\ Biophysical
il Chemistry

850

ELSEVIE

Biophysical Chemistry 82 (1999) 149-155 www.elsevier.nl/locate/bpc

Fluorescence correlation spectroscopy analysis of the
hydrophobic interactions of protein 4.1 with
phosphatidyl serine liposomes

Y. Takakuwa®*, C-G. Pack®, X-Li An?, S. Manno?, E. Ito?, M. Kinjo"

 Department of Biochemistry, Tokyo Women’s Medical University, School of Medicine, 8-1 Kawada-cho, Shinjyuku,
162-86606, Tokyo, Japan
®Research Institute for Electronic Science, Hokkaido University, N12W6, Kita-ku, 060-0812, Sapporo, Japan

Received 15 September 1999; accepted 15 September 1999

Abstract

Fluorescence correlation spectroscopy (FCS) was applied to examine the interactions between a protein and a
membrane lipid. The protein 4.1-phosphatidyl serine (PS) interactions served as the model system to demonstrate
the membrane lipid—protein interactions. This protein was labeled with rhodamine and its interactions with
PS-liposomes were measured by FCS. The present results clearly demonstrated that a small protein molecule, protein
4.1, interacts specifically with a large particle, a PS-liposome. This interaction appears to be hydrophobic and not
electrostatic, since the bound protein 4.1 did not dissociate in solution and was specifically released from PS-lipo-
somes by treatment with phospholipase A, (PLA,). In the present study, using FCS we could demonstrate that the
serine residue of PS is required for protein 4.1 to bind to PS-liposomes and that the bound protein 4.1 is closely
associated with the fatty acid of the PS molecule in the liposomes. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Fluorescence correlation spectroscopy (FCS); Fluorescence autocorrelation functions (FAF); Diffusion time; Protein 4.1;
Phosphatidyl serine (PS); Phospholipase A, (PLA,)

* Corresponding author. Tel.: +81-35269-7415; fax.: +81-35269-7415.
E-mail address: takakuwa@research.twmu.ac.jp (Y. Takakuwa)

0301-4622/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
PII: S0301-4622(99)00114-3



150 Y. Takakuwa et al. / Biophysical Chemistry 82 (1999) 149-155

1. Introduction

Fluorescence correlation spectroscopy (FCS) is
based on a fluctuation analysis of fluorescent
intensity to detect and characterize fluorophores
at the single molecule level in solution. In bio-
science, FCS facilitates the measurement of two
important physical parameters: the average num-
ber of molecules in the detection volume and the
translational diffusion time of the molecules,
through the open volume of detection [1-3]. This
paper is primarily concerned with the diffusion
aspects of FCS measurement, in that diffusional
motion reflects the molecular weight and the
shape of the fluorescent species. FCS allows the
analysis of the binding interactions of bio-
molecules leading to the formation of a complex
between a small fluorescent molecule and a much
larger molecule, by measuring the changes in the
diffusional behavior of the small molecules in a
homogeneous solution. Detailed theoretical ex-
planations and potential applications have ap-
peared in the literature [1-5]. FCS was developed
in the mid-1970s, but has only recently been
applied to nucleic acid research [6-8], protein
aggregation [9], ligand binding to membrane-solu-
tion interfaces [10], ligand—protein interactions
[11], and protein—protein interactions [12,13].
These applications have been made possible by
the technical advances in confocal optical systems
and the development of high quantum-efficiency
detectors during the past 10 years [3].

Protein—liposome binding interactions have
been studied only to a limited degree by this
method [14]. The hydrophobicity of many proteins
induces their adsorption onto the surface of the
sample chamber, and consequently the number of
molecules cannot be accurately determined, even
using FCS. The labeling of proteins is a disadvan-
tage in FCS, owing to the complicated sample
preparation procedure, which may alter the
properties of the proteins. However, FCS is very
promising for studying the binding interactions of
proteins in a homogeneous solution. In the pre-
sent study, we used FCS with a biological system
to analyze the binding between protein 4.1 and
phosphatidyl serine (PS) liposomes.

Protein 4.1 is required to maintain the mem-

brane mechanical properties of deformability and
stability of red blood cells [15,16]. Purified protein
4.1 is a globular protein of approximately 80kDa,
as determined by SDS-polyacrylamide gel elec-
trophoresis [17]. This protein interacts with spec-
trin and actin [18,19] and two important tran-
smembrane proteins, band 3 [20-22] and gly-
cophorin C [23,24] in red blood cells, as well as
with CD44 (cluster of differentiation 44) in ker-
atinocytes [24]. All of these interactions of pro-
tein 4.1 were previously shown to be modulated
by Ca** and calmodulin [25,26] and also possibly
by phosphorylation. The interactions of this pro-
tein with membrane lipids, particularly PS located
in the inner leaflet of the lipid bilayer [27,28], are
not well understood. In the present study, FCS
was applied to the analysis of the interactions
between protein 4.1 and a PS-liposome, which
were found to be hydrophobic.

2. Methods
2.1. Preparation of rhodamine-labeled protein

Protein 4.1 (0.24 mg/ml) was purified from
human erythrocytes by the method of Tyler et al.
[17] with minor modifications, and was dialyzed
against 0.1 M phosphate buffer, pH 9.0. One
milligram of rhodamine [tetramethylrhodamine-
6-isothiocyanate (TRITC); Molecular Probes, OR,
USA] was dissolved in 330 wl dimethylformamide
(DMF). Protein 4.1 was mixed with rhodamine at
a molar ratio of 1:2, and the solution was in-
cubated at 4°C overnight. Rhodamine-labeled
protein 4.1 (rhodamine-4.1) was separated from
unbound rhodamine using a column (1.0 X 10 cm)
of Calmodulin Sepharose-4B (Pharmacia Biotech,
Uppsala, Sweden). After a dilution with five
volumes of 10 mM Tris-HCI (pH 7.5) 0.1 M
NaCl, and 0.2 mM CaCl,, the mixture was loaded
onto the column. The unbound rhodamine was
eluted with the same buffer containing 5%
ethanol. After a buffer wash, the rhodamine-4.1
was eluted with buffer containing 0.6 M NaCl
instead of 0.1 M NaCl. The protein concentration
of rhodamine-4.1 (0.059 mg/ml) was measured
[29] and then the fluorescence intensity, with exci-
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tation at 554 nm and emission at 573 nm, was
determined with a fluorescence spectrophotome-
ter (Hitachi F-3010, Japan). The rhodamine to
protein 4.1 ratio was calculated to be one.

3. Preparation of liposomes

Phospholipids [PS, phosphatidyl choline (PC)
or a mixture of PS and PC] were dissolved in
chloroform and were evaporated under reduced
pressure in a rotary evaporator. To the phospho-
lipid film thus obtained, the binding buffer was
added to make a phospholipid concentration of 1
mg/ml, and then the solution was sonicated using
a bath type sonicator (Branson Sonifier 450) for 1
h at room temperature, under a nitrogen atmo-
sphere to prevent oxidation. The phospholipid
concentration in the liposomes was measured ac-
cording to Bartlett [30].

4. Incubation of rhodamine-4.1 with liposomes

Rhodamine-4.1 (0.059 mg/ml) was diluted
fivefold with 10 mM Tris—HCI buffer (pH 7.5) 0.1
M NaCl, and 0.2 mM CaCl,. To 10 pl of this
solution, 2 pl of liposomes (1 mg/ml) containing
various molar ratios of PS and PC were added to
study the interactions of rhodamine-4.1 with lipo-
somes by FCS. In some experiments, 2-wl PS-
liposome aliquots were sequentially added to de-
termine whether the bound rhodamine-4.1 was
redistributed among the added PS-liposomes. The
nature of the protein 4.1-PS interaction was ex-
amined by the addition of 2 M KCl or 1 mg/ml of
calmodulin and 100 wuM Ca®* to the complex of
rhodamine-4.1 and PS-liposomes. The effects of
various phospholipases were also examined by
treatment of rhodamine-4.1-bound PS-liposomes
with 10 U of phospholipase A, (PLA,) or phos-
pholipase C (PLC) for 1 h at 25°C in the presence
of 100 uM Ca’".

5. FCS measurement and data analysis

FCS measurements were carried out using a

ConfoCor spectrometer (Carl Zeiss, Jena GmbH,
Jena, Germany) equipped with a CW Ar™ laser
(excitation at 514.5 nm). The sample was excited
with the laser beam at 50 pW power, focused by a
water immersion objective (C-Apochromat, 40 X,
1.2 NA; Carl Zeiss). Fluorescence from the fo-
cused detection volume was separated by a
dichroic mirror (> 510 nm) and an emission filter
(~ 530-610 nm), and was detected by an
avalanche photodiode (SPCM-200-PQ, EG &G,
Quebec, Canada). The pinhole diameter at the
image plane in front of the photodiode was ad-
justed to 30 pm for confocal detection. All mea-
surements at 60 s were performed on Lab-Tek
chambered coverglass slides with eight wells and
an ~ 140 pm thick coverslide on the bottom
(Nalge Nunc International, Naperville, IL, USA).
Fluorescence autocorrelation functions (FAF),
G(7), were determined with a digital correlator
(ALV 5000/E, ALV GmbH, Germany) and were
fitted with the FCS Access Fit software (EVOTEC
BioSystems GmbH, Hamburg, Germany) by one-
or two-component model as follows:
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where y is the bound ratio of labeled molecule, N
is the number of labeled molecules in the detec-
tion volume element defined by a radius w, and a
length 2z,, s is the structure parameter repre-
senting the ratio of the radius to one-half length
of the detection volume, s = w,/z, [4,5], and 74,
and T,,,,4 are the translational diffusion times of
the free and the bound labeled molecules through
the detection volume respectively. The diffusion
coefficient of rhodamine 6G, D (2.8 x 107 '°
m?/s), was used as an authentic value for de-
termination of the parameters, w, and s, prior to
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the experiments with D =w?/4 =, ... The struc-
ture parameter, s, and the detection volume eval-
uated by FCS were ~ 0.1-0.2 and ~ 0.4-0.6 fl,
respectively.

6. Results and discussion

As a first step in the FCS experiments, the
binding of quickly diffusing molecules (rhoda-
mine-4.1) to slowly diffusing particules, such as
liposomes, was measured based on the change in
diffusion time in the binding buffer. Fig. 1 shows
the normalized FAFs of four different fluorescent
molecules or particles in the binding buffer: rho-
damine 6G, rhodamine-4.1, and its complex form
in the presence of PS-liposomes or PC-liposomes.
The FAF of rhodamine-4.1 in the presence of
PS-liposomes was shifted to the right, due to
binding to the much higher molecular weight
structure of the PS-liposome. The diffusion time
of thodamine-4.1 in the presence of PC-liposomes
exhibited no significant change. It is thus appar-
ent that rhodamine-4.1 binds to PS-liposomes, but
does not bind to PC-liposomes.

The molecular weight of rhodamine-4.1 and its
complex form with the PS-liposome could be cal-
culated, based on the average diffusion times
obtained by one-component fit to MW, =

FAF, G (1)
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Fig. 1. Measurements of the interactions between rhodamine-
4.1 and PS- or PC-liposomes by FCS. Rhodamine-4.1 was
incubated with PS- or PC- liposomes as described in Section 2.
The FAFs of (a) thodamine 6G alone, (b) rhodamine-4.1, (c)
rhodamine-4.1 in the presence of PS-liposomes, and (d) rho-
damine-4.1 in the presence of PC-liposomes are plotted against
the correlation time on a log scale.

(Tem/Tino)® X MW, . assuming the molecule to be
spherical in shape; MW, and 7, are the calcu-
lated molecular weight and the measured average
diffusion time of the fluorescent molecules. MW,
and 7,, are the molecular weight (0.479 kDa)
and the measured diffusion time of rhodamine,
respectively. The diffusion time of rhodamine-4.1
was found to be 0.24-0.38 ms corresponding to a
calculated molecular weight of 75-381 kDa. The
diffusion time and the calculated molecular weight
of the complex form with PS-liposomes under
conditions of saturation (y=1) were approxi-
mately 1.4 ms and 23400 kDa, respectively.

To confirm whether this binding depends on
the PS content, rhodamine-4.1 was mixed with
liposomes containing various PS/PC ratios. As
shown in Fig. 2a, the FAF of rhodamine-4.1
shifted to the right, with the extent depending on
the PS/PC ratio. The amount of bound rho-
damine-4.1 increased proportionally to the
amount of PS (Fig. 2b), and protein 4.1 is thus
shown to bind specifically to PS and not to PC.
These results suggest that the head group of PS,
the serine residue, is required for protein 4.1 to
bind to PS.

The interaction of protein 4.1 with PS was
studied by examining the conditions under which
bound protein 4.1 could be eluted from PS-lipo-
somes. High salt concentrations (2 M KCl), known
to dissociate protein 4.1 from its protein interac-
tions within the red cell membranes, were initially
used, but there was absolutely no release of rho-
damine-4.1 from the PS-liposomes (data not
shown). Under the same conditions, most of the
protein 4.1 was released when it was bound to
band 3 or glycophorin C. The interactions between
protein 4.1 and PS thus appear to be hydrophobic
and not electrostatic.

PS-liposomes were added to a mixture of rho-
damine-4.1 and PS liposomes to see whether the
bound rhodamine-4.1 is released from the previ-
ously added PS-liposomes and becomes redis-
tributed among both the previously and newly
added PS-liposomes. As shown in Fig. 3a, the
addition of up to fivefold more PS-liposomes
caused no significant change in the FAFs. The
calculated number of particles (PS-liposomes)
bound to rhodamine-4.1 did not change, although
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Fig. 2. Interactions of rhodamine-4.1 with liposomes contain-
ing various PS/PC ratios. In (a), the FAFs of rhodamine-4.1
with liposomes containing 0-100% of PS are plotted against
the correlation time on a log scale. In (b), the amounts of
bound rhodamine-4.1 are plotted against the PS content in the
liposomes.

the counts per molecule slightly decreased with
an increase in the total number of PS-liposomes
(Fig. 3b). It is thus evident that once protein 4.1
binds to PS-liposomes, it does not dissociate in
solution. This hydrophobic nature of the protein
4.1-PS interactions is inconsistent with a previous
report, which suggested the possibility of elec-
trostatic interactions, based on the results of a
centrifugation analysis [28].

The bound rhodamine-4.1 was specifically re-
leased from PS-liposomes by treatment with
PLA,, while PLC had no effect. As shown in Fig.
4, the FAF of rhodamine-4.1 in the presence of
PS-liposomes was shifted to the right and back to
the original level of the unbound protein by PLA,
treatment. The PLA ,-catalyzed hydrolysis of the
ester bonds between the sn-2 acyl chain (fatty
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Fig. 3. Binding of rhodamine-4.1 with sequentially added PS-
liposomes. In (a), the FAFs of rhodamine-4.1 without a and
with sequentially added b 2, ¢ 4,d 6, e 8, and f 10 nl of
PS-liposomes are plotted against the correlation time on a log
scale. In (b), the calculated number of particles (PS-liposomes)
bound to rhodamine-4.1 and the counts per molecule are
plotted against the amounts of added PS-liposomes.

acid) and the glycerol in the PS molecule released
rhodamine-4.1 from PS, suggesting that protein
4.1 is closely associated with the fatty acid of the
PS molecule in the liposome. This finding was
confirmed by the fact that the hydrolytic cleavage
of the head group of PS, the phospho-serine
residue, by PLC did not affect the rhodamine
4.1-PS interaction. Preliminary biochemical ana-
Iytical results have revealed that the released
protein 4.1 actually contains fatty acids (An and
Takakuwa, unpublished data). Taken together, the
present results imply that the serine residue al-
lows the protein 4.1 molecule to bind to PS-lipo-
somes and that once protein 4.1 gets into PS-lipo-
somes, it associates hydrophobically with fatty
acids of phospholipids.

The effects of calmodulin and Ca®", which are
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Fig. 4. Dissociation of rhodamine-4.1 from PS-liposomes by
PLA, treatment. PS-liposomes with bound rhodamine-4.1
were treated with PLA,, as described in Section 2. The FAFs
of (a) rthodamine-4.1, (b) rhodamine-4.1 with PS-liposomes,
and (c) rhodamine-4.1 with PS-liposomes treated by PLA, are
plotted against the correlation time on a log scale.

known to dissociate protein 4.1 from its protein
interactions within the red cell membranes, were
also examined. As shown in Fig. 5, the FAF of
rhodamine-4.1 in the presence of PS-liposomes
was shifted to the right (line b) and was not back
to the original level of the unbound protein (line
a) by addition of 1 mg/ml of calmodulin (line ¢)
and by both calmodulin and 100-uM Ca?* (line
d). These results indicate absolutely no release of
the rhodamine-4.1 from the PS-liposomes by cal-
modulin and Ca®".

In the present study, FCS was used to examine

1.0 T T T v T

FAF,G (1)
=)
2]

0.0

102 107 10° 101 102 1032
Time (ms)

Fig. 5. No effect of calmodulin/Ca®>* on rhodamine-4.1-PS-
liposome interactions. Calmodulin and Ca** were added to
the complex of rhodamine-4.1 and PS liposomes, as described
in Section 2. The FAFs of (a) rhodamine-4.1, (b) rhodamine-4.1
with PS-liposomes, (c, b) with calmodulin, and (d, c) with Ca>*
are plotted against correlation time on a log scale.

the interactions between a membrane lipid and a
protein. The protein 4.1-PS interactions served
as the model system to demonstrate the mem-
brane lipid-protein interactions. This protein was
labeled with rhodamine and its interactions with
PS-liposomes were measured by FCS. The pre-
sent results are useful for analyzing protein inter-
actions with biological membrane lipids, since PS
is located in the inner leaflet of the lipid bilayer.
Using this method, the protein 4.1 interactions
with PS present on the surface of the inside-out
vesicles prepared from red blood cells are now
being examined by the authors.

7. Nomenclature

FCS: Fluorescence correlation spec-
troscopy

Rhodamine-4.1: Rhodamine-labeled protein 4.1

PS: Phosphatidyl serine

PLA,: Phospholipase A,

PC: Phosphatidyl choline

PLC: Phospholipase C

FAF: Fluorescence autocorrelation
function

Acknowledgements

We are grateful to Dr Mohandas Narla, at the
Berkeley National Laboratory, for useful discus-
sions. This work was supported in part by Grants-
in-Aid for Scientific Research, No. 07305036, and
No. 10877022, from the Ministry of Education of
Japan, and by the Chiyoda Foundation, the
Takeda Scientific Foundation, and the Memorial
fund for Hiroto Yoshioka.

References

[11 E.L. Elson, D. Magde, Biopolymers 13 (1974) 1.

[2] S.R. Aragén, R. Pecora, J. Chem. Phys. 64 (1976) 1791.

[3] N.L. Thompson, Fluorescence correlation spectroscopy,
in: Topics in Fluorescence Spectroscopy, New York,
1991.



(4]
(5]

(6]
(71

(8]

(9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

(18]

Y. Takakuwa et al. / Biophysical Chemistry 82 (1999) 149-155 155

R. Rigler, U. Mets, J. Widengren, P. Kask. Eur. Biophys.
J. 22 (1993) 169.

M. Eigen, R. Rigler, Proc. Natl. Acad. Sci. USA 91
(1994) 5740.

M. Kinjo, R. Rigler, Nucleic Acids Res. 23 (1995) 1795.
S. Bjorling, M. Kinjo, Z. Foldes-Papp, E. Hagman, P.
Thyberg, R. Rigler, Biochemistry 37 (1998) 12971.

M. Kinjo, G. Nishimura, T. Koyama, U. Mets, R. Rigler,
Anal. Biochem. 260 (1998) 166.

A.G. Palmer, N.L. Thompson, Biophys. J. 52 (1987) 257.
M.L. Thompson, D. Axelrod, Biophys. J. 43 (1983) 103.
B. Rauer, E. Neumann, J. Widengren, R. Rigler, Bio-
phys. Chem. 58 (1996) 3.

J. Klingler, T. Friedrich, Biophys. J. 73 (1997) 2195.
C-G. Pack, G. Nishimura, M. Tamura, K. Aoki, H.
Taguchi, M. Yoshida, K. Kinjo, Cytometry 36 (1999) in
press.

LT. Dorn, K.R. Neumaier, R. Tampe, J. Am. Chem. Soc.
120 (1998) 2753.

N. Mohandas, J.A. Chasis, Semin. Hematol. 30 (1993)
171.

Y. Takakuwa, G. Tchernia, M. Rossi, M. Benabadji, N.
Mohandas, J. Clin. Invest. 78 (1986) 80.

JM. Tyler, W.R. Hargreaves, D. Branton, Proc. Natl.
Acad. Sci. USA. 76 (1979) 5192.

E. Ungewickell, P.M. Bennett, R. Calvert, V. Ohanian,
W.B. Gratzer, Nature 280 (1979) 811.

(19]
(20]
(21]
[22]
(23]
[24]

[25]

[26]
[27]
(28]
[29]

(30]

C.M. Cohen, C. Korsgren, Biochem. Biophys. Res. Com-
mun. 97 (1980) 1429.

T.L. Leto, V.T. Marchesi, J. Biol. Chem. 259 (1984)
4603.

C.R. Lombardo, P.S. Low, Biochim. Biophys. Acta 1196
(1994) 139.

X.L. An, Y. Takakuwa, W. Nunomura, S. Manno, N.
Mohandas, J. Biol. Chem. 271 (1996) 33187.

R.E. Lovrien, R.A. Anderson, J. Cell. Biol. 85 (1980)
534.

J.C. Pinder, A. Chung, M.E. Ried, W.B. Gratzer, Blood
82 (1993) 3482.

W. Nunomura, Y. Takakuwa, R. Tokimitsu, S.W. Krauss,
M. Kawashima, N. Mohandas, J. Biol. Chem. 272 (1997)
30322.

Y. Takakuwa, N. Mohandas, J. Clin. Invest. 82 (1988)
394.

A.C. Rybicki, R. Heath, B. Lubin, R. Schwartz, J. Clin.
Invest. 81 (1988) 255.

A.M. Choen, S.C. Liu, J. Lawler, L. Derick, J. Palek,
Biochemistry 27 (1988) 614.

L-A. Amante, A. Ancona, L. Forni, J. Immunol. Meth-
ods 1 (1972) 289.

G.R. Bartlett, J. Biol. Chem. 234 (1959) 466.



