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Abstract This study deals with the specific interaction
between the lectin peanut agglutinin (PNA) from Arachis
hypogaea and the ganglioside G, which wasincorporated
in a solid supported lipid bilayer immobilized on a gold
electrode placed on top of an AT-cut quartz crystal. Bilayer
formation was reached by self-assembly processes. The
first monolayer consists of octanethiol attached to the gold
surface via chemisorption and the second monolayer was
immobilized by vesiclefusion onthe preformed hydropho-
bic surface. We managed to keep unspecific binding to a
minimum by using a phospholipid matrix consisting of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC). Lectin binding to ganglioside Gy,; containing
membranes was determined by a decrease of the resonant
frequency of the quartz crystal. The minimum amount of
receptor within the membranewhich is necessary to obtain
a complete protein monolayer was found to be less than
2 mol%. The adsorption isotherm of PNA to Gy, was re-
corded and analyzed to be of Langmuir type, exhibiting a
binding constant of PNA tothegangliosideof 8.3-10° M.
The good agreement of the calculated Langmuir adsorp-
tion isotherm with the obtained experimental dataimplies
that protein multilayers are not formed and that interac-
tions between the adsorbents can be neglected. Further-
more, the association constants of two different saccha-
rides, B-Galp-(1 - 3)-GalNAc exhibiting a strong binding
to PNA in solution, and 3-D-gal actose with a much lower
affinity were estimated by determining the equilibrium
concentration of PNA attached to the surface. Moreover
we were able to remove the attached lectin monolayer by
digestion of the protein with pronase causing an increase
in the resonant frequency which almost reversed the fre-
quency shift to lower frequencies during adsorption. An
even more complex system was built up by the use of di-
goxigenin-labeled PNA which also binds to the solid sup-
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ported membrane containing the receptor G,,,. Theimmo-
bilized lectin was recognized by anti-digoxigenin-F-
fragments, which is measurable by a further decrease of
the resonant frequency. For all binding processeswe found
larger frequency shifts for a complete protein monolayer
than predicted by Sauerbrey’s equation, clearly showing
that in addition to mass loading viscoelastic changes oc-
cur at the lipid-protein interface.
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Abbreviations DIG digoxigenin - DK dielectric permit-
tivity - LUV large unilamellar vesicle - OT octanethiol -
PNA peanut agglutinin - POPC 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine - QCM quartz crystal microbal -
ance- 3-Galp-(1 — 3)-GalNAc 2-acetamido-2-deoxy-3-O-
D-galactopyranosyl-D-galactopyranose

1 Introduction

Piezoel ectric sensors such as the quartz crystal microbal -
ance (QCM) are gaining widespread interest in many fields
of analytical chemistry, biotechnology and recently in bio-
chemistry. Bulk shear wave resonators have been used for
a long time as a microgravimetric sensor for deposition
processes in the gas phase. According to Sauerbrey, mass
loading onto a quartz surface causes a proportional shiftin
the resonant frequency of the shear resonator (Sauerbrey
1959). The development of quartz crystal units operating
under liquid loading with one side of the crystal under wa-
ter has opened up a variety of new applications for shear
wave resonators such as monitoring adsorption processes
inelectrochemistry (Xuand Schlenoff 1959; Schneider and
Buttry 1993; Benje et al. 1986) and biomass growth for bio-
technological control (Nivens et al. 1993). The develop-
ment of biosensor devices based on immunoassays (Mu-



106

ramatsu et al. 1987; Koenig and Graetzel 1994) and quan-
tification of ligand receptor interactions (Ebato et al. 1992)
became possible. Most of the present studies made use of
the so called * active oscillator method’ in which the quartz
resonator is part of an oscillator circuit equipped with high
gain amplifier units necessary to cope with the increased
damping due to the viscous coupling of theliquid. The os-
cillator method has the advantage of being an inexpensive
and very sensitive method to detect small amounts of ad-
sorbed molecules e.g. proteins (Muratsugu et al. 1993) or
nucleic acids (Yamagushi and Schimomura 1993). Alter-
natively, impedance spectroscopy in the frequency range
of the resonant frequency of the quartz crystal was per-
formed to obtain more detailed information, especially
about the viscoel astic properties of the adsorbed material.

In this paper we used the QCM to study the interaction
of the lectin peanut agglutinin (PNA) with the ganglioside
Gy embedded in a phospholipid matrix. We chose this
interaction because of its importance in many fields of
biochemistry. L ectinsexhibit anumber of interesting prop-
erties concerning their carbohydrate binding specificity.
Currently, lectins have an important application in typing
blood, separating leukocytes from erythrocytes, determin-
ing the secretor status, or causing cell agglutination as a
prerequisite for plasma preparation. Certain lectins pos-
sess the ability to distinguish normal from malignant cells
because of their different cell surface antigens, especially
the distribution of cell confined glycoproteins. Thismakes
lectins possible candidates for anti-tumor active sub-
stances. Since the medical and biochemical importance of
lectins is immense, great heed exists for characterization
of the specific interaction between different carbohydrate
structures and the lectins.

The study of ligand receptor interaction at functional -
ized surfaces often implies difficulties concerning the or-
ientation of the receptor on a well defined surface and to
prevent an unspecific binding of the protein to the matrix.
We solved these problems by the use of solid supported
lipid bilayers prepared according to Steinem et al. (1996).
A clean gold surface was initially covered with an alka-
nethiol via self-assembly in order to form a stable chemi-
sorbed monolayer. The second monolayer consisting of the
ganglioside/phospholipid mixture was deposited by
fusion of unilamellar vesicles on the preformed hydropho-
bic monolayer. The formation process was followed by
impedance spectroscopy where the gold electrode on the
resonator surface serves as the working electrode. With
this setup we were able to quantify the binding of PNA to
the ganglioside Gy,;. The lectin PNA from Arachis hypo-
gaea (M =110000 g/mol) consisting of four identical sub-
units each possessing a molecular weight of 27000—
28000 g/mol exhibits a specific binding to the carbohy-
drate structure B-Galp-(1 - 3)-GalNAc (Goldstein and
Hayes 1978). It also shows similar immunological behav-
ior of the anti-T antibody which makes it a useful tool to
detect human malignant cells carrying the T-cell antigen
on the surface. The QCM allows the detection of the PNA
binding to phospholipid layers with various amounts of re-
ceptor aswell astheinhibitory effect of 3-D-galactose and

[-Galp-(1 - 3)-GaNAc. Furthermore, the two-dimen-
sional protein layer was used as the basic element for the
specific binding of an antibody. In order to prove the suit-
ability for biosensor application, in which regeneration of
the sensor surface is very important, we investigated the
digestion of the protein monolayer by pronase.

2 Materials and methods
2.1 Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  was
purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Gm1, PNA and the sugars 3-Galp-(1 — 3)-GalNAc and
[-D-galactose were from Sigma (Deisenhofen, Germany),
octanethiol wasfrom Fluka(Neu Ulm, Germany). Pronase,
digoxigenin-labeled PNA and the anti-digoxigenin-la-
beled F,-fragments were obtained from Boehringer
(Mannheim, Germany). Water was first purified by a Mil-
lipore water purification system MilliQ RO 10 Plusand fi-
nally by the Millipore ultrapure water system MilliQ Plus
185 (18 MQ/cm). The 5 MHz overtone polished AT-cut
guartz crystals (plano-plano) were from KVG (Nieder-
bischofsheim, Germany). The silver conductive adhesive
was from the Epoxy-GmbH (Furth/Odw., Germany) and
the silicon glue (Elchsiegel) from Rhéne Poulenc (Lever-
kusen, Germany). The gold (99.999% purity) used for the
gold electrodes of the surface of the quartz plates was a
generous gift from DEGUSSA (Hanau, Germany), the
chromiumwaspurchased from Balzers (Bal zers, Liechten-
stein).

2.2 Impedance spectroscopy

AC impedance spectroscopy was performed by a continu-
ouswave impedance gain/phase analyzer Sl 1260 from So-
lartron instruments (Great Britain). The magnitude of the
impedance | Z(v) | as well asthe phase angle ® (V) between
current and voltage were recorded in the frequency range
of 10 t010° Hzwithan AC amplitudeof 30 mV and0 mV
DC offset. 80 datapointswere sampled at [ogarithmic spac-
ing by a personal computer. The electrochemical cell is
shownin Fig. 1 and consists of the quartz crystal with one
gold electrode serving as the working electrode and a pla-
tinized platinum wire as the counter electrode. Quantita-
tive analysis of the spectra was performed by fitting the
parameters of the assumed electrical model to the data
(1Z(v)]) by means of a non-linear-least square-fit accord-
ing to the Levenberg-Marquardt algorithm (Bevington
1969). The equivalent circuit used for the fitting procedure
consists of aresistance in series to a capacitance. The re-
sistance represents the ohmic nature of the electrolyte and
the capacitance the electrical behavior of the lipid bilayer.
The resistance of the bilayer was very high and therefore
neglected in the analysis.



107
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2.3 Quartz measurements

The experimental setup for the quartz measurements used
inthe present study isschematically depictedinFig. 1. The
core component of the system is the quartz resonator.
Plano-plano AT-cut quartz resonators with 14 mm diame-
ter and afundamental resonance frequency of 5 MHz were
coated with gold electrodes on both sides as described el se-
where (Steinem et al. 1996). The el ectrodes were designed
as shown in Fig. 1 with an area of 0.33 cm?. The measur-
ing chamber was formed by asmall glasstube fixed on the
quartz plate with a silicon glue. The gold electrodes were
connected to the oscillator circuit via thin silver wires
which are fixed on the gold electrodes by a conductive ad-
hesive. A study of Teuscher et al. revealed that a conduc-
tive adhesive improves the stability of the oscillation sig-
nificantly (Teuscher and Garell 1995). After thequartz dish
was mounted into a crystal holder, which fixes only the
glued glass tubes in order to avoid any contact with the
guartz-crystal, the measuring chamber was closed by a
stopper equipped with an inlet and an outlet to connect the
chamber with a peristaltic pump. The whole flow system
takes a volume of 2 ml. The crystal and the oscillator cir-
cuit were placed in a temperature controlled chamber
which also serves as a Faraday cage. The temperature was
kept at 23°C. The oscillator circuit consists mainly of an
integrated circuit SN74LS124N from Texas instruments
connected to a frequency counter from Hewlett Packard
(HP 53181A) and an oscilloscope in order to control the
oscillation. Thedatawere collected by apersonal computer
viaaseria interface from the frequency counter.

2.3.1 Calibration of the QCM in solution

In order to perform a calibration of the QCM used in this
study we applied the method of electrodeposition of cop-
per as described elsewhere (Hillier and Ward 1992). Dep-
osition and frequency detection were performed under lig-
uidloading. Following the theory of Sauerbrey (Sauerbrey
1959) the observed decrease in frequency should be pro-
portional to the change in mass on the quartz resonator.

_ —2f§Am

Af = —A0Am.
A\ PgHq

D

(quartz-crystal)

where f, denotes the fundamental resonant freguency,
A the electrode area, p, the density of the quartz (o=
2.648 g/lcm®) and Hq the shear modulus of the quartz
(Hq=2.947-10" dyne/cmz) Equation (1) can bereducedto

Af=—C;-Am, )

where C; denotes the integral mass sensitivity which
amounts to 0.11 Hz/ng in our case, corresponding to
0.036 Hz-cm?/ng. The value is much too low with respect
to Sauerbrey’s equation (Eq. (1)) (0.057 Hz -cm?/ng) but is
till reasonable considering the scrutiny of Hillier and
Ward (1992) who predicted the same value of 5 MHz
plano-plano AT-cut quartz resonators plated with copper.
They pointed out that plano-plano crystals suffer more en-
ergy loss from field fringing at the electrode edge than
plano-convex quartz resonators.

2.3.2 Binding assay

Buffer solution was pumped through the measuring cell
with aflow rate of 500 pl/min until a stable baseline was
reached. The protein solution, dissolved in the same buf-
fer, was added with a Hamilton syringe to a small temper-
ature controlled vessel outside the Faraday cage. The
experiments were taken out at 23°C, except for the vesi-
cle fusion, which was carried out at 40°C.

2.4 Preparation of lipid bilayers on gold

First, the gold electrode of the quartz was immersed in a
self-assembly solution of 1 mm octanethiol in ethanol for
30 min. Afterwards the gold surface was rinsed several
timeswith ethanol in order to remove remaining thiols and
then rinsed with abuffer solution consisting of 50 mm Tris,
200 mm NaCl, pH 7.4 to remove the ethanol.

To create the second monolayer of ganglioside contain-
ing phospholipids large unilamellar vesicles (LUVS) of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) in the same buffer solution with different amounts
of the ganglioside Gy,; were prepared by the extrusion
method as described elsewhere (Steinem et al. 1996). The
vesicles had diameters of about 100 nm. The lipid bilayer
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was formed by adding the preformed vesiclesto the hydro-
phobic monolayer of octanethiol. The preparation wascar-
ried out at 40°C. After one hour the fusion process was
finished and the remaining vesicles were removed by rins-
ing the electrode surface several times with buffer solu-
tion. The surface should never be dried during the prepar-
ation and the measurement period.

3 Results and discussion

3.1 Characterization of lipid bilayer formation
on shear resonators

Impedance spectroscopy has been widely accepted as a
powerful tool to determine electrode coverage with ultra-
thin organic films serving asinsulators on the bulk surface
(Steinem et al. 1996; Terrettaz et al. 1993; Stelzle et al.
1993; Janshoff et al. 1996). Here, we mainly use this tech-
niqueto confirm the compl eteness of theimmobilized lipid
bilayer. Figure 2 shows typical impedance spectra of a
chemisorbed monolayer of octanethiol (OT) and thewhole
bilayer consisting of a second monolayer of the phospho-
lipid POPC subsequently adsorbed on top of the hydropho-
bic OT-layer by vesicle fusion. The solid lines represent
thefitting results according to the equivalent circuit which
is also depicted in Fig. 2. Asthis simple circuit describes
the situation of the immobilized bilayers very well, we
|eave out more sophisticated modelsto retain interpretable
results. Thecapacitanceof thebilayer Cor/popc @nd of each
monolayer Cor, Cpopc iS @ Sensitive measure of the com-
pleteness of the films and is therefore well suited to con-
trol the preparation of the bilayers. Typical results for the
OT-monolayer exhibit a mean capacitance of (2.2+0.1)
uF/cm?, the subsequently produced bilayer provides a
mean valueof (1.0+0.1) uF/cm?. Assuming seriesconnec-
tion of both capacitances, Cor and Cpope the POPC-mono-
layer exhibits a mean capacitance of (1.8+0.2) uF/cm?.
Thevaluesfor the capacitancesareaverageval uesobtained
from 10 independent measurements. Figure 3 shows the
timeresolved dependence of theresonant frequency caused
by the fusion of LUVs of POPC on a hydrophobic mono-
layer of OT at 40°C. The change in frequency amounts to
(230+30) Hz obtained from three independent measure-
ments. This frequency shift is considerably higher com-
pared to the expected frequency decrease derived from the
Sauerbrey equation (Sauerbrey 1959). Assuming adefined
lipid monolayer with a molecular area of 0.4—0.5 nm?,
complete coverage would result in a frequency shift of
9-10 Hz due to amass change of 82-91 ng. Thereason for
such astrong deviation cannot be found exclusively in sur-
face roughness or the field fringing effect. Thus, a multi-
layer formation of 25 lipid-layers on top of the OT-mono-
layer or adsorbed vesicles loosely bound to the surface
ought to be assumed if only mass effects are considered.
However, with regard to the results obtained from the im-
pedance analysis (Fig. 2) and those published by others

102 10°
v/ Hz

Fig. 2 Impedance spectrum of an octanethiol monolayer () chemi-
sorbed on the gold electrode of the quartz plate and after the fusion
of POPC-LUVs (@) on the hydrophobic monolayer. The continuous
lines represent the NLSQ-fits of the assumed network consisting
of a capacitance and a resistance in series. Fitting results:
Cor=2.11 uFlem?, R=69 Q; Cor/popc=0.93 pF/cm?, R=37 Q

10° 10
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Fig. 3 Frequency shift of the QCM recorded for the injection of
POPC-L UV sto an octanethiol monolayer chemisorbed onagold sur-
face of a quartz plate. A indicates the injection of 100 nm POPC-
LUVs. Thefinal lipid concentration was 200 pum. The fusion process
was carried out at 40°C

(Kalb et al. 1992) using total internal reflection fluores-
cence microscopy and fluorescence recovery after photo-
bleaching, a monolayer with high coverage was obtained
by the method of vesicle fusion at 40°C. Kalb et al. re-
ported that multilayer adsorption occurs at lipid concen-
trations above 1 mm but excess buffer removes the addi-
tional layers. Sincerinsing the quartz chamber with buffer
did not result in any significant frequency shift, it must be
assumed that apurebilayer of OT and POPC was achieved.
Therefore the explanation for the very high frequency
shiftsmust be found on the properties of the second mono-



layer itself. Sauerbrey’s approach includes several restric-
tions to keep the theory at a simple level. The linear de-
pendence of the frequency on massloading isonly valid if
viscoelastic properties of the adsorbed materials are disre-
garded. Many publications in the last six years are con-
cerned with the frequency response of a bulk shear wave
resonator to several types of viscoelastic loading. Consid-
ering the equation derived by Kanazawa and Gordon
(1985) in which the decrease of the series resonant fre-
guency is proportional to the square root of the viscosity-
density product of the viscous liquid an increasing viscos-
ity at the resonator’s surface may be responsible for the
large frequency shift. This assumption is supported by the
work of Wang et al. (1992) who found an unexpectedly
high increase of the resonant frequency of a5 MHz quartz
functionalized with a self-assembled HS(CH,),5COOH-
monolayer with increasing pH value. The frequency shift
amounts of 1200 Hz in the region of pH 8-9 and was ac-
companied by adecreasein the motional resistance R from
4500 Q to 1000 Q. Though the explanation of thissurpris-
ing effect is still missing, it must be due to changes of the
viscoelasticity, and therefore the structure of the hydrody-
namic layer that contains the phospholipid-monolayer and
the agueous solution associated with the thiol-monolayer
attached tothegold surface. Considering thedrastic change
in surface energy due to the adsorption of a hydrophilic
monolayer of phospholipids on the hydrophobic surface of
the chemisorbed OT-monolayer changes in the hydrody-
namic layer could be responsible for the large frequency
shift in our case.

Similar to our results, Ohlsson et al. obtained high
frequency changes caused by the fusion of vesicles on a
hydrophobic surface using a slightly different technique
— the detergent depletion technique — to prepare the vesi-
cles (Ohlsson et al. 1995). The main difference between
Ohlsson’s and our result exists in the saturation of the
frequency shift. In our experimentsthe frequency decrease
saturates after one hour whereas Ohlsson et al. could not
detect a saturation of the frequency decrease. This fact
could be an indication for the formation of multilayers
by the use of detergents during the vesicle formation.
In summary, one must say that it remains to be eluci-
dated which are the reasons for the unexpected high fre-
guency shiftsaccompanied by changesof the surface struc-
ture.

Another interesting point which remainsto beexplained
isthe small increase of the reasonant frequency directly af -
ter addition of the vesicle suspension (Fig. 3). This fact
could be an indication of atwo step process. An increase
of the resonant frequency of an oscillator operating in se-
ries mode is due to an increase of the motional resistance
R when considering the equivalent circuit of a loaded
quartz crystal asgivenin excellent studiesby Martin et al.
and Kipling and Thompson (Martin et al. 1991; Kipling
and Thompson 1990). Contrary to this phenomenon an in-
creasing inductance L causes a decrease in resonant fre-
guency, an effect which obviously dominates the process
after several minutes. Network analysis will be necessary
to clear up the process in detail.
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Fig. 4 Schematic view of the solid supported lipid bilayer doped
with the receptor lipid on the surface of agold electrode at the quartz
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Fig. 5 Time course of the frequency shift of the QCM recorded for
the injection of PNA to a POPC monolayer containing different
amounts of the receptor lipid Gy,;. The final protein concentration
was 2 uM. The protein solution was added after 7 min

3.2 Adsorption of PNA on Gy,, doped lipid bilayers

The solid supported lipid bilayer was used to investigate
the binding properties of PNA to theganglioside G,;. Fig-
ure 4 depicts schematically the solid supported membrane
on the quartz plate doped with the receptor lipid. The spe-
cific binding of the protein was determined by the QCM.
PNA was added to the vessel after a constant baseline was
reached, which was typically after an equilibration of
30 min. The solution with a concentration of 2 um protein
was pumped through the measuring chamber with a flow
rate of 500 pl/min. As shown in Fig. 5, the quartz crystal
microbal ance responded with typical frequency shifts of
6 to 30 Hz by addition of PNA to the immobilized POPC
monolayer containing different amounts of the receptor
lipid Gy;1. The adsorption of the lectin shows typical sat-
uration kinetics. No unspecific adsorption took place on
pure POPC-monolayers. This is very important with re-
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Fig. 6 Dependence of the frequency shift on the Gy, content in the
POPC monolayer. The valuesfor Af were obtained from the decrease
in frequency from Fig. 5. The solid line indicates the minimal value
that is necessary for acomplete coverage of PNA on the surface. For
further details see text
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Fig. 7 Dependence of the frequency shift on the PNA concentra-
tion in the bulk phase. A monolayer of POPC doped with 4.8 mol%
Gu1 Was used to study the binding behavior of PNA to the ganglio-
side. The high G,;; content guaranteed that a complete monolayer
of PNA can be reached on the surface. The continuous line repre-
sentsthe fit according to the Langmuir adsorption isotherm. The ex-
periment was performed three times and showed high reproducibil -

ity

gard to biosensor application and emphasi zes the findings
that solid supported lipid bilayers with their almost natu-
ral lipid environment are well suited for ligand-receptor
studies (Stelzle et al. 1993). As expected, phospholipids
suppress unspecific interaction very effectively. The fre-
guency shiftsincrease with increasing amountsof G,, and
become constant in the range of 2 mol% Gy,4 (Fig. 6). As-

suming an average areaper moleculefor POPC of 0.5 nm?,
for Gy, of 0.7 nm?and for PNA of 32 nm? (Mehlhornet al.
1986) the theoretical value of the minimal amount of the
receptor lipid Gy,1, which is necessary to get a complete
monolayer of PNA can beestimatedto 1.5 mol% G,,;. The
calculation implies the homogeneous distribution of the
ganglioside within the membrane. This seems to be rea-
sonable as thisisin good agreement with the experimen-
tal data.

Figure 7 depicts the dependence of the frequency shift
onthe PNA concentration in the bulk phase. In thisexperi-
ment a POPC monolayer with a content of 4.8 mol% Gy,
was used in order to guarantee a compl ete coverage of the
surfacewith PNA. When the concentration of PNA wasin-
creased in the bulk phase, the frequency shift showsatyp-
ical saturation. Assuming a homogeneous distribution of
the receptor lipid in the membrane and independent and
equal adsorption sites, the Langmuir adsorption isotherm
is a useful model to describe the experimental data. The
adsorption equilibrium is

0 PNA +Gyy; = PNA-Gy1.

The relation between the frequency shift and the PNA
concentration is given by Eq. (3) since the decreasein fre-
guency isassumed to be proportional to the adsorbed mass
of the protein.

Ka |]:PNA

Af . 1S the frequency shift upon saturation and K, is
the association constant of PNA and G,,,. The assumption
that the frequency response is proportional to the amount
of adsorbed protein should be reasonable with regard to
Sauerbrey’s approach (Eg. (1)), which predicts a propor-
tionality between the adsorbed mass and the changein fre-
guency (Sauerbrey 1959). Fitting the parameterstothedata
of Fig. 7 we obtained a value of Af,,,=(61+1) Hz and
K,=(0.83+0.04) -10° ML, The fit is in excellent agree-
ment with the theory, which supports the assumption that
adefined protein-monolayer isadsorbed. Theformation of
multilayers can be excluded.

This point leads us to theimportant question of why the
obtained frequency changesarelarger than those predicted
from Sauerbrey’s equation. An expected frequency de-
crease of 21 Hz for a complete protein monolayer com-
pares with a maximal decrease of 61 Hz obtained by fit-
ting the adsorption isotherm with Eq. (3). Unspecific ad-
sorption at the quartz surface beyond the evaporated gold
electrodes was excluded by the measurements shown in
Fig. 5, where no significant changesin resonant frequency
occur if pure POPC-layers were used. Moreover, the in-
creased roughness of the surface due to the vesicle fusion
is probably not the only reason for an enhanced frequency
response. The basic element to determine the mass of pro-
tein adsorbed on the membrane by use of the frequency
shift is based on the fact that proteins behave like rigid
films in solution. Adsorbed proteins possess a consider-
able amount of bound water which also contributes to the
frequency response as well astheir viscoel astic properties



B-D-Galactose

B-Galp-(1=3)-GalNAc
KA rddi A L gusiniacind

Af
I

| | | PR T T RS R

PR R IR |
0 5 10 15 20 25 30 35 40 45 50

t/ min

Fig. 8 Time course of the frequency shift recorded after the injec-
tion of PNA at a concentration of 2 pum in the presence of 0.265 mm
B-Galp-(1 - 3)-GalNAc, 26.5 mm -D-galactose and without inhib-
itors

which were often omitted. Thus, the viscoel astic behavior
of the adsorbed protein layer including the immobilized
water and the massl|oad contributeto thefrequency change.
Thisobservation was supported by experiments performed
in other laboratories. Ohlsson et al. (1995) found that cho-
leratoxin exhibits an unexpected high frequency decrease
of about 100 Hz when bound to G,,, embedded in a phos-
pholipid matrix. Muratsugu et al. (1993) demonstrated that
adsorption of HSA and anti-HSA createsa|Af/Am|relation
much larger than predicted from Sauerbrey’ sequation. The
frequency shift depends on the properties of the protein it-
self what makes a prediction of the amount of adsorbed
protein difficult.

3.3 Determination of the association constants
of B-D-galactose and 3-Galp-(1 - 3)-GalNAc

It is known that strong inhibition of hemagglutination,
which is induced by PNA occurs if (-Gap-(1- 3)-
GalNAc is added to the agglutination test. The disaccha-
ride binds specifically to PNA. In order to prove the suit-
ability of our setup to quantify the binding constants of dif-
ferent saccharides to PNA in solution we investigated the
PNA binding on Gy, doped POPC layers in the presence
of (B-Galp-(1 - 3)-GaNAc and (-D-galactose, respec-
tively. Figure 8 shows the time courses of the resonance
frequency shifts after addition of 2 um PNA to Gy, con-
taining POPC-monolayers in the presence of 26.5 mm
[-D-galactose and 0.265 mm B-Galp-(1 - 3)-GalNAc, re-
spectively. For comparison the time course of the fre-
guency changein the absence of aninhibitor isalso shown.
The binding of PNA in the presence of the corresponding
ligand causes a lower frequency decrease than in the ab-
sence of ligands owing to a reduced concentration of ac-
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cessible PNA binding sites in the bulk solution. In order
to obtain the intrinsic binding constant Kg; of one binding
site of PNA to the corresponding carbohydrate in solution
we pursued thefollowing approach. In contrast totheL ang-
muir adsorption isotherm obtained from PNA in the ab-
sence of ligands the situation in the presence of ligandsis
more complex. Since PNA possesses four identical sub-
units each capable of binding a ligand with the same in-
trinsic binding constant Kg; five different PNA-carbohy-
drate complexes have to be distinguished: PNA, PNA-S,
PNA-S,, PNA-S; and PNA-S,. Except for PNA-S, all spe-
cies are able to bind to the immobilized ganglioside. The
corresponding equilibrium at the surface according to
Langmuir reads as follows:

(I 4-Kaji*Cona - (1-65) =Kg;i - Oona

3-Kai Cpna-s (1-6y) =Kg; - Bpna-s

2-Kai Cpna-s, " (1-65) =Kg; " Opna-s,

Kai*Crna-s, " (1-65) =Kg - Oona-s,
where 6, isthetotal coverage of the surface and can be ex-
pressed as the sum of the coverage of each PNA species:

85=ona * Bbna-st Bbna-s T Oena-s,

K4 @and ky; denote the intrinsic adsorption and desorption
rate constants of one binding site at the surface, respec-
tively. After some algebra the Langmuir equation reads:

A _ Kaj M4 +3Epna—s +2[Epna-s, +Chna-s;) @
UM 1+K,; {4Cpna +3@pna—s +2[@pna-s, ¥ CPnA-S,
The intrinsic Langmuir adsorption constant K, ; =k, /Kq;
can be derived from the Langmuir adsorption constant K,
(see Eq. (3)) asK,=4-K,; assuming that all binding sites
of the PNA-carbohydrate complexes have the same bind-
ing constant to Gy,;. The sum of the four concentrationsin
brackets in Eq. (4) represents the total concentration of

binding sites Cyrotomer a0I€ t0 interact with the surface con-
fined receptor:

Corotomer =4 Cpna 3 Cpna-st 2 Cona-s, T Cpna-sy ©)

Considering thisprotomer concentrationin solution, equilib-
rium between the carbohydrate and PNA-binding sitesreads:

an

where S denotes the corresponding saccharide. The intrin-
sic binding constant K; can be derived from equilibrium:
Ksi =

= = , (6)
Cprotomer E‘ts Cprotomer mCS,O _Cprotomer—s)

where cg, denotes the initial concentration of the corre-
sponding saccharide added to the measuring cell. Cororomer-s:
Cs and Cyroromer F€Present the equilibrium concentrations of
the corresponding species. Neglecting the amount of pro-
tomer bound to the surface compared with thetotal amount
of protomer (4-cpya o) the intrinsic binding constant Kg;
can be cal culated from the equilibrium concentration of the
unbound protomer, Cpotomer:

protomer + S= protomer-S

Cprotomer—S _ Cpro’(omer—S

4 E:PNA ,0— Cprotomer

Ksi (7)

Cprotomer |:IJCS,O - (4 |]:PNA,O - Cprotomer )] .
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Fig. 9 Response of the frequency on the addition of 0.2% pronase
A toaPNA monolayer absorbed on POPC doped with 4.8 mol% G,,;

Corotomer CaN be calculated directly from the measured
frequency shift Af (Eg. (4)). In the presence of
Cs0=0.265mm B-Galp-(1 - 3)-GaNAc the frequency
decreases by (13+2) Hz after the addition of Cpya =2 UM
PNA so that Kg; can be estimated to be (20000 5000)
M. The frequency shift that results from the adsorption
of 2 um PNA in the presence of 26.5 mm [-D-galactose
amounts to (11+2) Hz which corresponds to a Kg; of
(250+50) M=, Swamy et al. (1991) reported similar bind-
ing constants for 3-Galp-(1 - 3)-GalNAc and 3-D-galac-
tose using the method of fluorescencetitration with thefluo-
rescently labeled 2-(N-dansylamino)2-deoxy-D-3-D-ga-
lactose at 15°C. Caron et al. (1982) as well as Neurohr
et al. (1982) studied the binding of B-D-galactose and
B-Galp-(1 - 3)-GalNAc to PNA, respectively, by UV dif-
ference spectroscopy at different temperatures and ob-
tained association constants in the same range (Table 1).
The comparable results clearly indicate the suitability of
QCM to determine binding constants of ligand receptor
pairsin solution.

3.4 Digestion of the PNA-monolayer by pronase

With respect to the suitability of theligand receptor system
on solid supported lipid bilayers in biosensor application

areusable sensor surface would be of great advantage. The
regain of the receptor molecules Gy,; embedded in the
phospholipid bilayer requires that the protein can be re-
moved from the surface without destruction of the lipid
layer. We tried to remove the adsorbed PNA by digestion
of the monolayer by pronase. Pronaseis an unspecific pro-
teolytic enzyme capable of removing the protein layer
without any digestion of thelipid layer. The addition of the
enzyme at a concentration of 0.2% to the measuring cell
led to an increase of the frequency up to (35+3) Hz after
one hour (Fig. 9). Obviously the time course of the reso-
nance frequency exhibits a two step kinetic where a fast
increaseisfollowed by asecond much slower process. The
PNA-monolayer obtained from the specific interaction of
a 2 um protein solution with the POPC monolayer con-
taining 4.8 mol% Gy, exhibited a mean frequency de-
crease of (32+2) Hz (see Fig. 5). Starting from this PNA-
monolayer afrequency shift of 35 Hz correspondsto an al-
most compl ete digestion of the protein monolayer.

We recorded an impedance spectrum after the diges-
tion-process in order to prove the completeness of the bi-
layer. The capacitance of the bilayer increases only from
1.0 uF/cm? to 1.05 puF/cm? after protein digestion. Thein-
crease in capacitanceindicates that only asmall amount of
the lipid bilayer was removed by the protease treatment.
The errors are standard deviations of three independent
measurements indicating the high reproducibility of the
digestion process.

3.5 Specific binding of anti-digoxigenin-F_,-fragments
to a digoxigenin-labeled PNA-monolayer

In this experiment digoxigenin (DIG)-labeled PNA was
used instead of PNA in order to create a hapten presenting
surface now consisting of proteins. DIG is a steroid and
occurs naturally in digitalis plants such as Digitalis pur-
purea. The anti-digoxigenin antibodies against the hapten
have been produced in sheep and possess a covalently
linked alkaline phosphatase. Thisassay is mainly used for
Western-blotting or for non-radioactive detection of DNA.
The antibody-antigen-conjugate is then visualized by a
color reaction catalyzed by the alkaline phosphatase. We
used this system to enhance the frequency decrease be-
cause of the higher molecular weight of the antibody-phos-
phatase complex than the antibody alone.

Figure 10 shows the typical time course of the series
resonance frequency after addition of DIG-labeled PNA

Table1l Determination of the

binding constants K s, of Ligand Cs,0/MM AfIHz Kgi/M™ Kg/M™ (ref.)
[3-D-galactose and 3-Galp- .
(1 - 3)-GalNACc to PNA by No ligand - 342 - -
M for T=23°C. Th

Qo IO e e TS b b galactose 265 1142 250+ 50 690 (15°C)°
three independent measure- 1200 (10°C)®
ments. The reference values for
Ks; were taken from # Swamy B-Galp-(1 - 3)-GaNAc 0.265 13+2 20000+ 5000 33000 (23°C)°

et al. (1991); P Caron et al. 49000 (15°C)?

(1982) ¢ Neurohr et al. (1982)
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Fig. 10 Frequency response of the QCM on the addition of A 2 um
digoxigenin labeled PNA to a POPC monolayer doped with 1 mol%
Gwm1- B indicates the exchange of incubation solution by PNA free
buffer and C anti-digoxigenin-labeled F,, fragments labeled with
alkaline phosphatase in a concentration of 90 pg/ml (18 U/ml)

with a concentration of 2 pum (arrow A) to a POPC mono-
layer doped with 1 mol% Gy,;. The frequency shift of
26 Hz is comparable to the frequency shift of PNA which
is not labeled. When the adsorption of DIG-labeled PNA
wasfinished, the solution was exchanged agai nst pure buf -
fer (arrow B). After a stable baseline was reached anti-
DI G-F,-fragments were added to afinal concentration of
18 U/ml (arrow C). A frequency shift of Af=15Hz was
obtained owing to the specific binding of the F,,-fragments
to the hapten exposed by the DI G-labeled PNA monolayer.
The experiments show that the hapten is exposed to solu-
tion and accessible for the antibody.
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