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The aim of the present study is to explore whether membrane targeting of K+ channel-interacting protein 1 (KChIP1)
is associated with its EF-hand motifs and varies with speciﬁc phospholipids. Truncated KChIP1, in which the EFhands 3 and 4 were deleted, retained the α-helix structure, indicating that the N-terminal half of KChIP1 could
fold appropriately. Compared with wild-type KChIP1, truncated KChIP1 exhibited lower lipid-binding capability.
Compared with wild-type KChIP1, increasing membrane permeability by the use of digitonin caused a marked loss of
truncated KChIP1, suggesting that intact EF-hands 3 and 4 were crucial for the anchorage of KChIP1 on membrane.
KChIP1 showed a higher binding capability with phosphatidylserine (PS) than truncated KChIP1. Unlike that of
truncated KChIP1, the binding of wild-type KChIP1 with membrane was enhanced by increasing the PS content.
Moreover, the binding of KChIP1 with phospholipid vesicles induced a change in the structure of KChIP1 in the
presence of PS. Taken together, our data suggest that EF-hands 3 and 4 of KChIP1 are functionally involved in a
speciﬁc association with PS on the membrane.
[Liao Y-S, Chen K-C and Chang L-S 2009 Functional role of EF-hands 3 and 4 in membrane-binding of KChIP1; J. Biosci. 34 203–211]

1.

Introduction

Neuronal calcium sensor (NCS) proteins can be divided
into ﬁve groups according to their sequence similarity.
They are guanylyl cyclase-activating proteins (GCAPs),
recoverins, NCS-1 (also known as frequenin), visinin-like
proteins (VILIPs) and K+ channel-interacting proteins
(KChIPs) (Burgoyne et al. 2004). All of the NCS proteins
share four conserved EF-hand motifs but only two or three
can bind Ca2+. To date, four KChIP families – KChIP1,
KChIP2, KChIP3 and KChIP4 – have been identiﬁed,
and KChIPs functionally regulate the ion-current of the
Kv channel (Pioletti et al. 2006; Wang et al. 2007). All
KChIPs share a high degree of sequence homology at
their C-terminal region, which is constituted by four EFhands, but their N-terminus sequence is notably diversiﬁed
(Morohashi et al. 2002). Among them, only KChIP1 is

N-terminally myristoylated. Nevertheless, KChIP1 does
not possess a reversible Ca2+/myristoyl switch mechanism
whereby Ca2+-binding leads to exposure of the myristoyl
group and subsequent membrane association (Ames et al.
1997). Moreover, intracellular localisation of KChIP1 is
different from other myristoylated NCS proteins (Ames et
al. 2000; O’Callaghan et al. 2003). Previous studies have
revealed that the EF-hand motifs of VILIP-1 contribute to
its translocation to membrane (Lin et al. 2002). Recoverin
is bound with a phospholipid monolayer involving its
myristoyl moiety, hydrophobic amino acid residues and Cterminal positively charged residues (Desmeules et al. 2007;
Senin et al. 2007). Given that fatty acylation is found to be
insufﬁcient for stable membrane association (Resh 1999), it
is likely that the myristoyl group is not the only decisive
factor for membrane targeting of KChIP1. The present study
was carried out to explore whether the EF-hand motifs of
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KChIP1 are involved in binding with membrane. Our data
show that EF-hands 3 and 4 of KChIP1 are involved in
binding with membrane, and a speciﬁc association of EFhands 3 and 4 with phosphatidylserine (PS) enhances the
binding capability of KChIP1 with membrane.
2.
2.1

Materials and methods

Construction of full-length and truncated KChIP1

Human KChIP1 cDNA (NM_014592) was prepared in our
laboratory as described previously (Chang et al. 2003).
Synthetic oligonucleotides were designed to produce an
ampliﬁed DNA fragment spanning the open reading frame
(ORF) of full-length KChIP1 (KChIP1; amino acid residues
1–216) and truncated KChIP1 (KChIP1-Δ3,4, amino acid
residues 1–134, lacking EF-hands 3 and 4). The primers
contained restriction sites (underlined) to facilitate cloning
into the expression vector pET22b(+). For preparation of
wild-type KChIP1 and truncated KChIP1 (KChIP1-Δ3,4),
the forward primer with the sequence 5′-CATATGGGGGC
AGTCATGGGCACCTTC-3′ (NdeI) was used. The reverse
primers for preparing KChIP1 and truncated KChIP1 were
5′-AAGCTTCATGACATTT TGAAACAGCTGGAGAGA3′ (HindIII) and 5′-AAGCTTGATGTCATACAAAT
TAAATGTCCAC-3′ (HindIII), respectively. The reverse
primers did not have a termination codon, and thus the
expressed proteins contained six His residues at their Cterminus. The products of polymerase chain reaction (PCR)
were cloned into the pGEM-T easy vector (Promega) and
conﬁrmed by DNA sequencing. For preparation of green
ﬂuorescent protein (GFP)-tagged KChIP1 (KChIP1–GFP)
and truncated KChIP1 (KChIP1-Δ3,4–GFP), the forward
primer introduced a 5′-HindIII site preceding Met-1, 5′AAGCTTATGGGGGCAGTCATGGGCACCTTC-3′. The
reverse primers were 5′-GGATCCCGCATGACATTTTGA
AACAGCTGGAGAGA-3′ (BamHI) and 5′-GGATCCCGA
TACAAATTAAATGTCCACCTTAGTTTCTC-3′ (BamHI)
for KChIP1–GFP and KChIP1-Δ3,4–GFP, respectively.
PCR-ampliﬁed DNA fragments of KChIP1 and truncated
KChIP1 were cloned into the pEGFP-N1 vector.
2.2

Preparation of recombinant KChIPs

pET22b(+) harbouring full-length or truncated KChIP1
cDNAs was co-transformed with pBB131 encoding Nmyristoyltransferase (kindly provided by Dr Jeffery Gordon,
Washington University, St Louis, MO, USA) into competent
Escherichia coli BL21(DE3) cells. For the induction of gene
expression, E. coli BL21(DE3) cells harbouring plasmids
were grown at 37°C in LB medium containing 50 μg/ml
ampicillin, and 5 μg/ml myristic acid was added until the
J. Biosci. 34(2), June 2009

OD550 reached 0.5. After reaching an OD550 of 1.0, isopropyl
β-D-thiogalactoside was added to a ﬁnal concentration
of 1 mM. Culture was induced for periods of up to 4 h,
and the cells were harvested and lysed by ultrasonication.
Myristoylated KChIP1 and truncated KChIP1 were puriﬁed
on a column of His-Bind resin (Novagen) in accordance
with the manufacturer’s protocol. The homogeneity of the
recombinant proteins was veriﬁed by SDS-PAGE (ﬁgure
1B), and a 210 Da increase in molecular weight due to
incorporation of the myristoyl group at N-terminus was
proved using mass spectrometry (data not shown).
2.3

Cell culture and transient transfection of KChIPs
into cells

Human neuroblastoma SK-N-SH cells and human cervical
cancer HeLa cells were routinely cultured in Dulbecco
modiﬁed Eagle medium (DMEM) containing 10% foetal
calf serum, 2 mM glutamine and penicillin/streptomycin
(100 μg/ml) in an incubator humidiﬁed with 95% air and
5% CO2 at 37°C. Transfection reaction mixtures containing
4 μg plasmid DNA and 10 μl lipofectamine were diluted
in serum-free DMEM to 200 μl, and incubated at
room temperature for 20 min. Cells (1 × 106) were washed
twice with Hanks balanced salt solution (HBSS) and overlaid
with 1 ml of serum-free DMEM to which the DNA–lipid
complexes were added. The cells were incubated for 5 h
at 37°C, and the medium was replaced with DMEM–10%
foetal calf serum. The cells were harvested for further
experiments after 24 h.
2.4 Analyses of membrane-bound and cytosolic KChIP1
in SK-N-SH cells
SK-N-SH cells were transfected with pEGFP-N1–KChIP1
or pEGFP-N1–KChIP1-Δ3,4. After harvesting, the cells
were washed with 50 mM Tris-HCl (pH 7.5) containing 100
mM NaCl, 50 mM KCl, 0.5 mM Mg2+, 0.1 mM Ca2+ and
1 mM phenylmethylsulphonyl ﬂuoride (PMSF), and then
centrifuged at 800 g for 10 min. After disrupting the cells
with sonication, the supernatant (soluble protein fractions)
and the pellet (crude membrane fractions) were separated by
a centrifugation step at 13 000 g for 10 min. The localisation
of KChIPs was detected using anti-GFP antibodies (Santa
Cruz Biotechnology).
2.5

Digitonin-induced permeable membrane

Transfected HeLa cells were washed three times in Krebs–
Ringer buffer and incubated with 20 μM digitonin for 20
min in 300 μl buffer (139 mM potassium glutamate, 20 mM
Pipes, 5 mM EGTA, pH 6.5) at 37°C. The buffer was then
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removed and 500 μl of 4% formaldehyde was added per well
to ﬁx the cells. Cell images were acquired using an Olympus
LSM Fluoview 500 Confocal laser scanning microscope
(Olympus). The images were analysed using the Olympus
LSM Fluoview 500 software (version 4.3) and processed
with the Adobe Photoshop software (Adobe Systems).
2.6 Binding of KChIPs to immobilised lipids
PIP stripsTM (Molecular Probes) were incubated in Trisbuffered saline Tween-20 (TBST) (10 mM Tris-HCl, 150
mM NaCl, 3% [w/v] fatty acid-free bovine serum albumin
[BSA] and 0.1% [v/v] Tween-20, pH 8.0) for 1 h at room
temperature. Membranes were then incubated with KChIP1
(0.5 μg/ml) at 4°C overnight. After washing three times with
TBST, membranes were incubated with anti-His antibodies
(Pharmacia Biotech) and then horseradish peroxidase
(HRP)-conjugated secondary antibodies. The immune
complexes were detected by the SuperSignal West Pico
Chemiluminescent substrate kit (Pierce).
2.7

Detecting the interaction between phospholipids and
KChIP1 using ELISA plates

Enzyme-linked immunosorbent assay (ELISA) 96well microplates were coated with 5 nmol egg yolk
phosphatidylcholine (PC), bovine brain PS or egg yolk
phosphatidylethanolamine (PE) dissolved in ethanol by
evaporation of the solvent at room temperature. After
blocking overnight with phosphate-buffered saline (PBS)
containing 3% BSA, the plates were incubated overnight
with 1 μM KChIP1 or KChIP1-Δ3,4 at 37°C. The lipidbound KChIPs were detected using anti-His antibodies
(Pharmacia Biotech). After incubation with HRP-conjugated
secondary antibody, immunoreactivity was detected
using freshly prepared substrate (1.5 mg 2,2′-azino-di[3ethylbenzthiazoline sulphonic acid] in 10 ml of 0.01 M
citrate buffer, pH 4.2, containing 0.009% H2O2). Absorbance
was measured at 405 nm.
2.8

Preparation of phospholipid vesicles

A total amount of 1 mg of lipid mixtures with the desired
compositions were mixed and dried by evaporation. Four lipid
mixtures including 0% PS (50% PE+ 50% PC, w/w), 30% PS
(30% PS+ 35% PE+ 35% PC, w/w), 60% PS (60% PS+ 20%
PE+ 20% PC, w/w) and 100% PS were prepared. Buffer (10
mM Tris-HCl-100 mM NaCl, pH 7.5) was added to the ﬁlm
of lipids, and after hydration the suspension was sonicated for
40 min to form multilamellar large vesicles (MLV). Large
unilamellar vesicles were prepared by passing through 100
nm polycarbonate ﬁlters using the Avanti Mini extruder.
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2.9

MLV-binding assay

MLV (0.1 mg total lipid/ml) were incubated with 10 μM
KChIP1 or truncated KChIP1 for 15 min at room temperature
in 10 mM Tris-HCl (pH 7.5) containing 100 mM NaCl,
0.5 mM Mg2+ and 0.1 mM Ca2+. The lipid-bound and free
KChIPs were separated by centrifugation at 14 000 rpm for
10 min, and then subjected to western blot analyses.
2.10

Membrane-binding assay

Porcine brain (5 g) was homogenised in 45 ml of 10 mM Hepes
(pH 7.5), 0.32 M sucrose, 0.3 mM PMSF, 1 mM EDTA with
a teﬂon/glass homogeniser. The homogenate was centrifuged
at 4°C for 10 min at 1200 g in a JA-18 rotor (Beckman). The
supernatant was centrifuged at 4°C for 20 min at 29 000 g in
the same rotor. The pellet was washed by resuspension in the
same buffer and recentrifugation. The precipitate from this
second centrifugation was suspended in distilled water for
30 min at 4°C to disrupt synaptosomes. The suspension was
centrifuged for 20 min at 9000 g, and the supernatant was
centrifuged again for 20 min at 29 000 g. The pellet (crude
synaptic membrane fraction) was resuspended in 10 mM TrisHCl (pH 7.5) containing 100 mM NaCl, 0.5 mM Mg2+ and
0.1 mM Ca2+. For the binding assays, varying concentrations
of KChIP1 and KChIP1-Δ3,4 were respectively incubated
with brain membrane (10 μg of proteins) in 10 mM Tris-HCl
(pH 7.5) containing 10 mM NaCl, 0.5 mM Mg2+ and 0.1 mM
Ca2+ for 15 min at room temperature. After centrifugation at
14 000 rpm for 10 min, the pellets were washed three times
and then subjected to western blot analyses.
2.11 Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectra were measured
using a 66 v/s FTIR spectrometer (Bruker Optics). KChIP
(10 μM) was dissolved in D2O-based buffer containing
10 mM Hepes –100 mM NaCl (pH 7.5) in the absence or
presence of 0.1 mg/ml phospholipid vesicles. The samples
were then transferred to a demountable cell composed of
two CaF2 windows separated by a 25 μm teﬂon spacer
clamped together in a brass holder. FTIR spectra were
recorded at a spectral resolution of 2 cm-1 for 200 scans, and
further inverted to second-derivative spectra.
2.12

Other tests

8-Anilino-1-naphthalene sulphonic acid (ANS) ﬂuorescence
measurement, circular dichroism (CD) measurement, SDSPAGE analyses and western blot assays were performed
according to the procedures described previously (Chang et
al. 1996; Kao et al. 2008).
J. Biosci. 34(2), June 2009
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3.

Results and discussion

As shown in ﬁgure 1A, the hydropathic proﬁle of KChIP1
reveals that several continuous hydrophobic tracts appeared
in or in the vicinity of EF-hands 2, 3 and 4. To verify whether
the regions were involved in binding with membrane,
truncated KChIP1 with the EF-hands 3 and 4 deleted
was prepared. As shown in ﬁgure 2A, the CD spectra of
KChIPs showed the typical α-helical structure with maximal
negative ellipticity at 208 nm and 222 nm. However, the CD
spectrum of KChIP1 was different from that of truncated
KChIP1, suggesting that the gross conformation of KChIP1
was distinct from that of KChIP1-Δ3,4. Given that the EFhand motif is characterised by a loop structure ﬂanked by
two helices, the ﬁnding that KChIP1-Δ3,4 possessed an
α-helical structure indicated that the N-terminal half of
KChIP1 folded appropriately after removal of EF-hands 3
and 4. Alternatively, an ellipticity ratio (θ222/θ208) equal to or
greater than 1 is a marker for a coiled-coil structure (Lazo
and Downing 2001). CD spectra revealed that removal of
EF-hands 3,4 caused an interhelical association in KChIP1.
ANS is essentially non-ﬂuorescent in aqueous solution and
becomes appreciably ﬂuorescent in an apolar environment
(Chang et al. 1996). The binding of the apolar ANS to
KChIP1 is accompanied by enhanced ﬂuorescence and a
blue shift in the wavelength of maximum emission from
520 to 470 nm. As illustrated in ﬁgure 2B, compared with
that of KChIP1–ANS complexes, the ﬂuorescence intensity

of KChIP1-Δ3,4–ANS complexes was drastically reduced.
This reﬂected that intact EF-hands 3 and 4 were important
for maintaining the hydrophobic character of the ANSbinding site in KChIP1.
The subcellular localisation of KChIP1 and truncated
KChIP1 were analysed after transient transfection with
KChIP1–GFP and KChIP1-Δ3,4–GFP cDNAs into SK-NSH cells. As shown in ﬁgure 3A, the amount of KChIP1 on
the membrane fraction was higher than that on the cytosolic
fraction. On the other hand, the cytosolic fraction contained
a higher amount of KChIP1-Δ3,4 than the membrane
fraction. This reﬂected that EF-hands 3 and 4 were involved
in the binding of KChIP1 with membrane.
As shown in ﬁgure 3B, compared with GFP protein,
GFP-labelled wild-type and truncated KChIP1 were notably
distributed on the cell membrane of HeLa cells. HeLa cells
were used because of their large and ﬂat morphology as well
as the ease of visualising the internal membrane structure.
After digitonin treatment, GFP protein was completely
removed from the HeLa cells. Unlike KChIP1–GFP, a
marginal amount of KChIP1-Δ3,4–GFP was retained in
the HeLa cells after increasing membrane permeability by
digitonin treatment. These ﬁndings again emphasised the
belief that the membrane-binding capability of KChIP1Δ3,4 was less than that of KChIP1.
To characterise the preference of KChIP1 for binding
with phospholipids, KChIP1 was incubated with
immobilised lipids. As shown in ﬁgure 4A, KChIP1

Figure 1. Hydropathic proﬁle of human KChIP1. (A) The bold lines indicate the hydrophobic regions of KChIP1. Full-length KChIP1 and
truncated KChIP1 (KChIP1-Δ3,4) used in the present study are shown above the hydropathic proﬁle. (B) SDS-PAGE analysis of puriﬁed
KChIP1 and KChIP1-Δ3,4.
J. Biosci. 34(2), June 2009
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Figure 2. Secondary structure and hydrophobic character of 8-anilino-1-naphthalene sulphonic acid (ANS)-binding site of KChIP1 and
truncated KChIP1. (A) Circular dichroism (CD) spectra of KChIP1 and truncated KChIP1. (B) Fluorescence spectra of KChIP1–ANS
complexes and KChIP1-Δ3,4–ANS complexes. The sample cuvettes contained 7.5 μM of KChIPs per ml of 0.025 M Tris-HCl – 0.1 M
NaCl (pH 8.0) and 7.5 μM ANS.
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Figure 3. Involvement of EF-hands 3 and 4 in the association of KChIP1 with membrane. (A) SK-N-SH cells were transfected with
cDNAs to express KChIP1–green ﬂuorescent protein (GFP) and KChIP1-Δ3,4–GFP. The amount of membrane-bound and cytosolic
proteins was analysed by western blot analyses (top). The abbreviations C and M represent cytosolic and membrane fractions, respectively.
Three independent experimental results were quantiﬁed by a scanning densitometer (bottom). Statistical analyses were performed using the
Student t-test. The data were presented as the mean±SD, and P<0.05 was considered signiﬁcant (*P<0.05). (B) Assessment of membranebinding capability of KChIP1–GFP and KChIP1-Δ3,4–GFP by alteration in membrane permeability. Increase in membrane permeability
was induced by treatment with 20 μM digitonin for 20 min. Scale bar: 10 μm.

showed a notable binding afﬁnity with phosphatidic acid
(PA), PS, phosphatidylinositol-4-phosphate and phosphatidylinositol-5-phosphate, and lower association with

phosphatidylinositol-3-phosphate, phosphatidylinositol-3,4bisphosphate and phosphatidylinositol-3,5-bisphosphate. In
plasma membrane, PS, PE and PC are more abundant than
J. Biosci. 34(2), June 2009
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PA and phosphatidylinositol (PI) (van Meer et al. 2008).
Given that the PIP strip contains 0.1 nmol phospholipids,
the binding of KChIP1 with PE and PC may thus be
undetectable. The binding capability of wild-type KChIP1
and truncated KChIP1 for PS, PE, PC and PA was further
examined using 5 nmole phospholipid-coated ELISA
plates. As illustrated in ﬁgure 4B, KChIP1 showed a higher
binding ability with PS and PA than KChIP-Δ3,4. On the
other hand, the binding of wild-type KChIP1 with PE or
PC was statistically indistinguishable from that of truncated
KChIP1. This indicates the contribution of EF-hands 3 and 4
to a speciﬁc association of KChIP1 with PS and PA.
In order to further verify whether PS enhanced the binding
of KChIP1 with membrane, MLV with varying PS content
were prepared. Figure 5A shows that the amount of lipidbound KChIP1 increased with increasing PS content in the
MLV, whereas changes in the binding of truncated KChIP1
with MLV were insigniﬁcant over the tested range of PS

content. These reﬂected that PS enhanced the association of
KChIP1 with membrane, and the integrity of EF-hands 3 and
4 was crucial for the interaction of KChIP1 with PS.
As shown in ﬁgure 5B, the second-derivative FTIR
spectrum of KChIP1 shows a strong amide I maximum
centred at 1653 cm-1, indicating that the secondary structure is
dominated by an α-helical structure (Barth and Zscherp 2002).
The binding of KChIP1 with PC/PE vesicles caused a change
in the FTIR spectra, showing that the secondary structure
of KChIP1 was perturbed upon binding with membrane
bilayers. Alternatively, the structure of PS/PC/PE-bound
KChIP1 was different from that of PC/PE-bound KChIP1
as revealed by the FTIR spectra. These ﬁndings indicate that
a speciﬁc interaction between PS and KChIP1 may perturb
the structure of KChIP1. In the plasma membrane of normal
cells, PS accounts for 25%–35% phospholipids (Lemmon
2008). Thus, our data suggest that the binding of KChIP1
with 30% PS is physiologically relevant.

Figure 4. Preference of KChIP1 and KChIP1-Δ3,4 for binding with phospholipids. (A) KChIP1 (0.5 μg/ml) was incubated with PIPstripTM membranes, and lipid-bound KChIP1 was detected using anti-His antibodies. (B) KChIP1 and KChIP1-Δ3,4 at a ﬁnal concentration
of 1 μM were incubated with 5 nmol phospholipid-coated ELISA plates. Lipid-bound proteins were detected using anti-His antibodies.
Three independent experiments were carried out, and statistical analyses were performed using the Student t-test. The data were presented
as the mean±SD, and P<0.05 was considered signiﬁcant (*P<0.05). n.s., no signiﬁcant difference.
J. Biosci. 34(2), June 2009
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Figure 5. Phosphatidylserine (PS) enhanced the association of KChIP1 with phospholipid vesicles. (A) The binding capability of KChIP1
and truncated KChIP1 with micelles in the presence of varying PS content. Micelles used in the present study comprised 0% PS (50%
phosphatidylethanolamine [PE]+ 50% phosphatidylcholine [PC], w/w), 30% PS (30% PS+ 35% PE+ 35% PC, w/w), 60% PS (60% PS+
20% PE+ 20% PC, w/w) or 100% PS. (Top) Western blot analyses of lipid-bound proteins. (Bottom) Three independent experimental results
were quantiﬁed by a scanning densitometer. Statistical analyses were performed using the Student t-test. The data were presented as the
mean±SD, and P<0.05 was considered signiﬁcant (*P<0.05). (B) Second-derivative Fourier transform infrared (FTIR) spectra in the amide
I region of KChIP1 and lipid-bound KChIP1 in D2O-based buffer.

Figure 6. Quantitative binding of KChIP1 and KChIP1-Δ3,4 with porcine brain membrane or phospholipid vesicles. (A) Binding of
KChIP1 and KChIP1-Δ3,4 with phosphatidylserine/phosphatidylcholine/phosphatidylethanolamine (PS/PC/PE) vesicles comprising
30% PS (30% PS+ 35% PE+ 35% PC, w/w). (Top panel) Western blot analyses of lipid-bound proteins. To rule out the possibility that
KChIP1 and KChIP1-Δ3,4 showed different reactivity with anti-His antibodies, the same concentrations of KChIP1 and KChIP1-Δ3,4 were
loaded as a control for each experiment. (Bottom panel) Quantiﬁcation of the lipid-bound KChIP1 and KChIP1-Δ3,4. Three independent
experimental results were quantiﬁed by a scanning densitometer. (B) Binding of KChIP1 and KChIP1-Δ3,4 with porcine brain membrane.
(Top panel) Western blot analyses of membrane-bound proteins. To rule out the possibility that KChIP1 and KChIP1-Δ3,4 showed different
reactivity toward anti-His antibodies, the same concentration of KChIP1 and KChIP1-Δ3,4 was loaded as a control for each experiment.
(Bottom panel) Quantiﬁcation of membrane-bound KChIP1 and KChIP1-Δ3,4. Three independent experimental results were quantiﬁed by
a scanning densitometer.
J. Biosci. 34(2), June 2009
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As shown in ﬁgure 6, the binding of KChIP1 and
KChIP1-Δ3,4 with either porcine brain membrane or
PS/PC/PE vesicles occurred in a dose-dependent manner.
The dissociation constant of KChIP1 and KChIP1-Δ3,4
for binding with membrane was 0.12 μM and 16.41
μM, respectively. The binding afﬁnity (Kd) of KChIP1
and KChIP1-Δ3,4 with PS/PC/PE vesicles was 0.58 μM
and 16.92 μM, respectively. These again revealed that
KChIP1 had a higher capability to bind with membrane or
phospholipid vesicles compared with KChIP1-Δ3,4. The
binding afﬁnity of KChIP1 with membrane was markedly
higher than that with phospholipid vesicles, reﬂecting the
possibility that binding with the Kv channel may increase
the amount of membrane-bound KChIP1. Together with the
fact that the C-terminus of KChIP1 is involved in binding
with the Kv channel (Scannevin et al. 2004), this suggestion
was further supported by the observation that KChIP1-Δ3,4
showed similar binding afﬁnity to porcine brain membrane
and phospholipid vesicles.
Recent studies on the three-dimensional structure of
GCAP1 reveal that the myristoyl group in GCAP1 remains
buried either in the presence or absence of Ca2+ (Stephen
et al. 2007). Moreover, non-myristoylated GCAP-2 (Vogel
et al. 2007), NCS-1 (Jeromin et al. 2004) and recoverin
(Desmeules et al. 2007) still show binding capability with
phospholipids. Alternatively, a single myristoyl chain is
not enough to provide adequate binding free energy for
quantitative sequestration of a protein to the lipid membrane
unless additional interactions supporting protein binding are
present (Peitzsch and McLaughlin 1993; McLaughlin and
Aderem 1995; Pool and Thompson 1998). These ﬁndings
infer that, in addition to the myristoyl group, the protein
moiety of NCS proteins must be involved in membranebinding. Although myristoylation facilitates the binding of
NCS-1 to membrane, myristoylated NCS-1 binds to PS in a
Ca2+-dependent manner (Jeromin et al. 2004). Moreover, the
highly charged carboxy-terminus of myristoylated recoverin
is essential for electrostatic interaction with PS (Senin et al.
2007), while its hydrophobic amino acids are involved in
hydrophobic association with phospholipids (Desmeules et
al. 2007). Taken together, it is plausible that intact EF-hands
3 and 4 are required for speciﬁc binding of KChIP1 with PS.
Some of the positively charged residues with the Kv
channel have been found to be exposed to interact with the
head group of phospholipids (Long et al. 2005; Freites et al.
2005; Xu et al. 2008). Moreover, previous studies suggest
that rate-determining barriers to potassium conductance in the
BK Ca2+-activated K+ channel may be regulating underlying
PS-dependent tuning of protein conformational changes
(Park et al. 2003). A speciﬁc targeting of KChIP1 to PS is
likely to confer functional implication of PS in regulating
the Kv channel. In conclusion, our data conclusively suggest
that intact EF-hands 3 and 4 are functionally involved in
membrane-binding of KChIP1.
J. Biosci. 34(2), June 2009
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