
Highly pathogenic strains of the influenza H5N1

virus (bird flu) are not only a serious problem for the pop-

ulations of wild and domestic birds. They can also cause

disease outbreaks in humans with a mortality of ~60%.

According to the World Health Organization, the peak of

the H5N1 viral infection had been observed from 1998 to

2015 [1]; however, the mechanism of virus adaptation to

humans is still under investigation [2], since the develop-

ment of dual (bird/human) tropism is a very dangerous

stage of the virus evolution. As a rule, the virus infects

host cells via interaction with glycan receptors –

oligosaccharide fragments with terminal sialic acid – on

the cell membrane. Neuraminidase is a vital enzyme of

the virus lifecycle that catalyzes hydrolysis of sialylated

glycans with the following release of mature influenza

virions. Neuraminidase acts in concert with hemagglu-

tinin (HA), which is responsible for the primary recogni-

tion of the host cell glycans and is involved in the viru-

lence mechanism of the influenza virus [3]. Based on the

antigenic properties, there are nine types of neu-

raminidases that are classified into group 1 (neu-

raminidases N1, N4, N5, and N8) and group 2 (neu-

raminidases N2, N3, N6, N7, and N9) [4].

Neuraminidases from the H5N1 virus strain isolated from

humans and birds display low activity at strongly acidic

pH [5], while neuraminidases from other avian influenza

strains maintain high activity in strongly acidic environ-

ment, as the virus propagation in birds occurs in their

digestive tract. The majority of seasonal human influenza

strains display low activity at acidic pH [6, 7]; the virus

propagates in the human respiratory tract, where pH is

close to neutral (pH 6.5-7.0) or slightly acidic (pH 5.7-

6.0) [8]. Hence, adaptation of neuraminidases of the

H5N1 strain in birds has likely made these enzymes sim-

ilar to neuraminidases from human seasonal influenza

viruses, which, in turn, could result in the high probabil-

ity of their direct transfer from birds to humans. It was

established that glycosidases from the GH34 family,

which also includes influenza virus neuraminidase [9,

10], act via the double replacement mechanism, in which
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one of the catalytic residues (Tyr406 activated by Glu277)

plays a role of a nucleophile during formation of the cova-

lent glycosyl-enzyme intermediate, while the second

residue (Asp151) serves as a proton donor for stabilization

of the leaving group. This mechanism imposes specific

requirements on the functioning of Asp151 at neutral pH

values. The microenvironment of the enzyme active site,

the nature of the adjacent residues, and isolation from

bulk water molecules could modulate the acid-base prop-

erties of the carboxyl group. Similar mechanism has been

demonstrated for some glycosidases, in which the binding

of the oligosaccharide substrate results in the active site

closing and displacement of solvent molecules, thus cre-

ating the opportunity for the protonated Asp151 to inter-

act directly with the leaving group [11]. However, accord-

ing to the X-ray diffraction data, Asp151 in the H5N1

neuraminidase is located in the so-called mobile loop-

150 (a.a. 147-152) [4] in the substrate-binding region. It

is directly accessible to the solvent and, therefore, cannot

perform the required functional role at pH 5.7-6.5.

So, how does the Asp151 of the catalytic site of

H5N1 neuraminidase function at neutral pH? How does

the binding of oligosaccharide substrate in the enzyme

active site affect the pKa value of the Asp151 residue?

What is the conformational state of the substrate in the

active site that ensures the most efficient enzyme cataly-

sis and formation of the glycosyl-enzyme intermediate?

In this study, we attempted to answer these questions

using a complex approach including classic molecular

dynamics, metadynamics, combined quantum mechanics

and molecular mechanics (QM/MM), and simulation of

titration of ionizable residues.

MATERIALS AND METHODS

Substrate structure. α-Neu5Ac-2,3-β-Gal-1,4-β-

Glc-O-Me trisaccharide (typical terminal fragment of

glycan receptors in birds) was used as a substrate. The

structure of this compound was obtained with the help of

Glycam Biomolecule Builderserver [12] using the Amber

force field.

Dihedral angles of glycosidic bonds. Dihedral angles

of glycosidic bonds were determined using the following

procedure. Starting with the terminal sialic acid residue,

φ1 and ψ1, φ2 and ψ2, φ1 and ψ1 were determined from the

O–C2–O3–C3 and C2–C3–O3–C2 atoms; φi and ψi for

the rest of glycosidic bonds were determined as

O–C1–O4′–C4′ and C1–O4′–C4′–C3 for the 1→4

bonds and O–C1–O3′–C3′ and C1–O3′–C3′–C2′ for

the 1→3 bonds, where the non-reducing end of the gly-

cosidic bond is denoted by an apostrophe.

Molecular dynamics. Substrate structure was pre-

pared using the leap program from the AmberTools pack-

age [13]. A system was created for the enzyme and

enzyme–substrate complex that included the TIP3P sol-

vent [14], in which the distance from the edge of period-

ic box to any atom of solute was no less than 15 Å. Cl– and

Na+ ions (up to 0.1 M concentration) were added to the

system to create conditions close to physiological ones.

The total charge of the system was adjusted to zero by

adding additional ions. Energy minimization was carried

out for each system (2500 steps) followed by heating to

300 K for 60 ps, lifting of limitations from heavy atoms for

290 ps, and relaxation for 5 ns in the NPT ensemble with

a gradual adjustment of the density to the constant value

of 1.04 g/cm3. Standard simulation in solution was per-

formed with the Amber14 program at 300 K with the inte-

gration step of 2 fs under conditions of the NVT ensem-

ble. The system temperature was controlled using a

Langevin thermostat [15]. The duration of each trajecto-

ry was 1 µs; the dynamic frames were saved every 10 ps.

Accelerated molecular dynamics calculations were

carried out with the in-built functions in the Amber14

program using parameters identical to the above men-

tioned and by setting the following specific values for

thresholds and parameters: EthreshD = 13.42, alphaD =

3.2, EthreshP = –20203.56, alphaP = 602.24.

Metadynamics. Metadynamics calculations were

carried out using the Amber14 package modified with

PLUMED (v. 2.5) [16]. The height of the Gaussian hills

in metadynamics was set to the initial value of 0.6 kcal/

mol; the width was 0.01 or 0.0075 for proton transfer.

New potentials were added every 100 steps at the integra-

tion step of 0.25 fs. The temperature of simulation was

300 K. Collective variables were limited from both sides

by the quadratic wall potential. Water molecules in the

quantum region were also limited by the quadratic poten-

tial for the coordination number around the oxygen atom

of the leaving group at the distance of 7 Å. Ten parallel

calculations with shared metadynamics potential (multi-

ple-walkers technique) were used to accelerate calcula-

tions [17].

QM/MM. QM/MM calculations were carried out

using the AmberTools package. The SCC-DFTB method

was used for describing the quantum region, which has

been well established for QM/MM modeling of reactions

catalyzed by other enzymes of the sialidase family [18,

19]. The residues Tyr406, Glu277, Arg292, and Asp151

were included in the quantum region, as well as the

monomers of sialic acid and the following galactose

residue together with 14 water molecules at the distance

of 7 Å from the oxygen atom of the leaving group during

formation of the covalent glycosyl-enzyme intermediate.

Simulation of titration of ionizable residues in explicit

solvent. The pH-REMD method incorporated into

Amber14 was used to calculate pKa values of Asp151; sim-

ulation of 12 replicas was conducted in the pH range from

2 to 7.5. Replica exchange attempts were performed every

5000 steps; an attempt of re-protonation was conducted

every 200 steps, and relaxation was conducted every 300

steps. The pKa values were calculated from the adapted
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Henderson–Hasselbalch equation taking into account

the calculated probability of formation of the protonated

and deprotonated forms [20].

Clustering methods. Substrate structure clustering

was carried out based on the values of dihedral angles

between carbohydrate monomers using the following

modification:

description of the phase space of ui angles in the gen-

eral case of a L-mer box Pc:

Pc = {u ∈ RL; 0 ≤ u1 < 2π}, 1 ≤ i < L,

through transformation:

.

The product of description is a torus Te (L-mer sur-

face on a unit sphere S2L–1). The description is a local

isometry with preserved distance measure [21].

The transformed variables were used for clustering

using the non-parametric Bayesian method incorporated

into the dpMMlowVar program [22]. Optimization of

angular parameter for this method was performed in the

range [–0.6; –0.3] with a step of 0.01 based on the sil-

houette estimation function. The principal component

method for the transformed angle values with identifica-

tion of the first three principal components was used for

the visualization of clustering results.

RESULTS AND DISCUSSION

Calculation of Asp151 pKa. The shift in the Asp151

pKa value in the active site of neuraminidase N1 upon

substrate binding was determined using QM/MM in an

explicit solvent and by calculating the Poisson–

Boltzmann electrostatic field according to the discreet

protonation model, which considers the ionization state

of an investigated residue depending on its current orien-

tation, accessibility to the solvent, and medium pH. The

method allows conducting a number of parallel simula-

tions in a wide pH range. In the course of experiment, we

performed sampling of the system taking into account

dynamic transitions between the conformations with pro-

tonated and non-protonated Asp151 carboxyl group.

Considering that neuraminidase functions as a tetramer,

pKa values were calculated independently for four aspar-

tic acid residues (Fig. 1). The three Asp151 residues in the

free enzyme were found to be deprotonated at neutral

conditions (pKa values are in the range 4.1-4.3), while one

residue (denoted as Asp2 in Fig. 1) displayed higher pKa

value of 6.7. Analysis of the loop-150 location in the sub-

unit with abnormally high pKa value of 6.7 (but not in

other subunits) demonstrated formation of carboxyl-car-

boxylate pair between Asp151 and Glu119 during model-

ing at highly acidic pH values (pH 2.0). No such pair has

been observed in the enzyme crystal structure. It is possi-

ble that in this case, transition to the denatured catalyti-

cally inactive state took place.

Neuraminidases from various sources differ in the

structure of their active site and environment of ionizable

residues, as well as in the dynamic behavior of the loop-

150 containing Asp151 [23]. This can be the reason for

different influence of substrate binding on the pKa values

of residues in enzymes from neuraminidase family.

Calculations of aspartate residue protonation/deprotona-

tion in the enzyme–substrate complex formed by neur-

aminidase N1 showed that the pKa value of Asp151 was in

the range of 3.5-4.9, which indicated the existence of var-

ious stabilizing structural topologies of the oligosaccha-

ride substrate in the active site (see Conformational state

of oligosaccharide substrate upon the enzyme binding).

The most abundant substrate conformation has pKa 4.9.

At the same time, neuraminidase N1 displayed no signif-

icant shift in the pKa value upon substrate binding (unlike

pKa shift to 8.0-9.0 observed for neuraminidase N9) [11].

At the first glance, the calculated pKa values for Asp151 in

neuraminidase N1 produced by modeling contradict the

possibility of effective catalysis by this residue in neutral

media via direct proton transfer to the leaving group of

the substrate. However, this conclusion seems not as

accurate, if we consider other possibilities for the leaving

group stabilization. Thus, if the carboxyl group of Asp151

is constantly accessible to the solvent molecules, the

Grotthuss mechanism of proton transfer is possible,

which has been already observed for other enzyme sys-

tems [24, 25]. Moreover, the deprotonated form of aspar-

tate can stabilize water molecule in the neutral from or in

the form of hydronium ion in the vicinity of the leaving

group and, hence, facilitate the proton transfer. In order

to evaluate the possibility of such mechanism, we ana-

lyzed the distribution of water molecules around oxygen

atoms of the leaving group and carboxyl carbon of Asp151

in the free enzyme and in the enzyme–substrate complex

determined based on the molecular dynamics trajectories

at pH values 5.5, 6.0, 6.5, and 7.0 (Fig. 2, a and b).

Analysis of the distance distribution between the oxy-

gen atoms of the carboxyl group and oxygen atom of the

leaving group revealed that water molecules have direct

access to the cleaved bond and could be not only bridge

between the Asp151 residue and the leaving group, but

also act as proton donors. Introduction of hydronium ion

in such proton transfer chain could be facilitated by the

surrounding residues in the enzyme, as well as by the pos-

sibility of optimal orientation and stabilization of the

entire system [26]. In order to evaluate the energy barriers

for the formation of the glycosyl-enzyme intermediate via

the alternative mechanism, it was necessary to perform

conformational analysis of positions of carbohydrate sub-

strate in the active site of neuraminidase to produce the

starting structure of the enzyme–substrate complex.
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Conformational state of the oligosaccharide substrate

upon enzyme binding. The conformational space of the

oligosaccharide substrate bound in the active site of neur-

aminidase N1 was determined by analysis of molecular

dynamics trajectories produced by simulation of Asp151

titration at different pH values (pH 5-7). The values of

dihedral angles of glycosidic bonds in the course of simu-

lation were extracted, transformed (see Materials and

Methods), and used for searching the clusters of stabi-

lized structures (topologies) (Fig. 3).

The identified oligosaccharide topologies and the

corresponding values of dihedral angles are presented in

the table. Similarly conducted search for additional struc-

tural clusters using accelerated molecular dynamics

methods revealed no new topologies. The substrate bound

in the enzyme active site can assume three possible

a

b

Fig. 1. Titration curves of Asp151 residues in the four subunits of H5N1 neuraminidase homotetramer with the calculated pKa values

(see Materials and Methods): a) free enzyme; b) enzyme complex with oligosaccharide substrate bound in the active site. (Colored versions

of Figs. 1-5 are available in electronic version of the article on the site http://sciencejournals.ru/journal/biokhsm/)
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topologies (table). The predominant topology 1 is charac-

terized by the following values of dihedral angles: ϕ1 =

84.29, ψ1 = 98.90, ϕ2 = 95.70, and ψ2 = 105.71.

Populations of topologies 2 and 3 in the active site com-

prise 8 and 14%, respectively. Furthermore, topology 2 is

oriented along the active site identically to topology 1,

while topology 3 indicates the existence of an alternative

binding cavity. It must be mentioned that the structure of

the trisaccharide similar to topology 1 was observed upon

substrate binding with neuraminidase N2 from the H3N2

strain (crystal structure 4GZW [27]).

Formation of glycosyl-enzyme intermediate. Forma-

tion of the glycosyl-enzyme intermediate was modeled

using metadynamics. The structure of the enzyme–sub-

strate complex with the dihedral angles and conformation

of the neuraminic acid ring 5S1 characteristic for topology

1 (predominant topology for oligosaccharide substrate

binding in the enzyme active site, see previous section)

was used as a starting structure [28]. The following col-

lective variables, in the phase space of which substrate

hydrolysis and formation of the intermediate glycosyl-

enzyme product occur, were used: (i) CV1 characterizing

the cleavage of glycosidic bond formed by the sialic acid

residue in the substrate and formation of new bond with

Tyr406 and representing the difference in the distance

between C1SIA–OTyr406 and C1SIA–O3LB; (ii) CV2 reflect-

ing activation of nucleophilic residues via proton transfer

to Glu277; (iii) CV3 characterizing proton transfer to the

leaving group from one of the water molecules or Asp151

(Fig. 4a). CV3 was determined as the minimal distance

from glycosidic oxygen of the leaving group to one of the

protons of water molecules in the quantum region (eight

molecules) or proton in Asp151 (by using this approach

we considered the probability of the fastest and energeti-

cally favorable proton transfer pathway either from water

molecules or Asp151).

Fig. 2. a) Radial distribution function of water molecules (red curve) around the oxygen atom of the leaving group and distribution function

of distances from the oxygen atom of the leaving group to the oxygen atoms of Asp151 carboxyl group (blue curve). b) Radial distribution func-

tion of water molecules around the carboxyl carbon of Asp151 in the free enzyme (red curve) and enzyme with the bound oligosaccharide sub-

strate (blue curve).

a b

Fig. 3. Sampling of conformational space of the oligosaccharide

substrate in the neuraminidase N1 active sited followed by cluster-

ing. For clarification, the data are visualized for the first three

principal components during analysis of eight variable dihedral

angles that characterize oligosaccharide conformation; the clus-

ters are color-coded.
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It must be noted that we included the possibility of

Asp151 protonation into the starting structure, which

allowed us to take into consideration not only the mech-

anism of proton transfer from the hydronium ion coordi-

nated by the Asp151 carboxylate anion, but also theoreti-

cal direct proton transfer to the leaving group. Hence, the

selected starting quantum region represented an identical

starting point for the two possible pathways of proton

transfer to the leaving group of the hydrolyzed substrate.

Using QM/MM with three selected collective vari-

ables, we modeled hydrolysis of oligosaccharide substrate

by the enzyme and determined the energy surface of this

a b

c

Fig. 4. Structures of basic stationary states during formation of the covalent glycosyl-enzyme intermediate in the reaction catalyzed by H5N1

neuraminidase. Gal, leaving group; Neu, sialic acid residue. a) Structure of the enzyme–substrate complex; colored dashed lines, main com-

ponents of collective variables including the pathway of proton transfer to Glu277 and activation of nucleophilic Tyr406 residue (pink),

cleaved and formed bonds (yellow), and any process of proton transfer from adjacent water molecules or Asp151 (blue); b) transition state

structure; c) formation of glycosyl-enzyme.

Characteristic values of dihedral angles of the oligosac-

charide substrate in neuraminidase N1 active site

Dihedral
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1
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3
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−171.95
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−110.90

−112.41

−129.39
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78%
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ϕ2

−100.70

−86.49

−76.27

ψ2

105.02

−57.60

136.43
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Fig. 5. a) Free energy surface of the covalent glycosyl-enzyme intermediate formation in the reaction of oligosaccharide substrate hydrolysis

catalyzed by neuraminidase from the influenza virus H5N1 constructed based on collective variables of the glycosidic bond cleavage at the sial-

ic acid residue and formation of a new bond with Tyr406 (CV1), activation of nucleophilic residue Tyr406 (CV2), and proton transfer from

one of the water molecules or Asp151 to the leaving group of the substrate (CV3). MC, enzyme complex with the substrate; TS, transition state

prior to the glycosyl-enzyme formation; IC, glycosyl-enzyme intermediate. b) Simplified energy diagram of the covalent glycosyl-enzyme

intermediate formation.
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process (Fig. 5). Based on the Pauling criterion of the

bond order, the process corresponded to the dissociative

ANDN mechanism with the barrier of ~14 kcal/mol (Fig.

5, a and b). Sialic acid residue underwent structural tran-

sition from the 5S1 ring conformation in the enzyme–sub-

strate complex (MC; Fig. 4a) to the E4-
3H4 conformation

in the transition state (TS; Fig. 4b) and 1C4 conformation

(IC; Fig. 4c) in the intermediate glycosyl-enzyme, the

position of which in the energy diagram was higher than

the initial state by 7 kcal/mol (Fig. 5, a and b). In the

course of enzymatic reaction, the proton for neutraliza-

tion of the leaving group was transferred from the nearest

water molecule that formed a bridge between the glyco-

sidic bond of the substrate and Asp151. It must be men-

tioned that Asp151 can play a dual role, similar to the

water molecule. When the carboxyl group in Asp151 is

protonated, water molecule could act as a shuttle and

simultaneously accept proton from Asp151 during proton

transfer to the leaving group. In the case when the Asp151

carboxyl group is deprotonated, it can coordinate hydro-

nium ion, which serves as a proton donor for the leaving

group. The probability of one or another pathway

depends on a number of conditions: medium acidity,

loop-150 mobility, as well as the features of the active site

organization in the enzyme mutants. The participation in

the catalytic mechanism of Asp151 with the protonated

carboxyl group seems less favorable, as the loop-150 lim-

its the mobility of the residue and hinders formation of

direct proton transfer chain: these states were not identi-

fied during independent initiation of molecular dynamics

trajectories. Nevertheless, such mechanism cannot be

ruled out for the enzyme functioning in an acidic medi-

um. At the same time, proton transfer from the hydroni-

um ion coordinated by the negatively charged carboxyl

group of Asp151 established in this work can be universal

and occur in a wide pH range, which could explain the

dual tropism of the virus and circulation of H5N1 stains

capable of direct transfer from birds to humans, as it has

been observed in the recent disease outbreaks from 1998

to 2015.

The catalytic mechanism of neuraminidases from

various influenza viruses, in particular, the ability of these

enzymes to function in different media, is interesting

from both fundamental and practical viewpoints. The

conformational state of the oligosaccharide substrate, as

well as the formation and following hydrolysis of the gly-

cosyl-enzyme intermediate, play an important role in the

glycan transformation. Molecular modeling of the mech-

anism of action of neuraminidase N1 allowed us to reveal

the affinity of the enzyme active site to a certain substrate

conformer and to establish conformational changes tak-

ing place in the course of enzymatic catalysis. We also

analyzed possible pathways for the formation of glycosyl-

enzyme intermediate in media with different pH values,

which are directly associated with the virus adaptation

and propagation in the human respiratory tract and with

the transfer of the virus strains from birds to humans.

Understanding the functioning of neuraminidases from

different influenza virus strains under different conditions

as a key virulence factor is an important step in both pro-

phylactics and fight against influenza and other infections

with similar mechanisms.
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