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1. Docking and molecular dynamics 
1.1. System preparations 

The analysis of the influenza virus neuraminidases (NA) indicates the active-site 

residues are well conserved in all NA sub-types [1-5]. The N9-subtype NA crystal 

structure complexed with 2, 3-didehydro-2-deoxy-N-acetylneuraminic acid (PDB 

entry: 1F8B) was obtained at 1.8 Ǻ high resolution [6]. The N9-subtype NA structure 

was used as in the previous works [7, 8]. For convenience, it is named as NA 

throughout this work. 

As shown in Figure S1, all the hetero-atoms, except the Ca2+ ion and two crystal 

water molecules near the active site, were removed from the NA crystal structure. 

With the aid of the Biopolymer module and manual verification [6, 9-12], the 

hydrogen atoms were added to the protein systems. The protonation states for the 

histidine residues and other titratable groups were determined at physiological pH and 

manually verified. The side chain of Asn294 in NA was rotated so that its Oδ1 and 

Nδ2 atoms in the amide group form hydrogen bonds instead of repulsive interactions 

with the nearby Ala246 O and Arg292 Nε2 atoms. This correction will lead to a lower 

root mean square deviation and an improved agreement with the overall crystal 

structure [11]. The NA structure was then neutralized with chloride anions. 
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The docking and molecular dynamics (MD) simulations were carried out with the 

InsightII 2005 software packages [12], using the consistent-valence force-field 

(CVFF). As the previous literatures indicated, the CVFF force-field obtained 

comparable results with other force-fields and was widely used in the ligand-protein 

interacting systems [11, 13-23], including the NA-related ones [11]. The conjugated 

gradient algorithm was used to optimize the NA structure (Discover 3.0 module). The 

convergence criterion was set to 0.01 kcal mol-1 Å-1. 

1.2. Docking 

The Binding-site module is a suite of programs capable of identifying and 

characterizing the protein active sites, binding sites and functional residues. The NA 

active site was identified with this module. The docking experiments between the NA 

proteins and inhibitors were performed with the advanced docking program Affinity, 

using a combination of Monte Carlo (MC) type and simulation annealing (SA) 

method [24]. Note that the neutral and zwitterionic isomers of BA were docked 

respectively into the NA active sites. The potential function was assigned using the 

CVFF force-field and the non-bonded interactions were described by the 

Cell-Multipole approach. The NA-BA complexes were solvated in a large sphere of 

TIP3P water molecules [25] with the radius of 35.0 Å. Chloride anions were added to 

neutralize the docked systems [7-9, 11]. The docked complexes were selected on the 

basis of interaction energies and geometrical matching qualities, which were further 

energy-minimized using the conjugated gradient method. The convergence criterion 

was set to 0.01 kcal mol-1 Å-1. 

1.3. Molecular dynamics (MD) 

The MD simulations were performed on the energy-minimized nBA-NA and 

zBA-NA complexes, using the CVFF force-field in Discover 3.0 module. The 
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canonical ensemble (NVT) was used and the non-bonded interactions were described 

with the Cell-Multipole approach. The simulation temperatures are 300.0 K (normal 

temperature), which was controlled by the Langevin thermostat [26]. The integration 

of the classical equations of motion was achieved using the Verlet algorithm. During 

the MD simulations, the regions within a sphere of 10.0 Å around the inhibitors were 

allowed to move freely whereas the rests were held rigid. An integration step of 1.0 fs 

was used and every MD simulation was run for 5.0 ns [11, 27, 28]. The snapshots of 

the MD trajectories were saved at 1.0-ps intervals. 

1.4. Results and discussion 

The backbone-atom root-mean-square deviations (RMSD) in Figure S2 and the 

total energies in Figure S3 indicated that all of the systems are stable during the 5.0 ns 

molecular dynamics (MD) trajectories, since approximately 0.5 ns [11, 27, 28]. The 

nBA-NA and zBA-BA complexes were analyzed as the averages of the last 4.5 ns 

(0.5ns~5.0 ns). In some cases, the average data of the 0.5ns~1.0 ns periods were also 

given and confirmed the equilibrium since about 0.5 ns. 

It was found from Figures S4 and S5 that the orientations of the neutral and 

zwitterionic isomers of BA are quite different at the NA active sites. nBA is 

characterized by its carboxyl group towards Gly348 and Tyr406 as well as the polar 

contacts of its guanidine group with Glu276. The distances are approximated at 2.62 

(2.61) Ǻ for the nBA:O1 and Gly348:O pair, 2.85 (2.86) Ǻ for the nBA:O2 and 

Tyr406:OH pair, respectively. Note that the values in parentheses were taken from the 

beginning 1.0 ns MD trajectories. The N-acetyl and 3-pentyloxyl groups of nBA are 

partially outside of the NA active site. Two hydrogen bonds are formed between nBA 

and NA (Figure S5a and Table S1). The carboxyl group is involved in both hydrogen 

bonds, an indication of its important role during the binding process. 
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In zBA-NA, the carboxyl group of zBA is in the deprotonated form and redirects 

towards Arg371 and Lys432 (Figures S4b and S5b). The salt-bridge interactions are 

formed between the carboxylate anion (COO-) of zBA and the positively charged 

pocket consisting of Arg118, Arg292 and Arg371, in agreement with the previous 

docking results [7, 10, 11, 29-32]. As a result of this strong interactions, three stable 

hydrogen bonds of O1-Asn347:ND2, O1-Arg371:NH2 and O2-Lys432:NZ are 

formed with their distances approximating 2.11 (2.11), 1.73 (1.79) and 2.47 (2.63) Ǻ, 

respectively (Figure S5b and Table S1). It distinguishes from the binding mode of 

nBA whose carboxyl group is far away from the positively charged pocket consisting 

of three arginine residues. The guanidine group of zBA is in the protonated form and 

oriented towards the negatively charged pocket consisting of Asp151 and Glu119. The 

N-acetyl group sits at the entrance of the hydrophobic pocket containing Trp178, 

Ile222 and Arg152. In addition, the hydrophobic 3-pentyloxyl group matches the 

hydrophobic pocket with Glu276 and Glu277, consistent with the previous results [7, 

10, 11, 29-32]. 

The NA active-site residues that have interaction energies below -1.0 kcal mol-1 

were colleted in Table S2. It was found that Ile149, Asp151 and Arg371 have no 

interactions with nBA whereas have electrostatic interactions with zBA, especially 

Arg371 where the electrostatic interaction energy is calculated to be -51.20 (-48.19) 

kcal mol-1 (Table S2). Note that the values in parentheses were taken from the 

beginning 1.0 ns MD trajectories. The vdW interactions of nBA and the electrostatic 

interactions of zBA contribute to 66.12% (66.36%) and 89.52% (88.59%). 

Accordingly, the vdW interactions play a larger role in the binding process of the 

neutral BA isomer whereas the electrostatic interactions play a dominant in the 

binding process of the zwitterionic BA isomer. The zwitterionic rather than neutral 
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1 

 1 + exp(-ΔErel/RT) 

PnBA = (S1) 

exp(-ΔERel/RT) 

 1 + exp(-ΔErel/RT) 

PzBA = (S2) 

isomer of BA matches finely with the NA active sites and therefore is responsible for 

the bioactivity [5, 10, 11, 29-32]. From the above geometric and energy analysis it 

was also found that the docked complexes have been sufficiently equilibrated within 

1.0 ns MD simulations [11]. 

1.5. Summary 

Docking and MD simulations were used to study the binding modes of the neutral 

and zwitterionic isomers of BA at the NA active sites. It was found from the 

geometric and energy analysis that the docked complexes have been equilibrated since 

about 0.5 ns of the MD simulations. The neutral and zwitterionic isomers of BA have 

quite distinct orientations at the NA active sites. The neutral binding is characterized 

by its carboxyl group directing towards Gly348 and Tyr406 as well as the polar 

contacts of its guanidine group with Glu276, while the zwitterionic binding is 

characterized by the carboxylate anion directing towards the positively charged 

pocket consisting of Arg118, Arg292 and Arg371. The interaction energies are 

summed to 45.39 and -160.64 kcal mol-1 for nBA and zBA, respectively. The vdW 

interactions play a larger role in the binding process of nBA whereas the electrostatic 

interactions play a dominant role in the binding process of zBA. The zwitterionic BA 

isomer matches finely with the NA active sites and is responsible for the bioactivity. 

 

2. Details of population analysis 

The populations of nBA to zBA were calculated with the Boltzmann statistical 

expressions [33] shown below: 
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(S3) ρ =      = exp(ΔErel/RT) 

PnBA 

PzBA 

Where PnBA and PzBA represent the populations of the neutral and zwitterionic BA 

isomers, respectively. R and T refer to gas constant and temperature, equal to 8.314 J 

mol-1 K-1 and 298.15 K (normal temperature), respectively. 

  On the basis of Eqs. (S1) and (S2), the proportion of nBA to zBA (ρ) can be 

obtained with 

 
.   

According to the relative energy (ΔErel) of 24.76 kcal mol-1 obtained at 

B3LYP/6-311++G(d,p)//6-31G(d) level of theory, the proportion of nBA to zBA (ρ) 

approaches infinity. That is, the BA molecule in the prepared state should exist 

exclusively in the neutral form. 

Using the expressions similar to Eqs. (S1) - (S3), the proportion of nBA(s) to 

zBA(s) in solution can also be obtained. The relative energy of zBA(s) vs. nBA(s) 

(Erel) is calculated to be -7.53 kcal mol-1 at B3LYP/6-311++G(d,p)//6-31G(d) level of 

theory, and therefore the proportion of nBA(s) to zBA(s) approximates zero. That is, 

the BA molecule in aqueous solutions is predominated by the zwitterionic isomer. 

 

3. Intrinsic reaction coordinate calculations 

The intrinsic reaction coordinate (IRC) calculated results are shown in Figure S7. 

The starting point is nBA4. The elongations of the O1-H1 distance and then the 

O5-H9 distance cause the monotonous increases of the total energy until TS4a, the 

first transition state. That is, the hydronium ion (H3O+) composed of the O5, H1, H8 

and H9 atoms is not the transition state but the saddle point. The sequential elongation 

of the O5-H9 distance causes the total energy to go downhill until the formation of the 

intermediate IN4 (Figure 3a). The second transition state TS4b is situated with the 
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slight elongation of the O7-H13 distance (1.132 Å). With the continuing elongation of 

the O7-H13 distance, the H15 atom will spontaneously transfer to the guanidine N2 

atom and directly forms the product zBA4. That is, the hydronium ion containing the 

O8, H13, H14 and H15 atoms is a saddle point of the proton transfer process, just as 

the one of the O5, H1, H8 and H9 atoms. It indicates that the two middle water 

molecules (i.e., H9O6H10 and H11O7H12) rather than the boundary water molecules 

(i.e, H1O5H8 and H14O8H15) are capable of capturing the protons and form the 

hydronium ions, thus acting as the transition states.  
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Table S1. Important hydrogen bonds formed between NA and the neutral and 

zwitterionic BA isomers a,b 

 Donor Acceptor Distance (Å) Angle (°) 

nBA:O1 GlyA348:O 1.67 (1.67) 170.78 (170.12) 
nBA-NA 

Tyr406:OH nBA:O2 1.93 (1.94) 165.65 (163.73) 
 

Asn347:ND2 nBA:O1 2.11 (2.11) 160.26 (162.42) 

Arg371:NH2 nBA:O1 1.73 (1.79) 164.60 (158.06) zBA-NA 

Lys432:NZ zBA:O2 2.47 (2.63) 136.64 (112.66) 
a The atom numbering of nBA and zBA can be found in Figure 1. 
b The values in parentheses were obtained over the beginning 1.0 ns MD trajectories . 
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Table S2. The vdW energies (EvdW), electrostatic energies (Eele) and summed interaction 

energies (Esum) between BA and the NA active-site residues a,b 

 nBA-NA zBA-NA 

Residues EvdW Eele Esum EvdW Eele Esum 
Arg118 -0.55 (-0.59) -1.34 (-1.40) -1.89 (-1.99)    

Ile149    -2.28 (-2.34) -0.83 (-0.84) -3.11 (-3.18) 

Asp151    -0.98 (-1.52) -12.33 (-12.38) -13.31 (-13.90) 

Arg152 -2.55 (-2.69) -0.98 (-1.24) -3.53 (-3.93)    

Ala246 -4.88 (-4.87) -0.05 (0.10) -4.93 (-4.77)    

Thr247 -2.58 (-2.74) -0.94 (-0.93) -3.52 (-3.67)    

Glu276 -1.29 (-1.34) -1.69 (-1.83) -2.98 (-3.17)    

Glu277 -1.09 (-1.06) -1.04 (-1.08) -2.13 (-2.14)    

Arg292 -4.21 (-4.26) -0.10 (0.03) -4.31 (-4.23) -0.87 (-0.98) -1.53 (-1.40) -2.39 (-2.38) 

Asn294 -3.94 (-4.09) -0.06 (-0.07) -4.00 (-4.16)    

Asn346 -1.92 (-2.11) 0.10 (0.11) -1.82 (-2.00)    

Asn347 -3.84 (-3.80) 0.25 (0.32) -3.59 (-3.48) -4.65(-4.58) -6.05 (-6.13) -10.70 (-10.71) 

Gly348 -0.86 (-0.84) -5.10 (-5.15) -5.96 (-5.99)    

Arg371    -1.22 (-1.51) -51.20 (-48.19) -52.42 (-49.70) 

Tyr406 -2.30 (-2.31) -4.43 (-4.42) -6.73 (-6.73) -2.19 (-2.15) 0.28 (0.24) -1.91 (-1.91) 

Pro431    -5.24 (-5.41) 1.90 (1.97) -3.34 (-3.44) 

Lys432     0.59 (0.39) -74.04 (-73.81) -73.45 (-73.42) 

Sum -30.01 (-30.70) -15.38 (-15.56) -45.39 (-46.26) -16.84 (-18.10) -143.80 (-140.54) -160.64 (-158.64)
a Energy units in kcal mol-1; 
b The values in parentheses were obtained over the beginning 1.0 ns MD trajectories. 



Supplementary Material (ESI) for PCCP 
This journal is © the Owner Societies 2009 

 12

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. Ribbon diagram of the N9-subtype neuraminidase structure (NA). 
Ribbon colors: Helices (including α-, 310- and π-helix), hydrogen-bonded turns, extended strands 

and random coils are in red, blue, yellow and green, respectively. The Ca2+ ion and two crystal 

water molecules (W1 and W2) are represented with the ball and stick models. 
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Figure S2. The time-evolution backbone-atom root mean square deviations (RMSD) 

of the protein structures in the nBA-NA (in black, on the top) and zBA-NA (in red, on 

the bottom) complexes. 
The RMSD values were obtained by the comparing with the energy-minimized structures of 

docking. 
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Figure S3. The time-evolution total energies of the nBA-NA (in black, on the top) 

and zBA-NA (in red, on the bottom) complexes. 
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Figure S4. The neutral and zwitterionic BA isomers at the NA active sites. 
The NA proteins are plotted in purple while the residues within 10 Å (free to move) from the 

centers of the neutral or zwitterionic BA isomer in light blue Connolly surface. Inhibitors are 

represented with stick models (C in green, O in red, N in blue and H in white, respectively). 

 

(a) nBA-NA (b) zBA-NA 
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Figure S5. Interactions of the NA active-site residues with the neutral and 

zwitterionic BA isomers. 

The important hydrogen bonds are labeled in the dashed orange lines. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) nBA-NA 

Asp151 

Ile222 

Glu276 

Arg292 

Arg118 
Lys432 

Arg371 
Tyr406 

Gly348 
Asn347 

(b) zBA-NA 

Glu119 

Ile222 

Glu276 

Arg292 

Arg371 

Lys432 

Asn347 

Gly348 

Tyr406 

Arg118 



Supplementary Material (ESI) for PCCP 
This journal is © the Owner Societies 2009 

 17

O1 O2 
H1 

C1 

O4 

O3 

N4 

N1 

N2 N3 
C2 

C3 
H5 

H3 H2 
H4 

H6 

H7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6. The transition state structure (TSa) of Step 1 in the absence of water 
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Figure S7. The intrinsic reaction coordinates (IRC) for the proton transfer nBA4 → 

zBA4 obtained at the B3LYP/6-311++G(d,p)//6-31G(d) theoretical level. 
The data of the discrete water and implicit solvation models were plotted in blue and red, 

respectively. 
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