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Abstract 

The binding of influenza A virus to GM3-containing monolayers at an air/water interface was quantitatively investigated 
by use of a quartz crystal microbalance (QCM). A QCM was horizontally attached to the monolayer from the air phase and 
the binding behavior of influenza virus was followed by the frequency changes of the QCM. GM~ was reconstituted in the 
momolayer of sphingomyelin (SM) or glucosylceramide (GIcCer), When the mole fraction of GM.~ was below 30 tool%, the 
binding rate ot' the influenza A virus to the GM~/GIcCer membrane was significantly faster than that to GM.ffSM 
membranes. When the mole fraction of GM3 in SM was below 20 tool%, specific binding of influenza virus was not 
observed at all. Binding of the virus to the GM ~/GlcCer mixed membrane was inhibited by the addition of sialyllactose 
(Neu5Aco~2-3Gal,81-4Glc). The virus binding was also visually observed by scanning electron microscopy. Viruses 
selectively bound to GM3/GlcCcr (20:80, by molCk) membrane, but not to GM3/SM (20:80, by tool%) membrane. 
Furthermore, it was suggested that specific binding of influenza virus to the GM~/GIcCer membrane induced the changes 
in morphology of virus. It was clearly demonstrated that binding of influenza virus to GM 3 was influenced by matrix lipids 
surrounding GM 3. 

Key,',rds: Ganglioside: Sphingomyclin: Glttcosylceramide: Quartz crystal microbalance: Air/water interface monolayer; Influenza A 
virus 

1. Introduction 

Gan8liosides are known as receptors for influenza 
viruses. Specificities of gangliosides to influenza 

Abbrc'dations: GM 3' N-acctyhleuraminylgalacto,,,ylglucosyl- 
ceramide: SM. sphingomyelin: GIcCer. glucosylccramide: l_,ac- 
Cer, lactosylceramide: DSPC, distearoylphosphatidylcholine: 
Neu5Ac, N-acctylnea;amil~ic acid: Gal. galactose; GIc, glucose; 
WGA, wheat germ agglutinin: QCM, a quartz crystal microbal- 
ante; SEM, scanning electron micro.,,copy. 
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viruses have been invesligated by ganglioside-coated 
erythrocyte/virus-binding assay or thin-layer chro- 
matography/virus-binding assay [I]. Many epitopes 
of gangliosides against viruses were determined by 
these methods, For example, influenza A virus 
[A/PR/8/34(HINI)]  can bind to GM 3, sialyl 
Lewis x, GM tb' but can not bind to their derivatives 
and other gangliosides [1], Gangliosides usually exist 
surrounded by various kinds ~,f lipids such as a 
phosphatidylcholine or a neutral glycolipid in plasma 
membrane, Recognition of ganglioside is expected to 
be modulated by such a matrix lipid, However, we 
could not know the influence of membrane composi- 
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tion on the receptor functions of gangliosides by the 
previous methods. 

Liposomal membranes and mont~iayers have been 
used as a biomembrane model, In ganglioside-lecithin 
liposome, production of complex phase behavior with 
increasing mole fraction of ganglioside has been ob- 
served [2,3]. On the other hand, the ganglioside-con- 
raining air/water interface monolayer is very stable 
and gives a simple membrane structure at every mole 
fraction of GM~ [4-6]. The well-defined monolayer 
membranes are considered to be the more suitable 
models to study the influence of mole fraction of 
ganglioside and lipid composition on the virus bind- 
ing to GM.~-containing mixed membrane. 

Studies in binding of proteins to a lipid monolayer 
have been carried out by surface tension measure- 
ment [7-9], surface plasmon resonance [10]. fluo,cs- 
cence-labeling technique [11-13] and radio-label.lg 
technique [8,14], and so forth, in the previous papers 
[4,5,15,16], we reported a new method to detect 
directly the binding of lectins to a specific glycolipid 
monolayer at the air/water interface rnonolayer on 
which a quartz-crystal microbalance (QCM) was at- 
tached horizontally in the air phase. Binding amounts 
and initial binding rate of sialic acid-specific lectin 
(wheat germ agglutinin, WGA) to a GM.~ reconsti- 
tttted in distearoylphosphatidylcholine (DSPC), 
sphingomyelin (SM), glucosylceramide (GlcCer), and 
lactosylceramide (LacCer) was obtained frc, m fre- 
quency decrease (mass increase) of the QCM [4,5]. 
These values for the GM3/GIcCer and the 
GM~/GlcCer mixed membranes were found to be 
significantly higher than those for the GM 3/SM and 
the GM3/DSPC mixed membranes. These results 
suggest that the recognition of s~alic acid on GM~ 
was regulated by the surrounding matrix lipids. 

In this study, binding of the influenza A virus to 
GM 3 reconstituted in SM and GIcCer monolayers is 

I QCM 

Fig. I. An e×perimental setup of a QCM attached hori.'ontally on 
a ganglioside-containing monolayer. 

investigated by using QCM (Fig, I) and scauning 
electron microscopy. The binding behavior of virus to 
GMccontaining membranes was found to be influ- 
enced bv the mole fraction of ganglioside and bs. the 
membrane coqlposition. 

2. Materials and methods 

2.1, M,teriuls 

GM~,. GIcCer. and sialyllactose (Neu5Acot2- 
3Gal/3 I-4GIc) were obtained from Snow Brand Milk 
Products. Japan, and SM and lactose (Gal~ I-4Glc) 
were purchased from Sigma. USA. Those were used 
without further purification. Influenza A virus 
[A/PR/8/34(HINI)] was kindly given by Prof. K. 
Na,,at:,~ (Dep~.trtment of Biomolecular Eno_,ineerine.~ 
Tokyo Institute of Technology). 

2.2. Lipid molzoluyer 

A mixed solvent of chlorot\)rm and methanol (4:1. 
v/v) containing sphingolipids was spread on the 10 
mM Tris-HCl buffer (pH 7.6) in a Teflon-coated 
trough with a microcomputer-controlled Teflon bar- 
rier (USi, Fttkuoka, Japan). The solutions of the 
sphingolipids were used within 2 days after the 
preparation. It was confirmed from "n'-A isotherms 
that GM~ mixed homogeneously with matrix lipids 
and did not show phase separation in matrix mem- 
branes, Since molecular areas of monolayer at the 
surface pressure of 30 mN m-* were constant lbr 
several hours, the stability of monolayer was evi- 
denced. 

The membrane composition alter spreading on the 
air/water interface was investigated by X-ray photo- 
electron spectroscopy (XPS). A lipid monotayer was 
transferred onto a glass plate (4.5 × 18 ram) by lift- 
ing at a surface pressure of 30 mN m i XPS mea- 
surements were carried out by a ESCA 850M 
(Shimadzu. Tokyo, Japan) which is connected with a 
analyzer ESPAC-1000 (Shimadzu, Tokyo, Japan). For 
example, when the GM ~/SM (40:60. by mole before 
spreading) mixed membrane was investigated by XPS, 
the found mole fraction of GM.~ was 43 tool%, which 
was calculated from the peak area due to N,~(choline) 
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and Nl~(amide). This indicates that the gangliosides 
are incorporated totally into the monolayer. 

2.3. The quartz crystal microbahmce (QCM) 

Detection of virus binding to monolayers was car- 
ried out by a QCM technique which is basically the 
same method as previously reported [4,5,15,16]. A 
QCM plate was attached horizontally on the mixed 
monolayer in the air phase at a surface pressure of 30 
mN m-:, The frequency decrease of the QCM (mass 
increase) responding to the addition of influenza 
viruses (1,5' 107 mF')  in the subphase of 10 mM 
Tris-HC1 buffer (pH 7,4) was tollowed with time, 
Experiments were carried out at 4°C to decrease the 
activity of the viral neuraminidase. The QCM em- 
ployed is commercially available 9 MHz, AT-cut 
quartz (diameter: 9 ram) deposited with goId elec- 
trode on both sides (diameter: 4,5 mm). The QCM 
was connected to a handmade oscillator designed to 
drive the quartz at its resonance frequency at the 
air/water interface. The frequency changes were fol- 
lowed by a universal frequency counter model SC 
7201 (lwatsu, Tokyo) attached to the microcomputer 
system model PC 9801 (NEC, Tokyo). The following 
Sauerbrey's equation was obtained for the AT-cut 
shear mode QCM [17]: 

-2F,? 
..4F -- - -  .Ira (I) 

A l pq/x, 

where AF is the measured frequency shift (Hz), F,, 
the parent frequency of QCM (9,10 ~' Hz), Jm the 
mass changt (g), A the electrode area (0,16 cruZ), p, 
the density of quartz (2,65 g cm-3), and #q the shear 
modulus (2,95.10 ~ dyne cm- :), Calibration showed 
that a frequency decrease of 2 Hz corresponded to a 
mass increase of I ng on the QCM electrode at the 
air/water interface, when the adsorption of protein 
was measured in an aqueous solution, 

2.4. &'¢mnittg electron microscol9" 

A lipid monolayer was transferred onto a plastic 
plate (diameter: 13.5 ram, cell disk, Sumitomo Bake- 
lite, Tokyo) by a horizontal lowering method at a 
surface pressure of 30 mN m-'. The monolayer- 
coated plastic plate was moved to a plastic petri dish 
(diameter: 18 ram)filled with 10 mM Tris buffer (pH 

7.6) without contacting it to air. Influenza virus (I.5. 
107 ml -I) in tO mM Tris buffer was added to the 
petri dish. After soaking at 4°C for 12 h, the plate 
was rinsed three times in cold 10 mM phosphate 
buffer (pH 7.2). The viruses adhered to the lipid 
monolayer were fixed with 1% glutaraldehyde at 4°C 
for 2 h, followed by 1% OsO4 for I h at 4°C. 
Dehydration was carried out by 50, 70, 80, 90, 95, 
and 99,5% ethanol, and t-butanol. The samples were 
lyophilized in t-butanol at - 10°C (ES-2030, Hitachi, 
Tokyo). Au-Pd was deposited at the thickness of 10 
nm (E-1020, Hitachi). The samples were examined in 
a Hitachi electron microscope (S-2380N). 

3. Results and discussion 

3, I. Detection .~r the cirtts bindings to GM ccontain- 
ing membranes bv a QCM 

When the experiments for virus binding to GM.v 
containing monolayer were carried out at 37°C, no 
virus binding was observed. Suzuki et al. [l] have 
observed a similar phenomenon by means of erythro. 
cyte agglutination and thin-layer chromatography. 
They have explained that such a phenomenon is 
caused by desialization of GM 3 catalyzed by mem- 
brane sialidase of the influenza virus, Since mem- 
brane sialidase is inactive at low temperature, experi- 
ments for influenza virus binding experiments are 
usually carried out at 4°C. 

Fig, 2 shows typical time-courses of frequency 
changes of the QCM attached to monolayer respond- 
ing to the addition of influenza viruses (I,5. I07 
ml-~) into the subphase at 4°C. Binding rates of 
virus to simple SM and GIcCer were very slow as 
shown in Fig. 2. The GM3/GlcCer (20:80, mole/o) 
mixed membrane showed large frequency decrease 
(mass increase) with time. On the other hand, the 
GM~/SM (20:80, tool%) mixed membrane showed 
small frequency changes, which are almost equal to 
those of the SM and GIcCer matrix membranes. 
Significant differences in virus binding between the 
GMJGIcCer and GM3/SM membranes were ob- 
served, even if the mole fraction of GM 3 was the 
sanle. 

The mass of the influenza A virus (diameter: 100 
nm) may be assumed to be 7,4,10 -7 ng per one 
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Fig, 2. Time-courses of frequency change ( - 3 , F )  and mass change (.3m) t*f the QCM on (a) the SM membrane, (b) the GM3/SM 
(20:80, by tool%) mixed membrane. (c) the GIcCer membrane, and (d) the GML/GIcCer (20:80, by mol%) mixed membranes, 
responding to the addition of the influenza viruses (1.5. [07 m l  i) in ;.lqueou:, ~,olution (ID mM Tris-HCl buffer, pH 7.6 at 4°C). 

virus from the number of nucleic acids, proteins and 
iipids per one virus [18], When the virus covers the 
membrane surface as a monolayer, a frequency de- 
crease ( - ~F) of 2400 Hz and a mass increase (Am) 
of 1200 ng are expected. Frequencies of QCM gradu- 
ally decreased with time responding to the addition of 
viruses for about one day, and reached equilibrium 
( -  AF = 1000 Hz; ~m = 500 rig) after two or three 
days, This binding amount of virus means that the 
virus can cover about 40% of the overall surface area 
at the equilibrium. 

Binding rates (Vbi,,j) of virus at several mole trac- 
tions of GM3 in the monolayer were shown in Fig. 3. 
Significant differences between the GM3/SM and 
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Fig. 3. Binding rates (V=d ~) of the influenza viruses to GM 3 
reconstituted in the GIcCer matrix ( ,.', ), and the SM matrix (©) as 
a function of the mole fraction of GM 3. The data represent the 
means_ S.D. for three or four separate experiments. 

GM ~/GIcCer membrane were observed at mole trac- 
tions of GM~ below 20 mol%. The Vbi,, a for 
GM 3/SM membrane raised at mole fractions of GM 3 
above 30 mot%. However, virus binding to 
GM 3/GIcCer membranes occuned even at low mole 
fractions of GM 3. Influences of ganglioside mole 
fraction and membrane composition on virus binding 
were clearly demonstrated by the present experiment 
using monolayers. Interaction of the influenza virus 
with GM 3 was found to be modulated by the matrix 
lipid. 

3.2. Inhibitio. t~' Hrus binding by sialyllactose 

Sialyllactose is expected to inhibit the virus bind- 
ing to the GM ~/GlcCer mixed membrane. Sialyllae- 
tose corresponds to hydrophilic oli~osaccharide in 
GM3. Table I shows the effects of sialyllactose and 
lactose on Vbi,, t. The presence of sialyllactose re- 
sulted in the decrease of Vh~,a, depending on the 

Table I 
Binding rate (Vhm d) of the influenza vires to the GM 3/GlcCer 
(20:80, mol%) mixed monolayer in the presence of sialyllactose 
or lactose at 4°C (n = 3) 

Additive Concentration (raM) Vhin, t ( /ng h - ' )  

Sialyllactose 0 10 + 1.3 
1 6.2 4-1.4 

2 2.0_+0.8 
Lactose 2 II __. 1.5 
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concentration of sialyllactose. In the presence of 2 
mM sialyllactose. V~,~,,,~ was decreased to 2 ng h-i, 
which was almost the same as nonspecific binding to 
the SM and the GIcCer membranes (2.5 ng h-i. see 
Fig. 2). Specific binding was compIetely inhibited by 
the addition of sialyllactose. On the other hand. 2 
mM lactose had no influence on the Vh~,,d values. 
Sialyllactose was found to be a better substrate for 
hemagglutinin of influenza A virus than lactose. To 
our knowledge, this is the first evidence that naturally 
occurring sialyllactose can inhibit the binding of the 
influenza A virus to GM 3. 

3.3. Obserration of rimses bound to monolavers by 

scamzing electron mictvscopy (SEM) 

In order to confirm that the frequency changes of 
QCM correspond to the virus binding, the influenza 
viruses bound to the GM3-containing membranes 

were directly observed by SEM. Typical electron 
micrographs of viruses bound to lipid monolayers are 
shown in Fig. 4. It was clearly observed that the 
influenza viruses bound in a large amount to the 
GM.JGlcfer (20:80. by mole) mixed membrane, 
compared with the SM, the GlcCer membranes and 
the GM~/SM (20:80. by mole) mixed membranes. 
Viruses selectively bound to GM 3 reconstituted in 
the GlcCer matrix, but not to GM 3 in the SM matrix. 
The shape of viruses on the GM.~/GIcCer mixed 
membrane seems to be fiat, and was different from 
the shape of the viruses bound to other membranes. It 
is considered that muitivalent binding between GM 3 
and the viral receptor caused strong interaction. 

The number of viruses bound to SM, GIcCer, and 
GM3/SM membranes was one or two on an average 
in one observed region (2 /zm x !.5 #m), when the 
magnification was X60000. On the other hand, larger 
number of viruses on GM~/GlcCer membrane were 

Fig. 4. Scanning electron microgr~lphs of influenza A virus bound to (A) the SM membrane,(B) tile GM.t/SM (20:80, molCk) mixed 
membrane, (C~ the GIcCer membrane, and (D) tile GM ~/GIcCer (20:80, moF'lc) mixed membranes. 
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observed at all parts of the membrane. At the lower 
magnification, however, the viruses on GM3/GIcCer 
membrane were not detected because the contrast 
became weak due to the flatness of the adhered 
viruses. 

The binding amounts of viruses obtained by SEM 
were compared with the results of the QCM experi- 
ments, When the GMffGlcCer-coated plate was 
soaked into virus solution for 12 h. the expected 
binding amount of virus to the membrane was calcu- 
lated to be abou; 130 ng from the QCM experiments 
(Vbi,, a = 11 ng h-'), When the viruses cover the 
membrane surface as a monolayer, the mass increase 
is theoretically calculated to be 1200 ng. Thus, the 
viruses are estimated to cover about lOCk of the 
overall surface area, Also in the electron micrograph 
of Fig. 4D, the adhered viruses seem to occupy about 
10% of the surface area. The observations by SEM 
were well consistent with the results of the QCM 
experiments. 

reason for hidden recognition of GM.v To study the 
recognition mechanism of ganglioside on the ceil 
surface, artificial lipid membranes could be a conve- 
nient and useful model. Our investigations by gan- 
glioside-containing monolayers strongly suggest that 
interaction of GM 3 with other matrix lipid is an 
important factor to regulate the antigenicity of GM+~ 
in the cell mernbrane, Radin [24] also described that 
glycosphingolipids are normally localized in the 
plasma membrane in the form of aggregates. If GM, 
and GIcCer form the aggregate together in the plasma 
membrane, GM 3 would be expected to show high 
recognition. When the concentration of GicCer de- 
creased, GM~ may dissociate from the glycosphin- 
golipids aggregate and associate v,'ith phosphatidyl- 
choline [24], Such a location of GM 3 may result in 
the disappearance of GM 3 recognition. 

3,5, Possible mechanisms hn" GM s recognition regtt- 
lated by m~m'i.t" lipids 

3.4. Receptor f,,mction of GM: in lipid membrtmes 

Through the present experiments, it is apparent 
that the recognition of GM~ against the influenza A 
virus was altered by the lipid composition, Though 
GMa reconstituted in the GIcCer matrix membrane 
acts as receptor for the influenza A virus, recognition 
of GM 3 in the SM matrix membrane was cryptic 
when the mole fraction of GM 3 was below 30 mol%, 
The binding specificity of influenza A virus (HINI 
type) to GM 3 has been clearly demonstrated by 
TLC/virus binding assay [I,tq]. However, our pre- 
sent study indicated that the binding behavior of 
influenza virus to GM 3 was depend on membrane 
composition and on mole fraction of GM3 in mem- 
brane. 

It has been reported that anti-GM 3 antibody can 
not react with a certain cell despite the cell express- 
ing GM~ [20-23]. Especially, Inokuchi et al. [23] 
have published interesting results. They have tbund 
that anti-GM 3 antibody hardly reacts with BI6 
melanoma cells that were treated with the blocker of 
glycosphingolipid synthesis and showed large loss of 
GlcCer and LacCer and no detectable loss of GM~. 
However, since there may be a lot of unidentified 
factors possible to regulate the GM3 recognition on 
the cell membrane, it is very difficult to discuss the 

Regulation of GM 3 recognition by matrix lipids 
rnay be caused by membrane fluidity, phase separa- 
tion, cluster formation or lipid-lipid interaction. In 
the present system, the phase-transition temperatures 
of the lipids employed in this study are higher than 
measurement temperature [25], L'ase separation was 
not detected from rr-A isotherms of monolayer mem- 
branes [4], Therefore the influence of membrane flu- 
idity and phase separation may be neglected. Forma- 
tion of a ganglioside cluster in lipid membranes has 
been demonstrated by Rock et al, [26]. They de- 
scribed that a glycosphingolipid is dispersed in a 
cluster of several molecules when present at a low 
mole fraction in phospholipid liposome, Formation of 
sugar cluster may lead to the high recognition of a 
sugar-binding protein since the multiantennary oligo- 
saccharide chain often shows high recognition [27,28]. 
If the GM.~ cluster in the GlcCer matrix is greater 
than that in SM, recognition of GM 3 in the GlcCer 
matrix may be higher than in the SM matrix. Another 
possible factor is lipid-lipid interaction. Maggio et 
al. [6] have investigated the feature of ganglioside- 
containing monolayers from rr-A isotherms [5]. They 
have demonstrated that di- and tri-sialoganglioside 
showed interactions with a phosphatidylcholine char- 
acterized by a decrease in mean molecular area and 
average surface potential per molecule. The interac- 
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tion was explained as the result of electrostatic inter- 
action between anionic carboxylic acid and the posi- 
tive charge of choline. In our study, however, signifi- 
cant differences in the changes of molecular area 
between the GM3/GIcCer and the GM3/SM mixed 
membranes were not observed when the mole frac- 
tion of GM 3 was less than 20 tool% (data not shown). 
Changes in molecular area of GM~, that have smaller 
oligosaceharide headgroups than di- and tri-sialo- 
ganglioside, may not be detected by 7r-A isotherms. 
Though evidence of GM3-SM interaction was not 
obtained by the preliminary experiments of the 7r-A 
isotherm, electrostatic interactions between GM~ and 
SM would be expected. Low recognition of GM~ in 
the SM matrix may be caused by such a lipid-lipid 

interaction. In the case of the GM3/GIcCer mixed 
monolayer, recognition of GM3 may not be restricted 
since electrostatic interaction between GM ~ and GIc- 
Cer is neglected. Though we can not discuss in detail 
how recognition of GM ~ is regulated by surrounding 
lipids, it is expected that the effects of GleCer and 
SM on the recognizability of GM 3 were probably 

caused by the orientation of the otigosaccharides of 

the GM 3 molecules in the mi×ed rnembrane. This 
will be evidenced by further investigations such as 

STM, nuclear magnetic resonance or X-ray diffrac- 
tion. 

In conclusion, the present study demonstrates that 
a QCM technique combined with lipid monolayer 

will be a useful assay system tor the detection of 
virus binding to lipid mernbranes. Furthermore, it 
was suggested that the investigations on the recogni- 
tion of ganglioside in highly organized lipid rnem, 
brahe give a very important knowledge of the func- 
tion of ganglioside in the cell membrane. 
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