Theor Chem Acc (2011) 130:1131-1143

1139

EP2 and PGE2

ligand binding pocket

Fig. 4 Model structure of EP, with PGE,. The whole and the local
structures of EP, with PGE, are shown. The schematic diagram of the
ligand-receptor interaction is also shown as an inset, where the

PGE,. These residues were mainly located on TM1, TM2,
TM3, TM7, and ECL2. The side-chain of W186 (ECL2)
and that of Y93% at the end of TM2 were directed toward
the ligand-binding pocket, which may determine the ligand
location. The cyclopentane ring of PGE, was surrounded
by four Ser residues (Fig. 4). One of them, 828"39, is
specifically conserved in EP, and formed a stable hydrogen
bond with the carbonyl oxygen of the cyclopentane ring
(see Supplement 7). The remaining three Ser residues did
not directly interact with PGE,. S86>°% existed near
$28'3°. This Ser was conserved not only within EP, but
also within DP. The other two Ser residues, $305”** and
$30874, existed on the opposite side of the cyclopentane
ring against $28'° and S86>*. The two residues were
also conserved in both EP, and DP. The o chain of PGE,
was extended toward the extracellular region. The hydro-
phobic environment around the o chain comprised 127'-3%,
M31'42, v89>¢! Y9326 w186 (ECL2), and L3017%.
The carboxy group at the terminus of the o chain interacted
mainly with R3027%°, as described above. In addition,
$24"% also interacted with the carboxy group. R30274°
constituted a network by forming salt bridges with E23'-3,
The network may contribute to determining both the rela-
tive arrangement of TM1 and TM7 and the location of the
carboxy group of PGE, in the ligand-binding pocket. On

w chain

average distances over the MD simulation (5-10 ns) between the
ligand and the residues and those between the contact residue pairs
are shown

the other hand, the w chain was extended toward the
middle of the membrane. The hydrophobic environment
around the @ chain was composed of L.80%%2, 185%%7,
M116°7%, F119°%, and W186 (ECL2). In the model
structure, no amino acid residue that directly interacts with
the hydroxy group in the w chain was observed.

From the results of the sequence comparison and the
analysis with CASTp, EP, had five specifically conserved
residues, $28'%%, M31'*2, 782> T123%3 and N3077%,
on the pocket surface. The MD simulation revealed the
interaction between S28'>? and the carbonyl oxygen in the
cyclopentane ring of PGE,. In DP, the corresponding site
was occupied by Gly, which is not expected to be involved
in ligand recognition. However, three other PGE, recep-
tors, EP,, EP3, and EP,4, have Pro at the corresponding site.
On the other hand, no interaction was observed between the
ligand and M31'4? or T82%*, although they were located
close to PGE,. T123*% and N3077*° were farther from to
the ligand. Therefore, the four specifically conserved resi-
dues are considered to be involved in some EP,-specific
function other than ligand recognition. In summary, several
residues on TM1, TM2, and TM7 mainly contribute to the
interaction with the ligand. Among them, $28'*°, which
may be involved in PGE,-specific recognition, is located
on TM1 of EP,.
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Fig. 5 Model structure of DP with PGD,. The whole and the local
structures of DP with PGD, are shown. The schematic diagram of the
ligand-receptor interaction is also shown as an inset, where the

3.2.3.2 Interaction between DP and PGD, As in the
case of EP,, 10 structures were sampled from the last 1 ns
of the simulation of the ligand-bound model of DP. The
MM-GBSA ligand interaction energies of these structures
are shown in Supplement 9. In the DP model structure with
the lowest MM-GBSA energy, 28 amino acid residues
were found within 5 A from PGD, (see Fig. 3). These
residues were mainly located on TM1, TM2, TM3, and
TMY7. The ligand location seemed to be restricted by the
bulky side chains of Y87%%°, F111*3!, F115>3° and W182
(ECL2). The whole structure and the vicinity of the ligand
in the model with the lowest MM-GBSA energy are shown
in Fig. 5. The hydrogen bonds between DP and PGD,
described below were stable during the MD simulation
(Supplement 7). The a chain was extended to the extra-
cellular region, in a similar manner to those of PGE, in
EP,, and was surrounded by the hydrophobic residues
M22'38, 126142, V8320l 184292 yg87265. 13067,
L3097, and V31474, The carboxy group at the terminus
of the o chain interacted with R31074°. In addition, the
carboxy group formed a hydrogen bond with S19'° and
Y87%%°. R30773" and R3107° created an intramolecular
salt bridge network with E15'%'. As in the case of the
ligand-bound EP, model structure, both the relative
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average distances over the MD simulation (5-10 ns) between the
ligand and the residues and those between the contact residue pairs
are shown

arrangement of TM1 and TM7 and the location of the
carboxy group of PGD, in the ligand-binding pocket
seemed to be determined by the intramolecular network.
On the other hand, the w chain was bent in the membrane
and was surrounded by the hydrophobic residues, L.79%%7,
Vv83*e F111>%') M112*%, F115°%, L117°%°, w182
(ECL2), V281°°', L3097, L3127** and 13157, The
hydroxy group in the  chain interacted with D72*° and
K762‘54, and these two residues also formed a salt bridge
with each other (Supplement 7). No residue that interacted
with the cyclopentane ring part was found during the
simulation. Three Ser residues, S80>°%, S3137*3, and
$3167%, were present in the middle of the membrane.
$31374 and S$3167® interacted with K76 (data not
shown). These residues may contribute to the stabilization
of the three oxygens of the cyclopentane ring and the w
chain by providing a hydrophilic environment, although
there was no direct interaction between the serine residues
and the oxygens. The three residues corresponded to the
conserved Ser residues of EP,, 8862‘58, $30574, and
S30874°.

According to the sequence comparison and the analysis
with CASTp, eight residues were specifically conserved on
the pocket surface in DP. Among them, K76*>* formed a
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Fig. 6 The intramolecular
interaction networks around the
D(E)RY motif. The structures
and the schematic diagrams for
(a) EP, with PGE; and (b) DP
with PGD, are shown. The
average distances over the MD
simulations (5—10 ns) between
the contact residue pairs are
shown in the schematic diagram
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hydrogen bond with the hydroxy group in the w chain. The
Lys was experimentally suggested to be essential for ligand
recognition [46]. On the one hand, a hydrogen bond
between the Lys and the carbonyl oxygen of the cyclo-
pentane ring was formed by an MD simulation [14].
However, in our simulation, this interaction was not
observed. In EP,, the corresponding site was occupied by
the specifically conserved T82**. This Thr did not interact
with the ligand in the EP, model structure. Three other
specifically conserved residues, M22!3 8, G231‘39, and
L.26"*?, were found near the ligand. M22"*® and G23'*°
existed near the o chain, whereas L26*? was close to the
cyclopentane ring. However, the three residues did not
interact with the ligand. The remaining four residues, S92
(ECL1), L104 (ECL1), 1282°°%, and 1315"*°, were not
considered to be involved in the ligand recognition, since
they were farther away from the ligand. As in the case of
EP,, TM1, TM2, and TM7 are also important for ligand
recognition in DP. In contrast to the case of EP,, K76*%* on
TM2 may be involved in the ligand recognition.

3.3 Differences in intramolecular interactions around
the D(E)RY motif between EP, and DP

As described above, the D(E)RY motif of GPCR is
important for signal transduction [15]. The vicinity around
the motif, Glu—Arg-Tyr (133-135), of the EP, model
structure, is shown in Fig. 6a. E133**° mainly interacted
with R146 (ICL2) by forming a stable salt bridge and
occasionally formed a hydrogen bond with S137 (ICL2).
R134%%° formed a stable interaction with E259%%° and

sometimes interacted with S137 (ICL2) during the MD
(Supplement 7). R134*° and H262%* were located close
to each other and may form a m-7 interaction. The side
chains of E133>* and R134*°° were oriented in different
directions, since they interact with other residues. H140
(ICL2) was present in the vicinity of Y135>°!, the third
residue of the motif. The side chains of the two residues
were stacked upon one another, and the distance between
them was about 5 A. Therefore, the residues seemed to
form a m—m interaction.

As described above, the D(E)RY motif of DP is mutated
to Glu—Cys—Trp (129-131). The pattern of the intramo-
lecular network around the motif in DP was quite different
from that in EP,. The interaction was only detected
between E129°*° and R142 (ICL2) (Fig. 6b). The middle
residue of the motif, R134>3° of EP,, was substituted with
Cys in DP. Due to the mutation, the interaction between the
motif and TM6 was not observed in the DP model struc-
ture. H136 (ICL2), which corresponded to H140 (ICL2) of
EP,, was present near W131*°!, The side chains were
stacked upon one another, with a distance of about 6 A.

4 Discussion

In this study, we have assumed that the amino acid residues
specifically conserved in EP, and DP are related to the
ligand recognition by the receptors. Our simulation study
suggested that one of the specifically conserved residues in
EP,, $28'3° is involved in the recognition of the carbonyl
oxygen of the cyclopentane ring. However, three other
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PGE, receptors, EP,, EP3;, and EP,, have Pro at the cor-
responding site. As described above, the ancestor of the
PNRs was considered to be the PGE, receptor. The
observation of Pro in EP|, EP3, and EP, at the site suggests
that the original residue in the ancestral PGE, receptor was
Pro and that the ligand recognition mechanism of EP, may
be different from those of the other PGE, receptors and the
ancestral receptor, although they share PGE, as their
ligand. DP lacks binding affinity to PGE, [47]. In DP, the
residue corresponding to S28'2° is substituted with Gly.
Our simulation study of DP suggested that the Gly residue
is not involved in the recognition of PGD,. Kobayashi et al.
[46] generated a chimera between IP and DP, in which
ICL1, T™M2, and ECL1 were derived from IP to the
remaining parts of the molecule were from DP. The chi-
mera did not bind to either PGE, or PGD,. When the Gly
on TM1 in the DP region of the chimera was substituted
with Ser, the mutant acquired the ability to bind PGE,. The
experiment seems to indirectly support the importance of
the Ser residue for the recognition of PGE,.

On the other hand, K76*>* was specifically conserved in
DP. Our simulation study suggested that this residue is
involved in the recognition of the hydroxy group of the @
chain of PGD,. No residues interacted with either the
hydroxy group or the carbonyl oxygen of the cyclopentane
ring of PGD, in our simulation. In contrast, no residue that
could interact with the hydroxy group of the w chain of
PGE, was detected in the simulation of EP,. Therefore, the
hydrogen bond formation between the hydroxy group and
K76>>* may regulate the specific ligand recognition by DP.
As described above, Li et al. [14] suggested that the Lys
can form a hydrogen bond with the carbonyl oxygen in the
cyclopentane ring of PGD,, based on their MD simulation.
Thus, our result is inconsistent with their report. However,
the average distance between K76 and the carbonyl
oxygen was 4.9 A, and some rotamers of the residue were
in a position that could interact with the oxygen (data not
shown). Therefore, it is still possible that K76*>* also
interacts with the carbonyl oxygen. For both PGE, and
PGD,, the « chain extended toward the outside of the
receptors, whereas the cyclopentane ring and the w chain
extended between TM1 and TM2. The modification of the
amino acid residues on the two helices is considered to
have been effective to change the ligand recognition
mechanism.

The D(E)RY motif is a conserved amino acid stretch in
the cytoplasmic region of TM3. The cytoplasmic interac-
tion network between the D(E)RY motif and TM6 is
considered to be involved in the activation of the receptor.
The network is called an “ionic lock”, which is disrupted
during the activation to release the constraints on the rel-
ative movement of TM3 and TM6 in some class A GPCRs,
such as rhodpsin and f,-adrenergic receptor [48]. The salt
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bridge between the first and second residues of the motif in
the inactivated form is also observed [15]. EP, has the
canonical D(E)RY motif. E133** of the motif did not
form a salt bridge with the second residue of the motif,
R134>%° but interacted with R146 (ICL2). R134>*°
formed a salt bridge with E259%°. To examine the release
of the ionic lock by the simulation study, more time steps
may be required. In contrast to the canonical motif of EP,,
the D(E)RY motif of DP is mutated. The highly conserved
Arg at the second position of the motif is substituted with
Cys. Rosenkilde et al. [19] examined 365 human rhodop-
sin-like GPCRs and reported that only 3% lack the basic
residue at this position. In our simulation study, the inter-
action between the motif and TM6 was absent in DP, due
to the mutation. However, DP can exert its signal trans-
duction activity. Therefore, DP may use a different
mechanism for receptor activation, corresponding to the
ionic lock. This hypothesis seemed to be consistent with
the results of the experimental studies on other class A
GPCRs. The D(E)RY motifs of various GPCRs have been
subjected to amino acid substitution experiments to
examine their functional meanings [49]. Such mutants are
expected to be constitutively active, since they cannot form
the ionic lock. Actually, some GPCR mutants are consti-
tutively active. For example, FP becomes constitutively
active by the mutation of the D(E)RY motif [50]. However,
quite a few mutants are not constitutively active, such as
the mutant of TP [51]. Both FP and TP have the canonical
D(E)RY motif. As shown in Fig. 2, EP, and DP belong to
one of the subtrees, whereas FP and TP are members of the
other subtree. Therefore, it seems that the activation
mechanism of PNRs may have rapidly diverged during
evolution, and at least DP and TP acquired the activation
mechanism without the ionic lock. Further experimental
and computational studies are needed to solve this problem.

We have described a synergistic study integrating dif-
ferent computational approaches. The evolutionary infor-
mation obtained from sequence comparisons is useful to
select proper targets for computational studies and to
identify the candidates of functionally important residues.
Structural information obtained from homology modeling
and docking analyses provides further clues to refine the
candidate residues. Molecular dynamics simulations pro-
vided dynamic views for this study, which could not be
obtained from static analyses with sequence comparisons
and modeling. Thus, combining the information obtained
from different computational approaches with that from the
literature seems to be more efficient than using an indi-
vidual approach, if the proper combination is adopted.

In this study, we used the PNRs as a concrete example
for the application of the synergistic study. However, many
questions about the PNRs still remain. For example,
CRTH2 is known to function as a PGD, receptor [7], but
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the evolutionary origin of the receptor differs from that of =~ 22. Ballesteros JA, Weinstein H (1995) Methods Neurosci

DP [8], as described above. Whether CRTH2 and DP share 25:366-428 . . . )
23. Katoh K, Misawa K, Kuma K, Miyata T (2002) Nucleic Acids

the same ligand recognition mechanism is an interesting
subject, not only from a pharmaceutical viewpoint but also
from an evolutionary perspective. A synergistic study may
provide clues to address this issue. Computational analyses
will accelerate the studies of PNRs.
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ABSTRACT

How theantibodies of individual convalescent human serabind to each amino acid residue at the antigenic
sites of hemagglutinin (HA) of influenza viruses, and how the antigenic drift strains of influenza viruses
are selected by human sera, is not well understood. In our previous study, it was found by a binding
assay with a chimeric HA between A/Kamata/14/91 (Ka/91) and A/Aichi/2/68 that convalescent human
sera, following Ka/91 like (H3N2) virus infection, bind to antigenic site A of Ka/91 HA. Here using
chimeric HAs possessing single amino acid substitutions at site A, it was determined how those human
sera recognize each amino acid residue at antigenic site A. It was found that the capacity of human sera to
recognize amino acid substitutions at site A differs from one person to another and that some amino acid
substitutions result in all convalescent human sera losing their binding capacity. Among these amino
acid substitutions, certain ones might be selected by chance, thus creating successive antigenic drift.
Phylogenetic analysis of the drift strains of Ka/91 showed amino acid substitutions at positions 133, 135
and 145 were on the main stream of the phylogenetic tree. Indeed, all of the investigated convalescent

sera failed to recognize one of them.

Key words antigenic drift, hemagglutinin, human sera.

Influenza is an acute infectious respiratory disease caused
by influenza viruses. To date, vaccines have failed to con-
trol influenza and epidemics occur every winter season.
Influenza virus has a remarkable ability to escape host
defense mechanisms by altering the antigenic character
of its HA and NA proteins, especially through changes
in amino acid residues on the HA molecule. In order to
find ways to control influenza epidemics, it is important
to elucidate the molecular mechanisms by which viruses
alter their antigenic character and thus escape from hu-
man anti-sera. Analyses of natural and laboratory-selected
antigenic variants have resulted in identification of four
to five antigenic sites on the HA protein of influenza A
(H3N2) viruses (1-3).

Correspondence

Longstanding observations have demonstrated the role
of serum antibodies to HA protein in protecting against
infection (4-6). Serum antibodies are also important in
recovery from influenza virus infection (7-9). The speci-
ficity with which human serum antibodies bind to anti-
genic sites on the HA protein varies considerably from per-
son to person (10, 11), suggesting that antigenic variants
may arise in individuals who are only partially immunized
(i.e. who have not developed antibodies to all antigenic
sites) and are susceptible to mutants in which only one or
two antigenic sites have been changed (12). The question
is how, under immune pressure, are the amino acid sub-
stitutions that distinguish drift strains from the original
strain selected.
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Researchers have reported that distinct mAbs with dif-
ferent amino acid sequences can recognize the same epi-
topes on an antigen molecule (6, 13). In their study of
anti-HA antibodies, Fleury et al. (13) showed that bind-
ing of HC45 Fab and BH151 Fab has very similar ori-
entations and positions with regard to the molecule of
A/Aichi/2/68 (Ai/68) and displays a similar affinity, but
that HC45 interacts with many more amino acid residues
on the HA molecule. In experiments with anti-NA anti-
bodies, Malby er al. (14) showed that NC10 and NC41
make contact with the NA molecule through a common
set of residues but most of the interactions with these
residues differ sterically and chemically between the two
complexes.

Even when they are raised against a similar antigen
and recognize the same antigenic site, the amino acid se-
quences of the antigen binding-region on neutralizing an-
tibodies may differ from person to person. Therefore, at
the antigenic sites of HA, amino acid residues that inter-
act with individual neutralizing antibodies may also vary
from person to person. If individual antibodies recognize
the corresponding antigenic sites differently, how are par-
ticular amino acid substitutions selected under immune
pressures, causing antigenic drift?

We previously reported that a chimeric HA protein
method can be used to determine the capacity of human
sera to bind to each antigenic site (11) and also showed
that semi-quantitative binding of human sera to H3HA
correlates with HI activity (16). In that study, we exam-
ined the ability of paired sera obtained from eight patients
aged 3 to 14 years, who were infected with influenza A
(H3N2) virus during 1990-1991, to bind to chimeric HA
proteins expressed on COS cells by an expression vector.
Individual convalescent sera bound to different antigenic
regions of A/Kamata/14/91 (H3N2)(Ka/91) HA: site C/E,
site A, site A/B1, site B2 and site C, depending on the pa-
tient’s age. Recently we analyzed escape mutants selected
with mAb203 raised against Ka/91, and found that the
amino acid residues at nine positions of antigenic site A of
mutants differed from those found in Ka/91 HA (17). To
understand how the character of the amino acid residues
constituting the epitope affects binding to mAb203, we
introduced one-point amino acid substitutions into those
nine positions of Ka/91 HA and analyzed their binding
to mAb203. We showed that the ability of mAb203 to
bind to mutant HA molecules depends on the positions
and species of substituted amino acid residues. To extend
our knowledge of antigenic drift, in the present study we
attempted to discern amino acid substitutions in HA re-
lated to antigenic drift of Ka/91. All the convalescent sera
used in our previous study showed decreased HI reactivity
with drift strains of Ka/91 and five of the convalescent sera
bound to site A of Ka/91 HA (11). In regard to the effect

100

of the mutations at site A on the mAb203 binding, we
analyzed the binding capacity of those convalescent sera
to mutant HAs with one-point mutations at site A similar
to those found in the previous study.

MATERIALS AND METHODS

Human sera

Paired sera from four patients aged 12 to 14 years who
were infected with influenza A (H3N2) viruses during
January to February in 1991 were used (11). The sera of
the acute and convalescent phase were collected two to
three days and two to three months after the onset of the
fever, respectively. The convalescent sera bound only to the
chimeric HA Ka91/Ai68, which includes the HA1 region
of Ka/91 and the HA2 region of Ai/68, but not to the
chimeric HA, Ai68/Ka91, which includes the HA1 region
of Ai/68 and the HA2 region of Ka/91(11).

Mouse monoclonal antibodies

Mouse mAbs 203 and 35 directed against the HA protein
of Ka/91 were obtained as described previously (11).

Chimeric hemagglutinin ¢cDNAs

c¢DNA of chimeric HA, #2HA, in which amino acid
residues between positions 96 and 150 of Ai/68 HA had
been replaced with those of Ka/91 HA (Fig. 1), was cloned
into an expression vector pME18s (pME18s-#2HA) as de-
scribed previously (11).

Site-directed mutagenesis

Site-directed mutations were introduced between amino
acid residues at positions 96 to 150 of #2HA using the
Mutan-Super Express Km kit (Takara Bio, Shiga, Japan)
as follows. Briefly, the PCR product of pME18s-#2HA
DNA amplified with primers pME (—) (18) and KO2 (19)
was digested with EcoRI and Pstl. The EcoRI/PstI frag-
ment was inserted into pKF18k (pKF18k-#2HA) and the
desired clones were obtained in JM103 in the presence of
kanamycin (0.17 ug/mL). The PCR product of pKf18k-
#2HA DNA (8 p mol) amplified with a selection primer
(Takara Bio) and a mutant primer was precipitated with
NH4-acetate and ethanol, and then dissolved in water.
The PCR products were then cloned in MV1184 in the
presence of kanamycin (1 pg/mL). Selected mutant cD-
NAs were digested with EcoRI and Ndel. These fragments
were then replaced with the counterpart of #2ZHA cDNA.

(© 2012 The Societies and Blackwell Publishing Asia Pty Ltd
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Binging capacity of human sera and mAb 203
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Fig. 1. Binding capacity of each patient’s convalescent serum and mAb203 to chimeric HA proteins, #1HA to #3HA. Chimeric HAs expressed
on Cos cells were stained with diluted sera and FITC-labeled anti-human goat serum. The binding capacity of the convalescent sera of each patient,
G1, G2, Y1,Y2, A1, A2, A3, and A4, was expressed as the highest dilution point at which the expressed HAs were detected by the diluted sera. This

figure is prepared partially based on data from a previous study (11).

Immunofluorescent staining of the
hemagglutinin protein expressed in COS cells

Transfection was performed as described previously (19,
15). Briefly, each cDNA (200 ng) in MEM was incubated
with lipofectamine for 15 min at room temperature. COS
cells (0.5 x 10° cells/18 mm coverglass) prepared 18 hr
before use were washed with MEM. The DNA and lipo-
fectamine mixture was added to the cells, which were then
incubated for 6 hr at 37°C. The medium was changed
to MEM containing 10% FCS and the cells were further
incubated for 42 hr at 37°C. The cells were then fixed
with ethanol-acetone (1:1) at 4 C for 15 min. Indirect
immunofluorescent staining was performed with human
sera, mouse mAb203 or 35 and FITC-labeled anti-human
or anti-mouse goat anti-sera. mAb35, which recognize
both the Ka/91and Ai/68 HA proteins, was used to con-
firm expression of #2HA and mutant HA in the COS cells.
For the quantitative FITC assay using diluted human sera,
two separate experiments were carried out. The difference
in values was not more than twofold and the smaller of
the two values was used as described previously (11, 16).

Three-dimensional modeling

To construct a model of the HA protein of Ka/91, the
structure of Ai/68 (1HGE.pdb, Protein Data Bank) was
modified. Amino acids of Ai/68 were replaced one by one
according to the evolution of H3HA until they were the
same as those of Ka/91 and the model constructed us-
ing CAChe version 6.1 software (Fujitsu, Japan) with the
MM2 calculation program. Optimization continued until
the energy change became less than 0.001 kcal/mol as de-
scribed previously (17). The model structure of chimerical
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#2HA was also constructed using the method described
above.

RESULTS

Characteristics of convalescent human sera
and mAb203 raised against Ka/91

In our previous study, we investigated the binding prop-
erties to Ka/91-HA of eight paired sera collected during
S1 and S2 from patients infected with Ka/91-like viruses
during influenza season 1991/1992 (11). In brief, we cre-
ated chimeric HAs by connecting Ka/91(black) and Ai/68
(white) HA at the indicated positions of the amino acid
sequence numbers (Fig. 1). #1HA includes parts of anti-
genic site C and E of Ka/91HA. #2HA and #3HA include
antigenic site A, and antigenic sites A and B1 of Ka/91HA,
respectively. We stained each chimeric HA expressed on
COS cells with serially diluted patient sera and FITC-
labeled anti-human goat serum; the binding capacity of
antibodies in the sera to the other antigenic sites of KA/91-
HA could be disregarded. We found the convalescent sera
of four patients (G1, G2 Y2, and A4), five patients (G1, G2,
Y1, Y2 and A4), and all patients bound to the antigenic
site(s) C/E, A, and A/B1, respectively (Fig. 1).

In this study, we used G1, G2, Y1 and Y2 sera to inves-
tigate the influence of amino acid substitutions at site A
of Ka/91-HA on the binding capacity of human sera. We
introduced the following one-point amino acid substi-
tutions into the antigenic site A of the chimeric #2HA:
Al131D, A131T, G142E, G142R, G142V, G142S, S143P,
V1441 and S146N.

Amino acid substitutions in the HA1 region of Ka/91
occur at 14% of the HA1 positions in Ai/68. Therefore,
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the fine structures of these two HAs might be different.
We used molecular mechanics calculations to model the
structure of Ka/91 and chimeric #2HA based on the Ai/68-
HA structure (Fig. 2). The modeled structures of their
antigenic site A were not so different from that of Ai/68-
HA. Amino acid residues from Ka/91 (yellow), including
site A (green) and mutated positions (red and purple) are
indicated on the structure of chimeric #2HA.

Differences in the binding properties of mAb203 to
chimeric #2HA mutants carrying one-point amino acid
substitutions at site A depend on the character of the
substituted amino acid residues. There are negative muta-
tions, A131D, A131T, G142E, G142R, G142V, G142S, and
S143P, and positive mutations, V1441 and S146N. The
former were not recognized. However, the latter were rec-
ognized by mAb203, which is the same result as that of
our previous study using full Ka/91-HA (17).

The binding properties of human
convalescent sera to amino acid residues
at site A on the H3HA protein

We confirmed the extent of expression of mutant HA on
COS cells by indirect immunofluorescent staining using
mAb35, which recognizes both Ka/91 and Ai/68 HA. We
stained all mutant HAs by mAb35 diluted 3200- to 6400-
fold. We performed semi-quantitative analysis of the bind-
ing capacity by determining the limiting dilution for each
human convalescent serum by indirect immunofluores-
cent staining. All human sera bound to chimeric #2HA
equally with a binding capacity up to 1:800. However,
their binding capacity to each mutant HA differed from
person to person according to the character and positions
of the substituted amino acid residues (Table 1), that is,
G1, G2, and Y1 exhibited a binding capacity to A131D up
to a dilution of 1:400 to 1:800, but Y2 and mAb203 did
not. As for amino acid substitutions at position 142, the
binding capacity of G1 to the mutant HAs depended on
the substituted amino acid residues, but that of Y1 and
Y2 to mutant HAs decreased regardless of the substituted
amino acids. Similar to the reactivity of mAb203, all sera
lost or decreased their binding capacity to mutant HAs
with A131T and G142E (Table 1). This observation sug-
gests that amino acid substitutions to which most sera
lose their binding ability might be selected among field
strains.

Hemagglutination inhibition reactivity of
human sera and mAb203 to field strains

A summary of results of assessing the reactivity of human
sera to field strains by the HI test is shown in Table 2. Only
the convalescent sera reacted with Ka/91, A/Chiba/54/92,
and A/Aichi/12/92 viruses but they did not react with the
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Fig. 2. Three-dimensional structure of HA models, (a) Ai/68 HA,
(b) chimeric #2HA, and (c) Ka/91 HA. Three-dimensional HA models
of Ka/91 and #2HA were constructed using a molecular mechanics cal-
culation method as described in Materials and Methods. The chimeric
structure was constructed by replacement of residues 96-150 (yellow)
including site A (green) of Ai68 with those of Ka91 using CAChe soft-
ware (version 6.1) with the MM2 calculation program. The positions of
the one-point mutations are shown in red and purple.

drift strains of Ka/91, A/Aichi/4/93, A/Aichi/48/93 and
A/Aichi/2/94 viruses. As shown in Table 2, mAb203 also
had reduced reactivity to these drift strains. Since these
human sera and mAb203 bind to site A, the amino acid
changes at site A on HA of the drift strains are responsible
for the reduced reactivity.
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Table 1. Comparison of the binding capacity of each human convalescent serum and monoclonal antibodies to mutant HA

Human convalescent sera

Monoclonal antibodies

Mutant HAst with

amino acid changes G1 G2 Y1 Y2 203 35
#2HAL 800 800 800 800 3200 6400
A131D 800 800 400 100 <100 3200
A131T <50 <50 <50 100 <100 1600
G142E 100 <50 <50 <50 <100 1600
G142R 800 800 <100 <100 <100 3200
G142v 200 200 100 <100 <100 6400
G142S 1600 200 200 200 <100 6400
S143pP 800 <100 <100 <100 100 6400
V1444 1600 <100 800 200 1600 6400
S146N 800 <100 400 <100 400 6400
S133D§ 800 400 800 <100 1600 6400
D135G§ 800 400 400 400 1600 3200
K145N§ 100 <100 200 <100 100 3200

t, chimeric #2 HA with one-point amino acid changes that were found in drift strains or escape mutants from mAb203; t, chimeric #2HA without
mutations; §, the same mutation was found in the drift strains of Ka/91 virus.

Table 2. Hl titers of patient sera and monoclonal antibody 203 (mAb203) against natural isolates (H3N2) between 1990 and 1994

Natural isolates

Serat Age (years) Kamata/14/91 Aichi/12/92 Chiba/54/92 Aichi/4/93 Aichi/48/93 Aichif2/94
G1-51 14 20 20 20 20 20 20
G1-S2 320 320 320 40 40 40
G2-S1 12 20 20 20 20 20 20
G2-52 320 320 320 80 80 80
Y1-S1 12 20 20 20 20 20 20
Y1-S2 160 160 160 20 20 20
Y2-S1 12 20 20 20 20 20 20
Y2-S2 160 160 160 40 40 40
mAb203 6400 NT 6400 <100 <100 <100

t, human sera of S1 and S2 after A/Kamata/14/91 infection. None of these patients had a history of vaccination. NT = Not tested.

Comparison of the amino acid sequences of
field isolates collected during 1991 to 1994
seasons

In order to identify the amino acid substitutions respon-
sible for the reduction of HI ability of human sera to
the HA of A/Aichi/4/93, A/Aichi/48/93 and A/Aichi/2/94
viruses, we compared the amino acid sequences of the site
A region between these three viruses’ HAs and Ka/91 HA.
Amino acid differences were found at positions 133, 135
and 145 (Fig. 3). To investigate the role of these amino
acid changes in the antigenic drift of Ka/91 virus, we ex-
amined the phylogenetic relationships among the HAs of
36 natural isolates collected between 1991 and 1994 (se-
quences of the HA proteins were randomly selected from
an influenza sequence data bank) by comparing the amino
acid sequences of site A. The viruses were divided into two
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distinct groups, I and II (Fig. 4), which are distinguished
from each other by their respective amino acid substitu-
tions at positions 133(S to D)(S133D), 135(D/E to G/K),
and 145(K to N)(K145N) of site A. The antigenic dif-
ference at site A on HA between group I and group II
viruses may depend on the amino acid changes at these
positions.

The amino acid changes responsible
for antigenic drift of Ka/91 virus

To study the relationship between amino acid changes
found in drift strains and the reduced HI reactivity of
human sera and mAb203 with these strains, we further
investigated the binding capacity of human convalescent
sera to #2HA mutants with one-point amino acid substi-
tutions S133D, D135G or K145N (Table 1). All sera but
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Fig. 3. Comparison of amino acid sequences between positions 96 and 150 of HA among field isolates. Amino acid sequences of Ka91-
like viruses and its drift strains are aligned as follows: Ka91 (Kamata14), A/Chiba/54/92 (Chiba54), A/Aichi/12/92 (Aichi12), A/Aichi/4/93 (Aichid),

A/Aichi/4a8/93 (Aichi48), and A/Aichi/12/92 (Aichi12) viruses.

Aichil48/93, AnnArbor/3/93, Argentina/3105/93,

135 ™ Akita/1/94, California/d/94, Aichi/2/04

575 = Supporo/92, Aichi¥4/93, Singapore/3/83, Yamagala/61/93
b Francef1109/94
157

¥ dnoig

}=  Aichif59193, Kitakyushu/93, Tottori/849/94, Beijing46/92
189
- Indonesia/3109/91, Beijing/32/92

=~ Kasuali/206/91
262 ——
190
145
135 ——
133

2

b Hawai/1/90, India/236/93
+— Shigai2i91, England/261/91, Chiba/54/92, Aichi/12/02

1 dmouey

156

135
Ka%1

Fig. 4. Phylogenetic relationships among human H3N2 influenza
viruses isolated from 1991 through 1994. The numbers on the main-
stream designate the positions where we observed amino acid differ-
ences compared to Ka91. We divided the viruses into two distinct groups,
group | and group I, according to their amino acid sequences.

Y2 bound to the mutant HAs with S133D and D135G. On
the other hand, all sera showed lost/decreased binding to
mutant HA with K145N (Table 1). mAb203 bound to the
mutant HAs with S133D and D135G, but not to mutant
HA with K145N.

DISCUSSION

Human serum is polyclonal, containing a mixture of anti-
bodies that recognize different antigenic sites. The binding
abilities of human sera used in the current experiments
have already been reported in terms of their binding to
sites C/E, A and B1 (G1, G2, and Y2), and sites A and
B1 (Y1) (11). In addition, the present study showed that
these anti-HA sera had different binding capacities to each
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mutant HA possessing an amino acid substitution at site
A of Ka/91 HA. However, it is difficult to say whether the
sera used in the present experiments consisted of mixed
antibodies or of one main antibody reacting with site A.
In any case, anti-HA antibodies induced in human sera by
infection with Ka/91-like virus had different binding ca-
pacities to Ka/91 HA with substituted amino acid residues
at site A.

In these experiments, because escape mutants from
mAb203 contain amino acid substitutions only in the A2
and A3 subsites, and because amino acid differences at site
A on the HA proteins of group I and II viruses have been
observed only in A2 and A3, we introduced amino acid
substitutions into the A2 (at positions 133-137) and A3
(at positions 142-147) subsites, but not into the Al (at
positions 121-126) subsite. As shown in Table 1, each hu-
man serum had a different binding capacity against each
mutant HA with a substituted amino acid at site A on
Ka/91 HA.

The different responses of each of the human antibodies
to each amino acid substitution may depend on the par-
ticular characteristics of the antibody in regard to recog-
nizing its own epitope. The antigenic change found at site
A of group II viruses depends mainly on the amino acid
substitution K145N. Additional changes at 133 and 135
may strengthen the likelihood of escape. Several authors
have shown that, in antigenic drift, amino acid changes
at more than two residues on the same antigenic site are
common (20, 12). Referring to another antigenic site, in
our previous study we happened to find that the amino
acid change E156K at site B1 of chimeric #3HA reduced
the binding ability of three patient sera to mutant HA.
We found this amino acid change in several drift strains
of Ka/91. Therefore, another amino acid change, E156K
might also relate to antigenic drift of Ka/91. Clarifica-
tion of the mechanism of antigenic drift by studying these
chimeric HA with amino acid mutations and comprehen-
sively analyzing many human convalescent sera for their
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reactivities with all antigenic sites or mutant HA, and the
breadth of responses to these, is yet to be undertaken.

Can the reason for selection of K145N among various
natural isolates be determined? Amino acid substitutions
A131T and G142E reduce the binding capacity of each
human serum to a similar or greater extent than K145N.
K145N occurred due to a transversional change in the
genetic code from aaa to aac while A131T is due to a tran-
sitional change from gct to act. Arnold and Cameron have
reported that RNA polymerase does not have a proofread-
ing mechanism and has different frequencies of transition
and transversion (21). In vitro, among the escape mutants
from monoclonal antibodies against Ka/91 the number
of transitional substitutions is reportedly double that of
transversional ones (17). Regarding K145N, we expected
amino acid substitutions to be selected by chance from the
several restricted amino acid substitutions, regardless of
the base substitutions in the corresponding codons.

In considering the escape of antigenic variants from
human sera, we should take into account the neutralizing
activity of each human serum. The different binding activ-
ities of each serum may correlate with differences in their
HI reactivity because: (i) the sera used showed HI reactiv-
ity with Ka/91 virus (11); and (ii) semi-quantitative values
of human sera in regard to binding to the HA1 region do
correlate with HI titers (16).

Group I viruses may have played a major role in
1991 epidemics but they gradually decreased in impor-
tance in the 1992 and 1993 influenza seasons, group II
viruses becoming the major strains at that time. Pressure
from antisera may explain these phenomena. Human sera
from group I virus-infected individuals barely neutralized
group II viruses (Table 2); therefore, the latter strains may
have been selected by antisera against group I viruses.
In this report, we suggest that anti-HA antibodies differ
from person to person and the response of an antibody
to an amino acid substitution at antigenic sites also varies
among individuals. Some amino acid substitutions caused
all convalescent human sera to lose their binding capacity.
We suspect that amino acid substitutions for successive
antigenic drift were selected by chance from these several
restricted amino acid substitutions.
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Abstract Effective interactions between amino acid
residues in antigen—antibody complex of influenza virus
hemagglutinin (HA) protein can be evaluated in terms of
the inter-fragment interaction energy (IFIE) analysis with
the fragment molecular orbital (FMO) method, in which
each fragment contains the side chain of corresponding
amino acid residue. We have carried out the FMO-MP2
(second-order Moeller-Plesset) calculation for the complex
of HA antigen and Fab antibody of influenza virus H3N2
A/Aichi/2/68 and obtained the IFIE values between each
amino acid residue in HA and the whole antibody as the
sums over the residues contained in the latter. Combining
this IFIE data with experimental data for hemadsorption
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activity of HA mutants, we succeeded in theoretically
explaining the mutations in HA observed after the emer-
gence of influenza virus H3N2 A/Aichi/2/68 in an earlier
study, except for those of THR83. In the present study, we
employ an alternative way of fragment division in the FMO
calculation at the carbonyl C site of the peptide bond
instead of the C, site used in the previous work, which
provides revised IFIE values consistent with all the his-
torical mutation data in the antigenic region E of HA
including the case of THRS83 in the present prediction
scheme for probable mutations in HA.
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Abbreviations
HA Hemagglutinin

FMO Fragment molecular orbital
IFIE  Inter-fragment interaction energy
MP2  Moeller-Plesset second-order perturbation

1 Introduction

Hemagglutinin (HA), a major antigenic protein of the
influenza virus, is a homo-trimeric glycoprotein situated on
the viral surface [1]. HA plays an important role in the
early stage of infection such as the binding to the receptors
(sialic acids) on the host cells and the trigger for the fusion
between virus and endosome membranes. The receptor-
binding site (RBS) is located on the membrane-distal
globular domain of HA. The neutralizing antibody target-
ing the antigenic regions located around the RBS then
prohibits the virus from binding to the receptors. Antigenic
variants are generally selected during circulation of the
viruses among human population [2]. In these variants
(mutants), amino acid differences are observed in the
antigenic regions compared to the original viruses. The
structural analyses of HA-antibody complexes have pro-
vided the information about the amino acid residues on HA
directly interacting with the antibody in the complexes.
Amino acid changes (mutations) at these positions allow
the virus to escape from the neutralizing antibody.

In an earlier study [3], we performed a quantum-
chemical, electron-correlated second-order Moeller—Plesset
(MP2) perturbation calculation [4] for the HA antigen—
antibody system of influenza virus H3N2 A/Aichi/2/68 [5]
with the fragment molecular orbital (FMO) method [6, 7],
in which a large antigen—antibody biomolecular system was
divided into a collection of many fragments corresponding
to amino acid residues. On the basis of the calculated inter-
fragment interaction energies (IFIEs) [8—14] representing
the molecular interactions between the amino acid residues
in the antigen—antibody complex, we identified those resi-
dues in the antigenic region E [15, 16] of HA protein that
were significantly recognized by the Fab fragment of anti-
body [17, 18] with strongly attractive interactions. Com-
bining these IFIE results with the data of hemadsorption
experiments [19, 20] by which the mutation-prohibited sites
were specified enabled us to explain most of those mutation
sites actually observed (five of six residues) as a benchmark
test, which would thus provide a promising method for
predicting the HA residues that have a high probability of
forthcoming mutation.

In spite of its success, only one residue site in HA has
remained to be explained in the earlier study [3], whose
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mutation cannot be accounted for appropriately in terms of
the proposed prediction scheme. That is the THR83 in the
antigenic region E of HA, which shows a repulsive inter-
action with the Fab antibody in the FMO calculation, but
has mutated three times [19, 20] after the emergence of the
H3N2 influenza virus in 1968. In our prediction method,
the amino acid residue that shows an attractive interaction
with the antibody was supposed to have a high probability
for mutation in order to escape from antibody recognition.
One of the possible reasons for the disagreement with the
observation can be ascribed to the fragment division
method employed in the FMO calculation. We relied on the
fragment division at the C, site in the polypeptide chain
according to the usual FMO recipe [6, 7, 21] for reducing
the computational error in total energy, while this method
of fragmentation may be less natural than the division at
the peptide bond in light of biochemical function (see also
the Sect. 4 below). Therefore, we here attempt an alter-
native method of fragment division for the IFIE calculation
in the FMO method to overcome this difficulty. Concerning
the accuracy of the calculated energies, the fragment
division at the atoms other than the C, site may cause
additional energy errors in IFIEs by the order of less than
1 kcal/mol [6, 7, 21]. (Note that the IFIE values calculated
with different fragmentations differ mainly due to the
difference in the fragment units employed in the FMO
calculations.)

The present article is organized as follows. In Sect. 2,
the models and methods employed in the present study are
illustrated. The calculated results obtained by the two kinds
of the fragmentations are shown and compared in Sect. 3.
We thus find in Sect. 4 that the IFIEs calculated through the
fragmentation at the peptide bond give a description for the
antigen—antibody interactions, which is more consistent
with the main stream amino acid changes observed in the
antigenic region E of HA. Section 5 concludes with a
summary.

2 Models and methods

We employ an HA-Fab antigen—antibody system of H3N2
A/Aichi/2/68 influenza virus (PDB ID: 1EO8) [5] in the
present analysis. Before performing the FMO-IFIE calcu-
lations, we added the missing hydrogen atoms in the
complex and optimized their positions with the aid of
MMFF94x force field [22] on the MOE (Molecular Oper-
ating Environment, Chemical Computing Group Inc.)
software. Then, the FMO-MP2/6-31G* [3, 4] and the
corresponding classical force-field (Amber ff99 [23])
calculations have been carried out for the antigen—antibody
complex with 921 residues and 14,086 atoms, in which the
monomer structure of HA [5] is employed. In contrast to
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R1 0] R3 O RS

R2 O R4 0

Fig. 1 Two methods of fragment division for the polypeptide chain.
a The fragment division at the C, site employed in the usual FMO
calculations. b The fragment division at the carbonyl C site of the
peptide bond employed in the present study. In the lower panels, the
dotted line shows the fragmentation border, where chemical bond
(orbital marked in red or blue) and electrons (represented by dots) are
partitioned according the conventional FMO recipe [6, 7, 21]

the earlier study, where the fragmentation was performed at
the C, site of the C—C bond according to the usual FMO
prescription [6, 7, 21], the fragmentation is performed at
the carbonyl C site of the peptide (C—N) bond in the present
analysis. The comparison between these two methods of
the fragmentation is illustrated in Fig. 1.

We obtained the IFIEs [8-14] on the bases of these
force-field and FMO (two-body FMO expansion [21] in
this study) calculations and summed the values of IFIEs
over the residues contained in the antibody. It is noted here
that the IFIE is equivalent to the pair interaction energy
(PIE) employed in other FMO studies [21]. These IFIE
sums for each antigenic region A-E demonstrate that the
amino acid residues in the vicinity of the antigenic region E
are significantly recognized by the antibody through
strongly attractive interactions, indicating that these resi-
dues are highly responsible for the binding affinity between
the HA antigen and the Fab fragment of antibody. We
therefore focus on 24 residues in the vicinity of the anti-
genic region E (residue numbers 62-85) in the present
analysis.

It is noted, in passing, that we employ in this study an
energetically optimized structure of complex on the basis
of the PDB (Protein Data Bank) registered structure as a
representative snapshot. Structural fluctuations of protein
complex in environmental solvent are thus neglected in the
present analysis, which may be justified by the consider-
ation that the optimized structure should be observed
dominantly by the energetical reason. It is also supposed
that the screening effect due to solvent [24] would not
change the relative order or the sign of IFIEs. In this
regard, the MP2 electron-correlation method [3, 4, 8—14] is
employed in the FMO calculation in order to appropriately
describe the weak dispersion interactions in addition to
other quantum-mechanical effects such as electronic
polarization and charge transfer.

3 Calculated results

First, we show the result for the IFIEs between each residue
in HA and the Fab fragment of antibody obtained by the
classical force-field calculation, in which the fragmentation
is performed at the carbonyl C site of the peptide bond.
Figure 2a—c demonstrate the calculated results for charged,
hydrophobic and polar residues in the antigenic region E,
respectively, in comparison with the earlier FMO results to
which the fragmentation at the C, site was applied. As seen
in the figures, the qualitative tendency of the interactions is
well correlated in both calculations on the whole, while the
classical force-field calculation seems to underestimate the
contribution associated with the attractive dispersion
interaction; the differences for the charged residues may be
partially ascribed to the neglects of electronic polarization
and charge transfer in the classical calculation. A signifi-
cant, qualitative difference between the two calculations is
then observed for those residues such as GLN80 and
THRS83, which may be attributed to the difference in the
ways of fragment division as mentioned earlier. In partic-
ular, the latter residue is important in the present context of
mutation prediction. If we would employ the IFIE value
between THR83 and antibody obtained through the force-
field calculation, we can assign this residue as a probable
candidate for forthcoming mutation because the mutation
at the THR83 site could diminish the currently attractive
interaction with the antibody, which would be favorable for
the escape from the antibody pressure. This is then
consistent with the observation [19, 20] that the THR83 site
has undergone mutations in the actual influenza viruses.
We have next carried out the FMO-MP2/6-31G* cal-
culation for the identical antigen—antibody structure. In this
calculation, we have modified the method of fragmentation
from that employed in the earlier work, so that five residues
including THRS83 are separated at the carbonyl C site of the
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peptide bond instead of the C, site. Table 1 shows the IFIE
values between each residue fragment and the antibody,
which are compared between the previous and present
ways of FMO fragmentation. Most interesting in this table
is the IFIE values for THR83 and TRP84. The IFIE for
THRS83 changes from 4.52 kcal/mol in the previous
scheme to —4.93 kcal/mol in the present scheme, which is
in line with the result observed in the classical force-field
calculation above; on the other hand, that for TRP84
changes from —6.85 to 1.25 kcal/mol. These results can be
accounted for as consequences of the modification of the
fragmentation, as will be addressed in the following
section, and provide a consequence consistent with the
observation [19, 20] for mutations of HA in the H3N2
influenza virus.

4 Discussion

As addressed in Sect. 2, the fragment assignment of the
carbonyl group C=0 in the main chain of polypeptide is
different between the two types of fragmentations shown in
Fig. 1; the fragmentation was performed at the C, site in
the usual FMO scheme, while it is performed at the carbon
site of the carbonyl group C=O constituting the peptide
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Residue

bond in the scheme proposed in the present study. When
we consider the IFIE between THR83 in HA and ARG98 in
Fab antibody, this difference causes a significant conse-
quence. Figure 3 illustrates the configuration of THRS83
and ARG98 in the antigen—antibody complex. The car-
bonyl group next to the side chain of THR83 has an
attractive interaction with ARG98. In the case of original
FMO fragmentation, this carbonyl group belongs to the
fragment containing the side chain of TRP84, then bringing
about an attractive IFIE between the TRP84 fragment and
the antibody (see —6.85 kcal/mol in Table 1). In the
present fragmentation, on the other hand, this carbonyl
group belongs to the fragment containing the side chain of
THRS3. Thus, the IFIE value between the THR83 fragment
and the antibody becomes negative (—4.93 kcal/mol) in the
present FMO calculation, as seen in Table 1, providing a
calculated result consistent with the mutation data in terms
of the present prediction scheme.

It is noted that the mutations at all six residue sites,
which have been observed in the antigenic region E of HA
of H3N2 A/Aichi/2/68, can thus be accounted for by the
prediction method based on the present fragmentation
scheme. This example would suggest that the fragmenta-
tion at the carbonyl site of the peptide bond may be a more
natural way of fragment division in FMO calculation in
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Table 1 IFIE values (in units of kcal/mol) between the Fab antibody
and amino acid residues in the vicinity of THR83

Fragment IFIE sum Number
(kcal/mol) of atoms

(a) Previous
GLN80 7.47 17
ASNS81 —0.45 14
GLUS82 —102.51 15
THRS83 4.52 14
TRP84 —-6.85 24
ASP85 —34.93 12
LEU86 2.21 19

(b) Present
GLN80 7.43 17
ASNS1 0.63 16
GLUS2 —101.98 15
THRS83 —4.93 14
TRP84 1.25 24
ASPS85 —37.41 10
LEU86 2.23 19

(a) The results obtained by FMO-MP2/6-31G* calculation employing
the usual fragment division at the C, site of the C—C bond shown in
Fig. la. (b) The results obtained by FMO-MP2/6-31G* calculation
employing the present fragment division at the carbonyl C site of the
peptide (C-N) bond shown in Fig. 1b. The numbers of atoms con-
tained in each fragment corresponding to amino acid residue (side
chain) are also shown

Previous Present

THR83

Fig. 3 Configuration of THR83 in HA antigen and ARG98 in Fab
antibody. The side chain of THR83 and the carbonyl group interacting
with ARG9S8 are circled by the dashed red line and the dotted yellow
line, respectively. These two parts are contained in an identical
fragment (THR83) only in the present fragmentation scheme

order to discuss biochemical consequences of mutations,
while the original method of fragment division was
employed to reduce the computational errors due to the
fragmentation as much as possible in the FMO calculations
[6,7, 21]. In this connection, we suppose that the change of
the side chain of amino acid residue would modify the local

structure of neighboring region of the main chain as well,
thus leading to the change in the interaction associated with
the main chain. Thus, the effects of the mutations are
indirect when the interactions associated with the main
chain are important.

For more realistic analysis, we may employ the trimer
structure [1] of HA antigen complexed with the Fab dimer
antibody. The FMO calculations for this HA trimer system
has already been performed [25] at the MP2 and MP3
levels. The prediction of mutations using this FMO-IFIE
result and its comparison with that by HA monomer would
be interesting, which will be reported elsewhere [26]. It is
also remarked that the effect of fluctuating protein struc-
tures in aqueous solution on the antigen—antibody interac-
tion [27], which is beyond the scope of the present study, is
an issue to be investigated in the future.

5 Conclusion

Our prediction scheme for probable mutations in HA pro-
tein of influenza virus depends on the evaluation of inter-
actions between amino acid residues in HA and associated
antibody. If the interaction is attractive, the corresponding
residue would have a higher probability of forthcoming
mutation in order to mitigate the molecular recognition by
the antibody. These interaction energies could be evaluated
in terms of the IFIEs obtained through the FMO calculation
for the antigen—antibody complex. Then, the method of the
fragment division employed in the FMO calculation would
be important in order to appropriately assign the local
interactions associated with pertinent groups in amino acid
residues to each fragment. It is noted that these fragmen-
tations are somewhat empirical and lead to the arbitrariness
in the IFIE values. In our previous analysis [3] on an HA
antigen—antibody system, we relied on the conventional
fragmentation scheme in the FMO calculation and found
that the prediction scheme worked well for explaining five
of the six past mutations in the HA of H3N2 A/Aichi/2/68
influenza virus, but leaving the mutations of THRS83
unexplained. In the present study, on the other hand, we
have performed a novel fragmentation at the carbonyl C
site of the peptide bond, which is more consistent with the
biochemical importance of the peptide bond moiety in
protein structures. While this fragmentation may bring
about increased errors of calculated energies in the FMO
approximation, we have improved the agreement between
the theoretical prediction and the past mutations observed
in the antigenic region E of HA of H3N2 A/Aichi/2/68
influenza virus. This finding may thus suggest various
options [28] for us to choose the method of fragmentation
employed in the FMO calculation according to the purpose
of analysis.
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Ab initio electronic-state calculations for influenza virus hemagglutinin (HA) trimer complexed with Fab
antibody were performed on the basis of the fragment molecular orbital (FMO) method at the second and
third-order Mpller-Plesset (MP2 and MP3) perturbation levels. For the protein complex containing 2351
residues and 36,160 atoms, the inter-fragment interaction energies (IFIEs) were evaluated to illustrate
the effective interactions between all the pairs of amino acid residues. By analyzing the calculated data on
the IFIEs, we first discussed the interactions and their fluctuations between multiple domains contained

ﬁef}l’::;rg;: in the trimerAcomplAex. Next,‘ by combining the IFIE data bepween Fhe Fab antibody and each residue
Hemagglutinin (HA) in the HA antigen with experimental data on the hemadsorption activity of HA mutants, we proposed a
Antibody protocol to predict probable mutations in HA. The proposed protocol based on the FMO-MP2.5 calculation
Mutation can explain the historical facts concerning the actual mutations after the emergence of A/Hong Kong/1/68

Fragment molecular orbital (FMO) method influenza virus with subtype H3N2, and thus provides a useful methodology to enumerate those residue

sites likely to mutate in the future.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hemagglutinin (HA), a major antigenic protein of the influenza
virus, is a homo-trimeric glycoprotein. HA plays an important role
in the early stage of infection; binding to the receptors (sialic acids)
on the host cells and trigger for the fusion between virus and endo-
some membranes. The receptor binding site (RBS) locates on the
membrane-distal globular domain of HA. The neutralizing antibody
targeting antigenic regions located around RBS prohibits the virus
from binding to the receptors [1,2]. Antigenic variants are generally
selected during circulation of the viruses among human popula-
tion. In these variants, amino acid differences are observed in the
antigenic region compared to the original viruses [3]. The structural
analyses of HA-antibody complexes have provided the information
about the amino acid residues on HA directly interacting with the

* Corresponding author. Tel.: +81 78 803 6620; fax: +81 78 803 6621.
E-mail address: tanaka2@kobe-u.ac.jp (S. Tanaka).

1093-3263/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmgm.2011.06.011

antibody in the complexes. Amino acid substitutions at these sites
allow the virus to escape from the neutralizing antibody [4-6].

In this paper, we first specify the sites of the antigenic region
under the antibody pressure based on the X-ray structure of com-
plex of the HA A/Hong Kong/1/68 (H3N2) with the antibody HC63
[7]. This structure is a complex of HA trimer and fragment of antigen
binding (Fab) dimer. The pandemic of human influenza in 1968 was
caused by the viruses that were human/avian virus reassortants [8].
Moreover, this virus often has undergone antigenic drifts after this
outbreak [9]. We may further be faced with influenza pandemics
by the causes of antigenic shift with the highly lethal viruses and
antigenic drift in the future.

To predict the probable mutation sites of the antigenic region
in HA, in an earlier work [10], we developed a practical scheme
by combining the inter-fragment interaction energy (IFIE) analysis
of fragment molecular orbital (FMO) method with experimental
information about the hemadsorption activity of mutants [11,12],
in which an HA monomer structure [6] was used. However, it was
indicated [7] that the Fab monomer can effectively recognize not
only directly linked (e.g., Fab(I) versus HA(I) or Fab(Il) versus HA(II))



