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Abstract: In this communication, a quantitative structure-activity relationship (QSAR) study has been performed on a
series of trichostatin A (TSA) and suberanilo hydroxamic acid (SAHA) analogues acting as histone deacetylase (HDAC1)
inhibitors to investigate their physicochemical properties that govern their activity. In this study, a significant 2D QSAR
model was obtained correlating the activity of the compounds with their parachor and some indicator variables which
suggested that molecules may have dispersion interaction with the receptor and that their surface tension may greatly
help to this interaction. Further, the indicator parameters suggested that SO,NH moiety present in the molecule may not
be conducive to the activity, but the straight chain joining the aromatic rings with hydroxamate moiety and having =6
single bonds may be favorable to the activity, provided it has no substituent at any carbon. Using the model, some new
compounds in the series have been predicted and docked to see their interaction with the HDAC1. All compounds have
been found to have better interaction with the enzyme than TSA and SAHA, the two FDA approved HDAC inhibitors, and

all the compounds obey Lipinski’s rule of 5.

Keywords: Hydroxamate analogues, Histone deacetylase inhibitors, Molecular modeling, Quantitative structure-

activity relationship.

1. INTRODUCTION

The enzymes, histone deacetylases (HDACS),
affect the acetylation status of histones and other
important cellular proteins and have been recognized
as potentially useful therapeutic targets for a broad
range of human disorders, such as cardiomyocyte
autophagy [1,2], neurological and psychological
disorders, (e.g., Schizophrenia [3] and Huntington
disease [4]), and tumorigenesis and metastasis [5].
They mediate changes in nucleosome conformation
and are important in the regulation of gene expression
[6]. Hydroxamates are a new class of anticancer
agents reported to act by selective inhibition of the
histone deacetylase enzyme. HDACs have become a
novel target for the discovery of drugs for the treatment
of cancer and other diseases [7-12]. The number of
HDAC enzyme subtypes has expanded considerably
over the past few years for the development of HDAC
inhibitors with improved specificity. A number of natural
inhibitors, such as trichostatin A (TSA) [13], cyclic
tetrapeptide trapoxin (TPX) [14], HC toxin [15] and
apicidin [16], have been reported. TSA has been
identified as a potent and specific HDAC inhibitor.
Synthetic inhibitors, like sodium phenyl butyrate [17],
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sodium valprote [18], suberoylanilide hydroxamic acid
(SAHA) [19], straight chain TSA and SAHA-like
analogues [20-22] and oxamflatin [23], have also been
reported. With the application of Quantitative Structure-
Activity Relationship (QSAR) and Molecular Modeling
methodologies, our aim is to discuss the mechanism of
HDAC inhibition by hydroxamate analogues and to
predict more potent HDAC inhibitors in the series with
good ADME/T values.

2. MATERIALS AND METHODS

We performed a simple multiple linear regression
(MLR) on a series of hydroxamate analogues compiled
from the literature [20-22]. All the compounds are listed
in Table 1 along with their HDAC inhibition activity in
terms of plCso, where ICsg refers to molar concentration
of compound leading to 50% inhibition of the enzyme.
The total 56 compounds of Table 1 have been divided
into two subsets: the training set comprising of 41
compounds and the test set comprising of 15
compounds. The test set compounds in the table are
marked with a superscript ‘b’ and are given in bold.
Compounds for the test set were selected keeping in
view the wide variation in structures as well as in
activies of compounds. The physicochemical
parameter that was found to be significant in multiple
linear regression (MLR) was only Parachor (PAR),
which was calculated by ACD/ChemSketch (version
11.0) [24]. Several other parameters were calculated
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Table 1: Hydroxamate Analogues and their HDAC Inhibition Activities and Physicochemical Properties
a Cald., .
No Structure PAR 1P, 1P, 1P plICso Eq.1 Residual
HsC 0
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(Table 1). Continued.

No Structure PAR P, | P, | Py | plCs %ac:d{’ Residual
0
0
1 X c %JL N — OH 5.750 0 1 0 | 6820 | 7146 | -0.326
Ho H
s
N 5
0
0
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\ Hy H
s
5
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H, H
5
0
o
14 c 9—L N — OH 6.314 0 1 0 | 7350 | 7381 | -0.031
Hy H
Br 5
0
0
c % N — OH
15 Hy H 7.542 0 1 0 | 8300 | 7.892 0.408
® 5
0
o
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5
0
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(Table 1). Continued.
a Cald., .
No Structure PAR P4 1P, 1P plCso Eq.1 Residual
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(Table 1). Continued.
No Structure PAR P, | P, | Py | plCs %ac:d{’ Residual
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(Table 1). Continued.

No Structure PAR P, | P, | Py | pICs %ac:d{’ Residual
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(Table 1). Continued.

Cald,,

No Structure PAR P4 1P, 1P pICs’ Eq.1 Residual
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(Table 1). Continued.
a Cald., .
No Structure PAR P4 1P, 1P plCso Eq.1 Residual
OH
/
N
| (0]
52° O c 9—“— N - OH 7734 | 0000 | 1 0 8400 | 7.972 0.428
2
C 5
O
N _OH
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©/ ~N
H
O
N— OH
54 // H 6.542 1.000 0 0 7.000 6.502 0.498
©/ ~N
O
X N — OH
55° // 6.799 1.000 0 0 6.220 6.607 -0.387
©/ SN
(0]
N N — OH
// H
\
56° 7.038 1.000 0 0 7.000 6.707 0.293

*Taken from refs. [20-22]. ®Used for test set. °Not used in deriving Eq. (1) as they were outliers.

but found of no use. The values of this parameter for all
the compounds are listed in Table 1. In deriving QSAR
model, three indicator parameters, IP4, IP;, and IP3
have also been used. I[Py has been used with a value
of 1 for the presence of an -SO,NH- moiety between
two aromatic rings and IP, has been used for the linear
chain that connects the aryl ring to the hydroxamic acid
moiety. If this connecting chain contains an alkyl chain
with carbon atoms 26, its value is 1, otherwise zero.
The parameter IP; has been used with a value of 1 for
the linear chain that has any substituent.

The sequence of HDAC1 is the same as that of
HDAC2 at the active sites, and both the sequences are

highly homological with HDAC8. So the homology
structure of HDAC1 based on human HDACS8 in
complex with TSA and SAHA (PDB entry 1T64) has
been applied in this research for performing docking
and to check the interactions between the predicted
compounds and protein [25]. Molegro Virtual Docker
software [26] (trial version) has been used for docking.

3. RESULTS AND DISCUSSION

3.1. QSAR Results

When a multiple linear regression (Hansch analysis)
was performed on the compounds of the training set, it
revealed the following correlation.
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pICso = 0.418(x0.180)PAR - 0.575(x0.393)IP; +
0.399(+0.388)IP, —1.395(+0.619)IP; + 4.340(x1.190)

n=238,r=0.875, s =0. 693, #peq = 0.804, s = 0.40,
Fu.33= 26.93(3.32) (1)

In Eq. (1), n is the number of data points, r is the
correlation coefficient, %, is the square of the cross-
validated correlation coefficient obtained from leave-
one-out (LOO) jackknife procedure, s is the standard
deviation, F is the Fischer ratio between the variances
of calculated and observed activities, and the data
within the parentheses with * sign are 95% confidence
intervals. The figures within parenthesis following the
F-value is the standard F-value at 99% level. The
values of these statistical parameters exhibit that the
correlation obtained is quite significant. The internal
validity of the correlation is judged by the value of its
2., which is calculated as:

,20v= 1- [zl (Yi. obsd ~ Yi pred)Z/ zi(yivobzsd_ yaVvobsd)Z] (2)

where Yi,obsd @and Yi,pred are the observed and predicted
(from LOOQO) activity values of compound i, respectively,
and Yav,obsd, IS the average of the observed activities of
all compounds used in the correlation. The correlation

is supposed to be valid if ¢, > 0.60. From this point of
view, the correlation expressed by Eq. (1) seems to be
quite valid. However, the predictive ability of any
correlation equation is judged by predicting the activity
of the compounds in the test set using it and calculating
the value of 54, Which is defined as:

rzpred: 1- [zl (yivobsd - yi,pred)Z/ zi(yi,obsd_ yaVvobsd)Z] (3)

where VYionsa @nd Yipreq refer to the observed and
predicted (from eq. obtained) activity of compound i in
the test set and yay,obsq IS SaMe as in Eq.(2). A value of
rzp,ed equal to 0.804, signifies a good predictive ability
of the correlation. The activity values predicted from
this equation for the test set compounds are given (in
bold) in Table 1. A comparison shows that these
predicted values are in very good agreement with the
corresponding observed ones. In the training set also,
the calculated values are found to be in excellent
agreement with the observed ones. All these
observations can be better visualized in the graphs
drawn between the predicted and observed activities
(Figure 1). It is also to be noted that all the four
parameters of the Eq. (1) are statistically quite
significant in the correlation. Further, as shown in

9 -
8 4
5_
- 7 -
£
B
2 6 A Train
:;E: OTest
5 4
4 T T T T 1
4 5 6 7 8 9
pIC;,,Observed
Figure 1: A plot between observed and predicted activities of training and test set compounds.
Table 2: Correlation Matrix Showing the Mutual Correlations Among the Variables Used
PAR P4 1P, 1P
PAR 1.000 -0.262 -0.256 0.034
1P+ 1.000 0.696 -0.206
1P, 1.000 -0.009
IP3 1.000
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Table 3: Some Proposed Compounds Belonging to the Series of Table 1 and their Predicted Activity

Sr. No. Structure PAR IP, plICso
O
(0]
N- OH
H
CH; =~
1 9.500 1.0 8.71
~ O
KN
N
CHs3
O
(0]
H—OH
CH; =
2 9.544 1.0 8.73
~ O
|
N =~
CHs
O
(0]
H—OH
Br =
3 9.669 1.0 8.78
~ O
|
N =~
CHs
O
(0]
N- OH
H
Br =
4 9.793 1.0 8.83
~ O
|
N =~
Br
O
(0]
N- OH
H
Br =
5 9.799 1.0 8.83
X _ NH
|
N =~
Br
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(Table 3). Continued.

Sr. No. Structure PAR 1P, plICso
(@)
(0]
N - OH
H
Br =
6 10.669 1.0 9.20
l . _ NH
H3C
Br
O
O
N - OH
H
Br =
7 10.797 1.0 9.25
! X~ _ NH
Br
Br
O
O
8 10.915 1.0 9.30
9 10.718 1.0 9.22
10 10.810 1.0 9.26
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(Table 3). Continued.
Sr. No. Structure PAR 1P, plICso
N - OH
H
11 10.731 1.0 9.22
N - OH
H
12 10.707 1.0 9.21
N - OH
H
13 10.825 1.0 9.26
N - OH
H
14 11.188 1.0 9.42
N - OH
H
15 11.552 1.0 9.57
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(Table 3). Continued.

Sr. No. Structure PAR 1P, plICso
N-OH
H
16 11.680 1.0 9.62
N-OH
H
17 11.576 1.0 9.58

Table 2, these variables have no significant mutual
correlation. Using Eqg. (1), we have predicted the
activity of some new prospective compounds with high
potency (Table 3). The activities of these compounds
are higher than any compound in the present series
(Table 1).

Now from Eq. (1), it can be said that the activity of
compounds is basically controlled by their parachor,
which is defined as

PAR=y"*M/d 4)

where \(1/4 is the fourth root of surface tension, M is the
molar mass, and d is the density. Since M/d is
equivalent to the molar volume (Vy,), we can write

PAR =y"V,, (5)

and thus parachor refers to the molar volume as well
as the surface tension of the molecule and therefore its
presence in Eq. (1) signifies that the HDAC inhibition
by these compounds will be controlled by their molar
volume as well as surface tension. The dependence of
the inhibition activity on molar volume means that there
can be dispersion interaction between the compounds
and the receptor and dependence on the surface
tension leads to suggest that the surface of the
molecule may be highly prone to interact with the
receptor.

The negative dependence of the activity on IP,
parameter suggests that the presence of the -SO,NH-
in the molecule produces a negative effect. This
probably may be due to the repulsive interaction of lone
pairs of electrons present on oxygen atoms with some
negatively charged site of the active site in the
receptor. However, the positive dependence of the
activity on IP, parameter, that signifies the number of
single bonds in the linear chain connecting to
hydroxamic acid moiety, indicates that flexibility of the
chain would be favorable to the activity. This flexibility
of the chain might give desired conformation to the
chain to have optimum interaction with the receptor.
However, if there is any substituent on this chain, there
can be a hindrance in obtaining the desired
conformation, and thus a negative effect of such chain
is indicated by the negative coefficient of the third
indicator variable IPs.

3.2. Docking Results

Molecular docking is a computational technique for
exploration of the possible binding modes of a
substrate or inhibitor in a given enzyme or receptor to
give the optimal interactions [27]. To perform a
docking, the first requirement is to have 3D structure of
the receptor or protein of interest which can be
determined by X-ray crystallography or NMR
spectroscopy. This protein structure and a 3D database
of potential ligands serve as input to a docking
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program. The success of a docking program depends
on two components, viz., the search algorithm and the
scoring function.

Docking Simulations

Molegro Virtual Docker (MVD) was used for flexible
ligand docking wherein the software makes use of
differential evolution algorithm [28]. Fast and accurate
identification of potential binding modes during the

search process is made by the use of predicted
cavities. The scoring function makes use of piecewise
linear potential (PLP) [29]. The scoring function takes
into account hydrogen bonding terms along with their
directionality, ligand-protein interaction energy, and
intramolecular interaction energy of the ligand. For
enhanced docking accuracy, the highest ranked poses
are yet again reranked [30].

Table 4: Docking Results of Predicated Molecules with Reference to FDA Approved Molecule

Compd Total Intera(a:tion H-Bonda No. of Hydrogen H-bonds H-bonds Length (A)
Energy Energy bonds

O(16)-Lys(289) 2.76
1 -218.170 -2.520 3 0O(16)-GIn(293) 3.47
N(15)-Lys(289) 3.22
0O(16)-GIn(549) 3.21
N(15)-GIn(549) 3.45

2 -207.067 -7.273 4
0O(16)-Glu(704) 3.00
O(16)-Leu(313) 3.07
N(15)-Lys(275) 3.02
3 -203.625 -2.898 3 O(16)-Lys(275) 2.62
N(27)-Leu(313) 3.54
N(33)-Lys(311) 2.63
4 -199.716 -5.756 3 H(46)-Val(47) 2.81
N(15)-Ala(48) 3.25
O(16)-Lys(311) 3.23
O(16)-Leu(327) 3.28

5 -193.745 -4.831 4
N(15)-Lys(311) 2.85
N(32)-Leu(278) 3.13
0O(16)-Val(61) 2.68

6 -191.252 -3.758 2
N(15)-Ala(62) 3.16
0O(16)-Val(61) 2.83

7 -188.464 -3.032 2
N(15)-Ala(62) 3.27
8 -185.401 -2.500 1 O(23)-Ser(21) 2.85
0O(16)-Lys(325) 3.17
9 -184.645 -4.809 3 O(16)-Leu(327) 3.22
N(15)-Lys(325) 2.82
0O(16)-Val(61) 272

10 -184.618 -3.673 2
N(15)-Ala(62) 3.19
0O(16) —Lys(325) 3.13

11 -184.241 -4.283 2
O(16)-Leu(327) 3.33
H(44)-Val(61) 2.39

12 -182.347 -0.852 2
N(15)-Ala(62) 3.28

13 -177.123 0.000 0 0 0

14 -172.457 -2.500 1 O(16)-Ser(21) 2.76
15 -171.865 -2.500 1 0O(16)-Val(61) 3.09
16 -168.303 -2.500 1 O(16)-Val(61) 2,92
17 -156.338 -2.500 1 0O(16)-Val(61) 3.09
N(6)-Pro(59) 2,92

SAHA -122.737 -4.341 2
O(17)-Ser(21) 3.23
H(35)-GIn(80) 2.85

TSA -116.297 -5.000 2
O(10)-Tyr(241) 3.00

®In kJ/mol.
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Validation of Docking Method

The scoring function MolDock Grid with 0.30 A
resolution along with an algorithm MolDock optimizer
was used for docking. The following parameters:
number of runs = 10, population size = 50, and max
iterations = 2000, termination scheme = variance
based were fixed. All the compounds were docked in
the protein molecule (PDB id 1T64) using Molegro
Virtual Docker. The docked results are cited in Table 4
along with the docked results of well-known two HDAC
inhibitors, SAHA and TSA. The results show that all
predicted compounds have better total interaction
energy and total hydrogen-bond energy than FDA
approved molecules. The docking of Compd 2, one of
the predicted compounds that have the highest number
of H-bonds (Table 4), is shown in Figures 2 and 3,
where the former shows the H-bond interactions and
the latter the possible hydrophobic interactions. It can

be seen that while Figure 2 shows that compound may
have strong H-bond interactions with the enzyme,
Figure 3 shows that compound may have no
hydrophobic interaction with the enzyme, as no part of
the compound appears to be in strong hydrophobic
zone (shown by red). Thus, all predicted compounds
seem to have good future and can be synthesized. The
Lipinski's parameters of these compounds were also
evaluated which are shown in Table 5. This table
shows that all compounds fulfill Lipinski’'s conditions,
according to which potential drugs are less likely to
face any problem of absorption and permeability if they
fulfill four of the five conditions, namely their molecular
weight (MW) is not more than 500, logP is not more
than 5, number of H-bond donors (HDs) is not more
than 5, and number of H-bond acceptors (HAs) is not
more than 10.

Figure 2: The model showing the H-bond interactions of Compd 2, one of the predicted compounds that have the highest
number of H-bonds (Table 4), with HDAC1 (1T64). The enzyme is shown with red color and the compound with blue.

Figure 3: The model showing hydrophobic interaction of predicted Compd 2, one of the predicted compounds that have the
highest number of hydrogen bonds (Table 4), with the enzyme (1T64). The red surface shows strong hydrophobic zone and the
blue one low hydrophobic zone. The molecule does not appear to be in hydrophobic zone and thus to have any hydrophobic

interaction.
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Table 5: Data Related to Lipinski Rules and ADME/T Values of Predicted Compounds. Last Two Compounds are FDA
Approved Compounds, they are Given for Comparison

Sr. No. MwW HD HA LogP D M E T pICso
1 437.531 2 6 2.52 5 5 6 2 8.710

2 436.543 2 5 3.25 5 5 7 2 8.728

3 501.413 2 5 3.45 5 6 7 2 8.781

4 566.282 2 5 4.34 6 6 8 3 8.832

5 565.297 3 5 4.02 7 7 8 3 8.835

6 578.336 3 4 4.75 7 7 9 3 9.199

7 643.205 3 4 4.91 7 7 9 3 9.252

8 642.217 2 3 6.03 6 6 9 3 9.301

9 644.190 2 4 5.23 7 6 9 3 9.219
10 580.352 3 4 4.92 7 7 9 3 9.258
11 581.337 2 4 5.24 7 6 9 3 9.225
12 581.340 4 5 3.30 6 7 7 2 9.215
13 580.352 3 4 4.42 7 6 8 3 9.264
14 594.378 3 4 4.66 7 7 9 3 9.416
15 608.405 3 4 4.91 7 7 9 3 9.568
16 673.275 3 4 4.99 7 7 9 3 9.621
17 674.263 4 5 3.28 6 7 7 2 9.578
SAHA 264.32 3 3 2.00 4 4 4 2 8.710
TSA 302.368 4 2 2.41 4 5 5 2 8.728

4. CONCLUSION

TSA and SAHA analogues treated here may have
good activity against HDAC1 if they do not have
SO,NH moiety, as it is found to be unfavorable,
probably because of lone pairs of electrons on its
oxygen atoms. These lone pairs of electrons may have
repulsive interaction with some negative site in the
enzyme. However, long aliphatic chain with more than
6 carbon atoms and no substituent on any carbon,
joining the aromatic rings with hydroxamate moiety,
may be favorable. All compounds are found to have
better interaction energy than TSA or SAHA, the two
FDA approved compounds, with the enzyme. The
docking of these compounds in the protein (PDB id
1T64) shows the involvement of compounds in H-
bonding but to have no hydrophoboic interactions
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