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Abstract Surflex-Dock was applied to study interactions
between 30 thiourea analogs and neuraminidase (NA).
The docking results showed that hydrogen bonding and
electrostatic interactions were highly correlated with the
activities of neuraminidase inhibitors (NIs), followed by
hydrophobic and steric factors. Moreover, there was a
strong correlation between the predicted binding affinity
(total score) and experimental pICs, (correlation coeffi-
cient »=0.870; P<0.0001). A three dimensional holograph-
ic vector of atomic interaction field (3D-HoVAIF) was
employed to construct a QSAR model. The ", qz and 7% g
values of the optimal QSAR model were 0.849, 0.724 and
0.689, respectively. From the QSAR model, it could be
seen that electrostatic, hydrophobic and steric interactions
were closely related to inhibitory activity, which was
consistent with the docking results. Based on the docking
and QSAR results, five new compounds with high
predicted activities were designed.
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Introduction

Neuraminidase (NA) is one of two glycoproteins on the
surface of influenza virus [1]. NA is responsible for viral
release from infected cells and viral transport through the
mucus in the respiratory tract [1]. NA has been recognized
as a potential target for the of control influenza virus [2].
Neuraminidase inhibitors (NIs) form key components of
pandemic preparedness plans as treatment and prophylaxis
could reduce virus transmission [3]. Sialic acid analogs
were the first NIs reported. Based on the structure of sialic
acid, different series of NIs were prepared, such as
cyclohexenes [4], benzoic acids [5], pyrolidine derivates
[6, 7] and so on. During the past decade, thiourea
derivatives have been reported as being effective against
HIV and to have bactericidal action [8]. However, few
studies have evaluated substituted acyl(thio)ureas and 2H-
1,2,4-thiadiazolo [2,3-x] pyrimidines for their antiviral
activities [8]. In 2006, a new class of substituted acyl
(thio)urea and 2H-1,2,4-thiadiazolo [2,3-«] pyrimidine
derivatives with highly specific anti-influenza virus activities
in cell culture were prepared by Sun et al. [8]. Their in vitro
inhibitory activities against influenza neuraminidase (HIN1)
were also investigated and found to correlate well with their
antiviral efficacy in cell culture.

In order to further develop potent antiviral agents, many
researchers have carried out quantitative structure activity
relationship (QSAR) of NIs. For example, in 2003 Yi et al.
[9] established CoMSIA (comparative molecular similarity
indices analysis) models of 37 NIs including cyclohexene,
cyclopentane, pyrolidine and benzoic acid derivatives.
Conformation of 37 NIs were derived from AUTODOCK
3.0. The ¢* values of the four QSAR models obtained were
0.701 (including steric and electrostatic), 0.562 (consisting
of steric, electrostatic and hydrophobic), 0.704 (including
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steric, electrostatic and hydrogen bond) and 0.651 (including
steric, electrostatic, hydrophobic and hydrogen bond), respec-
tively. In 2006, Rajeshwar et al. [2] investigated QSAR of
benzoic acid, carbocyclic ring, cyclopentane, isoquinoline
derivatives using physicochemical and electronic parameters,
and obtained 17 QSAR models with good statistical results.
QSAR of 46 NIs including cyclohexene, cyclopentane,
pyrolidine and benzoic acid derivatives was researched by
heuristic method (HM) and radial basis function network
(RBFNN) was reported by Li et al. [10]. The linear HM
model indicated that hydrophobic and hydrogen bonding
interactions between molecules played important roles in
regulating the activities of NIs, while at the same time the
nonlinear RBFNN models proved to have higher predictive
ability than that of the linear model. Nair et al. [11] studied
QSAR of 40 thiourea analogs using spatial, topological,
electronic, thermodynamic and E-state indices. The genetic
algorithm based genetic function approximation method of
variable selection was used to generate QSAR models. The
results indicated that the atom type log P and shadow indices
made enormous contributions to NI activities.

In the current paper, the aim was to construct QSAR
models of NIs and to study NI-NA interactions, with a
view to providing information and reference data for drug
design and optimization of lead compounds. To this end,
Surflex-Dock was applied to study the interactions between
40 thiourea derivatives [11] and NA. Then, QSARs were
performed using a three dimensional holographic vector of
atomic interaction field (3D-HoVAIF), which was proposed
based on a 2D structural descriptor developed by Liu et
al. [12] in our laboratory. Based on docking and QSAR
results, new compounds with high inhibitory activities were
designed.

Methods and materials

Docking

Surflex-Dock was applied to study molecular docking. The
crystal structure of NA with zanamivir GG167 (Scheme 1:

series VI) was retrieved from the RCSB Protein Data Bank
(PDB entry code: lad4g) [13]. Surflex-Dock uses an
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Scheme 1 Molecular skeletons of series I-VI. [ Polysubstituted
pyrimidinyl acyl(thio)urea analogs (1-8); II tert-butylaminocarbonyl
acyl(thio)urea analog (9-17); III aryl and chrysanthemoyl Q groups
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empirical scoring function and a patented search engine to
dock ligands into a protein’s binding site [14]. A Protomol,
which was used to guide molecular docking, is a compu-
tational representation of the intended binding site to which
putative ligands are aligned. Protomols can be produced by
one of three routes [15]: (1) automatic: Surflex-Dock finds
the largest cavity in the receptor protein; (2) ligand-based: a
ligand in the same coordinate space as the receptor; (3)
residue-based: specified residues in the receptor. Thus, a
Protomol can be generated automatically or defined based
on a cognate ligand or known active site. In the current
paper, a Protomol was generated automatically. Two
parameters determining the extent of the Protomol—a
threshold parameter of 0.31 and a bloat parameter of 1 A—
were established. All the water molecules in NA ladg
(receptor) were deleted, and hydrogen atoms were added to
ladg [16, 17]. The protein structure was utilized in
subsequent docking experiments without energy minimization.
In addition, treatment of docking small molecules (ligands)
was as follows: energy minimization method: Powell; force
field: tripos; charge: MMFF94; max iterations: 1,000; termi-
nation: 0.001 kcal/(mol*A); root mean square (RMS) dis-
placement: 0.001 A; other parameters: treated by default.
Surflex-Dock scores (total scores) are expressed in —log;o(Ky)
units to represent binding affinities. In the docking procedure,
ten binding poses per ligand were obtained, and the binding
pose with the highest total score was taken into consideration
for ligand—receptor interactions. Docking results were validated
by finding the correlation coefficient between experimental
plCso and total scores as well as the RMSD (root mean
squared deviation) between the docking position calculated
for zanamivir and that observed in the crystal structure. The
strengths of individual scoring functions combine to produce
a consensus that is more robust and accurate than any single
function for evaluating ligand-receptor interactions. Thus, the
CScore (consensus score) [18] was used for ranking the
affinity of ligands bound to the active site of a receptor.
CScore integrates a number of popular scoring functions and
provides several functions: D_Score [19], PMF (potential of
mean force) Score [20], G_Score [21] and CHEM Score [22].
CScore was automatically computed from the six scores (0, 1,
2, 3, 4 and 5). The best CScore is 5. Structures with scores of
3 or 4 merit further consideration. Structures with a CScore of

v \Y VI
(18-30); IV : 3-2-chloro-3,3,3-trifluropropenyl)-2,2-dimethyl cyclo-

propyl (CFPC); V 3-(2,2-dichloro ethenyl)-2,2-dimethyl cyclopropyl
(DCPC), VI zanamivir, GG167 (31)
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0 are consistently considered bad by all scoring functions and
should be dropped.

QSAR analysis

Ordinary atoms of organic molecules of pharmaceutical
interest include H, C, N, P, O, S, CI, Br and I, which are
partitioned into five types in the Periodic Table of the
elements. According to their hybridization state, the atoms
were further divided into ten subtypes. Thus, there were 55
potential interactions in each molecule (Table 1). In this
paper, three kinds of potential energy fields—electrostatic,
steric and hydrophobic—were employed in the representation
of different interactions, producing 3 x 55 = 165 interaction
items for organic molecules of various drugs.
There are three atomic interaction potential energies:
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Electrostatic interaction is an important non-bonded
interaction obeying Coulomb's law. In Eq. 1, rj; denotes
interatomic Euclid distance, with the unit of meter (m); e is
the elementary charge (1.6021892x 107" C); &, represents
the dielectric constant 8.85418782x10'2 C%(J ‘m) in
vacuum; Z is the amount of net electric charge; m and n
are atomic types. The electrostatic interactions among all
atoms included in a molecule could be entered into this
equation, and then accumulated together into each of the 55

interaction items according to their atom-pair attributes.

Steric interaction is described by the Lennard-Jones
formula (Eq. 2), where ¢;; = (a,—,—-sjj)l/z is the potential well
of atomic pairs, with its value taken from reference [23, 24];
Rij3 = (Ch~Rii3 + Ch-Rjj3 )2 [24, 25], is the van der Waals’
radius of the modified atom-pair, with a correction factors
C, of 1.00, 0.95 and 0.90 in the case of sp’, sp® and sp
hybridization, respectively [25-27].

Hydrophobic interaction is defined as interatomic hydro-
phobic interaction through force field in “hint” proposed by
Kellogg et al. [27], where S is the solvent accessible surface
area (SASA) for atoms [26-28], giving information on
surface area using a spherical water-molecule probe at the
atomic surface; a is atomic hydrophobic constant, value
taken from reference [29, 30]; T is a sign function, indicating
entropy change resulting from different types of atomic
interaction [30-33].

The 3D molecular structures of 30 compounds were
generated automatically using the software Chemoffice 8.0,
then the semi-empirical quantum chemistry software
MOPACS6.0 contained in Chem3D was used to obtain final
optimized molecular structures at the AM1 level (cut-off
value of 0.001 kJ mol ). Simultaneously, atomic partial
charges were calculated by the Mulliken method in the
form of single points. The atomics charges and the spatial
positions of all atoms in a molecule were entered into the
program C Super-3D.EXE, giving rise to HoOVAIFA descriptors
by taking forms of Cartesian coordinates and partial charges,
respectively. For any molecules containing ten atom subtypes,
all 165 descriptors were obtained, namely V1—Vss, Vss—V110
and V711—Vi6s correspond to electrostatic, steric and hydro-
phobic interactions, respectively.

Genetic algorithms (GA) were implemented by matlab
software (version 7.0). GA variable screening parameters were
established as follows: 200 initial populations, 100 genetic
generations, crossover probability was 0.5, mutation probabil-
ity was 0.01, and the evaluation function was cross-validation
correlation coefficient ¢°. A statistical model was obtained by
partial least squares (PLS) regression. PLS model parameter
establishment was as follows: 95% confidence level; seven

Table 1 All ten subtypes of

atoms and the resulting 55 types No  Atom types 1

of interactions in holographic
vector of atomic interaction
field (HoVAIFA)

H 1-1
C(sp’)

C(sp®)

C(sp)

N(sp’)

N(sp°)

N(sp)

O(sp), S(sp’)
O(sp”), S(sp°)

F, ClL, Br, I

O 00 1 O W A W N =

—
(=)

12 1-3 14 1-5 1-6 1-7 1-8 1-9 1-10
2-2 2-3 2-4 2-5 2-6 2-7 2-8 2-9

2-10
3-3 3-4 3-5 3-6 3-7 3-8 3-9 3-10
4-4 4-5 4-6 4-7 4-8 4-9 4-10
5-5 5-6 5-7 5-8 5-9 5-10
6-6 6-7 6-8 6-9 6-10
7-7 7-8 7-9 7-10
8-8 8-9 8-10
9-9 9-10
10-10

@ Springer



1812

J Mol Model (2010) 16:1809-1818

cross validations. The model was valuated by cross-
validation, Y random permutation tests, and external validation.

Dataset

Structures and pICsy of 40 NlIs (Scheme 1, Table 2) were
derived from reference [11]. ICso values were measured
spectrofluorometrically using 20-(4-methylumbelliferyl)-oc-
D- acetylneuraminic acid as substrate for neuraminidase to
yield a fluorescent product that could be quantified. In
addition, samples with IC55>20 uM were discarded; the

remaining 30 samples were divided randomly into a training
set (24 samples) and test set (6 samples) from reference [11].
Models and discussion

Molecular docking

There was a strong correlation between total scores (the

Surflex-Dock scores) and experimental pICs, (correlation
coefficient »=0.870; SD=0.257; P<0.0001; Fig. 1). RMSD

Table 2 Structures, activities and docking scores of 30 neuraminidase inhibitors (NIs). CScore Consensus score

ID R X Y ICso (uM) Experimental Predicted Residual (M) Hydrogen Total scores® CScore
pICso (M) pICso (M) bond number
PLS Ref [11] PLS Ref [11]

1" 2-Cl OEt Me 1.65 5.78 6.25 6.69 —0.47 -0.91 6 4.11 3
2 2-Cl OEt OEt 0.08 7.10 7.03 6.96 0.07 0.14 9 8.33 4
3 2Cl OH Me 0.32 6.49 6.04 6.08 045 041 6 4.80 3
4 2Cl OMe OMe 1.77 5.75 6.12 5.85 -0.37 -0.10 6 4.81 3
5% 2-Cl Cl Cl 14.5 4.84 590 6.20 -1.06 —1.36 5 2.04 4
6 4-NO, Cl Cl 1.66 5.78 5.69 5.85 0.09 —0.07 3 3.22 4
7% 4-NO, OEt Me 2.30 5.64 6.09 6.41 -0.45 -0.77 4 3.49 4

4-NO, OH Me 0.36 6.44 6.47 5.87 -0.03 0.57 6 3.82 3

5-(2-Cl-Ph)-2-furyl - - 1.42 5.85 6.01 6.25 -0.16 -0.40 7 5.09 5
10 5-(4-NO,-Ph)-2-furyl - - 1.30 5.89 5.84 5.87 0.05 0.02 7 432 3
11* Ph - - 1.79 5.75 591 5.50 041 0.25 5 3.92 4
12 OMe - - 1.83 5.74 5.69 5.53 0.05 0.21 7 4.78 3
13 (2,4-Cl,-Ph)-OCH, - - 1.67 5.78 574 5.82 0.04 -0.04 7 3.55 3
14 2,6-F,-Ph - - 1.43 5.84 5.67 591 0.17 -0.07 7 3.89 5
15 S-(+)2-Me-1- - - 1.35 5.87 6.06 5.94 -0.19  -0.07 6 4.80 3

(4-C1-Ph)-Pr

16 cis-(-)CFPC - - 0.51 6.29 6.21 6.18 0.08 0.11 8 5.21 5
17* trans-(-)DCPC - - 0.26 6.59 6.50 6.46 0.09 0.13 7 5.47 4
18  5-(4-NO,-Ph)-2-furyl OMe Me 1.22 591 596 5.81 -0.05 0.10 7 437 5
19  5-2-Cl-Ph)-2-furyl OMe Cl 1.29 5.89 592 591 -0.03 -0.02 6 4.38 3
20 6-Cl-3-pyridyl Me OH 858 5.07 517 5.42 -0.10 -0.35 5 2.66 4
21 2-Cl-3-pyridyl Me Me 7.19 5.14 549 5.19 -0.35  -0.05 5 2.95 4
22 2-Cl-3-pyridyl OMe Cl 2.59 5.59 522 535 037 0.24 7 3.27 3
23 5,6-Cly-3-pyridyl OMe OMe 18.5 4.73 4.67 4.88 0.06 -0.15 6 2.10 4
24* Ph Me Me 2.10 5.68 6.01 595 -0.33  -0.27 4 3.66 3
25 2-Me-1-(4-Cl-Ph)-Pr OEt OEt 0.31 6.51 6.27 6.69 024 -0.18 5 5.98 4
26 CFPC OMe OMe 0.97 6.01 6.14 593 -0.13  0.08 5 4.16 4
27 CFPC Me Me 0.58 6.24 6.19 6.44 0.05 -0.20 5 4.72 5
28 2-F-4-Cl-Ph Me Me 1.36 5.87 583 597 0.04 -0.10 4 4.05 3
29 2-F-4-Cl-Ph OMe Cl 5.10 5.29 5.57 532 -0.28 -0.03 4 3.49 5
30 (2,4-Cl,-Ph)-OCH, OMe OMe 1.89 5.72 577 5.81 -0.05 -0.09 3 4.49 3
31 - - - - - 536 - - - 9 7.73 5

#Samples in test set

® Total scores (the Surflex-Dock scores) are expressed in -log;o(Ky) units to represent binding affinities
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Fig. 1 Correlation between total scores and experimental activities
(pICsp) of neuraminidase inhibitors (NIs)

of 1.16 A and similarity value (a measure of similarity
between solution coordinates and reference coordinates) of
0.75 were obtained. Moreover, the CScores showed that
docking results were reasonable (CScore of zanamivir = 5;
CScores of all 36 samples given in Table 2).

Figure 2a illustrates hydrogen bonding (dashed lines)
interactions between ID 2, with the highest activity, and key
residues (including neutral residues Aspl48 and Tyr408,
basic residues Argl49, Arg222, Arg291 and Arg373) in
the active site. A total of nine hydrogen bonds of four types
(-N--H-0—-—-0---H-N, =0-H-N and = O--O-H) were
formed. Figure 2b shows hydrogen bonding (dashed lines)
interactions between ID 23, with the lowest activity, and
key amino acid residues (neutral residue Aspl48, acid
residue Glu 116, basic residues Argl49, Arg291 and
Arg373) in the active site. A total of six hydrogen bonds
of three types (—O--H-N, =O---H-N and = O---O-H) were

a
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Fig. 3 Scatter plots of hydrogen bond number (x-axis) for 30 Nls
against experimental activity (y-axis; pICsg)

formed. Hydrogen bond numbers of the other samples are
given in Table 2. From Fig. 3, it can be seen that the
number of hydrogen bonds was correlated with NI activity.
Moreover, the correlation coefficient » was 0.410, with
SD=1.334 and P=0.024.

Figure 2 shows the presence of hydrophobic interactions
between alkyl groups in Y substituent groups and residues
11e220 and Trpl76), between = CH— in pyrimidine and
[1e220. For example, the activity of ID 2 was higher than
that of ID 1, because the ethyl group in the Y substituent
group of ID 2 was more hydrophobic than the methyl group
in ID 1. The same conclusion could be drawn from ID 4
and 19, ID 20 and 21. In addition, there were hydrophobic
interactions between R substituent groups of NIs and
residues Met374 and Trp407, for instance, ID 23 and 26,
ID 26 and 30, ID 27 and 28. Thus, hydrophobic interactions
correlated with activity.

Fig. 2 Hydrogen bonding interactions (dashed lines) between ID 2 (a), and 23 (b) and key amino acids of the active site
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Fig. 4 Hydrogen bonding interactions (dashed lines) between the
positions calculated from the GG167 crystal structure of zanamivir
and key amino acids of the active site

Besides hydrogen bonding and hydrophobic interactions,
electrostatic interactions could be produced between Nls
and residues in the active pocket. For example, R
substituent groups with electronegativity were related to
activity, e.g., the activity of ID 14 was higher than that of
ID 11. The same result was obtained with ID 24 and 27,
and ID 24 and 28. There were electrostatic interactions
between oxygen atoms in X substituent groups and residues
11e220 and Arg291 (amino of amide group in Ile220,
guanidyl in Arg291), between the carbonyl of the amide
group in the sample and guanidyl in Arg 373, between the
chlorine atom in the R substituting group and the amino of
the amide group in Glu 372, and between the oxygen atom
in the Y substituent group and the amino of the amide
group in Tyr408. Thus, polar X substituent groups were

7.5

| m training set i
704 ® test set ,.»-"{
e ‘--_,"
‘S 6.5 o
% ] .. .,-’aﬁ'-r il
2 6.0; . 'l.ir .
s . N
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- /)_/ -
5.0- _ ¥=10029%%
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Fig. 5 Plot of experimental vs predicted pICs, of 30 NIs
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Fig. 6 Cumulative normal probability plot of residuals

favorable to enhanced activity. For example, the activity of
ID 3 was higher than that of ID 1 because the polarity of
OH (X substituent group) was stronger than that of OEt in
ID 3. The same conclusions were obtained from ID 5 and
19, ID 7 and 8, ID 8 and 18, and so on.

Steric interaction also had an effect on activity. For
instance, the Y substituent group of ID 2 is ethoxyl, but that
of ID 1 is methyl. Ethoxyl has a larger volume in comparison
with methyl, therefore the activity of ID 2 was higher than that
ofthan ID 1. The same conclusion could be drawn from ID 20
and 21. In addition, the activity of ID 18 was higher than ID 7,
because the volume of the X substituent group of ID 18 was
smaller than that of ID 7.

The above docking results show that hydrogen bonding,
and hydrophobic, electrostatic and steric interactions affected
activity. Moreover, these interactions were correlated mainly
with X, Y and R substituent groups together with the common
acyl group structure of NIs. Thus, X, Y and R substituent
groups could be modified to design new compounds with high
inhibitory activity.

Fig. 7 Scatter plot of ¢1 vs 12
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Fig. 8 Results of Y random permutations test

Figure 4 illustrates a total of nine hydrogen bonds of two
types (—O---H-N- and = O---H-N-) were formed between the
position calculated for the zanamivir (GG167) crystal struc-
ture and key amino acid residues (Argl15, Argl49, Trpl76,
Arg291 and Arg373) in the active site. Hydrogen bonds were
distributed between the carboxy group, acyl group, guanidine
and oxygen of cyclohexene in zanamivir and residues in the
active pocket. Hydrophobic interactions could be observed
between methyl in zanamivir and residues Ile 220 and Tpr176,
and between methylene in zanamivir and I1e220. Electrostatic
interactions could be formed between hydroxyl in zanamivir
and guanidino in Arg291, between the carboxyl group in
zanamivir and guanidino in Arg373, between the carboxyl
group of residue Glull6 and the carbonyl in Tyr408 and
guanidino in zanamivir, and between the amino acyl group in
zanamivir and the carbonyl in Trp407.

From Figs. 2 and 4, it can be seen that the same hydrogen
bonding (Argl49, ARG291 and Arg373), hydrophobic
interaction (I1e220 and Trp176) and electrostatic interaction
(Arg291, Arg373 and Tyr408) residues occur in the active
pocket, indicating that they might share some similarity in
binding mode.

Fig. 10 Loading scatter plot
QSAR analysis

In total, 6 descriptors (V3, Vi, Vis, Vse, Viao and Vi33) were
obtained by GA variable screening. 7%, ¢* and RMSEEs (root
mean square error of estimations) of the optimal PLS model
with five components were 0.849, 0.724 and 0.223,
respectively. The QSAR model is given below:

Y = 11.5576 — 0.888*)3 — 0.729%V 1, — 0.922%V35
+ 0.501%V56 + 0.005%V129 — 0.784% V33 4)

From the PLS model, it was clear that electrostatic
interaction was a dominant factor affecting activity,
followed by hydrophobic and steric interactions.

Generally speaking, 7% and ¢° of a reliable QSAR model
should be larger than 0.8 and 0.5, respectively [34, 35]. So,
the present model was indeed excellent. Moreover, an P rest
value of 0.689 with SD=0.421 and P<0.0001 were
obtained. The linear regression equation through origin for
the test set was as follows:

Y = 1.06376*X(r = 0.830, SD =0.421, N =6, P0.0001)

(5)

Fig. 9 Variable importance in 20
projection (VIP) values
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Table 3 Structures, predicted activities and docking scores of five newly designed compounds

ID Structures Experimental pICs, Predicted pICs, Total Scores CScore
o
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Here, Y and X were predictive pICs, values and
experimental pICsq values, respectively.

Figure 5 shows a plot of predicted against experimental
pICso values of the 30 samples. It is obvious that all
samples were distributed uniformly around the diagonal
except ID 5. The reason might be the lower activity of ID 5
in comparison with that of other samples. The linear
regression equation through the origin is given below:

Y = 1.0029*X(r = 0.852, SD = 0.248, N = 30, P0.0001) (6)

The predicted activity, and the error between the
experimental and predicted values, of all NIs are given in
Table 2. From Table 2, the predicted activities of the test set
were better comparison with previously published estimates
[11], which suggested that our QSAR model had good
predictive capability.

In Eq. 4, V3, Vi, and V35 represent electrostatic
interactions between the first type of atoms (H®') and the
third type of atoms (C*P?), between the second type of
atoms (C*®) and the third type of atoms (C*"?), and
between the fifth type of atoms (N*P*) and the fifth type
of atoms (N°P?), respectively. Vsq represents steric interac-

@ Springer

tion between the first type of atoms (H®') and the first type
of atoms (H'). Vi, and V33 represent hydrophobic
interactions between the second type of atoms (C*"*) and
the tenth type of atoms (halogen atoms, X), and between
the third type of atoms (C*P?) and the sixth type of atoms
(N°P?), respectively.

Comparing docking with QSAR results, hydrophobic
interactions were found to occur between the second type
of atoms (C*) and the tenth type of atoms (halogen atoms,
X), in other words, V1,9 was consistent with hydrophobic
interaction between NIs and residue Met374 in docking
analysis (Fig. 2). Hydrophobic interaction between the third
type of atoms (C*?) and the sixth type of atoms (N°P%),
namely V733, reflected hydrophobic interaction between NIs
and residues Trp407 and 11e220 (Fig. 2). Information on the
electrostatic and steric interactions of the variables selected
was also consistent with the docking results.

The above QSAR results indicated that 3D-HoVAIF
descriptors could appropriately characterize structural feature
of 30 NIs. The optimal PLS model was robust and had good
predictive capability. It was clear that QSAR results were
consistent with those of docking.
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Cumulative normal probability plots of residuals display
the residuals standardized on a double log scale. The
standardized residual is the raw residual divided by residual
standard deviation (RSD). In Fig. 6, the points of the
normal probability plot of the residuals for the training lay
almost on a straight line between —2 and +2, and the points
on the probability plot followed close to a straight line,
which indicated an approximately normal distribution of
residuals with no outliers.

Figure 7 displays a scatter plot of z1 (the first component)
versus 2 (the second component). With the exception of
outlier ID 1, the samples were located in the tolerance ellipse
based on Hotelling’s T2 with 95% confidence.

The model was further validated by the Y random
permutations test, and the order of Y was randomly
permuted a number of times (20 by default). Figure 8
displays a plot of the correlation coefficient between the
original Y and the permuted Y versus the cumulative * and
¢°, with regression lines drawn. Moreover, the intercepts of
the regression line for /* and ¢* were —0.012 and —0.681,
respectively. These results indicated that high 7% and ¢
were not caused by casual factors.

Variable importance in projection (VIP) values of PLS
reflect the importance of variables in fitting both the X- and
Y-scores in the model. VIP is normalized, and the average
squared VIP value is 1. Thus variables in the model with a
VIP>1 are more important. VIP values of V5 and Vs were
larger than 1 (Fig. 9), therefore V3 and Vs were more
important in explaining the inhibitory activities of NIs.

The PLS loading plot (Fig. 10) revealed a positive
correlation between Vsg, Vip9 and pICso, and a negative
correlation between V3, Vip, Vis, Vizz and plCsy. Vi,
which dominated the first component, was highly positively
related to pICsg; however, V33, which also dominated the
first component, was negatively correlated with pICso. V1,
was not closely correlated with pICsq in the first compo-
nent. V3, governing the second component, was highly
negatively correlated with plCsy, but Vsg governing the
second component was highly positively related to pICsy.
Thus, it could be inferred that V¢ and V3 were the
dominant variables affecting activity, which was consistent
with the VIP analysis.

Molecular design

Based on docking and QSAR results, ID 2 with the
highest activity was taken as a template to design new
compounds. Five new compounds with high predicted
activity were designed and assessed (Table 3). The best
predicted pICso value was 12.4% higher than that of the
template molecule. The activities of the designed com-
pounds improved along with increases in hydrophobic,
steric, hydrogen bonding and electrosteric properties. For

example, the activity of compound 2a was enhanced along
with hydrophobic and steric properties of the Y substituent
group. Moreover, the total scores of these five compounds
were higher than that of the template molecule, with a good
score consistency.

Conclusions

Docking results of 30 thiourea analogs indicated that
hydrogen bonding and electrostatic interactions were
important factors affecting inhibitory activity, followed by
hydrophobic and steric factors. Moreover, there was a
strong significant correlation between docking total scores
and pICsq (r=0.870 and P<0.0001). In addition, the QSAR
model representing classic electrostatic, steric and hydro-
phobic interactions was robust and had good predictive ability
(7=0.849, ¢*=0.724 RMSEE=0.223). Furthermore, QSAR
results were in good agreement with docking results.

Based on docking and QSAR results, five new compounds
with high predicted activity were designed. The predicted
pICso value of the best compound was 12.4% higher than
that of template molecule ID 2.

The results showed that, as a method of structural
description, HOVAIFA can characterize the complex inter-
actions between drug molecules and related biomolecules.
HoVAIFA parameters with clear physicochemical meaning
are easy to interpret. QSAR studies based on HoOVAIFA can be
calculated only in the knowledge of molecular 2D structures,
and do not consider conformation. In addition, HoVAIFA
calculations are convenient and less time consuming than
other methods. Therefore, HOVAIFA warrants further study
and is expected to be widely used in molecular structure and
function studies in the future.
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