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Abstract

An outbreak of HINT influenza in Mexico was occurred in 2009. To
find out drugs for treating this epidemic is emergency. In this study, we
have built the latest N1 and H1 structure model by homology modeling,
which has high reliability by Verify Score plot. In Ramachandran plot, it
shows only 1.28% and 3.4% out of the region of possible angle
formations in N1 and H1 models, respectively. 365,602 compounds from
NCI database have been screened by docking study of H1 and NI,
respectively. And then, NCI0624650, NCI0607158, NCI0605741,
PROTOVERINE, NCI0605737 KANAMYCIN-C, NCI0608643,
NCI0606258, and NCI0608650 were suggested as potent dual target
candidates from the docking studies. Moreover, the latest N1 structure
was found that have drug resistance to oseltamivir. Additionally, we have
also created the interaction maps in the active sites on the neuraminidase
type2, and type7 (N2 and N7) protein structures, aiming at creating the
combined map for N1, N2, and N7 to resolve the difference in the three
NA types. The combined map was employed to NCI database screening,
and 6 candidates were found to be useful potent versatile inhibitors for

NI, N2 and N7.

Key words :  neuraminidase, virtual screening, pharmacophore

hypothesis generation (HyPoGen), versatile inhibitor
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1. f§ 4 (Introduction)

The membranes of influenza virus contain haemagglutinin (HA) and
neuraminidase (NA), they both are glycoproteins. Haemagglutinin has 16
subtypes (H1, H2, H3,...H16) and neuraminidase has 9 subtypes (N1, N2,
N3,...N9). They assort the type of influenza A viruses (Mukhtar et al.,
2007; Shirvan et al., 2007). Binding of cell-surface sialic acid receptor to
initiate virus was mediates by HA, and sialic acid was removed from
virus by NA. By the two steps, cellular glycoproteins improve virus
releasing and the spread of infection to new cells, respectively (Raymond
and Leach, 2007; Takabatake et al., 2007). To block haemagglutinin or
neuraminidase also could prevent virus from invading into host cells
(Russell et al., 2006; Shimbo et al., 2007). Zanamivir (Relenza) and
oseltamivir (Tamiflu) both are neuraminidase inhibitors (Ho et al., 2007,
Collins et al., 2008). Influenza A virus subtype HINI1 is the most
common cause of influenza in human (Palese, 2004). Some strains of
HIN1 are human endemic; such as the pandemic flu in 1918, 50-100
million people were killed worldwide (Kash et al., 2006; Kobasa et al.,

2007). Less virulent HINI strains which roughly caused half of flu



infections in 2006 has still existed (Cheung et al., 2002; Palese, 2004;
Kash et al., 2006; Kobasa et al., 2007); other strains of HIN1 in swine
and fowls are endemic. Since March 2009, an outbreak of HINI
influenza in Mexico has led to hundreds of confirmed cases and a number
of deaths. On April 28, the new strain was suspected the infection more
than 2,500 individuals worldwide and 152 attributed deaths. The U.S.
Centers for Disease Control and Prevention warned that the outbreak
could be pandemic. On April 27, 2009, the World Health Organization
raised their alertness level from 3 to 4 worldwide in response to sustain
human-to-human transfer of the virus, and the situation was raised to
level 5 on April 29. There is an urgent need to find the resolution for this
international problem. Unfortunately, HIN1 virus was reported that has
gained drug resistant for oseltamivir (Collins et al., 2008; Hauge et al.,
2009; Moscona, 2009). Hence, a new emergent drug is needed to against
this epidemic. In the past few years, many reports indicated that virtual
screening techniques were feasible (Chen, 2008a,b,c,d; Chen, 2009a,b,c¢).
In this study, we have built the H1 and N1 structure model by homology
modeling. Homology modeling, hypothesis generation, and docking

analysis were employed in our experiment for this research. A dual target



research was carried out by the protocols for Hl and NI1. 365,602
compounds from NCI database have been screened by docking study of
H1 and N1, respectively. Additionally, we created the interaction maps in
the active sites on the neuraminidase type2, and type7 (N2 and N7)
protein structures. The structure-based pharmacophore map showed the
features on every amino acid in the active site on the protein structure. By
pharmacophore comparison, root-mean-squared error (RMSE) was
reported for the matching pharmacophore features. We aimed at figuring
out potent candidates for N1 and H1 for the 2009 outbreak of influenza A

HINI.



2. = ;% 22 4} (Material and methods)
2-1 7K 2 (Data set)

All programs in this study were performed by Discovery Studio 2.0
(Accelrys, San Diego, CA, USA). The latest sequences of HI and N1
were downloaded from NCBI influenza virus sequence database. The
templates of HI1 and N1 were downloaded from protein data bank (PDB).
Their structures had been released in 2004 and 2006, respectively. (PDB
ID: 1RD8 and 2HUOQ) (Stevens et al., 2004; Russell et al., 2006) The
multiple sequence alignment method was based on the CLUSTAL W
program and progressive pairwise alignment algorithm (Thompson ef al.,
1994). The alignment scoring matrix was set in BLOSM via default. We
applied 1RD8 and 2HUO to build the latest structure of the H1 and N1
sequence, respectively. The structures of 18 nureaminidase inhibitors
were obtained from Lu’s study (Table 1) (Lu et al., 2008). The
concentration of inhibitor that produces 50% inhibition of nureaminidase
(IC50) was used in pharmacophore hypotheses and structure-activity

relationship (SAR) study.

2-2 #H % »z 44 M B 3% (Pharmacophore hypotheses generation,

10



HyPoGen)

HyPoGen constructs pharmacophore hypotheses by using an
informative training set that includes over 16 molecules with
bioactivities. Accordingly, 18 compounds (Lu ef al., 2008) were selected
in training set for generating 10 pharmacophore hypotheses (Table 1 and
2). The hypotheses were accepted by those conditions: the null cost
subtracted total cost was over 60, the configure value should be less than
17, and a high correlation between actual active values and fit values
(Kurogi and Guner, 2001; Bersuker et al., 2000).

HyPoGen was built by three steps: Constructive phase, Subtractive
phase, and Optimization phase (Kurogi et al., 2001; Bersuker et al., 2000).
In constructuive phase, the fixed hypothesis was built by the features of
the most active compound. The maximum number of features were limited
as 5. Other active compounds (principal = 2, Tabel 2.) were requested to

satisfy following equation:

(MActx UncMAc)—(Act/ UncAct) > 0.0 1)

MAct was the highest activ value in the data set. Unc was the uncert
value. Act was the activ value in the data set (Table 2.). The features of
compounds, which satisfied Eq. 1, were employed to develop

pharmacophore hypotheses. In subtractive phase, the most inactive
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compound was used to form a pharmacophore hypothesis. Other inactive
compounds (principal = 0, Table 2.) were requested to satisfy following

equation:

........................................................

log(Act)—log(MAct)> 3.5 2)

The features of compounds, which satisfied Eq. 2, were employed to
construct the null hypothesis. Those features were considered as factors
decreasing activities of compounds and eliminated from pharmacophore
hypothese. In optimization phase, HypoGen applies small perturbation to
the pharmacophores created in constructive and subtractive phases in an
attempt to improve the score. The steps includes selecting a new
pharmacophore from the list of possibilities, rotating a vectored feature,
translating a randomly selected feature in the pharmacophore, adding a
new features, and removing a feature. For a particular hypothesis, the

activities of compounds are estimated through the equation as following

(Kurogi and Guner, 2001; Bersuker ef al., 2000):

log(Estimatedactivity) = I + Fit 3)
Where [/ is the intercept of the regression line, which is generated by

plotting. The log of the biological activities of the data set molecules

against the Fit values of them. The Fit values are estimated through the

12



equation as following (Kurogi and Guner, 2001; Bersuker ef al., 2000):
Fit = " mapped hypothesis features x W[l > (disp/ tol)z}
Where > mapped hypothesis features is the successfully superimposed
pharmacophore feature number, W is the weight of the corresponding
hypothesis feature spheres, disp is the distance between the feature
centroid and the center of the corresponding superimposed chemical
moiety of the fitted molecule, tol is the radius of the pharmacophore
feature sphere (tolerance, 1.6 A by default). The confidence level of 95%
was generated from 19 random spreadsheets by Cat-Scramble program in

each modeling run (Kurogi et al., 2001).

2-3 NCI F 3 & 2 & :E (NCI database screening)

NCI database was provided by National Center for High-performance
Computing. The database included 365,602 compounds. We employed the
first pharmacophore hypothesis to map and aligned the compounds from
NCI database by the Catalyst compare/fit algorithm. The log of the
biological activities of the data set molecules was against the Fit values.

The Fit values are estimated by Eq. 4. Tolerance was set 1.6 A by default.

2-4 & F ¥4 4 57 (Molecular docking study)

13



All of the compounds were built and energy minimized under MM?2
force field by ChemOffice 2005. The LigandFit program performed the
docking simulation at the binding site by Discovery Studio 2.0. During
the docking procedure, ligands were flexible whereas the receptor was
fixed. The ligand flexibility was carried out by In-Situ Ligand
Minimization based on CHARMm force field. Docking score (D.S.) was
employed to score the docking results. Candidate ligand poses are
evaluated and prioritized according to the DockScore function. There are
three types of DockScore. One is based on a forcefield approximation,
another on the Piecewise Linear Potential function (PLP), and Potential

of Mean Force (PMF).

DockScore(forcefield) = - (ligand/receptor interaction energy + ligand

INternal €NeTZY).....vviii e e, (5)

As shown in Eq. 5, there are two energy terms in the forcefield
version of DockScore, internal energy of the ligand and the interaction
energy of the ligand with the receptor. The interaction energy is taken as
the sum of the van der Waals energy and electrostatic energy. The
computation of the interaction energy can be quite time consuming. To
reduce the time needed for this calculation, a grid-based estimation of the

14



ligand/receptor interaction energy is employed.

Piecewise Linear Potential is a fast, simple, docking function that
has been shown to correlate well with protein-ligand binding affinities.
PLP scores are measured in arbitrary units, with negative PLP scores
reported in order to make them suitable for subsequent use in consensus
score calculations.

DockScore(PLP) = - (PLPpotential).............ccovviiiiiiiiiiiiiieenn. (6)

Higher PLP scores indicate stronger receptor-ligand binding (larger
pK; values). Two versions of the PLP function are available: PLP1
(Gehlhaar et al., 1995) and PLP2 (Gehlhaar et al., 1999). In the PLPI
function, each non-hydrogen ligand or non-hydrogen receptor atom is
assigned a PLP atom type. Hydrogens are excluded from consideration.

There are four PLP atom types:

1. Hydrogen bond (H-bond) donor only.
2. H-bond acceptor only.
3. Both H-bond donor and acceptor.
Non-pola There are two types of pairwise interactions in PLP1 as
shown in Table 3, namely H-bond and steric. The two interactions are

described by the same functional form, but with different parameters
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(Figure 1 and Table 4). The PLP1 score is the sum of the function values
of all pairwise interactions in a receptor-ligand complex.

In the PLP2 function, PLP atom typing remains the same as in PLP1.
In addition, an atomic radius is assigned to each atom except for

hydrogen. There are three different radii:

1. Small: a value of 1.4 for F and metal ions (including Zn, Mn, Mg,
and Fe).
2. Medium: a value of 1.8 for C, O, and N.

3. Large: a value of 2.2 for S, P, Cl, and Br.

There are three types of pairwise interactions in PLP2 as shown in
Table 5, namely H-bond, dispersion, and repulsion. There are two types
of functional forms. The H-bond and dispersion interactions have the
same functional form, but different parameters (Figure 2 and Table 6). A
scaling factor is used for H-bond and repulsion terms based on the angle
formed by the corresponding receptor-ligand atoms. The PLP2 score is
the sum of the function values of all pairwise interactions in a
receptor-ligand complex.

The PMF scoring functions were developed based on statistical

analysis of the 3D structures of protein-ligand complexes. They were
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found to correlate well with protein-ligand binding free energies while
being fast and simple to calculate. The scores are calculated by summing
pairwise interaction terms over all interatomic pairs of the
receptor-ligand complex (Muegge and Martin, 1999). The PMF scores
are reported in arbitrary units with the sign reversed to allow for
subsequent use in consensus score calculations. A higher score indicates
a stronger receptor-ligand binding affinity. Otherwise, the Consensus
Score (CS) protocol calculates the consensus scores of a series of docked
ligands for which other scores have been previously computed. For each
selected scoring function, the ligands are listed by score in descending
order. The consensus scores for each molecule were employed to be a
view for ranking compounds (Teramoto and Fukunishi, 2008).
2-5 AWML iT® B t52 4 2 27l $(Interaction generation and
pharmacophore comparison)

The protocol enumerates pharmacophore features from a protein
active site. It uses the de novo design method Ludi to create an interaction
map in a protein active site. The information from the map is then

converted to pharmacophore features (acceptors, donors, and

17



hydrophobes). The density of lipophilic sites and density of polar sites
were set 25 by default. The two pharmacophores are aligned by
comparison analysis. The analysis uses the Catalyst Compare/fit
algorithm to map and align two pharmacophores. Root-mean-squared

error (RMSE) is reported for the matching pharmacophore features.

3. 2 % &2 31# (Results and discussion)
3-1 F iR#HEE2 % % (The results of homology modeling)

The result of alignment was reported in Figure 3 and 4. The
sequence identity is 70.8% and similarity is 78.9% in H1. On the other
hand, the sequence identity and similarity of N1 sequences were 91.4%
and 95.6%, respectively. Accordingly, the alignment result was employed
to build homology model. The reliable result of building homology model
was performed by verified score and Ramachandran plot. (Figures 5-8)
The results of verified score showed that few amino acid had low score (<
0) in H1 and N1 models (Figures 5 and 6). Because the amino acids
didn’t locate at binding site, we thought that it could not affect the study.
The Ramachandran Plot indicated low energy conformations for ¢ (phi)

and v (psi), and the conventional terms represented the torsion angles on

18



either side of alpha carbon in peptides. This plot was used to verify the
predicted torsion angles in proteins. The result of Ramachandran plot
showed only 1.28% error in H1 homology modeling and 3.4% in N1

homology modeling (Figures 7 and 8).

3-2 #E»3c A Wik 4 & 2% % (The results of pharmacophore
hypotheses generation)

The results showed that the configuration cost value less than 17 was
11.375, and the correlation was over 0.8, which indicated the reliability of
hypotheses (Table 7). The correlation of the hypothesis 2 consisted with
the hypothesis 1; accordingly, the pharmacohore map of the hypothesis 1
was elevated in next calculation. Generally, the error cost 40~60 meant
that the confidence level was between 75~90%. In this investigation, the
confidence level was 95% to accept the hypotheses. Otherwise, the actual
activity of the first hypothesis had the highest correlation (0.88) among
the 10 hypotheses, which suggested the first hypothesis reflect the actual
activity by structure-activity relationship (SAR). The first hypothesis
showed high correlation in Figure 9. Fit values could be predicted log
active values by the linear correlation (Figure 9). R value about 0.88 was

calculated via R*> = 0.7879 (Figure 9c). The first hypothesis was
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constructed by two hydrogen bond acceptor features: one hydrogen bond
donor feature, and one positive ionizable feature (Figure 10). The first
hypothesis was consisted with the idea of designing NA inhibitor for
improvement drugs activity in Shie’s study (Shie et al., 2008).
Accordingly, the first hypothesis was employed to NCI database

screening. The results were showed in Table 8 and Table 9.

3-3 & 3 #4452 % % (The results of docking study)

The compounds of NCI database were docked into HI1 and NI
structures, respectively. The docking results of the fifty compounds with
H1 were showed in Table 10. NCI0353858 had highest docking score,
even higher than zanamivir and oseltamivir. In fact, zanamivir and
oseltamivir were designed as inhibitors for NA. Although the results
showed that zanamivir had some affinity for HI, there were many
compounds more suitable than zanamivir, like NCI0353858,
DESTOMYCIN-A, and NCI0607158.

In Table 11, zanamivir had 78.41 in docking score. That means
zanamivir still had high activity for latest N1 in 2009. However,

oseltamivir had 44.91 in docking score. In our previous study,
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oseltamivir had 53.3 in docking score for N1 in 2004. The latest N1
might have drug resistance to oseltamivir, and lower the docking score of
oseltamivir, outstandingly. The results were consisted with many other
reports (Collins et al., 2008; Hauge et al., 2009; Moscona, 2009).
PROTOVERINE and NCI0607158 had higher docking score than
zanamivir in Table 11. According above, NCI0607158 was suggested as
potent dual target compound. There top 9 dual-target inhibitor candidates
were selected form docking results by scoring functions: NCI10624650,
NCI0607158, NCI0605741, PROTOVERINE, NCI0605737
KANAMY CIN-C, NCI0608643, NCI0606258, and NCI0608650 (Figure
11). NCI0607158 was not only with docking score higher than zanamivir,
but also with higher consensus score, too. We suggested that
NCI0607158 might have high activity for in vitro study. The docking
poses in HI and N1 of 9 candidates were shown in Figure 12,
respectively. In H1, the residuals of the binding site were like fingers to
clutch the ligands by hydrogen bonds. The half-opened access shape of
HI1 binding site increased the difficulty for forming the ligand-pretein
complex. The Table 10 showed that NCI0353858 had the highest

docking score. The scores of Potential of mean force (PMF) of
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NCI0605737 and NCI0608647 were higher than 70 but the dock scores
were less than 50 (Table 10). PMF was computed by summing pairwise
interaction terms over all interatomic pairs of the receptor-ligand
complex. According to PMF scores and docking scores, NCI0353858
was suggested as a potent inhibitor. In Figure 13, hydrogen bond
acceptor features were located on ASN26, GLU38, and ASN59 (Figure
13a); besides, the hydrogen bond donor features were located on SERS56,
GLU38, and ASP58 (Figure 13a). The hydrophobic features didn’t
centralize at the center of the binding site. NCI0353858 was formed with
the 4 hydrogen bonds on LYS26, GLU38, ASP58, and ASN59 (Figure
13b). The results suggested that NCI0353858 should be a candidate for
designing of H1 inhibitor. The first pharmacophore hypothesis developed
by N1 was applied as criteria to screen NCI database. The 49 compounds
were selected from the 365602 compounds by this protocol. In docking
analysis, NCI0353858 which produced 4 hydrogen bonds in the
ligand-protein complex was pointed out (Figure 13a and 13b). The
structure of NCI0353858 was considered a lead compound for de novo
drug design (Figure 13c).

Considering to increasing the binding affinity for N1, the PLP
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score might play an important role in this study. PLP scores showed a
trend with docking scores (Table 11). In our study, the major reason for
decreasing binding affinity of oseltamivir in N1 that had low PLP score
in the latest N1 structure. For improving binding affinity, extent the side
chain for increasing positive charge may have effect. PROTOVERINE
and NCI0607158 both had longer length than other 7 candidates (Figure

11).

3-4 N1, N2 &2 N7 #»c 3L B & & 47 2. % % (Results of N1, N2, and N7
pharmacophore comparison analysis)

In this result, the binding site of N2 and N7 both showed
hydrophobic core (Figure 14a and 14b). However, the hydrophobic region
in the binding site of N7 was deeper than in the binding site of N2. It was
suggested that drug selectivity between N2 and N7 might be created by
extent C-C bonds for moving the hydrophobic group on drugs into
binding site in N7 structure. The yellow circles in Figure 2b labeled the
major differences between N2 and N7 interaction maps. The mount of
HBA features in N7 was more than that in N2 clearly. Over addition of
HBA feature on NA inhibitors may cause the activity reducing in N7. The

root-mean-squared error displacement (RMSD) was reported for the
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matching pharmacophore features. The total RMSD of NI-N2
comparison analysis was 0.365, and the total RMSD of NI-N7
comparison analysis was 0.451. The major error occurred at the HBA
features in the tow comparison results (Table 12). This difference was
thought as the different amino acids on N1, N2, and N7 structures. We
suggested that distances error between maps might cause different drug
activities in N1, N2, and N7. This information was though to associate
with drug resistance of influenza. Additionally, the compounds from NCI
database were calculated of their fit values by pharmacopore mapping to
the combining map and their average docking scores by docked into the
three kinds of NA. The result was shown in Table 13. It was clearly
observed that the top 6 potent compounds were shown in the binding site
and fitted with the combined map (Figure 15). The structures of the top 6

potent compounds were shown in Figure 16.

4. %3 (Conclusion)
In this study, we have built the latest H1 and N1 structure model by
homology modeling, which has high reliability by Verify Score plot and

Ramachandran plot. 365,602 compounds from NCI database have been
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screened by docking study of H1 and N1, respectively. After the overall
procedures presented in Fig. 1, NCI10624650, NCI0607158, NCI0605741,
PROTOVERINE, NCI0605737 KANAMYCIN-C, NCI0608643,
NCI0606258, and NCI0608650 (Figure 11) were suggested potent dual
target candidates. Moreover, the latest N1 structure might have drug
resistance to oseltamivir; that maybe an alert for treatment HINI
influenza.

In N1, N2, and N7 pharmacophore comparison analysis, we brought
up a proposal for design the versatile inhibitor of N1, N2, and N7 by
combining ligand-based pharmacophore map and protein interaction
maps. The ligand-based pharmacophore map was created from Lu’s study
(Lu et al., 2008). Additionally, the map was consists with Shie’s study
(Shie et al., 2008). Accordingly, the result was reliable. The protein-based
pharmacophore maps were constructed by the protein structures of N2
and N7, using the protocol of interaction generation. By the protocol of
pharmacophore comparison, the RMSD values between the three kinds of
NA were calculated, then, the most matched map was elevated from the
three maps. The most matched map was refined to form the combined

map. The combined map fit Russell’s report (Russell ef al., 2006). Based
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on this reason, the map was employed to virtual screening on NCI
database. The screening results were analyzed by the ligandfit docking
program. Six compounds were suggested as potent versatile inhibitors by
their fit values and docking scores (Figure 16). We hope to put forward a

constructive conception of designing HIN1 inhibitors.
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Table 1. The structures of 18 compounds in data set.
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Table 2. The 18 compounds of data set.

Name  Activ Uncert Principal MaxOmitFeat

01 40 3.0 2 0
02 30 3.0 2 0
03 6 3.0 2 0
04 4000 3.0 0 0
05 6400 3.0 0 0
06 2700 3.0 0 0
07 11 3.0 2 0
08 12 3.0 2 0
09 6 3.0 2 0
10 6000 3.0 0 0
11 8 3.0 2 0
12 0.001 3.0 2 0
13 0.004 3.0 2 0
14 0.002 3.0 2 0
15 5500.47 3.0 0 0
16 1500.03 3.0 0 0
oseltamivir 0.001 3.0 2 0

zanamivir 0.005 3.0

\9}
e

Activ: It represented the compounds’ tested activities, which must be greater
than 0.0.

Uncert: It represented the ratio range of uncertainty in the activity value, set to
3.0 by default.

Principal: It indicates whether the ligand was active (Principal= 2) or inactive
(Principal= 0).

MaxOmitFeat: It indicates how many features are allowed to miss for each

molecule. By default, MaxOmitFeat was set to 0.
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Table 3. Interaction types of PLP1

Receptor PLP type

Ligand PLP type Donor  Acceptor Both  Non-polar

Donor Steric H-bond H-bond Steric
Acceptor H-bond Steric H-bond Steric
Both H-bond H-bond H-bond Steric
Non-polar Steric Steric Steric Steric

This table is obtained from Gehlhaar’s study (Gehlhaar et al., 1995; Gehlhaar
et al., 1999).
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Table 4. Parameters for PLP1 functional form

Interaction type A B C D E F

H-bond 23 26 31 34 -20 200

Steric 34 36 45 55 -04 20.0

This data is obtained from Gehlhaar’s study (Gehlhaar ef al., 1995; Gehlhaar
et al., 1999).

36



Table 5. Interaction types of PLP2

Receptor PLP type

Ligand PLP type Donor  Acceptor Both  Non-polar

Donor Repulsion H-bond  H-bond Dispersion
Acceptor H-bond Repulsion H-bond Dispersion
Both H-bond  H-bond  H-bond Dispersion
Non-polar Dispersion Dispersion Dispersion Dispersion

This table is obtained from Gehlhaar’s study (Gehlhaar et al., 1995; Gehlhaar
et al., 1999).
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Table 6. Parameters for PLP2 functional form

Interaction type A B C D E F

H-bond 2.3 2.6 3.1 3.4 4.0 15.0
Dispersion 0930 100 1250 150 -04 15.0
Repulsion 3.2 6.0 - - 1.5 1.5

This data is obtained from Gehlhaar’s study (Gehlhaar et al., 1995; Gehlhaar
et al., 1999).
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Table 7. The results of hypotheses generation

Hypo No. Total cost Error RMS Correlation Features
1 13795 109.62 2.48 0.888  HBA,HBA,HBD,POS
2 147.84 116.57 2.64  0.873 HBA,HBA,HBD,POS
3 148.04 118.88 2.69 0.867  HBA,HBA,HBA,POS
4 160.12 135.89 3.04 0.822  HBA,HBA,HBD,POS
5 160.66 132.58 2.98  0.832  HBA,HBA,HBA,POS
6 160.66 125.63 2.84  0.854  HBA,HBA,HBA,POS
7 161.94 132.74 298 0.833  HBA,HBA,HBA,POS
8 162.67 137.30 3.07 0.819  HBA,HBA,HBA,POS
9 165.49 135.14 3.03 0.828  HBA,HBA,HBD,POS

—_
S

165.59 133.63 2.99  0.832 HBA,HBA,HBA,POS

Null cost = 295.93, fixed cost = 69.68, configuration cost value = 11.375.
HBA is hydrogen bond acceptor feature, HBD is hydrogen bond donor
feature, and POS is positive ionizable feature.
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Table 8. The screening results of NCI database by Hypogen.

Name FitValue Name FitValue Name FitValue

NCI0007391 13.847 NCI0114058 12.833  NCI0054248 13.054
NCI10021560 13.847 NCI0127520 12.601 NCI0038478 13.052
NCI10026546 13.847 NCI0112522 12.584  NCI0004348 13.049
NCI0040756 13.847 NCI0119846 12.54  NCI0042714 13.043
NCI10052907 13.847  NCI0064452 12.434  NCI0040590 13.042
NCI10023881 13.764  NCI0118695 12.307  NCI0053257 13.024
NCI0005554 13.7 NCI0108578 12.113  NCI0040755 13.017
NCI10030926 13.598  NCI0158489 12.321  NCI0003099 13.007
NCI10042183 13.555 NCI0187635 12.233  NCI0019510 13.007
NCI0042186 13.554 NCI0187646 12.233  NCI0025275 13.002
NCI0053255 13.469  NCI0180972 12.144  NCI0052408 12.998
NCI0033688 13.435  NCI0608654 13.038  NCI0003100 12.996
NCI10054249 13.405  NCI0608643 13.036  NCI0040754 12.956
NCI10042132 13.372  NCI0608650 13.016 NCI0020273 12.949
NCI10021705 13.368  NCI0605741 13.015 NCI0025286 12.929
NCI0058600 13.349  NCI0608647 12.991 NCI0023116 12.925
NCI0050744 13.326  NCI0605737 12.979  NCI0020670 12.9

NCI0058602 13.323  NCI0607157 12.978  NCI0024998 12.86
NCI10034519 13.293  NCI0607158 12.956 ~ NCI0047648 12.855
NCI0051425 13.291  NCI0521703 12.789 ~ NCI0019772 12.853
NCI0051448 13.288 NCI0521704 12.789  NCI0021557 12.853
NCI0040589 13.267 NCI0345087 12.257  NCI0023900 12.853
NC10044443 13.262  NCI0606258 12.247  NCI0020275 12.846
NCI10025270 13.26  NCI0604985 12.209  NCI0000758 12.84
NCI0046331 13.197 NCI0604166 12.134  NCI0037779 12.84
NCI10051447 13.179  NCI0275619 12.028  NCI0020270 12.814
NCI0035900 13.178  NCI0353858 12.028  NCI0040705 12.811
NCI10042330 13.178  comp45 13.318  NCI0022699 12.799
NCI10049809 13.178  XW-630 12.307  NCI0020271 12.77
NCI10014083 13.132  NCI0020261 12.216  NCI0009698 12.73
NCI0018702 13.118  NCI0036875 12.202  NCI0016531 12.714
NCI0018712 13.118  NCI0044277 12.193  NCI0025020 12.552
NCI10022941 13.118  NCI0055554 12.192  NCI0018343 12.549
NCI10022942 13.118  NCI0055555 12.192  NCI0024533 12.549
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NCI0058595
NCI10047461
NCI0056714
NCI0057034
NCI0043891
NCI0050352
NCI0056711
NCI0009130
NCI10044181
NCI0056275
NCI10060439
NCI0014659
AC-983

12.252
12.245
12.245
12.245
12.244
12.244
12.244
12.237
12.237
12.345
12.31
12.305
13.176

NCI0055560
NCI0055561
NCI0007290
NCI0051451
NCI0013252
NCI10044180
NCI0018757
NCI10044283
NCI0051812
NCI0003055
NCI10048600
NCI0036314
NCI10624650

12.192
12.192
12.17
12.149
12.108
12.108
12.026
12.009
12.287
12.283
12.253
12.35
13.078

NCI0033298
NCI10009629
NCI10025962
NCI0047151
NCI0040586
NCI0039358
NCI0018695
NCI10025274
NCI10043417
NCI10029431
NCI0049798
NCI0015771
AC-984

12.549
12.542
12.523
12.516
12.515
12.509
12.507
12.501
12.484
12.465
12.443
12.429
13.134
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Table 9. The screening results of NCI database by Hypogen (cont.).

Name FitValue Name FitValue
PHOSPHATIDYLSERINE 12.334  DIBEKACIN 12.151
GP-1-515 12.327  PRADIMICIN-FL 12.125
GP-515 12.327 PENTETREOTIDE INDIUM 12.046
METHYL-OLIGOBIOSAMINIDE 12.302 CHAPSO 12.034
DIHYDROACARBOSE 12.267 VALIDOXYLAMINE-A 12.252
COLIMECYCLINE 12.225 TRESTATIN-A 12.049
STREPTOIMIDAZOLIDINE 12.219 ZYGACINE 12.048
PROTOVERINE 12.173  NCI0611895 13.035
APRAMYCIN 12.928  MANNOPEPTIMYCIN-DELTA 12.785
KANAMYCIN-C 12.339 MANNOPEPTIMYCIN-BETA 12.774
ACTINOSPECTINOIC-ACID 12.584 HYDROXYVALIDAMINE 12.77
BENANOMICIN-B 12.423 ~ MANNOPEPTIMYCIN-GAMMA 12.751
4"-DEOXYTOBRAMYCIN 12.38 MANNOPEPTIMY CIN-EPSILON 12.742
NCI0645771 12.348  ETIMICIN 12.687
BEKANAMYCIN SULFATE 12.215  GENTAMICIN 12.687
NCI0685277 12.19 GENTAMYCIN-CIA 12.687
NCI0685281 12.19 DESMOSINE 12.654
NCI0632482 12.134  RKP-192 12.514
NCI0671266 12.095  LU-15-089 12.508
BB-K-89 12.011  LIPOSIDOMY CIN-C 12.425
SCH-21561 13.184  LIGA-20 12.412
RO-09-0766 13.026  SPHINGOSINE-PHOSPHATE-1 12.387
MANNOPEPTIMYCIN-ALPHA 12.837  1PX-750 12.883
APRAMYCIN SULFATE 12.928 DESTOMYCIN-A 12.366
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Table 10. The docking results of the fifty compounds with H1.

Name LigS1 LigS2 -PLP1 -PLP2 Jain -PMF -PMF04 DS CS
DESTOMYCIN-A 4.72 435  46.64 46.71 035 67.82 2032 4729 8
NCI0624650 5.14 4.52 3396 44.38 192 67.09 2922 4493 7
NCI0607158 432 4.03 3937 3330 -146 59.57 1816 46.00 6
NCI0605741 4.56 433 4685 46.78 236 4136 7.12 4315 6
NCI0608647 4.94 420 3156 31.19 -0.52 76.04 3682 4207 6
BB-K-89 3.96 424 4599 4578 -0.80 5722 1229 4190 6
PROTOVERINE 4.24 442 4388 5214 -029 3451 -1.08 4152 6
IPX-750 4.80 4.54 4987  57.00 1.56 3477 313 4023 6
NCI0353858 4.21 349 2140 2658 035 69.00 39.62 6460 5
NCI0605737 4.75 391 27.83 3026 -041 7457 3951 4473 5
GENTAMYCIN-A 4.15 436 4058 3927 -023 2949 430 3840 5
KANAMYCIN-C 4.19 460 5282 5744 026 3432 1273 38.02 5
NCI0685277 443 429 4148 44.62 1.00 2883 -1.88 3769 5
NCI0685281 443 429 4148 44.62 1.00 2883 -1.88 37.69 5
APRAMYCIN 5.01 4.64 6628 67.52 1.05 3064 182 3162 5
NCI0608643 4.07 4.41 36.85 3590 -1.96 2731 135 4115 4
NCI0606258 3.39 4.19 3553 3349 -1.69 6199 18.05 4109 4
NCI0608650 4.12 3.62 2444 2457 -143 6567 3459 3985 4
GP-1-515 4.26 4.00 3092 29.08 -026 30.53 732 388l 4
GP-515 4.26 4.00 3092 29.08 -0.26 30.53 732 388l 4
NCI0671266 4.13 336 2389 2773  -0.66 8559 4436 3881 4
4"-DEOXYTOBRAMYCIN 4.63 442  33.02 3374 -1.79 79.24 3829 33.01 4
SPHINGOSINE-PHOSPHATE-1 4.06 427 4473 4477 -1.52 5141 11.03 2587 4
DIHYDROACARBOSE 5.24 4.55 48.60 5266 -2.66 2215 -1.27 6.86 4
Zanamivir 4.34 380 2932 3190 -1.08 8592 37.05 4500 4
NCI0611895 3.59 399 21.88 1833 -257 59.60 2834 4246 3
NCI0607157 4.05 379 3961 3731 -1.63 31.77 506 41.12 3
ACTINOSPECTINOIC-ACID 291 3.15 10.84 1582 -2.45 49.60 1944 3884 3
PHOSPHATIDYLSERINE 3.48 3.51 16.75 1326 -0.37 5090 2399 3284 3
NCI0275619 2.88 350 2340 26.12 060 5355 26.13 3271 3
ETIMICIN 1.10 386 3896 3794 -132 47.11 11.55 31.51 3
GENTAMICIN 1.10 386 3896 3794 -132 47.11 11.55 31.51 3
GENTAMYCIN-CI1A 1.10 386 3896 3794 -132 47.11 11.55 31.51 3
BENANOMICIN-B 2.94 4.03  48.00 4139 -323 3347 283 30.71 3
NCI0608654 2.56 324 2648 2734 -130 4256 21.02 4198 2
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METHYL-OLIGOBIOSAMINIDE

DIBEKACIN

HYDROXYVALIDAMINE

Oseltamivir

NCI0158489

NCI0345087

NCI0521703

NCI0521704

SCH-21561

PRADIMICIN-FL

DESMOSINE

NCI0187635

NCI0187646

LU-15-089

STREPTOIMIDAZOLIDINE

3.12

2.55

3.18

3.05

4.06

1.75

-6.82

-6.82

1.12

1.46

333

3.20

3.99

3.90

341

2.86

3.98

3.38

-11.83

-11.83

3.35

2.87

27.05

21.82

13.78

50.47

29.95

26.09

25.97

25.97

13.83

37.29

35.05

-23.22

-23.22

35.11

15.22

34.86

20.73

16.33

46.67

34.48

29.65

23.76

23.76

12.37

33.07

27.79

-12.94

-12.94

85,1

13.37

-1.21

-3.97

-1.14

-0.88

-1.29

-1.64

-0.76

-0.76

-4.14

-5.95

-4.73

-2.91

-2.91

-2.38

-6.45

44.88

52.53

52.67

-6.35

37.31

37.33

26.03

26.03

40.90

40.70

17.63

38.35

38.35

-9.65

39.55

25.47

15.62

26.77

-30.19

13.05

13.89

-12.23

-12.23

17.74

8.46

-1.30

-9.14

11.67

38.43

35.29

33.87

23.90

39.63

24.72

24.67

24.67

24.23

14.06

34.04

26.00

26.00

25.60

24.47

DS : docking score; CS : consensus score.

44



Table 11. The docking results of the forty-six compounds with N1.

Name LigS1 LigS2 -PLP1 -PLP2 Jain -PMF -PMF04 DS CS
KANAMYCIN-C 6.94 692 93.83 105.07 643 230.59 16570 7223 8
PROTOVERINE 6.94 6.14  71.04 8473 419 244.60 13043 81.01 8
Zanamivir 5.68 573 7221 7773 149 200.16 12385 7841 8
NCI10624650 6.28 596 7334 7098 4.13 195.08 124.74 7028 8
NCI0611895 6.86 697  69.55 7567 5.62 19520 13636 76.18 8
APRAMYCIN 6.67 6.07 97.07 9238 431 210.78 152.16 6839 8
NCI0608654 6.81 6.41 7408 7923 506 191.55 12529 68.81 8
NCI0608643 6.80 626  72.65 7562 525 19481 12548 7023 8
NCI0608650 6.61 596 66.67 7331 426 18581 121.62 7441 8
NCI0605741 6.71 635 69.09 7333 477 190.73 121.03 73.67 8
NCI0605737 6.60 6.05 67.56 7532 5.5 188.56 11885 71.18 8
NCI0607157 6.68 6.04 6936 77.12 574 17845 128.09 7722 8
NCI0607158 6.78 623 73,52 80.63 521 20498 13552 8352 8
NCI0606258 6.52 593  68.04 7357 537 20198 12854 77.03 8
Oseltamivir 4.93 431 33.85 38.08 284 180.44 9836 4491 7

METHYL-OLIGOBIOSAMINIDE 6.30 592 6837 79.88 242 190.64 131.79 7141 7

DIBEKACIN 6.55 6.30  70.76 7423 492 22030 15395 6458 7
BENANOMICIN-B 7.54 588 10470 101.44 478 216.61 13935 19.84 7
NCI0671266 6.71 630 7277 7741 2.10 206.59 149.51 82.10 7
BB-K-89 o/ U 6.46  97.05 7641 538 179.67 12728 59.88 7
NCI0158489 6.62 6.14  66.14 6696 349 17524 11737 7243 1
DESTOMYCIN-A 6.34 510  76.54 71.82  3.19 208.11 15567 80.09 6
SCH-21561 5.53 492 7256 7835 6.08 204.71 13557 3561 5
LU-15-089 6.53 6.52 8794 91.05 452 17235 9219 6260 5
4"-DEOXYTOBRAMYCIN 6.09 6.00 69.01 6597 251 185.19 13135 56.64 5
NCI0685277 6.25 555 68.65 8038 335 180.02 108.89 6129 5
NCI0685281 6.25 555 6865 8038 335 180.02 10889 6129 5
NCI0608647 5.92 651 7124 67.83 495 110.64 7549 7338 5
IPX-750 6.31 588 59.10 72.04 3.16 128.60 90.63 7199 4
ETIMICIN 5.98 564 7461 64091 547 20490 12922 5250 4
GENTAMICIN 5.98 5.64 7461 6491 547 20490 12922 5250 4
GENTAMYCIN-C1A 5.98 5.64 7461 64091 547 20490 12922 5250 4
DESMOSINE 6.93 594 7844 83.02 1.73 171.65 11590 4511 4
GENTAMYCIN-A 6.79 526 7171 64.17 2.03 218.87 15936 6045 4
ACTINOSPECTINOIC-ACID 6.49 596 6450 6578 246 217.50 13958 6391 4
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NCI0345087 6.37 583 68.01 6570 3.72 16536 111.23 58.00

SPHINGOSINE-PHOSPHATE-1 591 495 6362 7398 -1.28 180.82 83.79 53.95
PHOSPHATIDYLSERINE 5.57 553 4751 4941 405 11948 8296 68.30
NCI0521703 5.37 6.01 46.60 46.86 440 116.76 95.14 57.74
NCI0521704 5.37 6.01 46.60 46.86 440 116.76 95.14 57.74
HYDROXYVALIDAMINE 5.41 577 5893 6098 448 10451 67.53 5855
NCI0275619 4.41 4.68 40.72 46.14 324 10574 71.61 56.66
GP-1-515 5.27 4.82 3481 2874 -0.14 118.00 94.03 59.51
GP-515 5.27 4.82 3481 2874 -0.14 118.00 94.03 59.51
NCI0187635 3.96 4.82 4958 3741 1.12 124.82 79.27 53.53
NCI0187646 3.96 4.82 4958 3741 1.12 124.82 79.27 53.53

DS : docking score; CS : consensus score.
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Table 12. Root-mean-squared error displacement (RMSD) in the results of
comparison analysis.

N1 HBD DonorPT1 HBAI AcepterPT1 HBA2 AcepterPT2
N2 location1.416 location1.415 locationl.168 locationl.167 locationl.182 locationl.181
RMSD

0.220 0.268 0.520 0.390 0.306 0.402
N1-N2
N7 location1.420 location1.419 location1.336 locationl1.335 location1.252 locationl.251
RMSD

0.300 0.280 0.543 0.604 0.298 0.553
N1-N7
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Table 13. The top 6 potent versatile inhibitors from NCI database.

Name dock score Fit value
NCI0054249 129.058 13.405
NCI0040590 94.656 13.042
NCI0051451 83.849  12.149
NCI0040589 81.717  13.267
NCI0054248 81.579 13.054

VALIDOXYLAMINE-A 80.407  12.252
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Figure 1. Functional form of PLP1. This figure is obtained from
Gehlhaar’s study (Gehlhaar et al., 1995; Gehlhaar et al., 1999).
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Figure 2. Functional forms of PLP2. (a) Pairwise potential for H-bond and
dispersion terms. (b) Pairwise potential for repulsion terms. (c) Scaling factor
for H-bond and repulsion terms based on the angle formed by the receptor and
ligand atoms. This figure is obtained from Gehlhaar’s study (Gehlhaar ef al.,
1995; Gehlhaar et al., 1999).
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Figure 5. The results of verify score plot of Hl homology modeling. The red
line is the latest H1 sequence and the blue line is the template (PDB ID: 1RDS8)
for modeling.
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Figure 6. The results of verify score plot of N1 homology modeling. The
Verify Score diagram shows the validity of our homology model. The amino
acid from 119 to 293 is the major binding site. The blue line and the red line
are the latest N1 sequence and the template (PDB ID: 2HUO), respectively.
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Figure 8. Ramachandran plotting of N1 homology modeling result. Glycine is
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Figure 10. The features of hypotheses 1. The distances of features are labeled
by blue lines. The green one is hydrogen bond acceptor feature, the purple

one is hydrogen bond donor feature, and the red one is positive ionizable
feature.
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Figure 11. The chemical structures of top 9 candidates.
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Figure 12. The docking poses of 9 candidates in H1 (al-il) and N1 (a2-12),
respectively. (a) NCI0624650, (b) NCI0607158, (c) NCI0605741, (d)
PROTOVERINE, (e) NCI0605737, (f) KANAMYCIN-C, (g) NCI0608643,
(h) NCI10606258, and (1) NC10608650.
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Figure 13. The pharmacophore analysis of H1. (a) The interaction map of the
latest H1 structure. The green ones are hydrogen bond acceptor features; the
purple ones are hydrogen bond donor features, and the blue ones are
hydrophobic features. (b)The docking pose of NCI00353858 in H1. The
hydrogen bonds are labeled by green dotted lines. (¢c) The structure of
NCI0353858.
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Figure 14. The interaction maps of N7 and N2. (a) The interaction map of N7.
The green ones are hydrogen bond acceptor features, the purple ones are
hydrogen bond donor features, and the blue ones are hydrophobic features.
The yellow circles labeled the major differences between N2 and N7
interaction maps. (b)The interaction map of N2.
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Figure 15. The combined map was fit in the binding site of N1. The top 6
potent compounds are showed in the binding site and fitted with the combined
map.
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