
Cation- and Peptide-Binding Properties of Human Calmodulin-like Skin Protein†
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ABSTRACT: Human CLSP, a new Ca2+-binding protein specifically expressed in differentiated keratinocytes,
is a 15.9 kDa, four EF-hand containing protein with 52% sequence identity to calmodulin (CaM). The
protein binds four Ca2+ ions at two pairs of sites with [Ca2+]0.5 values of 1.2 and 150µM, respectively.
Mg2+ at millimolar concentrations strongly decreases the affinity for Ca2+ of the two high-affinity sites,
but has no effect on the low-affinity sites. The protein can also bind two Mg2+ ([Mg2+]0.5 ) 57 µM) at
the sites of high Ca2+ affinity. Thus, as fast skeletal muscle troponin C (TnC), CLSP possesses two
high-affinity Ca2+-Mg2+ mixed sites and two low-affinity Ca2+-specific sites. Studies on the isolated
recombinant N- (N-CLSP) and C-terminal half domains of CLSP (C-CLSP) revealed that, in contrast to
the case of TNC, the high-affinity Ca2+-Mg2+ mixed sites reside in the N-terminal half. The binding of
cations modifies the intrinsic fluorescence of the two Tyr residues. Upon Ca2+ binding, hydrophobicity
is exposed at the protein surface that can be monitored with a fluorescent probe. The Ca2+-dependency
of the two conformational changes is biphasic in the absence of Mg2+, but monophasic in the presence
of 2 mM Mg2+, both corresponding closely to direct binding of Ca2+ to CLSP. In the presence of Ca2+,
human CLSP forms a high-affinity 1:1 complex with melittin, a natural peptide considered to be a model
for the interaction of CaM with its targets. In the complex, CLSP binds Ca2+ with high affinity to all four
binding sites. Isolated N- and C-CLSP show only a weak interaction with melittin, which is enhanced
when both halves are simultaneously presented to the model peptide.

The major function of the epidermis is the formation of a
competent barrier to protect the organism from the external
environment and from internal water loss. This task is mainly
fulfilled by keratinocytes which proliferate in the basal layer
of the epidermis and differentiate into corneocytes during
their migration, thus forming the stratum corneum at the
surface of the skin. The keratinocyte differentiation program
is, in vivo and in vitro, tightly controlled by a Ca2+ gradient.
In cell cultures in vitro, an extracellular Ca2+ concentration
between 0.05 and 0.1 mM favors proliferation, whereas
[Ca2+] above 1.0 mM induces keratinocyte differentiation
(1). Two sets of data confirmed the importance of the Ca2+

gradient in the control of epidermal differentiation: first, the
existence of an in vivo Ca2+ gradient was demonstrated in
the epidermis (2, 3); and second, changes in the Ca2+ gradient
following an epidermal barrier disruption were interpreted
as a repair signal for keratinocytes, stimulating their prolif-
eration (4).

Little information is available concerning the proteins that
could mediate these Ca2+ signals in the epidermis. During
their differentiation process, keratinocytes start to express
specific proteins including Ca2+-binding proteins such as
profilaggrin (5), trichohyalin (6), several S100 proteins (7),
and the CLSP1 (8), a calmodulin-like protein expressed only

at very late stages of keratinocyte differentiation just
underneath the stratum corneum. CLSP is a very good
candidate to participate in the regulation of the final transition
of the living keratinocyte to a dead corneocyte, in particular
since it was reported to bind transglutaminase 3 (8), an
enzyme implicated in the formation of the cornified envelope,
a key structure of the stratum corneum formed by covalent
links between keratins and many other proteins (9).

CLSP may be unique in its function in terminal dif-
ferentiating keratinocytes, yet it belongs to a huge family of
Ca2+-binding proteins composed of four EF-hand motifs and
devoted to decoding the Ca2+ signal in all kinds of cells and
tissues. More specifically, CLSP belongs to a small subgroup
that strongly resembles CaM, the prototype Ca2+-binding
protein closest to the ancestor of the whole family (10). To
this restricted group belong (in vertebrates) the following:
first, CaM-like protein which functions as a light chain of
nonconventional myosin X (11); second, TnC that regulates
contraction in striated muscle; third, the B subunit of
calcineurin (CnB) that confers Ca2+ regulation to this
phosphatase (12); and fourth, centrin that is active in
centrosome movements and duplication (13). Myosin light
chains also are close to this family, although they have lost
most or all of their capacity to bind Ca2+. For some of these
proteins, the three-dimensional structure has been elucidated.
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CaM, TnC, and CnB consist of two independent folding units
of equal size. In the Ca2+ form, these units are in the ‘open’
conformation with a patch of 800 Å2 hydrophobic surface
exposed to the solvent. In the Ca2+-free form, a ‘closed’
conformation prevails with the hydrophobic residues buried
in the interior of the core in each half. In CaM, the two units
are linked by a longR-helix that is prone to unwinding in
the middle (14). This allows contact and thus cross-talk
between the two halves (15, 16). The very close members
TnC and CaM display surprisingly different properties: TnC
possesses two high-affinity Ca2+-Mg2+ mixed sites and two
low-affinity Ca2+-specific sites; CaM displays only four low-
affinity Ca2+-specific sites.

Many of the target proteins of CaM possess a short
amphiphilicR-helical segment, the CaM-binding site, that,
when excised from the enzyme, interacts with CaM with
characteristics that strongly resemble those in the intact
enzyme (17). The three-dimensional structure of the CaM-
peptide complex reveals that CaM’s central helix is kinked
and its hydrophobic patches are fully enclosing theR-helix
of the target peptide (18). Variants of this conformation are
also observed for CnB in the holoenzyme and for myosin
light chains in myosin. Thus, in this subgroup of Ca2+-
binding proteins, a single synergistic unit is formed between
the two halves of the protein and the target peptide. A very
similar complex is formed between CaM and melittin (ME)
(19), a bee venom peptide that is considered to be a model
for CaM-target protein interaction (20).

Here we investigated the cation-binding properties of
CLSP and the ensuing conformational changes and found
that, with its high- and low-affinity Ca2+-binding sites and
a pronounced effect of Mg2+, CLSP is more similar to TnC
than to CaM. However, the high-affinity Ca2+-Mg2+ mixed
sites are located in the N-terminal half of CLSP, contrary to
the case of TnC. We also report that CLSP forms a Ca2+-
dependent 1:1 and high-affinity complex with ME and both
lobes of CLSP contribute to the strength of interaction with
ME.

MATERIALS AND METHODS

Materials. Recombinant CLSP and C-CLSP were ex-
pressed and purified as described before (8). The cDNA
coding for truncated CLSP (C-CLSP71-146) was obtained
by RT-PCR amplification in pGgex-2T plasmid (clone
46046e7) usingturbo-pfu polymerase and primer oligonucleo-
tides 5′-gataggatccacggcggcaaggaggcc-3′ and 5′-ttgaattct-
cactcctgggcgagc-3′ under the following conditions: 1 cycle
for 2 min at 95°C, 30 cycles (94°C for 1 min, 47°C for 1
min, 72°C for 1 min), and 1 cycle at 72°C for 7 min. The
PCR product was gel-purified and digested byEcoRI and
BamHI restriction enzymes, and then cloned in pGgex-2T
as reported before (8). Plasmid containing the cloned cDNA
was used to transformE. coli strain BL21. Expression and
purification of C-CLSP were performed according to (8) with
modifications; the induction of expression was performed
using 0.2 mM IPTG at 37°C for 3-4 h.

For the purification of wild-type N-CLSP, plantar stratum
corneum of healthy donors (300 g) was hydrated for 2 days
and homogenized at 4°C in 1800 mL of TBS (25 mM Tris-
HCl, pH 7, 500 mM NaCl, 1 mM MgCl2, 2 mM CaCl2,
0.02% sodium azide) containing protease inhibitory cocktail

(Complete EDTA-free from Roche Molecular used according
to the manufacturer’s instructions, complemented with 1µM
pepstatin). The suspension was first filtered on a 40µm mesh
Nylon filter (Millipore). The resulting supernatants were
successively passed over 1 and 0.2µm Polycap filters before
chromatographic separation. N-CLSP and intact CLSP were
purified on a phenyl-Sepharose column in the presence of 2
mM calcium and eluted from the column by 5 mM EDTA,
as described previously (8). N-CLSP was separated from
undegraded CLSP by gel filtration on a G75HR16/60
column, previously equilibrated in 50 mM phosphate buffer
containing 150 mM NaCl at 4°C. Fractions were analyzed
by SDS-PAGE on 15% polyacrylamide gels. The exact
sequence of the two halves was determined by amino acid
composition, Edman degradation, and mass spectrometry.
N-CLSP spans residues 1-75 and C-CLSP 71-146. Melittin
was purchased from Sigma and further purified as previously
described (21).

Metal Ion RemoVal and Protein Concentration.The
protein samples were dialyzed extensively against 50 mM
Tris-HCl, pH 7.5, 150 mM KCl (buffer A) containing 1 mM
EGTA and put on a 0.8× 40 cm Sephadex G-25 column
equilibrated in buffer A. Occasionally we used the TCA
method (22). The protein concentration was measured
spectrophotometrically using molar extinction coefficients
at 276 nm of 3400 M-1 cm-1 for CLSP and 1700 M-1 cm-1

for N- and C-CLSP. The extinction coefficient of CLSP was
determined by dry weight and is 12% higher than that
estimated from the Tyr content as described by Pace et al.
(23).

Ca2+ and Mg2+ Binding. Ca2+ binding was measured at
25 °C by the flow dialysis method (24) in buffer A. Protein
concentrations were 20-30 µM. Treatment of the raw data
and evaluation of the intrinsic metal-binding constants were
as described (25). The data were analyzed with the equation
of Adair for four binding sites:

whereK1, K2, etc. are the stoichiometric association constants
for the binding of the first and second Ca2+ to the protein.
The intrinsic association constants, used in this study to
present the data, are linked to stoichiometric ones by the
statistical factors 4, 3/2, 2/3, and 1/4 (25). Mg2+-binding
studies were carried out by equilibrium gel filtration at room
temperature as reviewed previously (25) in buffer A contain-
ing 50µM EGTA, to complex contaminating Ca2+. For Ca2+

binding to CLSP in the presence of a 2-fold excess of ME,
the buffer used for the perfusion was complemented with 1
µM ME. The antagonism between Ca2+ and Mg2+ was tested
with the competition equation for each site:

where K′Ca and K′Ca,app are the intrinsic Ca2+-binding
constants for a given site in the absence and presence of
Mg2+ andK′Mg,compthe calculated Mg2+-binding constant for
this site.

ν ) {K1[Ca2+] + 2K1K2[Ca2+]2 + 3K1K2K3[Ca2+]3 +

4K1K2K3K4[Ca2+]4}/{1 + K1[Ca2+] + K1K2[Ca2+]2 +

K1K2K3[Ca2+]3 + K1K2K3K4[Ca2+]4} (1)

K′Ca/K′Ca,app) 1 + K′Mg,comp[Mg2+] (2)
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Near-UV Difference Spectra.Difference spectra were
measured with a Perkin-Elmerλ16 spectrophotometer at
room temperature. The protein concentrations were 150µM
for CLSP and 300µM for N- and C-CLSP. The difference
spectra were normalized to molar absorption differences.

Conformational Changes Monitored by Tyr Fluorescence.
Emission fluorescence spectra were taken with a Perkin-
Elmer LS-5B spectrofluorometer on the metal-free forms of
CLSP (20µM), of N- or C-CLSP (45µM) in buffer A at 25
°C with excitation at 278 nm and both slits at 5 nm; 20µM
EGTA, or 2 mM Mg2+ or Ca2+, or 4 M guanidine
hydrochloride was added to monitor the effect of the
respective ions or to obtain the spectrum of the denatured
protein. The Ca2+ dependence of the Tyr fluorescence change
was titrated on metal-free protein in buffer A with or without
2 mM Mg2+. The fluorescence intensity was averaged from
302 to 306 nm. The free [Ca2+] was calculated with the
speciation program Eqcal of Biosoft (1996) using the Ca2+-
binding constants for CLSP reported in this study.

Interaction of CLSP with the Hydrophobic Probe TNS.
Changes in the fluorescence properties of 2-p-toluidinyl-
naphthalene-6-sulfonate (TNS) were monitored by fluorom-
etry. After incubation of 2µM apo protein in buffer A
containing either 20µM EGTA, 2 mM Ca2+, or 2 mM Mg2+

with 40 µM TNS for 5 min, the solutions were excited at
328 nm and the emission spectra recorded at 25°C with 5
nm slits. The Ca2+ titrations were carried out on 2µM metal-
free protein in buffer A in the absence or presence of 2 mM
Mg2+. Due to contaminating Ca2+ in the TNS solution,
EDTA up to 5µM was added. Free [Ca2+] was calculated
with the Eqcal program using the Ca2+-binding constants of
EDTA (26).

Interaction with Melittin.The interaction of CLSP with
ME was monitored by Trp fluorometry on an equimolar
mixture of 2 µM metal-free CLSP and ME in buffer A.
Excitation was at 278 nm; both slits were at 10 nm. EGTA,
Ca2+, or Mg2+ was added to final concentrations of 50µM,
1 mM, or 2 mM, respectively, to obtain the respective metal-
free, Ca2+ and Mg2+ forms. The stoichiometry of the CLSP-
ME complex could be evaluated from the fluorescence
titration in buffer A plus 1 mM Ca2+ either of 1.2µM ME
with CLSP increments or of 1.27µM CLSP with melittin
increments (data not shown). Blank titrations were performed
to make the necessary subtractions. The interaction between
N- or C-CLSP and ME was studied at a 5-fold higher protein
concentration. The interactions between CLSP or N-CLSP
and ME were also monitored by nondenaturating gel elec-
trophoresis on 10% polyacrylamide gels as previously
reported (20).

RESULTS

Ca2+ and Mg2+ Binding to Entire CLSP and N- and
C-CLSP.The Ca2+-binding isotherms of CLSP in 0, 0.5, and
2 mM Mg2+ determined by flow dialysis are presented in
Figure 1 and the affinity constants are summarized in Table
1. The absence of Mg2+ displays two sites of high affinity
([Ca2+]0.5 ) 1.2 µM) with strong positive cooperativity (nH

) 1.99) and two sites of low affinity ([Ca2+]0.5 ) 150 µM)
without any cooperativity. 0.5 mM Mg2+ strongly decreases
the affinity and allostery of the high-affinity sites for Ca2+

([Ca2+]0.5 ) 14µM), but does not affect the low-affinity sites.

In 2 mM Mg2+, the protein binds four Ca2+ with an identical
affinity for the four sites ([Ca2+]0.5 ) 140µM) and without
cooperativity. These data suggest that CLSP possesses two
high-affinity sites of the Ca2+-Mg2+ mixed type and two
low-affinity sites of the Ca2+-specific type. In this respect,
CLSP thus shows more resemblance to troponin C (TnC)
than to CaM with its four Ca2+-specific sites (27). Assuming
competition between Ca2+ and Mg2+ at the two high-affinity
sites, the calculated meanK′Mg,compvalue [(K′1Mg × K′2Mg)0.5,
values in italic in Table 1] is 1.7× 104 M-1. Direct Mg2+

binding, studied with the equilibrium gel filtration method,
shows that 2( 0.1 Mg2+ ions bind with a meanK′Mg value
of 1.6 × 104 M-1 and annH of 0.83 (Figure 1, inset). This
is in agreement with the model that the high-affinity sites in
CLSP bind Ca2+ andMg2+, but Mg2+ with a 100-fold lower
affinity. In an equilibrium gel filtration experiment in the
presence of 500µM free Ca2+ plus500µM Mg2+, only Ca2+

binding was observed. This and conformational data dis-
cussed later point to strict competition between Ca2+ and
Mg2+ at the two high-affinity sites and not to the existence
of ‘auxiliary’ Mg2+-binding sites as in the case of calmodulin
(27, 28).

Studies of the Ca2+ affinity and Ca2+-Mg2+ selectivity
of the isolated N- and C-terminal halves allowed the
assignment of the high- and low-affinity sites in CLSP. These

FIGURE 1: Ca2+ and Mg2+ binding to CLSP at 25°C in 50 mM
Tris-HCl, pH 7.5, 150 mM KCl. Flow dialysis on 25µM protein
in the absence (0) and presence of 0.5 or 2 mM Mg2+. Experiments
were carried out in duplicate as shown by marks of different style.
Flow dialysis was also carried out in the presence of 1.5 equiv of
ME in the absence of Mg2+ (squares). All the binding constants
are summarized in Table 1. Inset: Mg2+ binding performed by
equilibrium gel filtration in buffer A containing 50µM EGTA. The
two intrinsic constants amount to 2.3× 104 M-1 and 1.1× 104

M-1; nH equals 0.83, and total binding is 2.1 Mg2+ per CLSP.

Table 1: Intrinsic Ca2+-Binding Constants of CLSPa

mM Mg2+ K′1 (M-1) K′2 (M-1) K′3 (M-1) K′4 (M-1)

0 7.0× 104 1.4× 106 1.8× 104 1.8× 104

0.5 2.6× 104 3.6× 104 1.4× 104 1.4× 104

3.4× 103 7.6× 104

2 8.5× 103 8.5× 103 1.1× 104 1.1× 104

3.6× 103 8.2× 104

ME 6.0× 105 1.3× 106 1.3× 105 1.7× 105

a The constants were obtained by iterative fitting of the data of Figure
1 to the Adair equation for four sites. TheK′Mg,i,comp values (in italic)
were calculated with eq 2. In the experiments with ME, a 1.5-fold excess
of peptide was present.
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halves contain the intact pairs of N- and C-terminal EF-
hands, respectively. Flow dialysis revealed that in the absence
of Mg2+ Ca2+-binding to N-CLSP is slightly complex with
binding of 1.6 Ca2+ with a [Ca2+]0.5 of 2.5 µM (nH ) 1.1),
followed by further binding of 0.4 Ca2+ with [Ca2+]0.5 equal
to 200µM; in the presence of 2 mM Mg2+, N-CLSP binds
2 Ca2+ with a [Ca2+]0.5 of 125 µM (nH ) 1.0) (Figure 2).
The calculatedK′Mg,compvalue is 2.4× 104 M-1, quite similar
to that calculated for the first binding phase in intact CLSP.
C-CLSP also binds two Ca2+, but with a [Ca2+]0.5 of 170
µM (nH ) 1.05), as was observed for the two last binding
steps in intact CLSP. 2 mM Mg2+ did not noticeably affect
the binding of Ca2+. Together these data strongly suggest
that the N-terminal domain in intact CLSP contains the high-
affinity Ca2+-Mg2+ mixed sites whereas the C-terminal
domain possesses the two low-affinity Ca2+-specific sites.
These data also indicate that the two domains are fairly
independent, as was also reported for CaM, TnC, and Ca2+-
vector protein, three other members of the subfamily.
However, some cross-talk occurs between the two halves
since the strong positive cooperativity in the N-domain of
the intact protein is lost in the isolated domain and the
truncation leads to a loss of high affinity for Ca2+ of 20%
of the sites.

Secondary Structure by Far-UV Circular Dichroism.The
far-UV circular dichroic spectrum of CLSP (data not shown)
is very similar to that of most other members of the
calmodulin family with an estimatedR-helix content of 40-
50%. No changes occur upon binding of Ca2+ or Mg2+.
Although quite unusual for a member of the CaM family
(29), this was also observed in two centrins (30, 31).

Difference Spectra.Figure 3 shows the UV difference
spectra of CLSP (150µM) induced by addition of 300µM
(to saturate only the high-affinity sites) and 2 mM Ca2+ (to
saturate all the sites) and of 2 mM Mg2+. The negative twin
peaks at 286 and 279 nm are due to Tyr13 and -136, whereas
the peaks at 257, 262, and 270 nm are due to Phe. The
spectrum is very similar to that of CaM-like protein (32),
where the twin peak was attributed to Tyr138 (equivalent

of Tyr136 in CLSP). Interestingly, 85% of the spectral
change occurs upon binding of two Ca2+ to the high-affinity
sites (light gray versus black line in Figure 3). Mg2+ binding
leads to much smaller conformational changes. To define
the relative contributions of each of the two Tyr residues,
the single Tyr13 in the N-terminal domain and the single
Tyr136 in the C-terminal domain, we measured the difference
spectra of N- and C-CLSP. The normalized Ca2+ - apo
difference spectrum is 4-fold higher in C-CLSP than in
N-CLSP, and the summed difference spectrum is 1.2-fold
higher than that of entire CLSP. In contrast, the Mg2+ -
apo difference spectrum is much more pronounced in
N-CLSP than in C-CLSP. The sum of spectra of N- and
C-CLSP yields spectra not different from those of entire
CLSP. This additivity suggests that there isno pronounced
cross-talk between the domains in CLSP.

Tyr Fluorescence.Upon excitation of a solution of 20µM
metal-free CLSP at 276 nm, maximal emission fluorescence
occurs at 305 nm. Additions of 2 mM Mg2+ or Ca2+ lead to
a 1.3- and 1.9-fold increase, respectively, in fluorescence
intensity (Figure 4A). Addition of both Ca2+ and Mg2+ yields
the same spectrum as for Ca2+ alone. Denaturation of the
protein by addition of 4 M guanidine hydrochloride leads to
a 2 nm blue shift of the maximum, but without a change in
the intensity of the fluorescence. In N-CLSP, the additions
of Mg2+ or Ca2+ lead to a small change of 1.37- and 1.04-
fold, respectively. Upon addition of guanidine hydrochloride,
the fluorescence falls to about half, and the latter corresponds
to half of that in CLSP. Metal-free C-CLSP shows surpris-
ingly low emission fluorescence, and addition of 4 M
guanidine hydrochloride increased the intensity over 6-fold,
indicating that the single Tyr136 is strongly quenched in the
folded apo protein. Interestingly, the summation spectra of
the different forms of N- and C-CLSP spectra are quite
similar to those of the corresponding forms of the entire
protein, indicating that the rule of additivity is respected.
This suggests that the domains are largely independent
folding units and confirms our conclusions from direct Ca2+

binding and difference spectrophotometry.

FIGURE 2: Ca2+ binding to N- and C-CLSP in conditions described in Figure 1. Flow dialysis on 50µM protein in the absence (circles)
and presence of 2 mM Mg2+ (squares). Experiments were carried out in duplicate as shown by marks of different style.
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The fluorescence titration of 20µM CLSP with Ca2+ in
the absence of Mg2+ (Figure 4B) shows two phases: the
first one with an amplitude of 43% ([Ca2+]0.5 ) 1.7 µM)
and one with an amplitude of 57% ([Ca2+]0.5 ) 170 µM).
The two phases are clearly related to the high- and low-
affinity sites, respectively. Strong positive cooperativity in
the first phase is observed in both Figure 1 and Figure 4. In
the presence of 2 mM Mg2+, the titration with Ca2+ shows
a single transition with a [Ca2+]0.5 of 180 µM and is again
reminiscent of the direct Ca2+-binding curve in 2 mM Mg2+

(Figure 1, [Ca2+]0.5 ) 120µM). Similar titrations on N-CLSP
could not be done for lack of a significant Ca2+-dependent
signal change. Titration of C-CLSP with Ca2+ yielded a
single transition with a [Ca2+]0.5 of 116 µM and was not
affected by Mg2+. These data confirm that the C-terminal
half of CLSP harbors the two low-affinity sites and that the
binding parameters of this isolated domain are the same as
in the whole protein.

TNS Fluorescence Enhancement.A key event in the
activation of CaM by Ca2+ is the exposure of two hydro-
phobic patches on its surface, which in turn allows strong
interaction with the target enzyme. This event can be
monitored with the fluorescence enhancement of the hydro-
phobic probe TNS (33). Ca2+-saturated CLSP enhances the
TNS fluorescence 10-fold, but not the apo protein (Figure
5, inset). The spectrum with the Mg2+ form is identical to
that of the apo form (not shown). The Ca2+ titration of this
event on a mixture of 2µM apo CLSP and 40µM TNS in
the absence of Mg2+ displays two distinct phases ofequal
amplitude (Figure 5). The first occurs at [Ca2+]0.5 ) 0.6µM
andnH ) 0.6; the second at 196µM and annH of 1.4. Thus,
binding of Ca2+ to the pairs of sites in each half, respectively,
leads to the exposure of two hydrophobic patches, which
are of equal quality as probed with TNS. A similar titration
in the presence of 2 mM Mg2+ reveals a single conforma-
tional transition with [Ca2+]0.5 of 120 µM (nH ) 1.4). N-
and C-CLSP enhance the fluorescence of TNS to the same

extent as CLSP, but at a 2-fold higher molar protein
concentration (data not shown). In a Ca2+ titration of
N-CLSP, a single transition occurs with a half-maximal
change at 2 (no Mg2+) or 300 µM Ca2+ (2 mM Mg2+). A
similar titration on C-CLSP yielded a single transition with
a [Ca2+]0.5 of 85 µM (nH of 1.3), corresponding to the low-
affinity transition in whole CLSP. These data clearly show
that the exposure of the hydrophobic patches in each of the
domains is directly governed by the Ca2+ affinity of that
domain.

Interaction with the Model Peptide Melittin Monitored by
Trp Fluorescence.While the interaction of CLSP with TNS
reveals the importance of the hydrophobic exposure for the
activation of potential targets, a more specific interaction of
higher affinity was demonstrated with melittin (ME). ME
contains a Trp whose fluorescence strongly increases upon
binding of CaM. Figure 6A shows that addition of Ca2+ to
an equimolar mixture of CLSP and ME leads to a significant
(1.3-fold) increase of the fluorescence intensity and a strong
blue shift from 352 to 329 nm. In contrast, the apo CLSP
plus ME spectrum superposes to the calculated sum of the
individual components (thin black line), thus strongly sug-
gesting that no complex is formed in the absence of Ca2+.
The stoichiometric titration profile of ME with CLSP
displays a linear increase and a sharp leveling off at a ratio
of 0.99 (not shown), indicative of the formation of a high-
affinity (KD < 20 nM) complex of 1:1 stoichiometry. The
spectral changes in the Trp of ME induced by N- and
C-CLSP are much more moderate than with entire CLSP
and were therefore monitored at 5-fold higher protein and
peptide concentrations. Under these conditions, N-CLSP or
C-CLSP provokes a 6 or 13 nmblue shift, respectively, of
the spectrum of ME (Figure 6B). As a control, no blue shift
was observed in the presence of EGTA. Upon increasing
the ratio of CLSP halves to ME, a stronger blue shift (N-
CLSP) or increase of the fluorescence intensity (C-CLSP)
is observed (data not shown), suggesting that each of the

FIGURE 3: Near-UV difference spectra of CLSP, N-CLSP, and C-CLSP. The spectra were taken in buffer A at room temperature and
normalized for a protein concentration of 20µM. ‘Ca2+ form - apo form’ after addition of 2 mM Ca2+ (black lines); Mg2+ form - apo
form after addition of 2 mM Mg2+ (dark gray lines). The left panel shows also the difference spectrum after addition of only 2 equiv of
Ca2+ (light gray line) to CLSP.
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halves can interact with ME, but with a lower affinity than
CLSP. Interestingly, the equimolar mixture of N- and
C-CLSP (10µM) yielded the same intensity increase in the
spectrum of ME, although not the same blue shift, as intact
CLSP (Figure 6B), indicating clearly that the two halves of
CLSP can interact simultaneously with the single model
peptide, apparently in a cooperative manner.

Direct Ca2+ binding to an equimolar mixture of metal-
free CLSP and ME revealed a biphasic isotherm in which
the affinities of both pairs of sites are increased (Figure 1
and Table 1). Thus, the binding of melittin necessitates that
both halves are saturated with Ca2+ and acquire their
hydrophobic patches. The overall 60-fold increase of Ca2+

affinity of all the EF-hand motifs in the complex CLSP‚
Ca4‚ME seems to be the driving force of the high-affinity
interaction of CLSP with ME.

Interaction with Melittin Monitored by NatiVe PAGE.The
association of CLSP with ME was confirmed by native
PAGE in 10% polyacrylamide gels polymerized in the
presence of 3 mM Ca2+ (Figure 7A). CLSP migrates with
an Rf of 0.56, free ME with its high pI does not enter the
gel, and the CLSP‚Ca4‚ME complex migrates as a single
band with anRf of 0.32. The 1:1 complex is progressively
formed when the ratio of ME to CLSP increases. In similar
conditions, free CaM migrates with anRf of 0.62 and CaM‚
Ca4‚ME with an Rf of 0.57. The complex CLSP‚ME was

FIGURE 4: (A) Tyr fluorescence spectra of CLSP (20µM) in buffer A containing 50µM EGTA (dark gray line), 2 mM Ca2+ (thick black
line), 2 mM Mg2+ (light gray line), or 4 M guanidine hydrochloride (thin black line). Both slits were at 5 nm. To facilitate comparison, the
spectra of N- and C-CLSP were also normalized to 20µM protein concentration. (B) Titration of 20µM metal-free CLSP by Ca2+ in the
absence (dark gray line) and presence (light gray line) of 2 mM Mg2+. The biphasic theoretical curve was generated with the following
intrinsic binding constants (K′n): 7.0 × 104, 1.6 × 106, 1.4 × 104, and 1.5× 104 M-1, and with the following relative contributions: 0,
0.43, 0.285, and 0.285 for the successive binding steps. Black line: titration of 40µM C-CLSP by Ca2+ in the absence of Mg2+. The
theoretical curve was generated with the following:K′n ) 5.5 × 103 and 1.4× 104 M-1.
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not formed if gels were prepared in 1 mM EGTA or in 1
mM EGTA plus2 mM Mg2+, indicating that the apo or Mg2+

forms are not able to bind ME (data not shown). When an
equimolar mixture of CLSP, CaM, and ME was submitted
to PAGE in Ca2+-containing gels, the band corresponding
to the CLSP‚Ca4‚ME complex was distinctly more intense
than the CaM‚Ca4‚ME complex (Figure 7B), suggesting that
CLSP binds with higher affinity to ME than CaM. Thus, as
for CaM (20), the dissociation constant of the CLSP‚Ca4‚
ME complex seems to be in the lower nanomolar range.
Native PAGE on a mixture of N-CLSP and increasing molar

ratio of ME from 0.2 to 2 lead to the gradual disappearance
of the N-CLSP band without the appearance of a distinct
new protein band (data not shown). Instead, a gradually more
intense smear of protein staining is detected above the
N-CLSP band. This confirms that there is interaction between
N-CLSP and ME, but of low affinity.

DISCUSSION

CLSP, a new Ca2+-binding protein expressed only in late-
stage-differentiating human keratinocytes (47), apparently
belongs to the restricted CaM family, also called the TNC
superfamily (8). This family possesses a common genomic
pattern (34) and comprises the paradigm activator CaM,
CaM-like protein, and troponin C, as well as calcineurin B
(35% sequence identity to CaM) and centrin (30% identity).
CLSP displays 52% sequence identity to CaM; its four EF-
hands are fully canonical and in perfect register with those
of CaM or fast muscle TnC. Only the central helix is three
residues shorter in CLSP than in CaM, but the length of the
linker seems not to be very important for the function of
CaM (35). From this sequence analysis, one can infer that
CLSP is closer to CaM, CaM-like protein, and TnC than
any other CaBP. Structurally CaM possesses two well-formed
separate N- and C-terminal halves that casually interact when
the unstable centralR-helix unwinds. This interaction
becomes strongly synergistic in the presence of a target
protein or its representative short target peptide (17). Our
study shows that in all these aspects CLSP is very similar:
the N- and C-terminal halves are independent folding units
and show a CaM-like mode of interaction with a model
peptide, i.e., simultaneous, cooperative binding of the two
domains on a single ME peptide. The three most obvious
differences between CaM and TnC are their tissue specificity,
selectivity toward targets, and Ca2+-Mg2+ selectivity of the
cation-binding sites. CaM is ubiquitously expressed in all

FIGURE 5: TNS fluorescence enhancement by CLSP at 25°C in
50 mM Tris-HCl, pH 7.5, 150 mM KCl. Titration of the mixture
of 2 µM metal-free protein and 40µM TNS by Ca2+ in the absence
(black line) and presence (gray line) of 2 mM Mg2+. The signal
changes were normalized between 0 and 1. In the absence of Mg2+,
the first transition is characterized by [Ca2+]0.5 ) 0.6 µM and nH
) 0.6, the second by [Ca2+]0.5 ) 196 µM and nH ) 1.4. In the
presence of 2 mM Mg2+, [Ca2+]0.5 ) 120µM andnH ) 1.4. Inset:
TNS fluorescence spectra in the absence of CLSP (light gray line)
and in the presence of CLSPplus2 mM Ca2+ (black line), or CLSP
plus 1 mM EGTA (dark gray line).

FIGURE 6: (A) Interaction of CLSP with ME measured by Trp fluorescence of ME. 2µM CLSP and 2µM ME in buffer A. Ca2+-saturated
CLSP+ ME (experimental, red line; calculated, black line); metal-free CLSP+ ME (experimental, blue line; calculated, black line); ME
alone (green line); Ca2+-saturated (gray line); and metal-free CLSP (cyan line). (B) Interaction of N- or C-CLSP or its equimolar mixture
with ME. All components were at 10µM in buffer A. Ca2+-saturated N-CLSP+ C-CLSP+ ME (red line); Ca2+-saturated N-CLSP (pink
line) or C-CLSP (blue line)+ ME; ME alone (green line); Ca2+-saturated N-CLSP (gray line); C-CLSP (cyan line) or equimolar mixture
(black line).
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types of tissues at protein concentrations from 1 to 10µM
and activates numerous enzymes and cytoskeletal proteins,
whereas TnC is only expressed in striated muscle at much
higher protein concentrations and interacts only with the other
troponin subunits. In this respect, CLSP resembles much
more TnC than CaM, since it is exclusively expressed in
one tissue. CLSP also may have few target proteins, such as
the stratum corneum-specific transglutaminase 3, which
interacts with CLSP, but not with CaM.

In its cation-binding properties, CLSP is also more related
to TnC than to CaM. CaM binds four Ca2+ with nearly
equally low affinity centered around 105 M-1, and Mg2+

moderately antagonizes Ca2+ binding to all four sites, not
by direct competition, but by binding with low affinity to
‘auxiliary’ sites (28). This cation-binding profile is very
different from that of CLSP, which possesses two pairs of
sites of very different properties: the pair of high Ca2+

affinity (KCa ca. 106 M-1) can also bind strongly Mg2+ (KMg

> 104 M-1), and this Mg2+ competes with Ca2+. The pair of
low Ca2+ affinity (KCa ) 104 M-1) is mostly insensitive to
Mg2+. These ion-binding properties resemble those of fast
skeletal muscle TnC with its two high-affinity Ca2+-Mg2+

mixed sites and two low-affinity Ca2+-specific sites in the
C- and N-terminal halves, respectively (36). The difference
in Ca2+ affinity between the high- and low-affinity sites (ca.
20-fold) is similar in CLSP and in TnC.

Besides the similarities, our study revealed two major
differences between CLSP and TnC: first, the very strong

positive cooperativity in Ca2+ binding to the high-affinity
sites of CLSP; and second, the location of the high-affinity
sites in the N-terminal half of CLSP. The positive cooper-
ativity (nH ) 2) upon binding of Ca2+ to the high-affinity
sites, which was confirmed in the Tyr fluorescence titration,
is specific for Ca2+. Mg2+ binding to these same sites displays
negatiVe cooperativity (nH ) 0.83). This allostery seems to
be fragile since it is mostly lost in N-CLSP, the isolated
N-terminal half, and also when Mg2+ is present. The study
of N- and C-CLSP allowed us to determine the precise
location of the high- and low-affinity sites. N-CLSP (1-75
segment) binds either two Ca2+ or two Mg2+, both with high
affinity. Moreover, in N-CLSP, all the conformational
changes occur at micromolar Ca2+ concentrations in the
absence of Mg2+, but they shift to submillimolar [Ca2+]0.5

values in the presence of 2 mM Mg2+. Thus, in CLSP the
high-affinity sites are located in the N-terminal half, whereas
in TnC they are found in the C-terminal half. C-CLSP (71-
146 segment) also contains two complete EF-hands and binds
specifically two Ca2+, but with low affinity. In TnC, the
presence of Ca2+ or Mg2+ in the C-terminal high-affinity
sites is necessary for the anchoring of the subunit to the other
troponin subunits (48), and Ca2+ binding to the N-terminal
low-affinity sites triggers contraction (36). It is an intriguing,
still open question if CLSP also shows such a divergence of
functions in its two halves.

The huge discrepancy in the Ca2+ affinity of the two pairs
of sites allowed us to pinpoint two different conformational
events in CLSP. CaM, TnC, and centrins are characterized
by a Ca2+-dependent exposure of hydrophobic residues. In
CLSP, this pattern is respected for each of its halves: about
half of the total TNS fluorescence enhancement occurs upon
binding of Ca2+ to the high-affinity sites and another half
upon binding to the low-affinity sites. Moreover, the isolated
N- and C-terminal halves of CLSP enhance the TNS
fluorescence to the same extent as the full-length protein,
but at a 2-fold higher molar concentration. The profile ‘TNS
fluorescence enhancement vs [Ca2+]’ is quite different from
the binding isotherm, but this is predicted from the rule of
linked functions (37, 38, 44).

CLSP contains two Tyr residues, one in the N-terminal
R-helix of EF-hand I and one in the binding loop of EF-
hand IV. In N-CLSP, the fluorescence of Tyr13 is almost
insensitive to Ca2+ binding, but is sensitive to Mg2+ binding.
In C-CLSP, the fluorescence of Tyr136 is unusually low in
the apo state, likely due to strong quenching since denatur-
ation leads to a strong increase of the fluorescence intensity.
But binding of Ca2+ also leads to a strong fluorescence
increase. In intact CLSP, the microenvironment of both Tyr
residues is sensitive to the binding of Ca2+, since the profile
‘Tyr fluorescence vs [Ca2+]’ displays biphasic behavior.
Thus, the microenvironments of Tyr13 in the N-domain (43%
of total change) and of Tyr136 in the C-domain (57% of
total change) are sensitive to cation binding to EF-hands in
their own domain, but not to cation binding in the other half.
Clear evidence that the N- and C-terminal halves are
individual folding units is provided by the effect of Mg2+

on these fluorescence changes, since this ion decreases the
affinity of only one pair of sites and also shifts the ensuing
conformational changes to higher [Ca2+]0.5 values. Moreover,
Mg2+ has a very similar effect on the conformational changes
either in N-CLSP or in the N-terminal half of CLSP.

FIGURE 7: Complex formation between CLSP and ME monitored
by native PAGE on 10% polyacrylamide gels in the presence of 3
mM Ca2+. Free ME does not migrate in this electrophoretic system.
(A) Titration of CLSP (left) or CaM (right) by ME. All samples
contained 0.1 nmol of CLSP or CaM and ME in increasing ratios
as indicated. (B) Competition of CLSP with CaM for ME. (1)
CLSP; (2) CaM; (3) CLSP+ 1 equiv of ME; (4) CaM+ 1 equiv
of ME; (5) equimolar amounts (0.2 nmol) of CLSP+ CaM + ME.
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Nevertheless, the two halves show cross-talk, which can
be evidenced by probing the very sensitive microenviron-
ments of Tyr and Phe residues. Since most of the changes
occur when two Ca2+ bind to sites I and II, one would expect
that Tyr13 and the two Phe in the N-terminal half are very
sensitive to Ca2+. However, in N-CLSP, Tyr13 is 4 times
less sensitive than in full-length CLSP, and there is no
perturbation in the 250-275 nm range where the Phe
microenvironment is probed. It can be deduced that Ca2+

binding to the N-terminal sites modifies the microenviron-
ment of Tyr126 and of the three Phe in the C-terminal half.
Fluorometry also points to cross-talk: the fluorescence
intensity of the single Tyr13 in the apo and Mg2+ states of
N-CLSP is as high as that of the two Tyr in full-length CLSP,
suggesting quenching of Tyr136 in the latter. Cross-talk
between the two halves is not so unusual and has been
observed in CaM (39, 40) and in CaVP, an invertebrate Ca2+-
binding protein with 30% sequence identity to CaM (41).

Our study shows that CLSP forms a well-defined, one-
to-one, high-affinity and Ca2+-dependent complex with
melittin. Of all the Ca2+-binding proteins tested, only CaM,
TnC, centrin 2, and CaVP form a complex with similar
characteristics. Thus, although this interaction has no physi-
ological significance, the strength and selectivity of the
complex clearly define CLSP as a member of the TnC
superfamily. Furthermore, our data suggest that the mech-
anism of activation by CLSP may involve a target-promoted
strong increase of the affinity of all the sites for Ca2+. The
high affinity of this interaction is quite obvious since, first,
the fluorescence titration is stoichiometric and, second, the
complex resists the harsh conditions of native PAGE, to
which lower affinity complexes (Kd ca. 100µM) do not resist,
such as the one withδ-hemolysin and gramicidin S (42, 43).
As in CaM, the high affinity must be due to the synergy
between the two halves, which envelope with their own
hydrophobic faces the hydrophobic face of the model peptide.
With N- and C-CLSP, the shielding of the Trp of ME is
much less efficient, but an equimolar mixture of the two
CLSP fragments partially mimics the complex formed with
the entire CLSP. As reported for CaM (44, 45), we propose
for CLSP also a sequential process in which one of the halves
binds first to ME; this brings the other half closer so that it
can bind ME as well, and this leads to a synergistic increase
of the binding affinity.

The considerable differences in the interaction of Ca2+ and
Mg2+ with the respective N- and C-terminal domains of
CLSP, which is more or less precisely retained in the halves
of the entire protein, suggest a bifunctional role of this
protein. In CaM, the binding of Ca2+ to the higher affinity
C-terminal lobe selectively initiates facilitation of the P/Q
(R1A) calcium channel, whereas subsequent Ca2+ sensing by
the lower affinity N-terminal lobe leads to inactivation of
the same channels (46). At present, the physiological target
of CLSP is not known, but CLSP appears during the terminal
differentiation of keratinocytes, where the intracellular free
Ca2+ levels are supposed to raise gradually from the
micromolar to the millimolar range. Thus, the putative
physiological function of the N-terminal lobe at micromolar
Ca2+ levels may well be antagonized when Ca2+ binds to
the less sensitive EF-hands of the C-terminal lobe. In a much
less stringent model, the two lobes of CLSP may regulate
two completely different effector proteins. Intrinsically, CLSP

possesses the properties for such bifurcation of the Ca2+

signal.
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