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Abstract The binding of choleratoxin, tetanustoxin and
pertussis toxin to ganglioside containing solid supported
membranes has been investigated by quartz crystal micro-
balance measurements. The bilayers were prepared by fu-
sion of phospholipid-vesicles on ahydrophobic monolayer
of octanethiol chemisorbed on one gold electrode placed
on the 5 MHz AT-cut quartz crystal. The ability of the
gang“OSIdeS GMl' GM3’ GDla' Gle, Gle and a.S| a.l O-GMl
to act as suitable receptors for the different toxins was
tested by measuring the changes of quartz resonance fre-
guencies. To obtain the binding constants of each ligand-
receptor-couple Langmuir-isotherms were successfully
fitted to the experimental adsorption isotherms. Cholera
toxin shows a high affinity for Gy,; (K,=1.8-103M™),
alower one for asialo-Gy;; (K,=1.0-10” M) and no af-
finity for Gy,53. The C-fragment of tetanus toxin binds to
ganglioside Gp1,4, Gp1p and Gy, containing membranes
with similar affinity (K,~10° M%), while no binding was
observed with Gy,5. Pertussis toxin binds to membranes
containing the ganglioside Gy, With abinding constant of
K,=1.6-10° M2, but only if large amounts (40 mol %) of
Gp1 are present. The maximum frequency shift caused by
the protein adsorption depends strongly on the molecular
structure of the receptor. This is clearly demonstrated by
an observed maximum frequency decrease of 99 Hz for the
adsorption of the C-fragment of tetanus toxin to Gpqp,. In
contrast to this large frequency decrease, which was un-
expectedly high with respect to Sauerbrey’s equation, im-
plying pure mass loading, a maximum shift of only 28 Hz
was detected after adsorption of the C-fragment of tetanus
toxin to Gp,.

A. Janshoff - C. Steinem - M. Sieber - H. J. Galla (=)
Institut fir Biochemie, Westfélische Wilhelms-Universitét,
Wilhelm-Klemm-Strasse 2, D-48149 Minster, Germany

A. el Baya- M. A. Schmidt

Institut fir Infektiologie —

Zentrum fir Molekularbiologie der Entziindung,
Von-Esmarck-Strasse 56, D-48149 M Uinster, Germany

Key words Quartz crystal microbalance (QCM) -
Choleratoxin - Tetanus toxin - Pertussis toxin - Solid
supported membranes - Gangliosides

Abbreviations Cer ceramid - CT choleratoxin - Gal ga-
lactose - GalNac N-acetylgalactosamine - Glc glucose -
LUV largeunilamellar vesicle-NANA N-acetyl-neuraminic
acid - PNA peanut agglutinin - PT pertussis toxin -
POPC  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line - QCM quartz crystal microbalance - TT tetanus toxin

1 Introduction

The interaction of bacterial exotoxins, such as cholera
toxin, tetanus toxin or pertussis toxin, with cellular target
membranes is usually initiated by a specific recognition
process with well defined receptors on the membrane of
the attacked cell. These toxins often possess at least two
different domains, oneisresponsible for binding to the re-
ceptor, the other one penetrates the cell-membrane and in-
duces the typical toxic effect attributed to the bacterium,
mainly by disturbing the signal transduction of the eukar-
yotictarget cell. Inthisstudy we haveinvestigated the spe-
cific binding of three different bacterial toxinsto receptor
lipids.

Tetanustoxin (TT), the exotoxin of Chlostridiumtetani
is one of the most effective toxins from bacteria. It con-
sists of two subunits, fragment B (M =99 kDa) and frag-
ment C (M =52 kDa) (Weller et al. 1989). Fragment C
bindsto themembrane confined receptors, thegangliosides
of theb-series(Winter et al. 1996), whereasthe B-fragment
carries the catalytic unit of the toxin. Here the binding of
the C-fragment to the gangliosides Gy;3, Gp1a, Gpip and
G+4p has been investigated.

The second ligand-receptor couple under investigation
was Gy,; — cholera toxin (CT). CT is the enterotoxin of
Cholera vibrio, an 87 kDa protein with the subunit com-
position AB5 in which the five identical B subunits form
a pentagonal ring surrounding the A subunit. The B sub-
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unit possesses the binding site for the cell surface recep-
tor, the ganglioside G,,; (Fishman 1990). Upon binding,
the A subunit divides into two parts, the A1l subunit
penetrates the cell membrane and catalyzes the ADP-
ribosylation of stimulatory G-proteins, thus activating the
adenylate cyclase and producing large amounts of cAMP.
Thisresultsin the emission of huge quantities of digestive
fluids into the lumen of the intestine (up to 20 I/day), the
major symptom of cholera.

Pertussis toxin (PT) from Bordetella pertussis, the
pathogen causing whooping cough, was the third toxinin-
vestigated in this study. PT, a 105 kDa protein, has a sim-
ilar A—B structure to choleratoxin. It consists of an enzy-
matically active A subunit and a B oligomer, composed of
five subunits (S2, S3, 2x$4 and S5), which is responsible
for the binding of thetoxin to thetarget cell (Hausman and
Burns 1993; Saukkonen et al. 1992). Like CT, pertussis
toxin exerts its effect on mammalian cells by catalyzing
the transfer of the ADP-ribose moiety from NAD to cer-
tain inhibitory G-proteins, thus again leading to highly el-
evated intracellular levels of cAMP. PT startsits action, as
do other bacterial toxins, by first binding to its cellular re-
ceptors, whichmay beaglycolipid or aglycoprotein. Haus-
man and Burns (1993) studied the interaction of PT with
different glycolipid containing vesicles and found that the
ganglioside Gp 4, exhibits the highest affinity for PT. In
contrast to this study, Brennan et al. (1988) found no evi-
dence for PT binding to glycolipidsin general. In order to
determine the contribution of gangliosides as possible re-
ceptorsfor PT we investigated the binding of PT to differ-
ent gangliosides.

The quantification of protein binding to a special mem-
brane receptor is usualy a demanding experimental pro-
cedure which often requires artificial lipid bilayers doped
with the isolated receptor to determine the binding con-
stant of the ligand-receptor couple. Several approaches
have been made to obtain stable planar lipid bilayers. In
the last decade solid supported lipid bilayers have played
an important role in imitating biological membranes be-
cause of their long-term stability and the possibility of con-
stituting them on electrically conductive supports (Kab
et al. 1992). An overview on current techniques to deposit
bilayers on a solid support, especially on gold, isgiven by
Steinem et al. (1996). Terrettaz et a. (1993) used gold-
electrodeswith afirst chemisorbed monolayer of alkaneth-
iols and a second phospholipid monolayer doped with the
ganglioside Gy, to study the specific adsorption of chol-
eratoxin by surface plasmon resonance spectroscopy. We
have now used the quartz crystal microbalance (QCM) to
guantify theamount of protein bound to receptor lipidsem-
bedded in a phospholipid matrix. Since Sauerbrey’s pio-
neering work (Sauerbrey 1959), piezoel ectric quartz crys-
talshave been used widely in chemistry and physicsasvac-
uum deposition monitors and gas-phase sensors. In the last
decade the use of the QCM has been extended to the lig-
uid phase, opening up a variety of new applications of in
situ measurements of adsorption processes. In addition to
its application in electrochemistry, the QCM offers an in-
expensive and very sensitive method to detect the adsorp-

tion of small amounts of proteins (Muratsugu et al. 1993)
and nucleic acids(Yamagushi and Schimomura 1993) from
solution. For example, shear wave resonators have been
used as immunosensors to quantify the binding of protein
antigens, haptens and antibodies (Muramatsu et al. 1987;
Konig and Grétzel 1994).

In this study we immobilized solid supported mem-
branes on top of a quartz plate. The bilayer consisted of a
self-assembled monolayer of octanethiol ongold and asec-
ond monolayer of ganglioside containing 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) deposited by
fusion of large unilamellar vesicles on the hydrophobic
a kanethiol-monolayer. | mpedance spectroscopy was used
to characterize theintegrity of the membrane. The specific
interactions of the three different toxins with these bilay-
ers were investigated by measuring the frequency shift of
the QCM upon binding of the proteins to the surface-
receptors.

2 Materials and methods
2.1 Materials

Choleratoxin was purchased from List Biological Labor-
atories (Campbell, CA, USA), the C-fragment of tetanus
toxin was akind gift from Prof. Habermann, University of
Giessen, pertussis toxin was obtained as a generous gift
from the Institute Pasteur M érieux Connaught. 1-Palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine  was purchased
from Avanti Polar Lipids (Pelham, AL, USA). All gangli-
osides were from Sigma (Deisenhofen, Germany). Octan-
ethiol and pronase E were from Fluka (Neu Ulm, Ger-
many). Water was first purified by a Millipore water pur-
ification system MilliQ RO 10 Plus and finally by the
Millipore ultrapure water system MilliQ Plus 185
(18 MQ/cm). The 5 MHz overtone polished AT-cut quartz
crystals (plano-plano) were from KVG (Niederbischof-
sheim, Germany), the silver conductive adhesive wasfrom
the Epoxy-GmbH (Firth/Odenwald, Germany) and the sil-
icon glue (Elchsiegel) from Rhéne Poulenc (Leverkusen,
Germany). Thegold (99.99% purity) used for thegold el ec-
trodes of the surface of the quartz plates was a generous
gift from DEGUSSA (Hanau, Germany), the chromium
was purchased from Bal-Tec (Balzers, Liechtenstein).

2.2 Impedance spectroscopy

AC impedance spectroscopy was performed as described
previously (Janshoff et al. 1996b). The continuous wave
impedance gain/phase analyzer SI 1260 was from Solar-
tron instruments (Farnborough, Great Britain). The mag-
nitude of the impedance | Z(f) | and the phase angle @ (f)
were recorded in the frequency range of 0.1 to 10° Hz with
an AC amplitude of 30 mV and 0 mV DC offset-potential.
Theelectrochemical cell consists of the quartz crystal with
one gold electrode serving as the working electrode and a



platinized platinum wire as the counter electrode. Quanti-
tative analysis of the spectra was performed by fitting the
parameters of the equivalent circuit shownin Fig. 2 to the
databy anon-linear-least-squares-fit using the L evenberg-
Marquardt algorithm (Bevington 1969). The equivalent
circuit used for the fitting procedure simply consists of
a resistance in series with a capacitance. The resistance
represents the ohmic nature of the electrolyte and the
capacitance the electrical behavior of the membrane. The
resistances of the monolayer and the bilayer were not de-
tectable in the applied frequency range and were therefore
neglected in the analysis.

2.3 QCM-measurements

The experimental setup for the QCM-measurements used
inthe present study isshown schematically in Fig. 1. It ba-
sically consists of the quartz resonator, aflow system and
the oscillator circuit (Janshoff et al. 1996 b). We used over-
tone polished plano-plano 5 MHz AT-cut quartz resonators
with 14 mmindiameter, which were coated with gold el ec-
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Fig. 1 Experimental setup of the quartz crystal microbalance

Fig. 2 Impedance spectraof achemisorbed monolayer of octaneth-
iol (OT) and a bilayer consisting of OT and a second physisorbed
monolayer of POPC. The solid lines are the results of thefitting pro-
cedure according to the Levenberg- Marquardt algorithm with the
following parameters: Cor = 2.11 uF/cm?, Corpjpopc = 0.93 uF/cm?
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trodes with an area of 0.33 cm? on both sides as described
elsewhere (Steinem et al. 1996). The gold electrodes were
connected to the oscillator circuit via thin silver wires
which were fixed on the gold electrodes by a conductive
adhesive. The measuring chamber, formed by small glass
tubes fixed to the quartz plates with a silicon glue was
closed by a stopper equipped with aninlet and an outlet to
connect the chamber with a peristaltic pump. The whole
flow systemincludesavolume of 2 ml pumped with aflow
rate of 500 pl/min through the quartz chamber. To keep the
temperature constant, the crystal and the oscillator circuit
were placed in a temperature controlled chamber which
also served as a Faraday cage. All experiments were per-
formed at 21 °C. The oscillator circuit consists of an inte-
grated circuit SN74L S124N from Texas I nstruments con-
nected to a frequency counter from Hewlett Packard
(HP 53181 A) and an oscilloscope in order to control the
oscillation.

The calibration of the QCM was performed by electro-
deposition of copper as described elsewhere (Hillier &
Ward 1992). Following thetheory of Sauerbrey (Sauerbrey
1959) the observed decrease in frequency should be pro-
portional to the change in mass of the quartz resonator:

—2f0 Am
A\ PqHq

where f, denotes the fundamental resonant fregquency,
A the electrode area, p, the density of the quartz
(Pq=2.648 g/cm?®) and Hq the shear modulus of the quartz
(p =2.947-10" dyne/cmz) We determined an integral
masssenstlvny of C; =0.11 Hz/ng, correspondingto 0.036
Hz cm?/ng. Although this value is lower than the numeri-
cal value of 0.057 Hz cm?/ng obtained from Sauerbrey’s
equation it is still reasonable considering the study of Hil-
lier and Ward (1992) who determined the same value as
we did for 5 MHz plano-plano AT-cut quartz resonators
plated with copper.

Af = ~Cy Am, (1)

2.3.1 Binding assay

As indicated in Fig. 1 the buffer solution consisting of
50 mM Tris, 200 mM NaCl, pH 7.4 was pumped through
the measuring cell with a flow rate of 500 pl/min until a
stable frequency was reached. The protein solution, dis-
solved in the same buffer, was added by a syringe to the
small vessel outside the Faraday cage. The experiments
werecarried out at 21 °Cinatemperature controlled cham-
ber.

2.4 Preparation of bilayers on gold

The preparation of the solid supported membranes was
performed as described elsewhere (Steinem et al. 1996;
Janshoff et al. 1996a). In the first step the gold electrode
of the quartz crystal was immersed for 30 min in an
ethanolic solution containing 1 mM octanethiol. Directly



264

before use, the electrode was extensively rinsed first with
ethanol, and then at least five times with buffer to remove
remaining thiols.

Vesicles(LUVs) of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) with different amounts of the
appropriate ganglioside were prepared by the extrusion
method as described elsewhere (Steinem et al. 1996). The
bilayer was formed by adding the preformed vesicles to
the hydrophobic monolayer of octanethiol in 50 mM Tris,
200 mM NaCl, pH 7.4 at 40°C. With respect to impedance
measurements the fusion process was finished after one
hour. Remaining vesicles were removed by rinsing the
electrode surface several times with buffer solution.

3 Results

3.1 Characterization of the bilayer formation
on the quartz-crystal

I mpedance spectroscopy isasensitive method to determine
several relevant physical parameters of thin organic films
such as self-assembled monolayers or lipid bilayers on a
solid support. Membrane thickness, dielectric constant,
conductivity through pin holesand el ectrode coverage may
be easily determined (Terrettaz et al. 1993; Stelzle et al.
1993; Janshoff et al. 19964a). Here we made use of this
method only to control the deposition process of the lipid
bilayer to ensure that the electrode coverage is more than
95%. Figure 2 showstypical impedance spectraof achem-
isorbed monolayer of octanethiol (OT) and thebilayer con-
sisting of octanethiol with asecond monolayer of the phos-
pholipid POPC subsequently adsorbed on top of the hydro-
phobic OT-layer by vesicle fusion. The solid lines repre-
sent the fitting results according to the equivalent circuit
which isalso depictedin Fig. 2. Asthe conductivity of the
solid supported membrane is very low the use of thissim-
ple model isjustified in order to keep interpretable results.
The mean capacitance of an OT-monolayer is about
Cor=(2.2+0.1) pF/cm?, whereas the capacitance of the
bilayer consisting of the OT-layer and a monolayer of the
phospholipid POPC provides a mean value of Cqor/pope =
(1.0£0.1) uF/cm?. Assuming a serial connection of Cor
and Cppope the POPC-monolayer exhibits a mean capaci-
tance of Cpopc = (1.8+0.2) pF/cm?. The values for the ca-
pacitances and the standard deviations are obtained from
20 independent measurements. The incorporation of gan-
gliosides up to 10 mol% did not significantly influence the
impedance behavior of the solid supported membranes.

3.2 Binding of the C-fragment of tetanus toxin
to different gangliosides

The specific binding of the C-fragment of tetanus toxin to
different gangliosides was investigated using the QCM.
The measurements were performed two times and the re-
sultswerereproducible. ThegangliosidesGy, 3, Gp1a» Gpib

and Gy, shown schematically in Fig. 3, were incorpo-
rated into the outer leaflet of asolid supported lipid bilayer
by fusing POPC vesicles doped with 10 mol% of the
corresponding ganglioside on a hydrophobic octanethiol -
monolayer chemisorbed on the gold el ectrode of the quartz
plate.

The proteinwasadded to the QCM after aconstant base-
linewasreached. For the determination of the binding con-
stant of the C-fragment to various gangliosides the time
resolved resonant frequency change was monitored as a
function of the protein concentration in solution. Figure 4
shows the time course of the resonant frequency shift due
to the adsorption of the C-fragment of tetanustoxin on the
bilayer consisting of octanethiol and POPC doped with
10 mol% Gp4p- The arrows in Fig. 4 indicate the time of

Gy, Gal-GalNac-Gal-Glc-Cer asialo-G,,:  Gal-GalNac-Gal-Glc-Cer
|
NANA
Gp.:  Gal-GalNac-Gal-Gle-Cer Gys:  Gal-Gle-Cer
|
NANA NANA NANA
Gt Gfl—GaINaC«Gal—Glc—Cer Gy Gal-GalNac-Gal-Gle-Cer
| |
NANA NANA NANA
| |
NANA NANA

Fig. 3 Schematic representation of the gangliosides used in this
study. Cer: ceramid, Gal: galactose, GalNac: N-acetylgalactose-
amine, Glc: glucose, NANA: N-acetyl-neuraminic acid

0 50 100

t/ min

Fig. 4 Time course of the resonant frequency shift after adsorption
of the C-fragment of tetanus toxin on a bilayer of OT and POPC
doped with 10 mol% Gp,, in the outer leaflet. The arrows indicate
the time of protein injection and the corresponding protein concen-
tration in solution. Each quantity of toxin was allowed to reach an
equilibrium value in order to extract the frequency shift for the de-
termination of the adsorption isotherm



protein injection as well as the actual concentration of the
C-fragment in the bulk phase. The resonant frequency was
decreased by addition of the C-fragment with atypical ex-
ponential decay. Determination of the equilibrium fre-
guency shifts after injection of the corresponding toxin
concentration in solution resulted in the hyperbolic depen-
dence shown in Fig. 5. In order to obtain the binding con-
stant of the ligand receptor couple a Langmuir adsorption
isotherm was used to fit the experimental data:

K a Ctoxin

Af = Af g -— 20
e 1+Kactoxin

@)
Af o IS the frequency shift upon saturation and K, the
binding constant of the toxin to the corresponding recep-
tor lipid. This model implies a homogeneous distribution
of the gangliosideinthe membrane phase, no energetic dif-
ferences between the adsorption sites and no interaction
between the bound proteins. The solid linesin Fig. 5 are
the results of the fitting procedures. Clearly, the experi-
mental dataare in good agreement with the calcul ated fits.
The binding constant for the ganglioside Gp;;, amounts to
K,=(3.0+£0.4) - 10° M~ with a maximum frequency shift
of Af e =—(99£4) Hz. Since it is known that the gangli-
osides of the b-series exhibit the best binding constants,
we also investigated the binding of the C-fragment of tet-
anustoxin on a Gy, doped POPC-monolayer (Fig. 5). The
maximum frequency shift of Af ., =—(66+7) Hz of the ad-
sorption isotherm issignificantlsy lower, whereas the bind-
ing constant K ,=(1.7+0.4) - 10° M~ isin the same range.
Theanalysisof thebinding propertiesof thetoxintoaGp 4
doped POPC-monolayer yielded, in contrast to all expec-
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tations, asimilar binding constant. As shown in Fig. 5 the
binding constant of K ,=(2.4+0.3) - 10° Mt isin the same
range as the binding constants of the two other ganglio-
sides. The maximum frequency shift amounts only to
Af o =—(28+1) Hz. It is important to note that a fre-
guency shift could not be detected by the addition of the
C-fragment to a POPC-monolayer doped with 10 mol % of
the ganglioside Gy,5 up to afinal protein concentration of
1.2 uM in solution, which excludes a pure electrostatic
interaction.

3.3 Digestion of the adsorbed C-fragment
of tetanus toxin by pronase E

Although the previous section showed that there are only
small differences between the binding constants K, of the
C-fragment of TT to the different gangliosides, there may
be a different kind of interaction and orientation of the
C-fragment adsorbed on the membrane. Thishypothesisis
supported by the remarkable differences in the maximum
decreases of the resonant frequency (see Table 1). In order
to test the accessibility of the bound protein in the pres-
ence of the different ganglioside-receptors, the unspecific
protease, pronase E, was added at a final concentration of
0.2%. Figure 6 shows the proteolytic effect of pronase E
on the C-fragment of tetanus toxin adsorbed on a bilayer
of octanethiol and POPC doped with 10 mol% Gy, and
Gp1a» respectively. The resonant frequency of the shear
wave resonator immediately increases, due to the diges-
tion of the protein. In the case of Gp;, the maximal ob-
served frequency increase of 20 Hz means that about 71%
of theinitial frequency decrease caused by the C-fragment
adsorption was regained by the protease action. In the case
of Gp1, Only 38% of theinitial frequency decreasewasre-
gained.

3.4 Binding of choleratoxinto Gy,; and asialo-Gy;
The binding of cholera toxin to Gy, containing POPC-

membraneswas al so investigated using the QCM and com-
pared with the binding to Gy,5 containing membranes.

Table1l Binding constants and maximum frequency shifts of the
different toxin-ganglioside couples studied in this paper

Toxin Ganglioside K /M —Af, /HZ
0.0 0.3 0.6 0.9 1.2 Choleratoxin  Gy;3/10 mol% - -
Gy1/10 mol% 1.8-10%8 111
c / uM asial0-Gy,,/10 mol% 1010 34

C-fragment

C-fragment Gm3/10 mol% - -
Fig. 5 Adsorption isotherm of the C-fragment of tetanus toxin Gp14/10 mol% 24 102 28
on the ganglioside containing lipid layer: (®) 10mol% Gpyg, Gp1p/10 mol% 30-10° 99
(A) Gpyp and (O) Gryp, respectively. Thesolid linesrepresent thefit- Gr15/10 mol% 17-10° 66
ting results according to Eq. (2) with the following parameters:  pertussistoxin  Gp,,/40 mol% 16-100 34
(®) K,=(24+0.4x10%) M7, "Af,,=—(28+1) Hz, (A) K,= Go1o/10 mol% _ _

(3.0£0.4x10° M2, Af0=—(9924) Hz, (O) Ka:(1.7¢o.4x156)
ML, Af, . =—(66£7) Hz

ganglioside mix/40 mol% — -
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Fig. 6 Recovery in % of theinitial frequency decrease, which was
caused by the adsorption of a monolayer of the C-fragment of
tetanus toxin on Gp4, and Gp ., respectively, due to the addition of
pronase E at afinal concentration of 0.2% (w/w)

Figure 7 shows the time course of the resonant frequency
shift of two quartz-crystals, one with a solid supported bi-
layer containing 10 mol% G,,; in the outer POPC-
monolayer (A.) and the other doped with 10 mol% Gy,
(B.). Only the resonator functionalized with the ganglio-
side Gy,; shows aresponse on the addition of the toxin. In
Fig. 7 each protein injection is indicated by an arrow la-

| \
.50 | ? ? ? t
L 44nM 95 nM 195 nM 644 nM
-100 "A
I .n 1 1 1 1 1 1
30 | 6nM
2L
= 0
Gy
<
-30
-60 35 nM
98 nM
90 | 293nM 4324
-120 |-B.
I 1 " 1 " 1 n 1 " 1 " 1
0 30 60 90 120 150 180
t/ min

Fig. 7 Time course of the resonant frequency shift after the
addition of cholera toxin to a lipid layer consisting of POPC and
A 10 mol% Gy, 3 and B 10 mol% G,,,. The arrows indicate the time
of injection and the actual protein concentration in solution

120 -

100

80

60

-Af/ Hz
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0.4
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Fig. 8 Adsorption isotherm of choleratoxin on a POPC-monolayer
containing (0) 10 mol% G,,; and (@) 10 mol% asialo-G,;. The
solid lines represent the results of the fitting procedure according to
Eq. (3). Fitting results: (0) K,=(1.8+0.1)-10® M7, Af,, =
—(111%2) Hz, (®) K,=(1.0£0.1) - 10’ M2, Af,, ., =—(34£2) Hz

beled with the actual concentration of thetoxinin solution.
The resulting adsorption isotherm of the binding of CT to
a Gy, containing bilayer shown in Fig. 8 was obtained by
plotting the equilibrium values of the frequency change as
a function of the CT-concentration in the bulk phase. A
binding constant of K,=(1.8+0.1)-108 M~ with a maxi-
mum frequency decrease of Af,,,,=—(111+2) Hz was ob-
tained for Gy,4 by fitting the experimental adsorption iso-
therm with a Langmuir-isotherm (Eq. (2)).

To demonstrate the importance of the sialic-acid in the
receptor-structure of Gy,; we also used a bilayer consist-
ing of OT and POPC doped in the outer leaflet with
10 mol% asialo-G,,; (Fig. 8). Both the maximum fre-
guency decrease Af ., =—(34+2) Hz and the binding con-
stant K,=(1.0+£0.1)-10" M~ were significantly lower
compared to Gy, 4 containing membranes, which isthe pu-
tativereceptor for choleratoxin. All experiments presented
in this section were performed three times with reprodu-
cible results.

3.5 Digestion of CT adsorbed on G,,; and asialo-G,,;
by pronase E

The proteolytic effect of pronase E on the adsorbed chol-
eratoxin was similar to the one observed during the diges-
tion of the tetanus toxin C-fragment. The resonant fre-
guency of a quartz crystal with Gy,; bound cholera toxin
increased only by 35 Hz compared to an initial frequency
decrease of 110 Hz at ¢+ =0.5 uM. The digestion of CT
adsorbed on an asialo-Gy,; doped POPC-monolayer re-
sulted in an increase of the resonant frequency by about
30 Hz, which is close to the initial frequency decrease of



32 Hz observed after the adsorption of CT from a 0.5 pM
solution.

3.6 Binding of pertussistoxin to different gangliosides

Sinceit isnot yet confirmed whether pertussis toxin binds
to gangliosides, we investigated the binding of PT to a
POPC-monolayer doped with different amounts of mixed
brain gangliosidesupto 40 mol%. AsshowninFig. 9even
at this high ganglioside content no binding of PT could be
monitored up to aconcentration of 7 pg/ml PT in solution.
In order to prove that the gangliosides are accessible for
the protein the lectin peanut agglutinin (PNA) was added
to the reaction vessel at a concentration of 2 uM. PNA is
known to bind specifically to the ganglioside G,,, and, as
expected, the frequency of the quartz resonator decreases
after the addition of the protein, corresponding to an ad-
sorption of PNA to the surface.

We also studied the binding of PT to a monolayer of
POPC doped with Gy, as a potential receptor (Hausman
and Burns 1993). With a content of 10 mol% ganglioside
in the POPC monolayer no frequency shift of the quartz
resonator could be detected up to a concentration of
0.8 uM. The concentration of the toxin was not further in-
creased in order to maintain physiological conditions.
However, an increase of the Gy, ,-content up to 40 mol%
in the POPC monolayer finally resulted in binding of the
toxin. The corresponding adsorption isotherm is shownin
Fig. 10. Fitting the data according to Eq. (2) yields abind-
ing constant of K,=(1.6+0.5)-10° M~ and a maximum
frequency shift of Af,,,,=—(34+4) Hz.

4k Pertussis Toxin Peanut Agglutinin
F 2nM 6nM 13 nM 43nM73 nME 2 uM
RN
| pai |
0 P o
N :
T 5
o 2F :
a7 |
4+
6 - : 1
_8 PR | " | " 1 " ; | N 1 1 1 "
0 20 40 60 80 100 120 140 160
t / min

Fig. 9 Time course of the resonant frequency shift after the addi-
tion of pertussis toxin and peanut agglutinin to a POPC monolayer
containing 40 mol% of mixed brain gangliosides. The arrows indi-
cate the time of protein injection and the actual protein concentra-
tion in solution
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Fig. 10 Adsorption isotherm of pertussis toxin on a POPC-
monolayer doped with 40 mol% Gp,,. The corresponding fit using
Eqg. (2) is given as a solid line with the following parameters:
K,=1.6-10° M, Af, o =—(34%4) Hz

4 Discussion

The present study demonstrates the applicability of the
guartz crystal microbalanceto quantify the specific adsorp-
tion of proteins on membrane confined receptors in real
time. Solid supported lipid bilayers with incorporated re-
ceptor molecules are appropriate model membranes be-
cause of their long-term stability, the low level of non-
specific binding of proteinsto the phospholipid matrix and
ease of preparation (Stelzleet al. 1993). Moreover the suit-
ability of membrane preparations can be easily tested by
impedance spectroscopy, guaranteeing ahigh degree of re-
producibility.

4.1 Binding of the C-fragment of tetanus toxin
to ganglioside containing membranes

The specific adsorption of tetanustoxin on the ganglioside
containing solid supported lipid membrane follows a
Langmuir-isotherm (Fig. 5), which means that no interac-
tion between the ligands on the surface occurs and that the
maximum amount of adsorbed protein is organized in a
well defined protein-monolayer. Thisfact isin good agree-
ment with the observations of Ebato et al. (1992), Okahata
et al. (1995) and Janshoff et al. (1996 ).

We were able to show that the C-fragment of tetanus
toxin binds to the gangliosides Gp1,, Gpp and Gy, With
amost the same affinity. The binding constants for these
ganglioside-receptors are close to arange from 1.7 - 10° to
3.0-10° M. However, no adsorption of the C-fragment
of tetanus toxin on Gy,53 was observable. These findings
are consistent with the study of Holmgrenet al. (1980) who
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pointed out that the number and positions of the sialic acid
residues linked to the receptor are important for the bind-
ing affinity. The authors concluded from their experimen-
tal resultsthat successful binding requires at least one sia-
losyl residue linked to the proximal galactose, while max-
imum binding occursif adisialosyl group islinked to the
proximal galactose (b-series). Additional sialic acid resi-
dues do not contribute to the recognition structure. Holm-
gren et al. also noticed that the oligosaccharide backbone
is crucial for the binding affinity of tetanus toxin. No ad-
sorption of the toxin was observed using Gy, 3, which lacks
the terminal galactose and the N-acetylgal actoseamine, al -
though a sialosyl group is present at the galactose.
Thelower binding affinity predicted for the ganglioside
Gp1a could not be confirmed. We found no significant dif-
ference between Gp;, and the gangliosides of the b-series
(Gp1p @nd Gr4p)- This could be explained by the observa-
tion of Habermann and Dreyer (1986) who found that tet-
anus toxin did not interact with Gy,; and Gp, if physio-
logical phosphate buffer was used but considerable bind-
ing affinity was reported in a Tris-HCI buffered system.

4.2 Binding of choleratoxin to Gy, and asialo-Gy,,
containing membranes

This study confirms that the most effective lipid-receptor
for the binding of cholera toxin to the cellular surface is
the ganglioside Gy,;. The important role of the sialic acid
residue was demonstrated by the fact that the ligand recep-
tor couple CT-asialo-Gy,, exhibits a considerably lower
binding constant of K,=1.0-10" M~ compared to the li-
gand receptor couple CT-Gy,; withK,=1.8-10* M. Thus
we may conclude that the binding affinity also depends on
the composition of the oligosaccharide backbone of the
ganglioside with special respect to the sialic acid residue.
Compared to the binding of the lectin PNA to G,,4, which
exhibits a binding constant of K,=8.3-10° M2, also de-
termined by QCM-measurements, the affinity of CT for
the ganglioside is significantly higher (Janshoff et al.
1996 b).

4.3 Binding of pertussis toxin to ganglioside containing
membranes

Until now it is not clear whether the natural receptor of
pertussis toxin is a glycolipid or a glycoprotein. Brennan
et al. (1988) have shownthat the presenceof pertussistoxin
does not induce the clustered growth pattern in CHO cells,
if the cells lack the terminal NeuAc-Gal-3-4-GIcNAc
oligosaccharide sequence on the glycoproteins. Therefore,
they concluded that the natural receptor in cell membranes
isaglycoprotein. In contrast, Saukkonen et al. (1992) have
demonstrated that the binding of pertussis toxin to mixed
gangliosides was detectable by a TLC-assay when the
chromatogramswere submersed in asolution of salinecon-
taining 5 pg/ml PT. Hausman and Burns (1993) studied the
binding of pertussis toxin to ganglioside doped vesicles

and found that Gy, was the receptor with the highest bind-
ing affinity although the signal of PT-binding to vesicles
which do not contain glycolipids was 50% of that of the
specificbinding. In our experimentsreported herewecould
not detect any significant binding of pertussis toxin to
ganglioside containing lipid bilayers. We also found no
evidence that pertussis toxin binds to bilayers doped with
10 mol% Gp,,. Adsorption of pertussis toxin on ganglio-
side containing membranes could only be detected if high
amounts of Gp,,, Up to 40 mol%, were used. The adsorp-
tion of the toxin to the surface in the presence of 40 mol%
Gp1a May be an electrostatically induced process rather
than a specific binding. Another possible explanation for
the PT binding could be ganglioside clustering, induced by
the high ganglioside content in the membrane, which is
possibly neccessary for the binding process. So we cannot
exclude the possibility that glycolipids in general are
natural receptors of pertussis toxin, but we conclude that
gangliosides do not serve as receptorsin cell membranes.

4.4 Frequency shift of the resonator depending
on the immobilized receptor

With respect to the results summarized in Table 1a con-
siderable difference exists between the maximum fre-
guency decrease of the adsorption isotherm of cholera
toxin and the C-fragment of tetanustoxin depending onthe
molecular structure of the ganglioside used. A possible ex-
planation for the difference in the frequency response on
the specific interaction of cholera toxin with G,,; and
asialo-Gy,; could be found in the excess charge of Gy,
due to the negative charge of the sialic acid at the proxi-
mal galactose. Accordingto Tsionsky et al. (1996) theelec-
trochemical double layer influences the frequency re-
sponse of the shear resonator since the thin layer can be
treated as an additional rigid mass. The treatment of the
electrochemical double layer as arigid layer is justified
when one considers its thickness of about 1 nm in a
100 mM solution of 1: 1 electrolytes, which is thin com-
pared to the penetration depth of the shear wave of a
5 MHz-quartz in water, amounting to 250 nm. For thisrea-
sonitisjustified to assume that the double layer oscillates
in phase with the surface of the resonator. According to a
study of Wang et al. (1992) the electrochemical structure
of the lipid-water-interface plays an important role. They
observed that self-assembled monolayers of mercaptoun-
decanol strongly influence the frequency response of an
AT-cut quartz upon pH changes. Ohlsson et a. (1993)
found similar frequency shifts upon addition of cholera
toxinto a5 MHz quartz functionalized with alipid bilayer
containing 6 mol% Gy,;. They observed frequency shifts
larger than 100 Hz for the injection of 100 pug/ml of the
B-subunit of CT to the quartz chamber. Unfortunately they
did not determine the binding constant and the maximum
frequency shift.

The different frequency responses to the absorption of
CT to Gy,; and asialo-Gy,; was explainable by changesin
the surface charges. For the binding of the C-fragment of



tetanus toxin to gangliosides the situation is more compli-
cated. Specific adsorption of the C-fragment of tetanus
toxin on Gp4p,-containing lipid bilayers results in a maxi-
mum decrease of the resonant frequency of about 99 Hz,
while binding to Gp,, exhibited a frequency decrease of
only 28 Hz (see Table 1). The explanation for this differ-
encein Af . cannot befound in the different charge of the
receptor. Perhaps a different kind of coupling of the toxin
to the receptor, which depends on the molecular structure
of the ganglioside, influencesthe properties of the protein-
layer and therefore the frequency response of the shear res-
onator. A crucial pointinthiscontext could be the distance
of thetoxin from the surface. Thisassumptionissupported
by the fact that the percentage of the initial frequency de-
creasewhichisregained by thedigestion of the correspond-
ing protein-monolayer islow for protein adsorptionaccom-
panied by a high initial frequency shift. This fact could be
explained in terms of a reduced accessibility of the pro-
teins which have alower distance to the surface.

5 Conclusions

Theinvestigation of the specific adsorption of proteinson
receptor containing planar surfaces requires sensitive
methods which are often based on optical techniques such
as ellipsometry or surface plasmon resonance spectro-
scopy. The quartz crystal microbalance became popular
since high gain amplifiers were developed to operate the
microgravimetric deviceunder liquidloading. Inthisstudy
we show the applicability of the quartz crystal microbal-
ancein biochemical research. Thebinding of choleratoxin,
tetanus toxin and pertussis toxin to different gangliosides
embedded in a phospholipid matrix immobilized via self-
assembly on gold electrodes on top of the quartz crystal
were investigated by frequency measurements. The spe-
cific adsorption of thetoxinsshowed anideal behavior with
regard to a Langmuir isotherm, which means that the pro-
teins form a defined monolayer on the solid supported
membrane, in which no interaction between the adsorbed
proteins occurs. Thestudy confirmsthe preference of chol -
eratoxin for thereceptor Gy, over other gangliosides such
as Gy3. A significantly lower binding constant was ob-
served using asialo-Gy,;, which emphazises the impor-
tance of the terminal sialic acid for the molecular recogni-
tion of the B-subunit. The binding domain (C-fragment) of
tetanus toxin preferentialy attaches to the gangliosides
Gp1ps Gp1aand Gy4p, Whereas no interaction with Gy, 3 was
observed. In contrast to these well known ligand-receptor
couplesthereceptor of pertussistoxinisnot exactly known.
As far as our results are concerned we were only able to
detect alow affinity of pertussistoxin for high amounts of
Gp1a-

Beside the determination of the binding constants the
maximum decrease of the resonant frequency is a specific
parameter of theligand-receptor couple. Sauerbrey’sequa-
tion, which predictsthat the frequency shift isonly caused
by pure mass loading could no longer hold with regard to
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protein adsorption from liquid media. Other effects such
asviscoel asticity, theinfluence of the el ectrochemical dou-
ble layer and changes in hydrophobicity have to be con-
sidered. It remains to be elucidated which one has the
strongest influence on the frequency decreases.
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