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Abstract- QSAR (Quantitative structure-activity relationship)
and molecular modeling studies have been performed on a series
of influenza neuraminidase (NA) inhibitors with cyclohexene
scaffold. The QSAR model shows that the activity of compounds
would be a function of their molecular size, but very large
molecule may create steric problem. The drug-receptor
interaction might involve dispersion interaction. Using the QSAR
model some new compounds with cyclohexene scaffold actind as
NA inhibitors have been predicted. Except a few compounds, all
other predicted compounds have as good docking scores as the
well known NA inhibitor, Zanamivir. The most active compound
among the predicted ones is shown to have almost same number
of hydrogen bonding with the enzyme as the Zanamivir.
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I. INTRODUCTION

he viral or influenza neuraminidase (NA) is a member of

family of neuraminidases which are glycoside hydrolase
enzymes (EC 3.2.1.18) that cleave the glycosidic linkages of
neuraminic acids. The viral neuraminidase is frequently used
as an antigenic determinant found on the surface of the
influenza virus. Nine subtypes of influenza neuraminidase are
known, many occur only in various species of duck and
chicken. Subtypes N1 and N2 have been positively linked to
epidemics in man, and strains with N3 or N7 subtype have
been identified in number of isolated deaths.

Neuraminidases, also called sialidases, catalyse the
termininal neuraminic acid (sialic acid) (1) attached to
glycoproteins and glycolipids [1,2]. This process is believed
to be necessary for the release of newly formed virus from
infected cells and for efficient spread of virus in the
respiratory tract [3,4]. When influenza virus replicates, it
attaches to the cell surface using hemagglutinin, a molecule
found on the surface of the virus that binds to sialic acid
groups. Sialic acids are found on various glycoproteins at the
host cell surface, and the virus exploits these groups to bind at
the host cell. In order of the virus to be released from the cell,
the sialic acid groups must be enzymatically cleaved from the
host glycoproteins. This is done by viral neuraminidase (NA)
and thus the NA promotes the release of progeny viruses and
the spread of viruses from the host cells. NA also cleaves
sialic acid residues from viral proteins preventing aggregation

of viruses. Thus because of being a crucial component in the
influenza virus replication, the neuraminidase has been found
a good target to be exploited to treat the influenza.

The neuraminidase has been targeted in structure-based
design of its inhibitors, resulting in two important drugs,
Zanamivir (Relenza, 2) and Oseltamivir (Tamiflu, 3), and a
new drug, Peramivir (4) is under trial. While Zanamivir is
administered by inhalation and Oseltamivir orally, Peramivir
is being investigated to be given parenterally. The recent
emergence of Oseltamivir and Zanamivir resistant human
influenza A (H1NZ1) has, however, necessitated the design and
discovery of further NA inhibitors. Attempts are also on to
find NA inhibitors which can be administered particularly
orally.
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It has been proposed that the sialic acid cleavage by
NA might proceed via the oxonium cation transition state
(Sialosyl cation) [5-7]. Zanamivir is a transition state
analogue of this cation which exhibits potent NA inhibitory
activity [8]. Taking the cyclohexene ring of this cation as
scaffold, some authors [9,10] attempted to design novel NA
inhibitors having oral bioavailabilty. The unsaturated sialic
acid (N-acetylneuraminic acid [Neubac]) derivative, 2-deoxy-
2, 3-didehydro-D-N-acetylneuraminic acid (Neu5Ac2en), a
sialosyl cation transition-state analogue, is believed to be the
most potent inhibitor core template. The structural
modifications in Neu5Ac2en have been tried to have more
effective inhibitors [11]. Zanamivir, the drug now marketed
for treatment of influenza, is a 4-guanidino derivative of
Neu5Ac2en. It was designed by Von Itzstein and coworkers
[12]. Many other Neu5Ac2en-based compounds have been
synthesized and tested for their influenza virus sialidase
inhibitory potential. A series of amide-linked C9 modified
Neu5Ac2en have been reported by Megesh and colleagues as
NEUL1 inhibitors [13].

Of the two major proteins on the surface of influenza
virus particles, the lectin hemagglutinin protein with three
relatively shallow sialic acid-binding sites and the enzyme
sialidase with the active site in a pocket, the sialidase
constitutes more attractive target than hemagglutinin, as it
offers the relatively deeper active site in which low molecular
weight inhibitors can make multiple favorable interactions
and approachable methods of designing transition state
analogues in the hydrolysis of sialosides [14]. After the X-ray
crystal structures of several influenza virus sialidases could be
available, the structure-based inhibitor design became feasible
to discover potent inhibitors of this enzyme [15]. We present
here a quantitative structure-activity relationship (QSAR)

study on a large series of NA inhibitors (Figure 1) that contain
the cyclohexene nucleus of Neub5Ac2en and have been
reported by Kim and coworkers in two successive studies

[9,10].
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Fig. 1. Compounds with cyclohexene scaffold acting as influenza
neuraminidase inhibitors

Il. MATERIALS AND METHODS

The series of NA inhibitors as shown in Figure 1 were taken
from the literature [9,10] and are shown in Table 1 along with
their HDAC inhibition activity in terms of log (1/ECs), where
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ECs, refers to molar concentration of compound leading to
50% inhibition of the enzyme. We performed a simple
multiple linear regression (MLR) on these compounds. The
total 50 compounds of Table 1 were divided into two subsets:
the training set comprising of 38 compounds and the test set
comprising of 12 compounds. The test set compounds in the
table are marked with a superscript ‘b’ and are given in bold.
Compounds for the test set were selected keeping in view the
wide variation in structures as well as in activities of
compounds. The physicochemical parameters that were found

to be significant in multiple linear regression (MLR) were
only calculated molar refractivity (CMR) and polarizability
(Pol), which were calculated by ACD/ChemSketch (version
11.0). Several other parameters were calculated but found of
no use. The values of these parameters for all the compounds
are listed in Table 1. In deriving QSAR model, two indicator
variables, I, and I,, were also used. I, was used with a value of
1 for an R-substituent having a branched group CHsCH, and
I, was used with a value of 1 for an R-substituent that is a
linear chain with more than 6 carbon atoms.

TABLE I. NEURAMINIDSE INHIBITORS (1-50, FIG. 1) and THEIR INHIBITION POTENCY and PHYSICOCHEMICAL PARAMETERS

log(1/ECsp)
Pred,E Pred,L
Compd R CMR Pol | | a ' ’
1 2 Obsd a() 00
1° H 5.34 20.56 0 0 5.20 5.06 -
2 CHs 5.80 22.47 0 0 5.43 5.52 5.56
3 CHyCH, 6.27 2431 0 0 5.70 6.01 6.08
4 CH3(CHy), 6.73 26.14 0 0 6.74 6.40 6.37
5P CHs(CH,)s 7.20 27.98 0 0 6.52 6.75 -
6 CH3(CHy)s 7.66 29.82 0 0 6.70 7.01 7.02
7° CH3(CH,)s 8.12 31.65 0 0 6.82 721 -
8 CH3(CHy)s 8.59 33.49 0 1 6.57 6.49 6.49
9 CH3(CHy), 9.05 35.32 0 1 6.74 6.57 6.54
10 CH3(CHo)s 9.51 37.16 0 1 6.68 6.58 6.52
11 CH3(CHy)g 9.98 39.00 0 1 6.22 6.56 6.65
12 (CHs),CHCH; 7.20 27.97 0 0 6.70 6.76 6.76
13 CH3CH,(CH3)CH* 7.20 27.97 1 0 8.00 8.23 8.22
14 CH3CH,(CH3)CH* (S) 7.20 27.97 1 0 8.05 8.23 8.24
15° (CH3CH,),CH 7.66 29.81 1 0 9.00 8.48 -
oA
16 8.10 3155 1 0 9.00 8.69 8.64
\/\/§
17 8.10 3155 1 0 8.52 8.69 8.69
Py
18 W 9.98 38.99 1 0 9.00 8.92 8.94
19 ©\§ 7.95 30.83 0 0 7.22 7.25 7.25
20° O/)/ ; 9.80 38.17 1 0 7.80 9.01 ;
21 § 10.26 40.00 1 0 9.00 8.94 8.89
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|0g(1/EC50)
Compd R CMR Pol I I « | PredE | PredL
1 2 Obsd a(1) 00
22 O\ 7.85 30.43 0 0 6.28 7.20 7.25
23 4 8.31 32.27 0 0 6.21 - -
24 @\j/é 10.17 39.60 1 0 9.52 8.98 -
25° @\M 10.17 39.60 1 0 7.92 8.98 -
S
26 O O 1175 45.74 0 0 7.05 6.92 6.54
§
27 H 6.36 23.48 0 0 7.00 6.92 6.88
28 CHs(CH,), 7.76 29.10 0 0 8.70 7.85 7.64
29 CH3(CH2)s 8.22 30.93 0 0 8.52 8.04 7.94
30 CH3CHo(CHs)CH* (R) 8.22 30.85 1 0 9.30 9.56 9.65
31 CH4CHy(CHs)CH* (S) 8.22 30.85 1 0 9.30 9.56 9.65
32 (CHACH,).CH 8.68 32.68 1 0 9.30 9.69 9.81
X Y
% . v 7.57 29.81 1 0 9.00 8.19 8.03
34 CH; H 8.03 3155 1 0 5.64 8.46 -
35 F H 7.59 29.76 1 0 8.52 8.29 8.23
36" H CHs 8.12 31.63 1 0 5.82 8.69 -
0
\ g 6.77 26.18 0 6.00 6.51 -
37 —
w8 —g 7.23 28.02 0 0 6.51 6.83 6.83
29 O\J 7.70 29.86 0 0 7.60 711 712
s
20 Q 8.16 31.69 0 0 7.46 7.31 731
N1
r
n 8.62 33.53 0 0 7.59 7.44 7.44
\’)
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|0g(1/EC50)

Compd R CMR Pol I I, Obsd? P;‘zcli)f ng'—
i K\/:/\—ﬁ 9.09 35.36 0 0 7.12 7.55 7.55
43 }CN—X 8.62 3353 0 0 6.58 7.44 7.49

0
g k/ 7.39 28.71 0 0 6.59 6.88 -
>
450 K/ 8.07 31.39 0 0 5.72 - -
hd
8.16 31.68 0 0 7.29 7.319 731
46 N
hd
/\CL 8.62 33.52 0 0 728 | 745 7.44
47
hd
A 9.09 35.35 0 0 740 | 754 -
48 ~
49 glﬂ 8.36 32.70 0 0 7.49 7.23 7.16
~—UH
50 Q 8.78 34.13 0 0 8.10 750 | 742
»

Taken from ref. 9 and 10. "Compounds taken for the test set. °Not used in regression analysis as they were outliers

I1l. RESULTS AND DISCUSSION

LA QSAR 5Results

When a multiple linear regression analysis was performed on
the compounds of the training set, the correlation obtained was

as:

log(1/ECs) = 5.534(+1.697)CMR — 0.145(+0.065)CMR?

0.705(0.339)Pol

+1.469(+0.328)1, — 0.887(+0.514)1, -

5.857(+4.841)

n=36, r=0.934, r%, = 0.83, 'y = 0.988, s=0.421, Fs5=
40.67,

(CMR), = 19.08

)

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

ch: 1- [Ei (yiy obsd — Yis pred)z/ Zi(yi,obsd* yav:obsd)Z] (2)

Where Yi,opsd aNd Yi,preq are the observed and predicted (from
LOO) activity values of compound i, respectively, and Yay,obsd:
is the average of the observed activities of all compounds used
in the correlation. The correlation is supposed to be valid if
r’e, > 0.60. From this point of view, the correlation expressed
by Eg. (1) seems to be quite valid. However, the predictive
ability of any correlation equation is judged by predicting the
activity of the compounds in the test set using it and
calculating the value of rzp,ed, which is defined as:

Pored = 1 — [Zi Visobsa — Yiprea) ZilYi obsi— Yavsobsa)']
(3)

Where Viopsq and Yi,preg refer to the observed and predicted
(from eq. obtained) activity of compound i in the test set and
Yawobsd 1S Same as in Eq.(2). A value of rzpred equal to 0.988,
signifies a good predictive ability of the correlation. The
activity values predicted from this equation for the test set
compounds are given (in bold) in Table 1. A comparison
shows that these predicted values are in very good agreement
with the corresponding observed ones. In the training set also,
the calculated values are found to be in excellent agreement
with the observed ones. All these observations can be better
visualized in the graphs drawn between the predicted and
observed activities (Figure 2). It is also to be noted that all the
five parameters of the Eq.(1) are statistically quite significant
in the correlation. If they are removed one by one, a
significant successive decrease in the significance of the
correlation is observed (Egs. 4-6).
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Fig. 2. A Plot Berween observed and predicted activities for training and test
set compounds

log(1/ECs0)= 5.535(+1.982)CMR — 0.127(x0.075)CMR? —
0.805(+0.390)Pol  +1.623(+0.369)1; — 4.096(5.527)

n=36,r=0.905 s=0.49, Fsy =34.89
4)

log(1/ECs) = 6.977(+3.647)CMR — 0.170(x0.140)CMR? —
0.974(x0.724)Pol —7.097(+10.233)

n=36,r=0.588,s=0.92, F33 =5.63

()

log(1/ECs) = 3.282(+2.622)CMR — 0.180(0.152)CMR? —
7.018(+11.183)

n=36,r=0438,s=1.01, Fps=3.91
(6)
log(1/ECso) = 0.215(+0.327)CMR + 5.663(+2.703)
n=36,r=0224,s=1112 F=1795

U]

From mechanistic point of view, Eq. (1) suggests that
activity would be controlled by molecular refractivity (MR) of
the molecule. The MR refers to the size of the molecule and
its positive coefficient indicates the dispersion interaction with
the receptor. However, since activity is shown to be
parabolically correlated to CMR, CMR attains an optimum
value equal to 19.08, beyond which the activity will start
decreasing. This suggests that very bulky molecule will not be
conducive to activity because of steric problem. Equation (1)
also shows the negative dependence of activity on
polarizability of the molecule, suggesting that highly polarized
molecule might not be preferred due to probably unwanted
electrostatic interaction between the molecule and the
receptor.

Out of the two indicator parameters I, and I,, the positive
coefficient of the former suggests that a branched chain R-
substituent may be beneficial to activity, while the negative
coefficient of the latter suggest that an R-substituent with long
linear chain may be detrimental to the activity. This may be
due to some steric problem created by long linear chain.

However, using Eq.(1), we have predicted the activity of
some new prospective compounds with high potency (Table
2). The activities of these compounds are higher than any
compound in the present series (Table 1). On these predicted
compounds we then performed docking studies to see their
bindings with the protein (NA).
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TABLE Il. SOME PREDICTED COMPOUNDS and THEIR ACTIVITY PREDICTED from EQ. (1)

Compd Structure CMR CMR? Pol Iy I, Pred, Eq.
(€
HC
e
1 HyC 0=S=0 0 10.58 111.86 39.81 1 0 9.86
o |
OoH
HN Z°
NH  OH
e o K
HN/ NH,
HaC
I
2 H 0=%=0 0 1117 124.66 41.93 1 0 9.76
o |
OH
e
HN
) & NH,
N NH
o)
HN NH,
HsC
NH,
3 Hee o—t=o o 9.92 98.48 37.31 1 0 9.95
o |
OH
HN
N NH
o I
HN/ NH,
HsC
4 H.C o 9.92 98.48 37.31 1 0 9.95
3
o
OH
e
HN s
&/ TNH,
N NH
He” Yo |\
HN/ NH,
HaC
I
5 HaC 0=S—0 O 11.7196 137.349 43.81 1 0 9.67
o I
OH
o
HN 4
N NH
Hee” o % NH,
HN/ NH,
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Compd

Structure

CMR

CMR?

Pol

Iy

I,

Pred, Eq.
(@)

HsC

H3C O0=S=0 O

HN

10.5353

110.993

39.55

9.94

10.4152

108.476

39.13

9.93

10.7008

114.507

40.3

9.82

9.9393

98.7897

37.26

10.02

10

10.00

100.03

37.54

9.99

111.B Docking results

from protein data bank (PDB entry 3b7e). The docking score

of each compound is given in Table 3

The docking study was performed for all the compounds
predicted. For this the FlexX software was used and the X-ray
structure of neuraminidase bound with Zanamivir was taken
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TABLE 111 DOCKING SCORES of PREDICTED COMPOUNDS as COMPARED to that of ZENAMIVIR

Compd Zenamivir 1 2 3 4

5 6 7 8 9 10

Score -59.84 -54.84 -50.45 -58.20 -41.36

-48.06 -53.90 -58.14 -45.20 -55.96 .-56.10

Along with them is given the docking score of Zanamivir also
for comparison. One can see that except for compound 4, 5,
and 8, all other compounds have their docking score
comparable to that of Zanamivir. The docking score (given
here in kJ/mole) gives the stability of binding of compounds
with the enzyme. Table 2 shows that of all the predicted
compounds, compound 9 has the highest potency. Therefore,
as a representative compound, its docked structure within the
enzyme NA is shown in Figure 3 and that of Zanamivir in
Figure 4 for comparison. In Figure 3, compound 9 is shown to
have 13 hydrogen bondings with NA, while in Figure 4
Zanamivir is shown to have only 14 hydrogen bondings, just 1
more than compound 9.

Arg371i Glu276

- =l
o) ©
)" Arg292. Gluz77 - ’
EB |4 = f =

T yr406

H- N’
Arg 18 W ", H h1146 \
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\ ‘ A
AN
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"
N Ny J !
PR g h N
® Nl ~"H
HooTH
T |
; . N
H . Is] 7’}*‘0_\
R TGS /,L P JNH;
N N — ..
®, P & Arg152
I N‘H ~ oxF -0 H. H\N/\}
NH e
Aspls }—||
Arg224
Arg152 Asp151
Arg292

Fig. 3. Binding of Zanamivir with neuraminidase. Figure shows the hydrogen
bonding of the compound with various amino acid residues in the enzyme

Arg118

Trp178 R
Z, s

Arg371

)\\\D,_
v
| Hon1o74
Ho X~
H - G277 |‘|~l NH
NH2 T T Arg292 H
Arg152 39,/1'i - Arg224
\/\NH hl"
H Arg292

Glu276

o
/
J 5 HoN
Arg224 S
Ha

Fig. 4. Binding of Zanamivir with neuraminidase. Figure shows the
hydrogen bonding of the compound with various amino acid residues in the
enzyme.

IV. CONCLUSION

The compounds with cyclohexene scaffolds acting as NA
inhibitors are shown to have dispersion interaction with the
neuraminidase enzyme and new analogues predicted by
QSAR model are found to have similar interaction with NA as
the FDA approved NA inhibitor, Zanamivir.
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