6864 Biochemistry2000, 39, 68646873

Ca&"- and H™-Dependent Conformational Changes of CalbindigcD

Tord Berggard, Maria Silow§ Eva Thulinf and Sara Linse¥
Physical Chemistry 2 and Department of Biochemistry, Chemical Centregtsity of Lund, S-221 00 Lund, Sweden
Receied October 14, 1999; Réesed Manuscript Receéd March 14, 2000

ABSTRACT. Calbindin Dyg«is a member of a large family of intracellular €ainding proteins characterized

by EF-hand structural motifs. Some of these proteins are classified “ass€asor proteins, since they

are involved in transducing intracellular €asignals by exposing a hydrophobic patch on the protein
surface in response to &abinding. The hydrophobic patch serves as an interaction site for target enzymes.
Other members of this group are classified ag'@auffering proteins, because they remain closed after
C&" binding and participate in Ga buffering and transport functions. ANS (8-anilinonaphthalene-1-
sulfonic acid) binding and affinity chromatography on a hydrophobic column suggested that both the
C&*-free and Ca"-loaded form of calbindin By« have exposed hydrophobic surfaces. Since exposure of
hydrophobic surface is unfavorable in the aqueous intracellular milieu, calbingimist likely interacts

with other cellular components in vivo. A €ainduced conformational change was readily detected by
several optical spectroscopic methods. Thus, calbindi $hares some of the properties of?Gaensor
proteins. However, the C&induced change in exposed hydrophobic surface was considerably less
pronounced than that in calmodulin. The data also shows that calbipglinridlergoes a rapid and reversible
conformational change in response to & ébncentration increase within the physiological pH range.
The pH-dependent conformational change was shown to reside mainly in EF-ha8d&dea-induced
unfolding of the protein at pH 6, 7, and 8 showed that the stability of calbindi \Bas increased in
response to Hin the range examined. The results suggest that calbingjnriay interact with targets

in a C&*- and H-dependent manner.

The calmodulin superfamily contains proteins with high homologous to calretinin, another six-EF-hand protein, which
affinities for C&". Well-known members of this family are  is also abundant in a subpopulation of brain neurons.
calmodulin, troponin C, calcineurin, and the S-100 proteins.  calbindin Dy has a high affinity for C# [K, = 10°—

A common structural feature is the so-called EF-hand motif 17 \-1 jn 150 mM KCI (14) and 16 M at low ionic

(1), which adopts a helixloop—helix conformation and has  gtrength {5)]. The stoichiometry of C¥ binding is con-
the ability to bind one calcium ion. The calcium ion is  {oyersial. The reported number of high-affinity sites is 3
coordinated by oxygen atoms provided by carboxylate side (16), 3—4 (17), 4 (14, 18, or 5-6 (15). A study with
chains, backbone amide carbonyls, and water molecules. Theynthetic EF-hand peptides identified four regular EF-hand
majority of the proteins within the superfamily contair2 sites and a fifth site in a noncanonical EF-ha)(
EF-hands and bind Ga with positive cooperativity. The . .

domain organization varies considerably between different thgﬂ?)géi?n;‘tl?as ?}f C&gng;g %‘]kar:at\;;befoqepi;ogﬁgdaznan
EF-ha_nd proteins. Althoﬁgh small EF-ha?d-palrdlomalPT are ?ndogenous calciur%pbuffer It is of impF())rtance for motor
seen in many cases, there are several examples of large Y ’ .
domains containing more than two EF-hands (for a review, coordmaﬂor n mlceZ{_O) and has been suggested' to restrict
see ref). evoked C&" signals in nerve synapses and hair cells by

Calbindin Dy is a highly conserved member of the acting as a mobile calcium buffeed, 23._Calbind_in D
calmodulin superfamily. This six-EF-hand protein was first Bastl’l:])e.er;].demonstralted to protect ggaélhnst etxgl_totori(lc cell
found in avian intestined), and then also in other tissues eath in hippocampal neurongd, and other studies have

including kidney and pancreas, (). During later years this reported selective survival of neurons containing calbindin

protein has attracted much attention due to its abundance inD28k following ischemic insults or seizures, where damage

specific neuronal cell types in the central nervous system is believed to oceur via Ca-mediated eXC|totOX|C|§yZ(4,
(6—12). In fact, calbindin Dgx constitutes between 0.1% and 25)' The protein has "’."50 be_e” p_roposed to facilitate the
1.5% of the total soluble protein in braia3). It is highly diffusional flux of C&" in the intestinal enterocyte26).
EF-hand proteins that interact directly with and modulate
T This work was supported with grants from the Swedish Natural the activity of other proteins in a @dependent manne_r
Science Research Foundation (NFR K-Ku.10178-300, S.L.) and from are often termed Ca-sensor proteins, whereas those in-
a pOétdoctoral dstlpend rf1r0r7|1d$|[«;s1|ubél(rjl/DruvgmtAl?h_(T-B-)t-h Teleoh volved in C&*-buffering and transport functions are termed
* orresponaence snou € adadressed 1o this author. lelephone, +_ i i i +
| 46.46-2238246. fook 46-46-2224543; email Sara Linse@fkem2 Ith.se. 2 -Duffer proteins (for a review see r27). A typical C&
* Physical Chemistry 2. sensor, like calmodulin, undergoes large structural rearrange-
8 Department of Biochemistry. ments upon binding of CG&, resulting in exposure of
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hydrophaobic surfaces, which are essential for interaction with in SDS-PAGE, which was in agreement with the molecular
target proteins. In contrast, a €abuffer/transport protein  mass of close to 30 kDa. Agarose gel electrophoresis and
like calbindin Dy remains closed after €abinding 28). isoelectric focusing showed that the purified proteins were
On the basis of the functional studies and the apparentfree from deamidated material. The human and bovine
absence of cellular targets, calbindipglds often classified proteins had the same mobility in agarose gel electrophoresis,
solely as a CH-buffering protein. In this work, a biophysical ~ while the chicken protein had a slightly higher mobility as
characterization of calbindin Jg from three species was expected from the sequence differences, which predict one
undertaken in order to investigate possible sensor functionsunit higher net negative charge on the chicken protein. The

of the protein. three proteins exhibited an identical shift in mobility upon
comparison of gels in calcium and EDTA.
EXPERIMENTAL PROCEDURES Two fragments, comprising EF-hands-3 and 4-6,

respectively, were expressedtncoli from truncated genes

chia coliand purified to homogeneity as describ&é)( The and _pur_ified in 10 mM MES, pH 5.6, as describ.ed for human
purification of chicken intestinal calbindin & was ac-  calPindin D« (29), by the following steps: (1) heat
complished by the method of Friedlander and Norn&g).( precipitation of bacterial proteins, (2) DEAE-cellulose anion-
Bovine brain calbindin By was purified as follows. Four ~ €Xchange chromatography in 10 mM MES buffer at pH 5.6
bovine brains were taken-@ h postmortem, yielding 1.020 With 1 mM CaCb, (3) DEAE-Sephacel anion-exchange
kg of brain tissue, which was homogenized in 1.2 L of buffer ¢hromatography in 10 mM MES buffer at pH 5.6 with 1
A (10 mM MES! 1 mM DTT, 4 mM EDTA, pH 5.6). The mM EDTA, and (4) dialysis against doubly Q|st|lled wqter
slurry was centrifuged for 20 min at 10 000 rpm. The pellet to remove buffer and NaCl. The procedure will be described

was again homogenized in 1.2 L of buffer A and centrifuged. I detail elsewhere (Berggard et al., manuscript in prepara-
The supernatants from both spins were slammed with a totaltio). The purity was confirmed by the same methods as for
of approximately 350 mL of DEAE-cellulose (ion-exchange 'Ntact calbindin Rex. Bovine calmodulin was expressed in
resin} and the cellulose was collected on adBuoer funnel, ~ E- coli and purified by ion-exchange chromatography,
The DEAE-cellulose was then washed with buffer A and followed by gel filtration and affinity chromatography as
packed in a 5.5¢ 15 cm column. Proteins were eluted with  described &1). Bovine calbindin [ was expressed if.

a 1.0 L linear salt gradient from 0 to 0.4 M NaCl in buffer Coli and purified as describe®3). . _

A. Fractions between 0.2 and 0.3 M NaCl were pooled 10 Produce C&-free proteins, purified protein was
because they displayed a band that comigrated with humandissolved in 1 mL of doubly distilled water containing a-10
recombinant calbindin Ry in agarose gel electrophoresis 20-fold excess of EGTA at pH 8. The sample was applied
and was recognized by a monoclonal antibody against® @ 3.4 x 20 cm Sephadex G25 superfine gel-filtration
calbindin Dy (Swant, Bellinzona, Switzerland). The frac- column. To abolish EGTA binding, the protein was applied
tions were diluted with 210 mL of }D, adjusted to 2 mM ~ 1© the column after 15 mL of saturated NaCl had been
DTT and 1 mM CaGl, and pumped onto a 3.4 12 cm allowed to penetrate the top of the column. The NaCl solution
DEAE-Sephacel ion-exchange column equilibrated in buffer Nad been depleted from residual*Cay dialysis against

B (10 mM MES, 1 mM DTT, and 2 mM Cag| pH 5.6). Chelex-100 resin. During the gel filtration, the protein passed
Proteins were eluted by a linear salt gradient from 0 to 0.4 through the NaCl zone and was eluted free from EGTA in
M NaCl in buffer B. The pooled fractions were freeze-dried doubly distilled C&'-free water’H NMR spectra confirmed
and separated on a Sephadex G50 superfine size-exclusioH'at the proteins were free from EGTA and buffer salts. The
column (3.4x 180 cm) in 50 mM NHAc, pH 6.0. Fractions residual calcium content z_after the calcium deplgnon was
with calbindin Dysx immunoreactivity were pooled, supple- P€tween 0.2 and 0.6 equiv as measured by quin 2-based
mented with 1 mM EDTA, and pumped on a 159 cm ~ @SSays. _ o
DEAE-Sephacel ion-exchange column. The column was Urea Denaturation.A 133 uM stock of calbindin Dex
washed with 50 mL of buffer A and eluted with a 600 mL Was_prepared by dissolving 6.55 mg of lyophilized apo
linear gradient of 6:0.3 M NaCl. After this procedure, the ~ €albindin Digin 1350uL of 1 mM DTT, 10 mM KHPQ,,
pooled fractions were free from other proteins, and were and 0.5 MM EGTA, pH 7.0. A 10 M stock solution of urea
lyophilized and desalted on a Sephadex G25 superfine gel-Was prepared by adding 6.006 g of ultrapure urea to 3333
filtration column. uL of 30 mM KH;PO,, and 1.5 mM EGTA, pH 7.0, and

The purity of each protein was assessed by agarose gepldjus'ting the pH to the desired value and the volume to 10
electrophoresis in the presence of 1 mM EDTA or 2 mMm ML with H20. Buffer (10 mM KHPQ, and 0.5 mM EGTA,
calcium lactate, SDSPAGE, immunoblotting, isoelectric ~ PH adjusted to the desired value) and urea stock solution
focusing, and mass spectrometry. All three proteins were Were then mixed in varying proportions to give samples with
detected by the commercial monoclonal antibody against Uré@ concentrations ranging from 0 to 9.7 M. The samples
calbindin Dy (Swant) and all three had the same mobility contained a constant amount (80) of the calbindin D

stock to give a final protein concentration of 8V of

1 Abbreviations: PBS, phosphate-buffered saline; ANS, 8-anilinon- calbindin Dyg in all samples. The ellipticity at 222 nm and

aphthalene-1-sulfonic acid, ammonium salt; EDTA, ethylendinitrilotet- the '_nm,ns'c (tryptophan) fluorescence emission at 35_4 nm
raacetic acid, disodium salt, dihydrate; CD, circular dichroism; SDS, (excitation at 295 nm) were measured, after subtraction of
sodium dodecy! sulfate; PAGE, polyacrylamide gel electrophoresis; background buffer spectra, at 2& on a Jasco-720 spec-
MES, 2-(N-morpholino)ethanesulfonic acid; DTT, dithiothreitol; BSA,  yronolarimeter or a Perkin-Elmer luminescence spectrometer
bovine serum albumin. .

2\We noted that the amount of DEAE-cellulose used was not LS 50 B connected to a Julabo F25 thermostatic water bath.

sufficient to bind all calbindin By In the CD experiments, a 1 mm quartz cuvette was used.

Proteins.Human calbindin Ry was expressed iBscheri-
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The experiments were analyzed with KaleidaGraph software spectrometer LS 50 B connected to a Julabo F25 thermostatic

(Synergy Software) for Macintosh and fitted to a linear
extrapolation model with two-state unfolding assumgg).(
The baselines befor®)y, and after,Yy, the actual unfolding,
were assumed to be straight lines:

Yy = ky[D] + by (1)

()

whereky and ky are the slopeshy and by are intercepts,
and [D] is the denaturant concentratiory and Yy 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 g,
was fitted with

Yy = ky[D] + by

v = (ky[D] + by) + (K [D] + by)e (ACuuH0)~mDI/RT
o 1+ e—(AGNu(HZO)—mD[D])/RT

3

whereAGnu(H20) is the unfolding free energy in pure water,
mp is the influence of denaturation concentration on the
stability, Ris the molar gas constant, amds the temperature.
The free energy toward unfolding by uresGyy, is assumed
to obey the linear equation:

AGyy = AGyy(H0) — mp[D] (4)
Cm, the urea concentration at the transition midpoint, was
calculated from eq 4 by settil§Gyy to zero. The errors in

water bath. All data were collected at 25:C. Quartz
cuvettes with path lengths of 10, 3, 1, or 0.1 mm were used.

ANS Fluorescence Measuremefits.monitor the changes
of the ANS emission spectra induced by difference in the
concentration of salt and/or presence ofGC& mL of 12
uM of calbindin Dyg or calmodulin was prepared in either
1 mMDTT, 2 mM Tris, and 0.15 M KCl or 1ImM DTT and
2 mM Tris in the presence of excess of either EDTA (50
uM) or CaCk (100u«M). 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:80 ANS. To
monitor the effect of i concentration, the pH was changed
by titration with KOH or HCI. The excitation slit was 3 nm
and the emission slit was 7 nm. In some experiments,
recombinant fragments comprising EF-hands3lor EF-
hands 4-6 at a concentration of 3;gM in 1 mM DTT, 0.15
M KCI, 50 uM EDTA, and 30uM 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 C&'-free and C&-loaded calmodulin were
recorded to enable a quantitative comparison of different
forms.

Size Exclusion Chromatographipetermination of the
multimerization status of calbindin gk 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 NacCl,

the reported values of the different parameters were estimatecand 1 mM DTT in the presence of 1 mM Ca@r 1 mM
to one standard deviation. The standard deviations wereEDTA. The pH was adjusted to 6.5 or 7.9.

obtained directly from the fitting procedures. For presenta-
tion, the data were normalized according to

Fapp -

(Yo - YN)/ (YU - YN) )

and fitted to

@ (AGnu(H20)~mp[D)/RT

app— 1+ o (AGwu(H0)-moDI/RT

F (6)

Spectroscopic AnalyseStructural differences between the
apo and C#&-loaded forms of calbindin By were investi-

Binding of Calbindin Dg« to Phenyl SuperoseC&*-
dependent hydrophobicity was analyzed by subjecting calm-
odulin, calbindin By, or calbindin Dgx 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 %M EDTA or
1 mM CaC}, to 2 mM Tris, pH 7.1. Prior to the injection,
10 uL of a stock solution (10 mg/mL) of the protein was
dissolved in 20Q«L of the high-salt buffer. The conductance
and the absorbance at 214 nm were recorded.

gated by CD spectroscopy, UV absorbance analysis, andresyLTs

fluorescence spectroscopy. A stock of approximately 10 mg/

mL calbindin Dygx in H,O was prepared and an aliquot was

Interaction of Calbindin Rgxwith ANS: Comparison with

withdrawn and subjected to acid hydrolysis to determine the Calmodulin and Calbindin B. ANS has been widely used
protein concentration accurately. The stock was then usedin monitoring exposed hydrophobic patches on the surface

to prepare a protein solution (681 calbindin Dy, 10 mM
DTT, 0.125 mM EDTA, and 2 mM Tris, pH 6:58.0), which

of proteins during folding and to monitor conformational
changes. ANS fluorescence is strongly dependent on the

was used to record the intrinsic (tryptophan) fluorescence polarity of the local environment around the chromophore.

emission spectrum (excitation at 295 nm) and CD and UV
spectra in the near-UV range (25800 nm). The far-UVv
CD spectrum (185250 nm) was measured at a lower protein
concentration («M). CaCk (1.25 mM) was added to the

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

protein solutions, and the same measurements were perblue shift results from reduced solvent relaxation in a less

formed again to yield spectra for the Taform. UV

polar environment and is a reliable reporter of the hydro-

absorbance measurements were recorded on a GBC UV/vighobicity around the bound ANS. The intensity increase is
920 spectrophotometer. CD spectra were obtained on a Jascdue to reduced solvent quenching and is a less reliable

J-720 spectropolarimeter at 2& (thermostated). Fluores-

parameter as there are many other factors that may contribute

cence spectra were obtained on a Perkin-Elmer luminescencéo the fluorescence quenching, for example, protein dynamics
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Ficure 1: ANS binding to human, bovine, or chicken calbindin
Dagk in comparison with calmodulin and calbindingD Human,
bovine, or chicken calbindin £, bovine calmodulin, or bovine
calbindin Dy was dissolved to 12M concentration in 2 mL of 60
uM ANS, 50 uM EDTA, 1 mM DTT, and 0.15 M KCI, pH 7.8.

The ANS fluorescence emission spectra (excitation at 385 nm) were qr human calbindin B

recorded at room temperature éCdree forms; ---). CaGl(1 uL

1M) was then added to each solution {Géoaded forms;—) and

the measurements were repeated- (-) Spectrum for 6@«M ANS

in buffer without protein. The wavelength positions of fluorescence
intensity maxima are shown as vertical bars.

and bound metal ions. €aeffects on ANS fluorescence
were studied for calbindin fg«in parallel with a typical C&
sensor, calmodulin, and a typical €auffer, calbindin By
(Figure 1).

As expected, both the apo and?Cdorms of calbindin
Do and the apo state of calmodulin showed only a negligible
binding of ANS, whereas ANS bound strongly to 2Ca
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Ficure 2: Effect of pH on the ANS binding to C&-free and C&'-
loaded calbindin By Fluorescence spectra of @M ANS in the
presence of 1M human recombinant calbindinzg in 1 mM
DTT and 0.15 M KCI. Spectra were recorded at various pHs in the
presence of 5aM EDTA or 100 uM CacCl, as indicated in the
figure (excitation at 385 nm).~(- —) Spectrum for 6QuM ANS

in buffer without protein.

the three species (474 nm for human, 473 nm for chicken,
and 469 nm for bovine calbindinA) and a slightly larger
spread for the apo forms (470 nm for human, 477 nm for
chicken, and 469 nm for bovine calbindindd. Hence, the
Ca&*-induced effect on ANS fluorescence was a slight red
shift (4 nm) for human recombinant calbindindd a small
blue shift (4 nm) for chicken calbindin Jg, and no
observable shift for the bovine protein. Despite these
variations between the species, it is clear that calbindip D
does not behave as any of the two control proteins, calbindin
Do and calmodulin, because the fluorescence of ANS is
significantly enhanced and blue-shifted for both the apo and
Ca&* forms of calbindin Dg.

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.
there is a higher intensity in the
apo state, while for bovine and chicken calbindigsDthe
highest intensity is found for the €astate. We also noted
that low ionic strength (protein dissolved in 2 mM Tris
instead of 2 mM Tris and 0.15 M KCI) reduces the ANS
fluorescence of both the apo and?Cdorms of calbindin
Dask 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 D.gx may be the result of an increased accessibility
of surfaces with affinity for ANS at lower pH, or a pH-

loaded calmodulin, which is seen as a significant blue shift induced effect on the environment around the bound ANS.
(40 nm, from 520 to 480 nm) and an enhancement of the A stepwise change of the pH from pH 8.5 to 6.0 and back
fluorescence. In striking contrast, the ANS fluorescence was by addition of HCI or NaOH returned the ANS fluorescence
significantly enhanced and blue-shifted (by-<4&L nm) for to the initial value, indicating that the conformational shift
both the Ca'-free and Cé'-loaded forms of calbindin B, induced by H is rapid and reversible. As a control, ANS
Both forms caused a larger ANS blue shift tharf Clmaded binding to calmodulin was studied at different pHs, but no
calmodulin, and this behavior was observed for human and significant difference was observed in the pH range of6.5
bovine as well as chicken calbindind2 There were small 8.5 (data not shown). Similar negative results have been
deviations in the wavelength maxima for the?Céorms from reported for several other proteins, like myokinase, alkaline
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Ficure 3: Effect of pH on the ANS binding to fragments of human
calbindin Dyg. Fluorescence spectra of 3M ANS in the presence
of 3.6 uM of a recombinant fragment comprising either EF hand
1-3 (—) or EF hand 46 (---) in 1mM DTT, 0.15 M KCl, and 50
uM EDTA at pH 6.7 and 8.1 as indicated in the figure (excitation
at 385 nm). € - —) Spectrum for 3QuM ANS in buffer without

protein. ' : ' el 200

0.05 150

phosphatase, and acid phosphat&gg 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 0
D,sk produced more intense and more blue-shifted ANS
spectra than the C&loaded form. The difference in ANS -0.025 C
spectra between the apo- and®Gladed forms was more 1000 1500 2000 2500 3000
pronounced at lower pHs. Thus, the ratio of ANS fluores- Time (s)
cence intensity at 470 nm of €aloaded calbindin By ) ] o
versus Ci-fre calbincin Dy, was 048 at pH 6.5, 053t EVEEL Hyepnane Somaogranty o camepun, cann
pH 7.1, 0.68 at pH 7.7, and 0.78 at pH 8.5. When the_pl-! né‘l(n Dugi, Or human cglbindin kaa; applied onto a hydrophobic
was decreased from 8.5 to 6.5, human recombinant calbindincolumn (phenyl-Sepharose high-performance column from Amer-
D.sk displayed a blue shift in the fluorescence intensity sham Pharmacia Biotech). Prior to the injectionyd0of a stock
i o 47510 467 1 i he shsene ofCand " su0en (0 gy of s proc e dmschedn i e

H H | .
from 479 to 470 nm in the presence of*CaThis suggests gr%di:ﬁt fron 1 M NaCl and 2 mM Tris in 5QM EDTA, pH 7
that the local environment around the e_xmted ANS mole_cules (Ca+-free forms: -—-) or 1 mM CaGl(C&*-loaded forms:-) to 2
becomes less polar at lower pH. Bovine brain and chicken mm Tris, pH 7.1. The conductivity-€ - —) and the absorbance at
intestinal calbindin B« also displayed a blue shift and 214 nm were followed.
enhancement in ANS fluorescence intensity maximum when
the pH was decreased (not shown). Like the human protein,nm at pH 6.7. When the pH was raised to 8.1, the wavelength
the difference in the ANS emission maxima and intensities maximum was red-shifted to 511 nm with only a very small
between the Ca and apo form was highly dependent on reduction in maximum intensity. The results suggest that the
pH. For example, the ratio of ANS fluorescence intensity at structural elements responsible for the acid-induced ANS
470 nm of C&"-loaded chicken calbindin 4 versus C&'- fluorescence enhancement reside mainly in the N-terminal
free protein was 1.6 at pH 8, whereas at pH 6.5, the ratio half (residues +132) of calbindin Dg.. When recorded in
was only 1.1. A similar trend was seen for the bovine protein. parallel, the sum of the emission spectra for the two
Hence, the pH-induced structural changes detected by ANSfragments was equal to the spectrum of the intact protein
binding are more pronounced in the?Cdree protein. within experimental error (less than 5% deviation).

A recombinant fragment of calbindin,g comprising EF- Binding of Calbindin Dgx to a Hydrophobic ResinThe
hand -3 (residues +132) showed an approximately 9-fold ANS experiments indicate that calbindinddhas exposed
enhancement of ANS fluorescence (compared to ANS in hydrophobic surfaces in both the apo and'Ciorms. To
buffer) with a maximum intensity at 474 nm at pH 6.7 verify this, calbindin Dg was loaded on a phenyl-Superose
(Figure 3). When the pH was raised to 8.1, the enhancementcolumn in the presence of %M EDTA or 1 mM CaC}
of ANS fluorescence intensity was reduced by a factor of 2 and eluted with a decreasing salt gradient from 1 to 0.0 M
and the emission maximum was red-shifted to 483 nm. NaCl. As controls, calbindin i and calmodulin were
Contrary to this, a fragment comprising EF-hand-&4 included. Calbindin I eluted very early in the gradient in
(residues 133261) showed a comparatively low enhance- both the presence and absence cf'GRigure 4). In contrast,
ment of ANS fluorescence and a maximum intensity at 501 calmodulin eluted early in the gradient in the absence éf Ca

0.025 100

50
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FiIGURE 5: Tryptophan fluorescence spectra oPGéree and Cat- z /\/J\f\
loaded calbindin Bs. The intrinsic (tryptophan) fluorescence 3 o0
emission spectrum (excitation at 295 nm) was recorded &C25 =
and pH 6.6 or 7.8 for a solution of 68M human recombinant 2 01k
calbindin Dygin 10 mM DTT, 0.125 mM EDTA, and 2 mM Tris B &
(apo calbindin Bg; ---). CaC} (1.25 mM) was then added to the ot
same solution (Ca-calbindin Dyg —). § 0.2 -
Q
but late in the presence of €aCalbindin Qg from all three % -0.3
species eluted late in both the presence and absencéof Ca 2.0 , : : :
The data in Figure 4 were obtained in the absence of DTT, EDTA
and the extra hump observed at ca. 2600 s for calbingin D /*\
in C&" was found to be disulfide-bonded dimers. Collected 15 Pt
fractions were subjected to nonreducing SBFAGE, and ,/ |
fractions from the hump yielded a band at twice Mg of § 1o b ,;1’ \
calbindin Dy, while the major peak at 2800 s contained C g ey \
protein with the monomeM,,. Initial experiments on the 2 Loy |
hydrophobic column were performed with DTT in the 2 05 o B
running buffer. Although these data were of poor quality v rPHTI
due to the high background absorbance of DTT, runs in the pH 6.6
absence and presence of?Cgielded protein peaks at the 0.0 : : : R
240 260 280 300 320 340

same positions as the major peaks in Figure 4.
SizeExclusion Chromatographyio establish a possible o
correlation between dimerization and exposure of hydro- FIGURE 6: UV absorbance spectroscopy of calbindipsdn the

. . I presence or absence of &a(A) UV absorbance spectrum of 68
phobic groups, human recombinant calbindingDwas uM human recombinant calbindin g, in 10 mM DTT, 0.15 M

subjected to size-exclusion chromatography (not shown). Thekcy, 0.125 mM EDTA, and 2 mM Tris, pH 7.3 (apo calbindin
results suggest that, when reduced by DTT, the protein D,g; ---) at room temperature. CaQ(1.25 mM) was then added
migrates as a monomer at both pH 7.9 and 6.5 in the presencdo the same solution (€&-calbindin Dy, —). (B) UV absorbance
or absence of Ga. Thus, the pH-dependent conformational difference spectrum. The spectrum obtained in the presence of

change does not reflect dimerization or multimerization of I(ECD)TS\\/stb:gPg;a:}cggd;ggraﬂ;t ?(E’rtaél%d Lnumgnprreesc%nnggigggta

the protein. We noted, however, that the protein has a caibindin Dy, in 10 mM DTT, 0.15 M KCI, 0.125 mM EDTA,
tendency to form disulfide-linked dimers in nonreduced and 2 mM Tris (apo calbindin g ---) at pH 6.6, 7.1, and 7.8.

samples. These complexes are most likely not physiologically
relevant since the cytosol contains a high concentration of form (by a factor of 1.3-1.1 depending on the species
reducing agents that prevent the formation of disulfide studied). Addition of excess EDTA returned the emission
linkages. Due to the tendency of the protein to form disulfide- intensity to the initial value. The results indicate a reversible
linked dimers, the spectroscopic studies in this work have change of the fluorescence quenching of the two Trp residues
been performed in the presence of DTT. after binding/dissociation of Ga. Trp fluorescence spectra
Intrinsic Fluorescence Spectr&albindin Dy contains of the apo and Ca-loaded forms were also recorded at
two Trp residues located at homologous positions in EF- different pH values (Figure 5). When the pH was changed
hands 1 and 3 (in the first helix). The human recombinant, from 6.6—7.8, the fluorescence intensity at 335 nm ofGa
chicken intestinal, and bovine brain calbindisgidisplayed calbindin D« decreased slightly~2%) and the fluorescence
similar changes in intrinsic fluorescence spectra after addi- intensity of apo calbindin B increased by ca. 9%. The
tion/removal of Céor alteration of the pH. Thus, the Trp  spectral changes were reversible, suggesting that the underly-
fluorescence spectra of the apo and?Claaded forms ing structural changes are bidirectional.
displayed emission maxima at 335 nm, indicating that the UV Absorbance Spectroscopyhe UV absorbance spec-
two Trp residues are not well exposed to water in either the trum of calbindin Dgin the apo form displayed a maximum
apo or C&*-bound state (Figure 5). The €aloaded form, at 279.7 nm, which was shifted to 277.4 nm whed'Gaas
however, displayed a higher emission maximum than the apoadded (Figure 6A). The UV difference spectrum induced by

Wavelength (nm)
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FiGure 7: Far-UV circular dichroism spectra of calbindindoThe 5 i
far-UV CD spectrum (185250 nm) at 25°C of 9 uM human ) i : ' ! !
recombinant calbindin By, in 1 mM DTT and 2 mM Tris, pH 20 260 270 280 290 300 310 320
7.5, with 0.125 mM EDTA (apo calbindin £ ---), or 1.25 mM Wavelength (nm)
CaCh (Ca*-calbindin Dygi; —). Ficure 8: Near-UV circular dichroism spectra of calbindingd

The near-UV CD spectra (25820 nm) were recorded at 2&
Ca&" binding showed a negative absorbance at-22@6 nm for a solution of 68«M human recombinant calbinding or 15
and a positive absorbance between 265 and 320 nm /M bovine brain calbindin By in 10 mM DTT, 2 mM Tris, 0.125

TS . : mM EDTA (apo calbindin Bg; ---). CaCl (1.25 mM) was then
indicating that a conformational change has occurred in the 7 4o =5 f €2 =28 e 2 (&ecalbindin Dy, —). The pH of

local environment around aromatic residues uporf'Ca he solution was adjusted by addition of KOH or HCI as indicated
binding (Figure 6B). The peaks at 280, 284, 290, and 294 in the figure.
nm most likely reflect rearrangement in the Trp environment,  NearUV CD. The near-UV CD spectrum of calbindin
although some of the 280 and 284 nm peaks as_well as thengk’ especially between 270 and 290 nm, was markedly
273 nm peak may result from effects on Tyr residues. The giiered by addition of C4, indicating a reorganization of
negative peak at 244 nm may reflect increased light scatteringyp,e tertiary structure around aromatic residues (Figure 8).
in the apo state or alternatively effects on Phe residues. U”derpH-Dependent spectral changes, reversible on a time scale
the conditions used (2 mM Tris and 10 mM DTT, pH 7.5),  of manual mixing, were readily seen (Figure 8). The pH-
the extinction coefficients at 280 nm were 2810° M~ dependent spectral change was more pronounced in ffie Ca
cm* for C&'-loaded calbindin Byand 2.6x 10'M~*cm* free protein. The CD signal decreased as a function of
for Ce*-free calbindin Ds. When the pH was changed increasing [H] or [C&*]. This indicates that conformational
stepwise from 6.6 to 7.8, an increase in absorbance belowchanges affecting the local environment and/or rotational
270 nm was seen for both the apo and Cstates (Figure  freedom of the aromatic residues occur both oA*@inding
6C). Similar C&"- and pH-dependent changes in the UV 414 on pH changes. The €aand pH-dependent changes
absorbance spectra were observed for both human recomyy, the near-UV CD spectra as described above were observed
binant and bovine brain calbindinzk . also for bovine brain calbindin 3« (Figure 8), while the
Far-UV CD. The far-UV CD spectra of the apo and®a  limited availability of calbindin Rg purified from chicken
forms of calbindin DRgx (Figure 7) were indicative of an  intestine prevented us from performing a comparable analysis
a-helical protein and G4 binding induced a small (12%)  with this homologue.
increase in ellipticity at 222 nm. Similar changes have been Urea Denaturation of Apo Calbindin {3 Followed by
described for many other EF-hand proteins. For example, Circular Dichroism Spectroscopy and Fluorescence Spec-
calmodulin displays an increase in CD signal od'Ganding troscopy. Urea-induced unfolding of calbindin Jx was
(35), although the high-resolution structures of thé Cand monitored by far-UV CD and Trp fluorescence. The?Ga
apo states reveal the same number of residues in helicaloaded form of the protein is only half denatured in 10 M
conformation 86—38). The lower CD signal in the apo state urea at 90°C (Berggard et al., unpublished results), sug-
may reflect a more fluctuating structure, rather than a loss gesting that binding of Ca greatly increases the stability
in the number of helical residue89). The far-Uv CD toward unfolding of the protein. Hence, the stability mea-
spectra of calbindin B remained quite similar in the pH  surements were performed in the presence of 1 mM EDTA.
range 6.5-8.5, indicating that the secondary structure content Measurements by far-UV CD and Trp fluorescence spec-
is not significantly altered in the pH range examined (not troscopy, respectively, yielded very similar values of the free
shown). energy of unfolding AGnu(H20), as well as the unfolding
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W C — stable Ca"-binding proteins. The linear dependency of the

¢ Calbindin D-28K free energy toward unfolding on the denaturant concentration,
Murea reflects the cooperativity of the unfolding reaction. The
low value of Myea (2.2—2.7 kJ mot? M) indicates that
unfolding of calbindin Dg« involves a low degree of
cooperativity. Alternatively, an apparent low,.,could also
indicate that the protein contains multiple domains that unfold
independently (see Discussion).

DISCUSSION

Both the C&*-Loaded and C&-Free Forms of Calbindin

‘ Dgk Have Exposed Hydrophobic Surfacesat sensors,

0 2 4 6 8 1o such as calmodulin and troponin C, undergo &@aduced

1= Calbindin D-28K : conformational change, which exposes hydrophobic surfaces
designed to interact with target proteins. In this study we
have investigated possible sensor functions of calbindin D
using both recombinant human calbindingand protein
purified from chicken intestine or bovine brain.&a&ensors
such as calmodulin normally expose hydrophobic surfaces
only in the C&™-loaded state (Figure 1). This reflects their
ability to function as C&-dependent on/off switches. In
contrast, a typical Ca-buffer/transport protein like calbindin
Dok does not expose hydrophobic patches under any condi-

—>— Calbindin D-9K

2>
Normalized CD signal

—a—pH 8
0.8 - —e—pH7
—e—pH6

0.6

0.4

™
Normalized CD signal

0.2

idicacas w w ; tions (Figure 1). The results in this study indicate that
0 2 4 6 8 10 hydrophobic regions are exposed on the surface of calbindin
[Urea] (M) D2sk in both the C&"-free and C#'-loaded states. Thus, in

FIGURE 9: Urea-induced unfolding of calbindinzg and calbindin this respect calbindin £« does not behave like a traditional
Dok. Apparent fraction unfoldedzapp is plotted as a function of ¢+ sensor but especially not like a typical Cauffer. A

urea concentration at 2% for (A) human recombinant calbindin - : f . f .
Dok (®) of bovine recombinant calbindingd(x) at pH 7.0 and protein designed only to bind €awith high affinity should

(B) for human recombinant calbindin,R at pH 8.0 (), 7.0 @) not benefit from having_ exposed h_ydrophobic surff_ices.
and 6.0 Q). The unfolding data for calbindin o have been Exposure of hydrophobic surfaces is thermodynamically

presented elsewherd). Denaturation parameters were obtained unfavorable, and therefore we suggest that calbindigx D
bﬁ’ f'ctj““g eq3 d;lrectly to the gD data (e"d'.p“c'ty at222nm), and  may interact with as-yet-unknown target molecules. The
the data were then convertedfgy, according to eq 5. existence of interactions between calbindigsand mem-
brane components of chick intestinal brush border mem-

Table 1: Protein StabilityAGnu(H20), of Calbindin Dgx at

Different pHs branes 42) and cerebellar microsomal fraction43] have
been described, implying that calbindin,dd might have
protein pH  (Jmoll)  (kImoF*M-)  Cyb (M) physiological target molecules associated with membranes.
calbindin Do 6.0 14.7% 023 271 0.04 54 C&?*-Induced Conformational Changes in Calbindingd
calb:nd:n ta 70 98+023 594005 a5 Calretinin, a six-EF-hand protein that is highly homologous
calbindin Dy 8.0 8.3+ 0.12 2.3+ 0.02 3.6 to calbindin Dg (58% sequence identity), has been shown
to undergo C#-induced conformational changes detected,

aLinear denaturant dependence in the equa@iy = AGnu(H20) . e
— m{urea).® Unfolding midpoint concentration. for example, by spectroscopic methods and limited proteoly-

sis (44—46). It has therefore been suggested that calretinin
transition midpoints. This indicates that both the secondary belongs to the sensor class of?Géinding proteins. Cal-
and the tertiary structure are disrupted in one concerted stepbindin Dygy is still regarded mainly as a €abuffering

The results support a model in which all six EF hands are protein. Near-UV CD, intrinsic fluorescence measurements,
packed in a single domain, as suggested previodsly To and UV absorbance spectroscopy presented unequivocal
obtain information on the effect of the pH-dependent evidence of C&-induced conformational changes in calbi-
conformational change on stability, the ellipticity at 222 nm ndin D,s. The C&'-induced changes in the amount of
as a function of urea concentration was recorded at threeexposed hydrophobic surfacé calbindin Dy were, how-
different pHs (Figure 9B). The results show a clear depen- ever, considerably less pronounced than that in calmodulin.
dence of the protein stability on pH, with the free energy of This indicates that the protein does not operate in a similar
unfolding increasing by a factor of approximately 1.8 from manner as calmodulin but does not exclude that calbindin
pH 8 to 6 (see Table 1). Hence, the pH-dependent confor- Dogk interacts with targets in a €adependent manner. The
mational change detected by other methods is sufficient alsoC&" state is more stable than the apo state (see below). A
to affect protein stability. At all pHs, thAGyy(H20) was higher level of structural definition of a potential binding
relatively low, between 14.7 (at pH 6.0) and 8.3 kJ mdol  site may promote a higher affinity for the target in theCa

(at pH 8.0), for calbindin B As a comparisonAGyy(H20) state. It is also possible that the protein uses several
for apo calbindin Ik at pH 7.0 is significantly higher, 27.4  hydrophobic patches to bind to targets and that some of these
+ 1.3 (41) (Figure 9A). Thus, when the €afree form is are exposed in the presence of?Gawhereas some are
considered, calbindin fg does not rank among the most exposed in the absence of &aSuch a mechanism could
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explain the C&'-dependent conformational changes detected of the protein is greatly increased after binding of’Ca

by spectroscopic methods as well as the fact that calbindin Previous studies have shown that thé'Garms of EF-hand

D.gx Seems to adopt an “open” conformation in both thé'Ca  proteins are often exceptionally stable and impossible to

and apo state. completely unfold with urea (see, for example, 58j. The
Calbindin Dygx Undergoes a Proton-Induced Conforma- linear dependencies of the free energy toward unfolding,

tional ChangeThe intracellular pH is usually around 71 AGnu(H20), on the denaturant concentratiomye, was

7.2. However, changes in intracellular pH between 7.4 and relatively low for C&*-free calbindin Dgy, which sometimes

6.8 are common neuronal even#7), and the pH may s taken to indicate that the protein has multiple domains

occasionally drop down to 6.6 during cerebral acido48.( that unfold separately. Calmodulin has two domains consist-

Structural changes of calbindingin the pH range between ing of two EF-hands each and a loweavalue 35), similar

6.5 and 8 were apparent in both human recombinant, bovineto that observed here for calbindin,d Recent data,

brain, and chicken intestinal calbindind The far-Uv CD however, suggest that all six EF-hands are part of a single

spectrum of calbindin B« was not significantly altered in  globular domain40). Moreover, the secondary and tertiary

the pH range examined, suggesting that the secondarystructures appear to unfold simultaneously, suggesting a two-

structure of the protein is intact in the physiological pH range. step mechanism with no intermediates. Consequently, the

Hence, the side-chain interactions that characterize thepresence of multiple domains in calbindinglis not a likely

tertiary structure of the native protein are most likely affected explanation for the lown,.,0bserved here for calbindinag.

by small changes in pH. Protonation of critical side chain(s) A more probable explanation is that calbindingPunfolds

could be assumed to underlie the acid-induced structuralin a single step with low cooperativity.

change in calbindin R Possible candidates are the terminal

amino group, the imidazole group of His residues, or CONCLUSION

upshifted Asp or Glu carboxylates. The excess negative Thjs study provides clear evidence that the structures of
charge on calbindin &3« may yield upshifted K values of  {he &+ and apo forms of calbindin & are different. The
acidic residues to the-8.5 range, as was recently found regyits also indicate that calbindindp displays some

for calblnd!n Dy (unpublished experiments). The fhduced _ properties that are unusual in typical @ensors: The
conformational change was shown to take place mostly in protein has exposed hydrophobic surfaces in both the apo
the N-terminal half of the molecule (residues 132, EF-  anq C4* states, and it responds tdfif the neutral pH range
hand 1-3), which contains all four His residues in the human ith an increased stability and a conformational shift. It is
and bovine protein. Three of these residues are conserveqm|ike|y that a protein designed only to bind Xdor the

in the chl_cken homologue. Proton—inducgd conformational purpose of lowering cytosolic Gaconcentration would have
changes in the same pH range as described here have alsg these properties. On the basis of the results in this study,
been reported for calmodulin-dependent enzyn®.(In \ve propose that calbindin £ may interact with target
this case, H was suggested to expose the calmodulin-binding yo|ecules in a regulated manner. Work is in progress in our

domain on the target enzymd9). Similarly, it is possible laboratory to purify and identify such targets.
that the conformational change of calbindigsfdn response

to H™ reflects exposure of a binding domain that may ACKNOWLEDGMENT
influence yet-unknown regulatory functions of the protein.
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