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Abstract A molecular docking tool of AutoDock3.05 was
evaluated for its ability to reproduce experimentally deter-
mined affinities of various sialic acid analogues toward
hemagglutinin of influenza A virus. With the exception of
those with a C6-modified glycerol side chain, the experimen-
tal binding affinities of most sialic acid analogues (C2, C4 and
C5-substituted) determined by viral hemadsorption inhibition
assay, hemagglutination inhibition assay and nuclear magnetic
resonance correlated well with the computationally estimated
free energy of binding. Sialic acid analogues with modified
glycerol side chains showed only poor correlation between the
experimentally determined hemagglutinin inhibitor affinities
and AutoDock3.05 scores, suggesting high mobility of the
glutamic acid side chain at the glycerol binding pocket, which
is difficult to simulate using a flexi-rigid molecular docking
approach. In conclusion, except for some glycerol-substituted
sialic acid analogues, the results showed the effectiveness of
AutoDock3.05 searching and scoring functions in estimating
affinities of sialic acid analogues toward influenza A
hemagglutinin, making it a reliable tool for screening a
database of virtually designed sialic acid analogues for
hemagglutinin inhibitors.

Keywords Hemagglutinin - Sialic acid analogues -
Molecular docking - Affinity
Introduction

Influenza A virus—an enveloped negative strand RNA
virus belonging to the Orthomyxoviridae family—is
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responsible for annual influenza epidemics and recurrent
pandemics. There are many serotypes of influenza A, which
are classified by the antigenicity of their corresponding
surface glycoproteins hemagglutinin (HA) and neuramini-
dase (NA) [1, 2]. HA is responsible for sticking the virus to
the host cell surface-bound sialic acid (SA) moieties
followed by endocytosis [3]. NA is responsible for
releasing progeny virus from the infected cell by hydro-
lysing O-glycosidic bonds between the terminal SA, which
is bound to HA, and the penultimate sugar moiety that
connects SA to the host cell membrane [4]. As the
functions of HA and NA oppose each other, a balancing
act is required for effective viral infection [5]. HA and NA
are highly vulnerable to mutagenic change by shift and/or
drift in response to the pressure of the host immune system,
explaining why vaccination against influenza A virus is
ineffective and pandemics are recurrent.

SA (5-amino-3,5-dideoxy-D-glycero-D-galacto nonuro-
sonic acid) is a member of the natural sialic acids family
and is the natural ligand of both of HA and NA [6]. A
pyranose ring forms the scaffold of the SA molecule, to
which different functional groups are connected through
carbon atoms C2, C4, C5 and C6. Natural SA has been
modified to produce monovalent inhibitors, and incorpo-
rating several molecules of low affinity SA analogues onto
large molecular weight carriers could lead to polyvalent
inhibitors [7, 8].

Thus far, no effective HA inhibitor has been designed,
which could be attributed to the low affinity between many
SA analogues and the shallow binding site of HA. Due to
the current pandemic of HIN1, and the possibility of HSN1
resurgence, and the resistance that has developed to current
treatment [9], HA, which presents on the viral surface as a
homotrimer, can be used as an alternative target to combat
influenza A virus. Each monomer has a primary binding
site located at HA1, and a secondary binding site located at
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the interface between HA1 and HA2. Various SA analogues
bound to HA have been studied using X-ray crystallogra-
phy, and many of these analogues have been shown to bind
HAT1 at approximately the same crystal position [10, 11].
The availability of three-dimensional structures of HA co-
crystallized with various inhibitors provides a good basis
for using structure-based techniques for the discovery of
new inhibitors.

Although docking and scoring methods have been used
intensively in the estimation of the affinity of various drug-
like compounds against their molecular target, no docking
study has yet evaluated experimental binding affinities of
SA analogues against HA. As the inhibitory potency of SA
analogues has been well documented using various techni-
ques such as nuclear magnetic resonance (NMR) [11-14],
viral hemadsorption inhibition assays [15, 16] and viral
hemagglutination inhibition assays [17], we aim to study
the effectiveness of AutoDock3.05 in correlating these
experimental affinities with computationally estimated free
energy of binding of SA analogues, which could be
implemented in the design of new virtual SA compounds
[18]. In this paper, AutoDock3.05 was selected as the
docking program since the SA—HA complex was one of the
ligand—protein complexes that was included in the training
set used to derive energy coefficients for the AutoDock3.05
semi-empirical scoring function [19].

Methods
Preparation of protein structure

The HA crystal structure of influenza A H3N2 (X-31) virus
with methyl-o-Neu5Ac (PDB ID 1HGH) is composed of six
domains (three HA1 and three HA2). All ligands that bind to
the primary and secondary binding sites were removed as well
as all water molecules. Based on the crystallographic structure
of HA in complex with methyl-alpha-neuraminic acid (PDB
ID 1HGH) and with other SA analogues [10, 11], no
conserved water molecules are visible near the primary
binding pocket and consequently thought to participate in the
intermolecular interaction between the HA and ligands.
Therefore, as the docking experiments were carried out
specifically against the primary binding site, all water
molecules observed in the crystal structure were removed
(whether close to primary or secondary binding sites) before
Kollman charge was assigned.

The structure was checked for any missing or erroneous
side chains using DeepView / Swiss-PdbViewer v3.7
software (http://www.expasy.org/spdbv/). Using AutoDock-
Tools 1.4.5, hydrogen atoms were added to the protein. The
protonation state of His183, which forms a hydrogen-bond
network with residues Tyr98, Tyr195, and Trp153 [10, 11],
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was corrected, whereby the hydrogen was assigned to the
nitrogen atom at the epsilon position (Fig. 1). Kollman
united-atom charges, fragmental volumes, and desolvation
parameters were subsequently assigned.

Preparation of SA analogue molecular structures

Molecular structures of SA analogues and their corre-
sponding experimental affinities toward H3N2 (X-31) HA
were retrieved from the literature and divided into three
groups. Group 1 comprised analogues with relative ICsq
values observed through competitive hemadsorption inhi-
bition assays [15, 16]. Group 2 comprised analogues of
large C2-substitutions with relative affinities determined by
hemagglutination inhibition assays [17], while group 3
comprised analogues with dissociation constants determined
by NMR experiments [11-13]. The three-dimensional (3D)
structures of SA analogues were constructed using Hyper-
Chem 6.01 and subjected to geometry optimization by

Leu226

Fig. 1 Binding of sialic acid (SA; yellow) against the hemagglutinin 1
(HA1) binding pocket of influenza A virus H3N2 (X-31). Dashed
green lines Intermolecular hydrogen (H)-bonds
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Scheme 1 Group 1 sialic acid (SA) analogues, in which ICsy values were derived from hemadsorption inhibition assay [15, 16]
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Scheme 2 Group 2 SA analogues, in which relative affinities were calculated from hemagglutination inhibition assay [17]

Steepest Descent followed by Polak Ribiere methods using  ligand. Gasteiger charges were added to the ligand atoms
MM+ force field. The positions and orientations of the  using VEGA ZZ 2.0.8 (http://www.vegazz.net/) software.
generated molecules in space were superimposed on that of  Autotors (an AutoDock utility) was used to define the
crystal methyl-a-NeuSAc using the pyranose rings of the  rotatable bonds within the ligand, if any, and unite the

Scheme 3 Group 3 SA analogues, in which dissociation constants were calculated by nuclear magnetic resonance (NMR) experiments [11-13]
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charges of nonpolar hydrogens with the carbon atoms
bearing them.

Assigning docking parameters

The grid box used to calculate the pairwise atomic interaction
maps between ligand and protein atoms was manually
centered on the HA1 binding pocket without using any
specific atom as a central reference point. Automatic grid box
positioning was not used because of the large variation in the
size of the docked compounds, especially for C2-derived
analogues (Group 2 compounds). The grid box was adjusted
to be large enough to cover all the amino acids that form the

natural SA binding site in addition to those at the boundary.
The grid box (X, Y, Z dimension) for Group 2 compounds is
77, 85 and 41 points, while the remaining compounds used a
grid box of 70, 40 and 50 points. The spacing between grid
points in each dimension was 0.375 A.

Since large conformational space was available (due to a
large number of ligand rotatable bonds, i.e., between 7 and
22), the parameters of the Lamarckian Genetic Algorithm
(LGA) were selected to enable an exhaustive conformational
search. As Autodock3.05 enables flexible-rigid docking, the
conformational space of the compounds can be explored on
using LGA during docking simulation. LGA is a combination
of a genetic algorithm and a local search that is capable of

Table 1 Computational values

of group 1 sialic acid (SA) Analogue no.

Computational values

Observed values

analogues. EFEB AutoDock3.5

estimated free energies of EFEB (kcal/mol) K; (mol) RMSD of pyranose A RA —log(RA)
binding, K; inhibitory constants,
RMSD calculated root mean Group 1-A: SA analogues with modification in the glycerol side chain
squares deviation of the —4.34 6.62E-04 0.52 1 0.00
R e o
The observed values represent 3 —4.90 2.56E-04 0.78 0.08* 1.10
relative affinities (RA) 4 —4.73 3.41E-04 0.80 0.1 1.00
5 —4.70 3.60E-04 0.45 0.67 0.17
6 =5.11 1.80E-04 0.68 0.09 * 1.05
7 —4.76 3.24E-04 0.66 0.18 0.74
8 —4.51 4.96E-04 0.75 0.14? 0.85
9 —4.64 3.98E-04 0.54 0.14 ° 0.85
10 -3.93 1.32E-03 0.67 0.06 1.22
11 —4.53 4.79E-04 0.66 0.19 0.72
12 -3.64 2.16E-03 0.49 0.21 0.68
13 —4.00 1.17E-03 0.51 0.16 0.80
14 —4.40 5.96E-04 0.68 1 0.00
15 -5.31 1.27E-04 0.68 0.17* 0.77
16 —4.58 4.43E-04 0.72 0.11° 0.96
17 -5.22 1.50E-04 4.11 0.2 0.70
Group 1-B: SA analogues with modification in the N-acetyl group
18 -3.28 3.96E-03 0.75 0.07 * 1.15
19 -3.58 2.39E-03 0.74 0.07 * 1.15
20 —4.13 9.32E-04 5.08 0.36 ° 0.44
21 —4.27 7.38E-04 0.68 034" 0.47
22 —4.12 9.56E-04 1.83 0.34? 0.47
23 —4.72 3.45E-04 0.67 0.34? 0.47
24 -5.03 2.04E-04 0.66 0.34° 0.47
Group 1-C: SA analogues with modifications of the substituents at C2
25 —4.06 1.06E-03 3.21 0.067 ° 1.17
26 -3.62 2.23E-03 1.82 0.001 * 3.00
27 -3.57 2.43E-03 0.86 0.1? 1.00
28 -3.87 1.45E-03 0.92 0.1? 1.00
*Inhibition potency was below 29 —4.83 2.89E-04 0.52 0.13 0.89
50% at highest concentration 30 ~5.06 1.95E-04 0.35 2 ~0.30
tested 31 ~5.49 9.53E-05  0.60 12 ~0.08

°®No inhibition was observed
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exploring the flexibility of the compounds in order to find the
lowest bound energy conformation. Initial translation, quater-
nion and torsions, which determine the initial ligand position,
orientation, and conformation, were taken to be random
(except for docking the large SA analogues of group 2, they
were kept in minimized form to avoid exhaustive sampling of
improbable conformational space). The translation step was
1 A, and quaternion and torsion steps were 50 degrees. In
LGA, the number of population individuals was 150, the
maximum number of evaluations that LGA should make
within a single run was 2.5 million, and the maximum number
of generations was 27,000. Pseudo-Solis and Wets algorithm
was used for local search with application frequency equal to
0.09. One hundred LGA runs were performed, and docked
conformations of the relative root mean square deviation
(RMSD) were clustered together within a tolerance of 2 A.
Default values were assigned for the remaining docking
parameters.

Correlation between observed and estimated affinities

The correlation between observed and estimated affinities of
SA analogues toward HA1 of influenza A H3N2 (X-31) was
calculated in order to evaluate the reliability of the molecular
docking technique in differentiating between active and
inactive analogues. Regression analysis using Unscrambler
9.7 software (Camo ASA) was used to provide the correla-
tions, and was measured by the value of the correlation
coefficient (). Throughout the course of the correlation, the
observed affinities were expressed using either of two
expressions of relative affinities (RA; Group 1 and Group 2
analogues) or observed free energy of binding (OFEB;
Group 3 analogues). The RA of a given analogue equals
the ratio of the ICs, value of a reference SA analogue
(usually methyl-o-Neu5Ac) to the ICsq value of that

ticular analogue. Values of OFEB were obtained by applying
the classical Arrhenius equation [OFEB = (In Kg) X Rq % T ]
to the experimental dissociation constants (Kg), where R, is
the gas constant, i.e., 1.98719 cal K ' mol!, and Ty is the
temperature in Kelvin, i.e., 298.15 K.

Results

The molecular structures of SA analogues in groups 1, 2,
and 3 are shown in Schemes 1, 2 and 3, respectively. For
each studied SA analogue, the estimated free energy of
binding (EFEB), inhibitory constant (K;), and RMSD of the
pyranose ring of the pyranose of crystal methyl-o-Neu5Ac
were calculated. The RMSD value indicates the effect of
the structural modification on the analogue’s positional
shiftage from the crystal SA binding site.

The docking results obtained from docking group 1 against
the HA1 binding pocket together with the reported experimen-
tal values are summarized in Table 1. The docking results
showed that, with the exception of analogues 17, 20, 25, and
26, all SA analogues bound HA1l with conformations
comparable to that of the crystal methyl-a-NeuSAc confor-
mation. The correlation between EFEB —log(RA) values was
established using linear regression analysis (Fig. 2). Linear
regression analysis with 7> values has previously been used to
correlate experimental and calculated affinities [20-23]. The
correlation coefficient () of 0.45 obtained for group 1
analogues suggests a weak correlation between estimated
and observed affinities [22, 23]. In order to identify the cause
of the low r value for group 1, the group was subdivided
further into group 1-A, -B, and -C according to whether the
modification encompassed the glycerol chain, N-acetyl, or
C2-substituent, respectively. A separated 2D scatter plot was
then constructed for each of the three constitutive sub-groups.

par-

Fig. 2 Regression analysis 5 | EFEB (Kaum 20 Scatter Piot
showing the correlation between 1 g:g;":"“ Saaieas
the value of estimated free ] omsec.  -4/buise
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and the negative logarithmic 4] :
value of the experimentally ] 18 ’
determined relative affinity Doy

1 12 19 3 26
([-log (RA)] for group 1 SA ] 2 -
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Fig. 3 a—c¢ Upper panels
Docked conformations of SA
analogues. Lower panels 2D-
scatter plots showing the corre-
lation between the EFEB value
calculated by AutoDock3.05
and —log (RA) for SA
analogues. a Group 1-A, b
group 1-B, ¢ group 1-C
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Fig. 3 (continued)

Docked conformations of SA analogues
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Values of EFEB correlated well with the —log(RA) for SA
analogues with a modified N-acetyl group (»=0.75, Fig. 3b)
and modified C2-substituents (#=0.73, Fig. 3c). On the other
hand, poor correlation was obtained for SA analogues with a
modified glycerol side chain (=—0.06, Fig. 3a), which can be
attributed to the unexpectedly low values of EFEB calculated
for some SA analogues that are experimentally inactive (e.g.,
analogues 3, 6, 15, and 17).

On the other hand, all SA analogues of group 2 bound HA1
with conformations comparable to that of the crystal methyl-oc-
NeuS5Ac conformation (Fig. 4b). These analogues possess
different substitutions connected to pyranose carbon C2 via
molecular linkers of different lengths. According to molecular
docking simulations, large linkers allow the connected
substitutions to flip between either of the two nearby structural
grooves (grooves A and B). The binding improvements in this
group of SA analogues were mediated mainly by hydrophobic
interactions to either of the two grooves. Better correlation
between EFEB and —log(RA) was obtained for group 2, for
which r = 0.78 (Table 2, Fig. 4a).

Group 3 comprises SA analogues with different
modifications of the glycerol side-chain, N-acetyl group,
C2-substituents, and at the C4-hydroxyl. These analogues
bound to HA1 with conformations comparable to that of
the crystal methyl-o-NeuSAc conformation (Fig. 5b).
The docking results together with the experimental values
are provided in Table 3. A correlation coefficient of 0.79

@ Springer

SA analogues of modified C2-substituents

was obtained between the observed free energy of binding
(OFEB) and the EFEB (Fig. 5a) suggesting an acceptable
correlation between experimental and calculated affinities
[20-23].

Discussion

The EFEB values calculated by AutoDock3.05 correlated
well with the observed affinities for SA analogues of
group 2 (r=0.78) and group 3 (#=0.79) SA analogues. With
respect to group 1 analogues, the correlation coefficient of
0.46 suggests a poorer correlation between experimental
and calculated affinities. As group 1 comprised analogues
with different C2, C5 and C6 side chains, the analogues
were subdivided further according to their side chains in
order to determine the cause of the poorer correlation value
(group 1-A = modified glycerol side chain, group 1-B =
modified N-acetyl group and group 1-C modified
C2-substituents). Values between EFEB and experimental
affinities for group 1B and 1C inhibitors were well
correlated, suggesting the scoring reliability of the software.
The correlation coefficients and standard error values are
comparable to other studies [22]. On the other hand, poor
correlation was obtained for group 1-A (modified glycerol
side chain), with correlation coefficient and standard error
values of —0.06 and 0.61, respectively. It is interesting that
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Fig. 4 a,b Docking results for
group 2 SA analogues. a
Regression analysis showing the
correlation between the EFEB

EFEB (

2D Scaller Plot
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b The docked conformations of
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two nearby grooves

-fog(RA)

-20

these inhibitors have such low scores. One might speculate
that this may be attributed to the high temperature factor
(mobility) of the amino acid side chains (mainly Glul90)
that form the glycerol binding site [11, 24]. As mobility of
the receptor protein is necessary to accommodate ligands
and was totally omitted in the AutoDock3.05 flexible-rigid
docking procedure, inaccurate binding energies may be
calculated for some SA analogues with modified glycerol
side chains.

An attempt to investigate this possibility was carried out
using another docking study with AutoDock4.0.1, which
allows for flexibility in the receptor side chains. Similar to
the previous experiment, the ligand molecules were set as
flexible. With respect to HA, three residues (Thr 155, Leu
194, Glu 190) were selected as flexible residues in

Autodock 4 simulations since correspond to some of the
amino acids in the binding pocket. Furthermore, Leul94
and Glul90 interact directly with the C6-glycerol side
chain of SA while Thr155 is closed to the C5-N-acetyl side
chain. However, the AutoDock4.0.1 approach of both
flexible-flexible and flexible-rigid docking algorithms failed
to reproduce even the crystal conformation of methyl-oc-
Neu5Ac (data not shown), which may be attributed to the
modifications introduced to the AutoDock4.0.1 scoring
function [25]. Other researchers have reported that inexact
linearity could exist between —log(ICsg) or —log(RA) and
energy [26]; however, in our study only group 1 analogues
showed this characteristic and not group 2 inhibitors,
suggesting compound selection is more important than
the type of affinity values used to construct the
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Table 2 Computational values

for group 2 SA analogues. Analogue no. Computational values Observed values
Definitions as in Table 1
EFEB (kcal/mol) K; (mol) RMSD of pyranose A RA —log(RA)
1 —4.33 6.62E-04 0.52 1.00 0.00
2 —4.46 5.38E-04 0.54 1.00 0.00
3 —6.22 2.76E-05 0.72 8.00 —-0.90
4 —5.88 4.91E-05 0.68 8.00 —0.90
5 —5.54 8.68E-05 0.57 16.00 -1.20
6 —6.94 8.14E-06 0.65 32.00 —-1.51
7 —7.84 1.78E-06 0.44 32.00 -1.51
8 -5.55 8.58E-05 1.24 4.00 —-0.60
9 —6.43 1.94E-05 0.45 8.00 —-0.90
10 -3.96 1.20E-03 0.77 4.00 —0.60
11 —4.99 2.20E-04 0.61 16.00 -1.20
12 —6.42 1.95E-05 0.45 64.00 —1.81
aNo definitive value was avail- 13 —8.49 5.97E-07 0.68 64.00 —-1.81
able and only the upper limit of 14 —4.62 4.08E-04 0.78 8.00 * —-0.90
the ipélibigory potency was 15 —6.03 3.83E-05 0.51 16.00 -1.20
considere:
Fig. 5 Docking results for o | EFEB (Keauon) 2D Scalter Plot
group 3 SA analogues. a Regres- & 1 g:::';“‘s oass 1““3 . 2
sion analysis showing the corre- 1 offser  -37133819
. 1 Correlation: 0788983
lation between EFEB values -35 —| RMSED: 1949140 e
calculated by AutoDock3.05 and ] o Siae /"3' :
values of the experimentally P
observed free energy of binding i // 18
(OFEB) for all SA analogues 1 1 7 6
listed in Table 3. Y Affinity. b 45 — 7 1// 12 8
Docked conformations of SA ] .5 o
analogues 1 -
-50 —| LN /
1 -0
55— /
] & S . 4
g 13
5 OFEB (Kcal/Mol)
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Table 3 Computational values

for group-3 of SA analogues. Analogue no.

Computational values

Observed values

Definitions as in Table 1. The

observed values include disso- EFEB (kcal/mol)  Kj; (mol) RMSD of pyranose A Ky (mM)  OFEB (kcal/mol)
ciation constants determined by
NMR experiments and the 1 —4.34 6.62E-04  0.52 2.8 —3.48
corresponding observed free 2 -3.15 4.93E-03  0.71 100 * -1.36
energy of binding (OFEB) 3 561 773E05  0.55 14 -3.89
4 —5.68 6.84E-05  0.59 2.8 —3.48
5 —4.79 3.10E-04 0.37 2.1 -3.65
6 —4.36 6.32E-04  0.53 100 * -1.36
7 —4.53 4.82E-04  0.53 3.8 -3.30
8 —4.53 4.76E-04  0.43 20 % -2.32
9 -3.58 2.39E-03 0.74 40 ° -1.91
10 -5.26 1.40E-04  0.58 0.20 -5.05
11 -5.09 1.85E-04  0.35 1.10 —4.04
12 —4.53 4.82E-04  0.33 14.00 -2.53
13 —6.08 3.52E-05  0.60 1.80 -3.74
14 —4.35 6.52E-04  0.54 24.00 -2.21
15 —4.68 3.72E-04 0.62 6.50 —2.98
16 —4.05 1.08E-03  0.66 100 * -1.36
% No definitive value was avail- 17 —4.34 6.62E-04  0.67 28 —2.12
able and only the lower limit of 18 -3.62 223E-03 1.82 200 2 ~0.95

K4 was considered

correlation line. To further support this suggestion,
correlation coefficients between group 2 and 3 inhibitors
were compared. A coefficient constant for group 2
compounds constructed using —log(ICso) had a value
similar to that of group 3 compounds, even though a
stronger linear correlation between OFEB/EFEB than —log
(IC50)/EFEB is expected [26].

Root mean square error of deviations (RMSED), which is
equivalent to the residual standard error, was used to measure
how well the predicted and measured binding energies fitted
within the model. A lower RMSED of about 2 kcal mol ' was
obtained for group- 3 SA analogue according to linear
regression analysis established between the values of EFEB
and OFEB. For group 3, the error in energy estimation was
similar to the error obtained with the AutoDock3.05
calibration set (2.177 kcal molfl). However, the correlation
obtained with group 3 SA analogues (#=0.79 or *=0.62)
was lower than the correlation in the calibration set of
AutoDock3.05 (=0.96). This was attributed to our use of a
small set of SA analogues that differ by less than two orders
of magnitude in experimental affinities, compared to the
greater than eight orders of magnitude difference for the
AutoDock3.05 calibration set [19].

Although acceptable correlation coefficients were
obtained between measured and estimated affinities, the
variance values were relatively high. The measured
affinities for many of the SA analogues used in this study
are not definitely specified in the literature and have been
recorded as ranges, which clearly affects the accuracy of

correlation upon assigning a single value in the regression
analysis. However, due to the limited availability of
experimental compounds in the literature, these compounds
were included in the experiment. The range value approach
has also been used previously to construct experimental and
calculated affinities [20].

Conclusions

Although the observed affinities of the majority of SA
analogues used in this study differ by less than two orders
of magnitude, acceptable correlations with the estimated
binding energies were obtained. In other words, the scoring
function of the software is able to differentiate between
analogues of different affinities even though only a small
window of the energy landscape is being explored.

As the presence of the central pyranose ring was the
common feature in all the studied SA analogues, it was used to
monitor displacement from the crystal position of methyl-o-
NeuSAc. Most of the docked SA analogues bound HA1 with a
pyranose conformation close to that of the crystal methyl-o-
NeuSAc (RMSD less than 3 A), which is consistent with the
crystallographic results obtained for different SA analogues that
bind to HA1 [11].

The LGA search algorithm and the semi-empirical scoring
function implemented in AutoDock3.05 were able to predict
the crystal position, orientation, and conformation of methyl-
a-NeuSAc with RMSD of 0.80 A, which is better than the
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currently acceptable values of less than 2 A [25, 27, 28].
Thus, the software has good predictive power for intermo-
lecular interactions between SA analogues and the HAI
binding pocket even though receptor flexibility is not
accounted for in the calculations. The software can be used
in virtual screening for searching for active SA analogues,
although further improvements in the energy coefficients and
the inclusion of receptor flexibility are recommended.

Recommendations

A larger training set of SA analogues with accurately
determined affinities (or preferably Ky values) toward the
HA1 binding pocket is required from which to derive
coefficients for the energy terms of the AutoDcok3.05
scoring function, which could be used strictly for virtual
screening of SA analogues.
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