and His146 was determined as singly protonated on o site. Then, several Na+ ions
were added around the protein surface to neutralize the total charges for each model,
and then solvated into a cubic water box with an 8 A distance between the solvent
box wall and the nearest solute atoms. The TIP3P model’ and Amber99SB force
field” were employed for the water and protein respectively, while the force field
parameters of each ligand was generated from AMBER GAFF force field’’. The
partial atomic charges of these ligands were obtained from the restrained electrostatic

potential (RESP) charge based on HF/6-31G* calculation with Gaussian09 package’’.

All of the prepared systems were minimized and equilibrated step by step. After
several steps of minimization, the heating MD simulation was performed from 0 K to
300 K gradually under the NVT ensemble for 50 ps. Then 100 ps MD simulations
were performed under the NPT ensemble to relax the system density to be about 1.0
g/cm3, with the target temperature of 300 K and the target pressure of 1.0 atm. And
then further equilibrated for ~50 ns by employing GPU-accelerated AMBERI12
package’”. The MD trajectories were very stable after ~0.5 ns and the resulted
snapshots were employed for subsequent QM/MM calculation. During the MD

simulations, the SHAKE algorithm’? was applied to constrain all hydrogen-containing
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bonds with a tolerance of 10”. The Berendsen thermostat’* method was used to
control the system temperature and a cutoff of 12 A was set for both van der Waals
and electrostatic interactions. The preparation of the HDACI1/3-Ligand complexes
was followed by the same steps based on the HDAC1/3 crystal structures (pdb code:

4BKX & 4A69, respectively)’™ /7.
Born-Oppenheimer ab initio QM/MM MD simulations.

Each cubic system from above molecular dynamics simulations was cut into a
sphere by removing the solvent water molecules which were beyond 30 A of the zinc
ion in the active site. Then, the resulted systems were partitioned into QM and MM
subsystems. The His145, His146, Asp181, His183, Asp269, ligands and zinc ion were
chosen as the QM subsystem (showed in Figure S5) which was treated by M06-2X""
% with Stuttgart ECP/basis set (SDD) for the zinc atom and 6-31G* basis set for all
other QM atoms. In comparison with B3LYP, M06-2X method was more adaptive to

1721 Nevertheless, primary

characterize a cyclization reaction in previous study
benchmark test on the B3LYP and M06-2X methods have been performed (see
Figure S4(d) and Figure S7(e-f)). The QM/MM boundaries were described by the

h?** with the improved pseudobond parameters. All the left

pseudobond approac
atoms were described by the same molecular mechanical force field used in previous
classical MD simulations. For all QM/MM calculations, the spherical boundary
condition was applied and the atoms more than 20 A away from the zinc atom were
fixed. The 18 A 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 QM/MM systems were first minimized, and then
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25 ps QM/MM MD simulations were performed with the time step of 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. The
configurations of last 20 ps were collected for data analysis. All our ab initio
QM/MM calculations were performed in modified QChem-Tinker programsﬁ’ % As
shown in Figure S10 (a-b), the representative zinc chelation modes and hydrogen
bond network around the benzamide in HDAC2 from our QM/MM MD simulations

are consistent with the XRD structure, thus our simulation protocols are reasonable.

Furthermore, to study the intramolecular nucleophilic attack reaction, the
resulting structures from QM/MM MD simulations of the two HDAC2-chalcones
were first minimized to map out the minimum energy paths with reaction coordinate
driving method”?. The determination of reaction coordinate was presented in Figure
S6 and S7. For each determined structure along the minimum energy paths, the MM
subsystem was equilibrated with 500 ps molecular mechanical MD simulation with
the QM subsystem fixed. And then, each resulting snapshot was employed as the
starting structure to carry out 20 ps ab initio QM/MM MD simulations with umbrella
sampling” *’. The configurations of the last 15 ps at 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 yield the
reaction free energy profile. The setup for QM/MM MD simulations of HDAC1/3-

chalcone complexes was similar to that of HDAC2-chalcone model.
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Figure S1. Chemical classification of HDAC inhibitors based on reactant (R),
intermediate (IT) and product (P) state of the lysine deacetylation reaction. The lysine
deacetylation reaction is exhibited in circles with different colors, and the HDAC
inhibitors shown in rectangle with corresponding colors. The Zn ion and chelating

area of HDAC inhibitors are highlighted in blue.

11



Figure S2. The sequence alignment (a) and structure alignment (b,c) of HDACI (pdb
code: 4BKX) and HDAC2 (pdb code: 3MAX). The sequence identity is 93.5% and
similarity is 97.8%, the RMSD of protein and active-site alignment for all heavy
atoms is 0.7 A and 0.6 A respectively. (Analyzed by Discover Studio 3.5 package)
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Figure S4. (a) The relative energy profiles of the stepwise mechanism. It indicates
that stepwise mechanism is unreasonable. (b) The relative energy profiles of the
concerted mechanisms for the f-aminomethyl compounds, namely scheme II (a) in
Figure S3. (c) The relative energy profiles of the concerted mechanism for the -
hydroxymethyl compound, namely scheme II (b) in Figure S3. (d) The benchmark
test on M06-2X vs B3LYP methods with various basis set for the f-hydroxymethyl
compound. It indicates that B3LYP is prefer to underestimate the relative stability of
the cyclic product, and it also indicates that the basis set dependence is very small for
MO06-2X methods. It is also confirmed in our further QM/MM calculations, as shown
in Figure S7 (e-f).
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simulations. (black, MM subsystem; pink, boundary carbon atoms in QM subsystem
described by improved pseudobond parameters; blue, all other atoms in the QM
subsystem.)
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(a) B-aminomethyl Chalcone: RC=S1+S2 (b) B-hydroxymethyl Chalcone: RC=S1+S3

H146 H146
HN \ HN \
A H145 Q H145
N N
{sa is3
; 7 “NH ; NH
H H
/e /=
R—~—=1" 0
0 ou_|
NZn——D181 NZn—p181
D269 83 D269 83

Figure S6. Illustration of the reaction coordinate (RC) chosen for the intramolecular
nucleophilic attack reaction in the ab initio QM/MM studies. Both the RC=S1+S2
and RC=S1+S3 were tried for the f-aminomethyl chalcone and benzamide, then the
RC=S1+S2 was finally employed for the f-aminomethyl chalcone and the relative
systems (R;=CHj3; and CF3) by considering the potential energy profiles results (see
Figure S7). For the f-hydroxymethyl chalcone, the RC=S1+S3 was employed since
the single hydrogen bond with HI146 is very stable during the QM/MM MD
simulations.
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Figure S7. The minimum energy paths for the selected compounds under enzymatic
catalysis (a-d), and the benchmark test on M06 and B3LYP methods for the selected
enzymatic models (e-f, conclusion is similar to the gas phase results as shown in
Figure S4(d)). Herein, R;, R, refer to Figure 1 and RC refer to Figure S6.
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Figure S8. Synthesis of the f-substituted chalcones. Reagents and reaction conditions:
(a) absolute EtOH, SOCI,, rt, 2h; (b) NBS/BPO, CCls, heat, reflux, Sh; (c)
CH3COONa, absolute MeOH, heat, reflux, 24h; (d) Tritylamine, acetonitrile,
triethylamine, N», heat, reflux, 24h; (¢) 60% CH,Cl,/ CF;COOH, rt, 24h.

18



120+

—HDACI-1h ——HDACI-1h
. e HDAC1-24h 3 s HDAC-24h
_ : SR
100- - HIM(:LII: 1004 ~— HDAC2-1h
HDAC2-24h i HDAC2-24h
——HDAC3-1h —— HDAC3-1h

-~ HDAC3-24h

Y
=
1

Normalized Enzyme Activity (%)
T
g

Normalized Enzyme Activity (%)
[=a)
=

o > == &
L 1 1 ! X ! ! T T Y T T T ¥ T ¥ T Y T T 1
0.001 0.01 0.1 1 10 100 1000 10000 0.001 0.01 0.1 1 10 100 1000 10000
MS-275 (uM) ) S-aminomethyl chalcone (uM)
e 3807 HDACI-1h v 101 —1h
2 S - 4= =]
s e HDACI-24h s . R ==dh
2 100 v — HDAC2-1h 2100 m—ih
z HDAC22h —xl
b1 3 ——HDAC3-1h b | v
v A0 s HDAC3-24h < 80 : —20h
@ ™ J \\ 24h
£ E
& 60 k & 60 \-\
= " =
= v = .
= 404 T 404
7] -7
N N
E 20 g 204
- =
s S Y )
Z - ven, . 2 g
1 Ll T 1 v L) L) I L) ] L] L] ] Ll T ] 1
0.0001 0.001 0.01 0.1 1 10 100 1000 10000 0.0001 0.001 0.01 0.1 1 10 100 1000

S-hydroxymethyl chalcone (uM) HDAC2-S-hydroxymethyl chalcone (M)

Figure S9. Dose-response curves of the designer f-substituted chalcones and positive
control MS-275.
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Figure S10. Illustration of the zinc chelation modes and hydrogen bond network. (a)
is the HDAC2 XRD structure and (b) is the corresponding QM/MM MD results. The
(c)(e)(g) present the reaction states for the f-aminomethyl chalcone-HDAC2 model
and (d)(f)(h) present for the p-hydroxymethyl chalcone-HDAC2 model from
QM/MM MD simulations. The distance between nucleophilic atoms (N1 and O1) and
carbonyl carbon (C5) of ligands is highlighted in red.
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Figure S11. The ESP charge distribution of the selected atoms in the p-

hydroxymethyl chalcone-HDAC1/2 complexes. (Zn, C5, O1 refer to Figure 2).
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Figure S12. The minimum energy paths for the A-hydroxymethyl chalcone in

HDAC1/2 with different metal ions.
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Figure S13. (a) The comparison of relative reaction profiles with additional classical
MD simulations on the final product state in the f/~hydroxymethy chalcone model. (b)
The number of water molecules near the binding pocket at the final product state with
additional classical MD simulations.
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Figure S14. The representative n-n stacking and the pocket shape at the final product
state along the 20 ns additional MM MD simulations.
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Table S1. The intramolecular nucleophilic-attack reactivity of the designers (shown
in Figure 2). All computational details refer to Figure S3-S7.

Reactivity (relative reaction barrier, unit: kcal/mol)

[-aminomethyl compound S-hydroxymethyl compound Benzamide
Simulation
Model R1=-CF3  RI=-CH3 RI=R2=Phenyl RI1=-CF3  RI1=-CH3 RI=R2=Phenyl = RI=Phenyl

R2=Phenyl R2=Phenyl (chalcone) R2=Phenyl = R2=Phenyl (chalcone) R2=Biphenyl

Gas-phase medium low low low low no
P (24.6) (31.0) (33.5) (30.6) (33.2) (38.8)
Solvent low 1o
Y (28.0) (38.0)
high medium medium very high no
HDAC2 (17.2) 21.1) (23.7) i i (12.1) (68.1)
low medium
HDACI1 - - - - -
¢ (27.7) (21.2)
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