Eur Biophys J (2004) 33: 522-534
DOI 10.1007/s00249-004-0393-4

ARTICLE

Chartchalerm Isarankura Na Ayudhya
Virapong Prachayasittikul - Hans-Joachim Galla

Binding of chimeric metal-binding green fluorescent protein to lipid

monolayer

Received: 11 November 2003/ Revised: 26 January 2004 / Accepted: 29 January 2004 / Published online: 2 March 2004

© EBSA 2004

Abstract Membrane-based bioanalytical devices for
metal determination using green fluorescent protein as
the sensor molecule may be a useful future biomimetic
material. However, in order to develop such a device, it
is necessary first to understand the interaction of the
protein with lipid membranes. Thus we have investi-
gated the interaction between chimeric cadmium-bind-
ing green fluorescent proteins (CdBPGFPs) and lipid
monolayers, using a film-balance technique comple-
mented with epifluorescence microscopy. The binding
avidity was monitored from the surface pressure vs.
area isotherms or from the measured increase in the
lateral pressure upon injection of the chimeric
CdBPGFPs beneath the lipid monolayer. Increased
fluidization as well as expansion of the surface area
were shown to depend on the concentration of the
CdBPGFPs. The kinetics of the protein-induced in-
crease in lateral pressure was found to be biphasic.
The chimeric CdBPGFPs possessed high affinity to
the 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
monolayer with a dissociation constant of Kq=10"M.
Epifluorescence measurements showed that this affinity
is due to the presence of the Cd-binding peptide, which
caused the GFP to incorporate preferentially to the li-
quid phase and defect part of the rigid domain at low
interfacial pressure. At high compression, the Cd-
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binding peptide could neither incorporate nor remain in
the lipid core. However, specific orientation of the
chimeric CABPGFPs underneath the air—water interface
was achieved, even under high surface pressure, when
the proteins were applied to the metal-chelating lipid-
containing surfaces. This specific binding could be
controlled reversibly by the addition of metal ions or
metal chelator. The reversible binding of the chimeric
CdBPGFPs to metal-chelating lipids provided a po-
tential approach for immobilization, orientation and
lateral organization of a protein at the membrane
interface. Furthermore, the feasibility of applying the
chelator lipids for the codetermination of metal ions
with specific ligands was also revealed. Our finding
clearly demonstrates that a strong interaction, particu-
larly with fluid lipid domains, could potentially be used
for sensor development in the future.
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Introduction

Environmental contamination by toxic metals, particu-
larly heavy metals, is of worldwide concern because of
their extended persistence and numerous health risks to
humans and animals. Electroplating plant, metal min-
ing, nuclear wastes and electronic industries are major
anthropogenic sources of metal pollution, releasing large
amounts to the environment. At present, the standard
method for metal determination is still focused on
atomic absorption spectrometry (AAS) (Falchuk et al.
1988; Savory and Herman 1999). Although this method
provides very high sensitivity for the detection of trace
amounts of metal ions, it is costly and requires technical
skill. Large-scale monitoring of toxic metal ions in bio-
logical systems and in the environment requires a rapid,
inexpensive and simple quantification. Therefore, the
development of analytical devices for metal determina-
tion represents a very significant breakthrough, capable
of generating new concepts and technologies. These in-
clude the use of chemical compounds, selective elec-
trodes, biological molecules or engineered cells and
bioelectronics (Bontidean et al. 1998; Burdette et al.
2001; Choi et al. 2001; Javanbakht et al. 2000; Lehmann
et al. 2000; Prachayasittikul et al. 2001; Prachayasittikul
et al. 2000; Tauriainen et al. 1998).

A biosensor is an analytical device that converts a
biological-sensing element into an electrical signal used
to determine varieties of substances (for reviews, see
Bakker and Telting-Diaz 2002; Cooper 2002; Keusgen
2002; Rishpon 2002; Vercoutere and Akeson 2002).
Such a device is well established for providing high
sensitivity and selectivity, particularly when the recog-
nition elements such as receptors or antibodies are ap-
plied. Several methods for the incorporation or
immobilization of such elements onto the sensor sur-
faces are available, e.g. covalent immobilization onto the
polymer or onto polymerized lipids (Klee et al. 1995), as
well as non-specific adsorption or immobilization onto
lipid bilayers (Klee et al. 1992; Rogers et al. 1989).
However, in some cases, little is known about how to
immobilize the protein of interest onto the surface with
high compatibility and allowing an application for sen-
sor measurements.

From our previous findings, we have engineered a
series of chimeric metal-binding green fluorescent pro-
teins (chimeric GFPs), aiming to apply them for the
development of protein and cell-based analytical devices
for metal determination (Isarankura Na Ayudhya 2000;
Prachayasittikul et al. 2001; Prachayasittikul et al.
2000). Owing to the autoilluminating activity of these
proteins, direct quantification of metal ions by using
purified chimeric GFPs became possible. However, we
found that heavy metals exerted a suppressing effect on
the fluorescence emission of the purified chimeric GFPs.
Direct exposure of various concentrations of Cd>" and
related metals quantitatively reduced the intensity of the
emitted fluorescence of the chimeric Cd-binding GFP.
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A linear reciprocal response has been shown at the
nanomolar level of Cd>™, with a correlation coefficient
very close to one. Zn’", Cu?" and Ni*" exhibited a
similar response, but in the micromolar range.

In contrast, quantification of metal ions via chimeric
GFP-carrying E. coli revealed an enhancement of fluo-
rescent intensity in the presence of Cd*>* and Zn>*, but
not with Cu®". A linear correspondence has been shown
at the high nanomolar to high micromolar range of
Cd*" concentration. Such series of experimental data
highlight the significant potential for future development
of those protein and cell-based metal sensors that exhibit
high sensitivity for metal determination. However, in
order to obtain a better understanding of the interaction
of chimeric proteins with cellular membranes, and for
the future development of membrane-based metal sen-
sors, it is necessary to understand the mechanism of the
lipid—chimeric GFP interaction.

Here, we used the film-balance technique combined
with fluorescence microscopy as an approach for
studying the lipid—protein interaction at the air—water
interface. The exploration of the interaction between the
chimeric GFPs and lipid monolayers, as well as bilayers,
subsequently revealed the feasibility of developing a
membrane-based sensor device. The phospholipid
monolayers were selected as the membrane model owing
to their homogeneity and stability. In addition to their
specific orientation in a planar geometry, the lipid
monolayers provide a unique model membrane of great
interest and reliability in understanding the incorpora-
tion property of a protein. Fluorescence microscopy
allows the direct observation of the phase behaviour of
the protein-containing lipid monolayer during com-
pression if the autoilluminating chimeric GFPs are used.
The lipid-binding avidity, as well as the molecular ori-
entation of the chimeric GFPs onto the lipid monolayer,
has been investigated; dissociation constants between
the chimeric GFPs and lipid have been calculated in
order to test the feasibility of applying these biofunc-
tionalized membrane-based analytical devices for metal
determination in the future. Metal-chelating lipids that
are able to bind the chimeric GFPs, but only in the
presence of the corresponding metal ions, have also been
investigated since they may be used as receptor units.

Materials and methods

Lipids and chemicals

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-di-
oleoyl-sn-glycero-3-(N-(5-amino-1-carboxypentyl iminodiacetic
acid) succinyl) (NTA-DOGS) (Celia et al. 1999; Kubalek et al.
1998) were purchased from Avanti Polar Lipids Inc. (Alabaster,
AL, USA) and were used without further purification. All solvents
were of high-performance liquid chromatography grade from
Merck (Darmstadt, Germany). Water was first purified through a
millipore water purification system, Milli-Q RO 10 Plus (Millipore
GmbH, Eschborn, Germany), and then finally with the millipore
ultrapure water system, Milli-Q Plus 185 (18.2 MQ cm™"). For all
experiments, phosphate-buffered saline (50 mM Na,HPO,, 0.3 M
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NaCl, pH 7.4; PBS) was used if not otherwise stated. Lipid stock
solutions were prepared by dissolving powdered lipid in chloro-
form. As indicated in some experiments, the DPPC:NTA-DOGS
(4:1) was preloaded with zinc ions (DPPC:NTA-DOGS-Zn>") by
adding an equimolar amount of ZnCl,-2H,O dissolved in metha-
nol.

Proteins

Chimeric metal-binding GFPs: His6GFP (Prachayasittikul et al.
2000); CdBP4GFP (Prachayasittikul et al. 2001) and
His6CdBP4GFP (Prachayasittikul et. al., submitted) were ex-
pressed in E. coli strain TGI, and further purified to homogeneity
by immobilized-metal-affinity chromatography (IMAC) charged
with zinc ions as previously described.

Film-balance measurements

Surface pressure vs. area isotherms were obtained with a thermo-
statically controlled Langmuir film balance equipped with a Wil-
helmy system. The filter paper was rinsed carefully with buffer to
maintain its complete wettability. Monomolecular films were pre-
pared, and the measurements were performed on a trough (Riegler
and Kirstein, Mainz, Germany) with an operation area of 40 cm?
and a bulk volume of 24 ml, kept at a temperature of 20 °C. The
determination of the position and scanning speed of the film-bal-
ance barrier, as well as the recording of surface pressure vs. area
isotherms, were computer-controlled. Prior to each experiment, the
trough and barrier were cleaned with mucasol and dichlorome-
thane followed by multiple repeated rinsing with deionized water.
Phospholipid films of DPPC or DPPC:NTA-DOGS were prepared
from a lipid stock solution by careful spreading via a microsyringe
at the air-liquid interface.

After an equilibration time of 10 min, the film was compressed
with a constant compression rate (5.81 cm?/min) until the final
surface pressure reached 10 mN/m. The interface was allowed to
equilibrate for at least 30-45 min, at which point no further barrier
movement was required to maintain constant pressure. All experi-
ments were stirred continuously by a magnetic bar. Various con-
centrations of chimeric metal-binding GFPs dissolved in PBS were
then injected into the subphase underneath the monolayer via an
inlet port in the trough to yield subphase concentrations of
0-48 nM. Changes in lateral pressure after injection were measured
at constant interfacial area and recorded for a minimum of 60 min.
Data were fitted to the Michaelis-Menten equation (Knauer et al.
1997) using the non-linear regression program Sigma Plot (SPSS,
Chicago, USA). The changes of pressure and the increasing velocity
were applied by Lineweaver-Burke plot in order to investigate the
dissociation constant between GFP and the lipid monolayer, in
analogy to the previous works (Lu et al. 2002; Shank-Retzlaff et al.
1998). In addition, the isotherm characteristics before and after
protein injection were determined. All measurements were
performed at least two to three times to obtain reproducibility.

Epifluorescence measurements

The film-balance unit consisted essentially of an epifluorescence
microscope, which was placed above a Langmuir trough. Fluores-
cence of the lipid monolayer (DPPC or DPPC:NTA-DOGS-Zn>*)
doped with the chimeric GFPs was excited and visualized via an
epifluorescence microscope (Olympus STMS5-MJS, Hamburg, Ger-
many). The Langmuir trough carried a subphase volume of 76 ml
PBS (pH 7.4). The trough, equipped with a computer-controlled
movable barrier and a Wilhelmy system for the measurement of the
surface tension, was placed on a specially designed stage (Riegler
and Kirstein, Mainz, Germany) for the microscope. With the help
of the remote-control stage, the trough could be moved indepen-
dently in the three directions of the axes (x, y, z) of a Cartesian
coordinate system, where the x- and y-axes were oriented perpen-
dicular to the optical axis of the objective lens. For excitation,

a high-pressure mercury lamp with a power of 50 W was used.
Discrimination of excitation and emission light of the green fluo-
rescent protein was achieved by corresponding cut-off filters. To
form the monolayers, drops of the lipid stock solutions were formed
at the tip of a Hamilton syringe and carefully spread to the air-liquid
interface. The solvent was allowed to evaporate for at least 10 min.

After evaporation, the interface was compressed under a con-
stant compression rate until the surface pressure reached about
S mN/m. The chimeric GFP was then injected to the subphase
without disturbance of the lipid monolayer, and the interface was
further compressed up to 50 mN/m. The fluorescence pressure was
recorded simultaneously by means of an SIT camera (Hamamatsu,
Hamamatsu, Japan).

Results

Our previous findings indicated that the presence of Cd-
binding peptide facilitated the incorporation of chimeric
GFPs (CdBP4GFP and His6CdBP4GFP) into the inner
lipid membrane of engineered E. coli cells (Prac-
hayasittikul et al. 2001; Prachayasittikul et. al., submit-
ted). Expelling the chimeric GFPs from the membrane
required hazardous dissociation agents, e.g. 6 M gua-
nidine hydrochloride prior to purification via IMAC.
The purified chimeric GFPs were proven in preliminary
investigations to have strong avidity to bind to lipid
monolayers. Here, we focus on the mechanism of the
interaction between the chimeric GFPs and lipid
monolayers by using the film-balance technique as well
as epifluorescence microscopy.

Effect of chimeric His6cCdBP4GFP on the isotherms
of the phospholipid monolayer

To study the degree of association of chimeric GFPs
to lipid surfaces, DPPC model membranes, which
provided both rigid and fluid domains, were selected.
Fig. 1 demonstrates the effects of various concentra-
tions of the chimeric His6CdBP4GFP on the isotherms
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Fig. 1 Isotherms of the DPPC monolayer (solid line) in the
presence of 3 nM (dotted line), 18 nM (short dashes) and 48 nM
(long dashes) of His6cCdBP4GFP. The isotherms were measured at
20°C. Subphase was 50 mM Na,HPO,, 0.3 M NaCl, pH 7.4



of DPPC monolayers. The surface pressure vs. area
isotherm of the pure DPPC showed the typical phase
transition to be approximately 5 mN/m from the li-
quid-expanded (/e) to the liquid-condensed (/c¢) phase.
Injection of the chimeric His6CdBP4GFP (3, 18 and
48 nM) beneath the DPPC monolayer at 10 mN/m
resulted in an increase in fluidity and in an expansion
of the surface area of the lipid molecules. The increase
in fluidity and the expansion of surface area were
shown to be concentration-dependent. When the
monolayer was highly compressed up to ~40 mN/m,
the area per molecule became identical to that of a pure
DPPC monolayer, even in the presence of the highest
amount of protein applied. This supports the notion
that at high surface pressure, the GFP is squeezed out
from the lipid monolayer.

Epifluorescence measurements of binding between
chimeric CABPGFPs and the DPPC monolayer

To obtain a better understanding of the binding and
molecular orientation of these chimeric GFPs in DPPC
monolayers, the film-balance studies were comple-
mented by epifluorescence microscopy. The monolayer
was compressed to a pressure below the plateau region
(5 mN/m) before injection of the protein. As shown in
Fig. 2, epifluorescence of DPPC monolayers in the
presence of His6CdBP4GFP after compression to 10,
20, 30, 40 and 50 mN/m was determined. Injection of
the His6CdBP4GFP (18 nM) beneath the DPPC mono-
layer resulted in strong fluorescence emission at the
fluid-phase domains (arrow B) and particularly in de-
fect-rich parts at the rims of the rigid dark domains
(arrow C in Fig. 2A). Upon further compression of the
monolayer, the fluorescence intensity of the chimeric

Fig. 2 Epifluorescence
measurements of the DPPC
monolayer in the presence of
18 nM of His6CdBP4GFP
compressed at different surface
pressures (10-50 mN/m; A-E).
Arrow A indicates solid domain.
Arrows B and C indicate
binding avidity of the chimeric
His6CdBP4GFP to the liquid
phase and the defect part of the
solid domain, respectively.
Subphase was 50 mM
Na,HPO,, 0.3 M NaCl, pH 7.4
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protein became more intense on the edges of DPPC
solid domains owing to reduction of the fluid-phase
area (Fig. 2B-D). However, when the pressure reached
50 mN/m, very low fluorescence intensity was observed
(Fig. 2E). At such high pressure, the lipid density be-
came so high that the peptide could neither incorporate
nor remain in the lipid monolayer. These results in-
ferred the preferential interaction of the Cd-binding
peptide to the phospholipid in the liquid-phase and to
defects at the border in the solid-phase domains.

To confirm whether the Cd-binding region played a
role in the incorporation of the chimeric GFP to the
DPPC monolayer, the chimeric His6GFP was investi-
gated for comparison. Figure 3A exhibits an epifluo-
rescence measurement of a DPPC monolayer
compressed to 10 mN/m in the presence of 18 nM
His6GFP. This photograph clearly shows that only very
low fluorescence intensity is present in the fluid areas.
Such low intensity was still detected up to a compression
of 15 mN/m. Increasing the His6 GFP concentration up
to 85 nM achieved the same result (Fig. 3B). Addition
of 18 nM His6CdBP4GFP to the subphase of the
monolayer preincubated with 85 nM His6GFP at
15 mN/m did not result in the fluorescence pattern
typical for His6CdBP4GFP. This clearly shows that the
surface is fully occupied with non-specifically adsorbed
His6GFP due to its large excess.

Competitive binding between chimeric His6CdBP4GFP
and His6GFP to the DPPC monolayer

To further investigate the binding of His6GFP and
His6CdBP4GFP to the DPPC monolayer, experiments
were initiated by injecting His6CdBP4GFP underneath
the monolayer followed by an addition of His6GFP. As

fiomn)

50 mN/m



526

Fig. 3 Epifluorescence measurements of the DPPC monolayer in
the presence of 18 nM (A) and 85 nM (B) of His6GFP. The
monolayer was compressed at 10 mN/m. Subphase was 50 mM
Na,HPO,, 0.3 M NaCl, pH 7.4

shown in Fig. 4A, the strong fluorescence emission at
the fluid areas was detected if only His6CdBP4GFP was
present. Upon adding 18 nM His6GFP, a decrease in
fluorescence intensity was observed (Fig. 4B). Injection
of additional His6GFP up to 180 nM resulted in a
greater suppression of the fluorescence (Fig. 4C). The
monolayer was then further compressed in order to test
whether the His6CdBP4GFP could regain its fluores-
cence intensity (Fig. 4D). Interestingly, recovery of
strong fluorescence intensity could be observed readily
at high compression (30 mN/m; Fig. 4E). However,
further compression of the monolayer caused the fluo-
rescence intensity to decrease (Fig. 4F, G). This indi-
cates the multiple avidity that could be competed by

Fig. 4A-G Epifluorescence measurements of competitive binding
between chimeric His6CdBP4GFP and His6GFP to the DPPC
monolayer. The monolayer was compressed at 5 mN/m, then
18 nM of chimeric His6CdBP4GFP was injected into the subphase.
The monolayer was continued to be compressed at 10 mN/m and
kept constant (A). His6GFP was subsequently injected beneath the
monolayer to yield the subphase concentration of 18 nM (B) and
180 nM (C). The monolayer was then compressed at 20-50 mN/m
(D-G). Subphase was 50 mM Na,HPO,, 0.3 M NaCl, pH 7.4

His6GFP, while the higher-binding avidity regained the
binding to the lipid monolayer at higher compression.

Enhancement of interfacial pressure of the DPPC
monolayer by Cd-binding GFPs

DPPC monolayers were prepared, and lateral pressure
was kept constant at 10 mN/m followed by injection of
CdBP4GFP and His6CdBP4GFP. For comparison,
His6GFP was applied as control. The increase in inter-
facial pressure with time at the desired lateral pressure
was taken to monitor the degree of incorporation. The
presence of Cd-binding peptide caused two steps (bi-
phasic kinetics) of increasing lateral pressure. A dra-
matic pressure increase of 3—4 mN/m was observed
within 5 min, followed by a gradual increase until sat-
uration was reached within 15-20 min in the case of the
CdBP4GFP (Fig. 5B). A similar biphasic increase in
pressure was also observed when His6CdBP4GFP was
injected (Fig. 5C).

Changes in rate and magnitude of the surface pres-
sure during the first step as well as the second step were
found to be dependent on the subphase protein con-
centration. The His6CdBP4GFP provided a more po-
tent effect than the CdBP4GFP. The highest change of
pressure was found to be approximately 1 mN/m higher
compared with CdBP4GFP, particularly at concentra-
tions greater than 18 nM. In contrast, the addition of
various concentrations of His6GFP (3-48 nM) caused
only a one-step increase in the lateral pressure and with
a lower magnitude. A gradual increase in pressure could
potentially be achieved according to time and concen-
tration of the protein. The highest change of pressure
reached almost saturation within 30-35 min and was
followed only by a further slow increase in pressure,
possibly due to multilayer adsorption of protein to the
lipid membrane as shown in Fig. 5A.

50 mN/m

40 mN/m
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Fig. 5 Effect of various A 20
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Analysis of dissociation constants of the Cd-binding
GFPs to the DPPC monolayer

To provide further evidence for a specific interaction,
dissociation constants of the Cd-binding GFPs to the
DPPC monolayer were determined. This analysis was
derived from plots of the delta pressure (deltaP) or
velocity against protein concentration (Figs. 6 and 7). In
Fig. 6A, the maximum change of lateral pressure is
plotted versus concentrations of the chimeric GFPs. The
deltaP values caused by both the CdBP4GFP and
His6CdBP4GFP exceed that of the His6GFP at all
concentrations tested. At the highest concentration
(48 nM), the deltaP values were 7, 8§ and 5.5 mN/m for
the CdBP4GFP, His6CdBP4GFP and His6GFP,
respectively. These binding curves given in Fig. 6A were
subsequently fitted to yield the dissociation constants
according to the Lineweaver-Burke equation (Lu et al.
2002). As shown in Fig. 6B, the dissociation constants of
the CdBP4GFP, His6CdBP4AGFP and His6GFP to
DPPC monolayers were 1.6x1078 M, 2.5x10 * M and
1.0x107® M, respectively.

Owing to the biphasic responses upon addition of the
chimeric Cd-binding GFPs to the monolayer, the initial
velocities of the first and second steps were plotted
versus the protein concentration (Fig. 7A, C). The initial
velocity at the first step increased in the order
His6CdBPAGFP > CdBP4GFP >His6GFP, while,
in contrast, the corresponding dissociation constants
to DPPC were in the same range (~10~’ M) (Fig. 7B).
CdBP4GFP and His6CdBP4GFP caused the second
step of monolayer expansion for which the dissociation
constants to DPPC of these two chimeric proteins
were further calculated. As represented in Fig. 7D,
the dissociation constants for CdBP4GFP and
His6CdBP4AGFP to DPPC monolayers were 1.1x107%
and 2.6x107% M, respectively. Values were close to the
values determined by the corresponding plot of the
deltaP values (Fig. 6B).

Effect of cadmium ions on fluorescence emission of
incorporated chimeric HisoCdBP4GFP onto the DPPC
monolayer

To evaluate whether the incorporation of the chimeric
His6CdBP4GFP into the DPPC monolayer could be
suited for further applications as a membrane-based
analytical device for metal determination, the effect
of metal ions, particularly cadmium ions, on the fluores-
cence emission of incorporated chimeric His6cCdBP4GFP
was determined. Again, the DPPC monolayer was se-
lected to be a supporter membrane owing to its low
adsorption of cadmium ions compared with the other
phospholipids, e.g. PS and PI (Bevan et al. 1983; Deleers
etal. 1986; Girault et al. 1998; Lis et al. 1981; Tacnet et al.
1991). No significant difference in fluorescence emission
between time 0 and time 60 min was found. When the
monolayer was continuously compressed up to 50 mN/m,
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Fig. 6 Analysis of dissociation constant between the chimeric
GFPs and the DPPC monolayer as calculated from delta pressure
(deltaP) versus protein concentration (nM) (A). The results were
further fitted to the Lineweaver-Burke plot (B). The value given
was the average of two independent samples

a typical pattern of His6CdBP4GFP to the DPPC
monolayer was observed (as, for example, in Fig. 2). It
should be noted that some of the cadmium ions formed
complexes with the remaining protein in the subphase, as
evidenced by the precipitation of chimeric protein be-
neath the lipid monolayer.

Specific orientation of the His6CdBP4GFP
onto the metal-chelating lipid monolayer

To investigate whether the presence of Cd-binding
peptide facilitated a specific orientation of the chimeric
GFPs onto the lipid monolayer, the metal-chelating lipid
(NTA-DOGS) was used as a receptor unit. The NTA-
DOGS was mixed together with the DPPC in an
appropriate ratio (DPPC:NTA-DOGS; 4:1). Figure 8
demonstrates the isotherms of the lipid mixture com-
pared with the pure DPPC. The isotherm of the lipid
mixture exhibited a characteristic where the phase
transition is still visible but the membrane gained more
fluidity. The isotherm was shifted to a higher surface
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two independent samples

pressure and, additionally, the plateau region became
less horizontal compared with pure DPPC monolayers,
owing to fluidization as a result of the NTA-DOGS.
Addition of metal ions (Zn>") to monolayers of pure
metal-chelating lipid did not cause any significant dif-
ference in the isotherm (data not shown). In the mixed
lipid monolayer, the endpoint of the /c—/e-transition was
shifted to higher pressure, clearly evidencing a phase
separation.

The His6CdBP4GFP (18 nM) was then injected be-
neath the lipid monolayer. The isotherm became more
smooth, and the phase transition less pronounced. As
shown in Fig. 9A, strong fluorescence intensity could be
observed in the liquid phase, even under high pressure
up to 50 mN/m. Similar observations were made with
the CdBP4GFP (data not shown) and, even more
importantly, the addition of the His6GFP into the
subphase exhibited the same phenomenon as repre-
sented in Fig. 9B.
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To further confirm that the orientation of the
His6CdBP4GFP or His6GFP at the membrane interface
is caused by specific interaction between the metal-
binding sites and the immobilized metal ions at the NTA
head group, the same experiment was performed in PBS
buffer supplemented with 5 mM EDTA. Again, strong
fluorescence could be detected upon addition of the
His6CdBP4GFP due to the presence of the Cd-binding
peptide, which caused the protein to be incorporated
into the fluid lipid domains.

When the monolayer was further compressed, a
marked decrease in fluorescence was detected (Fig. 10C—
E). Similar observations were also made in the case of the
CdBP4GFP (data not shown). In contrast, very low
fluorescence intensity at low surface pressure could be
detected in the case of His6GFP (Fig. 10F). All these
findings indicate that specific orientation of the chimeric
GFPs onto the lipid monolayer was mediated by the
metal-binding lipid. Membrane regions enriched with this
lipid would provide binding avidity of the chimeric GFPs
to the lipid monolayer via its hydrophobicity, without
participation of the metal. However, if metal is available,
the membrane avidity is dominated by protein binding to
the chelated metal. Thus, protein binding to the chelating
site is stronger than the hydrophobic interaction of the
Cd-binding GFPs with fluid lipid domains.
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Fig. 8 Isotherms of the DPPC 45
monolayer (solid line A), NTA-
DOGS monolayer (dotted line) 40 -
and DPPC:NTA-DOGS (4:1)
monolayer (solid line B)
determined at 20 °C. Subphase —~ 35 1
was 50 mM Na,HPO,, 0.3 M g
NaCl, pH 7.4. Inset indicates a Z 30 -
structure of NTA-DOGS £
o
5 254
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Fig. 9 Epifluorescence = measurements of  lipid  mixture
(DPPC:NTA-DOGS; 4:1) charged with equimolar amount of
ZnCl, in the presence of 18 nM His6CdBP4GFP (A) or His6GFP
(B) compressed at 10-50 mN/m. Subphase was 50 mM Na,HPOy,,
0.3 M NaCl, pH 7.4

Similarity of the Cd-binding peptide to other proteins

To compare the Cd-binding sequence to other peptides in
nature, alignment of protein sequences was performed
using the CLUSTALW (Thompson et al. 1994) linked to
the Bioedit program. As presented in Fig. 11, both the
Cd-binding peptide (CdBP4) and the hexapolyhistidine
fused to the Cd-binding peptide (His6CdBP4) exhibited
sequences similar to those shown by two kinds of natural
protein; PFB0920w (protein with DnaJ domain (RESA
like) from Plasmodium falciparum) (Gardner et al. 1998)

50 60 100 110 120 130 140

30 mN/m 540 mN/m

and Magainin 1 and 2 (antimicrobial peptide from
Xenopus laevis) (Matsuzaki et al. 1997). The former
protein was referred to be a hypothetical protein with
unknown function. This protein consists of the Dnal
domain and a large non-globular domain. A predictable
function of this protein is probably similar to that of the
DnalJ-domain superfamily and RESA-like (ring-infected
erythrocyte surface antigen). The DnaJ domains act as
cofactors for HSP70-type molecular chaperons and par-
ticipate in protein folding and trafficking, intracellular
transport of proteins, complex assembly, organelle bio-
synthesis and initiation of translation (Cyr et al. 1994).
RESA is known to provide binding avidity to the
cytoplasmic side of the erythrocyte membrane, with the
membrane skeleton component spectrin as a major site of
binding. Furthermore, the RESA might be involved in



Fig. 10 Epifluorescence
measurements of lipid mixture A
(DPPC:NTA-DOGS; 4:1)
charged with equimolar amount
of ZnCl, in the presence of

18 nM His6CdBP4GFP
compressed at different
pressures (A-E) or His6GFP
compressed at 10 mN/m (F).
Subphase was 50 mM
Na,HPO,, 0.3 M NaCl, 5 mM
EDTA, pH 74
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B

CdBpP4 TMITPSL------ MSSHSQKVFHSQKVFHSQKVFHSQKVFAVPVEK

His6CAdBP4 TMITPSLHHHHHHASSHSQKVFHSQKVFHSQKVFHSQKVFAVPVEK Identity = 6/23 (26%); Similarity = 14/23 (61%)
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Magainin 2 =~ ----- Gl--=-mmewe- GKFLHSAKKFG- -KAFVG-EIMQS~---
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Fig. 11 Sequence alignments between the Cd-binding peptide
(CdBP4) or hexapolyhistidine fused to the Cd-binding peptide
(His6CdBP4) and the PFB0920w-encoding protein with Dnal
domain (RESA-like; ring-infected erythrocyte surface antigen from
P. falciparum; genbank accession no. gi7494396) (A) or Magainin 1
and 2 (antimicrobial peptide from African frog skin; Xenopus
laevis) (B). The alignment was constructed by the profile alignment
option of CLUSTALW linked to the Bioedit program. / indicates
hydrophobic residues (A, C, F, I, L, M, V, W and Y); u indicates
“minute” residues (G, A and S); ¢ indicates charged residues (D, E,
K and R). Gaps were introduced to optimize alignment

stabilization of the erythrocyte membrane during ther-
mal denaturation via heat-induced fragmentation
(Da Silva et al. 1994). The magainin peptides possess
antimicrobial activity with low toxicity to normal
eukaryotic cells. The mechanism of action is considered
to enhance the permeability of bacterial membranes.
Percentages of identity and similarity of the CdBP4
compared with the amino acid residues 500-560 of the
PFB0920w were calculated to be 50% and 55%, while
the His6CdBP4 showed 43% and 48%, respectively
(Fig. 11A). In addition, both sequences of the Cd-bind-
ing peptide also possessed 26% and 61% identity and
similarity compared with the magainin 1 and 2
(Fig. 11B).

Discussion

We explored the detailed binding properties of the
cadmium-binding green fluorescent proteins and lipid
monolayers using the film-balance technique and epi-
fluorescence microscopy. These include effects of the
chimeric proteins on the isotherms of lipid monolayers,
changes of interfacial pressure upon addition of the
chimeric proteins and analysis of dissociation constants
between the chimeric proteins and the lipid monolayer.
Furthermore, the peptide-lipid binding, as well as the
molecular organization of the chimeric proteins onto the
lipid monolayer, were investigated. These findings indi-
cate that there is a potential for the future development
of a membrane-based bioanalytical device for metal
determination.

Lipid-binding avidity of the chimeric cadmium-binding
green fluorescent protein

In this study, we first investigated the role of Cd-binding
peptide (CdBP) on the binding avidity of the green fluo-
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rescent protein (GFP) to lipid monolayers. The Cd-
binding peptide was previously derived from phage-dis-
play technology (Mejare et al. 1998). This peptide was
successfully fused to the GFP and applied as a potential
tool for metal determination (Prachayasittikul et al.
2001). In a previous study, we found that engineered
E. coli cells expressing chimeric four-Cd-binding regions
fused to GFP (CdBP4GFP), and the GFP having
hexapolyhistidine in combination with four-regions Cd-
binding peptide (His6CdBP4GFP), exhibited different
characteristics of fluorescence emission (Prachayasittikul
et al., submitted). The chimeric CdBP4GFP and
His6CdBP4GFP were found to localize in the membrane
debris, while the hexahistidine GFP (His6GFP) and the
native GFP were expressed as cytoplasmic proteins. Ow-
ing to the strong interaction between the chimeric protein
and the membrane, expulsion of the CdBP4GFP and the
His6CdBP4GFP required a strong dissociation agent, e.g.
6 M guanidine hydrochloride.

The strong affinity to lipid has been significantly
evidenced in this study. The CdBP4GFP and the
His6CdBP4GFP displayed remarkable high affinity for
DPPC monolayers, approximately two orders of mag-
nitude higher than that of the His6 GFP, as has been
calculated from the measured pressure increase upon
protein addition (Fig. 6). Moreover, incorporation of
the CdBPGFPs to lipid monolayers demonstrated bi-
phasic kinetics as in the case of Cytochrome P450 2B4,
Melittin, Polymyxin B and other substances (Dufourcq
and Faucon 1977; Kahle et al. 1996; Maman et al. 1999;
Shank-Retzlaff et al. 1998).

A rapid initial increase in surface pressure followed
by a more gradual increase over time was observed.
Apparent binding constants, calculated from the inter-
cept of double reciprocal plots between the velocity of
pressure increasing at the first phase and the protein
concentration, were at the 107’ M-level for all three
chimeric proteins (His6GFP, CdBP4GFP and
His6CdBP4GFP). However, the dissociation constant at
the second step was 107*M for the CdBP4GFP and
His6CdBP4GFP (Fig. 7). All these findings clearly
indicated that the first-step interaction is caused by non-
specific adsorption of the integral part of GFP to all
areas in the lipid monolayer, while the second step might
be caused by the incorporation of the Cd-binding
peptide into the fluid phase of the lipid monolayers.
This evidence is in good agreement with the binding
interaction of CdBPGFPs with lipid monolayers ob-
served by epifluorescence microscopy (Figs. 2 and 3).

Molecular orientation of the chimeric cadmium-binding
green fluorescent protein at the membrane interface

Fluorescence spectroscopy is a highly sensitive technique
which is used extensively to study peptide-lipid binding
and peptide incorporation into membranes (Dietrich
et al. 1995; Grandbois et al. 1996). This technique was
applied in order to study the molecular orientation of

the chimeric Cd-binding GFPs at the membrane inter-
faces of either DPPC monolayers or metal-chelating li-
pid-containing membranes (DPPC:NTA-DOGS-Zn”>";
4:1). On the DPPC monolayer, both the CdBP4GFP
and the His6CdBP4GFP exhibited stronger fluorescence
intensity at the liquid phase and the defect part of the
rigid domain than the His6GFP. The fluorescence of the
adsorbed His6GFP vanished in a few seconds without a
decrease in lateral pressure. This indicates that the
His6GFP denatures after adsorption owing to very high
pressure at the air—water interface (Dorn et al. 1998;
MacRitchie 1986; Norde 1986; Schmidt et al. 1990).

This observation suggests that the CdBP4GFP or
the His6CdBP4GFP have a conformation that allows
the GFP to remain in the outer aqueous phase, while the
Cd-binding peptide is incorporated into the lipid core.
However, at high compression, the Cd-binding peptide
could neither incorporate nor remain in the lipid core. In
contrast, specific orientation of the chimeric GFPs was
achieved upon applying the proteins onto the metal-
chelating lipid. This orientation was proven to be due to
specific metal-binding avidity of either the Cd-binding
peptide or the hexapolyhistidine to immobilized zinc
ions on the NTA head groups of lipid. Specific binding
of the chimeric GFPs to metal ions resulted in correct
protein folding and caused the protein to localize
underneath the air—water interface. Therefore, strong
fluorescence intensity could be detected in the liquid
phase even under high compression (Fig. 9). The fluo-
rescence emission can be abolished upon addition of
metal-chelating agent (EDTA) into the subphase.
However, it is noteworthy that the presence of Cd-
binding peptide can reincorporate onto the lipid mem-
brane in a similar fashion as evidenced in the case of
DPPC monolayers.

Feasibility for development of membrane-based
bioanalytical devices for metal determination

In this study, we also investigated whether the binding
interaction between the chimeric Cd-binding GFP and
lipid monolayers could potentially be used for the
development of membrane-based bioanalytical devices
for metal determination. These approaches include the
effects of metal ions, particularly cadmium ions, on
the fluorescence emission of immobilized chimeric
Cd-binding GFP onto the DPPC monolayer and code-
termination of metal ions with specific ligands. For the
former, the HisoCdBP4GFP was incorporated onto the
DPPC monolayer, and the pressure was then increased
to 20 mN/m in order to enhance the fluorescence emis-
sion due to reduction of liquid area prior to the addition
of cadmium ions into the subphase. In our previous
findings, we reported that metal ions exerted their sup-
pressing effect on the fluorescence emission of purified
chimeric GFPs (Prachayasittikul et al. 2000). However,
in this study using lipid-bound protein, no effect on the
epifluorescence pattern was observed following the



Table 1 Codetermination of Zn>" and Cu®?" by chimeric GFPs
and immobilized-metal-affinity chromatography

Metal ions Chimeric proteins Linear corresponding range
(umol)

Zn** CdBP4AGFP 2to >5

Zn?* His6GFP 1to >5

Cu?” CdBP4GFP 0.1 to >0.5

Cu?”* His6GFP 0.05to >0.5

addition of cadmium ions. Two possible explanations
may be considered: (1) formation of complexes between
the cadmium ions and the remaining protein in the
subphase, as evidenced by the precipitation of chimeric
protein beneath the lipid monolayer and (2) the distur-
bance of the membrane monolayer by the cadmium ions
(Deleers et al. 1986; Sorensen et al. 1985).

Beyond these limitations, the difficulty of replacing a
clear new buffer solution has to be taken into account if
biosensor applications are to be developed. To overcome
this problem, incorporation of the chimeric Cd-binding
GFPs onto the lipid monolayers needs to be transferred
to the solid supports via Langmuir-Blodgett transfer
(Bourdos et al. 2000). These solid supported membranes
can then be applied further as a biochip for direct
quantification of metal ions via the immobilized Cd-
binding GFPs on an optical sensor. For the latter, we
have extrapolated a useful application of metal-chelating
lipid as a specific ligand for codetermination of different
metal ions. Based on our previous findings, estimation of
a single metal in a system could be performed by
immobilization of the metal onto a metal-binding matrix
(Prachayasittikul et al., unpublished data). Therein, we
used the IMAC gel as a ligand for codetermination of
zinc and copper ions. Various concentrations of either
zinc or copper ions were immobilized onto the IMAC
column. Available metal ions could then be recognized
using purified chimeric CdBP4GFP or His6GFP. Linear
correlation between metal concentration and fluorescent
intensity activity was detected.

Table | summarizes the quantity of Zn>"and Cu®*
that could be analysed by such a system. The two chi-
meric GFPs denoted a similar range for metal quantifi-
cation via IMAC. The amounts of Zn?>", ranging from
1-2 up to 5 pmol, or Cu®*, ranging from 0.05-0.1 up to
5 umol, that were retained on the column could be de-
tected. This also corresponded with the concentration of
metal loaded onto the IMAC gel. Owing to this low
sensitivity, it is necessary to take into account the
capacity and susceptibility for binding metal ions to
the IMAC-gel. Searching for a new ligand to enable the
development of metal binding had to be geared for
future tasks. Our findings indicate that the metal-che-
lating lipids show high potential for the application of
membrane-based sensors for codetermination of metal
ions via an optical sensor (Klee et al. 1995; Kostov et al.
2000) or quartz crystal microbalance (Pignataro et al.
2000; Wegener et al. 1999) in the future.
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