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Abstract. The Green Fluorescent Protein (GFP) is a
useful marker to trace the expression of cellular
proteins. However, little is known about changes in
protein interaction properties after fusion to GFP. In
this study, we present evidence for a binding affinity
of chimeric cadmium-binding green fluorescent pro-
teins to lipid membrane. This affinity has been ob-
served in both cellular membranes and artificial lipid
monolayers and bilayers. At the cellular level, the
presence of Cd-binding peptide promoted the asso-
ciation of the chimeric GFP onto the lipid membrane,
which declined the fluorescence emission of the en-
gineered cells. Binding affinity to lipid membranes
was further investigated using artificial lipid bilayers
and monolayers. Small amounts of the chimeric GFP
were found to incorporate into the lipid vesicles due
to the high surface pressure of bilayer lipids. At low
interfacial pressure of the lipid monolayer, incorpo-
ration of the chimeric Cd-binding GFP onto the lipid
monolayer was revealed. From the measured lipid
isotherms, we conclude that Cd-binding GFP medi-
ates an increase in membrane fluidity and an expan-
sion of the surface area of the lipid film. This evidence
was strongly supported by epifluorescence microsco-
py, showing that the chimeric Cd-binding GFP
preferentially binds to fluid-phase areas and defect
parts of the lipid monolayer. All these findings dem-
onstrate the hydrophobicity of the GFP constructs is
mainly influenced by the fusion partner. Thus, the
example of a metal-binding unit used here shines new
light on the biophysical properties of GFP constructs.
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Introduction

Green fluorescent protein (GFP) is an autoillumi-
nating protein isolated from the jellyfish, Aequorea
victoria. It is a relatively small monomeric protein
composed of 238 amino acids with molecular mass of
29 KDa (Shimomura, Johnson & Saiga, 1962; Morise
et al., 1974; Shimomura, 1979). It has a major exci-
tation peak at 395 nm and a minor peak at 470 nm
with a single emission peak at 509 nm (Chalfie et al.,
1994). The GFP expression is species-independent
and requires no substrates or cofactors for the fluo-
rescence formation. The fluorescence is generated by
an internal chromophore via spontaneous posttrans-
lational oxidation of residues Ser®, Tyr®®, and Gly®’
within a hexapeptide at position 64-69 (Cody et al.,
1993). The chromophore is amazingly resistant to a
wide variety of hazardous conditions including high
temperature, extreme pH, and proteases (Bokman &
Ward, 1981). Even under drastic acidic/basic condi-
tions or highly potent denaturants, e.g. 6 M guanidine
hydrochloride or 8§ M urea, GFP regains its natural
fluorescence after removal of the drastic condition
(Bokman & Ward, 1981; Ward & Bokman, 1982). In
the present study, we used a GFP variant (GFPuv),
which was optimized for UV excitation and emitting
18 times more fluorescence intensity than wild-type
GFP. This variant GFP can also easily be detected by
irradiation with standard long-wave UV or blue light
(Crameri et al., 1996).

Due to the autofluorescent property of GFP,
much attention has been focused on applying the
GFP as a fusion partner to monitor gene expression
and protein localization in both prokaryotic and
eukaryotic cells (Chalfie et al., 1994; Cormack, 1998;
Inouye & Tsuji, 1994a; Kain et al., 1995; Hampton
et al., 1996; Welsh & Kay, 1997; Cha et al., 1999a). In
addition, GFP has also been used for investigation of
protein-protein interactions (Garamszegi et al.,
1997). Because of the variety of applications of GFP,
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the fluorescence properties of this molecule have been
improved and the physical and chemical effects on
fluorescence emission have been extensively explored
(Bokman & Ward, 1981; Inouye & Tsuji, 1994b;
Yang, Cheng & Kain, 1996; Kimata et al., 1997;
Kojima et al., 1997; Yang ct al., 1998). However,
more knowledge at the molecular level, particularly
on binding to other biomolecules, needs to be dis-
covered to allow the design of molecular fluorescent
proteins for a variety of applications.

We have constructed a series of chimeric genes
encoding chimeric GFP carrying a variety of metal-
binding peptides including the chimeric GFPs having
hexapolyhistidine or Cd-binding peptide. Such engi-
neered chimeric GFPs have been applied as a potential
tool for metal determination both at the purified pro-
tein and at the cellular level (Isarankura Na Ayudhya,
2000; Prachayasittikul et al., 2000; Prachayasittikul,
Isarankura Na Ayudhya & Bulow, 2001). The Cd-
binding peptide (His-Ser-Gln-Lys-Val-Phe) is com-
posed of hydrophobic amino acids flanked by basic
amino acids in tandem repetition (Mejare, Ljung &
Bulow, 1998). In this study we used these Cd-binding
peptides as tools to study the association of chimeric
green fluorescent proteins to lipid membranes. Evi-
dences of chimeric proteins binding to cellular as well
as artificial lipid membrane are presented. Our present
findings, using one class of fusion peptides presently
under consideration for metal sensing, may also apply
to other chimeric GFP-proteins.

Materials and Methods
BACTERIAL STRAIN AND PLASMIDS

Escherichia coli (E. coli) strain TG1 (lac-pro), Sup E, thil, hsd D5/
F’ tra D36, pro A" B™, lacl, lacZ, M15; (ung*, dut™) was used as
host. Plasmids pHis6GFPuv (Prachayasittikul et al., 2000) and
pCdBP,GFPuv (Prachayasittikul et al., 2001) were used for con-
struction.

Lirips, CHEMICALS AND BioLoGICAL REAGENTS

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-di-
palmitoyl-sn-glycero-3-phosphoserine (DPPS), 1,2-dipalmitoyl-sn-
glycero-3-(phospho-rac-(1-glycerol)) (DPPG), 1,2-dipalmitoyl-sn-
glycero-3-phosphate (DPPA), 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), and 1,2-dioleoyl-sn-glycero-3-(phospho-L-serine)
(DOPS) were purchased from Avanti Polar Lipids (Alabaster, AL)
and were used without further purification. Solvents were high
performance liquid chromatography grade and purchased 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, a PBS (50 mm Na,HPO,, 0.3 m NaCl, pH 7.4) was
used, if not stated otherwise. Lipid stock solutions were made by
dissolving powdered lipid in chloroform or chloroform/methanol
at appropriate molar ratio (1:1 or 1:3).
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Restriction endonucleases, T4 DNA ligase and molecular
weight marker (A/Hindlll) were obtained from New England
Biolabs. Chelating Sepharose Fast Flow gel was purchased from
Pharmacia Biotech, Sweden.

CHIMERIC GENE CONSTRUCTION

Cloning procedures were performed as described by Maniatis et al.
(Maniatis, Fritsch & Sambrook, 1989). To construct a chimeric
green fluorescent protein having a combination of hexahistidine
and four Cd-binding regions as the metal-binding site, the gene
encoding Cd-binding regions fusing to GFP was cleaved out
from the pCdBP4GFPuv, then ligated into the Sacl site of the
pHis6GFPuv. The ligation product was subsequently transformed
into E. coli. Transformants were selected and the inframe-fusing of
chimeric gene was checked via restriction endonuclease analysis.
The chimeric gene was subsequently expressed in E. coli strain
TG1. Gene expression was readily monitored by following the cell
fluorescence.

PROTEIN PREPARATION AND PURIFICATION

Both native and chimeric green fluorescent proteins were harvested
from cultures of E. coli TG1 carrying constructed plasmids. Briefly,
the culture was spun at 10,000 x g for 5 min and the cell pellet was
resuspended in 50 mm sodium phosphate buffer, pH 7.4, containing
0.3 M NaCl. Cells were disrupted by sonic disintegration (sonicator
ultrasonic processor model XL, Heat System Incorporation, USA)
at output 6 for 20 s (six times) with resting of 40 s in between and
debris was removed by centrifugation (10,000 x g, 5 min). The
supernatant was attained as crude constructed protein preparation.

In the cases of CdBP4GFP and His6CdBP4GFP chimeric
proteins, the majority of the constructed protein was associated
with the debris fraction. Therefore, the pellet of cell debris of the
centrifugation was collected. The chimeric proteins were released
by resuspending in phosphate buffer containing 6 M guanidine
hydrochloride. The sample was clarified by spinning at 10,000 x g
for 5 min at 4°C prior to further purification by the IMAC-Zn
affinity chromatography as previously described (Prachayasittikul
et al., 2000).

FLUORESCENCE M EASUREMENTS

Fluorescence was assayed by irradiation of either the purified GFPs
or the engineered cells at 395 nm and subsequent emission of
photons at 509 nm was recorded via fluorescence multi-well plate
readers (BIOTEK, USA and BMG Labtechnologies, FRG).

DETERMINATION OF BINDING CAPACITY OF CHIMERIC
METAL-BINDING GFPs To MULTILAMELLA VESICLES
(MLVs)

Binding capacity of chimeric His6CdBP4GFP to liposomes was
determined as compared to the chimeric His6GFP. Briefly, multi-
lamella vesicles (MLVs) of pure DPPC/DOPC or lipid mixtures
(DPPC:DPPS/DPPG/DPPA; 4:1) were prepared. Aliquots of lipids
in a small glass tube were evaporated to dryness under a stream of
nitrogen and then under high vacuum. PBS was added and the lipid
was dispersed above the phase-transition temperature of each lipid
by vortexing for 30 s (34 times). The MLVs (100 pg) were incu-
bated with the chimeric GFPs (10 pg) at room temperature for an
hour followed by centrifugation at 10,000 x g at 4°C for 15 min.
The pellets were then washed with the buffer to remove unbound
protein. The supernatants were collected and the remaining pro-
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teins were precipitated using 20% trichloroacetic acid (TCA). Fi-
nally, both fractions were analyzed on SDS-PAGE.

FiLM-BALANCE MEASUREMENTS

Measurements were performed on a Wilhelmy film balance (Riegler
and Kirstein, Mainz, Germany) with an operation area of 40 cm?
and a bulk volume of 24 ml PBS at a temperature of 20°C. The
position and scanning speed of the film-balance barrier, as well as
the recording of area—pressure isotherms, were computer control-
led. Monolayers were composed of either DPPC or DOPC. Prior to
each experiment, the trough and barrier were cleaned with muca-
sol™ and dichloromethane followed by rinsing with deionized
water. Phospholipid films were spread from a chloroform solution
with a microsyringe at the air/liquid interface. After an equilibra-
tion 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 a
minimum of 30 min to maintain constant pressure. The subphase
was gently and continuously stirred by a magnetic bar. The chi-
meric GFP dissolved in PBS was then injected into the subphase
underneath the monolayer via an inlet port in the trough. Changes
of the lateral pressure after injection were measured at constant
surface area and recorded for a minimum of 60 min. In addition,
the isotherms before and after protein injection were determined.

EPIFLUORESCENCE M EASUREMENTS

Fluorescence of the lipid monolayer (DPPC) doped with either
His6CdBP4GFP or His6GFP was excited and visualized via an
epifluorescence microscope (Olympus STM5-MIJS, Hamburg,
Germany). The Langmuir trough equipped with a computer-con-
trolled movable barrier and a Wilhelmy system for measurement of
the surface tension was placed on a specially designed stage (Rie-
gler and Kirstein, Mainz, Germany) for the microscope. With the
help of the remote-controlled stage, the trough could be moved
independently in the three directions of the axes (x, y, z) of a
Cartesian coordinate system where the x and y axes were oriented
perpendicular to the optical axis of the objective lens. For excita-
tion, a high-pressure mercury lamp with a power of 50 Watt was
used. Discrimination of excitation light and emitted light of the

Green Fluorescent Protein

(GFP)

Fig. 1. Schematic representation of
chimeric green fluorescent protein
carrying hexahistidine (His6 GFP),
peptide with four Cd-binding
regions (CdBP4GFP) or peptide
with hexahistidine-four-Cd binding
regions (His6 CdBP4GFP).

green fluorescent protein was achieved by cut-off filters. To per-
form the experiment, drops of the lipid stock solution were formed
on the end 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 until the
surface pressure reached 5 mN/m. Then, the chimeric GFP was
injected into the subphase without disturbance of the lipid mono-
layer and the interface was further compressed to 10 and 35 mN/m,
respectively. In parallel, the fluorescence at each pressure was de-
tected using a SIT-camera (Hamamatsu, Hamamatsu, Japan).

Results

CONSTRUCTION AND EXPRESSION OF CHIMERIC (GENES
ENcopING CHIMERIC METAL-BINDING GREEN
FLUORESCENT PROTEINS

A series of chimeric genes encoding chimeric metal-
binding green fluorescent proteins (chimeric GFPs)
have successfully been constructed. These included
chimeric genes of His6 GFP encoding a hexapolyhis-
tidine and green fluorescent protein (Prachayasittikul
et al., 2000); CdBP4GFP encoding a peptide with
four cadmium-binding regions and the green fluo-
rescent protein (Prachayasittikul et al., 2001) and
His6CdBP4GFP encoding a hexapolyhistidine tail, a
peptide with four cadmium-binding regions and the
green fluorescent protein (Fig. 1). Those proteins
were primarily constructed to build up biosensor
devices. Herein, however, they are used as tools to
investigate the membrane-binding properties, which
are important to know not only for this but also for
other GFP-constructs used in biotechnology.
Engineered cells (E. coli) expressing all chimeric
GFPs possessed fluorescence activity (Fig. 24).
However, fluorescence intensity at the cellular level
varied and this was determined by spectrofluorome-
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try. The cells expressing chimeric HisocGFP were ap-
proximately 3-fold higher in fluorescence activity
(8,239 FU/107 cells) compared to cells expressing
native GFP (2,454 FU/107 cells). The fluorescence of
cells expressing CdBPAGFP was 1.6-fold (1,530 FU/
107 cells) lower than those of cells with the native
green fluorescent protein. The cells expressing
His6CdBP4GFP provided the same fluorescence in-
tensity level as CdBP4GFP (1,589 FU/107 cells).
Engineered cells expressing chimeric genes were
fractionated. As shown in Fig. 2B, the native GFP
was expressed and found in the cytosol, while the
chimeric CdBP4GFP was found to be almost all as-
sociated with membranes, thus remaining in the
debris fraction after centrifugation. The presence at
the membranes and not in inclusion bodies has been
proven by fluorescence microscopy. The chimeric
His6GFP remained exclusively in the cytosol. Engi-
neering of a hexahistidine into the four cadmium-
binding sequences of the chimeric protein did not
affect the hydrophobic association of CdBP4GFP to
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CdBP4GFP His6CdBPAGFP

Fig. 2. (A4) Fluorescent emission of
engineered cell expressing native
GFP, His6GFP, CdBP4GFP and
His6CdBP4GFP. (B) Localization
of chimeric proteins in various
compartments of sonicated cells
expressing native GFP, His6GFP,
CdBP4GFP and His6CdBP4GFP.

Supemate

Debris

the membrane. Therefore, almost all of the
His6CdBP4GFP was found in the cell debris after
disruption of the cells by sonic disintegration and
centrifugation (Fig. 2B).

Association of chimeric GFP to the cell
compartment might subsequently affect the fluores-
cence at the cellular level. Therefore, fluorescence
intensity of each purified chimeric GFP was further
determined. The chimeric CdBP4GFP and the
His6CdBP4GFP were extracted using guanidine hy-
drochloride. The chimeric proteins possessing dual
characteristics of both metal binding and fluorescence
emission were purified to homogeneity via immobi-
lized metal affinity chromatography (IMAC) loaded
with zinc ions. The integrity of recombinant protein
was analyzed on SDS-PAGE. The increase in mo-
lecular weight of chimeric His6CdBP4GFP as com-
pared to the original chimeric proteins (His6GFP and
CdBP4GFP) is obvious (Fig. 34). The fluorescence
intensity (FU/ug) decreased in the order of HisocGFP
(3,210 FU/pg) > CdBP4GFP (2,583 FU/ug) >
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Fig. 3. (4) SDS-PAGE of chimeric metal-binding green fluorescent
proteins. Lane [, native GFP; lane 2, His6GFP; lane 3,
CdBP,GFP; lane 4, His6CdBP,GFP; and lane 5, standard protein
markers. (B) Specific fluorescence activity (RFU/ug) of purified
chimeric GFPs.

His6CdBP4GFP (1,889 FU/ug) > native GFP (1,191
FU/ug), as represented in Fig. 3B.

INTERACTION OF CHIMERIC GREEN FLUORESCENT
PROTEINS WITH ARTIFICIAL MEMBRANE

Binding of Chimeric GFPs to Multilamellar Vesicles

To test whether the chimeric GFP consisting of the
Cd-binding regions possessed an affinity for lipid
membranes, the chimeric His6cCdBP4GFP was incu-
bated with multilamellar vesicles of either saturated
or nonsaturated phospholipids with different head
groups (e.g., DPPC, DPPS, DPPG, DPPA, DOPC or
DOPS). Lipid-bound chimeric protein was then pre-
cipitated and subsequently analyzed on SDS-PAGE.
This lipid-protein complex yields two bands in the
SDS-gel with the molecular masses corresponding to
the lipid and the chimeric His6CdBP4GFP as repre-
sented in Fig. 44. For comparison, the His6GFP was
applied as control and exhibited similar results. The
other saturated lipids (DPPS, DPPG and DPPA)
exhibited the same binding activity. Binding of only
minor amounts (5-10%) as compared to the
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remaining protein in the supernatant of either
His6CdBP4GFP or His6GFP to the vesicles was
observed (data not shown). However, the chimeric
His6CdBP4GFP seemed to have more affinity for the
liposomes than the His6 GFP, especially in the case of
DOPC vesicles (Fig. 4B). These findings give clear
evidence for a preferential binding of the
His6CdBP4GFP to fluid-phase lipids.

Effect of Chimeric GFPs on the Isotherm and
Interfacial Pressure of Phospholipid Monolayers

To test the binding capacity of the chimeric
His6CdBP4GFP to lipid layers at a given interfacial
pressure, which is about 30-35 mN/m in the
liposome, we investigated the lipid-protein interac-
tion on monolayers at the air/water interface. Fig-
ure 5 demonstrates the obtained isotherms of DOPC
monolayers before and after injection of chimeric
GFPs and the corresponding changes of lateral
pressure. Injection of chimeric HisoCdBP4GFP un-
derneath a DOPC monolayer at 10 mN/m caused an
increase in fluidity and expansion of the surface area
of lipid molecule (Fig. 54). An increase in fluidity and
surface expansion was also observed upon addition of
His6GFP, but much less pronounced (Fig. 5B). At
high pressure (~40 mN/m), the surface area per lipid
molecule before and after protein injection was the
same in both cases. This clearly indicates that the
chimeric GFP is squeezed out from the lipid mono-
layer under compression without loss of lipid mole-
cules. Addition of His6CdBP4GFP to DOPC-
monolayers at 10 mN/m caused a dramatic increase
in the interfacial pressure up to 6.5 mN/m within one
hour; a much slower and less pronounced increase of
lateral pressure by approximately 4 mN/m was ob-
served in the case of His6GFP (Fig. 5C).

The effect of chimeric GFPs on the monolay-
er isotherms was also investigated in saturated
phospholipids, e.g., DPPC. As shown in Fig. 64-B,
the surface pressure/area isotherm of DPPC exhibited
the typical phase transition at approximately 5 mN/m
from the liquid expanded (/e) to the liquid condensed
(Ic) phase. In the presence of the chimeric
His6CdBP4GFP, the isotherm was shifted to a higher
area per lipid molecule at low surface pressure, which
clearly demonstrates that the incorporation of the
chimeric protein caused an expansion of the lipid
monolayer. Upon compression, the area per molecule
became identical to that of a pure DPPC monolayer
at high surface pressure (Fig. 64). Again, an increase
in fluidity in the phospholipid phase-transition region
was observed upon injection of His6GFP (Fig. 6B).
However, the fluidization effect was much less com-
pared to the His6cCdBP4GFP. A similar pattern upon
high compression was revealed.

For a better understanding of the interaction
between the His6CdBP4GFP and the lipid mono-
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Fig. 4. (4) Analysis of lipid-
binding capability of chimeric GFP
on SDS-PAGE. (B) Amount of
chimeric His6GFP (/) or
His6CdBP4GFP (2) bound to
DPPC (A4) or DOPC (B), as
determined by densitometry using
Quantity One version 4.2

(Bio-Rad TM).
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layer, we injected the chimeric HisoCdBP4GFP un-
derneath the DPPC monolayer at constant area and
at the initial surface pressure of 10 mN/m. This
pressure was chosen to represent the situation at the
le—Ic-transition region (10 mN/m). The increase of
surface pressure with time caused by the injection of
His6CdBP4GFP was more pronounced than that of
the His6GFP (Fig. 6C). It is noteworthy that injec-
tion of the His6CdBP4GFP caused a two-step (bi-
phasic) increase of the lateral pressure. In the first
step the pressure rapidly increased by about 2 mN/m
within 5 min, followed by a gradual increase until
saturation is reached within 30-45 min. In contrast,
the presence of His6GFP caused the change of pres-
sure with a slower rate only and the second step of
incorporation was not observed.

To investigate the interaction with a rigidified
membrane the chimeric His6CdBP4GFP was injected
under the DPPC monolayer precompressed to 25
mN/m, which is above the plateau region. We found
that the chimeric protein at this pressure did not af-
fect the physical state of the monolayers (data not
shown). This infers that the chimeric His6CdBP4GFP
is unable to incorporate into the high-pressure lipid
layers—an evidence that is also supported by the low
binding of His6CdBP4GFP to the liposome.

Epifluorescence Measurements of Interaction between
Chimeric GFPs and Lipid Monolayers

Since binding of the chimeric His6cCdBP4GFP was
restricted to fluid-phase lipids, we applied epifluo-
rescence measurements to DPPC monolayers in the
le—Ic phase-transition region where rigid and fluid
domains coexist. Epifluorescence of DPPC mono-
layers in the presence of His6CdBP4GFP after com-
pression to 10 or 35 mN/m were determined and
compared to the effect of His6GFP. As shown in
Fig. 74, the His6CdBP4AGFP was able to bind to the
extended areas of fluid phase (arrow b), but binding
was much more pronounced to the narrow defect
parts (rim) of the rigid domains (arrow c¢). At high

compression (35 mN/m), the fluorescence emission of
chimeric protein became more condensed. This indi-
cates the enrichment of proteins in the fluid phase
(Fig. 7B). In the case of His6GFP, only low fluores-
cence intensity was detected in the DPPC monolay-
ers. A faint fluorescence of fluid phase is observable
between the rigid domains (Fig. 7C, arrow a) and at
the defect part up to 10 mN/m (Fig. 7C, arrow c¢) but
at a very low intensity compared to the fluorescence
pattern obtained with His6CdBP4GFP. When the
pressure was increased to 20 or 35 mN/m, no fluo-
rescence could be observed.

Discussion

Chimeric GFPs are widely used to tag proteins, but
have not yet been systematically investigated with
respect to changes in their interaction properties with
other cellular compounds. We have used a set of
metal-binding chimeric peptides and investigated
their interaction with membrane. Modification of
GFP even at the extra-chromophore region of the
molecule may affect the fluorescence emission inten-
sity, which depends on the nature of the partner
peptide and arrangement of the chimeric molecule.
From our findings, the presence of the Cd-binding
peptide was proven to cause changes in fluorescence
emission activity of engineered cells with the differ-
ence in fluorescence intensity of engineered cells in the
order of HisoGFP >>> native GFP > CdBP4GFP
~ His6CdBP4GFP (Fig. 24). At the protein level,
the fluorescence intensity decreased in the order
His6GFP > CdBP4GFP > His6CdBP4GFP > na-
tive GFP (Fig. 3B).

The peptide fused to the GFP subsequently
affects the localization of the modified GFP molecule
intracellularly. We found that the chimeric Cd-bind-
ing green fluorescent proteins (CdBPAGFP and
His6CdBP4GFP) remained in the cell debris after
disintegration of the cell structure. Localization of the
chimeric CdBPGFPs in membrane debris as com-
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Fig. 5. (4, B) Isotherms of DOPC monolayer before (solid line)
and after (dashed line) addition of His6CdBPAGFP (4) or
His6GFP (B). (C) Changes of lateral pressure upon injection of 18
nm His6CdBP4GFP or His6GFP underneath the DOPC mono-
layer.

pared to the other cellular compartments could be
detected by the autofluorescence property (Fig. 2B).
This observation was also reported by others. Cha et
al. reported the expression and purification of human
interleukin-2 (hIL-2) in insect cells and E. coli (Cha et
al., 1999a, 1999b; Cha et al., 2000). Fusion of hIL-2 to
the GFP caused a localization of the fusion protein in
the pellet after cell lysis. Expression of the native
GFPuv yielded over 70% of the protein in the soluble
fraction. Expression of a fusion protein with hIL-2
exhibited only 13-30% soluble protein. Interestingly,

53

60

50 4

40

30 4

20 4

Surface pressure (mN/m)

T T T T T
30 40 50 60 70 80 90 100 110 120

Area/molecule (&)
60

50 A

40

30 A

20 A

Surface pressure (mN/m)

30 40 50 60 70 80 90 100 110 120

Area/molecule (&)

Surface pressure (mN/m)

0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600
Time (sec)

Fig. 6. (4, B) Isotherms of DPPC monolayer before (solid line) and
after (dashed line) addition of His6oCdBP4GFP (4) or His6GFP
(B). (C) Changes of lateral pressure upon injection of 12 nm
His6CdBP4GFP or His6GFP underneath the DPPC monolayer.

insoluble GFPuv was typically non-fluorescent, so it
might be that the fusion protein was soluble but em-
bedded in the membranous material. Similarly, when
the hIL-2-GFP was expressed in E. coli, the GFP
fluorescence was found to be significantly reduced and
almost all of the fusion protein was retained in the cell
pellet.

Recovery of the chimeric CdBP4GFP and
His6CdBP4GFP from the cell debris required 6 m
guanidine hydrochloride to solubilize. Neither addi-
tion of mild detergent (e.g. Triton X-100) nor changes
of ionic strength of the buffer solution caused any
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expelling effect (unpublished data). This again indi-
cates the strong interaction between the chimeric
CdBPGFPs with the membrane debris. The possible
explanation for this strong interaction might be due
to the composition of the Cd-binding peptide. The
chimeric CdBP4GFP and His6CdBP4GFP possess
tandem repeats of a His-Ser-Gln-Lys-Val-Phe se-
quence, which contains hydrophobic and hydrophilic
amino acids and which are able to bind Cd**. Such a
peptide may undergo conformational arrangements
to transfer the chimeric GFP into a more lipid-solu-
ble form, thus causing membrane association. This
was strongly supported by the earlier evidence for a
decrease of lactate dehydrogenase activity in the
cytosol as compared to the total protein of the cell
with increasing number of tandem sequences of the
Cd-binding peptide to the chimeric LDH (Isarankura
Na Ayudhya, 2000). Similar effects of amino-acid
composition on the binding properties of the GFP to
lipid membranes has also been observed when the
protein was fused to natural membrane-bound pep-
tides. For example, the effect on caveolae, the vesic-
ular invaginations of the plasma membrane, has been
studied using GFP-caveolin constructs. A short
membrane-attachment sequence (KYWFYR) within
the caveolin-1 has been fused to the GFP. These six
residues, which consisted of the central aromatic and
flanking basic residues, were required for membrane
attachment. This sequence was sufficient to anchor
the soluble cytoplasmic GFP to membranes. Re-
moval of this sequence prevented membrane attach-
ment in cells. In addition, the lack of the two basic
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Fig. 7. Epifluorescence of DPPC
monolayer in the presence of
His6CdBP4GFP (4, B) or
His6GFP (C) after compression at
10 mN/m (4, C) or 35 mN/m (B)
(Subphase: 50 mm Na,HPOy, 0.3 M
NaCl, pH 7.4 at 20°C). Arrows a, b
and c¢ indicate solid domain, liquid
domain, and defect part of solid
domain, respectively.

amino acids (lysine and arginine) prevented the ade-
quate localization of GFP in the membrane pellet.
These results suggested the need for electrostatic in-
teractions mediated by the flanking basic residues in
addition to the hydrophobic interaction caused by the
aromatic residues for membrane association (Wood-
man et al., 2002).

To further investigate membrane-binding prop-
erties of the chimeric green fluorescent proteins,
here the binding of the chimeric His6CdBP4GFP to
artificial lipid membrane was determined as com-
pared to that of the His6GFP. First focussing on
the interaction of chimeric His6CdBP4GFP with
lipid vesicles, we observed the binding of a small
amount of the His6cCdBP4GFP to the lipid (Fig. 4).
This might be due to the high surface pressure of
lipid bilayer of about 30 mN/m. When the
His6CdBP4GFP was injected underneath the lipid
monolayer compressed to a variable low initial
pressure, a considerable increase of the interfacial
pressure was observed. Furthermore, an increase in
fluidity corresponding to an expansion of the sur-
face lipid layer was shown (Figs. 5 and 6). At high
pressure, the HisoCdBP4GFP could not incorporate
into the lipid monolayers. This evidence strongly
supports our finding of the low binding of protein
to lipid vesicles.

Second, the effect of lipid fluidity upon protein
binding was also investigated. The chimeric
His6CdBP4GFP seemed to have more affinity for
unsaturated phospholipids than for saturated lipids
(Figs. 4-6). This was supported by the fact that the
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His6CdBP4GFP preferentially binds to fluid phase
and to the defect parts of lipid domains, as determined
by fluorescence microscopy (Fig. 7). The chimeric
His6CdBP4GFP exhibited strong fluorescence upon
incorporation to the liquid phase of a DPPC-mono-
layer, while very low intensity could be observed in the
case of His6GFP. A possible explanation might be
non-specific adsorption of His6GFP to the lipid,
which caused unfolding of the protein accompanied by
loss of fluorescence within a few seconds. This result
was also reported by Dorn et al., namely, that the
fluorescence of GFP coupled to hexahistidine van-
ished within 20 min, whereas the lateral pressure was
not decreased (Dorn et al., 1998). Third, the interac-
tion of His6CdBP4GFP with DPPC-monolayers ex-
hibited biphasic kinetics, including a rapid initial
phase and a slower second phase (Fig. 6C). In con-
trast, the His6GFP induced only the first phase,
however, with a slower rate of pressure increase com-
pared to the His6CdBP4GFP. The lack of the second
phase indicated that the pressure increase within this
phase might be due at least partially to the specific
insertion of the Cd-binding peptide into the mono-
layer. In contrast to the second-phase interaction, the
first phase was due to non-specific interactions be-
tween an integral part of GFP and the monolayers, as
evidenced by the fact that the His6GFP was capable of
inducing this rapid phase to a lesser extent than the
His6CdBP4GFP (Fig. 6C). However, the effect of
various concentrations of these chimeric GFPs on
changes of lateral pressure need to be further investi-
gated. Determination of binding constants between
these chimeric GFPs and lipid molecules has to be
envisaged. Fourth, we demonstrated that the chimeric
His6CdBP4GFP was bound peripherally to the lipid
monolayers. Upon injection of the chimeric protein
underneath the lipid monolayer, the isotherm was
shifted to higher area per lipid molecule at low surface
pressure. Upon compression to high pressure, the area
per molecule became identical to that of a pure DPPC-
monolayer (Figs. 5 and 6). This indicates that the
chimeric GFP is squeezed out of the lipid monolayer,
in agreement with our fluorescence microscopy data.
At high pressure (35 mN/m), the fluorescence became
more condensed, caused by the reduction of the fluid-
domain area. At 50 mN/m, very low fluorescence in-
tensity could be observed due to the rigid packing
of the lipid monolayer (data not shown). All these
findings indicate the higher binding affinity of the
His6CdBP4GFP to fluid phase domains within lipid
monolayers as compared to HisoGFP.

Two aspects seem to be relevant for discussion
with respect to the use of GFP-constructs in general.
First, changes of hydrophobicity of a protein upon
insertion of the fusion partner and consequent in-
teraction at the cellular level have to be considered.
Second, the effects of the fusion partner on the lipid-
binding properties of the construct opens up more
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useful applications in cell biology and biotechnology.
For example, the GFP tagged with a cysteine-rich
domain from protein kinase C (Cysl-GFP) was
constructed and applied as fluorescence indicator for
diacylglycerol signaling in mammalian cells. The
cysteine-rich domain provided affinity not only for
zinc ions but also for lipid membrane in the presence
of diacylglycerol or phorbol ester. Therefore, tran-
sient translocation of cytosolic Cysl-GFP to the
plasma membrane was observed upon stimulation of
G proteins or tyrosine kinase-coupled receptors
(Oancea et al., 1998; Wang et al., 1999; Hurley &
Meyer, 2001). Moreover, the insulin receptor sub-
strate (IRS) protein and the pleckstrin homology
domains (PH) were fused to the GFP and applied as
reporters for subcellular localization. These chimeric
proteins were found to be localized exclusively in the
cytoplasm. Stimulation with insulin caused a trans-
location of the chimeric protein to the plasma mem-
brane within 3—5 min (Hurley & Meyer, 2001; Razzini
et al.,, 2000). Moreover, Obrdlik et al. (Obrdlik,
Neuhaus & Merkle, 2000) constructed and expressed
a chimeric protein between B-subunit of G-protein
and GFP in transgenic plants. They demonstrated
that G was located at the membrane surface and
attached to membranes via hydrophobic interactions.
Mutation in the B-domain caused severe decrease of
the membrane association.

Beyond those useful applications, we have
previously applied all these chimeric GFPs and
engineered cells as a potential tool for metal deter-
mination (Isarankura Na Ayudhya, 2000; Prac-
hayasittikul et al., 2000, 2001). Therefore, this study
opens up the possibility to attach the chimeric metal-
binding GFPs onto membrane surfaces while they
may then be applied for development of a fluorescent
membrane-based metal sensor or a biofunctionalized
membrane in the future, e.g., as a supporting layer on
a glass fiber (Klee et al., 1995; Dietrich et al., 1996;
Nock, Spudich & Wagner, 1997; Tvarozek et al.,
1998; Kostov, Albano & Rao, 2000).

This work was supported by the Deutsche Forschungsgemeinschaft
(DFG) and the Bundesministerium fiir wirtschaftliche Zusammen-
arbeit und Entwicklung (Federal Ministry for Economic Co-op-
eration and Development; BMZ) (grant no.GA233/19-1,2). This
project was also partially supported by Thailand Toray Science
Foundation (TTSF) and a grant from the annual budget of
Mahidol University.

References

Bokman, S.H., Ward, W.W. 1981. Renaturation of Aequorea green-
fluorescent protein. Biochem. Biophys. Res. Commun. 101:1372—
1380

Cha, H.J., Dalai, N.G., Pham, M.Q., Vakharia, V.N., Rao, G.,
Bentley, W.E. 1999a. Insect larval expression process is op-



56

timized by generating fusions with green fluorescent protein.
Biotechnol. Bioeng. 65:316-324

Cha, H.J., Dalal, N.G., Vakharia, V.N., Bentley, W.E. 1999b.
Expression and purification of human interleukin-2 simplified
as a fusion with green fluorescent protein in suspended Sf-9
insect cells. J. Biotechnol. 69:9—17

Cha, H.J., Wu, C.F., Valdes, J.J., Rao, G., Bentley, W.E. 2000.
Observations of green fluorescent protein as a fusion partner in
genetically engineered Escherichia coli: monitoring protein ex-
pression and solubility. Biotechnol. Bioeng. 67:565-574

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W.W., Prasher, D.C.
1994. Green fluorescent protein as a marker for gene expres-
sion. Science 263:802-805

Cody, C.W., Prasher, D.C., Westler, W.M., Prendergast, F.G.,
Ward, W.W. 1993. Chemical structure of the hexapeptide
chromophore of the Aequorea green fluorescent protein. Bio-
chemistry 32:1212-1218

Cormack, B. 1998. Green fluorescent protein as a reporter of
transcription and protein localization in fungi. Curr. Opin.
Microbiol. 1:406-410

Crameri, A., Whitehorn, E.A., Tate, E., Stemmer, W.P.C. 1996.
Improved green fluorescent protein by molecular evolution
using DNA shuffling. Nature Biotechnol. 14:315-319

Dietrich, C., Boscheinen, O., Scharf, K.D., Schmitt, L., Tampe, R.
1996. Functional immobilization of a DNA-binding protein at
a membrane interface via histidine tag and synthetic chelator
lipids. Biochemistry 35:1100-1105

Dorn, LT., Pawlitschko, K., Pettinger, S.C., Tampe, R. 1998.
Orientation and two-dimensional organization of proteins at
chelator lipid interfaces. Biol. Chem. 379:1151-1159

Garamszegi, N., Garamszegi, Z.P., Rogers, M.S., DeMarco, S.J.,
Strehler, E.E. 1997. Application of a chimeric green fluorescent
protein to study protein-protein interactions. Biotechniques
23:864-866, 868870, 872

Hampton, R.Y., Koning, A., Wright, R., Rine, J. 1996. In vivo
examination of membrane protein localization and degradation
with green fluorescent protein. Proc. Natl. Acad. Sci. USA 93:
828-833

Hurley, J.H., Meyer, T. 2001. Subcellular targeting by membrane
lipids. Curr Opin Cell Biol 13:146-152

Inouye, S., Tsuji, F.I. 1994a. Aequorea green fluorescent protein.
Expression of the gene and fluorescence characteristics of the
recombinant protein. FEBS Lett. 341:277-280

Inouye, S., Tsuji, F.I. 1994b. Evidence for redox forms of the
Aequorea green fluorescent protein. FEBS Lett 351:211-214

Isarankura Na Ayudhya, C. 2000. Engineering of chimeric protein
for binding to metal ions. Ph.D. thesis. pp. 163. Mahidol
University, Bangkok, Thailand

Kain, S.R., Adams, M., Kondepudi, A., Yang, T.T., Ward, W.W.,
Kitts, P. 1995. Green fluorescent protein as a reporter of gene
expression and protein localization. Biotechniques 19:650—655

Kimata, Y., Iwaki, M., Lim, C.R.,Kohno, K. 1997. A novel mutation
which enhances the fluorescence of green fluorescent protein at
high temperatures. Biochem. Biophys. Res. Commun. 232:69-73

Klee, B., Duveneck, G.L., Oroszlan, P., Ehrat, M., Widmer, H.M.
1995. A model system for the development of an optical bio-
sensor based on lipid membranes and membrane-bound re-
ceptors. Sensors and Actuators B 29:307-311

Kojima, S., Hirano, T., Niwa, H., Ohashi, M., Inouye, S., Tsuji, F.I.
1997. Mechanism of the Redox Reaction of the Aequorea Green
Fluorescent Protein (GFP). Tetrahedron Letters 38:2875-2878

Kostov, Y., Albano, C.R., Rao, G. 2000. All solid-state GFP
sensor. Biotechnol. Bioeng. 70:473-477

V. Prachayasittikul et al.: Membrane Affinity of Metal-binding GFP

Maniatis, T., Fritsch, E., Sambrook, J. 1989. Molecular Cloning. A
Laboratory Manual. Cold Spring Harbour Laboratory Press,
New York,

Mejare, M., Ljung, S., Bulow, L. 1998. Selection of cadmium
specific hexapeptides and their expression as OmpA fusion
proteins in Escherichia coli. Protein Eng. 11:489-494

Morise, H., Shimomura, O., Johnson, F.H., Winant, J. 1974.
Intermolecular energy transfer in the bioluminescent system of
Aequorea. Biochemistry 13:2656-2662

Nock, S., Spudich, J.A., Wagner, P. 1997. Reversible, site-specific
immobilization of polyarginine-tagged fusion proteins on mica
surfaces. FEBS Lett. 414:233-238

Oancea, E., Teruel, M.N., Quest, A.F., Meyer, T. 1998. Green
fluorescent protein (GFP)-tagged cysteine-rich domains from
protein kinase C as fluorescent indicators for diacylglycerol
signaling in living cells. J. Cell Biol. 140:485-498

Obrdlik, P., Neuhaus, G., Merkle, T. 2000. Plant heterotrimeric G
protein beta subunit is associated with membranes via protein
interactions involving coiled-coil formation. FEBS Lett.
476:208-212

Prachayasittikul, V., Isarankura Na Ayudhya, C., Bulow, L. 2001.
Lighting E. coli cells as biological sensors for Cd**. Biotech-
nology Letters 23:1285-1291

Prachayasittikul, V., Isarankura Na Ayudhya, C., Mejare, M.,
Bulow, L. 2000. Construction of a chimeric histidine6-green
fluorescent protein: role of metal on fluorescent characteristic.
Thammasat. Int. J. Sc. Tech. 5:61-68

Razzini, G., Ingrosso, A., Brancaccio, A., Sciacchitano, S., Es-
posito, D.L., Falasca, M. 2000. Different subcellular localiza-
tion and phosphoinositides binding of insulin receptor substrate
protein pleckstrin homology domains. Mol. Endocrinol. 14:823—
836

Shimomura, O. 1979. Structure of the chromophore of Aequorea
green fluorescent protein. FEBS Lett. 104:220-222

Shimomura, O., Johnson, F.H., Saiga, Y. 1962. Excitation, puri-
fication and properties of aequorin, a bioluminescent protein
from the luminous hydromedusan, Aequorea. J. Cell. Comp.
Physiol. 59:223-227

Tvarozek, V., Hianik, T., Novotny, 1., Rehacek, V., Ziegler, W.,
Ivanic, R. 1998. Thin films in biosensors. Vacuum 50:251-262

Wang, Q.J., Bhattacharyya, D., Garfield, S., Nacro, K., Marquez,
V.E., Blumberg, P.M. 1999. Differential localization of protein
kinase C delta by phorbol esters and related compounds using a
fusion protein with green fluorescent protein. J. Biol. Chem.
274:37233-37239

Ward, W.W., Bokman, S.H. 1982. Reversible denaturation of
Aequorea green-fluorescent protein: physical separation and
characterization of the renatured protein. Biochemistry 21:
4535-4540

Welsh, S., Kay, S.A. 1997. Reporter gene expression for monitor-
ing gene transfer. Curr. Opin. Biotechnol. 8:617-622

Woodman, S.E., Schlegel, A., Cohen, A.W., Lisanti, M.P. 2002.
Mutational analysis identifies a short atypical membrane at-
tachment sequence (KYWFYR) within caveolin-1. Biochemis-
try 41:3790-3795

Yang, T.T., Cheng, L., Kain, S.R. 1996. Optimized codon usage
and chromophore mutations provide enhanced sensitivity with
the green fluorescent protein. Nucleic Acids Res. 24:4592-4593

Yang, T.T., Sinai, P., Green, G., Kitts, P.A., Chen, Y.T., Lybarger,
L., Chervenak, R., Patterson, G.H., Piston, D.W., Kain, S.R.
1998. Improved fluorescence and dual color detection with
enhanced blue and green variants of the green fluorescent
protein. J. Biol. Chem. 273:8212-8216



