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Computational Methods

All computational models are shown in Table S2-S6. The HDAC2-SAHA
(4LXZ),! HDACS8-SAHA (1T69)? and HDAC7-SAHA (3C0Z)* complex were used as
the initial structures. The state-of-the-art Born-Oppenheimer ab initio quantum
mechanics/molecular mechanics molecular dynamics (QM/MM MD)*!® method as
well as combined with unbiased sampling and umbrella sampling'"> 2 technologies to
capture all data presented in this work. The free energy profiles were mapped out by
determining the probability distributions of the reaction coordinate and pieced together
with WHAM!'3 4 program on the basis of the last 20 ps (25 ps for each window)
QM/MM trajectories along the proton transfer reactions in all HDAC models.

Before the QM/MM simulations, the initial structures were first equilibrated for
about 8 ns by employing AMBER 12.0 package'®. And the detailed modeling protocol
are similar to our previous work!'® ' During the QM/MM MD simulations, the
different QM partition schemes were considered as shown in Table 2-6 and Figure S2.
All the QM subsystems were treated by the B3LYP functional with the Stuttgart
ECP/basis set (SDD)* for the zinc atom and the 6-31G* basis set for all other atoms.
This level of QM treatment® 1% 16192124 had been extensively tested and successfully
employed to describe the zinc coordination shell, as well as had been employed in our
previous and Wiest’s calculations for HDAC8'" . The MM subsystems were
described by the Amber99SB?*?® force field and the QM/MM boundaries were

described by the pseudobond approach with the improved pseudobond parameters.?*-3

Other computational details are very similar to the previous QM/MM QM protocol!% '®

19 All computations were performed in the modified Q-Chem?* and Tinker** programs.
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More discussions on the two water molecules (WAT1/2)

Based on our simulations, it was found that the WAT2 would form hydrogen bond
with the SAHA: O2 when the second metal ion was mutated to K" or removed in the
HDAC?2 as shown in Figure S15 and Table S8. While for the wild type HDAC2, the
strong hydrogen bond between WAT2: H1 and Y308: OH would maintain at about
2.06 during the 20 ps QM/MM MD simulation. The coordination distance of
Zn-SAHA: O2 kept at about 2.16 and WAT2: H1 was far away from the SAHA: O2
(3.16). However, when the Ca®" ion was mutated to K*, the hydrogen bond of WAT?2:
H1-Y308: OH become weaker (2.49) while the distance of Zn-SAHA: O2 (2.68) and
WAT2: H1-SAHA: 02 (2.95) get longer and shorter, respectively. This local binding
modes transition would become more obvious when the second metal ion was deleted
as shown in Figure S15. When the Y308 residue was further mutated to His based on
the Ca**—K" mutant model, the WAT2: H1-Y308: OH hydrogen bond was totally
broken, the Zn-SAHA: O2 (3.47) would become longer and the WAT2: H1 would form
very strong hydrogen bond with SAHA: O2 (2.06). However, the hydrogen bond
between WAT2: HI and SAHA: O2 would not be formed if there was only Y308H
mutant for HDAC?2. It means that the second metal ion determines the functional role
of the WAT?2 on the deprotonation of SAHA. The similar results were also found in the
HDACS wild type and mutant models (see Figure S16 and Table S8). In sum, the
presence or absence of the hydrogen bond between Zn-SAHA: O2 and WAT2, which is
relative to the proton transfer reaction of SAHA, is controlled by the “second metal
site” in HDAC.

Due to the K" ion in the second metal site of HDACS, the WAT2 could not only
form hydrogen bond with the Y308, but also with SAHA: O2 as shown in Figure S16.
Therefore there maybe exist two states for the HDACS (see Figure S17). The state A:
WAT2: H1-Y306: OH hydrogen bond was formed; The state B: WAT2: HI-SAHA: O2
hydrogen bond was formed. Interestingly, the two states were indeed observed in
crystals (state A: 4BZ6 and 4BZ7; state B: 4BZ9) and also reproduced in our

simulations. Meanwhile, due to the existence of the Ca®>" ion in HDAC2 and K*/H843



in HDAC?7, only state A for HDAC2 (state A: 4LXZ) and only state B for HDAC7
(state B: 3COZ and 3C10) were found theoretically and experimentally. These highly
unified results between computation and experiments further indicated that our
proposed protonation mechanism is reliable. To further identify our proposed
protonation state of SAHA in HDACS8/7/2, the coordination distance of Zn-SAHA: Ol
and Zn-SAHA: O2 were compared between our computational results and crystal
structures. As shown in Table S1 and S9, based on all the HDACS8-hydroxamate
(SAHA belongs to hydroxamate) crystal structures, we can see the Zn-SAHA: O1
distance fluctuates among 1.90~2.50 while 1.90~3.00 for Zn-SAHA: O2. These
statistical results were very close to the computational coordination distances of
negative SAHA (2.18 and 2.70) in HDACS. The similar consistency were also found in
HDAC2 and HDACY7. Thus based on these simulations, deprotonation state of SAHA
is favorable in the HDAC7 and HDACS, while neutral or negative SAHA is not biased
and undistinguished in HDAC2

Above proposed possible protonation state was based on the situation of the
existence of the two crystal water (WAT1/2) or the solvent water enter into this water
binding site in current modeling. However, except for HDAC2 in which the two crystal
water (WAT1/2) were completely crystallized, the existence of the two crystal water
was not guaranteed based on all available human-HDACS8 and HDACT7 crystals (only
WAT1 or WAT2 were found in HDACS8 or HDACT7, respectively, as shown in Table
S1). Thus it is necessary to identify the protonation mechanism if only one water in the
“water binding site”. For HDAC?7, the case that only containing WAT2 (model 7-1)
have been further considered carefully, in comparison with the model (model 7-2) in
which both WAT1 and WAT?2 existed, the stability difference between the neutral state
and negative state was smaller (-3.1 vs -4.4 kcal/mol), but the proton transfer reaction
was also facile (0.7 kcal/mol vs 0.3 kal/mol, see Table S6). Meanwhile, the 20 ps
unrestricted QM/MM MD simulation indicated that the neutral state would only
survive for 0.47 ps for HDAC7 (see Table S10). For the model of HDACS8-1T69, in
which only WAT1 existed, the neutral SAHA was also unstable and could only survive

for 2.12 ps and then transfer to be negative SAHA. Considering the “2V5X” structure



had a higher resolution than 1T69 (1T69 was 2.91 while 2V5X was 2.25A), and the
WAT1 was crystallized, we also performed similar QM/MM MD simulation on
“2V5X” via modifying the ligand to be SAHA which was a SAHA-like inhibitor in the
original crystal. As shown in Table S10, for HDAC8-2V5X model (only WAT1), the
negative SAHA was also more stable than neutral one.

In sum, whatever both WAT1/2 are existed or only one (WAT1 or WAT?2) existed
in HDACS/7, the negative SAHA is more stable and prevalent. Moreover, as we
discussed in text, functional roles of Y306 in proton transfer reaction is relative to the
“second metal site”, the regulatory effect of “water binding site” on protonation of
SAHA is also dependent on the “second metal site”, thus further proved the fidelity of
our proposed “Metal-dependent” mechanism. Furthermore, in the HDAC2-LLX and
HDACS-substrate crystals, the LLX (a selective Benzamide HDAC inhibitor) and
substrate (Acetyl-Lysine) form a strong hydrogen bond with the conserved G154/151
via an acyl amino by precisely utilizing the WAT?2 site (see Figure S1). It indicates that

the WAT1/2 binding site could be applied to inhibitor design.
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(a) HDAC2-SAHA (b) HDAC2-LLX (c) HDACH-substrate
(4LXZ) (IMAX) (ZVEW)

{d) HDACE-VSX (e} HDACS-NHEB (f) HDACS-SAHA (schistosoma mansoni)
(2V5X) (1W22) (4BZ6)

Figure S1. Illustration of the active site structure of the enzyme-inhibitor complex in
HDAC?2 (a & b) and HDACS (c, d, e and f). There is a distinct hydrogen bond network
among zinc binding group, Y308, G154 and two water molecules (WAT1 and WAT?2).
In the HDAC2-LLX and HDACS-substrate crystals, the LLX (a benzamide-like
HDAC inhibitor) and substrate (Acetyl-Lysine) just precisely utilize the WAT?2 site to
form a strong hydrogen bond with the conserved G154/151 via an acyl amino. It
indicated that the WATI1/2 could be applied to inhibitor design. In the
HDACS-substrate crystal the Y306F mutation is manually recovered. The non-human
4BZ6 crystal is a schistosoma mansoni HDACS (also for 4BZ7 and 4BZ9), whose
active site is identical with human and have two waters in the second zinc coordination
shell. Another two human HDACS crystals (IVKG and 3RQD) have one water
(WATT1). The more details about WAT1/2 were shown in Table S1.
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Figure S2. The detailed QM/MM partition schemes for ab initio QM/MM MD
simulations in HDAC2-SAHA models (refer to Table S2 and S3). Black, MM
subsystem; Pink, boundary carbon atoms which treated at QM level; Blue, the other
atoms in QM subsystems. (a) represents the classical smallest QM subsystem
(Cs-QMS); (b) represents the biggest QM subsystem (BQMS=Cs-QMS+D-H
Dyads+WAT1/2 +Y308). The QM/MM partition schemes of HDAC8/7-SAHA models
were similar to that of HDAC2-SAHA models and see details in Table S4-S6.
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Figure S3. Benchmark test on free energy profiles of the proton transfer from SAHA
to H145 in the wild types HDAC2 which refer to Table S2. The distance between the
hydroxyl hydrogen of SAHA and the N*® atom of H145 is chosen as the reaction
coordinate. The QM subsystem of model 2-6 (colored by pink) represents the Biggest
QM Subsystems (BQMS) which refer to Figure 2 (a) and Figure S2. The two
conserved water molecules (WAT1/2, see Figure 1 and S1) were added into the MM
subsystem based on the Cs-QMS (see Figure S2, model 2-1) and Cb-QMS (see Figure
S2, model 2-2) to build the model 2-3 and model 2-4, respectively, while in the model
2-5 the WAT1/2 was partitioned into the QM subsystem based on the Cb-QMS model.
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Figure S4. Benchmark test on free energy profiles of the proton transfer from SAHA
to H142 in the wild types HDACS8 which refer to Table S4. The distance between the
hydroxyl hydrogen of SAHA and the N*® atom of H142 is chosen as the reaction
coordinate. For model using the Classical smallest QM Subsystem (Cs-QMS, model
8-1, defined in our previous work for HDACS), SAHA prefers to be neutral which is
consistent with our previous conclusion. For model using Classical bigger QM
Subsystem (Cs-QMS+D-H Dyads, model 8-2, defined as Wiest’s work for HDACS).
Based on these PMF profiles, we strongly realized that characterize the reaction
features based on free energy calculation is critical especially for proton transfer
reaction with low barrier. Take model 8-2 as example, it is forbidden in view of current
QM/MM free energy simulations (also for model 8-1 as what we used before), whereas
it is spontaneous based on static QM/MM optimization as Wiest done (Ref. 9 in text).
Therefore, we proposed that the prevalence of negative SAHA in HDACS in Wiest’s
modeling (Ref. 18 in text) mostly due to the lack of K (see model 8-10 in Figure S6)
but not due to the bigger QM size used in comparison with our previous modeling (Ref.

4d in text).
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Figure S5. The comparison of free energy profiles for wild/mutant type HDAC2 based
on the BQMS (A) and Cs-QMS (B) which refer to Figure 2 (c), Table S2-S3 and
Figure S2. The distance between the hydroxyl hydrogen of SAHA and the N® atom of

H145 is chosen as the reaction coordinate.
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on the BQMS (A) and Cs-QMS (B) which refer to Figure 2 (d), Table S4-S5 and

Figure S2. The distance between the hydroxyl hydrogen of SAHA and the N® atom of

H142 is chosen as the reaction coordinate.
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QM/MM MD simulations for the mutant HDAC2-SAHA models in which the metal
ion in “the second metal site” are mutated to be K" ion or deleted. The variations of the
models with Ca?" ion (wild type) were shown in Figure 3. The survival time (ps) of the

neutral and negative SAHA colored in blue refer to Table S7.
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Figure S8. The comparison of the ESP charge (Zinc ion and H145:N°) in the reactant
state (Neutral SAHA) along the proton transfer reaction among the HDAC2 models
(model 2-6, model 2-9 and model 2-10, see Table S2 and S3) in which the metal ions

in “the second metal site” are different.
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Figure S9. The comparison of the ESP charge (SAHA: O1 and SAHA: 02, O1 and O2
are the hydroxyl oxygen and the ketonic oxygen of SAHA, respectively, see Figure 1)
in the reactant state (Neutral SAHA) of the proton transfer reaction between the wild
type HDAC2 models (model 2-6, see Table S2) and the Y308H HDAC2 mutant model
(model 2-11, see Table S3).
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Figure S10. The remote “second metal site” dependent (namely ‘“Metal-dependent”)
regulatory effect on the deprotonation of SAHA as well as functional role of Y306 in
HDACS. More detailed structure evolution and ESP charge analysis are provided in
Figure S11-S13. The similar conclusion could be found for HDAC2, as shown in
Figure 3.
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Figure S11. The variation of the active site structures along the 20 ps unrestricted
QM/MM MD simulations for the HDAC8-SAHA models in which the metal ion in
“the second metal site” are K ion or nonexistent. The variations of the models with
Ca?" ion were shown in Figure S10. The survival time (ps) of the neutral and negative

SAHA colored in blue refer to Table S7.

18



0.10 - 0.09 .
1K' (model 8-6) 1 [ K (model 8-6)

091K >Ca™ (model 8-9)  Zinc Ton 1 008+ T K S Ca (model 8-9) 1
0.08 {1 K'-No (model 8-10) N5 4 21 K'—No (model 8-10) |

0.07 - &
N" atom of H142

= £
= ] 1.8
= 0,074 A 4= 1
- 1l 1 2 0.6+ - .
£ 0.06 T | {1 E -
£ 4 {.£2 0.054 H g
S 0.05- { 4 =< HH. 1
: 1 2 0.04 i .
g 0.04 4= i |
= 1< 0.03 .
'§ 0.03 g _§
n“.. 0.02 - ’ . a 0.02 -
0.01 7 1 oo ]
0.00 v v ¥ g v FE e 0.00 L . LN I A B S A B S
03 04 05 06 07 08 09 L0 L1 12 13 -3 L1 09 07 05 03 01 01 03 05 07
ESP Charge ESP Charge

Figure S12. The comparison of the ESP charge (Zinc ion and H142: N°) in the reactant
state (Neutral SAHA) along the proton transfer reaction among the HDACS8 models
(model 8-6, model 8-9 and model 8-10, see Table S4 and S5) in which the metal ions

in “the second metal site” are different.
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Figure S13. The comparison of the ESP charge (SAHA: O1 and SAHA: 02, O1 and
02 are the hydroxyl oxygen and the ketonic oxygen of SAHA, respectively, see Figure
1) in the reactant state (Neutral SAHA) of the proton transfer reaction between the K*
—Ca*" single HDACS mutant model (model 8-9, see Table S5) and the K'—
Ca?*/Y306H double HDAC8 mutant model (model 8-12, see Table S5).
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Figure S14. The variation of the active site structures along the 20 ps unrestricted
QM/MM MD simulations for the wild type HDAC7-SAHA models (model 7-2, refer
to Table S6) in which the Tyr residue is replaced by H843 and the metal ion in “the
second metal site” is K ion. The survival time (ps) of the neutral and negative SAHA

colored in blue refer to Table S7.
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Figure S15. The distance evolution of the important hydrogen bonds WAT2:H1-Y308:
OH (d1), WAT2:H1-SAHA: 02 (d2) and Zn-SAHA: O2 (d3) during the 20 ps
unrestricted QM/MM MD simulation in wild and mutant HDAC2. All data are also

summarized in Table S8.
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Figure S16. The distance evolution of the important hydrogen bonds WAT2:H1-Y306:
OH (d1), WAT2:H1-SAHA: 02 (d2) and Zn-SAHA: O2 (d3) during the 20 ps
unrestricted QM/MM MD simulation in wild and mutant HDACS. All data are also

summarized in Table S8.
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Figure S17. The hydrogen bond network around the WAT2 in the HDACS8/2/7-
hydroxamate crystal structures. For HDACS, WAT2 could form hydrogen bond with
either Y306: OH or SAHA: O2. Therefore, two states (state A and state B) were found
in the HDACS crystal structures (a & b). While for HDAC2 and HDAC?7, only state A
and state B were found in the crystal structure, respectively (¢ and d). 4BZ7
(HDACS8-B3N) which is similar to 4BZ6 also tends to be state A and 3C10
(HDAC7-TSA) which is similar to 3C0Z also tends to be state B. Thus they are not
shown here. B3N, KMY and TSA are SAHA-like inhibitors. 4BZ6, 4BZ7 and 4BZ9
crystals are schistosoma mansoni HDACS8 whose active sites are identical with human

HDACS.
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Figure S18. The hydrogen bond network around WAT1 in the HDACS8/7-SAHA
crystal structures (only WAT1 or WAT2). For HDACS8/7 (only WAT1), WAT1 could
form hydrogen bond with both SAHA: O1 or SAHA: O2 when the proton was
transferred to H142/H669 (a and b). While for HDAC7 (only WAT2), the WAT?2 just
form hydrogen bond with SAHA: O2. It indicated that the WAT1 would also play the
functional role (form hydrogen bond with SAHA: O2) to promote the proton transfer
reaction even if WAT2 was removed. The HDACS8-1T69/2V5X (only WAT1),
HDAC7-3C0Z (only WAT1) and HDAC7-3C0Z (only WAT2) refer to Table S10.
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Table S1. The coordination distances of Zn-SAHA: O1 and Zn-SAHA: O2 as well as
the resident water of the second zinc coordination shell in the all available crystals for
HDAC&8/7/2-hydroxamate complexes. The ligands—B3N, TSA, KMY, CRI, J38, V5X
and NHB are similar to SAHA structurally. 4BZ6-4BZ9 crystals are schistosoma

mansoni HDACS whose active sites are identical with human.

PDB ID Ligand Resolution WAT  d(Zn-SAHA:01) d(Zn-SAHA:02)

HDACS
2.04 2.35
2.04 2.44
4BZ7 B3N 1.65 WAT1/2 2 04 7135
2.06 2.33
3EWS B3N 1.80 / 2.53 2.29
1.94 2.35
3MZ4 B3N 1.85 / 297 295
3MZ7 B3N 1.90 / 1.82 2.43
2.03 2.32
1T64 TSA 1.90 / 2.00 299
3MZ6 B3N 2.00 / 1.91 2.61
2.19 2.34
2.17 2.47
4BZ6 SAHA 2.00 WAT1/2 212 234
2.10 2.35
2.38 3.01
2.10 2.52
4BZ9 KMY 2.00 WAT1/2 24 787
2.01 2.77
1IVKG CRI 2.20 WAT1 1.97 1.91
2.37 291
243 2.67
4BZ8 J38 2.21 WAT1 23] 272
2.47 2.68
2.16 2.29
2V5X V5X 2.25 WAT1 208 295
1T67 B3N 2.31 / 1.99 2.03
2.16 2.17
1W22 NHB 2.50 WAT1 2 14 250
249 2.27
3FOR TSA 2.54 / 2.19 2.18
2.39 2.23
2.12 1.95
3F06 B3N 2.55 / 1.94 210
2.03 2.02
3EZP B3N 2.65 / 235 293
2.29 2.30

3EZT B3N 2.85 /
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1769
3MZ3

3C10

3C0Z

4L.XZ

SAHA
B3N

TSA

SAHA

SAHA

291
3.20

2.00

2.10

1.85

/
/

HDAC7

WAT2

WAT2

HDAC?2

WAT1/2

231
1.95
2.18
2.33

1.99
2.14
2.07
2.33

2.38
2.33
2.42

2.24
1.97
2.44
2.51

2.66
2.58
2.85
2.72

2.05
1.96
1.98
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Table S2. The illustration of the detailed QM subsystems and the free energy of the
transition state (TS) and product state (Negative SAHA) of the proton transfer reaction

in the HDAC2-SAHA wild type models.

Free Energy

Metal _ (kcal/mol)
Models cla Water QM Region .
lon TS Negative
SAHA
Zn*"; SAHA,;
IE:LOSZI(?; Ca>  No  DI8I: HI83: D269 > 10 > 10
H145; H146.
Zn*"; SAHA,;
szl_lo[()jzlczéi Ca®" No D181; H183; D269; 5.3+£0.1 5.34+0.1
H145; H146; D179; D186.
Zn*"; SAHA;
szl_lo[()jzlczé:; Ca*" Yes D181; H183; D269; 7.7+0.1 7.6:0.1
H145; H146.
Zn*"; SAHA;
szl_lo[()jzlczé;l Ca*" Yes D181; H183; D269; 4.2+0.1 2.1£0.1
H145; H146; D179; D186.
Zn’"; SAHA,;
Model 2-5 2t D181; H183; D269;
Y 2.5+40.1  -0.2+0.2
HDAC2) ©° ®  H145:H146; D179; D186, 201 0.2%0
WAT1; WAT2.
Zn’*; SAHA,;
Model 2-6 2t D181; H183; D269; Y308;
Y 2.34+0.1 -0.4+0.2
HDAC2) ©° ®  H145:H146; D179; D186, 201 040

WAT1; WAT?2.
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Table S3. The illustration of the detailed QM subsystems and the free energy of the

transition state (TS) and product state (Negative SAHA) of the proton transfer reaction

in the Ca?*—K"/Ca?>"—No/Y308H HDAC2-SAHA mutant models.

Free Energy

Metal _ (kcal/mol)
Models cta Water QM Region .
lon TS Negative
SAHA
Zn*"; SAHA,;
mogiég K*  No  DI8I; HI83: D269: 52101 5.1%0.1
H145; H146.
Zn*"; SAHA,;
IEAHOS,ZIé? No No  DISI; H183; D269; 28+0.1 1.4402
H145; H146.
Zn*"; SAHA,;
Model 2-9 D181; H183; D269; Y308:
K* Y : : 1Y% 09401 -2.620.1
(HDAC?2) S H145; H146: D179: D186, 000 6+0
WAT1; WAT2.
Zn*"; SAHA,;
Model 2-10 D181; H183; D269; Y308:
N Y ’ : 1Y% 05401 -5.640.1
(HDAC?2) © ®  H145:H146; D179; D186, >0l 3620
WAT1; WAT2.
Zn’*; SAHA,;
Model 2-11 . D181; H183; D269: H308:
Y 5401 5.5+0.1
HDAC2) & ®  H145: H146: D179; D186, or0l  35%0
WAT1; WAT2.
Zn’>*; SAHA,;
; D181; H183; D269; H308:
I\lezgiczzzl)z KW Yes  HisiHige DI179:DISe 0 7702

WAT1; WAT?2.
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Table S4. The illustration of the detailed QM subsystems and the free energy of the
transition state (TS) and product state (Negative SAHA) of the proton transfer reaction

in the HDAC8-SAHA wild type models.

Free Energy

Metal _ (kcal/mol)
Models €la Water QM Region .
lon TS Negative
SAHA
Zn*"; SAHA,;
'Eﬁogi' c?s; K* No  DI78; HI80; D267 5.1+0.1  5.1+0.1
H142; H143.
Zn>"; SAHA,;
Izl/llog,i\l(féi K* No D178; H180; D267, 3.3+0.1 3.34+0.1
H142; H143; D176; D183.
Zn>"; SAHA,;
IE/IHOS;I(S;; K* Yes D178; H180; D267, 2.7+0.1 1.4+0.2
H142; H143.
Zn>"; SAHA,;
IE/IHOS;I(SE;? K* Yes D178; H180; D267, 2.240.1 1.1£0.2
H142; H143; D176; D183.
Zn’"; SAHA,;
Model 8-5 D178; H180; D267;
K* Y ’ ’ ’ .8+0.1 -2.3+£0.2
(HDACS) °  H142:H143:D176; D183; 00 30
WAT1; WAT2.
Zn’>"; SAHA,;
Model 8-6 D178; H180; D267; Y306;
K* Y ’ ’ ’ ’ .6+0.1 -2.5+0.1
(HDACS) °  H142:H143:D176; D183; 00 >0

WATI1; WAT?2.
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Table S5. The illustration of the detailed QM subsystems and the free energy of the
transition state (TS) and product state (Negative SAHA) of the proton transfer reaction

in the K'—Ca”"/K"*—No/Y306H HDAC8-SAHA mutant models.

Free Energy

Metal _ (kcal/mol)
Models cta Water QM Region .
lon TS Negative
SAHA
Zn*"; SAHA,;
'Eﬁogz'g; Ca>®  No  DI78: HIS0: D267 > 10 > 10
H142; H143.
Zn>"; SAHA,;
'X'_Iogzlgg No No  DI178: H180: D267: 3340.1  3.0+0.1
H142; H143.
Zn>"; SAHA,;
Model 8-9 . D178: H180: D267; Y306:
Y 2.8+0.1  2.2+0.1
(HDACS) Ca ®  Hl42:H143:D176; D183; 220 0
WAT1: WAT2.
Zn>"; SAHA,;
Model 8-10 D178: H180: D267: Y306:
N Y ’ ’ ’ ’ -3.740.1
(HDACS) © “  H142:H143; D176; D183; 0 3.7%0
WAT1: WAT2.
Zn’"; SAHA,;
Model 8-11 D178: H180: D267: H306:
K Y ’ ’ ’ ©0240.1  -5.140.2
(HDACS) °  H142:H143:D176; D183; 20 3120
WAT1; WAT2.
Zn’"; SAHA,;
Model 8-12 - D178; H180; D267; H306;
Y 0+0.1  2.840.1
(HDACg) ©° °  H142:H143:D176; D183; 00 8+0

WATI1; WAT?2.
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Table S6. The illustration of the detailed QM subsystems and the free energy of the
transition state (TS) and product state (Negative SAHA) of the proton transfer reaction
in the HDAC7-SAHA models (model 7-1, 7-2 and 7-3). The Biggest QM Subsystem
(BQMS) was chosen for the three models. The differences among the three models are
the water of the second zinc coordination shell (complete WAT1/2 for model 7-2, while

only WAT1 or WAT?2 for model 7-1 or model 7-3, respectively).

Free Energy

(kcal/mol)
Models Metal Water QM Region .
lon TS Negative
SAHA
Zn’*; SAHA,;
Model 7-1 K+ Only  D707; H709; D801; H843; 07401  -3.140.1
(HDACT7) WAT2 H669; H670; D705; N712;
WAT?2.
Zn*"; SAHA,;
Model 7-2 D707; H709; D801; H843;
K* Y ’ ’ ’ > 0.3£0.1 -4.4+0.1
(HDAC7) ° H669; H670; D705; N712;
WAT1; WAT2.
Zn*"; SAHA,;
Model 73 . Only D707;H709;DSOL;H843; ..
(HDACT) WAT1 H669; H670; D705; N712;

WAT2.
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Table S7. The survival time (ps) of the neutral and negative SAHA during the 20 ps
unrestricted QM/MM MD simulation. All the models refer to Table S2-S6, and the

BQMS are chosen as their QM subsystems.

Survival Time (ps)
Neutral SAHA Negative SAHA

Models Metal lon TYR(Y)/HIS(H)

?”H"SZ' szf)s Ca>* Y308 0—20 /
IE/IHoS't:Ié; K Y308 0—0.92 0.92—20
|ﬂ3§1§2§ No Y308 0—0.49 0.49—20
boncy G s m |
I\Zlggi (2:21)2 K H308 0—0.09 0.09—20
szl_logi ;—3;3 K* Y306 0—0.57 0.57—20
zﬁgié;? Ca2* Y306 0—20 /
|\(/||i)|([j)(;l\(8:-81)0 No Y306 0—0.23 0.23—20
|\(/|Hoc[j)(;|\ (5-3:81)1 K H306 0—0.42 0.42—20
I\(/Iligi (8:-81)2 Ca2* H306 0—20 /
Model 7-2 K H843 0—0.32 0.32—20

(HDAC?)

34



Table S8. The distance evolution of the Zn-SAHA:02 (d3), WAT2:H1-SAHA:02 (d2)
and WAT2:H1-Y308(306):OH (d1) during the 20 ps unrestricted QM/MM MD
simulation in HDAC2, HDAC8 and HDAC7. The detailed evolution curves were
shown in Figure S15 and Figure S16. All the models refer to Table S2-S6, and the
BQMS are chosen as their QM subsystems. d1-d3 refer to Figure S15-S16.

Zn-SAHA:02 WAT2:H1-SAHA:02 WAT2:H1-Y308(306):0H

Models (d3) (d2) (d1)
Model2-6 1 011 316+ 0.28 2.06+0.26
(wild type)

Model 2-9
+ + +
Cotroicry 268031 2.95+0.39 2.49 +0.34
Model 2-10
. + 0. . + 0. . + 0.
Cat'ongy 284035 2.45+0.40 2.98 +0.38
Model 2-11
2214015 3.84+ 051 /
(Y308H)
Model 2-12
(Ca¥*—~K*  3.45+027 2.06+0.27 /
Y308H)
Model 86 -0, 034 279+ 0.38 2.56 % 0.39
(wild type)
Model 8-9
. + 0. . + 0. . + (.
(KroCary 2144016 3.11 + 0.38 2.15+0.34
Model 8-10
+ + +
(KroNo) ~ 333%032 2314033 331+ 0.43
Model 8-11
41404 2.09 +0.1
(V30611 3.41 + 0.40 09+ 0.18 /
Model 8-12
(K*—~Ca®/  2.19+0.18 422 +0.60 /
Y306H )
Model 72 5 (. 0.8 1944015 /

(wild type)
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Table S9. The comparison of the coordination distances (Zn-SAHA:O1 and
Zn-SAHA:02) between the crystals and calculative structures. The ligands for
HDACS/7/2 are SAHA (4BZ6, 3C0Z and 4LXZ), B3N (4BZ7), KMY (4BZ9) and
TSA (3C10). The structures of SAHA, B3N, KMY and TSA are very similar and they
all belong to hydroxamic acid. 4BZ6, 4BZ7 and 4BZ9 crystals are schistosoma
mansoni HDAC8 whose active sites are identical with human HDACS. State A and

State B refer to Figure S17.

Structure Resolution d(Zn-SAHA:0Ol1) d(Zn-SAHA:02)
HDACS
2.19 2.34
4BZ6 2.17 2.47
(State A) 2.00 2.12 2.34
Crystal 2.10 2.35
2.04 2.35
4BZ7 2.04 2.44
(State A) 1.65 2.04 235
2.06 2.33
2.38 3.01
4BZ9 2.10 2.52
(State B) 2.00 2.24 2.87
2.01 2.77
Neutral
/ 2294021 2.41 £ 0.30
Calc NSA":A
A / 2.18+0.16 270+ 0.34
HDAC7
3C10 500 1.99 2.66
Crystal (state B) 2.14 2.58
3C0Z 510 2.07 2.85
(state B) : 2.33 2.72
Neutral
/ 233+0.18 3474037
Calc NSA'_:A
AT / 2,02+ 0.08 3.67+ 028
HDAC?
2.38 2.05
Crystal (S‘t;t)e(ZA) 1.85 233 1.96
2.42 1.98
Neutral
/ 2.3240.17 2.16+0.11
Calc NSAF:A
cgave / 2.08 + 0.09 233+0.18

SAHA
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Table S10. The survival time (ps) of the neutral and negative SAHA during the 20 ps
unrestricted QM/MM MD simulation. The BQMS are chosen as their QM subsystems .
The differences among these models are the water molecules (WAT1/2) in the second
zinc coordination shell. The HDAC8-1T69 (WAT1/2), HDAC7-3C0Z (WAT1/2),
HDAC7-3C0Z (only WAT1) and HDAC7-3C0Z (only WAT?2) refer to model 8-6, 7-2,

7-3 and 7-1, respectively.

Models Metal TYR(Y)HIS(H) Survival Time (PS)
lon Neutral SAHA _Negative SAHA

H[()V/?/XTS-lizT)E;g K Y306 0—0.57 0.57—20
Tiﬁ/cvflzél;f)g K Y306 0—2.12 2.12—20
|?rEz)AV(\ii_TllT/2)9 K* Y306 0—20 /
H?®§$-12/\2/)5X K Y306 0—0.64 0.64—20
jt?rﬁ\f \?V,i\T/i;( K Y306 0—2.36 2.36—20
l_(lr?:\ v(\:/iszg;( K* Y306 0—20 /
HI?VA\\/,CA:\EBIS)OZ K H343 0—0.32 0.32—20
I_(Iczﬁf \jv,igl))z K H843 0—1.24 1.24—20
HDAC7-3C0Z . 843 NS a0

(only WAT?2)
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