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Abstract In this study fragment-based drug design is
combined with molecular docking simulation technique,
to design databases of virtual sialic acid (SA) analogues
with new substitutions at C2, C5 and C6 positions of SA
scaffold. Using spaces occupied by C2, C5 and C6 natural
moieties of SA when bound to hemagglutinin (HA)
crystallographic structure, new fragments that are commer-
cially available were docked independently in all the
pockets. The oriented fragments were then connected to
the SA scaffold with or without incorporation of linker
molecules. The completed analogues were docked to the
whole SA binding site to estimate their binding conforma-
tions and affinities, generating three databases of HA-
bound SA analogues. Selected new analogues showed
higher estimated affinities than the natural SA when tested
against H3N2, H5N1 and H1N1 subtypes of influenza A.
An improvement in the binding energies indicates that
fragment-based drug design when combined with molecular
docking simulation is capable to produce virtual analogues
that can become lead compound candidates for anti-flu
drug discovery program.
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Introduction

Influenza A virus is an enveloped negative strand RNA
virus which belongs to the Orthomyxoviridae family. HA
and NA are two surface glycoproteins that determine the
viral antigenicity. SA is the natural ligand for both of the
glycoproteins and located at the host cell membrane [1–3].
The influenza A infection is initiated by attaching viral HA
to host cell SA moiety and followed by endocytosis [4].
The infectious cycle ends up with the hydrolysis of O-
glycosidic bond that connects SA to the host cell membrane
by NA [5], thus releasing the progeny viruses. The amino
acids of both of HA1 and NA binding sites are mutagen-
ically conserved for most influenza A strains [6, 7].
Pyranose ring is the scaffold of SA molecule, to which
different functional groups are connected through different
carbon atoms, i.e., C2, C4, C5, and C6 (Fig. 1).

NA is attractive for drug design because of the relative
deep active site in which low molecular weight inhibitors
can make multiple favorable interactions. Rational mod-
ifications of SA based on the NA crystal structure has been
carried out and successfully produced new class of anti-
influenza therapy that inhibit NA and preventing progeny
viral dissemination [8]. Currently Zanamivir and Oseltamivir
are the clinically approved NA inhibitors.

On the other hand, HA is less attractive due to its
relatively shallow sialic acid-binding sites. HA is arranged
as homotrimer on the viral surface. Each monomer has two
binding sites, the first occurs at the domain 1 (HA1) which
is responsible for viral-host cell sticking while the second
occurs at the interface between HA1 and domain 2 (HA2)
[9–11]. Since HA1 is not an enzyme, the interaction
between SA and HA1 is uncomplicated when compared
to NA, for examples, protein's conformational changes are
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limited and bond breakage/formation does not take place at
HA1 binding site [5].

Various SA analogues have been synthesized to inhibit
HA1 and the inhibitory potency of the analogues have been
studied using various techniques such as viral hemadsorp-
tion inhibition assays [12, 13], viral hemagglutination
inhibition assays [14], and nuclear magnetic resonance
(NMR) [10, 15, 16]. Thus far, no effective HA inhibitor has
been designed, which could be attributed to the low affinity
between many SA analogues due to shallow binding site of
HA1. Due to the current pandemic of H1N1 and possibility
of H5N1 resurgence, and the resistance that has been
developed to current treatment [17], HA1 can be used as an
alternative target to combat influenza A virus.

Earlier, we have reported that computer simulation can
be used to reproduce the crystal conformation of SA and
the experimental affinities of SA analogues against HA1
using molecular docking technique (Fig. 2) [18]. In this
paper, we demonstrate the design of high affinity virtual SA
analogues against influenza A HA1 using molecular
docking and fragment-based molecular design techniques.
The natural SA functional groups at C2, C5, and C6

positions will be replaced by commercially available
molecular fragments to generate single-substituted SA
analogues databases of high affinity.

Methods

Overview

Databases of virtual SA analogues were generated based on
the HA1 crystal structure to guide the natural SA functional
groups substitutions (site-directed). Commercially available
molecular fragments have been used as substituent for the
analogue candidates in order to facilitate the synthetic
accessibility (fragment-based).

SA analogues were assembled from two molecules. The
first molecule comprises the crystal SA scaffold minus the
functional group to be substituted by a molecular fragment.
The second molecule comprises the docked (oriented)
fragment to be used for substituting one of the natural SA
functional groups. The fragments were docked against the
crystal binding site of natural SA functional group in order
to adopt the best binding conformation and affinity
(orientation). Therefore, both of the crystal SA scaffold’s
molecule and the oriented fragment’s molecule are in best
binding conformations and affinities toward the HA1
binding pocket. Finally, both molecules were connected
with the aim to preserve the initial binding conformations
of both molecules. Empirical algorithm were developed to
guarantee reliable automatic intermolecular connections.
The work flow of the methods is shown in Fig. 3.

Fragments preparation

The fragments are commercially available from ChemBridge
EXPRESS-Pick™ (http://chembridge.com/chembridge/data.
html) and was downloaded as a single SDF formatted file
after obtaining login username and password. The library has
4541 molecular fragments with physicochemical character-
istics listed in Table 1. The library was cleaned from non-
structural information, then processed using babel-1.1
software (http://smog.com/chem/babel/) to produce individual
fragments files in Mdl Mol format. As some of the fragments
have multiple bonded halogens or supplied as salts, the
halogens were removed to get the pure fragments while the
salt atomic coordinates were removed to exclusively extract
the fragments atomic coordinates.

Generally the fragments molecules in the downloaded
database were not at minimal energy conformation. Thus
after salts and halogens were removed, an in-house Tool
Command Language (TCL) programming script was used
to add the missing hydrogen atoms and optimize the

Fig. 2 Superimposed conformations of the crystal (gray) and docked
(yellow) methyl-α-Neu5Ac at HA1 binding pocket of H3N2 (X-31)
influenza A virus. Intermolecular H-bonds are shown as dashed lines

Fig. 1 Natural SA (R=H), SA analogue, i.e., methyl-α-Neu5Ac
(R=CH3)
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conformation using HyperChem 6.01. Geometry optimization
was performed with steepest descent followed by Polak
Ribiere methods using AMBER force field [19]. Normaliza-
tion of the atomic coordinates and addition of partial atomic
Gasteiger charges were carried out using Vega ZZ 2.2.0
(http://www.vegazz.net/). PDBQ files were subsequently
prepared using Autotors (An AutoDock utility which is used
to define the rotatable bonds within the ligand, if any, and
unite the charges of nonpolar hydrogens with carbon atoms
bearing them).

Fragments docking (orientation)

The crystal structure for HA of influenza A (H3N2) X-31
serotype in complex with methyl-α-Neu5Ac has been used
(PDB ID=1HGH). The three sites within and around HA1
binding pocket which represent the binding sites for C2-,
C5-, and C6-functional groups of methyl-α-Neu5Ac and
other crystallographically studied SA analogues has been
chosen as fragments docking sites (Fig. 4). Site A
comprises the amino acid residues that form the groove
next to the natural SA binding pocket where large C2-
substitutions of some SA analogues were found to extend.
Site B comprises the binding sites of C5-N-acetyl group
and C4-hydroxyl group while site C comprises the binding
site of C6-glycerol. The extension of site B to involve the
SA C4-functional group was to provide larger volume for
the docked fragments to manipulate conformation while
settling against the docking site.

The prepared fragments were docked using Auto-
Dock3.05 against the predefined sites of HA1. Lamarckian
Genetic Algorithm (LGA) using pseudo-Solis and Wets
local search method [20] was used to explore the fragments
conformational space to find the global minimal conforma-
tions and orientations. Due to the need to dock the whole
fragments library three times (once to each of the three
sites), docking parameters were chosen to allow fast
docking calculations. The initial atomic coordinates,
quaternion and dihedral angles were random and the
step size for molecular transition movement was set at
1 Å, and for quaternion and dihedral torsions were 50
degrees. As LGA was used, the number of individuals
within the population was defined at 150, while number
of generations was 27,000, and number of maximum
energy evaluations was 250,000. LGA was allowed to
run 10 times before the best docked conformation was
chosen. Other docking parameters were kept as default.
As the fragments docking stage involve 13,623 individ-
ual docking experiment (4541 fragments X 3 docking
sites), batch preparation of DPF files were conducted
using in-house Unix Bash-shell programming script.
Three databases of differently aligned fragments were
obtained from the docking steps.

Fig. 3 Generation of SA analogue databases using site-directed fragment-
substitution approaches. δ The attachment between the oriented frag-
ments and the SA scaffold can be without linker molecules in some cases
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Generation of three databases of SA analogues
from the oriented fragment databases

The three databases of oriented fragments obtained from the
previous step were used to generate three databases of SA
analogues. This was carried out by substituting the natural
functional groups of crystal methyl-α-Neu5Ac at atoms C2,
C5, and C6 with the oriented fragments. Thus, one
hydrogen atom of the oriented fragment was removed and
substituted by a covalent bond to the SA scaffold's atom
(C2, C5 or C6) to generate a single SA analogue molecule
within the binding pocket of HA1. Linker molecules were
incorporated to connect distantly oriented fragments to the
corresponding scaffold atoms.

The fragment-scaffold attachment process was carried
out automatically using an in-house Unix Bash-shell

programming script which requires pre-prepared scaffold
molecules, linker molecules, and the three databases of
oriented fragments. The linker molecules have been derived
from the natural functional groups of the scaffold atoms of
C2, C5, and C6 in order to preserve some important inter-
molecular interactions between SA analogues and HA1
(Table 2). In order to be at local minima, each linker
molecule was connected individually to the corresponding
crystal SA scaffold atom and the conformational search was
performed strictly for linker atoms to achieve the most
stable alignment within or around the HA1 binding pocket.

Fragments-scaffolds attachment algorithm

Empirical algorithm was developed and implemented into a
computer program to properly choose the fragment’s heavy
atom to be connected to the corresponding SA scaffold’s
atom, and the linker molecule to be incorporated in the
connection (if needed). For each pair of oriented fragment
and SA scaffold’s atom, the program screens all the
available modes of connection by incorporating all the
available linker molecules. Each connection mode is scored
and the best scored mode is established. The fragment
attachment process involved several steps and are discussed
below.

Step 1: Determination of anchor atoms (AnAs). Anchor
atoms (AnAs) are defined as all atoms that are
available to make a covalent bond to the oriented
fragment. They are comprised of scaffold’s atom
as well as the terminal atoms of its linker
molecules. Therefore, 12 AnAs were available
for connecting to the oriented fragment at site A
(C2 scaffold atom + terminal atoms of the 11
linker molecules). Similarly, 4 AnAs were avail-
able for connecting to the oriented fragment at site
B (C5 scaffold atom + terminal atoms of the 3
linker molecules), and 7 AnAs were available for
connecting to the oriented fragments at site C (C6
scaffold atom + terminal atoms of 6 linker
molecules). During the process of fragment’s

Fig. 4 Part of crystallographic structure of influenza A hemagglutinin
(PDB ID=1HGH) shows methyl-α-Neu5Ac (sticks representation)
within the binding pocket of HA1. C2-functional group extends over
site A, C5-functional group extends to site B, and C6-functional group
extends to site C

Table 1 Physicochemical properties of 4541 fragments of no bonded halogens and salts to be used for C2, C5, and C6 SA substitutions

Characteristic Lower limit Upper limit average

Molecular weight (MW) 60 300 ∼215
Calculated logarithm of octanol/water partition coefficient (clogP) −8.45 3 ∼1.26
Topological polar surface area (tPSA) (Å2) 3.24 119.93 ∼47.11
Logarithm of intrinsic water solubility (logSW) (Mole/Litre) −3.46 0.99 ∼1.65
Hydrogen-bond donor (HBD) 0 4 ∼1.09
Hydrogen-bond acceptor (HBA) 0 6 ∼2.35
Number of torsional degrees of freedom (TDOF) 0 3 ∼1.81
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connection to SA scaffold, each of the available
AnAs has specific spatial position (i.e., X, Y, and
Z coordinates) which basically determines it’s
fitness for the connection.

Step 2: Specifying the best fragment hydrogen atoms that
could be substituted by covalent bonds to AnAs
and measuring the corresponding inter-atomic
distances. This step was employed to determine
which fragment’s hydrogen atom to be substituted
by covalent bond to the anchor atom (AnA) for all
the available AnAs. A systematic search was
carried out to check the distances between each
of the available AnAs and all hydrogen atoms
from the fragment molecule. The nearest hydrogen
atom to each of the AnAs was specified and
regarded as the best atom to be substituted by
covalent bond to that AnA. The distances between
the AnA and both of the fragment’s nearest
hydrogen and the fragment’s heavy atom (HvA)
that carries the nearest hydrogen were measured for
all the available AnAs (Fig. 5).

Step 3: Converting the measured distances into deviation
values in order to calculate the crude score for
each AnA. The distances between AnAs and the
fragment’s nearest hydrogens as well as the
distances between AnAs and the fragment’s HvAs
that carry the nearest hydrogens cannot be used
directly to select the best AnA to be bonded to the
fragment. Accordingly, the distances were con-

verted to deviation values from typical distances.
The typical distances have been retrieved from
real inter-atomic bond lengths and represent the
best locations for AnA in order to establish a
covalent bond with the fragment’s HvA. The
typical distance between AnA and the fragment’s
HvA in order to establish a covalent bond
between them was stated to be of 1.5 Å (which
is about the average distance of C-C, C-O, C-N,
and C-S bonds), while the typical distance
between AnA and the fragment’s hydrogen in
order to substitute the latter by the former was
stated to be of 0.5 Å (which is 1.5 Å minus the
average distance of C-H, O-H, N-H, and S-H
bonds). As a result, each AnA had two deviation
values; one is for fragment’s nearest hydrogen
atom while the other is for the fragment’s HvA
that carries the nearest hydrogen atom. The
smaller the deviation values are; the better is the
spatial location of AnA to establish a covalent
bond with that particular fragment’s HvA (Fig. 6).
Both deviation values were used in the selection
of best AnA from all the available AnAs to be
connected to the fragment (i.e., the best connec-
tion mode). Using the second deviation value (i.e.,
of fragment’s best HvA) as the only selection
criterion between the available AnAs, frequently
produces binding modes incompatible with the
hybridization state of the fragment’s HvA. On the

Scaffold atom Linkers

C2 -O-

-O-CH2-

-O-CH2-CH2-

-O-CH2-CH2-CH2-

-O-CH2-CH2-CH2-CH2-

-O-CH2-CH2-CH2-CH2-CH2-

-O-CH2-CH2-CH2-CH2-CH2-CH2-

-O-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

-O-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

-O-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

-O-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

C5d -NH(CH2)-

-NH-CH2-

-NH-CH2-CH2-

C6k -CH2-

-CH2-CHOH(H)-

-CH2-CHOH(H)-CH2-

-CH2-CHOH(H)-CH2-CH2-

-CH2-CHOH(H)-CH2-CH2-CH2-

-CH2-CHOH(H)-CH2-CH2-CH2-CH2-

Table 2 Molecular linkers used
to attach the oriented fragments
to the corresponding SA
scaffold atoms. During
attachment process, δ the CH2

within bracket will substitute the
NH2 group, while

κ the H within
bracket will substitute OH group
whenever it is necessary (see
step 6 of fragments-scaffolds
attachment algorithm)
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other hand, summation of both deviation values
for each AnA produces a crude score (CS) which
can effectively be used to discriminate the most
suitable AnA to be involved in the attachment
(Fig. 7).

Step 4: Addition of bad contact penalty term to the crude
score. When an AnA comes too close to any of the
fragment’s HvAs (other than the HvA that carry the
nearest hydrogen) a bad contact is said to occur. As
a result, such AnA should have poorer score than
other AnAs that make fewer or no bad contacts. As
the typical distance to establish a covalent bond
between any AnA and HvA is considered to be
1.5 Å, any AnA trespasses this distance without
establishing a covalent bond with the fragment’s
HvAwill have a positive penalty value proportional
to the actual distance to be added to its crude score
value. Therefore, an empirical mathematical func-
tion (equation below) was used to measure the
degree of bad contact made by each AnA.

Bad � contact penaltyðiÞ ¼
XN

j¼1

1:5� Dij ð1Þ

Where i is an AnA, and j is a fragment HvA that does not
carry the nearest hydrogen. Dij is the distance between i and
j which is less than 1.5 Å. N is the total number of
fragments heavy atoms minus one. For each AnA, the value
of bad-contact penalty was added to the value of crude
score to get a value of “penalized score (PS)”. As the
molecular linkers are principally chains of sequenced
AnAs, the penalty value scored by one AnA was

Fig. 5 An example of the systematic search which is performed to
find the nearest hydrogen atom and it's corresponding heavy atom to
each of (a) scaffold atom (AnA1), (b) linker 1 (AnA2), (c) linker 2
(AnA3), or (d) linker 3 (AnA4). The distance between AnA and the
nearest fragment’s hydrogen atom is represented as red arrow while
the distance between AnA and the best fragment’s HvA that carry the
nearest hydrogen is represented as blue arrow

Fig. 6 The deviations from typical distances are shown between
AnAs and both of fragment’s Heavy Atom (HvA) (green arrows) and
fragment’s hydrogen atom (H) (pink arrows). The radiuses of circled
orbits around fragment HvA represent the approximate fixed inter-
atomic distances between HvA and HvA (outer bold circle of 1.5 Å)
and between HvA and H (inner thin circle of 1 Å). The gray
hemisphere with radius of 0.5 Å around fragment H represents the
sites where AnA could be presented to substitute the hydrogen, with
increasing opportunity toward the darker region. With respect to
AnA1 and AnA2, the deviations from the typical AnA-HvA distance
are equal for both atoms. However the deviation from the typical
AnA-H distance is smaller for AnA2 compared to AnA1. Therefore,
AnA2 has a more suitable location to substitute H than AnA1
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bequeathed to the next AnAs (not to the previous AnAs)
which results in penalty accumulation. For each AnA, the
value of accumulated bad-contact penalty was then added
to the crude score to get the “accumulated pPenalized score
(APS)”. The effect of penalty accumulation on the fragment
attachment process is illustrated in Fig. 8.

Step 5: Hammering the unreasonable growth of molecular
linkers. Since the use of large molecular linkers
for fragments attachment will contribute unfavor-
ably to the final molecular weights of the designed
SA analogues, the growth of AnAs chain was
resisted by favoring the use of AnAs of smaller
sequence. According to this feature, for a group of
AnAs in a fragment attachment process, any AnA
of smaller sequence will substitute the AnA of
larger sequence if the difference in APS values
between them is not more than 0.5. The effect of

incorporating this feature in the fragment attachment
program is illustrated in Fig. 9.

Step 6: Structural refinement. This step involves sub-steps
to control the structural property of the generated
SA analogues. The first sub-stage includes pre-
vention of construction of unusual binding modes.
Carbon, oxygen, and nitrogen atoms represent all
types of AnAs that can be used for fragments
attachment, while carbon, oxygen, nitrogen and
sulfur represent all types of fragments HvAs that
can bear hydrogen(s) and are available for being
bonded to AnAs. Therefore, several bonding modes
can be established during the analogues design.
Binding modes like oxygen-oxygen, oxygen-
nitrogen, and nitrogen-nitrogen are considered
unreasonable [21] and have been excluded during
fragments attachment process. The second sub-stage
includes the evaluation of scaffold's C4-hydroxyl

Fig. 7 Attachment of an oriented fragment to the SA scaffold C6
using (a) the deviation value of fragment’s heavy atom (HvA) alone,
or (b) combined with the deviation value of fragment’s nearest
hydrogen atom. Fragment’s carbon atoms are colored green (only the
hydrogen atoms of the best HvA are shown). The distance between
AnA and the nearest fragment’s hydrogen atom is represented as red
arrow while the distance between AnA and the best fragment’s HvA
that carry the nearest hydrogen is represented as blue arrow. The bond
to be constructed is colored yellow

Fig. 8 Attachment of an oriented fragment to the SA scaffold C6
using (a) the penalized score (PS), and (b) the accumulated penalized
score (APS)
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inclusion. Hence the fragments orientation has been
performed against site B which environs the
binding sites of SA C5-N-acetyl and C4-hydroxyl
groups, the substitution of C5-functional group by
the oriented fragment may generate atomic clashes
between the fragment and C4-functional group.
Therefore, a rapid search was employed to target
any trespass of the equilibrium van der Waals
distances between the SA C4-oxygen atom and all
of fragment’s heavy atoms (Fig. 10). The third sub-

stage includes the evaluation of SA C8-hydroxyl
inclusion. Both of crystallographic [9, 10] and
docking results showed that SA C8-hydroxyl group
makes favorable interaction with Tyr98 through
hydrogen bond and possibly with Leu226 through
van der Waals interaction. Previous inhibitory
assays showed that changing the epimerization
state of C8-hydroxyl, conversion to C8-oxo, or to
C8-dimethyl reduces the affinity of SA analogue
toward HA by five to seven folds [13], while our

Fig. 9 Attachment of an oriented
fragment to the SA scaffold C2
using the accumulated penalized
score (APS) with (a) no AnAs
chain hammering, and (b) with
AnAs chain hammering

Fig. 10 Two different cases of
fragments attachment to C5 of
SA scaffold. In the first case a
clash occurred between C4-
oxygen and one of the fragments
heavy atoms which results in
dropping of the C4-hydroxyl in
the generated SA analogue.
While in the second case no
clashes was encountered and the
C4-hydroxyl is preserved.
Fragment’s carbon atom are
colored green and Corey-
Pauling-Koltun (CPK)
molecular models are used to
represent the atomic van der
Waals radiuses
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molecular docking of methyl-α-8-deoxy-Neu5Ac
showed slight unfavorable change in the estimated
free energy of binding (data not shown). Since the
linker molecules used for connecting the oriented
fragments to SA scaffold’s C6 were derived from
the natural glycerol side-chain, checking for the re-
inclusion of hydroxyl group to AnA3 was recom-
mended and has been introduced to the attachment
program. The re-inclusion process used a protocol
equivalent to the protocol used in evaluating the
C4-hydroxyl preservation. The fourth and final
sub-stage includes changing the atomic type of
AnA when necessary. Since the linker molecules
used for connecting the oriented fragments to SA
scaffold’s C5 were derived from the natural C5-N-
acetyl group, a single nitrogen atom represents the
smallest linker molecule that could be incorporated
(AnA2). In some cases of fragments attachment to
SA scaffold’s C5 when AnA2 has the best APS, the
best fragment HvAwhich bears the nearest hydrogen
to AnA2 could be a non-carbon atom (i.e., oxygen or
nitrogen atoms), therefore, establishing a single
bond between them gives unusual binding mode
[21], while using another AnA of poor APS gives
improper attachment. Therefore, the type of AnA2
was allowed to be changed from nitrogen to carbon
whenever it is necessary to avoid the formation of
unusual binding modes. Similar protocol has been
used with AnA2 of C2-derived analogues where the
oxygen atom was allowed to be flipped to carbon
atom.

The fragment attachment process illustrated previously was
used to generate three databases of single substituted SA
analogues (i.e., databases of C2-derived, C5-derived, and
C6-derived SA analogues). Each database contains 4541
SA analogues, thus the total number of single-substituted
SA analogues generated by site-directed fragment-based
approaches was 13,623 analogues.

Docking of the three databases of SA analogues

The SA analogues databases generated in the previous stage
were subsequently subjected to automatic molecular prep-
arations using in-house developed programming scripts (see
fragments preparation) then followed by docking to the
whole HA1 binding pocket. Fast docking parameters
(similar to the parameters used in fragments orientation)
were used for SA analogues docking, however the initial
molecular position, quaternion and dihedral were not
random. Based on the docking results, the first 500
analogues of lowest estimated free energy of binding
(EFEB) were redocked by mediumly slow docking using

parameters that enables exhaustive conformational search
followed by slow docking for the first 10 analogues in term of
low EFEB and intramolecular interaction energy (IntraMIE).
The parameters used in slow docking experiments were
identical to the parameters that have been used in validation
tests [18].

Results and discussion

Fragments orientation

The fragments orientation is a critical prerequisite for
successful SA analogues generation because it determines
the best fragments binding conformations and affinities at
the binding sites of natural SA functional groups, which
fragment’s heavy atom suitable to be connected to SA
scaffold and the best linker molecule to be incorporated.
The oriented fragment should preserve its initial conformation
after being connected to SA scaffold molecule in order for
binding energy of the oriented fragment to be inherited to the
generated SA analogue.

Several software for structure-based ligand design use
the assembly of previously oriented fragments at the
binding site as an approach to design complement ligand
molecules of improved binding energies. The initial frag-
ments orientation can either be performed by molecular
dynamic simulation as in CONCERTS software [22], by
using the well known DOCK program as in BUILDER
software [23], or by pharmacophoric complementarity
against the binding site as in LIGBUILDER [21], LUDI
[24], GROW [25], LEAPFROG [26], and PRO_LIGAND
[27]. However there is no software for structure-based ligand
design that uses AutoDock to do fragments orientation.

In this study, we show that fragment orientation can be
carried out using AutoDock3.05 with EFEB ranged from
−1.8 to −7.5 kcal mol−1. It also provides better estimation
of fragments binding conformations and affinities compared
to DOCK software, due to an improved searching algorithm
for ligand sampling (i.e., LGA) and a well developed semi-
empirical scoring function that composed of hydrogen
bonding, desolvation, entropic terms as well as the electro-
static and van der Waals interaction terms. The DOCK’s
scoring functions only taking accounts of electrostatic and van
derWaals interactions. In addition, AutoDock3.05 is attractive
for fast calculation since it consumes less computational
power compared to the molecular dynamic simulation and less
prone to entrapment at local minima.

Molecular features of the designed SA analogues

In the C2-, C5- and C6-designed SA databases, the
analogues share the same SA scaffold, i.e., the pyranose
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ring and functional groups with the exception of the
substituted one. Thus, analogues within each database
differ from each other in the type of molecular fragment
used for substitution and the size of molecular linker
incorporated in the connection. Within a database, these
differences are responsible for the changes in molecular
physicochemical properties and binding affinities toward
HA1 binding pocket. The physicochemical features for all
SA analogues within each of the three databases are
summarized in Table 3.

Binding affinities of the three databases of SA analogues
against HA1 binding pocket

The docking results showed that the database of C2-derived
SA analogues has a mean EFEB value of −2.91±
1.38 kcal mol−1, which was higher than the mean values
for the databases of C5-derived (−5.06±0.97 kcal mol−1)
and C6-derived (−6.32±1.04 kcal mol−1) SA analogues.
The difference between the mean values of EFEB for the
three databases was attributed mainly to the difference in
the average number of torsional degrees of freedom
(TDOF) between the three types of designed SA analogues.
According to the semi-empirical scoring function of
AutoDock3.05, the increase in number of TDOF for a

given molecule is associated with an increase in the penalty
value and consequently an increase in the value of EFEB
(become more positive). The average number of TDOF
differ between the three types of SA analogues is due to the
diversity of molecular linkers used for fragment’s connec-
tion which is affected by the location of the oriented
fragments in relation to the SA scaffold. The average
number of TDOF for C2-derived SA analogues was about
19 rotatable bonds compared to 13 rotatable bonds for
C5-derived and 10 rotatable bonds for C6-derived
analogues. Therefore, the mean penalty value (as well as
the mean EFEB) decreases in the order of C2-derived > C5-
derived > C6-derived SA analogues.

Direct correlations were obtained between numbers of
TDOF and values of EFEB for C2-derived, C5-derived, and
C6-derived SA analogues, which indicates that the reduction
in estimated affinities toward the binding site can be attributed
mainly to the increase in number of rotatable bonds within the
designed analogues, as well as the improper binding between
the analogues and the protein.

Stability of the docked analogues against the natural SA
binding site of HA1

Since the pyranose ring is shared by all the designed
analogues and is located within HA1 at approximately the
same position in all the crystallized SA analogues [9, 10,
28], it can be used to evaluate the stability of the docked
analogues against the natural SA binding site. During
docking experiments, the stability of the designed SA
analogue against the natural SA binding site of HA1 was
monitored by calculating the RMSD value of pyranose ring
between the analogue and the crystal methyl-α-Neu5Ac. A
large value of RMSD indicates that the docked analogue
either binds away from the natural SA binding site or with
different orientation than the crystal methyl-α-Neu5Ac.

According to the mean values of RMSD for pyranose
rings, the stability of designed SA analogues against the
crystal SA binding site decreased in the order of C5-derived
SA analogues (1.38±1.24 Å) < C6-derived SA analogues
(1.94±1.58 Å) < C2-derived SA analogues (3.32±3.33 Å).
The differences in SA scaffold’s stability between the three
types of SA analogues can be attributed to the variation in
scaffolds structures, effects of attached fragments, reliability
of attachment modes, size of linker molecules, and docking
limitations.

The SA scaffold used in the generation of C5-derived
analogues has the C5-N-acetyl group (which is known to
form one hydrogen bond with protein) removed while the
C6-glycerol side chain (which forms more than 3 hydrogen
bonds with the protein) was preserved. On the other hand,
for C6-derived SA analogues, the C5-N-acetyl group was
kept while the C6-glycerol has been removed. Theoretically,

Table 3 Statistical summary of molecular weight (MW), number of
hydrogen bond donors (HBD), number of hydrogen bond acceptors
(HBA), calculated logarithm of octanol-water partition coefficient
(cLogP), and number of torsional degrees of freedom (TDOF) of all
the designed SA analogues

Minimum Maximum Mean Std. Deviation

C2-derived SA analogues

MW 434.00 732.00 595.81 40.67

HBD 5.00 10.00 6.27 0.98

HBA 9.00 17.00 13.46 1.12

cLogP −5.54 3.62 −0.861 1.41

TDOF 10.00 26.00 19.30 2.38

C5-derived SA analogues

MW 344.00 602.00 481.47 41.65

HBD 3.00 11.00 5.12 1.24

HBA 7.00 16.00 11.37 1.33

cLogP −7.84 0.82 −1.95 1.05

TDOF 9.00 21.00 13.17 1.76

C6-derived SA analogues

MW 343.00 614.00 469.86 40.70

HBD 2.00 7.00 3.32 1.00

HBA 7.00 14.00 10.57 1.11

cLogP −5.59 3.71 −0.427 1.01

TDOF 5.00 19.00 9.70 2.03
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these differences should make the SA scaffold of C5-derived
analogues more stable at the binding site than the C6-derived
analogues, as the C6-glycerol moiety that involves more
hydrogen interaction was preserved. However, the EFEB
calculated using AutoDock3.05 for the SA scaffold of C5-
derived analogues was −2 kcal mol−1 compared to
−2.75 kcal mol−1 for the SA scaffold of C6-derived
analogues. This was attributed to the difference in entropic
penalty value that has been calculated for the two scaffolds
which is proportional to the number of scaffold’s rotatable
bonds as C5-derived analogues has nine rotatable bonds
while five rotatable bonds are present in the scaffold
molecules of C6-derived analogues. Thus, lower penalty
values for C6-derived analogues. With respect to C2-derived
SA analogues, the SA scaffold has structural features of
natural SAwhich provided better interaction with the protein
compared to C5-derived and C6-derived SA analogues.
However, the long sized linkers used in analogues design
and the fast docking parameters used in conformational
sampling adversely contributed on the stability of C2-derived
SA analogues against the natural SA binding site during
docking simulation.

The site-directed molecular design approach employed
in this study assumed that the SA scaffold molecule should
preserve its crystal position after being attached to the
oriented fragment in order to obtain highly active SA
analogue. Thus, any analogue with large RMSD of
pyranose ring should, theoretically, have low binding
affinity against the natural SA binding site as the favorable
binding energy of the SA scaffold is reduced or lost due to
the changing of the crystal position. The correlation
between RMSD values of pyranose ring and the values of
EFEB for the designed analogues (Fig. 11) shows consistency
with the previous assumption. The correlation coefficient (r)
for C5-derived and C6-derived SA analogues was 0.37 and
0.39, respectively. Relatively, lower correlation was obtained
for C2-derived SA analogues (r=0.26), suggesting many of
these analogues located away from the binding site or with
different pyranose orientation compared to the crystal
pyranose.

Importance of preserving the docked fragments
conformations before and after attachment
to SA scaffolds

The preservation of fragment’s initial docked conformation
after being attached to SA scaffold indicates accomplish-
ment of low energy conformation, orientation, and position
within the docking site. It also signifies a reliable
connection mode established between the docked fragment
and the crystal SA scaffold. However, minor changes in
fragment’s docked conformation after the attachment to SA
scaffold is regarded as normal responses to establish the

connection and to reduce internal constrain. On the other
hand, major conformational changes usually imply problems
at fragment’s orientation stage, fragment’s attachment mode,
or docking simulation, and usually worsen the activity of the
generated analogues.

Fragments of C2-derived SA analogues showed the
highest deviation with mean RMSD of 7.85 Å, suggesting
ineffective docking due to high flexibility of linker
molecules used in fragments connection. Lower deviations
were observed for fragments of C6-derived analogues with
mean RMSD of 2.65 Å and fragments of C5-derived
SA analogues with mean RMSD of 3.03 Å, suggesting
more stable oriented fragments with minimal conforma-
tional changes were produced. Positive correlations
obtained between RMSD of the oriented fragment and the
EFEB of the generated analogue with r equals to 0.40, 0.43,
and 0.47 for C2-derived, C5-derived, and C6-derived SA
analogues, respectively (Fig. 12) support the necessity of
stable oriented fragments to produce analogues with low
EFEB.

Correlation between activities of the oriented fragments
and activities of the generated analogues

Direct correlations were observed between values of EFEB
of the oriented fragments and their corresponding SA
analogues and are shown in Fig. 13. The correlation
coefficients are decreased in the order of C6-derived SA
analogues (r=0.51) > C5-derived SA analogues (r=0.43) >
C2-derived SA analogues (r=0.35). The results show that
binding energy of the generated SA analogues was a
combination between binding energies of the oriented
(docked) fragments and the crystal SA scaffolds.

A lower degree of correlation obtained for C2-derived
SA analogues suggests many of the oriented fragments
were able to interact at site A with good affinity during the
orientation stage, but failed to preserve the same interac-
tions after being attached to SA scaffold. The fragments
changed their binding conformations, positions, or orienta-
tions as observed by high mean value of RMSD between
the oriented conformation and the attached conformation
with a mean RMSD of 7.85 Å. In addition, binding
orientation of the SA scaffold for many of C2-derived
analogues was also changed after the fragments attachment
with a mean RMSD of pyranose ring of 3.32 Å. As a result,
for many C2-derived SA analogues, the favorable binding
energies of the oriented fragment and the crystal SA
scaffold were changed resulting in dramatic change of total
analogue’s binding energy.

In contrast to the oriented fragments at site A, the
fragments oriented at sites B and C relatively preserve their
conformations, positions and orientations after attachment
to SA scaffolds (mean RMSD are 3.03 Å and 2.65 Å,
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Fig. 11 2D-scatter plots show the correlation between RMSD value of pyranose ring (Å) and the value of EFEB (kcal mol−1) for (a) C2-derived,
(b) C5-derived, and (c) C6-derived SA analogues
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Fig. 12 2D-scatter plots show the correlation between values of RMSD of attached fragments (Å) and values of EFEB of the generated analogues
(kcal mol−1) for (a) C2-derived, (b) C5-derived, and (c) C6-derived SA analogues
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respectively). Similarly, the SA scaffold for C5-derived and
C6-derived analogues were observed to be stable during
docking simulation with a mean RMSD values of pyranose
ring of 1.38 Å and 1.94 Å, respectively. Thus, it can be

concluded that the preservation of fragment’s oriented
conformation and SA scaffold’s crystal conformation is
responsible for the additive merge of their binding energies
for most C5-derived and C6-derived SA analogues.

Fig. 13 2D-scatter plots show the correlation between values of EFEB (kcal mol−1) for the oriented fragment and the correspondingly generated
analogue for all (a) C2-derived, (b) C5-derived, and (c) C6-derived SA analogues
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Examples of active SA analogues designed by site-directed
fragment-based approaches

An example of C2-derived SA analogue

According to results of slow docking experiments, the C2-
derived SA analogue of SA-C2-2055 has an estimated affinity
of about 1120 fold higher than the estimated affinity of
methyl-α-Neu5Ac. SA-C2-2734 was generated from frag-
ment no. 2055 within the ChemBridge fragments library
database. This fragment has an EFEB of −5.9 kcal mol−1 and
was ranked within the best oriented fragments at site A (rank
no. 166 out of 4541). The fragment has been connected to
the SA scaffold C2 using linker3 molecule. The docking
results showed that the orientation of SA scaffold for SA-C2-
2055 is similar to methyl-α-Neu5Ac crystal orientation with
RMSD of pyranose ring of 0.42 Å. On the other hand, the
attached fragment failed to preserve its initial oriented
conformation with a RMSD value of 2.12 Å (Fig. 14a). The
changing of fragment’s oriented conformation to obey the
empirically established connection with SA scaffold usually
reduces the binding energy of the fragment. Thus, the EFEB
for SA-C2-2055 is −8.50 kcal mol−1 (Ki=0.58 µMol), is
slightly higher when compared to EFEB of its oriented
fragment of −5.9 kcal mol−1 and the crystal SA scaffold of
−4.30 kcal mol−1.

An example of C5-derived SA analogue

The estimated affinity of the active C5-derived SA analogue of
SA-C5-875 was about 1800 fold higher than the estimated
affinity of methyl-α-Neu5Ac. The fragment that has been used
to design this analogue was no. 875 within the ChemBridge
database and is ranked 22 during the orientation against site B.
Molecular linker2 has been used for connecting the fragment to
SA scaffold. According to molecular docking results, both of
the SA scaffold and the molecular fragment incorporated in
this analogue were able to preserve their initial conformations
with the RMSD values for the pyranose ring and the attached
fragment of 0.40 Å and 0.42 Å, respectively (Fig. 14b). The
results suggest a proper initial fragment orientation has been
achieved at the orientation site, and a reliable attachment
mode which did not disrupt the initial conformations of the
two connected molecules. Thus, the binding energies of both
of the oriented fragment (−6.77 kcal mol−1) and the crystal
SA scaffold (−2 kcal mol−1) were preserved and additively
combined to form an active C5-derived SA analogue of
EFEB equals to −8.79 kcal mol−1 (Ki=0.3 µMol).

An example of C6-derived SA analogue

The estimated affinity of the active C6-derived SA analogue
of SA-C6-1432 was about 11,500 fold higher than the

estimated affinity of methyl-α-Neu5Ac. The molecular
fragment used to design SA-C6-1432 was ranked 447 during
fragments orientation against site C. The fragment was
connected to C6 of SA scaffold using linker2. The deviation
from the crystal SA binding site was small for this analogue
with RMSD of pyranose ring equals to 1.27 Å, while the
attached fragment was able to preserve its initial oriented
conformation with RMSD equals to 0.88 Å and is shown
in Fig. 14c. Although the SA scaffold showed deviation
from the crystal position, the binding energies of the
oriented fragment (−4.95 kcal mol−1) and the crystal SA
scaffold (−2.75 kcal mol−1) were merged to form a complete
C6-derived analogue with EFEB of −9.85 kcal mol−1

(Ki=60 nMol).

Fig. 14 The superposition of the crystal conformation of methyl-α-
Neu5Ac (yellow), the docked conformation of active SA analogue (gray),
and the docked conformation of the fragment which has been used to
generate the analogue (green). (a) C2-derived SA analogue generated
from fragment no. 2055, (b) C5-derived SA analogue generated from
fragment no. 875, and (c) C6-derived SA analogue generated from
fragment no. 1432
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Activity against various strains of influenza A HA1

As the simulation in this study used HA1 from influenza A
H3N2 strain, attempts were made to dock the generated
analogues with influenza A strains of H5N1 that caused
bird flu and H1N1 that caused swine flu. One of the C6-
derived SA analogue was tested and could bind HA of
H3N2 Aichi 1968 (X-31) virus with EFEB of around
−11 kcal mol−1 (Ki=20 nMol). About the same affinity was
also observed for the same analogue with the HA of H1N1
1918 virus (which has 79% sequence similarity with H1N1
2009), while EFEB against the HA of H5N1 was about
−8.30 kcal mol−1 (Ki=0.83 µMol). These results suggest
the designed analogues could bind to the three strains of
influenza A studied, suggesting high similarity of HA1
binding pocket between the strains.

Conclusions

Our results showed that new analogues could be designed
using site-directed fragment-based and molecular docking
simulation. The Chembridge fragments docking against the
binding pockets of natural SA functional groups helped in
orienting the fragments molecules at these sites to establish
the best interactions with the protein. Three databases of
oriented fragments were generated representing interactions
to binding sites of C2-, C5- and C6-functional groups of SA
and were used to substitute the natural SA functional
groups without disrupting the SA scaffold crystal confor-
mation, thus, generating three databases of C2-, C5- and
C6-derived SA analogues. Empirical algorithm was devel-
oped to connect the oriented fragments to the corresponding
SA scaffold atoms using the most suitable linker molecules.
The docking results of the three designed databases of SA
analogues showed that many of the generated analogues
could bind the HA1 binding pocket with higher affinity (up
to 30,000 fold) than the natural SA. The mean value of
estimated affinity for the SA analogues increased in the
order of C2-derived < C5-derived < C6-derived SA
analogues. C2-derived SA analogues have lower affinity
as the attached fragments frequently change conformation
and affinity when attached to SA scaffold. Good correlation
between the EFEB of the oriented fragments and the EFEB
of their corresponding SA analogues indicates favorable
binding energies of the docked molecule (oriented frag-
ment) and the crystallized molecule (SA scaffold) were
additively merged within the generated SA analogue. Since
the designed analogues preserve the conformation of the
SA scaffold, they offer opportunity to be active against
different serotypes of influenza A HA. Finally, as the
synthetic accessibility of the SA analogues was partially
considered during the molecular design process, some of

the analogues are synthesizable and can be tested against
influenza A HA which may aid in discovering new anti-flu
drugs act by inhibiting viral attachment to host cells.
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