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Abstract: Historically, influenza pandemics have been triggered when an avian influenza virus or a human/avian

reassorted virus acquires the ability to replicate efficiently and become transmissible in the human population. Most

critically, the major surface glycoprotein hemagglutinin (HA) must adapt to the usage of human-like (a-2,6-linked)
sialylated glycan receptors. Therefore, identification of mutations that can switch the currently circulating H5N1 HA

receptor binding specificity from avian to human might provide leads to the emergence of pandemic H5N1 viruses.

To define such mutations in the H5 subtype, here we provide a computational framework that combines molecular

modeling with extensive free energy simulations. Our results show that the simulated binding affinities are in good

agreement with currently available experimental data. Moreover, we predict that one double mutation (V135S and

A138S) in HA significantly enhances a-2,6-linked receptor recognition by the H5 subtype. Our simulations indicate

that this double mutation in H5N1 HA increases the binding affinity to a-2,6-linked sialic acid receptors by 2.6 6
0.7 kcal/mol per HA monomer that primarily arises from the electrostatic interactions. Further analyses reveal that

introduction of this double mutation results in a conformational change in the receptor binding pocket of H5N1 HA.

As a result, a major rearrangement occurs in the hydrogen-bonding network of HA with the human receptor, making

the human receptor binding pattern of double mutant H5N1 HA surprisingly similar to that observed in human

H1N1 HA. These large scale molecular simulations on single and double mutants thus provide new insights into our

understanding toward human adaptation of the avian H5N1 virus.
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Introduction

The influenza pandemics of 1918, 1957, and 1968 were caused by

either human adaptation or reassortment of the H1N1, H2N2, and

H3N2 subtypes of avian influenza A virus.1,2 The currently circulat-

ing avian influenza H5N1 viruses are highly pathogenic and pro-

duce high-mortality rates in humans. Therefore, the global spread

of the avian H5N1 virus has raised serious public health concern

that an H5N1 virus may seed the next pandemic. A typical influ-

enza infection is initiated with the binding of the viral surface gly-

coprotein hemagglutinin (HA) to sialylated glycans on the host cell

surface.3–7 The linkage between sialic acids (SA) and the penulti-

mate sugar (usually galactose) in the host cell receptor is believed

to determine the host range of influenza viruses.4–6,8,9 HA mole-

cules of avian influenza viruses bind to a-2,3-linked receptors,

whereas those of human influenza viruses prefer a-2,6-linked recep-

tors.4–6,8,9 A switch in the receptor specificity from a-2,3- to a-2,6-

linked sialylated glycans is believed to facilitate bird-to-human as

well as human-to-human transmission of influenza viruses.4–6,8–11

The crystal structures of H1, H3, and H5 influenza virus HAs

have provided valuable molecular insights into the binding

modes of human and avian influenza HAs with host cell recep-

tors.12–18 HAs are homotrimers with each monomer comprised

of two subunits. The receptor binding domain (RBD), situated at

the membrane distal end of the molecule, is formed by the 220-

loop (residues 221–228), 130-loop (residues 134–138) and 190-

helix (residues 188–190).* In the H1, H2, and H3 subtypes, as

few as two mutations in the RBD of HA were required to switch

Additional Supporting Information may be found in the online version of

this article.
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receptor specificity from avian to human. However, mutations

that can convert receptor specificity from avian to human are

different between H1 and H3 subtypes of HA, indicating the im-

portance of characteristic structural requirements of different HA

subtypes for their individual receptor specificity. For instance,

mutations at residues 190 (D190E) and 225 (D225G) in 1918

H1 HA completely changed its receptor specificity from human

to avian.19 In contrast, mutations at positions 226 and 228

(Q226L and G228S) are the primary determinants of receptor

specificity for human H3 HA.20,21 However, introduction of any

of these critical mutations into an avian H5 HA does not alter

its receptor specificity dramatically,17,18,22 although the double

mutation (Q226L and G228S) on H5 HA does increase the bind-

ing affinity for some a-2,6-sialylated glycans (more later).18

Thus, the mutations in H5 HA causing a shift in receptor speci-

ficity from avian to human are currently not well established.

Identification of such future mutations in H5 HA will allow

development of vaccines before pandemic strains emerge.

Glycan arrays comprising a diverse range of oligosaccharide

motifs have been widely used to characterize the receptor bind-

ing of wild-type and mutant H1, H3, and H5 HAs.17,18,22–24

Recently, Wilson and coworkers have shown that introduction of

the Q226L, G228S, or (Q226L and G228S) mutations into an

H5 HA does not effect a dramatic switch in receptor specific-

ity.18 However, their results indicate a significant reduction in a-
2,3-glycan binding of the double mutant (Q226L and G228S).

The double mutant, as well as the single mutant G228S, shows

substantial binding to a natural, branched a-2,6 biantennary gly-

can.18 Another glycan array study by Skehel and coworkers

reports that G143R, N186K, or Q196R mutations in H5 HA

may cause an increase in binding affinity to a-2,6-glycans.17 In

contrast, a different study by Nabel and coworkers that uses a

resialylated hemagglutination assay in addition to a slightly

modified glycan array finds no a-2,6-glycan recognition for any

of the single H5 HA mutants, Q226L, G228S, N186K, or

Q196R.22 However, the same study reports S137A, T192I, and

(S137A and T192I) mutants with increased human-like glycan

binding.22 These inconsistent results obtained using slightly dif-

ferent glycan arrays indicate the inherent difficulties and limita-

tions of the current techniques in estimating the binding affin-

ities quantitatively. The difficulties in determining HA-receptor

binding affinity determination arise from the fact that the bind-

ing between HA and a sialylated glycan molecule is weak (typi-

cally in the millimolar range) and nonspecific.23,25–27 Conse-

quently, a quantitative measurement of the HA-glycan binding

affinity highly depends on the experimental conditions such as

the concentration of the protein.25 Notably, currently available

glycan array data provide only qualitative estimation of the re-

ceptor binding affinities of H5 HA mutants; no Kd or Ki values

for the above-mentioned H5 HA mutants are reported in litera-

ture. This illustrates the complexity associated with the HA-re-

ceptor binding affinities calculation, both in experiments and in

simulation. On the other hand, recent studies demonstrate that

the binding specificity is regulated by the structural topology of

the sialylated glycans, which, in turn, is determined by the SA-

Gal linkage: Human-adapted HA favors binding with long a-2,6
glycans with a flexible, umbrella-like topology, whereas avian

HA prefers a-2,3-glycans as well as short a-2,6-glycans with a

rigid, cone-like topology.25,26 Therefore, an atomic level investi-

gation of HA-glycan binding can provide valuable insights into

the effect of previously reported mutations on the relative recep-

tor binding affinities. Such knowledge may also help to identify

probable future mutations that can be critical for human receptor

recognition of currently circulating H5N1 influenza viruses.

Toward this goal, we here present an unprecedented level of

molecular modeling, combined with rigorous free energy pertur-

bation (FEP) simulations,28–34 to characterize the effect of muta-

tions on HA-glycan binding specificity at an atomic level. The

FEP method has been widely used to calculate binding affinities

for a variety of biophysical phenomena, such as solvation free

energies calculation, ligand-receptor binding, protein–protein

interaction, and protein-DNA (RNA) binding.28–33,35–41 Among

several available computational methods developed in past years,

FEP using an all-atom explicit solvent model probably provides

the most accurate method for our current needs in estimating the

relative protein-glycan binding affinity.36,37 However, such simu-

lations for realistic biological systems often require extensive

computational resources. In this study, we have used IBM Blue-

gene/L supercomputer for these computationally expensive FEP

simulations of HA/glycan complexes.34 We find the simulated

binding affinities of H5 HA mutants matching well with experi-

mental data. Further analyses reveal critical molecular factors

governing the receptor binding specificity of H5 HA. Moreover,

such analyses help us to identify one double mutation that ena-

bles H5 HA to bind a human receptor analog in a similar man-

ner to what was observed in the human H1 HA-human receptor

binding. Thus, this double mutant may represent a step toward

human adaptation of the avian H5 influenza virus. Taken to-

gether, our results show that such a computational approach can

serve as a complementary tool to interpret and predict critical

mutations for HA-receptor binding.

Results and Discussions

We model the wild-type H5 HA (structure taken from the highly

pathogenic H5N1 influenza virus A/Vietnam/1203/2004, Viet04)

in complex with the avian (or human) receptor analog by align-

ing the backbone of its RBD to that of the 1934 human H1 HA

(see Fig. 1 and Model and Methods section). To elucidate the

interactions between HA and the glycan receptor in this modeled

wild-type complex structures (see Fig. 1), we perform short

(1 ns long) molecular dynamics (MD) simulations of these wild-

type HA complexes in explicit water. The HA-glycan hydrogen-

bonding interactions that appear to be important in the wild-type

H5 HA complexes are shown in Figure 2 and the average proba-

bilities of those contact formation are reported in Table 1y: An

yIn addition to the hydrogen-bonding interactions, the modeled H5 HA

forms several nonhydrogen-bonding contacts with both avian and human

receptor. Those contacts involve residues L134, S145, W153, I155,

H183, P185, N186, L194, and S227 of H5 HA. A nonhydrogen-bonding

interaction between an amino acid and the receptor is considered if a

heavy atom of that amino acid is found within 5.0 Å of any heavy atom

of the receptor.
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average of 3.5 hydrogen bonds is observed between the 130-

loop (residues 135–138) and the human/avian receptor analog

(see Fig. 2 and Table 1). We also find residues Y95, E190,

G225, and Q226 to form hydrogen bonds with both avian and

human receptor analogs, although the G225-receptor and the

E190-receptor hydrogen bonds are found with lower probability

with the a-2,3-glycan compared with that with a-2,6-glycan. All
of these hydrogen-bonding interactions were found to be present

in the cocrystal structures of avian H5 HA from A/duck/Singa-

pore/3/97 virus (Sing97) complexed with a-2,3- and a-2,6-sialy-
lated glycans.42 However, the hydrogen bond between K193 and

a-2,6-glycan, as well as the one between G225 and a-2,3- (or a-
2,6-) glycan, was not observed in the cocrystal structures of

avian H5 HA.42 Table 1 further indicates presence of a weak

hydrogen-bonding interaction between K222 of the modeled H5

HA and a-2,6-glycan, which was observed in a human H1 HA

structure in complex with an a-2,6-glycan.12 Overall, these

observations clearly indicate that the HA-receptor glycan hydro-

gen-bonding pattern of the modeled HA is substantially similar

to that of avian H5 HA with some significant differences. Those

differences in the receptor binding pattern presumably result

from the different conformation of the receptor binding site of

the modeled H5 HA compared with that in the H5 HA cocrystal

structures from the Sing97 isolate. Therefore, any mutations that

are predicted to reconfigure H5 HA such that its receptor bind-

ing site more closely resembles that of a human H1 HA will be

considered as a candidate mutation for the virus to gain foothold

in the human population. Such mutations are expected to show a

decrease in the free energy difference for HA-receptor binding

between wild-type H5 and mutant H5 (DDG \ 0). To verify the

‘‘effectiveness’’ of the predicted mutation in ‘‘humanizing’’ the

H5 virus, we will test the same mutation in H5 HA structures

isolated from both Viet04 and Sing97 virus. However, the avian

H5 HA/human receptor complex structure shows only a poorly

defined SA moiety, indicating the low affinity of avian H5 HA

for a-2,6-glycan. Therefore, we have reconstructed the coordi-

nates of the missing atoms in the human receptor moiety by

using the receptor structure from the 1934 human H1 HA/a-2,6-
glycan complex as the structural template (see the Model and

Methods section).

As discussed earlier, the majority of HA-glycan hydrogen

bonds involves the 130-loop that functions as an anchor of the

SA moiety of the avian/human receptor, indicating importance

of the residues 135–138 in receptor binding. A notable change

in the 130-loop conformation between the human H1 and H3

HAs have been correlated with more intimate interactions

between the human receptor and H1 HA compared with H3

HA.12 Moreover, previous sequence and structural analyses have

proposed a direct correlation between the A138 mutation to

S138 in H1 HA and an enhanced specificity for a-2,6-linked
receptors that is observed after 1977 to date.43 Experimental

data has attributed this enhanced human receptor specificity to

the possible interaction between S138 and Q226, thereby favor-

ing the binding of Q226 to the human receptor. Taken together,

these observations underscore the critical role of the 130-loop of

HA in determining receptor binding specificity and suggest that

mutations in this region may allow for a switch in H5 HA recep-

tor specificity. Here, we consider mutations in residues V135

and A138, leaving S136, a highly conserved site, as well as

S137 unperturbed, such that important interactions between sia-

lylated glycans and S136 and S137 remain intact after mutation

(see Fig. 2).

Before analyzing the effect of the novel mutations at residues

135 and 138 on receptor recognition of H5 HA, we validate our

FEP simulation protocol (see Model and Methods section for

details) by comparing the simulated binding affinities against

Figure 1. (a): Ribbon representation of the avian H5 HA structure (PDB ID: 2IBX, shown in cyan)

with the backbone of the receptor-binding domain (RBD) aligned to that of 1934 H1 HA (PDB ID:

1RVX/1RVZ, shown in yellow). RBD, located on the top of the molecule, is highlighted with gray.

RBD of H5 HA in complex with a-2,3-glycan (b) and a-2,6-glycan (c). The ribbon structure of RBD

is shown as well as the surface representation. The receptor molecule is shown in green, with oxygen

atoms in red and nitrogen atoms in blue. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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experimentally available data. We employ a thermodynamic

cycle (Supporting Information Figure S1) method to estimate the

relative free energy change (DDG) of HA-receptor binding

caused by a mutation directly from the FEP simulations. How-

ever, such a calculation of DDGs from FEP simulations is

extremely nontrivial because of the low affinity between the pro-

tein HA and sialylated glycans, with Kd typically in the order of

low millimolar.23,25,27,36 Thus, the accuracy of simulated DDGs
highly depends on the sampling convergence (in addition to the

usual force field accuracy). To obtain an accurate estimate of

the relative binding affinities from FEP calculations, we have

performed extensively long{ MD simulations of a single HA

monomer with (and without) a single glycan receptor. The typi-

cal values of simulated binding free energy changes (DDG)
obtained in this study are low (in the order of 0–3 kcal/mol),

consistent with the millimolar dissociation constant measure-

ments. However, any meaningful change in the binding affinity

due to a mutation will be amplified because of multivalency

from the presence of multiple copies of the HA trimer and the

glycan receptor molecules, as found in physiological conditions.

Table 2 summarizes the average and the standard deviation

of the simulated binding free energy changes, DDGs, for a num-

ber of experimentally reported mutations. The first four mutants

in Table 2 that show no meaningful enhancement in the simu-

lated a-2,6-glycan binding affinity are the ones reported to

switch the receptor specificity of either H1 (mutations E190D

and G225D, slightly negative DDGs)19 or H3 (mutations Q226L

and G228S, both positive DDGs)18 HA from avian to human.

On the other hand, individual single mutations, G143R, Q196R,

or S227N, in modeled H5 HA reduces its binding affinity to a-
2,3-glycan, whereas enhancing its a-2,6-glycan binding, in good

agreement with glycan array results.17 The enhanced a-2,6-gly-
can recognition of the S227N mutant of H5 HA found in this

study is also consistent with the presence of this mutation in

human H5N1 isolates.45 The FEP simulations for N186K,17

however, show a reduced affinity to the human receptor analog,

in line with the resialylated HA assay result.22 The resialylated

HA assay study22 finds the two single mutants, S137A and

T192I, with increased a-2,6-glycan binding, for which our simu-

lations indicate slightly positive DDGs for a-2,6-glycan binding.

Taken together, the binding affinity changes for different muta-

tions, as obtained from FEP simulations, agree fairly well with

the available glycan array data.17,18

For the three single mutants with enhanced simulated a-2,6-
glycan binding affinity, we also analyze the individual contribu-

tions of specific interactions toward the negative DDGs for

human-like glycan binding: the free energy component analysis

(as discussed in the Model and Methods section) reveals that theFigure 2. Hydrogen-bonding network of modeled WT avian H5 HA

(backbone in gray with sidechain in yellow) with a-2,3-glycan (a)

and a-2,6-glycan (b), as typically observed during MD. For clarity,

residue Y95 is not shown. The sugar structure, shown in green, is

adopted from the cocrystal structure of 1934 H1N1 HA. The hydro-

gen bonds are shown in cyan. Nitrogen atoms are shown in shades

of blue with oxygen atoms in shades of red. Sidechains of few criti-

cal residues are also shown.

Table 1. Average Probability of Hydrogen-Bond Formation Between

Critical Amino Acids of the Wild-Type H5 HA and Avian/Human

Receptor Analogs.

Linkage Y95 V135 S136 S137 E190 K193 K222 G225 Q226

a-2,3- 0.36 0.65 0.95 1.87 0.61 0.11 \0.1 0.25 0.55

a-2,6- 0.21 0.75 0.90 1.83 0.98 0.69 0.22 0.62 0.65

{At least 66 ns of MD is performed to calculate DDG for every mutation

including five independent 6.6 ns MD runs for both the bound and the

free state of the protein, which is much longer than most FEP simula-

tions reported in refs. 38–40 and 43–46.
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electrostatic interactions mainly contribute to the total free

energy change of HA-human receptor binding due to both

G143R and Q196R single mutations. In contrast, van der Waals

component plays the major role in determining the free energy

change of human receptor binding of S227N mutant, because

N227 with its longer side chain can form a van der Waals con-

tact with the human-like receptor more favorably than S227.

Having validated our FEP simulation protocol (in addition to

the previous successful prediction of the H3N2 HA-antibody

binding affinity with a similar protocol34), we perform a number

of single/double amino acid substitutions at residues V135 and/

or A138 to find mutations causing a switch in the H5 HA recep-

tor specificity from avian to human. However, such a mutation

may not involve a rigorous one which might disrupt the key

interactions present between HA and sialoglycans. Therefore, we

calculate the binding free energy changes for a number of muta-

tions (both single and double) at positions 135 and/or 138 of the

modeled H5 HA-receptor complexes (Table 3). Simulated bind-

ing affinities for those mutations suggest that majority of them

results in either no change or a decrease in binding affinity to a-
2,6-glycan over a-2,3-glycan (Table 3). However, introduction

of V135S and A138S single mutations result in a small prefer-

ence for a-2,6-glycan, with a DDG of 20.6 6 0.19 kcal/mol for

V135S and 20.41 6 0.32 kcal/mol for A138S (Table 4).

Finally, the double mutation (V135S and A138S) in H5 HA sig-

nificantly enhances the human receptor binding (DDG 5 22.56 6
0.73 kcal/mol) over the avian one (DDG 5 0.84 6 1.02 kcal/

mol). We have confirmed the effect of the same double mutation

in the structures of H5 HA/receptor complexes of the Sing97 vi-

rus. The double mutation (V135S and A138S) in H5 HA from

the Sing97 isolate also reveals a substantial increase in the

human receptor binding (DDG 5 21.18 6 0.57 kcal/mol) over

the avian one (DDG 5 20.15 6 0.99 kcal/mol).

Although DDG of 22.56 6 0.73 kcal/mol (21.18 6 0.57

kcal/mol for Sing97 H5 HA) per monomer of H5 HA may seem

small at a glance, we must consider the fact the HA-glycan

binding is weak in general (there is reason for virus not to bind

too strongly in order for efficient transmission), which can be

Table 2. Simulated Binding Affinity Changes of Avian H5 HA on Few Experimentally

Reported Single Mutations.

H5 HA

mutation

a-2,3- a-2,6-

DGb DGf DDG DGb DGf DDG

E190D 217.36 (0.7) 217.04 (0.48) 20.32 (0.85) 218.58 (1.04) 218.02 (0.82) 20.56 (1.32)

G225D 2162.27 (0.48) 2162.28 (1.27) 0.01 (1.36) 2163.48 (0.9) 2163.03 (0.73) 20.45 (1.16)

Q226L 47.13 (0.73) 47.15 (0.87) 20.02 (1.13) 48.45 (0.86) 45.94 (0.88) 2.51 (1.24)

G228S 11.6 (0.24) 12.11 (0.44) 20.51 (0.5) 12.63 (0.73) 11.98 (0.88) 0.65 (1.14)

G143R 2378.15 (1.75) 2381.02 (1.35) 2.87 (2.21) 2381.5 (1.21) 2380.35 (0.97) 21.15 (1.55)

Q196R 2327.87 (1.66) 2330.97 (1.5) 3.1 (2.24) 2330.32 (1.61) 2328.0 (1.18) 22.32 (2.00)

S227N 281.86 (0.46) 283.46 (0.13) 1.60 (0.48) 284.18 (0.24) 282.45 (0.72) 21.73 (0.76)

N186K 288.87 (0.61) 289.32 (1.43) 0.45 (1.55) 285.24 (0.86) 288.2 (1.83) 2.96 (2.02)

S137A 23.07 (0.43) 23.45 (0.25) 0.38 (0.5) 23.45 (0.25) 23.85 (0.15) 0.40 (0.29)

T192I 24.38 (0.57) 23.55 (0.56) 0.83 (0.8) 23.53 (0.18) 23.04 (0.69) 0.49 (0.71)

All free energy units are in kcal/mol. Standard deviations for the free energy values are reported in parentheses.

Table 3. Receptor Binding Free Energy Changes of Avian H5 HA on a Number of Mutations at V135 and

A138 that does not Affect or Reduce a-2,6-Linkage Recognition.

H5 HA

mutations

a-2,3- a-2,6-

DGb DGf DDG DGb DGf DDG

V135T 218.83 (0.85) 218.00 (0.51) 20.83 (0.99) 218.29 (0.21) 218.57 (0.9) 0.28 (0.92)

V135K 2166.52 (0.21) 2168.61 (0.87) 2.09 (0.89) 2168.7 (0.3) 2170.4 (0.42) 1.57 (0.52)

V135N 279.05 (0.61) 278.76 (0.63) 20.29 (0.88) 278.8 (0.04) 279.51 (0.96) 0.71 (0.94)

V138I 5.84 (0.21) 7.15 (0.47) 21.31 (0.51) 5.77 (0.57) 6.37 (0.72) 20.60 (0.92)

A138I 8.64 (0.57) 6.61 (0.56) 2.03 (0.8) 11.15 (0.86) 7.42 (0.47) 3.63 (0.98)

A138V 2.31 (0.2) 1.18 (0.36) 1.13 (0.41) 2.83 (0.49) 2.66 (0.49) 0.17 (0.69)

A138N 277.13 (0.4) 277.52 (0.45) 0.39 (0.6) 276.42 (0.7) 278.82 (0.59) 3.05 (1.35)

A138K 2166.36 (0.21) 2164.88 (1.15) 21.68 (1.17) 2161.59 (0.31) 2161.16 (1.61) 20.43 (1.64)

A138T 218.75 (0.15) 219.27 (0.37) 0.52 (0.4) 216.65 (0.32) 217.1 (0.5) 0.45 (0.59)

V135T 1
234.44 (0.5) 234.86 (0.75) 0.48 (0.9) 234.9 (0.77) 234.6 (0.64) 20.3 (1.00)A138T

All free energy units are in kcal/mol. Standard deviations for the free energy values are reported in parentheses.
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amplified if a multivalent system is taken into account. In addi-

tion, a 22.56 6 0.73 kcal/mol of simulated binding affinity

increase to the human-like glycan for a mutation in HA is rarely

obtained for the many mutations performed throughout this

study. Therefore, after the consideration of the multivalency in

HA trimers binding, a 2–3 kcal/mol decrease in DDG due to a

mutation in HA, as obtained from FEP calculations, should be

regarded as a strong indication for a substantial increase in HA-

receptor binding affinity.

A free energy component analysis34 indicates that the electro-

static interactions primarily contribute to the free energy change

associated with human receptor binding of the double mutant

(V135S and A138S). Typical numbers for the free energy com-

ponents are as follows: of the 8.01 kcal/mol total bound state

free energy change DGb calculated from a particular run for the

a-2,6 human-like glycan, 8.43 kcal/mol is from the electrostatic

interactions, 20.37 kcal/mol from van der Waals, and the cou-

pling term is about 0.05 kcal/mol. Similarly, of the total 10.32

kcal/mol total free state free energy change DGf obtained for a

particular run, 10.15 kcal/mol is from the electrostatic interac-

tions, 0.07 kcal/mol from van der Waals, and 0.1 kcal/mol from

the coupling. As a result, in the final binding affinity change

DDG for the double mutation (V135S and A138S), the electro-

static interactions also dominate the contribution, with about

80% from electrostatic and 20% from van der Waals interac-

tions. Consistent with this result, we find a major rearrangement

in the HA-glycan hydrogen-bonding network in the double mu-

tant. First of all, a-2,6-glycan, but not a-2,3-glycan, forms favor-

able hydrogen bonds with Y95 and S135 (see Table 5 and Fig.

3). This results in the repositioning of the SA moiety of the

human receptor, compared with that of the avian receptor, lower

in the RBD of the double mutant. Table 5 further indicates that

K222 in the double mutant is explicitly positioned to make a

hydrogen bond with the human receptor analog with an average

probability of 46% (see Fig. 3), which was much weaker in the

wild-type protein complex. In addition, G225 in the (V135S and

A138S) mutant interacts preferentially with the human receptor

analog, but not the avian one, as seen in Table 5 and also in

Figure 3. Another consequence of the double mutation is loss of

the hydrogen-bonding interaction of a-2,6-glycan with K193

(see Fig. 3). Taken together, the favorable HA-glycan hydrogen-

bonding interactions at residues 95, 135–137, 190, 222, 225, and

226 enable the double mutant H5 HA to bind the human recep-

tor analog exclusively. We also observe similar HA-a-2,6-glycan
hydrogen-bonding pattern in two of the experimentally reported

avian H5 single mutants, G143R and S227N, with a-2,6-glycan
binding specificity. However, the hydrogen bond between K222

and the human receptor analog is not found in S227N mutant.

Instead, in this case N227, in contrast to S227, clearly favors

interacting with the human receptor analog resulting in a higher

binding affinity than the wild-type protein.

To ascertain the essential structural changes that trigger the

altered hydrogen-bonding network formation between the double

mutant H5 HA and a-2,6-glycan, we compare the RBD of the

double mutant protein with the wild-type one. Figure 4 shows

the receptor-binding domain of one representative conformation

for the wild-type HA (in yellow) and for its double mutant (in

cyan). Clearly, the 130-loop experiences a notable conforma-

tional change due to the double mutation. This altered conforma-

tion of the 130-loop in the double mutant enables S138 to make

stronger interactions with N224 and Q226, which, in turn,

affects the 220-loop conformation and makes the side-chain ori-

entation of K222 in the double mutant different from that in the

wild-type (see Fig. 4). We also notice a discrete conformational

change in the 190-helix of the double mutant HA, most

likely caused by the interactions with the modified 220-loop (see

Fig. 4).§ Taken together, the altered RBD conformation in dou-

ble mutant H5 HA, with �0.8 Å of backbone RMSD from wild-

type RBD, facilitates binding with a-2,6-glycan by providing

optimal contacts with Y95, S135, S136, S137, E190, K222,

G225, and Q226. Many of these positions, such as residues 135–

Table 4. Receptor Binding Free Energy Changes of Avian H5 HA on V135S, A138S

and (V135S and A138S) Mutations.

H5 HA

mutation

a-2,3- a-2,6-

DGb DGf DDG DGb DGf DDG

V135S 5.68 (0.58) 4.56 (0.4) 1.12 (0.7) 3.87 (0.12) 4.47 (0.15) 20.60 (0.19)

A138S 4.39 (0.1) 4.52 (0.58) 20.13 (0.59) 4.25 (0.22) 4.66 (0.24) 20.41 (0.32)

V135S 1 A138S 9.48 (0.8) 8.64 (0.63) 0.84 (1.02) 7.85 (0.42) 10.41 (0.6) 22.56 (0.73)

The double mutation that markedly enhances a-2,6-linkage recognition. All free energy units are in kcal/mol. Stand-

ard deviations for the free energy values are reported in parentheses.

Table 5. Average Probability of Hydrogen-Bond Formation Between

Critical Amino Acids of the (V135S and A138S) mutant H5 HA and

Avian/Human Receptor Analogs.

Linkage Y95 S135 S136 S137 E190 K193 K222 G225 Q226

a-2,3- 0.18 0.52 0.48 1.87 0.19 0.23 \0.1 \0.1 0.69

a-2,6- 0.56 0.85 0.91 1.86 0.92 \0.1 0.46 0.81 0.59

§Although the major rotamer states of K193 and K222 in the double mu-

tant protein are the ones shown in Figure 4, the wild-type rotamer states

are also populated in the double mutant protein to a much lesser extent.
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137, 190, 222, and 225, were found to be in contact with the

human receptor in human H1 HAs.12 This observation indicates

that this double mutant of avian H5 HA binds to the human re-

ceptor analog in a similar fashion to that of a human H1 HA. In

addition, these findings are consistent with the human receptor

specificity of H1 HAs with a serine at position 138 that was

observed in human H1 HA after 1977 to date. Thus, this double

mutation may represent a path toward human adaptation of avian

H5 HA. Moreover, the results presented here underline the im-

portance of such a large-scale simulation study, in addition to

experiments, for early detection of viruses able to cause a pan-

demic flu.

Conclusions

In conclusion, this study presents a computational approach that

uses rigorous FEP simulations to quantitatively estimate binding

affinities of H5 HA to sialylated glycan receptors. The simulated

binding affinities agree fairly well with the currently available

glycan array data for a few H5 HA mutants. In addition, we

identify a double mutation (V135S and A138S) in H5 HA which

dramatically enhances its human receptor specificity. The simu-

lated binding affinity change of this double mutant H5 HA for

the human receptor is substantially high (DDG 5 22.6 6 0.7

kcal/mol per HA monomer). Such an enhancement is primarily

due to the electrostatic interactions between double mutant HA

and the human receptor analog, as revealed from a free energy

component analysis. We further notice a major rearrangement in

the HA-glycan hydrogen-bonding network as a result of the dou-

ble mutation, which enables the double mutant H5 HA to prefer-

entially bind with the human receptor analog. A detailed analy-

sis of the simulated configurational ensemble indicates distinct

conformational change in the binding pocket of (V135S and

A138S) mutant H5 HA from that of the wild-type one. Residues

Figure 3. Hydrogen-bonding network of the modeled (V135S and

A138S) mutant avian H5 HA with a-2,3-glycan (a) and a-2,6-glycan
(b), as typically observed during 0.3 ns MD. For clarity, residue

Y95 is not shown. The colors used are same as in Figure 2. On dou-

ble mutation, the hydrogen bond between G225 and galactose sugar

of the avian receptor is completely lost. On the other hand, K222 in

the double mutant HA forms a hydrogen bond with much higher

probability with the galactose sugar of the human receptor analog,

whereas the hydrogen bond between K193 and SA of the human re-

ceptor analog disappears.

Figure 4. The conformational change observed in the free state of

modeled avian H5 HA on the (V135S and A138S) mutation. The

backbone of the WT protein is shown in yellow, whereas the back-

bone of the double mutant protein is shown in cyan. Sidechains are

shown for the two mutation sites, 135 and 138, in addition to the

residues E190, K193, K222, N224, and Q226. Clearly, introduction

of the double mutation alters the conformation of the receptor bind-

ing pocket of H5 HA, which significantly facilitates human receptor

binding.
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Y95, S135, S136, S137, E190, K222, G225, and Q226 of this

altered RBD form favorable hydrogen-bonding interactions with

the human-like receptor—similar to what was seen for previous

human-adapted HAs. Thus, introduction of the (V135S and

A138S) double mutation in avian H5 HA may provide a path to

gain foothold in human population. The crucial presence of a

serine at position 138 in human H1 HA further emphasizes the

importance of this predicted double mutation in avian H5 HA in

gaining the pandemic potential. Moreover, the findings from this

study provide valuable insight into the atomic-level mechanism

of HA-glycan binding by detecting few amino acids that are pri-

mary determinants for a-2,3- or a-2,6-glycan specificity. Such

knowledge can aid in prompt identification of emerging viruses

with a potential of human adaptation.

Method and System

The complete cocrystal structure of H5 HA with the human SA

receptor is not available to date. However, the crystal structure

of H5 HA from a human isolate reveals high-structural similarity

to 1934 human H1 HA.17,18 Therefore, to obtain the initial com-

plex structures of avian H5 HA of the Viet04 isolate with avian/

human SA receptor we exploit the availability of cocrystal struc-

tures of H1N1 HA with both a-2,3-glycan (PDB ID: 1RVX) and

a-2,6-glycan (PDB ID: 1RVZ). The backbone of the residues

corresponding to RBD (residue 135–138, 190–193, 222–228) of

Viet04 HA (PDB ID: 2IBX) are aligned to that of the H1 HA

configuration complexed with either a-2,3- or a-2,6-glycan (see

Fig. 1). In this study, we only consider residues 56–263 of a sin-

gle monomer of avian H5 HA in complex with a trisaccharide

as the receptor moiety, as shown in Figure 1. The structural

coordinates for the avian H5 HA complexes of the Sing97 virus

are taken from residues 52–258 of the PDB structures 1JSN and

1JSO.42 However, Sing97 HA/a-2,6-glycan complex structure

(PDB ID: 1JSO) shows only a poorly defined SA moiety. The

remaining two groups of the trisaccharide sugar moiety are not

visible in X-ray experiments, indicating low affinity of H5 HA

for the human receptor. Therefore, we have reconstructed the

remaining two groups of the trisaccharide human receptor moi-

ety by using the receptor structure from the human H1 HA/a-
2,6-glycan complex (PDB ID: 1RVZ) as the structural template.

For this purpose, the heavy atoms of the SA moiety of the H5

HA/human receptor structure are aligned to those of the H1 HA/

human receptor structure and the penultimate sugars are then

positioned accordingly.

The resultant H5 HA complex structures are solvated in a

67 Å 3 67Å 3 77Å water box with a total of �9260 water

molecules. The system of a total of �32,000 atoms is then sub-

jected to a 10,000 steps of energy minimization followed by a

1 ns equilibration, during which positions of the backbone of the

RBD residues, in addition to those heavy atoms of the receptor

that are within 8 Å of RBD residues, remain constrained. The

configuration at the end of this long MD simulation is used as

the starting point for the FEP calculations. The particle-mesh

Ewald method is used for the long-range electrostatic interac-

tions with a cutoff distance of 12 Å. All MD simulations are

performed using NAMD247,48 molecular modeling package with

1.5 fs time step in NPT ensemble at 1 atm and 300 K. The

CHARMM22 force field49 and TIP3P water model50 are used.

All the parameters for the sialylated glycan receptors are

obtained from the CHARMM22 force-field, except for the

charges which are not available to our best knowledge. Instead,

these charges are calculated from quantum mechanics ESP fit-

ting in solvent at the HF-631G* basis level. These quantum

charges might not be optimal, but we believe the difference in

receptor binding affinity is largely due to the different orienta-

tion of hydroxyl groups and/or the different topology in different

linkages (a-2,3 vs. a-2,6-linkage).} We have also verified that

the structures of the glycan receptors with the above-mentioned

set of parameters remain stable during MD simulation, both in

gas phase and in solution.

We have used a FEP approach34,38–40 to estimate the binding

affinity changes between HA and glycans on mutation. Although

FEP simulations require massive computational resources to per-

form, they provide the most accurate estimation of free energy

changes by considering the effect of the conformational flexibil-

ity of the complex system. The long timescale involved makes it

nearly impossible to simulate the complete protein-ligand bind-

ing processes and calculate the direct binding free energies with

the currently available computational resources. However, the

relative binding free energy change (DDGbinding 5 DGwt 2
DGmut) due to a mutation can be calculated by using a thermo-

dynamic cycle (see Supporting Information Figure S1). In this

thermodynamic cycle, the binding free energy change due to a

mutation, DDGbinding, is estimated from the difference in the free

energy changes caused by the same mutation for the bound state

(DGb) and for the free state (DGf) of the protein, as shown in

Supporting Information Figure S1. The free energy change

involved in such a transformation in either the bound state or

free state (DG), in which one or more amino acids of the wild-

type protein gradually mutates over the course of a simulation,

is calculated using the FEP formula51:

DGk ¼ �RT lnhexpð�½VkþDk � Vk�=RTÞik;

DG ¼
Xk¼1

k¼0

DGk;

where V(k) 5 (1 2 k)V1 1 kV2, V1 and V2 representing the

potential energies of the wild-type and the mutant, respectively.

The FEP parameter k changes from 0 (V1) to 1 (V2) when the

system mutates from the wild-type to the mutant, and \. . .[k

represents the ensemble average at potential V(k).
In this study, a mutation from residue A (state A) to residue

B (state B) is performed over 22 FEP windows with more win-

dows near the two endpoints to obtain better convergence of

DGs. The simulation time for each window is 0.3 ns, resulting

in a 6.6 ns long simulation per run, and at least five independent

runs starting from different initial configurations are run for

each state, resulting in 33 ns run for both the bound and free

}All force-field parameters are available on request.

8 Das et al. • Vol. 00, No. 00 • Journal of Computational Chemistry

Journal of Computational Chemistry DOI 10.1002/jcc



states (total 66 ns per mutation), much longer than the length of

similar simulations currently reported in literature.37–40 A highly

parallel and specially optimized version (for BlueGene/L) of

NAMD248 is used to perform these FEP simulations. For the

mutation of a neutral residue to a charged one, the system

charge is counter-balanced by mutating another neutral residue

far from the binding site to an oppositely charged one.34 The

positions of the residues that lie at the monomer–monomer inter-

face of HA trimer remain constrained during the FEP simula-

tions to account for the presence of other monomers. For every

single mutation, at least five independent runs are performed to

obtain the averages and the standard deviations of the binding

free energy changes.

Despite the controversy in the literature about the meaning-

fulness of breaking the total free energy into components44,52–54

and the ambiguity associated with a path-dependent decomposi-

tion, a break-up of the total binding free energy change into its

van der Waals and electrostatic components can provide useful

information about the energetic interactions involved in HA-gly-

can binding. In this study, we decompose the free energy change

associated, DGk, into:

DGk ¼ DGvdw
k þ DGelec

k þ dGcoup;

where dGcoup is the coupling free energy that arises from the

nonadditivity of the free energy components to DG. Next, DGvdw

and DGelec (as well as DG) are estimated simultaneously using

the same conformational ensemble \. . .[k at potential V(k), by
collecting the van der Waals and electrostatic interaction contri-

butions separately, i.e. V(k) 5 V(k)vdw 1 V(k)elec.
The conformational ensemble generated at the end (with k 5

1) of a FEP simulation is considered for further structural char-

acterization. For hydrogen-bond analysis, a distance cutoff of

3.5 Å and an angle cutoff of 1508 are used. The representative

conformation for a particular ensemble is selected using a cluster

analysis algorithm55 as following: we pick the neighbors for

each conformation such that the pairwise RMSDCa of the RBD

is \0.5 Å. Next, the structure with the largest number of neigh-

bors is considered as the representative conformation of the clus-

ter that contains all its neighbors. This cluster is then eliminated

from the pool of structures and the process is repeated until no

structures are left in the pool.
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