Biochem. J. (2004) 382, 677-685 (Printed in Great Britain)

677

Mapping of an ankyrin-sensitive, phosphatidylethanolamine/
phosphatidylcholine mono- and bi-layer binding site in

erythroid B-spectrin

Anita HRYNIEWICZ-JANKOWSKA*, Ewa BOK*, Patrycja DUBIELECKA*, Anna CHORZALSKA*, Witold DIAKOWSKI*,
Adam JEZIERSKI+, Marek LISOWSKI+ and Aleksander F. SIKORSKI*!

*Institute of Biochemistry and Molecular Biology, University of Wroctaw, ul. Przybyszewskiego 63/77, 51—148 Wroctaw, Poland, and {Faculty of Chemistry, University of Wroctaw,

ul. I. Joliot-Curie 14, 50-383 Wroctaw, Poland

It has been shown previously that binding of vesicles and mono-
layers containing PE (phosphatidylethanolamine) by either ery-
throid or non-erythroid spectrin proved sensitive to inhibition by
purified erythrocyte ankyrin. We tested the lipid-binding affinities
of the purified ankyrin-binding domain of SB-spectrin and of its
truncated mutants in four ways, by analysing: (1) penetration of
‘loose’ PE/PC (phosphatidylcholine) monolayers; (2) binding to
liposomes in suspension; (3) competition with spectrin for lipo-
somes; and (4) binding of a PE/PC monolayer in a surface plasmon
resonance system. The results obtained indicated that the full-
length ankyrin-binding domain bound PE/PC mono- and bi-layers
with moderate affinity, penetrated monolayers and competed with
spectrin for liposomes. Moreover, its truncated mutants that
retained the N-terminal part, in contrast with those lacking eight or
38 N-terminal residues (which bound lipid mono- and bi-layers

with lower affinity), bound PE/PC mono- and bi-layers with
an affinity and capacity comparable with those of the full-
length ankyrin-binding domain, and this activity was inhibited by
purified erythrocyte ankyrin. The full-length domain, in contrast
with the mutant lacking 38 N-terminal residues, induced a small
increase in the fluidity of PE/PC membranes when probed with
5’-doxyl stearate, similar to the effect of purified spectrin.
Therefore we conclude that the binding site for PE-rich lipids,
which is sensitive to ankyrin inhibition, is located in a 38-residue
N-terminal fragment of the B-spectrin ankyrin-binding domain,
and that the first eight residues play a key role in this activity.

Key words: ankyrin-binding domain, membrane skeleton, phos-
pholipid, B-spectrin, spectrin—phospholipid interaction.

INTRODUCTION

The remarkable mechanical properties of the erythrocyte (red
blood cell) membrane stem from the presence on the cytoplasmic
surface of a dense, well organized protein network called the mem-
brane skeleton. Its major component is spectrin, a high-molecular-
mass, flexible, rod-like protein formed by head-to-head asso-
ciation of two heterodimers composed of « (280 kDa) [1] and
B (247 kDa) [2] subunits. Spectrin heterodimers are formed by
antiparallel association of « and § subunits, each of which forms
predominantly a segmental triple-helical molecule. Five to six
spectrin tetramers interact with a short (37 nm) actin protofila-
ment to form a structure known as the junctional complex, in
which several other proteins (protein 4.1, adducin, dematin, p55,
tropomyosin and tropomodulin) are also present [3,4]. The mem-
brane skeleton of the erythrocyte is attached to the lipid bilayer
embedded with integral membrane proteins through pathways of
interaction with transmembrane proteins, i.e. spectrin—ankyrin—
AE1 (anion-exchanger protein 1; band 3) protein (e.g. [5-7])
and the ternary interaction protein 4.1-p55—glycophorin C or D
[8], or a recently discovered connection involving Rh (Rhesus
factor), RhAG (Rh-associated glycoprotein), CD47, band 4.2
protein and/or ankyrin [9,10].

There are many indications from various studies on cells,
isolated membranes and model systems that direct protein—lipid
interactions contribute to the attachment of the membrane skeleton
to the bilayer. The earliest published studies [11,12] on the

interaction of spectrin with phospholipids pre-date the discovery
of ankyrin in erythrocytes. Further studies showed that purified
spectrin had the ability to bind hydrophobic and amphipathic
ligands [13—18], supporting the view that spectrin contains a num-
ber of hydrophobic sites.

When the effect of ankyrin on the binding of spectrin to
phospholipid vesicles was tested, inhibition of this interaction
was observed [19]. The effect was greater for vesicles containing
PE (phosphatidylethanolamine) [PE/PC (phosphatidylcholine),
3:2 (mol/mol)], for which 60 % inhibition was found, compared
with 10-20 % inhibition for PS (phosphatidylserine)/PC vesicles.
Almost identical results were obtained using a monolayer tech-
nique. Dixon-type analysis indicated a competitive mechanism of
inhibition of a PE/PC vesicle or monolayer by ankyrin. Tetrameric
spectrin bound similarly to a PE/PC monolayer, but inhibition with
ankyrin suggested that only one of the two possible binding sites
is engaged in this interaction [20]. Moreover, when interactions
of brain spectrin with PE/PC monolayers in the presence of
ankyrin were analysed, a similar level of inhibition of these
interactions by ankyrin was observed [21]. Also, when an isolated
erythroid spectrin § subunit was introduced into the subphase of
PE/PC monolayers in the presence of ankyrin, the inhibition was
even stronger, i.e. a 3-fold lower concentration of ankyrin was suf-
ficient to induce the same effect. If the o subunit was used
instead of the B subunit, its effect on the monolayer surface
pressure was small and entirely insensitive to inhibition by ankyrin
[21]. These data imply that a functional relationship and spatial

Abbreviations used: AE1, anion-exchanger protein 1; FAT-liposomes, frozen and thawed liposomes; HPA, hexadecanethiol; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PS, phosphatidylserine; RITC, rhodamine isothiocyanate; RU, resonance units; SPR, surface plasmon resonance; protein
designations DWA, N1C, Frag.1, Frag.3 and Frag.5 are illustrated in Figure 1(A).

* To whom correspondence should be addressed (email afsbc@ibmb.uni.wroc.pl).

© 2004 Biochemical Society



678 A. Hryniewicz-Jankowska and others

proximity between ankyrin and phospholipid-binding sites exist in
B-spectrin.

Here we report the results of experiments that document further
the ability of the ankyrin-binding domain of erythroid B-spectrin
to bind PE-rich mono- and bi-layers. We expressed in bacteria
a polypeptide corresponding to the ankyrin-binding domain and a
series of its truncated mutants, and performed lipid mono- and bi-
layer binding studies. We found that the purified ankyrin-binding
domain and its truncated mutants penetrated ‘loose’ PE/PC mono-
layers. The results of liposome-binding studies and of studies
performed with a SPR (surface plasmon resonance) system indi-
cated that the full-length ankyrin-binding domain bound PE/PC
mono- and bi-layers with moderate affinity (K, values in the sub-
micromolar range). In addition, truncated mutants of the ankyrin-
binding domain that retained the N-terminal part bound PE/PC
mono- and bi-layers with an affinity and a capacity comparable
with those of the full-length ankyrin-binding domain. They also
competed effectively for lipids with purified, labelled spectrin. On
the other hand, truncated mutants that lacked even the eight most
N-terminal amino acid residues showed a lower (by at least an
order of magnitude) affinity and a much higher maximal binding
capacity.

We also found that the expressed full-length ankyrin-binding
domain induced a small decrease in the order parameter (an
increase in the fluidity) of PE/PC membranes when probed with
5’-doxyl stearate, similar to the effect of purified spectrin, while
mutants lacking 38 residues from the N-terminus induced a small
increase in the order parameter (a decrease in fluidity), which was
similar to the effect of BSA. Furthermore, binding of PE/PC
monolayers by the expressed ankyrin-binding domain and its
variants containing an intact N-terminus was inhibited by purified
ankyrin. The effect of ankyrin on the binding of PE/PC mono-
and bi-layers by both N-terminal mutants (i.e. lacking eight or 38
N-terminal residues) was either reduced or abolished.

MATERIALS AND METHODS

Construction of full-length and truncated mutants of the
ankyrin-binding domain of erythrocyte g-spectrin

We used erythroid B-spectrin produced from a cDNA encoding
approximately the C-terminal half of the protein (amino acid
residues 1397-2015). Sequential N- and C-terminal truncations
were constructed by PCR (Roche), using appropriate oligonu-
cleotides containing restriction sites (BamHI, HindIll, Xhol).
Forward primers: ANKNBam, 5-GAGGACTACGGCCGGAT-
CCTCAAGCAGCTG-3'; ANKNI1Bam, 5-GAGGCGGCCAGG-
ATCCCCGAGTGGAAGGAC-3'; ANKN15/6Xho, 5'-GGGCT-
GCTCGAGATGTGGGCAGACCTCCTG-3"; ANKN15/33Bam,
5'-CGCTACTTCTACACGGGATCCGAGATCCTG-3; reverse
primers: ANKCHind, 5'-CGGTTTCAAGCTTTGCATTGATGC-
CCTGGTG-3'; ANKC15/27Hind, 5-CAGGTGAAGCTTCCG-
CTCGAAGGCTGTGTG-3'. The PCR products obtained were
cloned into a pRSET A and C expression vector and were stored
in Escherichia coli strain JM109. The resulting mutant cDNAs
were sequenced to verify the mutations. Plasmids were then trans-
ferred into BL21(DE3)pLysS cells for expression of the mutated
spectrin proteins. A Hisq tag was introduced at the C-terminus of
the expressed ankyrin-binding domain and its truncated mutants
using the pRSET plasmid. Recombinant proteins were expressed
in a bacterial expression system using isopropyl S-D-thiogalacto-
side as an inducer for 3 h at 37 °C, extracted with 8 M urea
and 100 mM NaCl in 20 mM Tris/HCI, pH 8.0, and purified by
immobilized Co**-affinity chromatography (Clontech). The His-
tagged proteins were analysed in Coomassie Blue-stained SDS/
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PAGE (10 %) gels and identified by Western blot using an
antibody against erythroid B-spectrin subunits and an antibody
against the full-length ankyrin-binding domain of erythrocyte
B-spectrin.

Erythrocyte spectrin

Bovine erythrocyte spectrin dimer was purified by extraction
of erythrocyte ghosts with low-ionic-strength buffer at 37 °C,
as described previously [22]. Following incubation, the extract
was subjected to chromatography on a Sepharose CL4B column
(2.5 cm x 70 cm). For this purpose, the column was equilibrated
with phosphate buffer (20 mM sodium phosphate, pH 7.4,
0.1 mM EDTA, 1 mM NaNj;, 0.1 mM g-mercaptoethanol). Peak
fractions were analysed by SDS/PAGE (7 % gels).

Erythrocyte ankyrin

Erythrocyte ankyrin was purified as described previously by Hall
and Bennett [23] and Biatkowska et al. [19].

CD analysis

CD measurements were performed on a JASCO CD spectrometer,
using a thermostat-controlled cell with 0.1 cm path length at
10 °C, or from 10 to 70 °C in 10 °C increments. The spectra were
obtained at 0.2 nm resolution from 190 to 260 nm. Spectra of Tris/
HCI buffer (20 mM Tris/HCI, pH 8.0, 100 mM NaCl) under
similar CD conditions were used to correct spectral baselines of
the samples. Ellipticity (6; degrees) values from CD spectra were
converted into molar residue ellipticity ([0]y; degrees-cm?-
dmol™") values. Helical contents were calculated from values
of the amide n* transition at 222 nm ([0,,,]), using a value of
— 36000 degrees - cm? - dmol~! to represent 100 % «-helical con-
tent [24].

Ankyrin-binding activity of expressed polypeptides

The ankyrin-binding activity of expressed polypeptides was tested
in experiments in which a metal affinity resin (Talon®) saturated
with His-tagged polypeptides was incubated with increasing
concentrations of RITC (rhodamine isothiocyanate)-labelled
erythrocyte ankyrin in buffer containing 20 mM Tris/HCI, pH 7.5,
and 150 mM NaCl for 30 min at room temperature (20 °C). After
incubation, the samples were centrifuged at 13000 g for 5 min.
The pellets were washed with 20 mM Tris/HCI, pH 7.5, 150 mM
NaCl, containing 1 mM imidazole for 15 min and centrifuged
at 13000 g for 5 min. The polypeptides together with labelled
ankyrin were eluted with the same buffer containing 50 mM
imidazole and were analysed by measurements of fluorescence
in a Kontron SFM 25 spectrofluorimeter. Excitation and emission
wavelengths were 553 and 575 nm respectively.

Monolayer experiments

Monolayer measurements were performed by the Wihelmy
technique, using a Teflon trough (surface area 24 cm?) and a Nima
tensiometer (NimaTechnology, Coventry, U.K.), at room temper-
ature (20 °C). Subphase buffer (25 ml) contained 5 mM Tris/HCl,
pH7.5, 0.5mM EDTA, 150 mM NaCl, 0.5 mM dithiothreitol
and 1 mM NaN;. Monolayers were formed by the injection of
a chloroform solution of a mixture of phospholipids (PE/PC, 3:2)
with a Hamilton syringe. Measurements were performed at initial
surface pressure values of 9-11 mN/m. Expressed polypeptides
were dissolved in the subphase buffer and injected into the
subphase to obtain the indicated concentrations. For inhibition
of lipid—protein interactions by ankyrin, expressed polypeptides
were preincubated for 30 min at room temperature with purified
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Figure 1 The B-spectrin ankyrin-binding domain and its truncated mutants

(A) Schematic representation of the ankyrin-binding domain of erythrocyte spectrin and of the
location of primers (—) used to amplify appropriate DNA fragments. Clone 8 28 Xho was
obtained from Dr J. S. Morrow [29]. DWA is the full-length ankyrin-binding domain, and N1C,
Frag.1, Frag.3 and Frag.5 denote specific truncated mutants as indicated. (B) Amplified DNA
fragments coding for the full-length ankyrin-binding domain of erythrocyte B-spectrin and its
truncated mutants obtained by PCR using appropriate primers were cloned into pRSET vector.
Recombinant proteins were expressed in a bacterial strain BL-21 expression system using iso-
propyl B-b-thiogalactoside induction for 3 hat 37 °C, and were purified by immobilized Co?* -
affinity chromatography (Clontech). A Coomassie Blue-stained SDS/polyacrylamide gel (10 %)
electophoretogram of the expressed proteins is shown. Lanes: M, protein markers (molecular
masses in kDa are shown to the left); 1, DWA (full-length ankyrin-binding domain); 2, N1C; 3,
Frag.3; 4, Frag.1; 5, Frag.5.

ankyrin at polypeptide/ankyrin ratios of 1:0.05, 1:0.1, 1:0.15 and
1:0.2 (w/w), and then injected into the subphase.

Preparation of FAT-liposomes (frozen and thawed liposomes)

FAT-liposomes were prepared according to Hope et al. [25], using
buffer comprising 5 mM Tris, pH 7.5, 0.5 mM EDTA, 150 mM
NacCl, 0.5 mM dithiotreitol, 1 mM NaNj; and 20 % dextran T-40.
The liposome suspension was diluted with the assay buffer
without dextran and centrifuged at 15000 g to remove small
vesicles and untrapped dextran.

Fluorescent labelling of proteins

Purified erythrocyte spectrin and the expressed polypeptides were
fluorescently labelled using tetramethylrhodamine-5-maleimide,
which reacts with thiol groups on proteins to give thioether, except
for Frag.1 (see Figure 1A for designations of truncated mutants of
the ankyrin-binding domain), which does not contain a cysteine

residue. Labelling was performed according to the manufacturer’s
directions. In the case of Frag.1 and erythrocyte ankyrin, labelling
with RITC was carried out in sodium carbonate buffer, pH 9.0, for
8 hat4 °C. Unreacted label was quenched with 100 mM Tris/HCI,
pH 8.0, and dialysed out against the assay buffer.

Pelleting assays

Fluorescently labelled proteins were incubated with FAT-lipo-
somes (10mg of lipid/ml) in test buffer containing 5 mM
Tris/HCl, pH 7.5, 0.5 mM EDTA, 150 mM NaCl, 0.5 mM dithio-
threitol and 1 mM NaNj; for 30 min at room temperature (20 °C).
After incubation, the samples were centrifuged at 15000 g for
6 min. The liposome pellets were dissolved in 1% (w/v) SDS
for 15 min. Fluorescence measurements were performed using a
Kontron SFM 25 spectrofluorimeter. The excitation and emission
wavelengths for tetramethylrhodamine-labelled proteins were 541
and 567 nm respectively, while for RITC-labelled proteins these
values were 553 and 575 nm respectively. Inhibition experiments
were performed in the presence of an excess of unlabelled full-
length ankyrin-binding domain or Frag.3, which were added to
the samples with the liposomes and labelled fragments. K and
B...x values were calculated according to the equation B = (B, -
free)/(Kp + free) by using non-linear regression.

Biomolecular interaction analysis (SPR)

Experiments were performed using a BIAcore 1000 device in
which was placed an HPA (hexadecanethiol) sensor chip (covered
with octadecane thiol; BIAcore). A PE/PC (3:2) monolayer was
deposited according to Cooper et al. [26] and Hubbard et al.
[27], using extruded PE/PC vesicles (100 nm in diameter) at a
concentration of 10 mg/ml in 5 mM Tris/HCl, pH 7.5, 0.5 mM
EDTA, 150 mM Nacl, 0.5 mM dithiothreitol and 1 mM NaNj;. A
stable monolayer was used in the entire series of experiments.
The bound protein was washed off with short pulses of 50 mM
NaOH. Data evaluation was performed using BIAcore evaluation
software assuming simple Langmuir dissociation and association
(1:1) models. The choice of model was based on the linearity
of the In[abs In(dY /dX)] criterion as suggested by the BiaCore
manual. Dissociation and association curves were fitted sepa-
rately. k, values were calculated by fitting to the expression

ka : C N Rmax/(ka : C +kd) ° {1 - exp[_(ku + C +kd) ° (t - t())]} +RI

[where k, is the association constant, k4 is the dissociation con-
stant, C is the concentration, R, is the resonance value in resonance
units (RU) and R, is the value of the maximal resonance in
RU]J, and k4 values were calculated by fitting to the expression
Ry - exp[—kq - (t — ty)] + offset (where R, is the initial value of the
resonance in RU; other symbols are as shown above). The Kp
value (equilibrium dissociation constant) was then determined
from kqy/k,.

EPR experiments

Spectra were recorded with a Bruker ESP 300E 9 GHz spectro-
meter (equipped with a temperature control device) at magnetic
field modulation frequencies of 100 kHz over a scan range of
100 G. 5'-Doxyl stearate was incorporated into the PE/PC ves-
icles to a final spin label/membrane lipid molar ratio of < 0.01
in order to avoid line-broadening effects in the EPR spectra.
Labelling with 5'-doxyl stearate (Aldrich) was achieved by a
30 min incubation at room temperature of the PE/PC membrane
suspension in 5 mM Tris/HCI, pH 7.4, and 150 mM NacCl, in a
glass test tube with a dry film of the spin label probe. Then an
appropriate volume of protein was added to a final concentration
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of 150 ug/ml. DWA/liposome, Frag.5/liposome, spectrin/lipo-
some and BSA/liposome suspensions were recorded at tem-
peratures of 20, 25, 30, 35 and 40 °C. Order parameter values
were calculated as described by Sefton and Gaftney [28]. The
mean of four independent measurements is presented. Extruded
PE/PC liposomes (1:1; 20 mg of lipids per 1 ml) were obtained as
described above. The final, average size of liposomes was 114 +
3.7 nm (mean + S.E.M.), as assessed using a Zeta Sizer (Malvern)
Photon Correlation Spectroscope.

RESULTS

Expression, purification and characterization of the ankyrin-binding
domain of g-spectrin and its truncated mutants

In order to study the interrelationship between spectrin—
phospholipid and spectrin—ankyrin interactions, we undertook to
express and purify the ankyrin-binding domain of erythrocyte
B-spectrin and fragments thereof. The strategy used to obtain the
full-length ankyrin-binding domain was to amplify appropriate
DNA fragments from a cDNA clone (8 28 Xho), which was
generously provided by Dr J. S. Morrow (Yale University, New
Haven, CT, U.S.A.). Appropriate DNA fragments coding for
the ankyrin-binding domain of erythrocyte B-spectrin and its
truncated mutants (Figure 1A) were PCR-amplified and cloned
into a pRSET (A or C) expression vector. E. coli strain
BL21(DE3)pLysS cells were transformed with purified plasmids
and overexpression was induced with isopropyl B-D-thiogal-
actoside. Purification of the full-length ankyrin-binding domain
and its truncated fragments at rather high quantities (~1 mg/
100 ml of bacterial culture) could be achieved by Co®*-affinity
chromatography. The result of the electrophoretic analysis of such
polypeptide preparations is presented in Figure 1(B). As can be
seen, the ankyrin-binding domain and its mutants could be easily
purified in high quantities, and they were stable after urea removal
at concentrations of ~300 pg/ml for ~2 weeks at 4 °C. Stability
in solution, together with the structural and functional features
described below, suggest that the conformation of the expressed
fragments resembles that of the ankyrin-binding domain in
erythrocyte spectrin. This CD spectra of expressed and purified
full-length and truncated ankyrin-binding domains (results not
shown) indicated the presence of approx. 44—66 % «-helical
structure. Moreover, thermal denaturation profiles displayed a
typical, sigmoidal shape (results not shown) and substantial loss
of a-helicity at temperatures above 60 °C (Table 1), which is a
characteristic feature of the spectrin rod domain. Another proof
of the correct structure was the ability of the protein fragments to
bind ankyrin in vitro.

Ankyrin binding by the expressed polypeptides corresponding
to the ankyrin-binding domain and its truncated mutants

The expressed ankyrin-binding domain (DWA) and its truncated
mutants (Frag.1, Frag.3 and Frag.5) (see Figure 1A) were tested
for ankyrin-binding activity in experiments in which a metal-
affinity resin (Talon®) saturated with His-tagged polypeptides
was incubated with increasing concentrations of RITC-labelled
erythrocyte ankyrin. All immobilized polypeptides tested bound
labelled ankyrin in a saturable manner (results not shown). K,
values calculated using non-linear regression were of the order of
0.1 uM (Table 2). Surprising was the lack of difference in K, bet-
ween Frag.1 corresponding to fragment 828-Ndel (1397-1865),
which was found to be inactive in inhibition of spectrin binding
to inside-out vesicles and therefore inactive in ankyrin binding by
Kennedy et al. [29]. Another property of DWA and some of its
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Table 1 «-Helical structure content of the full-length ankyrin-binding
domain and its mutants calculated on the basis of CD spectra at 10 and
60 °C

Details are given in the Materials and methods section. See Figure 1(A) for protein designations.

a-Helix content (%)

Protein 10 °C 60 °C
DWA 65.9 317
N1C 514 36.6
Frag.1 515 16.4
Frag.3 410 22.4
Frag.5 443 325

Table 2 Equilibrium dissociation constants for binding of ankyrin by
expressed full-length ankyrin-binding domain (DWA) and its truncated
mutants (Frag.1, Frag.3 and Frag.5)

Data were obtained from hyperbolic binding isotherms (not shown) by non-linear regression
according to the equation: B = B - free/Kp + free; B and B, bound ankyrin, the concen-
tration of free ankyrin is in mol/I. Values are means + S.E.M.

Protein Kp (nM)
DWA 173+28
Frag.1 169 + 37
Frag.3 370+75
Frag.5 677 +450

truncated mutants was the sensitivity of the lipid-binding activity
to ankyrin inhibition (see Figure 7 below).

Lipid-binding activity of the expressed ankyrin-binding domain
and its truncated mutants

The expressed purified ankyrin-binding domain induced an
increase in surface pressure, in a concentration-dependent manner,
of PE-rich (3:2 mixture with PC), ‘loose’ (9 mN/m) monolayers
(results not shown). This method, although rapid and useful for
indicating an interaction of proteins with lipids in a monolayer,
can give only comparative results because the measurements
are performed at low surface-pressure values far from the 30—
35 mN/m suggested as being appropriate for comparisons with
natural membrane bilayers.

The presented data indicate that the effects of individual poly-
peptides were pronounced; however, if we consider the plateaus,
we can see that the effects of fragments with an intact N-terminus
were much greater than those of mutants with deleted N-termi-
nal (either the first eight or 38 residues) sequences (Figure 2). The
presence of a His tag was not responsible for the lipid-binding
property, as a His-tagged fragment of emerin (residues 1-70),
which does not bind lipids or other amphipathic ligands, did not
change the surface pressure of the PE/PC monolayer.

The isolated ankyrin-binding domain and its truncated
fragments were fluorescently labelled with tetramethylrhodamine
maleimide on a single cysteine residue. The only exception was
Frag.1, which was labelled with RITC, since it does not contain
thiol groups. The isotherms of binding of the ankyrin-binding
domain and its four truncated mutants to PE/PC liposomes at room
temperature are shown in Figure 3. The unlabelled fragments
competed for the labelled ones, suggesting that labelling did
not induce binding activity (results not shown). The binding
isotherms presented in Figure 3 indicate that full-length
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Figure 2 Interaction of the expressed ankyrin-binding domain and its
mutants with a monolayer composed of a PE/PC (3:2) mixture

Measurements were performed at an initial surface pressure of 9 mN/m. Bars represent Ax
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Figure 3 Binding of increasing concentrations of purified, fluorescently
labelled full-length ankyrin-binding domain and its mutants by PE/PC (3:2)
FAT-liposomes

Curves were fitted by non-linear regression according to the equation B = B x free/Kp +
free. B and B, denote protein bound; the concentration of free protein is given in mol/l. Details
in are given in the Materials and methods section.
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Figure 4 Purified ankyrin-binding domain and its truncated mutant Frag.3
inhibit binding of erythrocyte spectrin to PE/PC (3:2) liposomes

Purified erythrocyte spectrin (50 nM), labelled with tetramethyl rhodamine-5-maleimide, was
incubated with PE/PC (3:2) FAT-liposomes (10 mg of lipid/ml). The indicated concentrations
of DWA (the full-length ankyrin-binding domain) or Frag.3 were included in the incubation
mixture. Details are given in the Materials and methods section.

ankyrin-binding domain and its truncated mutants N1C and
Frag.1 displayed saturable binding. On the other hand, Frag.3,
which lacks eight amino acid residues from the N-terminus of the
ankyrin-binding domain, and Frag.5, which lacks the 38 N-ter-
minal residues, reached saturation at much higher concen-
trations (Figure 3). The calculated K, values, presented in Table 3,
indicate a lower affinity of these mutants towards PE/PC vesicles
compared with the full-length ankyrin-binding domain and its
mutants retaining the N-terminal sequence.

Another way to demonstrate the lipid-binding activity of the
ankyrin-binding domain and its mutants was to analyse the com-
petition for binding to liposomes with fluorescently labelled eryth-
rocyte spectrin. The results of these experiments, shown in
Figure 4, indicate that the full-length ankyrin-binding domain and
its mutants retaining the N-terminal sequence effectively inhib-
ited binding of labelled spectrin to PE/PC liposomes. Again, in
the case of Frag.3, the competition was rather small. Frag.5, how-
ever, at higher concentrations inhibited the binding of spectrin to
liposomes by binding to spectrin, as demonstrated by gel filtration
chromatography on a Sepharose 4B column (results not shown).

Table 3 Kinetic parameters for the interaction of the full-length ankyrin-binding domain and its mutants with PE/PC mono- and bi-layers obtained from SPR

measurements (Figure 5) and pelleting assay (Figure 3)

The parameters were determined as described in the Materials and methods section. In addition, Kp and Ry values for the interaction of the full-length ankyrin-binding domain and Frag.5 with the

hydrophobic surface of a bare chip (hexadecane thiol-covered) are presented.

Pelleting assay (Figure 3) SPR (PE/PC) (Figure 5) Hydrophobic surface
Protein Ko (1M]) Brmax (1g/mg of phospholipid) Ko (kM) Rimax Ko (kM) Rimax
DWA 0.05 3.81 0.27 124 0.449 127
N1C 0.107 3.62 0.234 119
FRAG.1 0.25 5.57 0.363 124
FRAG.3 0.18 119 0.25 978
FRAG.5 0.79 388 0.18 516 27.8 6910
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Figure 5 Examples of SPR traces obtained from the interaction of the
ankyrin-binding domain and its truncated mutants with a PE/PC monolayer
deposited on a HPA chip (BiaCore)

Concentrations were as follows: DWA, 4.4 uM; N1C, 3.3 uM; Frag.1, 6.08 uM; Frag.3,
6.18 uM; Frag.5, 7.76 uM. Details are given in the Materials and methods section; kinetic
parameters calculated from the experimental data are shown in Table 3.

To obtain more quantitative data on binding to the PE/PC lipid
mixture, we deposited the PE/PC monolayer on to an HPA-coated
plasmon resonance sensor plate (see the Materials and methods
section). Such a monolayer served as a binding matrix for the
ankyrin-binding domain and its mutants. Examples of traces of
binding of the ankyrin-binding domain and its fragments are
shown in Figure 5. The curves for Frag.3 and Frag.5 did not reach
a plateau. Kinetic data obtained by using a one-site model from the
BIAEvaluation software are also shown in Table 3. The K|, values
obtained from the SPR measurements are in good agreement with
these obtained in the pelleting experiments. We also performed an
experiment with a bare HPA chip using the entire ankyrin-binding
domain and Frag.5. The results presented in Table 3 also indicate
differences in the affinity towards hydrophobic surfaces. Although
the difference in the obtained dissociation constants between
full-length ankyrin-binding domain and its truncated highly ac-
tive mutants (N1C and Frag.1), when compared with its ‘less
active’ mutants Frag.3 and Frag.5, was not large, it is neverthe-
less consistent when this interaction is tested in several ways.

Effects of the expressed polypeptides on the fluidity of the
PE/PC bilayer

Another question was whether the ankyrin-binding domain,
under the conditions that facilitate interaction with phospholipid
membranes, affects the properties of the membrane. We used
simple spin labelling of PE/PC liposomes with 5'-doxyl stearate
(10 uM) and recorded EPR spectra in the presence or absence
of the full-length ankyrin-binding domain or its fragment Frag.5,
which displayed a lower affinity in the pelleting assay and SPR
experiments. The results of the spin-labelling experiments are
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Figure 6 Effects of the ankyrin-binding domain on the order parameter of
PE/PC membranes

Details are given in the Materials and methods section.

shown in Figure 6. The ankyrin-binding domain induced a small
decrease in the order parameter, which indicates an increase in the
mobility of the probe (which is located close to the polar region
of the membrane), similar to that induced by purified erythro-
cyte spectrin, while Frag.5 induced a small increase in the order
parameter, similar to that induced by BSA at the same concen-
tration (W/v).

Effects of purified erythrocyte ankyrin on binding of a PE/PC
monolayer by the expressed ankyrin-binding domain and its
truncated mutants

As mentioned in the Introduction, the PE-rich-lipid-binding
ability of spectrin is inhibited by purified ankyrin. Bacterially ex-
pressed and purified ankyrin-binding domain DWA and the N1C
construct (Figures 7A and 7B), as well as the truncated mutant
Frag.1 (Figure 7C), showed a dependence of lipid-binding activity
on ankyrin, while this activity of the mutant constructs with dele-
tions at the N-terminus (Frag.3 and Frag.5) was weakly sensitive
or entirely insensitive to inhibition by purified ankyrin (Fig-
ure 7C). Therefore it seems clear that the expressed ankyrin-
binding domain and its truncated mutants containing the N-termi-
nal sequence show the PE-rich-lipid-binding activity of the native
spectrin molecule. K; values for inhibition of this interaction
by ankyrin for the full-length ankyrin-binding domain and its
shorter form of 0.124 and 0.148 nM respectively were obtained
by performing Dixon-type analysis [30]. It can therefore be
concluded that PE-rich-lipid-binding activity that is sensitive to
inhibition to ankyrin is dependent exclusively on the N-terminal
part (~30-40 amino acid residues) of this domain. Fragments that
do not contain even the first eight residues of this sequence bind
lipids with lower affinity, and this binding remains insensitive to
inhibition by purified ankyrin (Figure 7C).



Phosphatidylethanolamine binding by ankyrin-binding domain of spectrin 683

0.40
A DWA
o +  2350M
o
z 02 4 4 2681M
s ® Y ° 301 M
= 0.16 /f,oﬁ
~ i v 334nM
0.08 /
Z
0.00 . . :
100 050 000 050 1.00 150
ankyrm [nM]
0.20 /
016 [ 4
L ] rd .
- .
_ // N1C
= ot Y/ s 28410M
2z 0.12 £
e = ,,«/
Za / *  498nM
= o008l V4
- 4
/
/
0.04 [ //
/ 1 i 1
0.00
-1.00 -0.55 -0.10 0.35 0.20
ankyrin [nM]
100 = = = .
50 \ \\\\—
\ A Frag.3

“f N :

\ Frag.1
40 r B -
' d

0
0.00 006 0.1 018 024 0.30

ankyrin [nM]

Frag.5

protein bound [%6 control]

Figure 7 Effects of erythrocyte ankyrin on binding of the full-length ankyrin-
binding domain and its truncated mutants to PE/PC (3:2) monolayers

(A) Dixon-type plot [30] of the results obtained for the four indicated concentrations of DWA
protein. The K value was 0.124 nM. (B) Dixon plot of the results obtained for two concentrations
of N1C protein (K; 0.148 nM). Proteins were preincubated for 30 min at room temperature with
purified ankyrin at weight ratios of 1:0.05, 1:0.1, 1:0.15 and 1:0.2. (C) Effects of ankyrin on
binding of Frag.1 (3.3 «M), Frag.3 (3.7 x«M) and Frag.5 (4.3 «M) to the monolayer.

DISCUSSION

It has been known for a long time that spectrin binds phospholipid
mono- and bi-layers. This activity (in particular, the binding of
PE-rich lipid layers) was found to be sensitive to inhibition by
purified erythrocyte ankyrin, suggesting the localization of a lipid-
binding site in the ankyrin-binding domain of B-spectrin.
Therefore we attempted to map and characterize the phospholipid-

binding site in this ankyrin-binding domain. It should be noted that
a recent, very interesting study on the mapping of a binding site
for another amino-phospholipid, PS, indicated the same region
(ankyrin-binding domain) to be one of the lipid-binding centres
[31]. That study, however, was concerned with the location of such
sites in the entire spectrin molecule, and was rather qualitative
in nature, indicating mostly binding capacities for lipid vesicles. In
the present study we report quantitative data and the identification
of a binding site for PE-rich mono- and bi-layers. We cloned,
bacterially expressed and affinity purified the S-spectrin ankyrin-
binding domain and a small series of its truncated mutants. All
of the constructs (Figure 1) had an «-helical structure and bound
purified, fluorescently labelled erythrocyte ankyrin with similar
affinities (Kp ~0.1-1 uM). The latter data are interesting, as
they indicate that Frag.1 (residues 1638—1844) showed ankyrin-
binding activity similar to that of the full-length ankyrin-binding
domain, whereas Kennedy et al. [29] reported previously that
a similar fragment (residues 1397—-1865) did not inhibit spectrin
binding to inside-out vesicles. Perhaps this difference results from
different experimental approaches.

We tested the interaction of the full-length S-spectrin ankyrin-
binding domain and its truncated mutants with PE/PC mono- and
bi-layers in four ways: (1) binding to PE/PC monolayers at mod-
erate surface pressure; (2) binding of fluorescently labelled poly-
peptides to liposomes composed of a PE/PC mixture; (3) com-
petition of unlabelled polypeptides with fluorescently labelled
erythrocyte spectrin; and (4) binding of pure polypeptides to a
PE/PC monolayer deposited on solid support using the SPR tech-
nique. The data from all four types of experiment indicate that
this domain is responsible to a large extent for spectrin binding
to phospholipid mono- and bi-layers rich in PE. This finding is
in accordance with our previous data on phospholipid binding
by erythroid spectrin [19]. Systematic analyses performed by
using truncated mutants of the erythrocyte S-spectrin ankyrin-
binding domain revealed similar affinities towards lipids rich in
PE of ankyrin-binding domain fragments in which the ‘native’
N-terminus was retained after truncation. Obtained K and R,
values were similar to those for the wild-type ankyrin-binding
domain. On the other hand, two fragments truncated from the
N-terminus by eight and 38 residues displayed a markedly lower
affinity towards PE/PC mono- and bi-layers. Both pelleting assays
with liposomes and SPR analyses indicated a decrease in affinity
of an order of magnitude and a significant increase in maximal
binding capacity observed in both assays. Therefore the N-ter-
minal sequence of 38 amino acid residues (shown in part in Fig-
ure 8) seems to be responsible for the high to moderate affinity
of this domain towards lipid mono- and bi-layers containing PE.
In particular, the first eight amino acids, IAEWKDGL, are likely
to play a key role in this activity. This region does not seem very
hydrophobic, but rather is amphipathic, when folded in an «-helix.
This short structure could be responsible either for a direct inter-
action (being an important fragment of the hydrophobic sur-
face) or for proper folding of the entire fragment forming the
hydrophobic surface. Experiments on the interaction of purified
ankyrin-binding domain polypeptides with ‘loose’ (9 mN/m)
PE/PC monolayers may indicate penetration of the latter by poly-
peptides. The effect of a full-length polypeptide seems to
be in accordance with the results of a spin-label experiment
indicating a small increase in lipid hydrocarbon chain mobility of
PE/PC liposomes, resembling the effect of native spectrin [32].
What would be the nature of this interaction — is it a vertical
penetration (integral protein-type) or a horizontal surface-seeking
protein-type (amphipathic helix, e.g. mellitin) interaction? The
plot of hydrophobic moment against hydrophobicity [33] in-
dicates the latter possibility — almost 95 % of the residues of the
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Figure 8
erythrocyte g-spectrin ankyrin-binding domain

‘Helical wheel’ representation of the N-terminal part of the

The first eight amino acid residues are circled. The vertical ellipse indicates the presumed
phospholipid-binding surface. The start of the helical segment is based on data from [40].

ankyrin-binding domain displayed the properties of residues of a
surface-seeking helix (results not shown). This may indicate a sur-
face disposition of this part of the ankyrin-binding domain in na-
tive spectrin. This conclusion is also supported by the fact that
purified ankyrin competitively inhibits binding of this domain to
the PE/PC monolayer, with a K; in the nanomolar range. This
was true only for constructs with an intact N-terminal domain.
Removal of eight residues decreased the sensitivity of lipid
binding to inhibition by ankyrin, while removal of the N-terminal
38 residues abolished it completely. Frag.1, which represents
the ankyrin-binding domain truncated from the C-terminus,
still retains this sensitivity. This, in addition to the data on
ankyrin binding presented above, indicates an importance of phys-
ical binding of this part of the ankyrin-binding domain to ankyrin,
and may indicate a spatial relationship of lipid- and an-
kyrin-binding sites. Namely, the N-terminal region (~38 resi-
dues) plays a role in ankyrin binding and is essential for
ankyrin-sensitive lipid binding. When this region is absent, the
high(er)-affinity phospholipid-binding site is not functional, while
ankyrin still can be bound. The lower-affinity lipid-binding activ-
ity still exists, but remains insensitive to inhibition by ankyrin.
It is possible that the absence of first eight residues may affect
folding of this region, and this change is invisible in CD spectra.
However, the occurrence of ankyrin-binding activity suggests that
the structure of the fragment resembles native spectrin.

With regard to the physiological significance of the observed
inhibition of spectrin—phospholipid interactions by ankyrin, we
proposed [34] an ankyrin/PE model to explain the role of the
affinity of the ankyrin-binding site towards PE/PC-rich domains.
The present data seem to support and further explore this pheno-
menon. It is well known that, at least in erythrocyte membranes,
there are situations in which either ankyrin is deficient or its
affinity for spectrin is reduced. Spectrin tetramers bind ankyrin at
the highest-affinity site, but when there is not enough functional
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ankyrin to accommodate all of them, they will bind to PE-
rich domains. For instance, erythrocytes of mutant mice, whose
erythroblasts fail to synthesize ankyrin, still accumulate half
of the normal amount of spectrin [35]; moreover, their foetal
erythrocytes are morphologically similar to foetal erythrocytes of
normal mice [36]. A similar situation is seen with erythrocytes
of ankyrin-deficient mice, which contain normal membrane
skeletons, but lack AE1 (band 3) tetramers [37]. A reduced affinity
of ankyrin for spectrin occurs when ankyrin is phosphorylated
[38]. In all of these situations, PE-rich domains of the inner leaflet
of the membrane would serve as anchors, substituting for ankyrin
and ensuring the preservation of the mechanical properties of
spectrin tetramers in the skeletal lattice. This would also explain
why mice with a disrupted AE1 gene expressing no AEl are
characterized by severe spherocytosis despite normal erythrocyte
membrane skeletons [39]; in contrast with the above-mentioned
cases of ankyrin deficiency, in this case ankyrin possibly inhibits
binding of spectrin to membrane lipids.

Baines [40] noted that the N-terminal part of the ankyrin-
binding domain is very well conserved among canonical S-spec-
trins. In this region one could expect >90% identity between
the human and bovine S-spectrins which were used in the present
study, and similar identity with mouse and Drosophila -spectrins
is observed. In fact, this region is remarkably more conservative
than the C-terminal part of this domain that is implied to play
an essential role in ankyrin binding. We may hypothesize that
lipid binding predated ankyrin binding in evolution, and that the
stability of this N-terminal sequence arises from the physiological
significance and the sensitivity of this activity to mutational
changes.
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