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domains but also cross-linked (e.g., Fab(l) versus HA(II) or Fab(Il)
versus HA(IlI)) domains in the complex structure of HA trimer and
Fab dimer (see Fig. 1). Thus, we here investigate the interactions
of the HA trimer with the Fab dimer by ab initio FMO calcula-
tions to quantify the interaction energies at antigenic sites, which
would provide a more quantitative measure of how each amino-
acid residue is recognized by the Fab antibody.

In the following, we first explain the computational procedure
of FMO method in Section 2. Next we show in Section 3 the results
for the assessment of the accuracy of calculation, the correlation
between hydrogen bonds and IFIE values on the surface of epi-
topes, and the prediction of amino acid mutations in HA. Concluding
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Fig. 1. (A) Visualization of IFIEs between HA trimer (1, 11, IlI) and Fab dimer (I, II)
calculated at the FMO-MP2.5/6-31G level. The color represents the sign and strength
of the interactions between each residue in the HA trimer and the Fab dimer. For
the Fab domain indicated in yellow, the red and blue fragments refer to stabilized
and destabilized interactions, respectively, and the deepness of the hue indicates
the strength of the interaction. (B) Visualization of antigenic regions A (pink) and B
(light blue) by sphere representation. The illustration was created with BioStation
Viewer [16]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

remarks are given in Section 4, where we address a possible con-
tribution of the present scheme to the development of influenza
vaccine.

2. Materials and computational methods

We consider a complex of HA trimer and Fab dimer that is regis-
tered in Protein Data Bank (PDB) with ID code of 1KEN [7]. Each HA
monomer has the antigenicregions A-E[1,3], although they are fur-
ther subdivided and sometimes overlaps of these areas have been
noted [13,14]. In particular, the Fab has been observed to be bound
with the antigenic regions of A, B and E in electron microscope
experiments [15]. The neutralization by antibodies is effective for
these regions because they are considered to bind to glycoprotein
before it binds to sugar moieties of host cell. In the case of 1KEN,
it is observed that the Fab dimer is located over both the anti-
genic regions of A and B (see Fig. 1 [16]). The antibody HC63 [17]
also recognizes the multiple HA monomers primarily through the
hydrogen bonds, then suggesting the locations of epitopes contain-
ing the residues of numbers 136, 137, 153, 158, 159, 186, 187, 189,
190, 192, 193, 225, 226 (direct-linked), and 126, 128, 162, 163, 165
(cross-linked) [7].

The FMO calculations [18,19] have been performed even for
enormous proteins like the complex of HA trimer and Fab dimer
[20]. We here employ the Hartree-Fock (HF), the second and third-
order Mpller-Plesset (MP2 and MP3) perturbation methods for
comparison. While the HF method is a rough mean-field approxi-
mation, the MP2 and MP3 perturbation methods are employed for
the description of electron correlations in the present study, where
the latter is expected to correct the tendency of overestimation of
stabilization energy in the former [21], but too much. Thus, we can
accurately evaluate the binding energy in terms of MP2.5 method
which provides a half-and-half mixture of MP2 and MP3 energies
[20,21].

Itis remarked that the effective fragment-fragment interactions
in the FMO scheme [22] are obtained in terms of the inter-fragment
interaction energy (IFIE) that is defined as

where APj is a difference density matrix, Vj; is an environmental
electrostatic potential for fragment dimer ij from other fragments,
and E; and E;’j are energies of fragment monomer i and dimer ij
without environmental electrostatic potential, respectively. These
values AE; then represent the interaction energies of an amino
acid residue with a ligand or between amino acid residues because
each amino acid is assigned as a single fragment in the present
analysis [23-25]. The IFIEs were calculated in this study to analyze
the interaction pattern and to estimate the contribution of each
residue to binding, as seen in Fig. 1.
It is also convenient to introduce [10,26]

Asgftal = X AE, (2)
which refers to the contribution of each fragment i to the binding

affinity with the domain J containing the grouped residues j. It is
noted here that

AEItjotal — Ei AEitJotal (3)

represents the inter-domain interaction between the domain I con-
taining the residues i and the domain J containing the residues

J-

The structure of the complex of HA antigen and Fab antibody for
the FMO calculations was prepared as follows. Starting with the PDB
structure (1KEN), the missing hydrogen atoms were complemented
by the MOE (Molecular Operating Environment) software (Chem-
ical Computing Group Inc.). The locations of the hydrogen atoms
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were then optimized with the MMFF94x force field. The total num-
bers of residues and atoms were 2351 and 36,160, respectively. We
carried out the FMO-HF (Hartree-Fock), MP2 and MP3 calculations
[20] with the basis set 6-31G on the Earth Simulator in Yokohama,
as in the previous work [27].

3. Results and discussion
3.1. Analysis of inter—domain interaction energies

We first study the inter-domain interactions in the complex
of HA trimer and Fab dimer. As seen in Table 1, the calculated
value of the interaction energy between the HA trimer and the Fab
dimer is +38.1 kcal/mol at the HF level, while the MP2 and MP3
results have been found to be —163.5 kcal/mol and —127.0 kcal/mol,
respectively. The reason why the interaction energy in the HF
approximation is positive (repulsive) even though the HA trimer
should be attractive to the Fab is that the dispersion energies
are not appropriately described. In earlier studies [24,28] with
the MP2 method for receptor-ligand systems, it has been demon-
strated that the dispersion energies play an important role for
describing the interactions of biomacromolecules. We evaluate
the interaction energy as —145.3 kcal/mol by the MP2.5 method,
which would provide a dependable value. The interaction ener-
gies between the HA monomers included in the complex are
—1445.5 kcal/mol to —1223.1 kcal/mol in the MP2.5, showing the
strong binding. The interaction energies between the Fab monomer
and the associated HA monomer for Fab(1)-HA(I) and Fab(II)-HA(II)

Table 2

Table 1

IFIE results (in units of kcal/mol) for inter-domain interactions in the complex of
HA-trimer (I, II and III) and Fab-dimer (I and II). The calculated values by the HF,
MP2, MP3 and MP2.5 methods with the basis set of 6-31G are shown.

Inter-domain HF MP2 MP3 MP2.5

Fab dimer-HA trimer 38.1 —163.5 -127.0 -145.3
Fab(1)-HA(1) —-288.8 -367.0 -352.8 -359.9
Fab(I)-HA(Il) 177.5 155.5 144.5 150.0
Fab(I)-HA(1ll) 1343 134.3 1343 134.3
Fab(11)-HA(T) 137.0 137.0 137.0 137.0
Fab(1l)-HA(II) -292.7 -380.4 —363.7 -372.0
Fab(II)-HA(111) 170.8 157.0 159.5 158.2
HA(1)-HA(II) -10224 -12804 -1237.1 ~1258.7
HA(IL)-HA(11I) -981.7 —1245.7 —1200.6 -1223.1
HA(1)-HA(IIl) ~1189.0 —1469.7 —14213 —-1445.5
Fab(1)-Fab(11) 210.8 197.7 199.5 198.6
Fab dimer-HA(I) -151.8 -230.0 -215.8 -2229
Fab dimer-HA(II) -115.3 —224.9 -205.0 -214.9
Fab dimer-HA(IIl) 305.1 291.3 293.8 292.6

IFIE value (kcal/mol).

are —359.9kcal/mol and —372.0kcal/mol in the MP2.5, respec-
tively. However, the interactions between the Fab monomer and
the other HA monomer, and those between the Fab domains were
found to be repulsive. These results suggest that the Fab monomers
interact attractively only with the bonding HA monomers. It is then
noted that, because of the disulfide bridge at the Fab connection site
(not seen explicitly in the structure), there is some affinity instead of
steric hindrance in this structure in spite of the repulsive interaction
[7].

Interaction energies (in units of kcal/mol) between residues calculated with FMO-MP2.5/6-31G method and the donor-acceptor distance (A) of hydrogen bonds in epitopes.
The signatures (A)-(J) are associated with those in Fig. 2. As an exceptional case in the calculation, LEU164 is listed instead of VAL163 in (J) because of the fragmentation at

Cqemployed in the FMO calculation.

Fab HA (kcal/mol) Distance (A) Fab HA (kcal/mol) Distance (A)
(A) ASN137 (B) ASN137
ASP104 -22.7 1.39 ASP104 —34.54 1.54
SER32 -8.70 1.98
TRP153 TRP153
ASP104 ~4.07 ASP104 ~1.86
Q) GLY158 (D) GLY158
PRO60 -0.42 GLY58 0.88
ALAG61 —-0.54 VAL59 0.56
SER159 SER159
PRO60 1.36 GLY58 ~5.70 1.86
ALAG1 -0.43 VAL59 -11.66 1.80
(E) SER186 (F) SER186
TYR100 -8.27 1.80 TYR100 -5.16 2.51
THR187 THR187
TYR100 —2.48 TYR100 -3.02
GLN189 GLN189
TYR109 -9.71 1.52 TYR109 —-11.12 1.76
THR192 THR192
SER57 —-11.11 1.76 SER57 0.73
SER193 SER193
SER57 -0.35 SER57 —15.31 1.60
(G) THR126 (H) THR126
SER31 -1.26 SER31 -0.75
THR128 THR128
THR74 0.14 SER28 -2.89 2.96
SER75 —-12.70 1.76
[¢)] PRO162 0 PRO162
GLY26 0.23 SER28 -2.27
VAL163 LEU 164
GLY26 0.63 SER31 ~11.44 1.54
TYR27 —11.06 2.03 GLY32 -2.08
ASN165 ASN165
SER31 -0.60 SER31 —-6.47
GLY32 -12.55 1.64 GLY32 -12.05 1.52
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Fig. 2. Details of hydrogen bonds between the Fab and the epitopes in HA. (A)-(F) and (G)~()) refer to direct-linked and cross-linked domains, respectively; (A), (C), (E) and
(B), (D), (F) refer to the interactions between HA(I) and Fab(I) or HA(II) and Fab(1l), respectively; Fab in gray, HA(I) in red, HA(II) in blue and HA(IIl) in yellow. Hydrogen bonds
are represented by dotted lines with the distance between donor and acceptor atoms.
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The hemadsorption activity (p: positive/n: negative; - means no experimental data) and IFIE results (kcal/mol) for the Fab dimer calculated with FMO-MP2.5/6-31G method
at the residue sites in antigenic regions A and B of HA. Trimer is the complex of HA(1)-(11I), and the mutation years and the types of amino acid after mutation are also listed.
The meanings of attached symbols for p sites are as follows. *: Attractive and already mutated site, **: attractive and yet to-be-mutated site, T: repulsive but already mutated
site, 1: repulsive and not mutated site.

Region A p/n HA(D HA(II HA(I1) Trimer Mutation year Mutation
PHE120 n 0.05 039 -0.19 0.24

ILE121 p -0.14 -~0.76 -0.01 -0.91 * 1995 -N
THR122 P 0.43 1.24 0.31 1.98 1 1971 T-N
GLU123 - ~46.44 -62.48 -62.62 -171.54

GLY124 p 0.15 0.24 -0.21 0.19 + 1986, 1996 G-D-S
PHE125 P -0.72 -1.29 -0.51 ~2.52 o

THR126 p 0.70 -2.74 -0.89 -2.93 * 1973 T-N
TRP127 n -0.87 -1.15 0.82 -1.20

THR128 p 0.46 ~15.66 -10.86 -26.05 >

GLY129 n -0.49 -291 -0.39 -3.80

VAL130 n 0.23 -1.03 0.74 -0.06

THR131 p ~1.92 -4.16 -1.27 -7.35 * 1987, 2001 T-A-T
GLN132 - 3.02 6.54 449 14.05

ASN133 p 0.86 0.72 1.24 2.81 Tt 1977, 1991 N-S-D
GLY134 n -0.13 0.89 -0.20 0.55

GLY135 p 1.49 -0.03 1.35 2.81 T 1993 G-T
SER136 n -15.88 -22.56 -0.13 -38.57

ASN137 p —24.48 -39.49 ~0.54 -64.51 * 1976, 1997 N-Y-S
ALA138 - -30.89 -31.00 0.89 -61.00

CYS139 n ~23.09 ~19.69 0.11 ~42.67

LYS140 n 21.08 29.32 55.39 105.79 2006 G-l
ARG141 - 33.60 52.72 59.95 146.28

GLY142 p ~1.65 -3.12 -0.01 ~4.78 * 1995 G-R
PRO143 p ~0.43 1.67 0.28 1.52 t 1977 P-S
GLY144 P -4.71 -3.79 -0.48 -8.97 * 1970, 1982, 1985, 1995 G-D-N-V-R
SER145 p 1.52 -0.65 0.51 1.38 H 1975, 1993, 2004 S-N-K-N
GLY146 p -6.34 ~7.00 —0.48 -13.82 * 1977 G-S
PHE147 p 9.40 7.89 -0.34 16.94 11

PHE148 n -3.34 -1.86 0.36 ~4.83

SER149 - -0.97 —1.42 -1.25 —3.64

ARG150 - 40.23 55.59 56.94 152.76

LEU151 n -0.97 -0.64 -0.46 ~2.07

ASN152 n 3.06 1.05 -0.80 3.31

TRP153 n -3.57 -0.17 0.89 -2.84

Region B p/n HA(I) HA(II) HA(ID) Trimer Mutation year Mutation
LEU154 - -0.18 -1.72 -1.18 -3.09

THR155 p ~1.78 -0.29 -0.55 ~2.62 * 1971, 1986, 2001 T-Y-H-T
LYS156 P —24.52 -33.47 82.77 24.78 T 1992, 1995, 2001 E-K-Q-H
SER157 P 0.97 1.02 1.15 3.14 i1 1993 S-L
GLY158 p —1.68 -9.35 ~1.47 -12.50 * 1976, 1995 G-E-K
SER159 p ~6.54 -28.09 212 -32.52 * 1985, 2002 S-Y-F
THR160 p 3.90 -3.96 032 0.25 1 1977 T-K
TYR161 - 1.89 6.83 3.24 11.96

PRO162 - —2.61 ~3.64 -2.38 —8.64

VAL163 p 0.93 -4.04 ~0.13 ~3.24 * 1983 V-A
LEU164 - 0.01 -11.25 ~16.43 —~27.66

ASN165 p -1.16 ~2.44 ~8.93 ~12.53 *

VAL166 - 0.05 ~8.92 -2.13 ~11.00

THR167 - -0.04 5.16 279 7.91

MET168 - 0.05 -3.88 ~3.47 ~7.30

PRO169 - -0.03 2.79 224 5.00

ASN170 n 0.46 -2.03 -1.61 -3.18

ASN171 - -0.29 2.19 1.56 3.46

ASP172 p ~45.49 -60.16 ~59.56 -165.21 * 1976, 1993, 1998 D-G-D-E
ASN173 p -0.24 0.27 0.04 0.07 T 1982 N-K
PHE174 p 032 0.75 0.78 1.85 T

ASP175 - ~46.03 —-49.56 -51.96 ~147.55

LYS176 - 46.24 58.73 59.82 164.80

LEU177 - -0.21 1.15 0.72 1.67

TYR178 n 0.02 -0.76 -0.63 -1.37

ILE179 n -0.23 1.01 0.89 1.67

TRP180 - 0.30 -1.31 ~1.86 ~2.87

GLY181 n 0.23 1.07 1.24 254

ILE182 p ~1.04 ~1.24 -1.65 -3.94 * 1968 I-v
HIS183 n 2.45 35.21 64.98 102.64

HIS184 - 33.53 43.09 55.72 132.34

PRO185 n 6.73 4.00 0.58 11.31

SER186 - -15.94 ~11.42 0.45 —26.91 1999, 2009 S-G
THR187 - -12.59 -6.99 ~0.02 -19.61

ASN188 p 592 053 ~1.49 4.96 1 1970 N-D
GLN189 p -20.65 -28.95 -1.02 -50.61 * 1973, 1987, 1992, 2002 Q-K-R-S-N
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Table 3 (Continued )

Region B p/n HA(I) HA(Il) HA(II) Trimer Mutation year Mutation
GLU190 - ~11.47 ~25.83 —64.32 -101.62 1991 E-D
GLN191 n 5.85 3.99 0.86 10.70

THR192 p -12.54 -0.15 -1.35 -14.03 * 1998 T-1
SER193 p -13.02 -33.20 -3.15 -49.37 * 1972, 1989, 2004 S-N-S-F
LEU194 - 11.86 13.37 -2.04 23.19

TYR195 - -0.48 -2.94 -0.50 -3.93

VAL196 p -3.64 -6.97 -2.05 ~12.66 b

GLN197 p -3.37 0.21 1.97 -1.18 * 1977, 1993 Q-R-Q
ALA198 p 1.47 3.85 2.70 8.02 1

SER199 - 0.67 244 1.72 4.82

GLY200 - -0.12 -1.41 -0.96 -2.49

ARG201 - 55.63 55.57 64.96 176.16

VAL202 n 0.25 -1.09 ~1.57 ~2.42 2001 V-1
THR203 - -0.10 1.56 1.55 3.01

VAL204 n 0.18 —1.48 ~1.02 -2.33

Itis known that the MP2 method significantly overestimates the
stabilization energy, while the MP3 method underestimates it. To
include the higher-order perturbation effects needs the consider-
able computational costs even by one order. Therefore, we rely on
the MP2.5 method [20,21] in the following analysis to represent the
interaction energies of amino acid residues, which would provide
a quantitative measure.

3.2. Fluctuations in monoclonal antibody recognition

In the analysis of inter-domain interaction energies, we have
found that the effect of cross-linked interaction energies should
be assessed as well. To gain the information on the molecular
recognition by hydrogen bonds in epitopes, we investigate the
structures (Fig. 2) and the interaction energy values (Table 2) of the
HA antigen-antibody complex. (The signatures (A)-(J) correspond
with each other between Fig. 2 and Table 2.)

As seen in Fig. 2(A) and (B) with Table 2(A) and (B), the residue
ASP104 in the Fab(I) is bonded by the oxygen and hydrogen atoms
to the residue ASN137 in HA(I) with the distance of 1.39 A, where
the calculation result for IFIE is —22.70kcal/mol. (Hereafter, the
distance represents that between hydrogen-bonded donor and
acceptor atoms.) On the other hand, the residues ASP104 and
SER32 in the Fab(ll) are bonded to the residue ASN137 in HA(II)
with 1.54A and 1.98 A, respectively; the calculation results for
the corresponding IFIEs are —34.54 kcal/mol and —8.70 kcal/mol,
respectively. As observed in Fig. 2(C) and (D) with Table 2(C)
and (D), the residue ALA61 in Fab(I) interacts attractively with
GLY158 and SER159 in HA(I), while both the residues VAL59 and
GLY58 in Fab(Il) interact with GLY158 and SER159 in HA(II). We
also see in Fig. 2(E) and (F) with Table 2(E) and (F) that the
interactions between THR192 and SER57 are attractive and repul-
sive in HA(I)-Fab(I) and HA(Il)-Fab(II) complexes, respectively. As
an exceptional case in the calculation, as seen in Fig. 2(J) and
Table 2(J), LEU164 instead of VAL163 interacts strongly with the
Fab by the carbonyl oxygen because of the fragmentation made
at Cy, which is employed in the standard FMO recipe [18,19].
In this way, as observed in Fig. 2 and Table 2, the energy val-
ues are calculated to be about —5 to —15 kcal/mol with forming
the hydrogen bonds shorter than 2A, while other electrostatic
interaction energy values like the interaction with ASP are larger
in magnitude than them. Although the monoclonal antibodies
recognize the identical region in HA, the Fab monomers inter-
act with HA trimer with fluctuations. In addition, it is remarked
that the present analysis is based on a stable snapshot structure
obtained in terms of X-ray crystallographic experiment. Thermal
effects at physiological temperatures may thus cause considerable
fluctuations in molecular structures and associated interactions

of complexes. We should take into account these circumstances
in specifying the important amino-acid residues in the HA
antigen.

3.3. Hypothetical scheme for predicting the mutations in HA

For the probable mutations of amino acid residues in HA, the fol-
lowing two conditions should be satisfied [10]: that is, the mutant
HA should preserve its viral function and also be able to escape
the antibody pressure. The former condition is associated with the
experimental work carried out by Nakajima et al. [11,12], in which
they have extensively introduced single-point mutations in HA
and measured the hemadsorption activity of the mutants to assess
whether the mutated sites are allowed (positive) or prohibited
(negative). The latter condition is associated with the theoretical
work in which attractive or repulsive interaction energies with
the Fab dimer are evaluated in terms of the values of IFIE sum of
the residues in the HA antigenic regions A and B (Table 3). Our
hypothesis [10] is that the residues satisfying these two conditions
above (i.e., allowed site and attractive interaction) will have a high
probability of mutation, which will be examined below through
comparison with the historical facts concerning the actual muta-
tions in HA.

Table 3 shows the data regarding the positive(p)/negative(n)
sites and the interaction energies with the Fab dimer at the
MP2.5/6-31G level for all the amino acid residues in the HA
antigenic regions A and B. At first, there are 21 residues of allowed
and attractive sites which may be predicted to lead to mutations
in our scheme. We see that 17 residues (represented by the sym-
bol *) of them have already been mutated. The other four residues
(represented by the symbol **) may be expected to be mutated in
future. Next, there are 14 residues at allowed and repulsive sites.
Three residues (represented by the symbol ) of them have not
mutated corresponding to our criterion for mutation. However,
there are eleven residues (represented by the symbol t) seem-
ingly against our prediction, which are located at the repulsive
sites but have experienced the mutations. We will discuss and
explain these cases below, where we will categorize them into
the charged, polar and hydrophobic residues for quantitative char-
acterization of amino acid residues. In addition, there are a few
exceptions concerning the criterion above by the hemadsorption
experiment; LYS140 and VAL 202 experienced the mutations in
spite of prohibited (n) sites, which may be explained in terms of the
differences of mutations between those introduced in the hemad-
sorption experiment [11,12] and observed actually. Fig. 3 shows the
IFIE sums between Fab dimer and each HA monomer in antigenic
regions A and B. It is noted that the red bars represent the sites
that are allowed (p: positive) and show an attractive interaction
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with Fab dimer, which will have a high probability of forthcoming
mutation.

As shown in Fig. 3(A), the charged residues LYS156 and ASP172
have possibility to mutate because of positive (allowed) sites and
attractive interactions with Fab dimer. In fact, these sites have
mutated many times until now. Interaction of LYS156 in HA(III)
is very repulsive against Fab dimer because of its non-bonding
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to Fab dimer with positive charge. However, it shows the large
attractive interaction values in HA(I) and (II) so that LYS156 expe-
riences the antibody pressure by the Fab monomers. It is also
noted that K156E is favorable for receptor binding and was actually
selected under the pressure of antibodies [29]. Interaction ener-
gies of charged residues were quantitatively too large due to the
neglect of screening effect in the present FMO calculation in vacuo,
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Fig. 3. IFIE sums between Fabs and the residues in the antigenic regions A and B calculated with FMO-MP2.5/6-31G method: (A) charged residues; (B) polar residues; (C)
hydrophobic residues. The red bars represent the sites that are allowed (p: positive) and show an attractive interaction with Fab dimer, which will have a high probability of
forthcoming mutation; other cases are depicted by the blue bars. The number of stars represents the times of mutations observed already. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)
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while the comparative features (relative importance and attractive
or repulsive interaction) of individual residues are supposed to be
described relevantly.

As seen in Fig. 3(B), there are 18 polar residues located at pos-
itive (allowed) sites. The eleven sites (126, 128, 131, 137, 155,
159, 165, 173, 189, 192 and 193) are under the antibody pressure
apparently, 10 of which have already mutated. The residue 128
may be expected to be mutated in future. Although seven residues
(122, 133, 145, 157, 160, 173 and 188) show repulsive interac-
tions with Fab dimer, they have been mutated. The mutations at
the 122 and 133 sites have obtained the ability of the oligosaccha-
ride attachment by mutations [30,31]. The residue 133 was actually
recognized by monoclonal antibodies until recently [32]. The sub-
stitutions N145K and N188D have caused structural changes which
allow for the escape from the neutralization by antibodies [33,34].
The substitution S157L allowed for the escape from the antibody
HC19 [15]. THR160 receives opposite interactions from multiple
Fab monomers. In this case, there are some bonding fluctuations
concerning the HA(I) and HA(II) interactions with Fab monomers.
We thus suggest that THR160 is under the pressure of an anti-

body. Because of very small interaction with Fab dimer, the residue
ASN173 could not be treated by our prediction scheme.

As observed in Fig. 3(C), the hydrophobic residues show smaller
interaction energies than the charged and polar residues. In the
present electron-correlated FMO calculations, we can consider the
dispersion interactions quantitatively. There are 15 hydrophobic
residues located at the allowed (positive) sites. Nine residues (121,
125, 142, 144, 146, 158, 163, 182 and 196) are under the antibody
pressure apparently, and seven of them have already been mutated.
The residues PHE125 and VAL196 may be expected to be mutated in
future. Although three residues (124, 135 and 143) show repulsive
interactions with Fab dimer, they have been mutated. The substitu-
tion G135R enhances the attractive interaction with glycoprotein
[29], and G135T enhances the attractive interaction with sialic acid
[35]. The remaining residues GLY124 and PRO143 interact with Fab
monomers by 0-1 kcal/mol, which are very weak interactions.

Thus, we have obtained satisfactory results in fair agreement
with the historical mutation events, as well as in the earlier study
[10]. These results above which were calculated in vacuo, how-
ever, ignore the screening effects by solvents [36,37]. Especially,
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the IFIE values between charged fragments are substantially over-
estimated. To cope with this difficulty, although it costs much more,
it would be desirable to incorporate the solvation effects into the
FMO calculation with, e.g., the Poisson-Boltzmann equation [38]. If
this method would be combined with the IFIE calculations, we can
evaluate the interaction energies more quantitatively, while care-
ful treatments for the protonation state and the counterions would
be required. (Standard aqueous solution pK; values are assumed
in the present analysis.) Further issues to be investigated are the
contributions associated with entropy and electronic polarization
effects [36,37] in the complex. On the other hand, concerning the
calculation levels, it has been observed [28,39] that the relative
ordering of the binding energies can be obtained even at such low
level as HF/STO-3G. In addition, we can further assess the relative
importance of energy values by categorizing the charged, polar
and hydrophobic residues, while the interaction energies associ-
ated with the hydrophobic residues should be addressed by taking
into account the electron correlation effects appropriately.

4. Concluding remarks

The influenza vaccines have been developed mainly against tar-
get HA proteins, while it has been difficult to predict forthcoming
mutations in HA. We note that only the current calculations can-
not detect probable mutations, which may also be associated with
the maintenance of HA functions. However, in our combination of
computational and experimental methods, to overcome this diffi-
culty, we attempted the detection of possible amino-acid mutations
to escape from the antibodies with the aid of the measurement
of hemadsorption activities in antigenic regions. As a result, our
prediction scheme was found to be consistent with the historical
facts of mutations by 83%. (We have picked up the 21 residues
of allowed and attractive sites, and two more ones, LYS156 and
THR160, showing the attractive interactions at HA monomer level,
of which 19 sites have actually mutated.) On the other hand, some
mutations unexplained in this analysis were found: however, for
example, the substitutions N145K and N188D seemed to induce the
structural changes between the HAs of antigenic mutant and the
wild type, and G135R and K156E enhanced interactions with gly-
coprotein under the monoclonal antibodies. Almost all exceptional
mutations against our prediction could be explained by consid-
ering these previous studies in the literature. Thus the challenge
will now be focused on the elucidation of the possible functions of
glycoproteins to identify these exceptions. In addition, amino acid
changes at more than one residue on the same antigenic site are
observed [40,41] for antigenic drift, whose elucidation associated
with some cooperative effects may be another challenge. Nonethe-
less, we expect that this novel computational approach addressed
in the present work would be useful for influenza vaccine develop-
ments as well.
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Abstract: Quantum mechanical fragment molecular orbital calculations have been performed for receptor binding of the
hemagglutinin protein of the recently pandemic influenza 2009 HINI1 (2009/HIN1pdm), A/swine/lowa/1930, and
A/Puerto Rico/8/1934 viruses to a2-6 linked sialyloligosaccharides, as analogs of human receptors. The strongest receptor
binding affinity was observed for the 2009/HIN1pdm. The inter-fragment interaction energy analysis revealed that the
amino acid mutation of 2009/H1N1pdm, Ser145Lys, was a major cause of such strong binding affinity. Strong ionic pair
interaction between the sialic acid and Lys145 was observed only in the 2009/HIN1pdm, in addition to the hydrogen bond
between the sialic acid and GIn226 observed in all the HAs. Therefore, pandemic 2009/H1N1pdm has been found to rec-
ognize the a2-6 receptor much stronger than the 1930-swine and 1934-human.

Keywords: Pandemic influenza 2009 HIN1 virus (2009/H1N1pdm), influenza hemagglutinin (HA), sialic acid recognition,
fragment molecular orbital (FMO) method, quantum mechanical calculation, sialo-sugar chain.

1. INTRODUCTION

The emergence of the pandemic influenza 2009 HIN1
(2009/H1N1pdm) viruses has become a world-wide health
concern. This virus spread rapidly to countries worldwide,
suggesting the ease of human-to-human transmission [1-6].
Three kind of membrane proteins exist in the surface of in-
fluenza virus: hemagglutinin (HA), neuraminidase (NA), and
M2 proton channel which play key role in the processes of
viral penetration, viral elution, and viral replication, respec-
tively [7-10]. A series of significant progresses in studying
influenza virus and these membrane proteins, both experi-
mentally and theoretically, have been reported recently [1-
35]. The infection of influenza occurs via a binding of HA
protein to terminal sialic acids of glycoproteins as the cellu-
lar receptors for influenza virus. Two types of linkage, 02-6
and a2-3, between sialic acid and the penultimate galactose
residues of carbohydrate side chains found in nature. Human
influenza viruses recognize the a2-6 linked sialyloligosac-
charides (02-6 receptors), avian viruses recognize the o2-3
linked sialyloligosaccharides (a2-3 receptors), and swine
viruses recognize both. Such selectivity characterizes the
binding specificity of host receptors [7-9, 11] Therefore, it is
important to quantitatively evaluate binding affinity of HA to
a2-6 receptors for the understanding of the infection of
2009/HIN1pdm virus to human.
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Since the outbreak in April 2009, several theoretical dis-
cussions about the surface membrane proteins for 2009/
HiNlpdm virus have been made based on the three-
dimensional structures [12-15]. The amino acid sequences of
2009/HIN1pdm virus were published from the NCBI Influ-
enza virus resources [16]. The present study is focused on a
HA for 2009/HIN1pdm virus, and its crystal structure was
also published from the Protein Data Bank [17]. Although
the crystal structures of HA-receptor complex have not been
published, several discussions of the receptor binding speci-
ficity have been reported from both the viewpoints of se-
quence and steric structure [5]. The existence of a positively
charged ‘lysine fence’ from Lys133, Lys145, and Lys222,
and additional receptor contact with Asp225 have been dis-
cussed as a potential key interactions for receptor binding
properties of 2009/H1N1pdm HA. In addition to such struc-
tural discussions, molecular simulations enable quantitative
discussions about molecular interactions between HA and
receptors. Here, we have performed quantum mechanical
(QM) calculations to analyze the receptor binding of HA
based on the 3D-structure of the HA-receptor complex. Be-
cause the 2009/HI1N1pdm virus contains an HA gene seg-
ment from North American swine lineages, and the crystal
structure of the complex between A/swine/lowa/1930 (1930-
swine) HA and a2-6 receptor, Sialyllacto-N-tetraose ¢
(LSTc), have been reported [18], we have modeled 3D-
structures of the complex between A/California/04/2009
(one of 2009/HIN1pdm virus) HA (Cal4 HA) and a2-6 re-
ceptor from those of the 1930-swine HA. We have also cal-
culated binding specificity of two HAs of HIN1 virus with

© 2011 Bentham Science Publishers Ltd.
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human «2-6 receptor: A/swine/lowa/1930 and A/Puerto
Rico/8/1934 HA, the template swine HA and a prototype
human HA (1934-human), respectively.

We applied the fragment molecular orbital (FMO)
method [36, 37], which has been developed for efficient and
accurate QM calculations for biomolecules, to the detailed
analysis of molecular interactions between HA and sialo-
sugar chain receptor. The FMO method has already been
applied for molecular interactions in some influenza HA
systems: host receptor specificity of HA [38-40] and HA
antigen-antibody system [41-43]. Based on the FMO method
and the inter-fragment interaction energy (IFIE) analysis [38,
41, 44] detailed interactions among amino acid residues can
be analyzed, and it is also possible to specify the amino acids
governing the receptor-binding of HA. Here, we report the
FMO results for binding properties between the human o.2-6
type receptor and H1HAs of 1930-swine, 2009/H1N1pdm,
and 1934-human. Many studies have indicated that computa-
tional approaches, such as structural bioinformatics [45-47],
molecular docking [48,49], predicting drug-target interaction
[50], pharmacophore modelling [51], and binding mecha-
nism studies [38-40, 44, 49, 52] can timely provide very use-
ful information and insights for drug development and hence
are widely welcome by science community. The present
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study is attempted to use the QM FMO calculations to inves-
tigate the binding mechanism of human receptor with influ-
enza HA in hopes to provide useful insights not only for re-
vealing true binding mechanisms [24,25,38-40] but also for
drug design [26, 28, 31, 53-60] and vaccine developments
against influenza virus.

2. MATERIALS AND METHODS

The initial atomic coordinates of the complexes between
HIHA and a2-6 receptors were obtained from the Protein
Data Bank (PDB ID: 1RVT and 1RVZ for 1930-swine and
1934-human HAs, respectively) [18]. For the 1930-swine
HA-receptor complex, 484 amino acid residues and five
units of sialo-sugar chain (Sial-Gal2-GIcNAc3-Gal4-
GIcNAc5) were employed for simulations. On the other
hand, 483 amino acid residues and three units of sialo-sugar
chain (Sial-Gal2-GlcNAc3) were employed for the 1934-
human HA-receptor complex. The molecular geometry of
2009/HINIpdm HA complex was modeled from those of
1930-swine HA: the side chains of 1930-swine HA amino
acid residues were replaced with those of 2009/HIN1pdm
(Cal4) HA at the corresponding positions based on the se-
quence alignment (Fig. (1)). Classical molecular mechanics

HAT 1 69
1934human DTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKL CRLKGIAPLOLGKCNIAGH
1930swine DTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCRLGG I APLLGKCN [ AGH
2009/HINTpdm  DTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDKHNGKLCKLRGVAPLHLGKCN [AGH
Fok L L Rkkkk Dk ok Dekok okkkokokokkok
124
1934human LLGNPECDPLLPVRSHSY [ VETPNSENGI CYPEDF IDYEELREQLSSVSSFERFEIFPKE
1930swine LLGNPECDLLLTVSSHSY IVETSNSDNGTCYPGDF IDYEELREQLSSVSSFEKFEIFPKT
2009/H1NTpdm ILGNPECESLSTASSHSY IVETPSSDNGTCYP IDYEELREOLSSVSSFERFEIFPKT
okkkokk L k| L Lk kk < ekkolokok
8
1934human SSWPNHNTN-GN TAAGSHEGKSSFYRNLLIWL TEKEGSYPKLKNSYVNKKGKEVLVLWG
1930swine SSWPNHETTRG PYAG SSFYRNLLWLVKKGNSYPKLSKSYVNNKGKEVLVLWG
2009/HiNTpdm  SSHPNHDSNKG FHAG FYKNLI VKKGNSYPKLSKSY INDKGKEVLVLWG]|
koK | ook | ok | DR sekekook, Dok Dk, dkkokokakokodoksok |
00p 130 243
1934human HPPNS EQQNLYQNENAYVSVVTSNYNRRFTPEIAEW“KVRDU‘GRMNYYWTLLKPGDTI
1930swine HPPTSTDQQSLYGNADAYVSVGSSKYDRRF TPE I AARPKVRGQAGRMNYYWTLLEPGDT
2009/HINTpdm  HPSTS DOQSLYQNADTYVFVGSSRYSKKFKPElAlﬂ'KVRDQ GRMNYYWTLVEPGDK I
Aok, ok | DRk kolokok [ ok ok Dk ok, DDk sholokok sipokekok, K skokskokskolokokok T 2 dokok, %k
Helix 190 Loop 220 302
1934human IFEANGNL IAPMYAFALRRGFGSG I [ TSNASMHECNTKCQTPLGA INSSLPYGNIHPVTI
1930swine TFEATGNLVAPRYAFALNRGSGSGI  TSDAPVHDCDTKCQTPHGAINSSLPFQNIHPVTI
2009/HINTpdm  TFEATGNLVVPRYAFAMERGAGSGI I ISDTPVHDCNTTCQTPKGAINTSLPFGNIHPITI
otk dokok 1k dkolokok Lok dlolokolok ok DL Dok Dk Dok shokskok kokokok ©skokok - skokskakok - ok
1934human GECPKYVRSAKLRMVTGLRNIPAR
1930swin GECPKYVKSTKLRMATGLRNIPAR
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HA2 60
1934human GLFGATAGF IEGGHTGMIDGHYGYHHONEQGSGYAADGKSTONA NG I TNKVNSVIEKMN
1930swine GLFGATAGF IEGGHTGL IDGHYGYHHONEQGSGYAADGKSTQNALDG I TNKVNSVIEKHN
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b * 3
120
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156
1934human KVKSQLKNNAKE [ GNGCFEF YHKCDNECMESVRNGTYDYP
1930swine KARSQLRNNAKE [ GNGCFEFYHKCDDACMESVRNGTYDYP
2009/HINTpdm  KVRSQLKNNAKE I GNGCFEFYHKCDNTCMESVKNGTYDYP

*, koK | o dekokokok

Figure 1. Sequence alignment of 1930-swine, 2009/ HIN1pdm, and 1934-human HAs using the CLUSTALW [69]. "*' indicates fully con-

served residue, "'

indicates the residue with strong similarity, and '." indicates the residue with weaker similarity. Residue numbering is on the

basis of H3 HA sequence. The red square indicates ‘Ser145Lys’ position, The blue squares with rounded corners indicate receptor binding
site (Helix 190, Loop130 and Loop220) and conserved residues (Tyr98, Trp153 and His183).
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(MM) calculation, including the coordination and minimiza-
tion of hydrogen and mutated side chain atoms, were per-
formed with parm99SB and GLYCAM_06 force fields using
the Amber program [61]. In detail, the system was at first
minimized in an implicit water solvent using the Generalized
Born (GB) model with force constant of 500 kcal/mol-A®
applied to all atoms except for mutated amino acids, fol-
lowed by all atom minimization in the GB environment.
Such modeled geometry for HA portion of 2009/HIN1pdm
complex was confirmed to be similar to published PDB crys-
tal structure of free HA [17] (RMSD of backbone atoms in
HA1 was 154 A). Using these geometries, the ab initio FMO
calculations [36, 37, 62] were carried out under gas-phase
conditions at the Hartree-Fock (HF) and Moller-Plesset sec-
ond order (MP2) levels with the 6-31G* basis set [63,64].
Additionally, the FMO calculations using the spin-
component scaled MP2 (SCS-MP2) methods [65, 66] were
also carried out in order to modify the overestimation of
MP2 binding energies. Note that the geometries of free HA
and receptor were fixed at the complexed geometries in the
binding energy calculations. The fragmentation of the system
was as follows: each amino acid residue of HA, the sialic
acid moiety, and each sugar moiety were treated as a single
fragment (See Fig. (2)) [67]. Therefore, inter-fragment inter-
action energy (IFIE) analysis can be performed in an amino
acid and sugar residue unit. All the FMO calculations were
performed with the ABINIT-MP program, and the visualiza-
tion was carried out with a BioStation Viewer [68]. In the
following section, we discuss the results calculated at the
FMO-MP2/6-31G* level of theory, unless otherwise stated.

&
‘tyo?‘o . Ve o, o,
Coo” ’ ’ X

Sial Gal2 GlcNAC3 Gal4 GleNAcS

Figure 2. Schematic draw of fragmentation for the sialo-sugar
chain. The “*’ symbols indicate bond detached atom (BDA).

3. RESULTS
3.1. Binding Energies Between HA and Receptor

In order to estimate binding strength between HA and
receptor, both binding energies and IFIEs were analyzed.
The binding energies between HA and receptors were calcu-
lated by the following equation:

AE = E(complex) — {E(HA) + E(receptor)} €))

where E(complex), E(HA), and E(receptor) were the total
energy of HA-receptor complex, free HA, and free receptor,
respectively. As shown in Fig. (3a), the overall structures
among three HAs of 1930-swine, 2009/H1N1pdm, and 1934
human, were very similar. The calculated binding energies
for these HAs were -234, -284, and -155 kcal/mol, respec-
tively at the MP2/6-31G* level (Table 1), indicating the
strongest receptor binding for 2009/HIN1pdm. The SCS-
MP2 treatment reduced the overestimation of correlation
energies by almost 20%. The sum of IFIE between fragments
of HA and those of receptor (IFIE sum) could also be used as
the approximate estimation of binding energies [41,44]. Note
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that similar tendency was observed for IFIE sum values:
IFIE sum between HA and receptor with three sugar chains
were -263, -329, and -205 kcal/mol for 1930-swine, 2009/
HIN1pdm, and 1934-human complexes, respectively (MP2/
6-31G*).

3.2.1930-Swine HA and 2009/H1N1pdm HA

Interactions between sialo-sugar chain and each amino
acid residue of HA were compared between 1930-swine HA
and 2009/H1N1pdm HA, based on the IFIE analysis. Fig. (4)
shows numerical representations of IFIE for each residue of
HAs with the five sialo-sugar chains receptor, Sial-Gal2-
GlcNACc3-Gal4-GlcNAcS. Residues with strong interactions
such as Lys133 — Alal138 and Arg220 — Arg229 were located
around the receptor. Some distant residues with negative
charge (Asp and Glu) also indicated strong repulsive interac-
tions (Fig. (4a and 4b)). The IFIE results of 2009/ HIN1pdm
were also visualized according to color in Fig. (3e). Fig. (4¢)
shows the IFIE difference between two HAs, AIFIE, and
amino acids with the large absolute values of AIFIE are also
listed in Table 2. The residue 145 was remarkably stabilized
for 2009/HIN1pdm HA with the Serl45Lys substitution
(AIFIE = 97.4 kcal/mol). The molecular structure at the re-
ceptor binding site indicated that the sialic acid form an ionic
pair with mutated Lys145 in addition to the hydrogen bond
with GIn226 in the 2009/ HINIlpdm HA complex. Their
distances were 1.79 and 2.10 A, respectively (Fig. (3¢)). For
the 1930-swine HA, however, only the hydrogen bond with
the GIn226 was observed (1.94 A), and the Ser 145 was lo-
cated at the distant position (3.54 A) (Fig. (3b)). Such situa-
tion was thought to be a cause of large AIFIE value of
Ser145Lys. Ala227Glu and Gly225Asp were also found to
have large differences, -22.4 and -21.8 kcal/mol, respec-
tively, which is located near the Gal2 moiety of the receptor.
No other residue was observed around the receptor with the
AIFIE of more than 10kcal/mol. Such small differences may
originate in the molecular structure of 2009/HIN1pdm HA
as a modeling structure from the 1930-swine HA template.
As well as the binding energies, the individual IFIE values
showed the same tendency among the MP2 and two SCS-
MP2 methods.

3.3.1934-Human HA and 2009/H1N1pdm HA

Interactions between the receptor and HA of both human
HIN1 viruses, 2009/HIN1pdm and 1934-human, were also
compared. Fig. (5) shows numerical representations of IFIE
for each residue of HAs with the three sialo-sugar chains
receptor, Sial-Gal2-GlcNAc3. Binding energy of 2009/
HIN1lpdm HA with the five sialo-sugar chains receptor was
twice larger than that of 1934-human HA with the three
sialo-sugar chains receptor (Table 1). Different lengths of the
sugar chains were thought to be one reason of such large
difference. Here, interaction analysis with three sialo-sugar
chain length of receptor was possible for both HAs based on
the IFIE analysis. For the 2009/HIN1pdm, HA-receptor in-
teractions were found to be similar to the case of five sialo-
sugar chain receptor. For the 1934-human, residues strongly
interacting with the sialo-sugar chain were similar to those of
2009/H1N1pdm, however, some repulsive residues, for in-
stance Glul90, Glu219, Glul42 and Glul56, which were
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Figure 3. Molecular structures of three HAs (a-d). (a) Overall structures of superimposed backbones. (b-d) Structures at the sialo-sugar chain
receptor binding site: (b) 1930-swine, (¢) 2009/ HIN1pdm, and (d) 1934-human. Receptor, GIn226, and Lys145 (Ser145) are displayed with
stick representation. The line representation is the Ca backbone. (e) Visualized IFIE results calculated at the MP2/6-31G* level for the com-
plex for the 2009/HIN1pdm HA with 0:2-6 receptor (yellow). Red and blue for residues refer to the interaction energies of stabilization (nega-
tive) and destabilization (positive), respectively. The range from -20 to +20 kcal/mol is shown with gradation.

Table 1. Binding Energies and Inter Fragment Interaction Energy (IFIE) Between HA and Receptor

1930-Swine 2009/H1IN1pdm 1934-Human

HF/6-31G* AE -172.5° 217.8* -106.0°
IFIE® 2176 273.4 -

IFIE -198.3 -256.1 -145.5

MP2/6-31G* AE 23440 284.2° -154.7°
IFIE® 2917 -353.9 .

IFIE -263.1 -328.7 -204.8

SCS-MP2 (Grimme) AE 219.9* 268.7° -1432°
IFIE® 2765 -337.5 ;

IFIE® 249.8 -313.8 -192.8

SCS-MP2 (Hill) AE 227.0° 276.3° -149.1°
IFIE® 278.5 -339.6 -

IFIE 251.6 -315.9 -193.9

in kcal/mol

a Sial-Gal2-GIcNAc3-Gal4-GIcNAc5 was used as the receptor

b Sial-Gal2-GIcNAc3 was used as the receptor
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Table 2. IFIEs Between Five Sialo-Sugar Chains Receptor and each Amino Acid Residue of the HAs
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1930-swine 2009/H1N1pdm

Residue IFIE Residue IFIE AIFIE
Ser145 -2.08 Lys145 -99.46 97.4
Thr214 0.16 Lys214 -12.77 12.9
Glu305 6.20 Lys305 -6.39 12.6
Asp210 10.59 Ser210 0.05 10.5
Thr242 0.13 Lys242 -8.66 8.8
GIn226 -43.92 Gln226 -51.66 7.7
His286 0.03 Lys286 =727 7.3
Gly60 0.12 Arg60 -6.99 7.1
Asp279 7.10 Asn279 0.12 7.0
Serd6 0.09 Lys46 -5.63 5.7
Lys281 -6.16 Thr281 0.09 -6.2
Lys222 -56.56 Lys222 -48.72 -7.8
Ser193 -12.62 Ser193 -4.70 -71.9
Asn261 -0.34 Glu261 8.19 -85
Asnl71 -0.44 Aspl71 9.17 -9.6
Lys405 -9.66 Glud05 9.14 -18.8
Gly225 4.94 Asp225 26.76 -21.8
Ala227 -1.97 Glu227 20.48 -22.4

substituted residues, were newly observed. AIFIE values in
Fig. (5¢) and Table 3 show, again, a high peak at position
145, where different residues were observed between 2009/
HINIpdm and 1934-human HAs (AIFIE = 100.9 kcal/mol).
Also, IFIE at the GIn226 was destabilized for 1934-human,
AIFIE = 25.9 kcal/mol. This is because the hydrogen bond
length between sialic acid and GIn226 was observed to be
longer (3.20 A) than 2009/H1N1pdm (Fig. (3d)). The other
hydrogen bond length of sialic acid with the Ser145 was still
long (3.62 A). Another large AIFIE values were observed at
the positions where different amino acid residues were found
between 1934-human and 2009/H1N1pdm HAs. Compared
to the difference between 1930-swine and 2009/HIN1pdm
HAs, larger AIFIEs (more than 10kcal/mol) were monitored
at extensive positions of 2009/HINI1pdm and 1934-human
HA.

4. DISCUSSION

Summarizing three HAs, both amino acid sequence and
overall backbone structures were very similar (Fig. (1 and
3a)). The amino acid sequence of receptor binding site, He-
1ix190 (190-198), Loop130 (135-138), Loop220 (221-228),
Tyr98, Trpl53, and His183 [38], were highly conserved.
However, the side chain structures at the receptor binding
site (Fig. (3b-3d)) indicated that the sialic acid formed hy-

drogen bond with the Gin226 for all three HAs but an addi-
tional ionic pair bond between residue Lys145 and the sialic
acid was found only for 2009/HIN1pdm HA. Both 1930-
swine and 1934-human HAs have Ser145, which formed a
weak or no hydrogen bond with the sialic acid. Most of
2009/ HIN1pdm HA has Lys at the position 145. IFIE
analysis provided quantitative theoretical evidence for these
interactions, and such hydrogen bonds and ionic pair net-
works made strong bindings between 2009/HINIpdm HA
and human-type receptor. Therefore, the current swine-origin
pandemic virus has been found to recognize the a:2-6 recep-
tors (human type) much stronger than 1934-human, a proto-
type human virus, and 1930-swine, an ancestor of the 2009/
HIN1pdm virus.

Furthermore, together with the discussions based on the
steric structures [5], IFIE analysis provides in-depth informa-
tion about HA-receptor interaction. Sum of IFIE values be-
tween a2-6 receptor (three sialo-sugar chain length) and a
positively charged ‘lysine fence’-which are constructed from
Lys133, Lys145, and Lys222 in 2009/HIN1pdm (Cal4);
from Argl33, Serl45, and Lys222 in 1930-swine; and from
gap at position 133 (see Fig. (1)), Serl45, and Lys222 in
1934-human-were -184.7, -89.0, and -60.4 kcal/mol, respec-
tively. Clearly, interactions between such ‘lysine fence’ of
2009/HIN1pdm and a2-6 receptor stabilize their binding.
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Figure 5. IFIEs between the three sialo-sugar chains receptor and each amino acid residue fragment of HAs: (a) 1934-human, (b)

2009/HIN Ipdm, and (c) their differences (a-b).



Sialic Acid Recognition of the Pandemic Influenza 2009 HINI Virus

Table3. IFIEs Between Three Sialo-Sugar Chains Receptor and each Amino Acid Residue of the HAs
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1934-Human 2009/H1N1pdm
Residue IFIE Residue IFIE AIFIE
Ser145 -2.88 Lys145 -103.82 100.9
Glul56 18.80 Lys156 -22.80 41.6
Glul90 34.82 Aspl190 2.51 323
GIn226 -24.49 GIn226 -50.37 25.9
Glu219 20.83 1le219 1.71 19.1
Glul42 18.90 Alal42 0.86 18.0
Met255 -0.02 Arg255 -17.18 17.2
Glul24 16.23 Thr124 0.46 15.8
Gluls8 13.49 Gly158 -0.87 14.4
Glul98 14.81 Alal98 0.71 14.1
Glu305 6.46 Lys305 -6.54 13.0
Thr214 0.01 Lys214 -12.45 12.5
Asnl66 -0.78 Lys166 -12.87 12.1
Arg82 -9.74 Ser82 0.37 -10.1
Asn272 0.20 Asp272 10.33 -10.1
Lys165 -10.86 Serl65 -0.14 -10.7
Asp225 19.10 Asp225 31.18 -12.1
Asnl99 0.55 Aspl199 13.59 -13.0
Lys399 -13.78 His399 -0.55 -132
Arg261 -9.52 Glu261 8.30 -17.8
Lys238 -9.57 Glu238 8.37 -17.9
Lys171 -9.41 Aspl71 9.18 -18.6
Lys189 -19.99 Alal89 -0.16 -19.8
Lys144 -20.03 Alal44 2.02 -22.1
Asn(130+1) -0.90 Asp(130+1) 24.15 -25.1
Ala227 -1.74 Glu227 25.66 -27.4

However, additional contact of 2009/HIN1pdm with a2-6
receptor by Asp225 destabilizes their binding; IFIE between
a2-6 receptor and Asp225 (2009/HIN1pdm), Gly225 (1930-
swine), and Asp225 (1934-human) were 31.2, 19.1, and 5.1
kcal/mol, respectively (See Table S2 for detailed IFIE val-
ues). Such repulsive interaction may not exist for the com-
plex between 2009/HIN1pdm and a2-3 receptor [5], which
may cause their greater affinity.

5. CONCLUSION

In terms of the quantum mechanical FMO analysis, we
have quantitatively analyzed the binding affinity of HAs
(2009/H1N1pdm, 1930-swine, and 1934-human) to o2-6
receptors, as analogs of human receptors. Through the IFIE

analysis based on the FMO calculations, we could also spec-
ify and characterize important residues which would play an
essential role in the binding specificity between HA and a
receptor; especially the Lys145 was found to be an important
characteristic of the 2009 pandemic virus HA.
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