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ABSTRACT: Calbindin D28k is a member of a large family of intracellular Ca2+ binding proteins characterized
by EF-hand structural motifs. Some of these proteins are classified as Ca2+-sensor proteins, since they
are involved in transducing intracellular Ca2+ signals by exposing a hydrophobic patch on the protein
surface in response to Ca2+ binding. The hydrophobic patch serves as an interaction site for target enzymes.
Other members of this group are classified as Ca2+-buffering proteins, because they remain closed after
Ca2+ binding and participate in Ca2+ buffering and transport functions. ANS (8-anilinonaphthalene-1-
sulfonic acid) binding and affinity chromatography on a hydrophobic column suggested that both the
Ca2+-free and Ca2+-loaded form of calbindin D28k have exposed hydrophobic surfaces. Since exposure of
hydrophobic surface is unfavorable in the aqueous intracellular milieu, calbindin D28k most likely interacts
with other cellular components in vivo. A Ca2+-induced conformational change was readily detected by
several optical spectroscopic methods. Thus, calbindin D28k shares some of the properties of Ca2+-sensor
proteins. However, the Ca2+-induced change in exposed hydrophobic surface was considerably less
pronounced than that in calmodulin. The data also shows that calbindin D28k undergoes a rapid and reversible
conformational change in response to a H+ concentration increase within the physiological pH range.
The pH-dependent conformational change was shown to reside mainly in EF-hands 1-3. Urea-induced
unfolding of the protein at pH 6, 7, and 8 showed that the stability of calbindin D28k was increased in
response to H+ in the range examined. The results suggest that calbindin D28k may interact with targets
in a Ca2+- and H+-dependent manner.

The calmodulin superfamily contains proteins with high
affinities for Ca2+. Well-known members of this family are
calmodulin, troponin C, calcineurin, and the S-100 proteins.
A common structural feature is the so-called EF-hand motif
(1), which adopts a helix-loop-helix conformation and has
the ability to bind one calcium ion. The calcium ion is
coordinated by oxygen atoms provided by carboxylate side
chains, backbone amide carbonyls, and water molecules. The
majority of the proteins within the superfamily contain 2-4
EF-hands and bind Ca2+ with positive cooperativity. The
domain organization varies considerably between different
EF-hand proteins. Although small EF-hand-pair domains are
seen in many cases, there are several examples of larger
domains containing more than two EF-hands (for a review,
see ref2).

Calbindin D28k is a highly conserved member of the
calmodulin superfamily. This six-EF-hand protein was first
found in avian intestine (3), and then also in other tissues
including kidney and pancreas (4, 5). During later years this
protein has attracted much attention due to its abundance in
specific neuronal cell types in the central nervous system
(6-12). In fact, calbindin D28k constitutes between 0.1% and
1.5% of the total soluble protein in brain (13). It is highly

homologous to calretinin, another six-EF-hand protein, which
is also abundant in a subpopulation of brain neurons.

Calbindin D28k has a high affinity for Ca2+ [Ka ) 106-
107 M-1 in 150 mM KCl (14) and 108 M-1 at low ionic
strength (15)]. The stoichiometry of Ca2+ binding is con-
troversial. The reported number of high-affinity sites is 3
(16), 3-4 (17), 4 (14, 18), or 5-6 (15). A study with
synthetic EF-hand peptides identified four regular EF-hand
sites and a fifth site in a noncanonical EF-hand (19).

Many functions of calbindin D28k have been proposed on
the basis of the hypothesis that the protein acts as an
endogenous calcium buffer. It is of importance for motor
coordination in mice (20) and has been suggested to restrict
evoked Ca2+ signals in nerve synapses and hair cells by
acting as a mobile calcium buffer (21, 22). Calbindin D28k

has been demonstrated to protect against excitotoxic cell
death in hippocampal neurons (23), and other studies have
reported selective survival of neurons containing calbindin
D28k following ischemic insults or seizures, where damage
is believed to occur via Ca2+-mediated excitotoxicity (24,
25). The protein has also been proposed to facilitate the
diffusional flux of Ca2+ in the intestinal enterocyte (26).

EF-hand proteins that interact directly with and modulate
the activity of other proteins in a Ca2+-dependent manner
are often termed Ca2+-sensor proteins, whereas those in-
volved in Ca2+-buffering and transport functions are termed
Ca2+-buffer proteins (for a review see ref27). A typical Ca2+

sensor, like calmodulin, undergoes large structural rearrange-
ments upon binding of Ca2+, resulting in exposure of
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hydrophobic surfaces, which are essential for interaction with
target proteins. In contrast, a Ca2+-buffer/transport protein
like calbindin D9k remains closed after Ca2+ binding (28).
On the basis of the functional studies and the apparent
absence of cellular targets, calbindin D28k is often classified
solely as a Ca2+-buffering protein. In this work, a biophysical
characterization of calbindin D28k from three species was
undertaken in order to investigate possible sensor functions
of the protein.

EXPERIMENTAL PROCEDURES

Proteins.Human calbindin D28k was expressed inEscheri-
chia coliand purified to homogeneity as described (29). The
purification of chicken intestinal calbindin D28k was ac-
complished by the method of Friedlander and Norman (30).
Bovine brain calbindin D28k was purified as follows. Four
bovine brains were taken 0-1 h postmortem, yielding 1.020
kg of brain tissue, which was homogenized in 1.2 L of buffer
A (10 mM MES,1 1 mM DTT, 4 mM EDTA, pH 5.6). The
slurry was centrifuged for 20 min at 10 000 rpm. The pellet
was again homogenized in 1.2 L of buffer A and centrifuged.
The supernatants from both spins were slammed with a total
of approximately 350 mL of DEAE-cellulose (ion-exchange
resin)2 and the cellulose was collected on a Bu¨chner funnel.
The DEAE-cellulose was then washed with buffer A and
packed in a 5.5× 15 cm column. Proteins were eluted with
a 1.0 L linear salt gradient from 0 to 0.4 M NaCl in buffer
A. Fractions between 0.2 and 0.3 M NaCl were pooled
because they displayed a band that comigrated with human
recombinant calbindin D28k in agarose gel electrophoresis
and was recognized by a monoclonal antibody against
calbindin D28k (Swant, Bellinzona, Switzerland). The frac-
tions were diluted with 210 mL of H2O, adjusted to 2 mM
DTT and 1 mM CaCl2, and pumped onto a 3.4× 12 cm
DEAE-Sephacel ion-exchange column equilibrated in buffer
B (10 mM MES, 1 mM DTT, and 2 mM CaCl2, pH 5.6).
Proteins were eluted by a linear salt gradient from 0 to 0.4
M NaCl in buffer B. The pooled fractions were freeze-dried
and separated on a Sephadex G50 superfine size-exclusion
column (3.4× 180 cm) in 50 mM NH4Ac, pH 6.0. Fractions
with calbindin D28k immunoreactivity were pooled, supple-
mented with 1 mM EDTA, and pumped on a 1.5× 9 cm
DEAE-Sephacel ion-exchange column. The column was
washed with 50 mL of buffer A and eluted with a 600 mL
linear gradient of 0-0.3 M NaCl. After this procedure, the
pooled fractions were free from other proteins, and were
lyophilized and desalted on a Sephadex G25 superfine gel-
filtration column.

The purity of each protein was assessed by agarose gel
electrophoresis in the presence of 1 mM EDTA or 2 mM
calcium lactate, SDS-PAGE, immunoblotting, isoelectric
focusing, and mass spectrometry. All three proteins were
detected by the commercial monoclonal antibody against
calbindin D28k (Swant) and all three had the same mobility

in SDS-PAGE, which was in agreement with the molecular
mass of close to 30 kDa. Agarose gel electrophoresis and
isoelectric focusing showed that the purified proteins were
free from deamidated material. The human and bovine
proteins had the same mobility in agarose gel electrophoresis,
while the chicken protein had a slightly higher mobility as
expected from the sequence differences, which predict one
unit higher net negative charge on the chicken protein. The
three proteins exhibited an identical shift in mobility upon
comparison of gels in calcium and EDTA.

Two fragments, comprising EF-hands 1-3 and 4-6,
respectively, were expressed inE. coli from truncated genes
and purified in 10 mM MES, pH 5.6, as described for human
calbindin D28k (29), by the following steps: (1) heat
precipitation of bacterial proteins, (2) DEAE-cellulose anion-
exchange chromatography in 10 mM MES buffer at pH 5.6
with 1 mM CaCl2, (3) DEAE-Sephacel anion-exchange
chromatography in 10 mM MES buffer at pH 5.6 with 1
mM EDTA, and (4) dialysis against doubly distilled water
to remove buffer and NaCl. The procedure will be described
in detail elsewhere (Berggård et al., manuscript in prepara-
tion). The purity was confirmed by the same methods as for
intact calbindin D28k. Bovine calmodulin was expressed in
E. coli and purified by ion-exchange chromatography,
followed by gel filtration and affinity chromatography as
described (31). Bovine calbindin D9k was expressed inE.
coli and purified as described (32).

To produce Ca2+-free proteins, purified protein was
dissolved in 1 mL of doubly distilled water containing a 10-
20-fold excess of EGTA at pH 8. The sample was applied
to a 3.4× 20 cm Sephadex G25 superfine gel-filtration
column. To abolish EGTA binding, the protein was applied
to the column after 15 mL of saturated NaCl had been
allowed to penetrate the top of the column. The NaCl solution
had been depleted from residual Ca2+ by dialysis against
Chelex-100 resin. During the gel filtration, the protein passed
through the NaCl zone and was eluted free from EGTA in
doubly distilled Ca2+-free water.1H NMR spectra confirmed
that the proteins were free from EGTA and buffer salts. The
residual calcium content after the calcium depletion was
between 0.2 and 0.6 equiv as measured by quin 2-based
assays.

Urea Denaturation.A 133 µM stock of calbindin D28k

was prepared by dissolving 6.55 mg of lyophilized apo
calbindin D28k in 1350µL of 1 mM DTT, 10 mM KH2PO4,
and 0.5 mM EGTA, pH 7.0. A 10 M stock solution of urea
was prepared by adding 6.006 g of ultrapure urea to 3333
µL of 30 mM KH2PO4, and 1.5 mM EGTA, pH 7.0, and
adjusting the pH to the desired value and the volume to 10
mL with H2O. Buffer (10 mM KH2PO4 and 0.5 mM EGTA,
pH adjusted to the desired value) and urea stock solution
were then mixed in varying proportions to give samples with
urea concentrations ranging from 0 to 9.7 M. The samples
contained a constant amount (30µL) of the calbindin D28k

stock to give a final protein concentration of 8µM of
calbindin D28k in all samples. The ellipticity at 222 nm and
the intrinsic (tryptophan) fluorescence emission at 354 nm
(excitation at 295 nm) were measured, after subtraction of
background buffer spectra, at 25°C on a Jasco-720 spec-
tropolarimeter or a Perkin-Elmer luminescence spectrometer
LS 50 B connected to a Julabo F25 thermostatic water bath.
In the CD experiments, a 1 mm quartz cuvette was used.

1 Abbreviations: PBS, phosphate-buffered saline; ANS, 8-anilinon-
aphthalene-1-sulfonic acid, ammonium salt; EDTA, ethylendinitrilotet-
raacetic acid, disodium salt, dihydrate; CD, circular dichroism; SDS,
sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis;
MES, 2-(N-morpholino)ethanesulfonic acid; DTT, dithiothreitol; BSA,
bovine serum albumin.

2 We noted that the amount of DEAE-cellulose used was not
sufficient to bind all calbindin D28k.
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The experiments were analyzed with KaleidaGraph software
(Synergy Software) for Macintosh and fitted to a linear
extrapolation model with two-state unfolding assumed (33).
The baselines before,YN, and after,YU, the actual unfolding,
were assumed to be straight lines:

wherekN and kU are the slopes,bN and bU are intercepts,
and [D] is the denaturant concentration.YN and YU hence
correspond to the ellipticity of the native and unfolded state,
respectively, as a function of urea concentration. The
observed ellipticity or fluorescence emission at 354 nm,Yo,
was fitted with

where∆GNU(H2O) is the unfolding free energy in pure water,
mD is the influence of denaturation concentration on the
stability,R is the molar gas constant, andT is the temperature.
The free energy toward unfolding by urea,∆GNU, is assumed
to obey the linear equation:

Cm, the urea concentration at the transition midpoint, was
calculated from eq 4 by setting∆GNU to zero. The errors in
the reported values of the different parameters were estimated
to one standard deviation. The standard deviations were
obtained directly from the fitting procedures. For presenta-
tion, the data were normalized according to

and fitted to

Spectroscopic Analyses.Structural differences between the
apo and Ca2+-loaded forms of calbindin D28k were investi-
gated by CD spectroscopy, UV absorbance analysis, and
fluorescence spectroscopy. A stock of approximately 10 mg/
mL calbindin D28k in H2O was prepared and an aliquot was
withdrawn and subjected to acid hydrolysis to determine the
protein concentration accurately. The stock was then used
to prepare a protein solution (68µM calbindin D28k, 10 mM
DTT, 0.125 mM EDTA, and 2 mM Tris, pH 6.5-8.0), which
was used to record the intrinsic (tryptophan) fluorescence
emission spectrum (excitation at 295 nm) and CD and UV
spectra in the near-UV range (250-300 nm). The far-UV
CD spectrum (185-250 nm) was measured at a lower protein
concentration (9µM). CaCl2 (1.25 mM) was added to the
protein solutions, and the same measurements were per-
formed again to yield spectra for the Ca2+ form. UV
absorbance measurements were recorded on a GBC UV/vis
920 spectrophotometer. CD spectra were obtained on a Jasco
J-720 spectropolarimeter at 25°C (thermostated). Fluores-
cence spectra were obtained on a Perkin-Elmer luminescence

spectrometer LS 50 B connected to a Julabo F25 thermostatic
water bath. All data were collected at 25.0°C. Quartz
cuvettes with path lengths of 10, 3, 1, or 0.1 mm were used.

ANS Fluorescence Measurements.To monitor the changes
of the ANS emission spectra induced by difference in the
concentration of salt and/or presence of Ca2+, 2 mL of 12
µM of calbindin D28k or calmodulin was prepared in either
1 mM DTT, 2 mM Tris, and 0.15 M KCl or 1mM DTT and
2 mM Tris in the presence of excess of either EDTA (50
µM) or CaCl2 (100µM). ANS fluorescence emission spectra
were recorded between 400 and 600 nm with excitation at
385 nm. The excitation slit was 3 nm and the emission slit
was 8 nm. The protein was saturated with 60µM ANS. To
monitor the effect of H+ concentration, the pH was changed
by titration with KOH or HCl. The excitation slit was 3 nm
and the emission slit was 7 nm. In some experiments,
recombinant fragments comprising EF-hands 1-3 or EF-
hands 4-6 at a concentration of 3.6µM in 1 mM DTT, 0.15
M KCl, 50 µM EDTA, and 30µM ANS were used. The
excitation slit was 3 nm and the emission slit was 10 nm.
The pH value was measured on a Mettler-Toledo U402-M3-
S7/200 pH electrode. For each experimental setting, ANS
spectra for Ca2+-free and Ca2+-loaded calmodulin were
recorded to enable a quantitative comparison of different
forms.

Size Exclusion Chromatography.Determination of the
multimerization status of calbindin D28k was performed by
size-exclusion chromatography on a Pharmacia Superdex 75
FPLC with a Bio-Rad Biologic HR Workstation system. The
chromatography buffer was 50 mM MOPS, 150 mM NaCl,
and 1 mM DTT in the presence of 1 mM CaCl2 or 1 mM
EDTA. The pH was adjusted to 6.5 or 7.9.

Binding of Calbindin D28k to Phenyl Superose.Ca2+-
dependent hydrophobicity was analyzed by subjecting calm-
odulin, calbindin D9k, or calbindin D28k to chromatography
on a hydrophobic column (phenyl-sepharose high-perfor-
mance column from Amersham Pharmacia Biotech). The
proteins were eluted with a reverse salt gradient from 1 M
NaCl and 2 mM Tris, pH 7.1, containing 50µM EDTA or
1 mM CaCl2, to 2 mM Tris, pH 7.1. Prior to the injection,
10 µL of a stock solution (10 mg/mL) of the protein was
dissolved in 200µL of the high-salt buffer. The conductance
and the absorbance at 214 nm were recorded.

RESULTS

Interaction of Calbindin D28k with ANS: Comparison with
Calmodulin and Calbindin D9k. ANS has been widely used
in monitoring exposed hydrophobic patches on the surface
of proteins during folding and to monitor conformational
changes. ANS fluorescence is strongly dependent on the
polarity of the local environment around the chromophore.
In water the emission is weak, with a maximum around 520
nm. Upon binding to hydrophobic patches of proteins, the
fluorescence spectrum is blue-shifted with a maximum
around 475 nm and the emission intensity is increased. The
blue shift results from reduced solvent relaxation in a less
polar environment and is a reliable reporter of the hydro-
phobicity around the bound ANS. The intensity increase is
due to reduced solvent quenching and is a less reliable
parameter as there are many other factors that may contribute
to the fluorescence quenching, for example, protein dynamics

YN ) kN[D] + bN (1)

YU ) kU[D] + bU (2)

Yo )
(kN[D] + bN) + (kU[D] + bU)e-(∆GNU(H2O)-mD[D])/RT

1 + e-(∆GNU(H2O)-mD[D])/RT

(3)

∆GNU ) ∆GNU(H2O) - mD[D] (4)

Fapp) (YO - YN)/(YU - YN) (5)

Fapp) e-(∆GNU(H2O)-mD[D])/RT

1 + e-(∆GNU(H2O)-mD[D])/RT
(6)
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and bound metal ions. Ca2+ effects on ANS fluorescence
were studied for calbindin D28k in parallel with a typical Ca2+

sensor, calmodulin, and a typical Ca2+ buffer, calbindin D9k

(Figure 1).

As expected, both the apo and Ca2+ forms of calbindin
D9k and the apo state of calmodulin showed only a negligible
binding of ANS, whereas ANS bound strongly to Ca2+-
loaded calmodulin, which is seen as a significant blue shift
(40 nm, from 520 to 480 nm) and an enhancement of the
fluorescence. In striking contrast, the ANS fluorescence was
significantly enhanced and blue-shifted (by 43-51 nm) for
both the Ca2+-free and Ca2+-loaded forms of calbindin D28k,
Both forms caused a larger ANS blue shift than Ca2+-loaded
calmodulin, and this behavior was observed for human and
bovine as well as chicken calbindin D28k. There were small
deviations in the wavelength maxima for the Ca2+ forms from

the three species (474 nm for human, 473 nm for chicken,
and 469 nm for bovine calbindin D28k) and a slightly larger
spread for the apo forms (470 nm for human, 477 nm for
chicken, and 469 nm for bovine calbindin D28k). Hence, the
Ca2+-induced effect on ANS fluorescence was a slight red
shift (4 nm) for human recombinant calbindin D28k, a small
blue shift (4 nm) for chicken calbindin D28k, and no
observable shift for the bovine protein. Despite these
variations between the species, it is clear that calbindin D28k

does not behave as any of the two control proteins, calbindin
D9k and calmodulin, because the fluorescence of ANS is
significantly enhanced and blue-shifted for both the apo and
Ca2+ forms of calbindin D28k.

Although fluorescence intensities are less reliable, due to
the many factors that can lead to quenching, we noted that
there are reproducible differences between the three proteins.
For human calbindin D28k, there is a higher intensity in the
apo state, while for bovine and chicken calbindin D28k, the
highest intensity is found for the Ca2+ state. We also noted
that low ionic strength (protein dissolved in 2 mM Tris
instead of 2 mM Tris and 0.15 M KCl) reduces the ANS
fluorescence of both the apo and Ca2+ forms of calbindin
D28k by a factor of approximately 2 (data not shown).

The enhancement of ANS fluorescence was markedly
dependent on pH (Figure 2). Since the fluorescence of ANS
alone is not dependent on pH in the range studied, the H+-
induced fluorescence enhancement in the presence of cal-
bindin D28k may be the result of an increased accessibility
of surfaces with affinity for ANS at lower pH, or a pH-
induced effect on the environment around the bound ANS.
A stepwise change of the pH from pH 8.5 to 6.0 and back
by addition of HCl or NaOH returned the ANS fluorescence
to the initial value, indicating that the conformational shift
induced by H+ is rapid and reversible. As a control, ANS
binding to calmodulin was studied at different pHs, but no
significant difference was observed in the pH range of 6.5-
8.5 (data not shown). Similar negative results have been
reported for several other proteins, like myokinase, alkaline

FIGURE 1: ANS binding to human, bovine, or chicken calbindin
D28k in comparison with calmodulin and calbindin D9k. Human,
bovine, or chicken calbindin D28k, bovine calmodulin, or bovine
calbindin D9k was dissolved to 12µM concentration in 2 mL of 60
µM ANS, 50 µM EDTA, 1 mM DTT, and 0.15 M KCl, pH 7.8.
The ANS fluorescence emission spectra (excitation at 385 nm) were
recorded at room temperature (Ca2+-free forms; ---). CaCl2 (1 µL
1M) was then added to each solution (Ca2+-loaded forms;s) and
the measurements were repeated. (- - -) Spectrum for 60µM ANS
in buffer without protein. The wavelength positions of fluorescence
intensity maxima are shown as vertical bars.

FIGURE 2: Effect of pH on the ANS binding to Ca2+-free and Ca2+-
loaded calbindin D28k. Fluorescence spectra of 60µM ANS in the
presence of 12µM human recombinant calbindin D28k in 1 mM
DTT and 0.15 M KCl. Spectra were recorded at various pHs in the
presence of 50µM EDTA or 100 µM CaCl2 as indicated in the
figure (excitation at 385 nm). (- - -) Spectrum for 60µM ANS
in buffer without protein.

Conformational Changes of Calbindin D28k Biochemistry, Vol. 39, No. 23, 20006867



phosphatase, and acid phosphatase (34), suggesting that pH-
dependent binding of hydrophobic probes to proteins in the
pH range examined is uncommon.

At all pHs, the apo form of human recombinant calbindin
D28k produced more intense and more blue-shifted ANS
spectra than the Ca2+-loaded form. The difference in ANS
spectra between the apo- and Ca2+-loaded forms was more
pronounced at lower pHs. Thus, the ratio of ANS fluores-
cence intensity at 470 nm of Ca2+-loaded calbindin D28k

versus Ca2+-free calbindin D28k was 0.48 at pH 6.5, 0.53 at
pH 7.1, 0.68 at pH 7.7, and 0.78 at pH 8.5. When the pH
was decreased from 8.5 to 6.5, human recombinant calbindin
D28k displayed a blue shift in the fluorescence intensity
maximum from 475 to 467 nm in the absence of Ca2+, and
from 479 to 470 nm in the presence of Ca2+. This suggests
that the local environment around the excited ANS molecules
becomes less polar at lower pH. Bovine brain and chicken
intestinal calbindin D28k also displayed a blue shift and
enhancement in ANS fluorescence intensity maximum when
the pH was decreased (not shown). Like the human protein,
the difference in the ANS emission maxima and intensities
between the Ca2+ and apo form was highly dependent on
pH. For example, the ratio of ANS fluorescence intensity at
470 nm of Ca2+-loaded chicken calbindin D28k versus Ca2+-
free protein was 1.6 at pH 8, whereas at pH 6.5, the ratio
was only 1.1. A similar trend was seen for the bovine protein.
Hence, the pH-induced structural changes detected by ANS
binding are more pronounced in the Ca2+-free protein.

A recombinant fragment of calbindin D28k comprising EF-
hand 1-3 (residues 1-132) showed an approximately 9-fold
enhancement of ANS fluorescence (compared to ANS in
buffer) with a maximum intensity at 474 nm at pH 6.7
(Figure 3). When the pH was raised to 8.1, the enhancement
of ANS fluorescence intensity was reduced by a factor of 2
and the emission maximum was red-shifted to 483 nm.
Contrary to this, a fragment comprising EF-hand 4-6
(residues 133-261) showed a comparatively low enhance-
ment of ANS fluorescence and a maximum intensity at 501

nm at pH 6.7. When the pH was raised to 8.1, the wavelength
maximum was red-shifted to 511 nm with only a very small
reduction in maximum intensity. The results suggest that the
structural elements responsible for the acid-induced ANS
fluorescence enhancement reside mainly in the N-terminal
half (residues 1-132) of calbindin D28k. When recorded in
parallel, the sum of the emission spectra for the two
fragments was equal to the spectrum of the intact protein
within experimental error (less than 5% deviation).

Binding of Calbindin D28k to a Hydrophobic Resin.The
ANS experiments indicate that calbindin D28k has exposed
hydrophobic surfaces in both the apo and Ca2+ forms. To
verify this, calbindin D28k was loaded on a phenyl-Superose
column in the presence of 50µM EDTA or 1 mM CaCl2
and eluted with a decreasing salt gradient from 1 to 0.0 M
NaCl. As controls, calbindin D9k and calmodulin were
included. Calbindin D9k eluted very early in the gradient in
both the presence and absence of Ca2+ (Figure 4). In contrast,
calmodulin eluted early in the gradient in the absence of Ca2+

FIGURE 3: Effect of pH on the ANS binding to fragments of human
calbindin D28k. Fluorescence spectra of 30µM ANS in the presence
of 3.6 µM of a recombinant fragment comprising either EF hand
1-3 (s) or EF hand 4-6 (---) in 1mM DTT, 0.15 M KCl, and 50
µM EDTA at pH 6.7 and 8.1 as indicated in the figure (excitation
at 385 nm). (- - -) Spectrum for 30µM ANS in buffer without
protein.

FIGURE 4: Hydrophobic chromatography for calmodulin, calbindin
D9k, and calbindin D28k. Calbindin D9k calmodulin, chicken calbi-
ndin D28k, or human calbindin D28k was applied onto a hydrophobic
column (phenyl-Sepharose high-performance column from Amer-
sham Pharmacia Biotech). Prior to the injection, 10µL of a stock
solution (10 mg/mL) of the protein was dissolved in 200µL of the
high salt buffer. The proteins were eluted with a decreasing salt
gradient from 1 M NaCl and 2 mM Tris in 50µM EDTA, pH 7.1
(Ca2+-free forms; ---) or 1 mM CaCl2 (Ca2+-loaded forms;s) to 2
mM Tris, pH 7.1. The conductivity (- - -) and the absorbance at
214 nm were followed.
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but late in the presence of Ca2+. Calbindin D28k from all three
species eluted late in both the presence and absence of Ca2+.

The data in Figure 4 were obtained in the absence of DTT,
and the extra hump observed at ca. 2600 s for calbindin D28k

in Ca2+ was found to be disulfide-bonded dimers. Collected
fractions were subjected to nonreducing SDS-PAGE, and
fractions from the hump yielded a band at twice theMw of
calbindin D28k, while the major peak at 2800 s contained
protein with the monomerMw. Initial experiments on the
hydrophobic column were performed with DTT in the
running buffer. Although these data were of poor quality
due to the high background absorbance of DTT, runs in the
absence and presence of Ca2+ yielded protein peaks at the
same positions as the major peaks in Figure 4.

Size-Exclusion Chromatography. To establish a possible
correlation between dimerization and exposure of hydro-
phobic groups, human recombinant calbindin D28k was
subjected to size-exclusion chromatography (not shown). The
results suggest that, when reduced by DTT, the protein
migrates as a monomer at both pH 7.9 and 6.5 in the presence
or absence of Ca2+. Thus, the pH-dependent conformational
change does not reflect dimerization or multimerization of
the protein. We noted, however, that the protein has a
tendency to form disulfide-linked dimers in nonreduced
samples. These complexes are most likely not physiologically
relevant since the cytosol contains a high concentration of
reducing agents that prevent the formation of disulfide
linkages. Due to the tendency of the protein to form disulfide-
linked dimers, the spectroscopic studies in this work have
been performed in the presence of DTT.

Intrinsic Fluorescence Spectra.Calbindin D28k contains
two Trp residues located at homologous positions in EF-
hands 1 and 3 (in the first helix). The human recombinant,
chicken intestinal, and bovine brain calbindin D28k displayed
similar changes in intrinsic fluorescence spectra after addi-
tion/removal of Ca2+or alteration of the pH. Thus, the Trp
fluorescence spectra of the apo and Ca2+-loaded forms
displayed emission maxima at 335 nm, indicating that the
two Trp residues are not well exposed to water in either the
apo or Ca2+-bound state (Figure 5). The Ca2+-loaded form,
however, displayed a higher emission maximum than the apo

form (by a factor of 1.3-1.1 depending on the species
studied). Addition of excess EDTA returned the emission
intensity to the initial value. The results indicate a reversible
change of the fluorescence quenching of the two Trp residues
after binding/dissociation of Ca2+. Trp fluorescence spectra
of the apo and Ca2+-loaded forms were also recorded at
different pH values (Figure 5). When the pH was changed
from 6.6-7.8, the fluorescence intensity at 335 nm of Ca2+-
calbindin D28k decreased slightly (∼2%) and the fluorescence
intensity of apo calbindin D28k increased by ca. 9%. The
spectral changes were reversible, suggesting that the underly-
ing structural changes are bidirectional.

UV Absorbance Spectroscopy.The UV absorbance spec-
trum of calbindin D28k in the apo form displayed a maximum
at 279.7 nm, which was shifted to 277.4 nm when Ca2+ was
added (Figure 6A). The UV difference spectrum induced by

FIGURE 5: Tryptophan fluorescence spectra of Ca2+-free and Ca2+-
loaded calbindin D28k. The intrinsic (tryptophan) fluorescence
emission spectrum (excitation at 295 nm) was recorded at 25°C
and pH 6.6 or 7.8 for a solution of 68µM human recombinant
calbindin D28k in 10 mM DTT, 0.125 mM EDTA, and 2 mM Tris
(apo calbindin D28k; ---). CaCl2 (1.25 mM) was then added to the
same solution (Ca2+-calbindin D28k; s).

FIGURE 6: UV absorbance spectroscopy of calbindin D28k in the
presence or absence of Ca2+. (A) UV absorbance spectrum of 68
µM human recombinant calbindin D28k, in 10 mM DTT, 0.15 M
KCl, 0.125 mM EDTA, and 2 mM Tris, pH 7.3 (apo calbindin
D28k; ---) at room temperature. CaCl2 (1.25 mM) was then added
to the same solution (Ca2+-calbindin D28k; s). (B) UV absorbance
difference spectrum. The spectrum obtained in the presence of
EDTA was subtracted from that obtained in the presence of Ca2+.
(C) UV absorbance spectrum for 63µM human recombinant
calbindin D28k, in 10 mM DTT, 0.15 M KCl, 0.125 mM EDTA,
and 2 mM Tris (apo calbindin D28k; ---) at pH 6.6, 7.1, and 7.8.
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Ca2+ binding showed a negative absorbance at 240-265 nm
and a positive absorbance between 265 and 320 nm,
indicating that a conformational change has occurred in the
local environment around aromatic residues upon Ca2+

binding (Figure 6B). The peaks at 280, 284, 290, and 294
nm most likely reflect rearrangement in the Trp environment,
although some of the 280 and 284 nm peaks as well as the
273 nm peak may result from effects on Tyr residues. The
negative peak at 244 nm may reflect increased light scattering
in the apo state or alternatively effects on Phe residues. Under
the conditions used (2 mM Tris and 10 mM DTT, pH 7.5),
the extinction coefficients at 280 nm were 2.8× 104 M-1

cm-1 for Ca2+-loaded calbindin D28k and 2.6× 104 M-1 cm-1

for Ca2+-free calbindin D28k. When the pH was changed
stepwise from 6.6 to 7.8, an increase in absorbance below
270 nm was seen for both the apo and Ca2+ states (Figure
6C). Similar Ca2+- and pH-dependent changes in the UV
absorbance spectra were observed for both human recom-
binant and bovine brain calbindin D28k .

Far-UV CD.The far-UV CD spectra of the apo and Ca2+

forms of calbindin D28k (Figure 7) were indicative of an
R-helical protein and Ca2+ binding induced a small (12%)
increase in ellipticity at 222 nm. Similar changes have been
described for many other EF-hand proteins. For example,
calmodulin displays an increase in CD signal on Ca2+ binding
(35), although the high-resolution structures of the Ca2+ and
apo states reveal the same number of residues in helical
conformation (36-38). The lower CD signal in the apo state
may reflect a more fluctuating structure, rather than a loss
in the number of helical residues (39). The far-UV CD
spectra of calbindin D28k remained quite similar in the pH
range 6.5-8.5, indicating that the secondary structure content
is not significantly altered in the pH range examined (not
shown).

Near-UV CD. The near-UV CD spectrum of calbindin
D28k, especially between 270 and 290 nm, was markedly
altered by addition of Ca2+, indicating a reorganization of
the tertiary structure around aromatic residues (Figure 8).
pH-Dependent spectral changes, reversible on a time scale
of manual mixing, were readily seen (Figure 8). The pH-
dependent spectral change was more pronounced in the Ca2+-
free protein. The CD signal decreased as a function of
increasing [H+] or [Ca2+]. This indicates that conformational
changes affecting the local environment and/or rotational
freedom of the aromatic residues occur both on Ca2+ binding
and on pH changes. The Ca2+- and pH-dependent changes
in the near-UV CD spectra as described above were observed
also for bovine brain calbindin D28k (Figure 8), while the
limited availability of calbindin D28k purified from chicken
intestine prevented us from performing a comparable analysis
with this homologue.

Urea Denaturation of Apo Calbindin D28k Followed by
Circular Dichroism Spectroscopy and Fluorescence Spec-
troscopy. Urea-induced unfolding of calbindin D28k was
monitored by far-UV CD and Trp fluorescence. The Ca2+-
loaded form of the protein is only half denatured in 10 M
urea at 90°C (Berggård et al., unpublished results), sug-
gesting that binding of Ca2+ greatly increases the stability
toward unfolding of the protein. Hence, the stability mea-
surements were performed in the presence of 1 mM EDTA.
Measurements by far-UV CD and Trp fluorescence spec-
troscopy, respectively, yielded very similar values of the free
energy of unfolding,∆GNU(H2O), as well as the unfolding

FIGURE 7: Far-UV circular dichroism spectra of calbindin D28k The
far-UV CD spectrum (185-250 nm) at 25°C of 9 µM human
recombinant calbindin D28k, in 1 mM DTT and 2 mM Tris, pH
7.5, with 0.125 mM EDTA (apo calbindin D28k; ---), or 1.25 mM
CaCl2 (Ca2+-calbindin D28k; s). FIGURE 8: Near-UV circular dichroism spectra of calbindin D28k

The near-UV CD spectra (250-320 nm) were recorded at 25°C
for a solution of 68µM human recombinant calbindin D28k or 15
µM bovine brain calbindin D28k in 10 mM DTT, 2 mM Tris, 0.125
mM EDTA (apo calbindin D28k; ---). CaCl2 (1.25 mM) was then
added to the same solution (Ca2+-calbindin D28k; s). The pH of
the solution was adjusted by addition of KOH or HCl as indicated
in the figure.
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transition midpoints. This indicates that both the secondary
and the tertiary structure are disrupted in one concerted step.
The results support a model in which all six EF hands are
packed in a single domain, as suggested previously (40). To
obtain information on the effect of the pH-dependent
conformational change on stability, the ellipticity at 222 nm
as a function of urea concentration was recorded at three
different pHs (Figure 9B). The results show a clear depen-
dence of the protein stability on pH, with the free energy of
unfolding increasing by a factor of approximately 1.8 from
pH 8 to 6 (see Table 1). Hence, the pH-dependent confor-
mational change detected by other methods is sufficient also
to affect protein stability. At all pHs, the∆GNU(H2O) was
relatively low, between 14.7 (at pH 6.0) and 8.3 kJ mol-1

(at pH 8.0), for calbindin D28k. As a comparison,∆GNU(H2O)
for apo calbindin D9k at pH 7.0 is significantly higher, 27.4
( 1.3 (41) (Figure 9A). Thus, when the Ca2+-free form is
considered, calbindin D28k does not rank among the most

stable Ca2+-binding proteins. The linear dependency of the
free energy toward unfolding on the denaturant concentration,
murea, reflects the cooperativity of the unfolding reaction. The
low value of murea (2.2-2.7 kJ mol-1 M-1) indicates that
unfolding of calbindin D28k involves a low degree of
cooperativity. Alternatively, an apparent lowmureacould also
indicate that the protein contains multiple domains that unfold
independently (see Discussion).

DISCUSSION

Both the Ca2+-Loaded and Ca2+-Free Forms of Calbindin
D28k HaVe Exposed Hydrophobic Surfaces.Ca2+ sensors,
such as calmodulin and troponin C, undergo a Ca2+-induced
conformational change, which exposes hydrophobic surfaces
designed to interact with target proteins. In this study we
have investigated possible sensor functions of calbindin D28k

using both recombinant human calbindin D28k and protein
purified from chicken intestine or bovine brain. Ca2+-sensors
such as calmodulin normally expose hydrophobic surfaces
only in the Ca2+-loaded state (Figure 1). This reflects their
ability to function as Ca2+-dependent on/off switches. In
contrast, a typical Ca2+-buffer/transport protein like calbindin
D9k does not expose hydrophobic patches under any condi-
tions (Figure 1). The results in this study indicate that
hydrophobic regions are exposed on the surface of calbindin
D28k in both the Ca2+-free and Ca2+-loaded states. Thus, in
this respect calbindin D28k does not behave like a traditional
Ca2+ sensor but especially not like a typical Ca2+ buffer. A
protein designed only to bind Ca2+ with high affinity should
not benefit from having exposed hydrophobic surfaces.
Exposure of hydrophobic surfaces is thermodynamically
unfavorable, and therefore we suggest that calbindin D28k

may interact with as-yet-unknown target molecules. The
existence of interactions between calbindin D28k and mem-
brane components of chick intestinal brush border mem-
branes (42) and cerebellar microsomal fractions (43) have
been described, implying that calbindin D28k might have
physiological target molecules associated with membranes.

Ca2+-Induced Conformational Changes in Calbindin D28k.
Calretinin, a six-EF-hand protein that is highly homologous
to calbindin D28k (58% sequence identity), has been shown
to undergo Ca2+-induced conformational changes detected,
for example, by spectroscopic methods and limited proteoly-
sis (44-46). It has therefore been suggested that calretinin
belongs to the sensor class of Ca2+-binding proteins. Cal-
bindin D28k is still regarded mainly as a Ca2+-buffering
protein. Near-UV CD, intrinsic fluorescence measurements,
and UV absorbance spectroscopy presented unequivocal
evidence of Ca2+-induced conformational changes in calbi-
ndin D28k. The Ca2+-induced changes in the amount of
exposed hydrophobic surfaceof calbindin D28k were, how-
ever, considerably less pronounced than that in calmodulin.
This indicates that the protein does not operate in a similar
manner as calmodulin but does not exclude that calbindin
D28k interacts with targets in a Ca2+-dependent manner. The
Ca2+ state is more stable than the apo state (see below). A
higher level of structural definition of a potential binding
site may promote a higher affinity for the target in the Ca2+

state. It is also possible that the protein uses several
hydrophobic patches to bind to targets and that some of these
are exposed in the presence of Ca2+, whereas some are
exposed in the absence of Ca2+. Such a mechanism could

FIGURE 9: Urea-induced unfolding of calbindin D28k and calbindin
D9k. Apparent fraction unfolded,Fapp, is plotted as a function of
urea concentration at 25°C for (A) human recombinant calbindin
D28k (b) or bovine recombinant calbindin D9k (×) at pH 7.0 and
(B) for human recombinant calbindin D28k at pH 8.0 (0), 7.0 (b)
and 6.0 (Ã). The unfolding data for calbindin D9k have been
presented elsewhere (41). Denaturation parameters were obtained
by fitting eq 3 directly to the CD data (ellipticity at 222 nm), and
the data were then converted toFapp according to eq 5.

Table 1: Protein Stability,∆GNU(H2O), of Calbindin D28k at
Different pHs

protein pH
∆GNU(H2O)
(kJ mol-1)

murea
a

(kJ mol-1 M-1) CM
b (M)

calbindin D28k 6.0 14.7( 0.23 2.7( 0.04 5.4
calbindin D28k 7.0 9.8( 0.23 2.2( 0.05 4.5
calbindin D28k 8.0 8.3( 0.12 2.3( 0.02 3.6

a Linear denaturant dependence in the equation∆GNU ) ∆GNU(H2O)
- m[urea]. b Unfolding midpoint concentration.
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explain the Ca2+-dependent conformational changes detected
by spectroscopic methods as well as the fact that calbindin
D28k seems to adopt an “open” conformation in both the Ca2+

and apo state.
Calbindin D28k Undergoes a Proton-Induced Conforma-

tional Change.The intracellular pH is usually around 7.1-
7.2. However, changes in intracellular pH between 7.4 and
6.8 are common neuronal events (47), and the pH may
occasionally drop down to 6.6 during cerebral acidosis (48).
Structural changes of calbindin D28k in the pH range between
6.5 and 8 were apparent in both human recombinant, bovine
brain, and chicken intestinal calbindin D28k. The far-UV CD
spectrum of calbindin D28k was not significantly altered in
the pH range examined, suggesting that the secondary
structure of the protein is intact in the physiological pH range.
Hence, the side-chain interactions that characterize the
tertiary structure of the native protein are most likely affected
by small changes in pH. Protonation of critical side chain(s)
could be assumed to underlie the acid-induced structural
change in calbindin D28k. Possible candidates are the terminal
amino group, the imidazole group of His residues, or
upshifted Asp or Glu carboxylates. The excess negative
charge on calbindin D28k may yield upshifted pKa values of
acidic residues to the 6-6.5 range, as was recently found
for calbindin D9k (unpublished experiments). The H+-induced
conformational change was shown to take place mostly in
the N-terminal half of the molecule (residues 1-132, EF-
hand 1-3), which contains all four His residues in the human
and bovine protein. Three of these residues are conserved
in the chicken homologue. Proton-induced conformational
changes in the same pH range as described here have also
been reported for calmodulin-dependent enzymes (34). In
this case, H+ was suggested to expose the calmodulin-binding
domain on the target enzyme (49). Similarly, it is possible
that the conformational change of calbindin D28k in response
to H+ reflects exposure of a binding domain that may
influence yet-unknown regulatory functions of the protein.

Stability of Calbindin D28k Increases in Response to Acidic
pH. The stability of the protein was increased as a response
to increased H+ concentration. This may be due to proto-
nation of side chains and consequently a reduction in net
negative charge of the protein. Like many other EF-hand
proteins, calbindin D28k has a high proportion (33%) of
charged amino acid residues, 48 Asp+ Glu and 31 Arg+
Lys. Substituting negatively charged solvent-exposed resi-
dues (Glu and Asp) with uncharged side-chain amide
analogues (Gln and Asn) in the overall negatively charged
calbindin D9k results in an increased stability toward unfold-
ing (50). Hence, electrostatic repulsion between like charges
on the surface of a folded protein decreases protein stability.
Another factor that could contribute to the observed stability
effects is the formation of hydrogen bond(s) on protonation.
Such a mechanism could explain the pH-induced conforma-
tional shift as well as the increased stability of the protein
at lower pHs.

Calbindin D28k Unfolds in a Single Step as One Domain
with Low CooperatiVity. The change in secondary and tertiary
structure of calbindin D28k as a function of urea concentration
was followed by CD spectroscopy and tryptophan fluores-
cence spectroscopy. The Ca2+-loaded form of calbindin D28k

does not unfold even in the presence of 10 M urea (Berggård
et al., manuscript in preparation), suggesting that the stability

of the protein is greatly increased after binding of Ca2+.
Previous studies have shown that the Ca2+ forms of EF-hand
proteins are often exceptionally stable and impossible to
completely unfold with urea (see, for example, ref51). The
linear dependencies of the free energy toward unfolding,
∆GNU(H2O), on the denaturant concentration,murea, was
relatively low for Ca2+-free calbindin D28k, which sometimes
is taken to indicate that the protein has multiple domains
that unfold separately. Calmodulin has two domains consist-
ing of two EF-hands each and a lowmureavalue (35), similar
to that observed here for calbindin D28k. Recent data,
however, suggest that all six EF-hands are part of a single
globular domain (40). Moreover, the secondary and tertiary
structures appear to unfold simultaneously, suggesting a two-
step mechanism with no intermediates. Consequently, the
presence of multiple domains in calbindin D28k is not a likely
explanation for the lowmureaobserved here for calbindin D28k.
A more probable explanation is that calbindin D28k unfolds
in a single step with low cooperativity.

CONCLUSION

This study provides clear evidence that the structures of
the Ca2+ and apo forms of calbindin D28k are different. The
results also indicate that calbindin D28k displays some
properties that are unusual in typical Ca2+-sensors: The
protein has exposed hydrophobic surfaces in both the apo
and Ca2+ states, and it responds to H+ in the neutral pH range
with an increased stability and a conformational shift. It is
unlikely that a protein designed only to bind Ca2+ for the
purpose of lowering cytosolic Ca2+ concentration would have
all these properties. On the basis of the results in this study,
we propose that calbindin D28k may interact with target
molecules in a regulated manner. Work is in progress in our
laboratory to purify and identify such targets.
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