
Effects of Metal-Binding Loop Mutations on Ligand Binding to Calcium- and
Integrin-Binding Protein 1. Evolution of the EF-Hand?†

Aaron P. Yamniuk,‡ Jessica L. Gifford,‡ Sara Linse,§ and Hans J. Vogel*,‡

Structural Biology Research Group, Department of Biological Sciences, UniVersity of Calgary, Calgary, AB, Canada T2N 1N4,
and Department of Biophysical Chemistry, Lund UniVersity, Chemical Centre, P.O. Box 124, S-221 00 Lund, Sweden

ReceiVed July 26, 2007; ReVised Manuscript ReceiVed September 27, 2007

ABSTRACT: Calcium- and integrin-binding protein 1 (CIB1) is a ubiquitous, multifunctional regulatory
protein consisting of four helix-loop-helix EF-hand motifs. Neither EF-I nor EF-II binds divalent metal
ions; however, EF-III is a mixed Mg2+/Ca2+-binding site, and EF-IV is a higher-affinity Ca2+-specific
site. Through the generation of several CIB1 mutant proteins, we have investigated the importance of the
last (-Z) metal-coordinating position of EF-III (D127) and EF-IV (E172) with respect to the binding of
CIB1 to Mg2+, Ca2+, and its biological target, the cytoplasmic domain of the plateletRIIb integrin. A
D127N mutant had reduced Mg2+ and Ca2+ affinity at EF-III but retained affinity for theRIIb domain.
A D127E mutant had increased Mg2+ and Ca2+ affinity at EF-III, but unexpectedly, the affinity for the
RIIb domain was too low for binding to be observed. E172Q and E172D mutants showed no and weak
Mg2+ binding at EF-IV, respectively, and each mutant had reduced Ca2+ affinity at EF-IV and showed
moderate metal-dependent differences in affinity for theRIIb domain. Finally, a D127Q mutant bound
Mg2+ and Ca2+ in a manner similar to that of D127N, but like that of D127E, the affinity for theRIIb
domain was reduced below the detection limit. These data, combined with a NMR-based structural
comparison of the Mg2+- and Ca2+-loaded CIB1-RIIb peptide complexes, suggest that the D127E and
D127Q mutations have a disruptive effect onRIIb binding since they expand the metal-binding loop and
change theR-helix positions in EF-III. Conversely, upon replacement of the ancestral Glu with Asp at the
-Z position of EF-III, CIB1 gained affinity forRIIb, and the Ca2+ affinity of CIB1 shifted into a range
where the protein is able to act as an intracellular Ca2+ sensor.

The divalent calcium cation (Ca2+) is an essential signaling
entity in eukaryotic cells (1). Inside most resting cells, the
free Ca2+ concentration is maintained near 10-8 M, but it
can increase to as high as 10-5 M in response to various
cell stimuli. EF-hand proteins, with Ca2+ affinities in the
range of 10-8-10-5 M, can sense these Ca2+ signals by
binding Ca2+ and undergoing conformational changes that
allow them to interact with target proteins and activate
appropriate cellular response pathways (2). Some EF-hand
proteins also bind magnesium (Mg2+), although typically
with a lower affinity than Ca2+, in the range of 10-5-10-3

M. However, since the free Mg2+ concentration is very high
and stable in most cells near 0.5-1.0 mM (3), many EF-
hands are occupied by Mg2+ in the absence of a Ca2+ signal
(4). Mg2+ can compete with Ca2+ to tune the effective affinity

and metal coordination state of EF-hands and can stabilize
the protein structure to reduce the level of proteolysis and
in some cases promote target protein interactions in un-
stimulated cells (5-7). Some lower-affinity EF-hands can
even detect the changes in Mg2+ levels that occur in certain
cells, thereby acting as Mg2+ sensors (8).

The EF-hand motif (a particular case of the helix-loop-
helix motif) consists of two amphipathicR-helices connected
by a conserved 12-residue Mg2+/Ca2+-binding loop (9, 10).
The Ca2+ (and Mg2+) affinities for EF-hands span a wide
range and are the net results of a very large number of
contributing molecular determinants (4, 11). Mg2+ and Ca2+

are both coordinated in a similar manner by single oxygen
ligands provided by residues at positions 1 (X), 3 (Y), 5 (Z),
7 (-Y), and 9 (-X) of the loop, with the-X residue often
coordinating via a H2O molecule bridge (12). Stabilization
of this H2O molecule through H-bonding to protein groups
is important for the Ca2+ binding affinity and kinetics (13,
14). In more than 90% of EF-hands, the two remaining Ca2+

ligands are provided by the side chain of Glu at the 12th
(-Z) position to complete the pentagonal bipyramidal
coordination sphere preferred by Ca2+. In contrast, the
smaller Mg2+ ion prefers six ligands and octahedral coor-
dination, so the-Z Glu side chain rotates to donate only a
single oxygen ligand for Mg2+ (15). In a small number of
EF-hands (<10%), an Asp residue substitutes for Glu at the
-Z position and provides only a single side chain oxygen
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for Mg2+ or Ca2+ coordination, with the seventh Ca2+ ligand
provided by a water molecule (16, 17). EF-hands with-Z
Asp residues generally have reduced Ca2+ selectivity over
Mg2+ (decreased Ca2+ affinity and increased Mg2+ affinity)
(18-20), although many EF-hands with-Z Glu residues
can also bind strongly to Mg2+ (21, 22). The movement of
the-Z side chain into the proper Mg2+- or Ca2+-coordinating
position significantly changes the position of the exiting
R-helix of the EF-hand, and thus, it controls the Mg2+- or
Ca2+-induced conformational changes that enable EF-hand
proteins to interact with their biological targets (23-25).
Therefore,-Z residue mutations often have a profound effect
on Mg2+/Ca2+ binding, target protein interactions, and
consequently the biological activity of EF-hand proteins (26-
30). Naturally occurring-Z mutations can even result in
human disease (31).

Calcium- and integrin-binding protein 1 (CIB1,1 calmyrin,
or KIP1) is a 22 kDa Ca2+- and Mg2+-binding EF-hand
protein with several putative biological functions (for a recent
review, see ref32). For example, interactions between CIB1
and theRIIbâ3 integrin as well as Wiskott-Aldrich syndrome
protein (WASP) can regulate the aggregation of human
platelets as part of the blood clotting cascade. CIB1 also
binds with high affinity to several other proteins in platelets
and in other cell types, including protein kinases, ion
channels, and transcription factors, indicating that CIB1 plays
a multifunctional regulatory role in cell signaling. The CIB1
protein consists of four EF-hand motifs that are divided into
distinct N-terminal (EF-I and EF-II) and C-terminal (EF-III
and EF-IV) globular lobes that are in close contact with each
other and communicate conformational changes between
them (33). EF-I and EF-II in the N-lobe of CIB1 have small
insertions and several key mutations that significantly reduce
the affinity for Mg2+ or Ca2+, which means that these loops
remain unoccupied under all physiological conditions, whereas
EF-III and EF-IV in the C-lobe have the canonical sequence
for divalent metal ion binding (Figure 1). Our previous
studies have shown that metal-free CIB1 (apo-CIB1) adopts
a molten globule structure in solution (33, 34). Mg2+ binding
to EF-III stabilizes the protein structure (Mg2+-CIB1);
however, EF-IV does not bind Mg2+, and this EF-hand is in
exchange between multiple conformations. Ca2+ binds most
strongly to EF-IV, with a somewhat lower affinity for EF-
III of CIB1; still, the affinity is high enough that Ca2+ may
displace Mg2+ from EF-III of Mg2+-CIB1 in the activated

cell, to generate the well-folded Ca2+-saturated form of the
protein (Ca2+-CIB1) (33, 34).

Despite their different Mg2+ and Ca2+ binding properties,
the metal-binding loops of EF-III and EF-IV of CIB1 are
highly conserved, with identical metal-coordinating residues
at positions X, Y, Z,-Y, and-X, a conserved Gly residue
at position 6, and a hydrophobic residue anchoring the
â-sheet between partner EF-hands (residue 8) (Figure 1).
Therefore, we hypothesized that the distinct Mg2+ and Ca2+

binding properties could be largely attributed to the different
-Z residues in EF-III (D127) and EF-IV (E172) of CIB1.
A recently published X-ray crystal structure of Ca2+-CIB1
has shown that Ca2+ is bound in the preferred bidentate
manner by E172 in EF-IV, but in the less energetically
favorable monodentate manner by D127 in EF-III, consistent
with the sequential Ca2+ binding preference (16). To
investigate the role of D127 and E172 in binding of Mg2+

and Ca2+ to CIB1, we generated several CIB1 proteins with
mutations to these-Z residues. The D127N (EF-III) and
E172Q (EF-IV) mutants retain a similar side chain length
but replace the acidic carboxyl-containing side chain with
the corresponding neutral residue. In related EF-hand pro-
teins, these neutral mutations usually reduce the Ca2+ (or
Mg2+) affinity outside of the biologically relevant range
without having a significant effect on the apoprotein (for
example, see refs35 and 36). D127E (EF-III) and E172D
(EF-IV) mutants were also generated to determine the effect
of having different acidic side chain lengths at the-Z
position of each EF-hand. Characterization of the Mg2+ and
Ca2+ binding properties of wild-type CIB1 (wtCIB1) and
the various mutants has provided insight into the role of the
-Z residues in determining the Mg2+ and Ca2+ affinity and
selectivity and mediating the metal-induced conformational
changes in the EF-hand domains of CIB1. We also show
that these mutations have distinct and in some cases
unexpected effects on the binding of CIB1 to its biological
target, the cytoplasmic domain of the plateletRIIb integrin.

EXPERIMENTAL PROCEDURES

Proteins and Peptides.Unlabeled wtCIB1 was expressed
in Escherichia colistrain ER2566 in Luria-Bertani medium,
and uniformly 15N-labeled wtCIB1 was expressed in M9
minimal medium; both forms of the protein were purified
aspreviouslydescribed(34).PerdeuteratedwtCIB1([2H,13C,15N]-
wtCIB1) was also expressed and purified as described
previously (37). The D127N, D127E, D127Q, E172Q, and
E172D mutants of CIB1 were each generated using the
QuickChange site-directed mutagenesis kit (Stratagene), and
DNA sequencing was used to confirm that each of the desired
mutations was present (primer sequences available upon
request). With the exception of D127N, each mutant
(unlabeled and uniformly15N-labeled) was expressed and
purified like wtCIB1. Curiously, the D127N mutant consis-
tently expressed poorly in Luria-Bertani medium, but very
well in M9 minimal medium. Therefore, both unlabeled and
15N-labeled D127N were expressed in M9 minimal medium
using 14NH4Cl and 15NH4Cl, respectively. The production
and purification of theRIIb-L peptide, corresponding to
residues 983-1008 of theRIIb integrin cytoplasmic domain
(Ac-LVLAMWKVGFFKRNRPPLEEDDEEGQ-COOH), have
been described previously (38).

1 Abbreviations: CIB1, calcium- and integrin-binding protein 1;
wtCIB1, wild-type CIB1; WASP, Wiskott-Aldrich syndrome protein;
HSQC, heteronuclear single-quantum coherence; NMR, nuclear mag-
netic resonance; CSP, chemical shift perturbation; ITC, isothermal
titration calorimetry; TnC, troponin C; TnI, troponin I.

FIGURE 1: Amino acid sequence of the 12-residue EF-hand Mg2+/
Ca2+-binding loops of EF-III (D116-D127) and EF-IV (D161-
E172) of CIB1, with conserved residues highlighted. The six
residues involved in Mg2+ or Ca2+ coordination are indicated by
their approximate position in the pentagonal bipyramidal Ca2+

coordination sphere as X, Y, Z,-Y, -X, and-Z (10). The arrow
indicates the residues (D127 and E172) that were mutated in this
study.
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Nuclear Magnetic Resonance Spectroscopy.1H-15N het-
eronuclear single-quantum coherence (HSQC) nuclear mag-
netic resonance (NMR) spectra of wtCIB1 and-Z mutant
proteins were acquired at 37°C on a Bruker AVANCE 500
MHz NMR spectrometer equipped with a triple-resonance
inverse cryoprobe with a single-axis z-gradient, using
parameters similar to those from our previous experiments
(38). Samples consisted of 200µM uniformly 15N-labeled
protein in 20 mM HEPES, 100 mM KCl, 5 mMd10-DTT,
and 10% D2O, at pH 7.5, and were supplemented with 2
mM CaCl2 for Ca2+-bound protein samples, 4 mM MgCl2

and 1 mM EGTA for Mg2+-bound protein samples, and 1
mM EDTA and 1 mM EGTA for apoprotein samples. The
small amount of EGTA in the Mg2+/protein samples is
necessary and sufficient to sequester Ca2+ contamination,
while the EDTA/EGTA mixture sequesters both Mg2+ and
Ca2+ in the apoprotein samples (34). Spectra were also
recorded at higher MgCl2 and CaCl2 concentrations as
reported in the Supporting Information.

For assignment of the main chain1HN, 15N, 13CR, 13Câ,
and 13C resonances of Mg2+-wtCIB1 in complex with the
RIIb-L peptide, we recorded transverse relaxation optimized
spectroscopy (TROSY)-based HNCACB, HN(CA)CO, HN-
(CO)CACB, and HNCO spectra on a Bruker AVANCE 700
MHz NMR spectrometer, as conducted previously with other
CIB1 samples (33, 37). These NMR samples contained∼650
µM [2H,13C,15N]wtCIB1 and∼700 µM RIIb-L peptide, in
20 mM HEPES, 100 mM KCl, 10 mMd10-DTT, 6 mM
MgCl2, 1 mM EGTA, 10% D2O, and∼0.5 mM NaN3 (pH
7.5 ( 0.1). Spectral analysis including chemical shift
perturbation (CSP) analysis was performed as previously
described (37).

Isothermal Titration Calorimetry.All isothermal titration
calorimetry (ITC) experiments were performed at 37°C on
a MicroCal VP-ITC microcalorimeter, and the data were
analyzed using the associated Origin software provided by
MicroCal. Samples were prepared by dissolving lyophilized
proteins in 20 mM HEPES, 100 mM KCl (pH 7.5) (ITC
buffer), and 10 mM DTT and incubating the mixture
overnight to reduce any disulfide bonds. Since reducing
agents can result in aberrant ITC baselines, the DTT was
removed immediately prior to ITC analysis by gel filtration
using an Econo-Pac 10DG column (Bio-Rad) equilibrated
with DTT-free ITC buffer (34).

The thermodynamics of binding of Mg2+ to wild-type and
mutant CIB1 proteins were examined by titrating 1.5 mM
MgCl2 into a sample cell containing mixtures of 100µM
EDTA and 50µM CIB1 protein in ITC buffer. This approach
eliminates complications arising from binding of Mg2+ to a
small population of CIB1 protein with contaminating Ca2+

bound to EF-IV (34, 39, 40). Control experiments with 1.5
mM MgCl2 or CaCl2 titrated into 100µM EDTA were also
performed, and the control data were fitted to a “one set of
sites” model to determine the stoichiometry (N), association
constant (Ka), and apparent enthalpy change (∆H). The
entropic contribution under standard conditions of 1 M (T∆S)
and dissociation constant (Kd) values were calculated using
the standard thermodynamic equations∆G ) -RT ln Ka,
∆G ) ∆H - T∆S, andKd ) 1/Ka. The control experiments
showed that the small amount of contaminating Ca2+ remains
sequestered by EDTA (Kd ) 59 ( 5 nM) throughout the
titration, and the titrated Mg2+ binds first to the excess EDTA

(Kd ) 0.97( 0.6 µM) and subsequently to the completely
metal-free protein. The binding isotherms obtained from the
MgCl2 titrations of EDTA/CIB1 protein mixtures were fitted
using the “two sets of sites” model provided in Origin to
yield N, Ka, ∆H, andT∆Svalues for both the Mg2+-EDTA
and Mg2+-protein binding events, with theKa for the Mg2+-
EDTA interaction fixed at the average value determined in
the control experiments performed in triplicate (1.03× 106

M-1).
TheRIIb-L peptide binding experiments were performed

in a manner identical to that of a previous study (38), using
samples of 20µM RIIb-L peptide titrated with 250-400µM
wild-type or mutant CIB1 protein. Peptide binding isotherms
were fitted to the “one set of sites” model provided in Origin.

Ca2+ Binding Measurements.Ca2+ binding experiments
were performed at room temperature using previously
established procedures for sample preparation, data acquisi-
tion, and data analysis (41). Briefly, the buffer [50 mM
HEPES and 100 mM KCl (pH 7.5)] was prepared in acid-
washed plastic containers and incubated with a dialysis bag
filled with Chelex-100 resin (Sigma) for several days at room
temperature to reduce free Ca2+. Wild-type and mutant CIB1
proteins were dissolved in this “decalcified” buffer and
passed through a Calcium Sponge-S column (Molecular
Probes) to remove additional Ca2+ (34). The protein con-
centration in the decalcified samples was adjusted to 24-
30 µM with decalcified buffer, and the samples were
supplemented with 1 mM DTT and one of the following
Ca2+-specific chromophoric chelators, 5N-BAPTA (Genolite
Biotek), 5,5′-Br2-BAPTA (Molecular Probes), or Quin-2
(Molecular Probes). The chelator concentration was 25-35
µM in all experiments. Control experiments performed as
described in ref41were used to determine the log(Kd) values
for binding of Ca2+ to each chelator under our experimental
conditions (log-4.6 for 5N-BAPTA, log-5.8 for 5,5′-Br2-
BAPTA, and log-7.1 for Quin-2), as well as the initial Ca2+

concentration (typically∼5 µM). Ca2+ titration data were
fitted using Caligator (42) to yield log(Ka) values, which were
subsequently converted into the reportedKd values.

Fluorescence Spectroscopy.Steady-state fluorescence
emission spectra were recorded on a Varian Cary Eclipse
spectrofluorimeter at 37°C. Samples consisted of 9-11 µM
RIIb-L in 20 mM HEPES, 100 mM KCl, 5 mM DTT (pH
7.5), and either 4 mM MgCl2 with 1 mM EGTA or 2 mM
CaCl2, and these samples were titrated with∼200µM stock
solutions of wild-type or-Z mutant CIB1 proteins. For each
spectrum, the W988 residue of the peptide was selectively
excited at 295 nm using an excitation slit width of 5 nm and
emission spectra were recorded from 300 to 400 nm using
an emission slit width of 10 nm. Peptide titration data were
corrected for dilution and fitted using Caligator to a one-
site binding model to obtain log(Ka) values for theRIIb-L
peptide binding to each protein, and these were then
converted into the reportedKd values.

RESULTS

Mg2+- and Ca2+-Induced Conformational Changes in the
-Z Mutants of CIB1.1H-15N HSQC NMR spectroscopy
was used to study the effect of the-Z mutations on Mg2+

or Ca2+ binding and the ensuing conformational changes in
CIB1. Each peak in an HSQC spectrum represents one
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backbone or side chain amide group, with the distinct
downfield signals for the Gly residue at position 6 of each
metal-binding loop being useful for the identification of metal
coordination at EF-III (G121) and/or EF-IV (G166) of CIB1
(Figure 2A,F) (33, 34). The HSQC spectra of the-Z mutants
in the absence of Mg2+ or Ca2+ were all similar to those of
apo-wtCIB1, confirming that the-Z mutations do not impact
the molten globule structure of the metal-free protein (data
not shown). Addition of Mg2+ stabilized the structure of each
mutant, but there were differences in peak chemical shift
and line width among the various spectra, indicating that
the -Z mutations influence the Mg2+ affinity and Mg2+-
induced conformational changes in CIB1 (Figure 2B-E).
In comparison to that of Mg2+-wtCIB1, there is increased
line broadening throughout the spectrum of Mg2+-D127N,
especially for the G121 peak (Figure 2B). Addition of a larger
Mg2+ excess improved the spectral quality and increased the
signal intensity for G121 and several other peaks, suggesting
that the D127N mutation lowers the Mg2+ affinity of EF-III
into the range of 10-4-10-3 M (Supplementary Figure 1).
The HSQC spectra of Mg2+-D127E, Mg2+-E172Q, and
Mg2+-E172D are each similar in quality to that of Mg2+-
wtCIB1 and display distinct G121 signals, indicating that
each of these mutants binds Mg2+ strongly to EF-III and
undergoes an extent of conformational change comparable
to that of the wild-type protein (Figure 2C-E). However,
the Mg2+-E172D spectrum is unique in that it contains an
additional weak G166 peak not seen in spectra of Mg2+-
wtCIB1 or the other mutants (Figure 2E). Addition of a larger
Mg2+ excess increased the intensity of this G166 peak and
resulted in the appearance of a few additional HSQC signals,
suggesting that Mg2+ binds quite weakly to EF-IV of E172D
(Kd ∼ 10-4-10-3 M) and stabilizes a small portion of the

EF-IV structure, likely the Mg2+-binding loop (Supplemen-
tary Figure 2).

Differences between the HSQC spectra of the-Z mutants
and wtCIB1 in the presence of Ca2+ show that the mutations
also affect Ca2+ binding and the Ca2+-induced conformational
changes in CIB1 (Figure 2F-J). As in spectra of Ca2+-
wtCIB1, distinct G121 and G166 signals are observed in the
HSQC spectra of both Ca2+-D127N and Ca2+-D127E,
indicating that Ca2+ binds to EF-III and EF-IV of each mutant
(Figure 2G,H). Ca2+ titration experiments further showed that
the G166 signal saturates prior to the G121 signal for D127N
[similar to the case for wtCIB1 (34)] but that both the G121
and G166 signals for D127E saturate together (data not
shown). This implies that EF-IV retains a higher Ca2+ affinity
than EF-III in D127N but that EF-III and EF-IV of D127E
have similar Ca2+ affinities, a result confirmed by subsequent
Ca2+ titration experiments using chromophoric chelators (see
below). The HSQC spectra of Ca2+-E172Q and Ca2+-E172D
each display prominent G121 signals but no G166 signals
(Figure 2I,J). The addition of excess Ca2+ significantly
improves the spectrum of Ca2+-E172D and results in the
appearance of several new peaks, including G166, whereas
excess Ca2+ had little effect on the HSQC spectrum of Ca2+-
E172Q (Supplementary Figure 3). These data imply that both
of the EF-IV mutants retain the ability to bind Ca2+ at EF-
III, that the E172D mutation reduces the Ca2+ affinity of
EF-IV, and that the E172Q mutation essentially abolishes
binding of Ca2+ to EF-IV. The NMR data also show that
the mutated EF-IV site has a lower Ca2+ affinity than the
nonmutated EF-III site in both E172Q and E172D, which is
the opposite of that in wtCIB1.

Metal Binding to wtCIB1 and the-Z Mutants. To
quantitate the effect of the-Z mutations on the Mg2+ and

FIGURE 2: Selected region of the1H-15N HSQC NMR spectrum of uniformly15N-labeled wild-type and-Z mutant CIB1 proteins. The
spectra of (A) Mg2+-wtCIB1 and (F) Ca2+-wtCIB1 are shown in red with assignments for some of the most dispersed backbone amide
resonances provided (33, 37). The spectra of (B) Mg2+-D127N, (C) Mg2+-D127E, (D) Mg2+-E172Q, and (E) Mg2+-E172D are shown in
black overlaid on the spectrum of Mg2+-wtCIB1 (red) in the top row, and the spectra of (G) Ca2+-D127N, (H) Ca2+-D127E, (I) Ca2+-
E172Q, and (J) Ca2+-E172D are shown in black overlaid on the spectrum of Ca2+-wtCIB1 (red) in the bottom row. Differences in peak
chemical shift and line width in the spectral overlays show that the-Z mutations influence Mg2+ or Ca2+ binding and the conformational
changes in CIB1. The backbone amide resonances for G121 and G166, which represent Mg2+- or Ca2+-coordinated EF-III and EF-IV,
respectively, are labeled in each-Z mutant spectrum on the basis of their characteristic shifts.
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Ca2+ affinity of CIB1, Mg2+ and Ca2+ binding measurements
were performed. Macroscopic Ca2+ binding constants were
obtained using the Ca2+-specific chromophoric chelator
technique. The high precision of this technique makes it an
excellent method for studying the effects of protein mutations
(41). Since no appropriate Mg2+-specific chelators are
commercially available, we studied Mg2+ binding by ITC,
where the measured heat signals arise from both Mg2+

binding and the ensuing conformational changes in the
protein.

Mg2+ Affinity. Binding of Mg2+ to the CIB1 proteins was
studied in the presence of EDTA to eliminate complications
arising from varying small amounts of Ca2+ contamination
that remain even in decalcified CIB1 protein samples (see
Experimental Procedures). The data for each protein were
best fitted to a model assuming two independent binding
events, representing the binding of Mg2+ to EDTA (interac-
tion I) and then binding of Mg2+ to the protein (interaction
II) (Figure 3). The Mg2+ binding curve for wtCIB1 is clearly
sequential, with little overlap in the Mg2+ binding processes
of EDTA and the protein (Figure 3B,C). Under these
conditions, wtCIB1 binds Mg2+ with a Kd of 36 ( 8 µM,
and the interaction is driven by the large favorable enthalpy
associated with stabilizing the protein fold and is entropically
unfavorable (Table 1). The apparent stoichiometry (N ) 0.7)
is slightly lower than the expected value of 1.0 because the
protein concentration used in the experiments (50µM) is

not significantly higher than theKd of the interaction. This
is also why the Mg2+ binding isotherm does not completely
reach saturation in these experiments.

The EF-IV mutations had very little effect on binding of
Mg2+ to CIB1 (Figure 3G-I), with the E172Q mutation
having essentially no influence on the thermodynamic values
(within experimental error) and the E172D mutation resulting
in an only small (less than 2-fold) reduction in the apparent
Mg2+ affinity (Table 1). The small apparent change inKd

for E172D results from the slightly more gradual saturation
of the Mg2+ binding isotherm (inset of Figure 3I), which

FIGURE 3: Thermodynamics of Mg2+ binding to wild-type and-Z mutant CIB1 proteins in the presence of EDTA as determined by ITC.
The top panels show representative baseline-corrected raw calorimetric data for titrations of 1.5 mM MgCl2 into (A) EDTA, (B) EDTA/
wtCIB1, (D) EDTA/D127N, (E) EDTA/D127E, (G) EDTA/E172Q, and (H) EDTA/E172D. The titrand concentrations were 100µM EDTA
and 50µM CIB1 protein in each experiment. Integrated calorimetric data are overlaid in the bottom panels for (C) EDTA (f) and EDTA/
wtCIB1 (9), (F) EDTA/D127N (2) and EDTA/D127E (b), and (I) EDTA/E172Q (1) and EDTA/E172D ([). The latter stage of the panel
(I) titration data is expanded in the inset of panel I to highlight a small but important difference between the two curves (see the text for
details). Note that the Mg2+-EDTA interaction has a stoichiometry of 1:1, but the data in panels A and C are scaled 2:1 to coincide with
the 2:1 EDTA:protein ratio used in the other experiments.

Table 1: Thermodynamics of Mg2+ Binding to Wild-Type and-Z
Mutant CIB1 Proteinsa

sample N Kd (µM) ∆H (kJ/mol) T∆S(kJ/mol)

wtCIB1 0.7( 0.0 36.4( 7.6 -58.4( 6.6 -32.0( 7.2
D127Nb

D127E 1.1( 0.0c 7.2( 0.4 -25.1( 0.9c 5.4( 1.0c

E172Q 0.5( 0.1 34.0( 4.4 -53.0( 7.1 -26.4( 7.4
E172D 0.6( 0.1 65.9( 3.5 -54.6( 13.8 -29.7( 14.0

a All values represent the average and standard deviation of three
independent measurements. The thermodynamic values for the Mg2+/
EDTA component of the protein experiments were the same as the
Mg2+/EDTA control values and are not included here for clarity.b The
binding thermodynamics could not be determined due to low affinity.
Experiments performed at 20°C also revealed very weak binding (data
not shown).c Values represent the best mathematical fit to the data
but do not accurately describe the binding thermodynamics (see the
text for details).
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we suggest is likely due to a small amount of additional heat
released from weak binding of Mg2+ to EF-IV of the E172D
mutant (Figure 2E and Supplementary Figure 2). Very small
exothermic signals were observed for binding of Mg2+ to
D127N (Figure 3D), confirming the NMR observation
(Figure 2B and Supplementary Figure 1) that Mg2+ binds
quite weakly to EF-III of this mutant (Kd ∼ 10-4-10-3 M).
Surprisingly, the Mg2+ binding curves for D127E showed
significant competition for Mg2+ between EDTA and the
protein, suggesting that the D127E mutation increases the
Mg2+ affinity of EF-III in comparison to that of wtCIB1
(Figure 3E,F). Indeed, the Mg2+ affinity of D127E obtained
from curve fitting (Kd ) 7.2 ( 0.4 µM) is ∼5-fold stronger
than that of wtCIB1 and only∼7-fold weaker than that of
EDTA under these conditions (Table 1). Data obtained from
ITC titrations using different EDTA:D127E ratios consis-
tently yielded similarKd values for the protein (in the
reported range of 7.2( 0.4 µM), but not the other
thermodynamic quantities, suggesting that theKd is the only
thermodynamic value that is reasonably estimated for D127E
using this technique (see footnote c in Table 1).

Ca2+ Affinity. The Ca2+ affinity of wtCIB1 was examined
using three different chromophoric chelators having Ca2+ Kd

values of 25µM (5N-BAPTA), 1.6µM (5,5′-Br2-BAPTA),
and 0.079µM (Quin-2) under our experimental conditions
[50 mM HEPES and 100 mM KCl (pH 7.5)]. The data
obtained with each chelator were best fitted to a two-site
model with one higher-affinity Ca2+-binding site (Kd ) 0.12
- 0.28µM) and one lower-affinity Ca2+-binding site (Kd )
2.1 - 7.7 µM), which are assigned to EF-IV and EF-III,
respectively, on the basis of previous experiments (Table 2)
(34). The Ca2+ binding curves for D127N, E172Q, and
E172D were most reproducible using the lower-affinity
chelators due to sufficient competition for Ca2+ between
protein and chelator. In comparison to that of wtCIB1, the
curves for these mutants were each shifted toward the curve
for the chelator alone, suggesting that each mutation lowers
the Ca2+ affinity of CIB1 (Figure 4A). The most dramatic
reduction was found for the E172Q mutant, where the data
were best described by a single Ca2+-binding site (EF-III)
with a Kd of 1.4( 0.4 µM (Table 2). The E172D data were
best described by a two-site model withKd values of 1.9(
0.9 and 35( 8 µM, which are assigned to EF-III and EF-
IV, respectively, on the basis of the NMR data in Figure 2.
The D127N mutation reduced the Ca2+ affinity of EF-III into
the mid-micromolar range (Kd ) 33 ( 8 µM) and lowered
the Ca2+ affinity of EF-IV by ∼5-fold in comparison to that
of wtCIB1 (Table 2). The D127E mutation was unique in

that it significantly enhanced the Ca2+ affinity of both EF-
III and EF-IV (eachKd ∼ 10-8 M) and necessitated the use
of the strongest chelator (Quin-2) for producing accurate Ca2+

binding constants (Table 2 and Figure 4B). This is consistent
with the cooperative binding of Ca2+ to EF-III and EF-IV
of D127E that was observed in NMR spectroscopy experi-
ments. The positive cooperativity of Ca2+ binding makes it
impossible to deduce the affinities for the individual sites.

Table 2: Ca2+ Dissociation Constants for Wild-Type and-Z Mutant CIB1 Proteinsa

chelator Kd(EF-III) (M) Kd(EF-IV) (M)

wtCIB1 Quin-2 2.08× 10-6 1.76× 10-7

5,5′-Br2-BAPTA (4.04( 0.45)× 10-6 (1.21( 0.40)× 10-7

5N-BAPTA (7.74( 2.18)× 10-6 (2.83( 0.43)× 10-7

D127N 5,5′-Br2-BAPTA (1.04( 0.18)× 10-5 (6.96( 1.77)× 10-7

5N-BAPTA (3.28( 0.79)× 10-5 (1.24( 0.12)× 10-6

D127Eb Quin-2 (2.17( 0.67) × 10-8 (6.04( 1.49) × 10-8

E172Q 5N-BAPTA (1.44( 0.36)× 10-6 -
E172D 5N-BAPTA (1.93( 0.86)× 10-6 (3.50( 0.81)× 10-5

a All values represent the average and standard deviation of three independent measurements, except for the wtCIB1-Quin-2 data which were
obtained from a single experiment.b Assignment of the twoKd values for D127E (shown in italics) to specific EF-hands is not possible due to
positive cooperativity. Instead, the macroscopic dissociation constants are given, with the lower value (higher affinity) representing the firstmacroscopic
step and the higher value (lower affinity) representing the second macroscopic step.

FIGURE 4: Binding of Ca2+ to wild-type and-Z mutant CIB1
proteins in the presence of chromophoric chelators. (A) Ca2+

titrations of 5N-BAPTA alone (f) or 5N-BAPTA in the presence
of wtCIB1 (9), D127N (2), E172Q (1), or E172D ([). (B) Ca2+

titrations of Quin-2 alone (g) or Quin-2 in the presence of wtCIB1
(9) or D127E (b).
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Interaction with theRIIb Integrin Cytoplasmic Domain.
Differences between the HSQC spectra of the-Z mutants
and wtCIB1 (Figure 2) show that these mutations alter the
structure of CIB1, which might in turn distort the protein’s
molecular surface and affect target protein and peptide
interactions. The best characterized CIB1 target protein is
the RIIb subunit of the plateletRIIbâ3 integrin (32). We
previously demonstrated that a synthetic peptide correspond-
ing to the entireRIIb cytoplasmic domain, peptideRIIb-L
(Ac-LVLAMWKVGFFKRNRPPLEEDDEEGQ), binds to a
hydrophobic channel spanning most of the C-lobe and a
portion of the N-lobe of Ca2+-wtCIB1 (37). Spectroscopic
and thermodynamic studies have further shown that a similar
interaction occurs between theRIIb-L peptide and Mg2+-
wtCIB1, but that apo-wtCIB1 binds the peptide with a lower
affinity and by a different mechanism (38).

NMR Characterization of the Mg2+-wtCIB1-RIIb-L Com-
plex. Prior to studying the effect of the-Z mutations on
binding of the RIIb-L peptide to CIB1, we wanted to
determine if there were significant structural differences
between the Mg2+- and Ca2+-loaded peptide-bound com-
plexes with wtCIB1. We therefore assigned the wtCIB1
protein backbone in the Mg2+-wtCIB1-RIIb-L complex by
triple-resonance NMR techniques and compared the chemical
shift data to those for Mg2+-wtCIB1 alone (33) and Ca2+-
wtCIB1 in complex with theRIIb-L peptide (37) (Figure
5). While EF-IV of wtCIB1 does not bind strongly to Mg2+

and cannot be observed by NMR in the absence of theRIIb-L
peptide, we found that Mg2+ does bind to EF-IV in the
complex with the peptide, and this stabilizes the struc-
ture of the fourth EF-hand, allowing for nearly complete
backbone resonance assignment of the protein (Supplemen-

FIGURE 5: NMR chemical shift analysis of Mg2+-wtCIB1 in complex with theRIIb-L peptide. (A) Schematic representation of the secondary
structure of Ca2+-wtCIB1 in solution, withR-helices andâ-strands represented by boxes and arrows, respectively. TheR-helices of wtCIB1
are numbered H0-H10 (37). (B) Chemical shift perturbation (CSP) analysis of the chemical shift differences between Mg2+-wtCIB1 alone
and Mg2+-wtCIB1 in complex with theRIIb-L peptide that highlight the protein residues most affected by peptide binding. (C) CSP analysis
for wtCIB1 in the Mg2+-wtCIB1-RIIb-L and Ca2+-wtCIB1-RIIb-L complexes identifies the protein residues that undergo chemical shift
changes upon Mg2+ T Ca2+ exchange at EF-III and EF-IV. In panels B and C, the CSP contributions from HN and N nuclei are shown
together as white bars, the contributions from CR and Câ nuclei are shown together as black bars, and residues that could not be analyzed
are indicated by upward-pointing triangles in the lower part of each panel. (D) Backbone amide proton chemical shift differences (∆HN)
between Mg2+-wtCIB1-RIIb-L and Ca2+-wtCIB1-RIIb-L complexes provide information about the residue-specific changes in amide
hydrogen bonding that occur upon Mg2+ T Ca2+ exchange at EF-III and EF-IV.

1702 Biochemistry, Vol. 47, No. 6, 2008 Yamniuk et al.



tary Figure 4). The NMR signals for the EF-IV metal-binding
loop residues were generally less intense than those for
the residues in the EF-IVR-helices (H8 and H9) or the
residues in EF-I-EF-III, suggesting that Mg2+ binds quite
weakly to the EF-IV loop, whereas the structure ofR-helices
H8 and H9 is stabilized by the higher-affinity interac-
tion with the RIIb-L peptide on the opposite face of the
protein.

Chemical shift perturbation (CSP) analysis shows that
peptide binding induces significant chemical shift changes
throughout the C-lobe, as well as in the loop connecting H0
to H1, Arg33, H3a/H3b, and the C-terminal region of H5 in
the N-lobe (Figure 5B). All of these perturbed residues
undergo similar chemical shift changes upon binding of the
peptide to Ca2+-wtCIB1 (37), indicating that theRIIb-L
peptide-binding site is identical for the Mg2+- and Ca2+-
loaded wtCIB1 proteins. Directly comparing the NMR data
for Mg2+-wtCIB1-RIIb-L and Ca2+-wtCIB1-RIIb-L com-
plexes further shows that the chemical shift changes ac-
companying Mg2+ T Ca2+ exchange are localized to the
metal-binding loops of EF-III and EF-IV and are not
propagated to the adjacentR-helices or the N-lobe (Figure
5C). As previously observed in the troponin C (TnC)
complex with troponin I (TnI) (43), large downfield shifts
for the Y residues and upfield shifts for each of the-X
residues and the hydrophobic residues at position 8 of EF-
III and EF-IV can be attributed to the changes in hydrogen
bonding that accompany the slight collapse of the EF-hand
loops around the smaller Mg2+ ion (Figure 5D). Therefore,
from these NMR data, it is clear that theRIIb-L peptide
binds to the same hydrophobic channel on the surface of

Mg2+-wtCIB1 as with Ca2+-wtCIB1 and that the structural
differences between the two complexes are very small and
localized to the metal-binding loops.

Binding of theRIIb-L Peptide to the-Z Mutants of CIB1.
Binding of theRIIb-L peptide to the-Z mutants was next
examined using fluorescence spectroscopy and ITC. Wild-
type CIB1 contains no Trp residues in its sequence, and the
single W988 residue ofRIIb-L undergoes a large increase
in fluorescence intensity and a small blue shift (2-4 nm) in
its emission wavelength maximum (λmax) upon binding to
Mg2+-wtCIB1 or Ca2+-wtCIB1 (Figure 6A,B) (38). Under
these conditions, the interaction of theRIIb-L peptide with
Ca2+-wtCIB1 or Mg2+-wtCIB1 is also exothermic with
comparable affinity (Kd ∼ 1-4 µM) (Table 3 and Figure
6). A similar 2-4 nm fluorescence blue shift was observed
for theRIIb-L peptide in complex with each-Z mutant (data
not shown), but the changes in fluorescence intensity and
thermodynamic profiles, including the peptide affinities, were
distinct in each case (Figure 6). The most significant change
was found for the D127E mutant, which demonstrated
essentially no affinity for theRIIb-L peptide in the presence
of Mg2+ or Ca2+. On the other hand, binding of peptide to
D127N had an affinity comparable to that of wtCIB1 in the
presence of either Mg2+ or Ca2+ (Table 3). Peptide binding
also resulted in the appearance of several metal-binding loop
peaks from both EF-III and EF-IV in the HSQC spectrum
of the Mg2+-D127N-RIIb-L complex (Supplementary Figure
5). As with wtCIB1 (Supplementary Figure 4) and many
other EF-hand proteins and their-Z mutants in complex
with target peptides (27, 29, 44), this implies that Mg2+ binds
more strongly to D127N in complex with theRIIb-L peptide.

FIGURE 6: Binding of theRIIb-L peptide to wild-type and-Z mutant CIB1 proteins studied by steady-state fluorescence spectroscopy and
ITC. Panels A and B plot the percent change in fluorescence intensity at 352 nm for W988 of theRIIb-L peptide upon binding to the
various CIB1 proteins in the presence of (A) Mg2+ or (B) Ca2+. The protein:peptide ratio was 2:1 in each case to ensure saturation of the
peptide. Panels C and D show integrated ITC data for titrations of theRIIb-L peptide with wtCIB1 (9), D127N (2), D127E (b), E172Q
(1), E172D ([), or D127Q (×), in the presence of (C) Mg2+ or (D) Ca2+.
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The EF-IV mutations also influenced binding of theRIIb-L
peptide to CIB1, but the effects were more metal-dependent
than with the EF-III mutants. The E172Q mutation reduced
the affinity of CIB1 for theRIIb-L peptide by∼1 order of
magnitude in the presence of Ca2+ and by a small amount
in the presence of Mg2+ (Table 3). With E172D, we found
very similarRIIb-L peptide affinity as with wtCIB1 in the
presence of Ca2+, but surprisingly, there was a substantial
increase in the affinity forRIIb-L in the presence of Mg2+

(Table 3). Collectively, these data show that-Z mutations
to either EF-hand have a significant impact on binding of
theRIIb-L peptide to CIB1, but the D127E mutation has by
far the most disruptive effect on the interaction.

Characterization of D127Q.The Ca2+, Mg2+, and peptide
binding data for the D127 mutants suggest that the Mg2+ or
Ca2+ affinity of EF-III is not directly related to CIB1’s ability
to interact strongly with theRIIb-L peptide. Rather, the data
suggest that the carboxyl group of D127 (wtCIB1) or E127
(D127E) is required for strong Mg2+ or Ca2+ binding at EF-
III, whereas the shorter D127 (wtCIB1) or N127 (D127N)
side chains are necessary forRIIb-L peptide binding. To test
this hypothesis, we generated a D127Q mutant of CIB1
(D127Q), which has the side chain length of the Glu from
D127E but has the side chain hydroxyl replaced with an
amine similar to the Asn from D127N. The D127Q mutant
bound Ca2+ with an affinity similar to that of D127N [Kd,EF-III

) (1.6 ( 1.4)× 10-5 M andKd,EF-IV ) (2.9 ( 0.8)× 10-6

M] and could undergo comparable Ca2+-dependent confor-
mational changes to D127N (Supplementary Figures 6B and
7B). However, like Ca2+-D127E, Ca2+-D127Q had affinity
too low for theRIIb-L peptide to be detected in the ITC or
fluorescence experiments (Figure 6B,D). These data suggest
that the longer Gln side chain does indeed distort theRIIb-L

peptide-binding site in the presence of Ca2+. Like that of
D127N, the Mg2+ affinity of D127Q was very weak as
judged by ITC experiments (Supplementary Figure 6A).
However, the HSQC spectrum of Mg2+-D127N was nearly
unchanged from that of the apoprotein (Supplementary Figure
7A), suggesting that D127Q has an even lower Mg2+ affinity
than D127N. This severely perturbed Mg2+ affinity is
supported by the observation that Mg2+-D127Q binds the
RIIb-L peptide in a manner similar to that of apo-wtCIB1,
with a characteristic∼22 nm blue shift in the peptide’sλmax

in complex with Mg2+-D127Q (Supplementary Figure 8).
For more information about the interaction between apo-
wtCIB1 and theRIIb-L peptide, see ref38.

DISCUSSION

The overall effects of each-Z mutation on the binding
of Mg2+, Ca2+, andRIIb-L peptide to CIB1 are summarized
in Table 4. As anticipated on the basis of previous studies
with other Ca2+ binding proteins (18-20), we found that
the Ca2+ affinity of both EF-III and EF-IV increases in the
following order: N/Q< D < E as the-Z residue. The high
Ca2+ affinity for EF-hands with-Z Glu residues is attributed
to the more energetically favorable bidentate coordination
geometry achieved by Glu, which contrasts with the less
energetically favorable monodentate Ca2+ coordination by
Asp. On the basis of structural studies and molecular
dynamics simulations using parvalbumin and its Gluf Asp
-Z mutant, it was proposed that the shorter Asp residue
cannot fully approach the bound Ca2+ ion due to steric
restraints imposed by the tertiary structure of the EF-hand
(19, 45). The D127E mutation to CIB1 would relieve these
structural constraints by expanding the loop and allowing
bidentate Ca2+ coordination and consequently increased Ca2+

Table 3: Thermodynamics of Binding of theRIIb-L Peptide to Wild-Type and-Z Mutant CIB1 Proteinsa

protein technique N Kd (µM) ∆H (kJ/mol) T∆S(kJ/mol)

Mg2+-wtCIB1 ITCb 1.1( 0.0 1.0( 0.1 -50.2( 0.8 -14.6
fluorescence 1.1( 0.1 4.0( 2.7

Mg2+-D127N ITC 1.1( 0.0 3.2( 0.2 -45.2( 0.6 -12.5
fluorescence 0.9( 0.1 4.9( 0.7

Mg2+-D127E ITCc

fluorescencec

Mg2+-E172Q ITC 1.1( 0.0 6.1( 0.3 -74.4( 1.2 -43.4
fluorescence 1.0( 0.1 6.8( 1.2

Mg2+-E172D ITC 1.4( 0.0 0.3( 0.0 -47.3( 0.3 -8.2
fluorescence 1.3( 0.1 0.6( 0.5

Mg2+-D127Q ITCc

fluorescence 0.6( 0.2 8.8( 3.8

Ca2+-wtCIB1 ITCb 0.9( 0.0 1.4( 0.1 -28.5( 0.5 6.2
fluorescence 1.4( 0.1 2.3( 0.7

Ca2+-D127N ITC 1.1( 0.0 1.8( 0.1 -42.3( 0.5 -8.1
fluorescence 1.1( 0.3 2.9( 2.8

Ca2+-D127E ITCc

fluorescencec

Ca2+-E172Q ITC 1.0( 0.0 37.0( 3.1 -67.2( 3.0 -40.8
fluorescence 1.2( 0.2 14.2( 4.6

Ca2+-E172D ITC 1.3( 0.0 2.3( 0.1 -29.4( 0.4 4.0
fluorescence 1.1( 0.4 2.9( 2.5

Ca2+-D127Q ITCc

fluorescencec

apo-wtCIB1 ITCb 0.4( 0.1 3.9( 1.6 -58.3( 14.7 26.1
fluorescence 0.04( 0.04 9.7( 0.3

a All fluorescence data represent the average and standard deviation of three independent titrations, and errors in the ITC data are the curve
fitting errors based on a single titration.b Values taken from ref38. c Values cannot be determined.

1704 Biochemistry, Vol. 47, No. 6, 2008 Yamniuk et al.



affinity. Replacing the negatively charged carboxyl of Glu
or Asp with a neutral amide in Gln or Asn further reduces
the Ca2+ affinity of each EF-hand, since these side chains
are uncharged an can donate only a single carbonyl oxygen
for monodentate Ca2+ coordination.

The preference of Mg2+ for six rather than seven oxygen
ligands excludes bidentate coordination by the-Z residue
of EF-hands, and consequently,-Z Glu or Asp can directly
coordinate Mg2+ in only a monodentate manner. The high
energetic cost associated with dehydrating the smaller Mg2+

ion can also lead to some EF-hands using only the N-terminal
part of the loop to bind Mg2+, with a water molecule being
retained in place of the-Z ligand. Retaining this additional
water molecule is less entropically favorable and generally
results in a lower Mg2+ affinity for the EF-hands that do
not engage the-Z residue (4). The high Mg2+ affinity of
wtCIB1 and the dramatically reduced Mg2+ affinity for the
D127N and D127Q mutants suggest that D127 in EF-III of
wtCIB1 directly coordinates the bound Mg2+ ion in a
monodentate manner. Since EF-IV of wtCIB1 is unable to
bind Mg2+, the neutral E172Q mutation had no effect on
the thermodynamics of Mg2+ binding. The E172D mutation
enabled very weak binding of Mg2+ to EF-IV, consistent
with several previous studies in which-Z Glu f Asp
mutations converted Ca2+-specific EF-hands into Mg2+/Ca2+-
binding EF-hands with reduced Ca2+ affinity (18-20).
Surprisingly, however, we found the opposite trend at EF-
III, where the D127E mutation also enhanced the Mg2+

affinity of EF-III. This enhanced Mg2+ affinity for EF-III of
D127E is likely due to the longer Glu side chain relieving
structural constraints in the loop, as suggested above for
binding of Ca2+ to the D127E mutant. The change in Mg2+

affinity accompanying the D127E mutation is not as dramatic
as the change in Ca2+ affinity due to the absence of a
monodentate-bidentate switch with Mg2+. Therefore, despite

the noted prevalence of Asp as the-Z residue of Mg2+-
binding EF-hands, these D127E data show that Asp is not
always preferred as the-Z residue for optimal Mg2+ affinity.

It is noteworthy that the D127E and E172D mutants have
identical metal-coordinating residues at all six positions of
both EF-III and EF-IV but bind Mg2+ and Ca2+ with consid-
erably different affinities at each site. Neutral substitutions
also had different effects on each site, for example, by lower-
ing the Ca2+ affinity of EF-III (D127N and D127Q) but
abolishing binding of Ca2+ to EF-IV (E172Q). In addition,
mutations to a particular EF-hand had a significant impact
on the Ca2+ affinity of the partner EF-hand, likely by influ-
encing long-range electrostatic interactions (Table 4), which
has been observed in other systems (46, 47). It is clear from
these data that residues other than those directly involved in
metal coordination contribute to the Mg2+ and Ca2+ affinity
of each site and that even though binding of metal ions to
the C-lobe of CIB1 is not a fully cooperative process, there
is substantial communication between EF-III and EF-IV. In
other EF-hand proteins, mutations to non-metal-coordinating
residues of the loop, the adjacentR-helices, partner EF-hands,
and even more distant regions of the protein can also have
a profound and often unexpected influence on Mg2+ and Ca2+

affinity (11) (for a recent review, see ref4). This makes it
very difficult to accurately predict the effect of EF-hand
mutations on metal affinity, thereby emphasizing the im-
portance of experimentally determining the effect of such
mutations for each specific EF-hand protein.

The present NMR data clearly show that theRIIb-L
peptide binds to the same hydrophobic channel on the surface
of Mg2+-wtCIB1 as with Ca2+-wtCIB1. This homologous
interaction is likely facilitated by the comparable Mg2+ or
Ca2+ coordination by D127 in each complex, which would
maintain similar relativeR-helix positions in EF-III. The side
chain carbonyl of Asn in D127N can presumably substitute

Table 4: Summary of the Effects of-Z Mutations on Binding of Mg2+, Ca2+, and theRIIb-L Peptide to CIB1a

Mg2+ affinity Ca2+ affinityb RIIb-L affinity

mutant EF-III EF-IV EF-III EF-IV Mg2+ Ca2+ primary conclusions

D127N VV - V V - - (a) acidic side chain promotes high-affinity Mg2+ binding at EF-III
(b) acidic side chain increases Ca2+ affinity but is not essential for

Ca2+ binding at EF-III
(c) unchanged affinity forRIIb-L due to similar side chain length

at -Z position of EF-III
D127Q VVV - V V VV VVV (d) combination of longer and uncharged side chain severely

weakens binding of Mg2+ to EF-III
(e) effects on Ca2+ affinity similar to those of D127N

(f) longer Gln side chain distorts theRIIb-L binding site and lowers
peptide affinity

D127E v - vv vv VVV VVV (g) increase in Mg2+ affinity implies more energetically favorable
loop conformation

(h) Glu capable of bidentate Ca2+ coordination so large increase
in Ca2+ affinity at EF-III

(i) longer Glu side chain distorts theRIIb-L-binding site and abolishes
peptide binding

E172Q - - v VVV V VV (j) no effect on Mg2+ binding since EF-IV does not bind Mg2+ even in wtCIB1
(k) acidic side chain essential for Ca2+ binding to EF-IV

(l) reduced affinity forRIIb-L peptide related to perturbed metal binding at EF-IV
E172D - v v VV v - (m) Asp induces more energetically favorable loop conformation

and allows for weak Mg2+ binding at EF-IV
(n) shorter Asp side chain incapable of bidentate Ca2+ coordination

so reduced Ca2+ affinity at EF-IV
(o) increase inRIIb-L affinity with Mg 2+ due to increased Mg2+ affinity at EF-IV

(p) unchangedRIIb-L affinity with Ca2+ implies that the peptide binding
site is not distorted by shorter Asp side chain

a The symbols used are as follows:-, no change in affinity within experimental error;v or V, less than 10-fold increase or decrease in affinity,
respectively, compared to that of wtCIB1;vv or VV, more than 10-fold increase or decrease in affinity, respectively, compared to that of wtCIB1;VVV,
essentially no binding.b Mutations to one EF-hand influence binding of Ca2+ to the partner EF-hand, which suggests that there is communication
between EF-III and EF-IV.
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for the carboxyl of Asp and allow both Mg2+-D127N and
Ca2+-D127N to bind theRIIb-L peptide with an affinity
similar to that of wtCIB1. On the other hand, the D127E
mutation increases the side chain length of the-Z residue
of EF-III and severely compromises binding of theRIIb-L
peptide. The opposite Ef D mutation in parvalbumin was
shown to pull the exitingR-helix of the EF-hand∼1.1 Å
closer into the loop to maintain direct Ca2+ coordination
(albeit monodentate) by the shorter Asp side chain (19).
Therefore, the D127E mutation (and likewise the D127Q
mutation) likely expands the metal-binding loop of EF-III
and pushes the exitingR-helix (H7) outward with respect to
H6, thereby distorting theRIIb-L peptide-binding site.

The E172Q and E172D mutations also influencedRIIb-L
peptide binding, albeit to a lesser extent than the D127E or
D127Q mutations. Since the E172Q mutation retains the side
chain length of the-Z residue, the reduced peptide affinity
for this mutant must be due to its inability to undergo the
necessary Mg2+- or Ca2+-induced conformational change at
EF-IV. The E172D mutant bound theRIIb-L peptide with
an affinity similar to that of wtCIB1 in the presence of Ca2+,
but surprisingly with an affinity∼5-fold higher than that of
wtCIB1 in the presence of Mg2+. If we assume that the D172
side chain of E172D directly coordinates Mg2+ or Ca2+ at
EF-IV, these data would indicate that pulling H9 of EF-IV
toward the bound metals does not severely distort the peptide-
binding site. However, it is also possible that the EF-IV
metal-binding loop compensates for the shorter Asp by
utilizing a water molecule bridge between the Asp side chain
and the bound metal. This type of coordination geometry
has been reported to occur in EF-II of calbindin D9k (48).
The increased Mg2+ affinity of EF-IV of E172D could also
contribute to the enhancedRIIb-L peptide affinity for Mg2+-
E172D.

In stimulated platelets, CIB1 can simultaneously bind to
RIIb and WASP, and this heterotrimeric complex regulates
platelet aggregation by controlling the affinity ofRIIbâ3 for
fibrinogen (49). Since Mg2+-CIB1 binds with high affinity
to RIIb (Table 3) and the CIB1-WASP interaction is Ca2+-
independent (49), CIB1 might be important for sustaining
platelet aggregation after the Ca2+ signals have subsided. On
the other hand, it has been reported that CIB1 binds to and
regulates more widely expressed target proteins such as p21-
activated protein kinase and the inositol 1,4,5-trisphosphate
receptor Ca2+ release channel in a Ca2+-dependent manner
(50, 51), suggesting that CIB1 acts as a regulatory Ca2+-
binding protein in other cell types. It is then interesting to
consider that the D127E mutation, which forces EF-III back
to a more ancestral sequence, not only abolishes the binding
of CIB1 to theRIIb cytoplasmic domain but also increases
the Ca2+ affinity of EF-III and EF-IV to the edge of the “Ca2+

sensor” range (10-8 M). Conversely, replacing the ancestral
Glu with Asp at the-Z position of EF-III has had two
evolutionary consequences. (i) It allowed CIB1 to interact
with the RIIb cytoplasmic domain in platelets, and (ii) it
expanded and shifted the Ca2+ concentration range that CIB1
can sense and to which CIB1 can respond into the range
that is suitable for the protein to act as a Ca2+ sensor.

The strict conservation of the-Z Asp residue in EF-III
and many of the residues in theRIIb-binding site in related
CIB isoforms CIB2, CIB3, and CIB4 (16) suggests that these
proteins might also have high affinity for theRIIb cytoplas-

mic domain. The functional substitution of CIB2, CIB3, or
CIB4 for CIB1 in vivo could explain the recent finding that
CIB1 knockout mice do not demonstrate obvious hemato-
logical abnormalities typically associated with disrupted
RIIbâ3 signaling (52). Interestingly, CIB2 and CIB3 also both
contain an Asp residue at the-Z position of EF-IV, which
according to the current E172D data might reduce the Ca2+

affinity of EF-IV and enhance the affinity of the Mg2+-
dependent interaction withRIIb in resting platelets. In future
studies, it will be interesting to determine how the D127E
mutation effects the binding of CIB1 to other target proteins
and if similar Aspf Glu mutations influence the binding
of CIB2, CIB3, CIB4, or other EF-hand proteins to their
respective targets.
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