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ABSTRACT. Calcium- and integrin-binding protein (CIB) is a novel member of the kétop—helix family

of regulatory calcium-binding proteins which likely has a specific function in hemostasis through its
interaction with platelet integrimllbSs. The significant amino acid sequence homology between CIB
and other regulatory calcium-binding proteins such as calmodulin, calcineurin B, and recoverin suggests
that CIB may undergo a calcium-induced conformational change; however, the mechanism of calcium
binding and the details of a structural change have not yet been investigated. Consequently, we have
performed a variety of spectroscopic and microcalorimetric studies of CIB to determine its calcium binding
characteristics, and the subsequent conformational changes that occur. Furthermore, we provide the first
evidence for magnesium binding to CIB and determine the structural consequences of this interaction.
Our results indicate that in the absence of any bound metal ions, apo-CIB adopts a folded yet highly
flexible molten globule-like structure. Both calcium and magnesium binding induce conformational changes
which stabilize both the secondary and tertiary structure of CIB, resulting in considerable increases in the
thermal stability of the proteins. CIB was found to bind two?C#ns in a sequential manner with
dissociation constant¥&§) near 0.54 and 1.8M for sites EF-4 and EF-3, respectively. In contrast, CIB
bound only one Mg" ion to EF-3 with aKy near 120uM. Together, our results suggest that CIB may
exist in multiple structural and metal ion-bound statesivo which may play a role in its regulation of

target proteins such as platelet integrin.

CIB is a 191-amino acid intracellular protein that is suggesting that CIB may have several other functions in
constitutively expressed throughout the human body. The addition to the regulation ofllbfs.
protein was discovered and named because of its interaction e sequence of CIB is highly homologous to the

with the cytoplasmic domain of thellb subunit of platelet sequences of several members of the helop—helix “EF-
integ+rin allbfis, and its ability to specifically bind calcium  pang» c&+-binding protein family, including calcineurin B
(C&") (1). The high-affinity interaction withallb was (cnB), calmodulin (CaM), and recoverin. Like these proteins,
originally detected through the use of the yeast two-hybrid ¢g s predicted to contain four EF-hand calcium-binding
system, and subsequently confirmed vitro by surface — nqtits which likely fold into closely associated N- and
plasmon resonancé)( isothermal titration calorimetry (ITC) - ¢ terminal domains, more similar to the globular structure
(3). tryptophan fluorescence spectroscogy, @nd nuclear. of CnB and members of the recoverin superfamily than the
magnetic resonance (NMR) spectroscopy (A. P. Yamniuk independent domains found in CaM, (17). CIB has also

and H. J. Vogel, unpublished observations). The binding of been shown to bind @4 (1), and althou .

N : , gh the stoichiometry
B t°5°‘”b/;3 has been demonstrated bothuiv0 andin  of binding is unknown, it only predicted to bind Caith
vitro (5), and has been implicated as an important step in < o ¢_domain EF-hands, EF-3 and -4. The two N-domain

thr(ca)cg]stggstlguc?rl]ggsa“Tgte:z\;zntsrgvgt?gn gﬁ:rlit:]deﬁerlnn;g;ts?gt( EF-hands of CIB, EF-1 and -2, are likely not functional due
P P ggreg 9 to the lack of many important €acoordinating residues as

l\/_loreove_:r, several groups _have |dent|f|e_c_i a va_rlety of other well as a large insertion in the middle of theC#inding

highly diverse target proteins that specifically interact with loon region of EE-1. This is in contrast to CnB and CaM

CIB, including those involved in neuronal function (Fnk and p region y . C . '
each of which contains four functional €abinding sites

Snk kinase) 1-9), cell death (caspase-23(), and Alzhei- (18, 19), many of the recoverin homologues which can bind

mer's disease (Presenilin 211) among others 12-16), three C&" ions R0—23), and recoverin which binds two &a
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ATGGGCCATCATCATCATCATCATCATCATCATCACAGCAGCGGCCATATCGACGACGAC

GACAAGCATATGGGCGGCAGCGGCAGCCGCCTGAGCAAAGAACTGCTGGCGGAATATCAG

GATCTGACCTTCCTGACGAAACAGGAAATCCTGCTGGCGCATCGTCGTTTTTGCGAACTG

CTGCCACAGGAACAGCGCAGCGTGGAAAGCAGCCTGCGCGCGCAGGTACCATTTGAACAG

ATCCTGAGCCTGCCAGAACTGAAAGCGAACCCATTTAAAGAACGCATCTGCCGCGTGTTT

AGCACCAGCCCAGCGAAAGATAGCCTGAGCTTTGAAGATTTTCTGGATCTGCTGAGCGTG

TTTAGCGATACCGCGACCCCAGATATCAAAAGCCATTATGCGTTTCGCATCTTTGATTTT

GATGATGATGGCACACTGAACCGCGAAGATCTGAGCCGCCTGGTGAACTGCCTGACAGGC

GAAGGCGAAGATACCCGCCTGAGCGCGAGCGAAATGAAACAGCTGATCGATAACATCCTG

GAAGAAAGCGATATCGATCGCGATGGTACCATCAACCTCAGCGAATTCCAGCATGTGATC

AGCCGCAGCCCAGATTTTGCGAGCAGCTTTAAAATCGTGCTGTGA

myristoylation, suggesting that unmyristoylated CIB is also
a biologically active form of the proteirb).

then French pressed between three and six times at 14 000
psi. Cell debris was removed by centrifugation, and the

In this study, we have used a variety of spectroscopic and resulting supernatant was filtered before being loaded on a

calorimetric techniques to investigate the structure of CIB.

In addition to studying the metal-free (apo-CIB) anc?CGa
bound (Ca-CIB) conformations of the protein, we also
studied the effects of Mg on CIB (Mg—CIB). The latter
is important since the Mg concentration in the cell is in

chelating Sepharose fast flow column (Amersham Pharmacia)
pre-equilibrated with 100 mM NiSpand then 20 mM
HEPES and 500 mM NaCl (pH 7.9). Contaminating proteins
and DNA were removed by washing the column with 20
mM HEPES, 500 mM NaCl, and 100 mM imidazole (pH

the millimolar range and might be sufficient to saturate the 7.9), and CIB was then eluted sharply in 20 mM HEPES,

apoprotein in the absence of €aln this work, we have
studied the stoichiometry, thermodynamics, affinity, and
mechanism of binding for both €aand Mg*. Our results

500 mM NacCl, and 500 mM imidazole (pH 7.9). Fractions
containing CIB were subsequently diluted six times with 20
mM HEPES (pH 7.5), to lower the ionic strength, and loaded

demonstrate that apo-CIB has some secondary and tertiaryonto a DEAE anion exchange column equilibrated with 20

structure, yet is likely very flexible. However, binding of
both C&" and Mg to CIB provides considerable structural
and thermal stability, increasing thlehelical content and
decreasing the flexibility of the protein. Interestingly, we have
identified EF-4 as a high-affinity Ca-specific site, while
EF-3 is a lower-affinity C&™- and Mg *-binding site, which
has a preference for €a

MATERIALS AND METHODS

Protein Expression and Purificatiol€IB was expressed
from a pET19b (Novagen) expression vectoEscherichia
coli strain ER2566 from a synthetic gene designed with

mM HEPES (pH 7.5). This column was washed with 20 mM
HEPES and 100 mM NacCl (pH 7.5) to remove remaining
contaminants, and pure CIB was sharply eluted in 20 mM
HEPES and 500 mM NaCl (pH 7.9). Fractions containing
CIB were pooled and dialyzed over the course of 48 h in
several changes of 8 mM NHCO; (pH 7.0) before

lyophilization. Typical yields were between 30 and 50 mg
of pure CIB/L of culture. Uniformly *>N-labeled CIB

([*>N]CIB) was expressed and purified in a manner similar
to that of the unlabeled protein, except that only 5 mL of
overnight preculture in LB broth was used to inoculate 1.0
L of M9 minimal medium, containing 1 g/Et’NH4CI and

optimal E. coli codon usage. The final gene sequence 100 mg/L ampicillin. Concentrations of CIB were determined
includes a 10-His tag and enterokinase cleavage site (Chary UV spectroscopyegrs = 2900 M™* cm™), or using the

1).

Bio-Rad protein assay Kit.

The gene was constructed from overlapping coding and Preparation of Apo-, Mg, and Ca-CIB. To prepare

noncoding oligonucleotides of75 bases each, which were
filled by PCR. Any errors that were introduced were
corrected by site-directed mutagenesis.

For expression of CIB, 1.0 L of Luria-Bertani (LB) broth
containing 100 mg/L ampicillin was inoculated with ap-
proximately 10 mL of overnight culture in the same medium,
and grown at 37C to an ORg, of ~0.8. Expression of CIB
was induced by the addition of 100 mg of IPTG/L of culture,
and the mixture was incubated in a shaker atG7or 4 h

samples of apo-, Ca and Mg-CIB for CD, DSC, NMR,

and fluorescence spectroscopy studies, we used various
combinations of CaG) MgCl,, the high-affinity C&" and
Mg?* chelator EDTA, and the Cé-specific chelator EGTA.
Since the metal ion binding affinity of EDTA and EGTA
varies with conditions such as temperature, pH, and ionic
strength, we determined the dissociation constants for the
interaction of both C& and Mg*" with either EDTA or
EGTA under our experimental conditions using ITC. In 20

or at room temperature for 8 h. Cells were harvested by mM HEPES and 100 mM KCI (pH 7.4) at 30C, we

centrifugation, flash-frozen, and stored-a80 °C. Frozen

obtained the followind<q values: 95 nM for C& —EDTA,

cell pellets were resuspended in 20 mM HEPES, 500 mM 1.4uM for Mg?*—EDTA, 25 nM for C&"—EGTA, and 4.6
NaCl (pH 7.9), and 1.6 mg/mL PMSF, homogenized, and mM for Mg?*—EGTA. Because we were unable to prepare
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totally calcium-deficient apo-CIB by treatment with Chelex- mM EGTA for Mg—CIB. Alternatively, CIB was dialyzed
100 (Bio-Rad), samples of apo-CIB contained some EDTA, against 20 mM HEPES, 100 mM KCI, and 1 mBAmer-
or EDTA and EGTA, Mg-CIB samples contained EGTA  captoethanol AME) for a minimum of 24 h at room
to bind residual C&, as well as excess Mg to bind to the temperature and then diluted to appropriate concentrations
protein, while samples of C&CIB simply contained an  with dialysis buffer and used directly for DSC studies.
excess of CH. 'H NMR spectroscopy studies demonstrated Results in the presence @¢fME were similar to those
that titration of C&" or Mg?" into samples containing an  obtained using the desalting method, although baselines were
excess of EDTA resulted in no shifting of the CIB protein less stable due to the presenceSME. All samples were
peaks until after the EDTA was completely saturated with centrifuged prior to carrying out the experiment and exam-
the respective metal ion, suggesting that CIB was completelyined for precipitates, but none were observed in any of the
metal-free in the presence of EDTA. There is also no apo-, Ca-, or Mg—CIB samples. Samples of 2875 uM
evidence that either EDTA or EGTA binds to CIB, and each CIB were heated in a MicroCal VP-DSC microcalorimeter
is easily removed by dialysis or gel filtration chromatogra- from 10 to 110°C at a scan rate of 60 K/h, and then cooled
phy. and rescanned to check for the reversibility of the thermal
Circular Dichroism (CD) Spectroscop®D spectra were  transitions. The pressure was maintained above 28 psi to
recorded at room temperature on a Jasco J-715 spectropoprevent degassing of the samples at higher temperatures.
larimeter in the Department of Chemistry of the University Scans were performed with CIB in the sample cell and the
of Calgary. All far-UV CD spectra were recorded in a respective buffer in the reference cell, and a buftenffer
cylindrical quartz cuvette with a path length of 0.1 cm, and scan was subtracted in each case to correct for instrument

a volume of 30QuL, on samples consisting of &M CIB baselines. Data analysis for all experiments was performed
in 5 mM HEPES, 0.5 mM DTT (pH 7.5), and either 2 mM using MicroCal Origin software.
CaCl for Ca—CIB samples, 2 mM MgGland 0.5 mM Isothermal Titration Calorimetry (ITC)Samples for ITC

EGTA for Mg—CIB samples, or 1 mM EDTA and 1 mM  were prepared in essentially the same manner as those for
EGTA for apo-CIB samples. Spectra were recorded from DSC involving DTT incubation and desalting. Additionally,
260 to 185 nm using the following parameters: step we passed the DTT-free samples through Calcium Sponge
resolution of 0.2 nm, speed of 100 nm/min, response time S (Molecular Probes) column equilibrated with 20 mM
of 2.0 s, bandwidth of 1.0 nm, and a sensitivity of 20 mdeg. HEPES and 100 mM KCI (pH 7.4) to remove Ldons.
All far-UV spectra are the average of 10 scans with the All buffers were prepared in acid-washed plastic containers
background signal from the buffer subtracted, and the datausing ultrapure MilliQ water and stripped of metal ions by
were smoothed and converted to molar ellipticity using Jasco dialyzing for several days with a dialysis bag filled with
software. Near-UV spectra were recorded in a 1.0 cm path Chelex-100 (Bio-Rad). ITC experiments were performed on
length cylindrical quartz cuvette with a volume of 2.0 mL a MicroCal VP-ITC microcalorimeter at 3@« and analyzed
on samples of 6&2M CIB in 20 mM HEPES, 100 mM KClI, using MicroCal Origin software. Each titration consisted of
5 mM DTT, and the same Ca, Mg, EDTA, and EGTA 3-5 uL injections of concentrated CaCbr MgCl, in 20
concentrations that were used for the far-UV samples. ThesemM HEPES and 100 mM KCI (pH 7.4) into a 1.43 mL
spectra are the average of 20 scans, which were not smoothedample cell containing 166150uM CIB in a similar buffer
so that the fine structure of the spectra could be maintained.with and without 2 mM CaGlor MgCl,. For each titration,
All other parameters were identical to those for the far-UV the stoichiometryl), association constari{), and enthalpy
samples except that the sensitivity was set to 10 mdeg.  change AH) were directly obtained from the ITC data while
Fluorescence SpectroscopB-Anilino-1-naphthalene-  the dissociation constanKg) was calculated as K4
sulfonate (ANS) fluorescence spectroscopy studies were NMR Spectroscopyll *H—N HSQC NMR spectra were
performed on samples of 30M CIB in 20 mM HEPES, recorded at 37C on a Bruker Avance 500 NMR spectrom-
100 mM KCI, 1 mM DTT, 12uM ANS (pH 7.5), and either  eter equipped with a triple-resonance inverse cryoprobe with
2 mM EDTA and 2 mM EGTA for apo-CIB, 2 mM Cagl a single axisz-gradient. Each spectrum was acquired with
for Ca—CIB, or 2 mM MgCL and 0.5 mM EGTA for Mg- guadrature detection in ti& dimension obtained using the
CIB. All spectra were recorded from 400 to 600 nm using echo/antiecho time-proportional phase increment method.
excitation and emission bandwidths of 5 and 10 nm, The 1024x 64 real data matrix was zero-filled once in each
respectively, on a Varian Cary Eclipse spectrofluorimeter at dimension. For the titration of apo-CIB with €a a 480
37°C. uL sample containing 62@M uniformly '*N-labeled CIB,
Differential Scanning Calorimetry (DSCJo prepare the 100 mM KCI, 10 mM DTT, and 10% BD (pH 7.5+ 0.1)
CIB samples for DSC, lyophilized CIB was dissolved in 20 containing 1 mM EDTA was titrated with microliter additions
mM HEPES and 10 mM DTT (pH 7.5) to a concentration of concentrated Cagln HO. For the titration of apo-CIB
of 300-450 uM, and then incubated at room temperature with Mg?*, a 440uL sample containing 56M uniformly
for approximately 20 h to reduce any disulfide bonds. DTT N-labeled CIB, 100 mM KCI, 10 mM DTT, and 10%;,D
was removed by passing the samples through a Bio-Rad 10(pH 7.5+ 0.1) containing 1 mM EDTA and 0.30 mM EGTA
DG column equilibrated with 20 mM HEPES and 100 mM was titrated with microliter additions of concentrated MgCl
KCl (pH 7.5) immediately prior to carrying out each and then CaGlin H,O. The pH was kept at all times within
experiment. The protein was then diluted with 20 mM 0.1 pH unit with small additions of concentrated NaOH. The
HEPES and 100 mM KCI (pH 7.5), and CaCMgCl,, proton chemical shifts were referenced to 0 ppm using the
EDTA, or EGTA was added from a concentrated stock DSS (2,2-dimethyl-2-silapentane-5-sulfonate) signal in the
solution to give 2 mM CaGlfor Ca—CIB, 2.5 mM EDTA one-dimensionalH spectrum of each sample, and tHéN
and 2.5 mM EGTA for apo-CIB, and 4 mM Mgg€and 1 chemical shifts were referenced indirectly to DSS using a
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Ficure 2: Baseline-corrected and concentration-normalized DSC
thermograms for 10xM samples of apo-, Ca, and Mg-CIB,
recorded at a scan rate of 60 K/h.

the shape and intensity of the CD signals are very sensitive
to the side chain’s precise environme®8); CIB contains a
total of 14 Phe residues and two Tyr residues which combine
to produce the near-UV CD spectrum of the protein. The
i . : . . strong positive Tyr signals from-270-295 nm and the
260 280 300 320 negative Phe signals below 270 nm indicate that CIB has a
significant amount of tertiary structure in the €aand
Mg?*-bound states as well as in the absence of any bound

[@] X 10‘3(deg.cm2-dmol’])
B

Wavelength (nm)

l(:l—G)UZEné: MCir%lllgr(f’jghrgchndsé);‘g{argg rﬁ%%-rﬁlBergt[J ;é-e(aAl)Bfar- metal ions (Figure 1B). However, like the far-UV CD spectra,
UV'spectragc;‘ 10:M AIB and (B) near-UV CD gpectra of &M the signal intensity for apo-CIB is considerably smaller than
CIB. that for either Ca- or Mg—CIB, suggesting that apo-CIB

conversion factor of 0.101 329 118 as suggested by Sykeshas a distinct tertiary structure. Although the signal intensities
and co-workersZ6). of Ca—CIB and Mg-CIB are similar, Ca-CIB consistently

produced slightly more intense signals in both near- and far-

RESULTS UV spectra, suggesting that CIB adopts a slightly more stable
Circular Dichroism SpectroscopyTo investigate the  structure when bound to €a

secondary structure of CIB in the apo and Ca- and Mg-bound Differential Scanning CalorimetrySince the CD spec-
states, we performed far-UV CD spectroscopy at room troscopy data suggested thattCand Mg+ binding to CIB
temperature. The intense negative ellipticity near 208 and each had a stabilizing effect on the secondary and tertiary
222 nm in the spectrum of apo-CIB indicates that the protein structure of the protein, with Ga having a slightly more
has significanta-helical character (Figure 1A). However, pronounced effect, we anticipated that a similar trend might
the small amplitude of the positive 196 nm band, and be observed in the thermal stability of the protein. To test
considerably greater intensity of the 208 nm band in this hypothesis, we performed DSC studies on apo-;,Ca
comparison to that of the 222 nm band, suggest that apo-and Mg-CIB at several different protein concentrations
CIB also has a significant proportion of random coil structure, ranging from 25 to 17xM. The best results were obtained
or regions of high flexibility 7). In the presence of both  using 100uM apo-, Ca-, and Mg-CIB, and these baseline-
C&*" and Mg", we observed considerable increases in the corrected and concentration-normalized spectra are overlaid
intensity of each of the 196, 208, and 222 nm bands, in Figure 2. Interestingly, in the DSC thermogram for apo-
suggesting that CIB specifically binds to bothi?Cand Mg " CIB, we observed a very broad thermal transition beginning
and that the binding of each ion induces conformational near 25°C with no obvious single transition peak, suggesting
changes which increase the amount of sta@iaelical that apo-CIB may slowly unfold through several intermediate
secondary structure in the protein. In comparison to the apo-steps beginning at low temperatures. In contrast1@t8
CIB spectrum, the intensities of the 222 nm bands of-Ca displayed a single sharp transition peak indicating that CIB
and Mg—CIB increase by 36.0 and 32.1%, respectively, in likely unfolds as a single cooperative unit when bound to
comparison to increases of only 13.4 and 11.9% for the 208 Mg?". The thermogram for CaCIB also displayed one
nm bands, respectively, suggesting that in addition to an major thermal transition peak, although a minor peak was

increasedx-helical content both Ca and Mg—CIB experi- also detected near 4%0 °C. Consistent with homology
ence a decrease in unstructured or flexible regions comparednodeling studies, this suggests that the two predicted
to apo-CIB. domains of CIB are closely associated with each otder (

Near-UV CD spectroscopy is commonly used to study the 17). Unfortunately, apo-, Ca, and Mg-CIB each produced
environment of the aromatic amino acid side chains, where negative and nonlinear post-transition baselines independent
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Ficure 3: H—5N HSQC NMR spectra of'fN]apo-CIB in the presence of (A) 0, (B) 0.5, (C) 1.0, and (D) 2.0 molar equiv éf @ad
spectra of PN]Mg—CIB in the presence of approximately (E) 0, (F) 1.0, (G) 1.5, and (H) 2.0 molar equiv of bourid &zectra EH

were recorded in the presence of 6.4 molar equiv of'Mblote the sequential filling of EF-4 and then EF-3 as monitored by the appearance
of Gly166 and then Gly121 in each row (see the text).

of concentration, a characteristic highly suggestive of ag- tions of temperature (37C), pH (7.5+ 0.1), and ionic
gregation. Furthermore, rescanning the samples after coolingstrength (100 mM KCI), in a highly reducing environment
revealed no endothermic transition peaks, indicating that CIB (10 mM DTT) to keep CIB in a native-like conformation.
likely could not dissociate and refold from the aggregated Titrations of either C& or Mg?" into apo-CIB were
state (results not shown). Because of this aggregation, theperformed individually to monitor the structural conse-
post-transition baselines could not be accurately defined, andquences of binding each ion, as well as a titration of'Ca
as a result, the calorimetric enthalpiH.) and van't Hoff into Mg-saturated CIB to investigate possible competition
enthalpy AH,) were not calculated. The combination of this between the two ions.
aggregation and the gradualness of the apo-CIB denaturation In the initial HSQC spectrum of apo-CIB recorded in the
thermogram also made the determination of an accuratepresence of a molar excess of EDTA, we found a lack of
melting temperature impossible for apo-CIB. However, the chemical shift dispersion, broad line widths, and clustering
transition temperaturesr) for Ca— and Mg-CIB were of many of the peaks around typical random coil values
determined to be accurate #1.5 °C at all concentrations  suggestive of a high degree of flexibility (Figure 3A).
between 25 and 100M independent of how the baselines However, several of the backbone amide resonances were
were defined. Concentrations greater than 100 CIB observed to have unique chemical shifts with sharper line
showed extreme exothermic aggregation effects, leading towidths, indicating that some regions of apo-CIB had well-
inaccuratel, determination. Th@, value for Ca-CIB (72.1 defined structure. Because the CD spectra indicated that apo-
°C) in comparison to that of MgCIB (62.8°C) in the 100 CIB had considerable secondary and tertiary structure, the
uM samples demonstrates that binding of?Cdo CIB characteristics observed in the NMR spectrum of apo-CIB
induces an approximately 1°C stability increase over that  suggest that the protein is likely highly flexible and possibly
of the Mg*-bound protein. Therefore, the thermal stability in a molten globule type of conformation. The broad thermal
analysis of CIB is consistent with the CD spectroscopy data, transition for apo-CIB seen in our DSC results is also
suggesting that both Mg and C&* have a stabilizing effect  consistent with a flexible molten globule type of structure.
on the structure of apo-CIB, with €aproviding greater It is interesting to note that several other small regulatory
structural stability. Furthermore, the results show that apo- Ca&*-binding proteins have strikingly similar NMR spectra
CIB is likely highly flexible and in a partially disordered in the absence of G4, including Frql 21), GCAP-2 Q0),
state near-physiological temperatures. and calerythrin29), suggesting that these characteristics are
NMR Spectroscopylo obtain a more detailed view of not unique to apo-CIB, and may represent a common
the Ca&*- and Mg *-induced conformational changes in CIB, conformational state for many relatedC#inding proteins
we performed heteronucle&d—>N HSQC (heteronuclear in the absence of Ca
single-guantum coherence) NMR spectroscopy studies of During the C&" titration, we observed no shifting of any
uniformly *N-labeled CIB ([®N]CIB). This technique is  of the apo-CIB peaks until after the EDTA was completely
useful for monitoring the amide backbone in investigating saturated with CH, indicating that under these experimental
the protein structure and global conformational changes. All conditions CIB has an at least 10-fold lower affinity for’Ca
experiments were performed under near-physiological condi-than EDTA, as there is little competition between them
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(results not shown). However, as the first equivalent 6ffCa  12-residue C&-binding loop sequences of CIB shown
binds to CIB we observe a complete disappearance of all of below, where the asterisks represent thé*@mordinating
the apo-CIB peaks and now detect an entire new significantly residues.

more disperse set of resonances characteristic of a well-folded

protein (Figure 3B,C). This suggests that CIB binds the first ok ok ok %k

equivalent of C&" with a relatively high affinity since the
protein is in slow chemical exchange betweerf'@ound
and unbound conformations. Furthermore, it is evidence of

116 DFDDDGTLNRED

a significant Cé"-induced conformational change and sta- 161 DIDRDGTINLSE
bilization of secondary and tertiary structure. Titration of the
second equivalent of Garesults in the detection of a small We have assigned these Gly residues by three-dimensional

number of additional peaks, suggesting that a comparablyNMR spectroscopy of’C- and!*N-labeled Ca-CIB, and
minor conformational change occurs upon binding this confirmed that these resonances arise from Gly residues by
second C#& equivalent (Figure 3D). Further titration of €a ~ 1H—15N HSQC NMR spectroscopy of CIB specifically
produced no significant changes in the spectra, confirming labeled with [5N]Gly (results not shown). The identities of
the predicted number of two functional €&binding sites these two Gly residues are indicated in Figure 3. Interest-
in CIB. Worth noting is the fact that we detected fewer peaks ingly, when we titrated the first equivalent of €anto apo-
in all tH—1>N HSQC spectra of'fN]CIB than we expected.  CIB, only Gly166 was detected, indicating that most of the
While this can in part be attributed to a combination of peak Ca" is bound to only EF-4 (Figure 3B,C). Titration of the
overlap and chemical exchange, both dynamic light scatteringsecond C# equivalent has very little effect on the intensity
(DLS) and small-angle X-ray scattering (SAXS) studies and chemical shift of first Gly peak, but we now observe an
suggest that protein aggregation may also contribute to peakincrease in the intensity of Gly121 in EF-3 (Figure 3D).
broadening in all states of CIB (results not shown). No Together, these results suggest that unlike many EF-hand
significant improvements in the NMR spectra of apo--Ca  pairs such as those in CaM which bind?Caooperatively,
or Mg—CIB could be obtained by varying the protein the EF-hand pair of CIB binds €ain a sequential manner.
concentration, temperature, pH, or ionic strength or by the In contrast to the spectrum of E&IB, the Mg—-CIB
addition of various detergents to the samples. spectrum shows only one Gly residue even in the presence
In the sample of apo-CIB used for titration with Kty of excess Mdg", suggesting that CIB binds only 1 molar
we included the CH-specific chelator EGTA in additionto  equiv of Mg?". As might be expected due to the different
the C&" and Mg+ chelator EDTA as described in Materials Cét- and Md*-bound loop conformations found in EF-hand
and Methods. As expected, the apo-CIB resonances weremotifs, this peak also had a slightly different chemical shift
unaffected by titration with Mg until after complete  in both theH and N dimensions than either of the Gly
saturation of the EDTA (results not shown). Then as?Mg  residues in CaCIB. Interestingly, as Ca was titrated into
bound to the protein a new set of peaks arising from-Mg the sample of Mg-CIB, we initially observed only Gly166
CIB were observed in slow exchange with the apo-CIB peaks while the Gly peak at the Mg-bound site remained
(Figure 3E). The number of detected peaks and the spectralunaffected. Further titration of Garesulted in the appear-
dispersion of the Mg CIB spectra are similar to those of ance of Gly121 with the corresponding disappearance of the
Ca—CIB, although fewer well-resolved peaks are detected, Mg-bound Gly peak (Figure 3FH). This suggests that the
and a cluster of residues likely with high flexibility still exists ~ Gly peak in the Mg-CIB spectrum arises from Gly121 and
in the center of the spectrum as in apo-CIB. This suggeststhat the bound MY is exchanged for G4 during the
that although the structure of MECIB is quite similar to titration. Together, these results propose that EF-3 of CIB
that of Ca-CIB, overall Mg-CIB is somewhat more is a lower-affinity C&"- and Md*-binding site with a
flexible, an observation consistent with our CD and DSC preference for Cd, while EF-4 is a higher-affinity Ca-
studies. It was surprising to find that the majority of the well- specific site. Furthermore, €abinding remains a sequential
resolved peaks in the MgCIB spectra had chemical shifts process even in the presence of g
that were identical to those of peaks in the spectrum éfCa Isothermal Titration CalorimetryTo better characterize
saturated CIB, which suggests that several regions ef Ca the C&" and Mg binding behavior of CIB, we performed
and Mg—CIB have similar conformations. As we titrated various ITC titrations of the protein at 3. Titration of
Cat into the Mg—CIB sample, several of the peaks were Ca&*" into apo-CIB produced a binding curve consisting of
observed to shift, producing a spectrum nearly identical to two sequential sigmoidal curves, indicating that the protein
that of Ca-CIB in the absence of Mg, suggesting that CIB  bound two C&' ions in a sequential manner, consistent with
binds C&" with a considerably higher affinity than Mg the sequential binding to EF-4 and then EF-3 observed in
(Figure 3FH). Of note is the fact that the two spectra are our NMR data (Figure 4). The calculated dissociation
not completely identical, suggesting that Mgnay have a  constant Kq) for binding to EF-4 (0.54+ 0.07 uM) was
minor effect on other regions of the protein as well. ~3.5 times greater than that for binding to EF-3 (9.3
One area that differs between the spectra of @ad Mg— uM), suggesting that despite it being a sequential process,
CIB is that between 11.3 and 10.2 ppm in thkdimension the binding curves overlap somewhat (Table 1). The affinity
and between 112 and 117 ppm in i dimension, which of EF-4 is also~1 order of magnitude smaller than the’Ca
contains peaks with chemical shifts characteristic of the affinity of EDTA under these conditions (see Materials and
invariant Gly residues at position 6 of nearly all functional Methods and re80), as predicted by our NMR results. The
C&*-binding loops. In EF-3 and EF-4 of CIB, these residues low stoichiometry N) of binding to EF-4 (0.28+ 0.04) is
correspond to Gly121 and -166, respectively, as seen in theattributed partly to the overlapping binding curves, but also
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Ficure 4: (A) ITC calorimetric trace for the titration of apo-CIB with &a(top) and the derived binding isotherm for the titration of
apo-CIB with C&" (m) and Mg (o) demonstrating the considerably larger heat released upon bindfigi&@dtom). (B) ITC calorimetric
trace for the titration of Mg-CIB with C&* (top) and the derived binding isotherm for the titration of MgIB with Ca* (M) and Ca-
CIB with Mg?" (a) (bottom). All experiments were performed at 30.

Table 1: Thermodynamic Parameters for Titrations of CIB witd'Ga Mg?t in 20 mM HEPES and 100 mM KCI (pH 7.%)

EF-4 EF-3
experiment N Ka (uM) AH (kcal/mol) N Ka (uM) AH (kcal/mol)
binding of C&" to apo-CIB 0.28+ 0.04 0.54+ 0.07 —32.4+£6.91 0.94+ 0.05 1.9+0.3 —6.22+1.22
binding of Mg* to apo-CIB 0.814+0.04 120+ 5.0 —8.64+ 0.49
binding of C&" to Mg—CIB 0.66+ 0.00 0.48+ 0.03 —7.16+0.02 1.0 198+ 20 —6.29+ 0.34

binding of Mg* to Ca—CIB®

a All experiments were performed at 3C. The values for stoichiometnN§, dissociation constanKg), and enthalpy change\H) for each
binding event are showf.This value was fixed during the fitting procedure due to low affinftissentially no binding (see the text).

likely to some residual Ca contamination, while thé& for Mg?" to apo-CIB induces a conformational change which is
EF-3 was near the expected 1.0 molar equiv (Table 1). As similar in magnitude to that induced by €abinding, the
seen in Figure 4, binding of Gato CIB proceeds with a  AH of Mg?* binding (—8.64+ 0.49 kcal/mol) was found to
large negative enthalpy chang&H), indicating that it is a be significantly lower. Interestingly, binding of Mg to
highly exothermic interaction. In ITC experiments, the proteins is typically endothermi®g, 32). Also, the interac-
measured\H is a combination of theé\H of C&" binding tions of C&" with EDTA (AH = —6.3 kcal/mol) and Mg"
which primarily involves desolvation of the €acation and with EDTA (4.5 kcal/mol), measured under identical condi-
the AH of the conformational changes that occur in the tions, are distinct (results not shown). Therefore, we suggest
protein. However, since thAH of C&" binding can be  that the measuredH for binding of Mg" to apo-CIB in
approximated to be zer@{ and references therein), we can these experiments arises from enthalpic cancellation between

assume that thAH measured for binding of Cato CIB is an endothermic and an exothermic component, foMg
nearly entirely derived from the conformational changes that binding and the conformational change, respectively.
occur in the protein. Therefore, the considerably lavyelr The binding of C&" to EF-3 in the presence of saturating

for binding of C&" to EF-4 (~32.4 + 6.91 kcal/mol) Mg?" concentrations gave a simil&y (0.48 + 0.03 uM)
compared to that for binding to EF-3-6.22 + 1.22 kcal/ for the binding in the absence of Mg indicating that Mg"
mol) is consistent with the greater conformational change does not alter the Ga binding affinity of this site (Table
observed in our NMR data. In contrast to®Chinding, only 1). However, theAH of binding was nearly 80% lower in
one Mg" ion was found to bind to CIB with considerably the presence of Mg, most likely because the M&-bound
lower affinity (Kq ~ 120 uM), justifying the complete protein is already considerably more folded than apo-CIB.
displacement of Mgj for C&" in EF-3 observed in our NMR  Interestingly, the calculateld, for binding of C&* to EF-4
data. Although our NMR results suggested that binding of (198uM) was~100-fold lower than in the absence of kig



Calcium- and Integrin-Binding Protein Biochemistry, Vol. 43, No. 9, 20042565

also have an exposed hydrophobic binding patch which might
300 interact withallbfs is also intriguing.

DISCUSSION

200- . . .
In this study, we have used a variety of experimental
techniques to demonstrate that CIB can specifically bind both
Ca&" and Mg, and in doing so, these metal ions induce
conformational changes in the protein. However, the mech-
anism, stoichiometry, and affinity of binding as well as the
conformational changes that binding induces differ between

100+

0 . , .
the two ions. Interestingly, two Caions were found to
. . . sequentially bind to CIB withKy values near 0.54 and 1.9
400 450 500 550 600 uM for binding to EF-4 and EF-3, respectively. TKg for

Wavelength (nm) EF-4 was unchanged in the presence ofNMand although
) . an accuratéy could not be obtained for EF-3, the interaction
Ficure 5: Fluorescence spectra of the hydrophobic probe ANS f d . ial under th diti Th
used to monitor the exposed hydrophobic surface area of apo-CIBW""S oun to remain se'qu.entla un er these con |t|ons.. e
(---), Ca—CIB (—), Mg—CIB (---), and ANS in the absence of sequential nature of this interaction was unexpected since
CIB (-+=-). The y-axis represents the fluorescence intensity in the majority of EF-hand pairs such as those of CaM fold
arbitrary units. into a tightly associated domain structure, and cooperatively

even though our NMR data demonstrated that*Geound bind to C&" (37_39)' S_equential C# binding is typically
to this site with high affinity (Figure 3G,H). This apparently observed only in proteins such as recoved@)(Frql 1),

weak affinity is likely due primarily to enthalpic cancellation a_nd calerythrin 29), which have _C&-binding S“?S_ in
during the éé* for IB\//Ig2+ gxchange and notpfrom an actual different domains. Interestingly, this different Taaffinity

lowering of the C&" affinity of this site. Similarly, the found with CIB may allow the protein to respond to a greater

affinity of EDTA for Ca?+ was found to decrease by nearly range of intracellular Ca c_oncentrations than if the interac-
1000-fold in the presence of Mgas calculated from ITC tion were to be cooperative.
titrations performed under our experimenta| conditions Another characteristic of CIB that is not observed with
(results not shown). Agah and co-workers also reported amany other C&-binding proteins is the ability to specifically
similar trend in the presence of 150 mM NaGP). Because ~ bind Mg?*. However, our results indicated that only a single
of this effect, the data for binding of €ato EF-4 are much ~ Mg?" ion binds to CIB with physiologically relevant affinity
better resolved, thereby giving a stoichiometry of binding (~1204M), and it binds to the site that had the lower’Ca
Wthh iS C|oser to the expected 1.0 equiv (0:6600) Th|s a.fﬁnity, EF-3. Th|S behaVior differS from that Of proteinS
also suggests that there is likel0.3 equiv of residual Ga such as troponin C (TnC) which binds Ffgions with its
initially bound to CIB which we were unable to remove with high-affinity Ca&* and Mg sites that have a higher affinity
Calcium Sponge S. Titration of Mg into a sample of Ca for Ca* and does not bind Mg with its lower-affinity C&"-
CIB proceeded with essentially no heat changes in compari-SPecific sites41-43). Since the intracellular Mg concen-
son to the control, confirming that Mty does not displace  tration (10 M) is approximately 1&fold higher than that
ca+ from EF-3. of Ca&" (1077 M) (44), our results suggest that in the absence
ANS F|u0rescence Spectroscomye meta'_free forms Of Of an intrace”ular CﬁF Stimulus the predominant form Of
typical regulatory EF-hand calcium-binding proteins, includ- C!B within the cell would be Mg—CIB. Then, in response
ing CaM and recoverin, are well-folded with their hydro- 0 stimulus-induced increasing €aconcentrations, Mg-
phobic residues buried within the protein interior. Therefore, Ca—CIB and ultimately Ca-CIB become the major intra-
they d|sp|ay Very Weak fluorescence in the presence of Cellulal’ formS Of the protein, prOViding thl’ee Unique metal
hydrophobic fluorescent probes such as ANS. Subsequenton-bound states of the protein that may each have unique
Ca* binding causes the opening of hydrophobic patches on functional properties.
the protein surface which interact with target proteins or  Several studies suggest that the biochemical basis for these
hydrophobic probes, resulting in considerable increases indifferent C&" and Mg* binding affinities may simply lie
their fluorescent intensity 33—36). We recorded ANS in the slightly different C& -binding loop sequences of EF-3
fluorescence spectra in the presence of apo-;,@Gad Mg- and EF-4 of CIB 45—47). While the C&" chelating residues
CIB. As shown in Figure 5, we found significant ANS at positionsX, Y, Z, —X, and—Y as well as the Gly6 residue
fluorescence in the presence of all three forms of CIB, are all conserved between the two loops, the important
indicating that they all have exposed hydrophobic residues. chelating residue at theZ position is an Asp in EF-3 and
Interestingly, the intensity was the lowest for-0alB, and a Glu in EF-4 (). Comparison of the loop sequences of more
the highest for Mg-CIB, with the apo-CIB sample producing than 500 different EF-hands from various proteins has
an intermediate fluorescent signal, although closer in intensity revealed that a Glu at this position is highly favored (92%)
to that of Mg—CIB. The results are consistent with apo- over an Asp side chain (8%), suggesting that a Glu for Asp
CIB existing in a molten globule state with some exposed substitution may have some functional consequendgs (
hydrophobic residues. They also suggest that ClB has In fact, mutational studies with the smooth muscle myosin
an exposed hydrophobic surface area which might be regulatory light chain (RLC) and parvalbumin have dem-
important for its interaction withallbfs, as has been onstrated that the presence of a Glu residue at posititn
previously suggeste®). The possibility that Mg-CIB may produces a loop which is highly €aspecific with high
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affinity, whereas an Asp residue at this position produces a has also been observed with TnC where binding ofMg

Ca&" and Mg" binding site with lower C& affinity than some of its Ca"-binding sites is essential for structural
the loop containing Glu, but higher €aaffinity than Mg stabilization and interaction with its target protein in the
affinity (45—47). On the basis of these results, it seems absence of Cd (41, 43, 55). By analogy to TnC, perhaps
reasonable to suggest that the ability of EF-3 to bindMg Mg—CIB remains constitutively tethered tdlb, and C&"

may simply result from the substitution of Asp for Glu at binding is important for triggering integrin activation. The
the —Z position of the loop sequence. However, we should possibility that CIB may be constitutively bound to target
note that there are some Tabinding loops that do contain  proteins is very intriguing since it has been suggested as a

Glu residues at the-Z position that also bind Mg (49— possible subunit of Fnk and Snk kinase, playing a role similar
51), suggesting that other residues within the sequence mayto the role CnB plays in the regulation of CnA—9).
also be important. However, it is also possible that Migbinding may simply

Our characterization of the €a, Mg?'-, and metal-free  provide CIB with increased structural stability in the cell.
states of CIB has suggested that binding of botA"Gand Therefore, the single Glu for Asp substitution at position
Mg?* to CIB provides the protein with important structural —Z of EF-3 may provide a simple mechanism for providing
stability. While we found that apo-CIB did have some structural stability while maintaining the ability to respond
secondary and tertiary structure by CD spectroscopy, ourto changes in intracellular €aconcentrations. Moreover,
DSC and NMR experiments suggested that the protein likely it has been shown that EF-4 is more important in target
adopts a highly flexible and perhaps molten globule type of protein binding than EF-35( 12).
conformation. A dynamic molten globule structure is also  In conclusion, our studies demonstrate that botf @ad
consistent with the considerable amount of hydrophobic Mg?* can specifically bind to CIB with different stoichiom-
surface area observed in our ANS fluorescence results, asetries and affinities, but each induces conformational changes
well as with the larger hydrodynamic radius we have which stabilize the protein from a highly dynamic molten
previously calculated for apo-CIB using pulse field gradient globule conformation in the absence of bound metal ion to
diffusion NMR spectroscopyb@), although these values may a highly a-helical well-folded globular protein. However,
also be affected by aggregation. Similar types of structuresthe Mg?*-induced conformational changes are slightly less
and aggregation properties have also been observed fopronounced than those induced by?Gauggesting that the

several related C&-binding proteins such as calerythrizg), two ions likely provide CIB with unique properties in each
Frgl 1), and GCAP-220) as well as the unrelated €a case. While the functional consequences of these different
binding proteins a-lactalbumin and lysozyme58 and binding characteristics and subsequent conformations are

references therein), suggesting that this type of dynamic currently unknown, structural stabilization and differential
structure is not unique to apo-CIB. As in CIB, binding of target binding and activation properties are two likely
C&* to these proteins induced conformational changes which possibilities that require further investigation.

resulted in structural stabilization and similar improvements

in NMR spectra. Therefore, a molten globule-like apo form ACKNOWLEDGMENT
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