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ABSTRACT: EF-hands are Ca2+ binding motifs that are widely distributed throughout the entire living
organism kingdom. At present, relatively little is known at a quantum mechanical level about the
mechanisms that allow Ca2+ to be recognized specifically by EF-hands and to induce a conformational
switch from a compact (“closed”) conformation to an “open” state that exposes a large patch of hydrophobic
residues. Here, we present a study of NMR15N chemical shifts based on ab initio quantum mechanical
calculations carried out on a minimalist model system linking both Ca2+ binding sites across theâ-sheet
of an EF-hand domain. Calculated and experimentally determined chemical shift changes are correlated
with structural changes induced upon metal binding. The effect of Ca2+ binding on these15N shifts can
be dissected into two main contributions: one fromπ-polarization ofâ-sheet amide groups and the other
from rotation of an isoleucine side chain. By correlating this description with experimental evidence,
different polarization states for theâ-sheet amide groups were identified and linked to the overall
conformation of different EF-hand domains. When all fourâ-sheet amide groups are polarized, the ab
initio calculations in our model indicate a cooperative stabilization effect due to the establishment of a
circular network of donor-acceptor interactions connecting the two Ca2+ ions across theâ-sheet. The
emerging hypothesis from our analysis is that this cooperative network of interactions is essential for
stabilizing the “open” conformation of an EF-hand domain.

Calcium ions, essential for many biological functions, are
known to act as second signaling messengers in the cell (1).
One of the most common calcium binding scaffolds in
proteins is the EF-hand, which consists of a helix-loop-helix
motif made up of 29 consecutive residues, with twoR-helices
flanking a 12-residue Ca2+ binding loop (Figure 1A) (2).
EF-hands normally occur in pairs that form four helix bundle
globular domains.

The binding of Ca2+ involves a structural rearrangement
of the fourR-helices of the EF-hand pair domain with the
consequent exposure of a hydrophobic cleft (Figure 1B),
often referred to as the “Ca2+ switch” (3-10). The exposed
hydrophobic pocket can then interact with other proteins in
the cell, thereby modulating their function (11). In this way,
a Ca2+ binary signal (Ca2+ on/Ca2+ off) is initiated, thus
enabling the cell to control biological processes as diverse
as muscle contraction, fertilization, cell proliferation, ve-
sicular fusion, and apoptosis (1). CaM,1 probably the best

paradigm of EF-hand proteins, consists of two such globular
domains linked by a flexible tether, each domain capable of
binding selectively two Ca2+ ions with positive cooperativity
(12).

Despite the biological importance of the Ca2+ switch, many
questions still remain unanswered about this mechanism:
What are the determinants that allow EF-hand proteins to
bind Ca2+ selectively even in the presence of high concentra-
tions of Mg2+? What are the forces that trigger the closed-
to-open conformational switch? Is the cooperativity of Ca2+

binding related to this dramatic conformational change? A
vast plethora of experimental work has been published
addressing these questions and identifying residues that
appear to play a role in EF-hand/metal recognition. However,
there is still no theoretical description of the system that
would allow us to fully understand the atomic details of this
mechanism and its biological consequences.

The so-called EF-hand loop is a 12 residue segment that
contains all of the calcium binding ligands (see Figure 2A)
(13). The calcium ion is coordinated by seven oxygens:
monodentate carboxylate or carboxamide ligands are in
positions 1, 3, and 5 of the loop; a backbone carbonyl ligand
is in position 7; and a universally conserved glutamate is in
position 12. Theγ-carboxylate of this glutamate coordinates
to the Ca2+ ion in a bidentate manner, i.e., using both
carboxylate oxygen atoms. A water molecule generally
provides the seventh oxygen ligand for the Ca2+ ion.
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A few years ago, in a systematic examination of NMR
chemical shifts from a number of EF-hand proteins, we
showed that certain15N shifts change greatly upon Ca2+

binding (14). In particular, upon Ca2+ coordination to the
backbone carbonyl in position 7, there is an appreciable
deshielding of the amide15N nucleus at position 8 (+4 to
+8 ppm). This deshielding effect is effectively independent
of the binding of Ca2+ to the paired site of an EF-hand
domain, allowing the15N shifts to be used as probes for site
specific occupancy of metal binding sites. These15N chemi-
cal shift differences have proved useful for characterizing
metal binding to new Ca2+ binding proteins (15-24) and
for investigating Ca2+ binding in different EF-hand systems
(25-29). However, the straightforward interpretation of these
15N shifts is complicated by the existence of another
important effect related to the binding of Ca2+ that is not
site specific (14). An appreciable deshielding of the15N
nucleus at position 8 (a+6 to +8 ppm) was also observed
upon a change in the side chainø1 torsion angle of the residue
in position 8, normally a conserved isoluecine or valine
residue. This deshielding effect has only been observed for
position 8 residues of the first EF-hand (EF1), changing from
a gauche(-) conformation in the Ca2+-free (apo) state to a
trans conformation in the Ca2+-bound (holo) state (14) (as
shown in Figure 3). Given the predictive power of the
position 815N chemical shifts, it is of practical importance
to provide a theoretical framework for the better understand-
ing of the determinants underlying the chemical shift

changes. Our preliminary theoretical study indicated that
electronic changes in residues 8 and 9 upon Ca2+ binding to
both sites of an EF-hand domain are related to the cooper-
ativity of Ca2+ binding (30).

The present work investigates the origins of the Ca2+-
induced15N chemical shift changes for positions 8 and 9 by
using an ab initio approach in the framework of DFT on a
model system. Progress in the field of quantum chemistry
has made possible nuclear shielding calculations of useful
accuracy and reliability on fragments of biomolecules of
considerable size (31-34). In this way, the calculated
shieldings, as well as the calculated electronic and geometric
changes introduced by the metal/ligand interactions, can be
directly correlated and compared to experimental data thus
providing a powerful way of translating observed chemical
shift behavior into structural descriptors. These calculations
provide the theoretical basis for the use of these diagnostic
15N chemical shifts as an aid in assessing the site specific
occupation of Ca2+ binding sites, rendering a better under-
standing of the underlying interactions determining the
conformational changes associated with the binding of Ca2+

in this family of proteins.

RESULTS

Choice of the Model System.To rationalize the observed
15N chemical shift changes upon Ca2+ binding from a
theoretical viewpoint, we have chosen to calculate the15N

FIGURE 1: (A) Sequence alignment of the four EF-hands of CaM, indicated as EF1-4. The helix-loop-helix motifs are indicated on the top
of the sequences, as well as the canonical positions of the EF-hand loop. Ca2+ is chelated through seven oxygen atoms arranged three-
dimensionally on the axes of a pentagonal bipyramid (78): the oxygens of the carbonyl groups for residues in positions 1, 3, 5, and 7, both
oxygens of the side chain carboxylate group in position 12 of the loop, and an oxygen from a water molecule. The protein residues providing
ligands are indicated with yellow boxes. (B) Conformational switch of a representative EF-hand domain upon Ca2+ binding. In the absence
of Ca2+ (closed state), the four helices form a compact four helix bundle. The two loops are linked back to back by a short antiparallel
â-sheet. Upon Ca2+ binding to the loops, the structure opens up (open state), keeping helix A (EF1) paired to helix D (EF2) (shown in red)
and helix B (EF1) paired to helix C (EF2) (shown in blue). This movement exposes the hydrophobic core of the domain, which can then
interact with a protein partner. Shown here are the structures of the C-terminal domain of CaM in its apo (PDB accession code: 1F71) (35)
and holo forms (PDB accession code: 1EXR) (63). The side chains of hydrophobic residues are shown in both apo and holo forms.
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shieldings on Ca2+-loaded (holo) and Ca2+-free (apo) model
systems. As shown in Figure 2A, the two calcium binding
sites in EF-hand pair domains (EF1 and EF2) are structurally
linked via a short antiparallelâ-sheet (7-10, 13, 35) formed
mainly between two typically conserved isoleucine residues
in position 8, one from each strand of the EF-hand loops.
We will refer to the residues in EF1 with unprimed numbers
and to those in EF2 with primed ones. The model that we
chose comprises basically the fourâ-sheet amide groups
(from residues in positions 7-8-9 and their symmetrical
residues 7′-8′-9′), plus a bidentate carboxylate (from
residues in position 12 and 12′) for the holo model as shown
in Figure 2B.

Two main conformations were considered for the isoleu-
cine residue in position 8: agauche(-) (HR-CR-Câ-Hâ

torsion angle of-60°) and atransconformation (HR-CR-
Câ-Hâ torsion angle of-180°). The isoleucine residue in
position 8′ was considered only in atransconformation (HR-
CR-Câ-Hâ torsion angle of-180°) since there is no
experimental evidence of conformational changes for this
residue upon Ca2+ binding (14). The geometries of the
models were optimized before using them to investigate the
15N shielding effects.

Amide Group Polarization Effect. (i) Calculation of15N
Nuclear Shieldings.The effect of Ca2+ binding on each
nitrogen atom for the model system was calculated as the
difference of the15N nuclear shieldings for the apo and holo
models. To separate this effect from side chain rotation
effects, no changes of theø1 torsion angle were included in
these calculations (trans-transconformations were consid-

FIGURE 2: (A) Stereo representation of the three-dimensional structure of the Ca2+ coordination [C-terminal domain of CaM from 1EXR
(63)]: for each EF-hand, Ca2+ coordination involves the six ligands in loop positions 1, 3, 5, 7, and 12 (cf. Figure 1A). A water molecule
is the seventh ligand. Ca2+ ligating oxygen atoms are indicated using ball representations: in red are those corresponding to protein ligands,
and in light blue is that corresponding to the water molecule. Ca2+ ions are indicated in ball representation in a violet color. NH groups
involved in the cyclic network are shown in dark blue (nitrogen atoms) and yellow (hydrogen atoms), and carboxyl oxygen atoms involved
in the cycle are shown in red. A hydrogen bond between the backbone amide of the residue in position 2 and one of the bidentate glutamate
oxygens is also shown. (B) Three-dimensional (left) and two-dimensional schematic (right) representation of the cyclic network of interactions
used in the present paper. Hydrogen bonds are indicated by slashed lines.
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ered for isoleucines in positions 8 and 8′ for apo and holo
systems) (Table 1A). An appreciable deshielding of the amide
nitrogens in positions 8, 9, 8′, and 9′ is observed in the holo
system with respect to their values in the apo form. The
values obtained for the equivalent positions 8 and 8′ and for
9 and 9′ are approximately the same as expected from the
quasiC2 symmetry of the system. The effects obtained for
N(8) and N(8′) are larger than those for N(9) and N(9′) (15.3
and 7.3 ppm, respectively) probably because O(7)dC(7)-
N(8) and O(7′)dC(7′)-N(8′) amide groups interact directly
with the Ca2+ ion through coordination of the backbone
carbonyls O(7)dC(7) and O(7′)dC(7′).

The chemical shielding tensor is a symmetric second-rank
tensor and can thus be described by three principal compo-
nents: σ11, σ22, andσ33 . The differences observed in the
shielding tensors are due to changes in the value of all of its
components. We have evaluated the changes in these
components and calculated the spans (Ω ) σ33-σ11), as a
measure of the anisotropy of the tensor. For N(8) and N(8′),
the change is uniform, while for N(9) and N(9′) there is an
increase inσ11 andσ22 and no trend inσ33 upon Ca2+

binding. The spans are bigger for N(8) and N(8′) than for
N(9) and N(9′); however, the change in the15N spans when
going from apo to holo is greater for N(9), N(9′) than for
N(8), N(8′).

(ii) Comparison with the15N Experimental Values.The
calculated15N shieldings shown in Table 1A for positions
8, 8′, and 9, 9′ (average+15.3 and+7.3 ppm, respectively)
are in agreement with the trends observed in the experimental
values; however, they are somewhat larger than the observed

experimental values (+6.1 and+4.3 ppm, as shown in Table
2A for 8′ and 9′, respectively). We suspect that the
approximation of neglecting the rest of the molecule
(particularly the other Ca2+ ligands) results in an overestima-
tion of the calculated polarization contribution.

(iii) Origin of the 15N Deshielding Effects.Our ab initio
calculations show that the15N deshielding caused by Ca2+

binding mainly originates from polarization of the amide
groups. There is also a charge transfer from the protein to
the Ca2+ atoms that increases the polarization effect. The
predicted concurrent lengthening of the O-C and N-H
bonds and the shortening of the CdN bonds of the four
â-sheet amide groups upon Ca2+ binding (Table 3A) imply
an increase of partial double-bond character of the amide
bond. The increase ofπ-electron density of the oxygen atoms
and the decrease ofπ-electron density of the nitrogen atoms
(Table 3B and Figure 4) are consistent with simultaneous
polarization of the fourâ-sheet amide groups upon Ca2+

binding. In the case of O(7)dC(7)-N(8) and O(7′)dC(7′)-
N(8′) amide groups, the polarization occurs upon coordina-
tion of the backbone carbonyl to the Ca2+ ion. In the case
of the O(8)dC(8)-N(9) amide group [and similarly for the
O(8′)dC(8′)-N(9′) amide group], the polarization occurs
upon formation of a hydrogen bond between N(9) and H(9)
with an oxygen of the carboxylate of glutamate(12), which
coordinates to the Ca2+ ion in a bidentate manner.

The hydrogen bond interactions between the twoâ-sheet
strands are predicted to become tighter upon Ca2+ binding,
as seen from the calculated shortening of the H(8)‚‚‚O(8′)
and H(8′)‚‚‚O(8) distances (Table 3A) and from the increased
polarization of the hydrogen and oxygen atom [the electronic
density on the O(8) and O(8′) atoms increases and that on
the H(8) and H(8′) decreases] (Figure 4A,B). This result is

FIGURE 3: Side chainø1 angle of the conserved isoleucine in
position 8 (EF1) is usually in agauche(-) conformation in Ca2+-
free EF-hands. Steric hindrance forces rotation of this angle to that
of a trans conformation upon Ca2+ binding on EF2. As a
consequence, the chemical shift variation observed upon Ca2+

binding is the effect of two components, one due to bond
polarization and the other to thegauche(-) to transtransition. The
ø1 angle of the conserved isoleucine in position 8′ has been observed
to be in atrans conformation in both Ca2+-free and Ca2+-bound
EF-hands. The figure shows the isoleucine 8 and 8′ conformation
of the N-terminal domain of CaM in the apo [left; PDB access
1F70 (35)] and holo [right; PDB access 1EXR (63)] states. The
isoleucine side chains are shown in green, and the rest of the
molecule is in red.

Table 1: Calculated15N Shieldingsa for â-Sheet Amide Groups

A: Effect of Ca2+ Binding on the Nitrogens in
Positions 8, 9 (EF1) and 8′, 9′ (EF2)

N(8) N(9) N(8′) N(9′)
holo trans-trans 103.9 84.5 104.8 83.9
apo trans-trans 88.8 76.8 89.2 76.8
calculated∆δpolariz

b +15.1 +7.7 +15.6 +7.1

B: Effect of theø1 Rotation of Ile(8)
of EF1 fromgauche(-) to trans

N(8) N(9) N(8′) N(9′)
apo trans-trans 88.8 76.8 89.2 76.8
apo gauche(-)-trans 81.8 72.6 88.1 76.6
calculated∆δrotation

c +7.0 +4.2 +1.1 +0.2

C: Combined Effect of Ca2+ Binding to EF1 and EF2 andø1
Rotation of Ile(8) of EF1 fromgauche(-) to trans

N(8) N(9) N(8′) N(9′)
holo trans-trans 103.9 84.5 104.8 83.9
apo gauche(-)-trans 81.8 72.6 88.1 76.6
calculated∆δtotal

d +22.1 +11.9 +16.7 +7.3
a In parts per million (ppm).b ∆δpolariz ) δholo - δapo; polarization

contribution to the15N chemical shielding calculated as the difference
between15N chemical shieldings for thetrans/transholo andtrans/
transapo models.c ∆δrotation ) δtrans/trans- δgauche/trans; rotation contribu-
tion to the15N chemical shielding calculated as the difference between
15N chemical shieldings for thetrans/transandgauche(-)/trans apo
models.d ∆δtotal ) δholo - δapo; difference between15N chemical
shieldings for thetrans/trans holo andgauche(-)/trans apo models.
∆δtotal ) ∆δpolariz + ∆δrotation; ∆δtotal is the sum of both contributions.
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supported experimentally since NOEs between protons on
the interactingâ-strands are appreciably stronger in the holo
state than in the apo state of CaM, where they are either
weak or absent (9, 36-37). Theâ-sheet interactions in the
C-terminal EF-hand domain of cTnC have also been shown
by NH proton chemical shift analysis to be disrupted or
weakened in the absence of Ca2+ (38). Proton exchange rates
for the â-sheet amide NH groups in calbindin D9k are
observed to decrease upon Ca2+ binding, also indicating
strengthening of their hydrogen bonds (39).

Isoleucine(8) Side Chain Rotation Effect. (i) Calculation
of 15N Nuclear Shieldings.The side chainø1 torsion angle
of isoleucine or valine residues is known to have an effect
on 15N chemical shifts. This effect has been analyzed
theoretically by De Dios and collaborators (40). We have
calculated the15N shieldings in the apo form for both the
gauche(-) and the trans conformations for isoleucine(8)
(Table 1B). The conformational change fromgauche(-) to
transhas a deshielding effect on both nitrogens in 8 and 9;
the effect is larger for the nitrogen of the isoleucine in
position 8 (+7.0 and+4.2 ppm, respectively). The results
predict that a 120° variation of the isoleucineø1 torsion angle
will affect only the nitrogen atoms in residues 8 and 9 with
negligible effects on those in residues 8′ and 9′. Our
calculated values for the15N deshielding caused by rotation
of the side chainø1 torsion angle of isoleucine or valine
residues are in good agreement with those shown by De Dios
and collaborators (40). The side chainø1 conformational
effect on 15N chemical shifts can also be reproduced by
SHIFTX (41).

The differences observed in the shielding tensors upon side
chain rotation are due to changes in the values of all of its
components. However, the changes are not uniform forσ11,
σ22, andσ33.

(ii) Comparison with the15N Experimental Values.The
experimental values can be estimated by the differences of
the observed shielding values in positions 8 and 9 from the
corresponding values in 8′ and 9′ (Table 2A). By doing this,
we are assuming that (a) for symmetry reasons, N(8) and
N(9) experience a similar polarization deshielding as N(8′)
and N(9′) and (b) N(8′) and N(9′) (site EF2) are only affected
by polarization deshielding and are independent of the
rotamer conformation of site EF1. The estimated experi-
mental values for thegauche(-) to trans conformational
change are 14.5- 6.1 ) +8.4 ppm for N(8) and 6.5- 4.3
) +2.2 ppm for N(9) which follow the same trend as the
calculated values+7.0 and+4.2 ppm (Table 1B).

(iii) Origin of the 15N Deshielding Effects.A γ-carbon
substituent in a gauche conformation to the nitrogen is known
to shield the latter by ca. 5 ppm (42). The origin of this
γ-effect has been suggested to involve steric compression
in the γ-position due to thegaucheinteractions. Grant and
Cheeney have proposed that in the case of carbon nuclei,
these steric effects are explicable in terms of steric polariza-
tion of the valence electrons (43). In the gauche(-)
conformation of our model, N(8) has twoγ-carbon substit-
uents ingaucheconformations to the nitrogen atom, whereas
in the trans conformation, there is only one. Therefore, the
conformational change fromgauche(-) to trans yields a
deshielding effect for N(8) in agreement with that observed
for the experimental and calculated values.

Table 2: Experimental15N Chemical Shift Differences (in ppm) for
the NH Groups in Positions 8, 9, 8′, 9′ of the EF-Hand Loops
between Holo and Apo Forms of Different Calcium Binding
Proteins

EF1 EF2

EF-domain N(8)a N(9)a N(8′)a N(9′)a

A: binding of Ca2+ to both EF-hands
N-CaMf,g Ile27 Thr28 Ile63 Asp64

δ(Ca2)b 127.1 116.6 124.0 128.3
δ(apo)c 111.0 111.2 119.8 124.6
∆δ(Ca2-apo)d +16.1 +5.4 +4.2 +3.7

C-CaMf,g Ile100 Ser101 Val136 Asn137
δ(Ca2)b 127.3 123.8 125.2 129.0
δ(apo)c 113.9 118.0 120.0 125.7
∆δ(Ca2-apo)d +13.4 +5.8 +5.2 +3.3

N-TnCh Ile37 Ser38 Ile73 Asp74
δ(Ca2)b 125.9 124.0 126.5 131.9
δ(apo)c 111.9 115.8 118.3 126.0
∆δ(Ca2-apo)d +14.0 +8.2 +8.2 +5.9

Average ∆δ exp. +14.5 +6.5 +6.1 +4.3

B: binding of Mg2+

N-CaMi Ile27 Thr28 Ile63 Asp64
δ(Mg2)b 121.461 111.356 121.768 n.d.
δ(apo)c 110.636 110.762 118.748 124.835
∆δ(Mg2-apo)d +10.825 +0.594 +3.020

C-CaMj Ile100 Ser101 Val136 Asn137
δ(Mg2)b l.b.e 118.4 l.b.e 125.7
δ(apo)c 113.9 118.0 120.0 125.7
∆δ(Mg2-apo)d +0.4 +0.0

C: mutants of Glu in position 12′ of EF2
E140Q C-CaMk Ile100 Ser101 Val136 Asn137

δ(Ca1)b 121.7 120.4 120.0 123.3
δ(apo)c 113.2 117.4 119.3 125.4
∆δ(Ca1-apo)d +8.5 +3.0 +0.7 -2.1

D: mutants of Glu in position 12 of EF1
E104Q C-CaMl Ile100 Ser101 Val136 Asn137

δ(Ca1)b 121.3 120.0 124.3 126.6
δ(apo)c 113.5 117.3 119.6 124.9
∆δ(Ca1-apo)d +7.8 +2.7 +4.7 +1.7

E41A N-sTnCm Ile37 Ser38 Ile73 Asp74
δ(Ca1)b 118.5 118.5 128.4 129.9
δ(apo)c 112.4 115.7 118.9 126.6
∆δ(Ca1-apo)d +6.1 +2.8 +9.5 +3.3

N-cTnCn Ile36 Ser37 Ile72 Asp73
δ(Ca1)b 119.2 123.2 127.2 128.0
δ(apo)c 113.7 116.0 115.4 124.2
∆δ(Ca1-apo)d +5.5 +7.2 +11.8 +3.8

a Residues in position 8, 9, 8′, 9′: type of residue and numbering
correspond to each particular protein.b δ(Ca2): 15N chemical shift for
the NH in (Ca2+)2-loaded (holo) form.δ(Mg2): 15N chemical shift for
the NH in (Mg2+)2-loaded form.δ(Ca1): 15N chemical shift for the
NH in (Ca2+)1-loaded form.c δ(apo): 15N chemical shift for the NH
in Ca2+-free (apo) form.d ∆δ(Ca2-apo):15N chemical shift difference
of (Ca2+)2-loaded (holo) minus Ca2+-free (apo) forms.∆δ(Mg2-apo):
15N chemical shift difference of (Mg2+)2-loaded minus Ca2+-free (apo)
forms. ∆δ(Ca1-apo): 15N chemical shift difference of (Ca2+)1-loaded
minus Ca2+-free (apo) forms.e l.b.: line broadening of the NMR
resonances probably originating from conformational exchange. This
has prevented the detection of the resonance.f Data for holo-CaM taken
from ref 79. g Data for apo-CaM from M. Ikura, personal communica-
tion (9). h Data for apo- and holo-TnC taken from ref80. i A.
Malmendal, personal communication (65). j Data taken from the1H/
15N HSQC spectra shown by Ohki and co-workers (64). k E140Q
C-CaM: E140Q mutant of C-terminal domain of CaM (57). l E104Q
C-CaM: E104Q mutant of C-terminal domain of CaM (58). m E41A
N-sTnC: E41A mutant of the N-terminal domain of skeletal TnC (59).
n N-cTnC: N-terminal domain of cardiac TnC. Data taken from the
1H/15N HSQC spectra shown by Li and co-workers for the N-domain
of this protein in the apo and half-saturated states (61).
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Delocalization CooperatiVity. Upon binding Ca2+ to both
sites, the15N chemical shifts indicate polarization of the four
â-sheet amide groups. These four amide dipoles together with
the Ca2+-carboxylate(12) and Ca2+-carboxylate(12′) dipoles
form a network of interactions connecting the Ca2+ ions
across theâ-sheet. These six interacting dipoles are sequen-
tially arranged in a head-to-tail fashion to form a circular
network as shown in Figure 4B. A similar arrangement of
dipoles was proposed by Jeffrey and Saenger in their studies
of circular hydrogen bond networks in carbohydrates (44-
47) and also has been found for other hydrogen bond systems
(48-50).

Our preliminary semiempirical calculations (using Cd2+

instead of Ca2+ as ions) showed that closing this cycle of
interactions yields a cooperative stabilization (30). In the

present work, we have calculated this stabilization energy
using ab initio methods on our model incorporating Ca2+

ions. After the geometry of the holo system was optimized,
the circular network was then split into four groups (two
containing the residues at positions 7-9 and 7′-9′ and two
containing the residues at positions 12 and 12′, each bound
to a Ca2+) (Figure 5). The energies of each of these units
and that of the whole circular network were calculated
separately. The total donor-acceptor interaction energy of
the system is-5.0 kcal/mol smaller than the sum of the
isolated interactions.

Thus, the ab initio calculations clearly indicate a coopera-
tive stabilization effect due to the establishment of the
circular network connecting the two Ca2+ ions across the
â-sheet. Although the energies reported here are probably
overestimated because they are calculated for fully optimized
structures (structures in vacuo), these results are in good
agreement with experimental evidence (12 and references
therein). For instance, the Ca2+ binding cooperativities
measured for both N- and C-terminal domains of CaM are
g2.4kcal/mol (10 kJ/mol) at 0.15 M KCl (51), with a Hill
coefficient of 1.33 at low Ca2+ concentrations (52).

DISCUSSION

Heuristic Power of the Model: Polarization State of the
â-Sheet Amide Groups.The chemical shifts of nuclei such
as15N are known to be influenced mostly by local contribu-
tions (40, 53, 54). The minimalist molecular model chosen
in this study comprises the main interactions involved in the
binding of Ca2+ responsible for the observed15N experi-
mental trends. This model enables the prediction of the
polarization states of the fourâ-sheet amide groups, which
indicate the metal occupancy of the Ca2+ binding sites in an
EF-hand domain as well as the presence or absence of
delocalization cooperativity across theâ-sheet.

The ab initio calculations show that the two main
contributions to the15N deshielding discussed here, from the
polarization and from the isolecine(8) side chain rotation,
are additive to a first-order approximation, i.e.,∆δtotal(Ni)

Table 3: Calculated Bond Lengths for theâ-Sheet Amide and Carbonyl Groups in the Holo and Apo Models (A) and Calculated Partial
Charges for the Atoms of theâ-Sheet Amide Groups in the Holo and Apo Forms (B)

A: Bond Lengths

bond holo apo ∆Åa bond holo apo ∆Åa

O(7)dC(7) 1.250 1.239 0.011 O(7′)dC(7′) 1.250 1.238 0.012
C(7)-N(8) 1.339 1.356 -0.017 C(7′)-N(8′) 1.339 1.356 -0.017
N(8)-H(8) 1.026 1.023 0.003 N(8′)-H(8′) 1.026 1.023 0.003
H(8)‚‚‚O(8′) 1.805 1.859 -0.054 H(8′)‚‚‚O(8) 1.796 1.859 -0.063
O(8′)dC(8′) 1.241 1.240 0.001 O(8)dC(8) 1.241 1.240 0.001
C(8′)-N(9′) 1.340 1.347 -0.007 C(8)-N(9) 1.338 1.347 -0.009
N(9′)-H(9′) 1.028 1.021 0.007 N(9)-H(9) 1.028 1.021 0.007

B: Partial Charges

atom holo apo ∆(holo - apo) atom holo apo ∆(holo - apo)

O(7) -0.813 -0.641 -0.172 O(7′) -0.814 -0.643 -0.171
C(7) 0.702 0.652 +0.050 C(7′) 0.702 0.652 +0.050
N(8) -0.612 -0.659 +0.047 N(8′) -0.615 -0.659 +0.044
H(8) 0.470 0.460 +0.010 H(8′) 0.471 0.460 +0.011
O(8) -0.700 -0.673 -0.027 O(8′) -0.697 -0.669 -0.028
C(8) 0.663 0.667 -0.004 C(8′) 0.665 0.669 -0.004
N(9) -0.620 -0.623 +0.003 N(9′) -0.620 -0.625 +0.005
H(9) 0.464 0.437 +0.027 H(9′) 0.462 0.434 +0.028

a Difference between holo and apo bond lengths.

FIGURE 4: Local charge variation upon Ca2+ binding. (A) Partial
charges calculated for the apo cycle. The glutamates in positions
12 and 12′ are considered at infinite distance and neglected in the
calculations. (B) Calculated partial charges of the holo model. Upon
Ca2+ binding, six dipoles are mutually stabilized in a sequential
head-to-tail arrangement forming a circular network of donor-
acceptor interactions.
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) ∆δpolariz(Ni) + ∆δrotation(Ni) . Table 1C shows that the total
effect is the sum of both effects calculated separately,
e.g., for N(8) 15.1+ 7.0 ppm ) 22.1 ppm. Subtracting
∆δrotation(Ni) from ∆δtotal(Ni), we can determine an experi-
mental value for∆δpolariz(Ni), the polarization state for each
â-sheet amide group, for different EF-hand domains.

To succinctly describe the polarization states of theâ-sheet
amide groups, we have defined a polarization index P(i) for
each of the nitrogens in positionsi ) 8, 9, 8′, and 9′, so that
P(i) ) 0 when∆δpolariz(Ni) ≈ 0 ppm, and P(i) ) 1 when
∆δpolariz(Ni) g 3 ppm. ∆δpolariz(Ni), the polarization15N
deshielding effect for nitrogen Ni, can be directly correlated
with the experimental value, once corrected for the∆δrotation-
(Ni), the side chainø1 rotation effect. According to this
definition, the polarization state of theâ-sheet amide groups
can be represented by four numbers [P(8), P(9), P(8′), P(9′)].
For example, for an apo EF-hand domain, the polarization
state of theâ-sheet is [0, 0, 0, 0], whereas for a holo EF-
hand domain it is [1, 1, 1, 1].

We have examined15N chemical shift data for EF-hand
systems from the literature in order to investigate their
â-sheet polarization state and, hence, the presence or absence
of cooperative stabilization. Three situations of interest have
been considered as follows: (i) binding of Mg2+, (ii)
mutation of glutamate in position 12′ (site EF2), and (iii)
mutation of glutamate in position 12 (site EF1).

(i) Binding of Mg2+ to EF-Hand Domains.Analysis of the
15N chemical shift changes induced by Mg2+ binding to CaM
indicates that although two Mg2+ ions each coordinate the
carbonyl groups at positions 7 and 7′ (as evidenced by the
15N chemical shift changes in positions 8 and 8′; see Table
2B), Mg2+ does not appear to coordinate to the bidentate
carboxylates in the glutamate residues at position 12 and 12′,
since no15N chemical shift variations for positions 9 and 9′
are observed on binding Mg2+. Thus, thisâ-sheet polarization
state is [1, 0, 1, 0].

The smaller Mg2+ ion is known to bind preferentially to
highly negatively charged ligands with strictly 6-fold coor-

dination in an octahedral symmetry (55). Unlike Ca2+, Mg2+

cannot easily accommodate a bidentate carboxylate (that of
position 12) within its sphere of coordination (55). Experi-
mentally, the crystal structure of Mg2+-bound calbindin D9k

shows that all of the Ca2+ ligands of EF2 coordinate with
the Mg2+ ion, except for the bidentate glutamate, which is
replaced by a water molecule (56).

(ii) Mutation of Glutamate in Position 12′ of EF2. The
15N chemical shifts of positions 8, 9, 8′, and 9′ in the E140Q
mutant of the C-domain of CaM (glutamate in position 12′)
are shown in Table 2C (57). If the mutation of this residue
had resulted in impairment of Ca2+ binding in EF2, we would
expect no side chain rotation of the isoleucine in position 8
[induced by Ca2+ binding to EF2 (14)] and no deshielding
of N(8′) and N(9′) nitrogens in EF2. This is what is observed
experimentally (Table 3); the holo state of this mutant retains
the gauche(-) conformation for isoleucine(8). Theâ-sheet
polarization state for this EF2 mutant is [1, 1, 0, 0].

(iii) Mutation of Glutamate in Position 12 of EF1.The
effect of mutations of position 12 on Ca2+ binding can also
be analyzed by considering the cases of the E104Q mutant
of the C-domain of CaM (58) and of the E41A mutant of
the N-domain of skeletal TnC (59). The NMR data shown
in Table 2D indicate that these do not bind Ca2+ in EF1.
This behavior can be compared with that of the N-domain
of wild-type cardiac TnC that also only binds Ca2+ in EF2
(60, 61). For these three cases, the nitrogens in positions 8′
and 9′ are deshielded by the polarization due to Ca2+ binding
to EF2. Ca2+ binding to EF2 also results in the 120° ø1 side
chain rotation of the isoleucine in position 8, as reflected by
the experimental chemical shift values. Theâ-sheet polariza-
tion state for these cases is thus [0, 0, 1, 1].

CooperatiVe Stabilization and the Ca2+ Switch.Could the
cooperative stabilization obtained from establishing a circular
network of donor-acceptor interactions be a prerequisite for
triggering the Ca2+ conformational switch in EF-hand
domains?

In the following section, we link the five different
polarization states of theâ-sheet amide groups observed,

FIGURE 5: Total energy calculated for the individual interactions (left) and for the whole cycle (right). The cycle was split into four
components (here indicated as 1, 2, 3, and 4), and the energies of the individual interactions were calculated for all pairs of components.
The difference between the total energy of the cycle and the sum of the individual interaction energy represents the cooperativity.
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namely, [1, 1, 1, 1], [1, 0, 1, 0], [1, 1, 0, 0], [0, 0, 1, 1], and
[0, 0, 0, 0] (Figure 6), to their conformational states.

(a) The [0, 0, 0, 0] polarization state corresponds to metal-
free EF-hand domains (Figure 6A) known to be in a closed
conformation (7-10, 35).

(b) The [1, 1, 1, 1] state corresponds to the fourâ-sheet
amide groups being simultaneously polarized as a result of

the establishment of the cooperative circular network (Figure
6B). The [1, 1, 1, 1] state is observed when Ca2+ binds to
both loops of an EF-hand domain and corresponds to an open
conformation (2, 4, 62, 63).

(c) The [1, 0, 1, 0] state, observed when Mg2+ binds to
both loops (Figure 6C), corresponds to a closed conforma-
tion: Mg2+ is known to bind to sensor EF-hand proteins
(such as CaM or TnC) without inducing the conformational
switch (64-66 and references therein).

(d) Impairing the capability of the glutamate in position
12 or 12′ to coordinate Ca2+ in a bidentate manner (for
example by mutating the glutamate-12 to glutamine or
alanine) also prevents formation of the circular network
(Figure 6D). An example is provided by the E140Q mutant
in the C-terminal domain of CaM (57), which is found in
the [1, 1, 0, 0] state. This mutation of position 12′ has been
reported to have large effects on the holo conformation of
this domain that undergoes rapid exchange between the
closed and the open states (57).

(e) The [0, 0, 1, 1] state corresponds to the mutants of
position 12 and the wild-type cardiac TnC analyzed above
(Figure 6E). They have all been reported to be in a closed
conformation (58-60).

Thus, the only case in which a stable “open” conformation
has been observed is in the case of [1, 1, 1, 1], when all
four â-sheet amide groups are polarized. The emerging
hypothesis from this analysis is that the conformational
switch and the establishment of the circular network are
interconnected and that the cooperative network of interac-
tions is essential for stabilizing the “open” conformation.
Impairing the establishment of the cooperative circular
network prevents the conformational change from taking
place.

The highly conserved glutamate in position 12 plays an
essential role in the establishment of the cooperative cycle;
hence, its presence is critical for the conformational switch
to take place. The invariant glutamate in position 12 forms
part of the first turn of the second helix of the EF-hand motif
(as shown in Figure 1A). For each Ca2+ binding loop, this
is the only Ca2+ ligand that belongs to one of the EF-hand
helices. It can be observed that in apo structures, the
carboxylate of the glutamate-12 and -12′ residues are several
angstroms farther away from their positions in the respective
holo structures as shown in Figure 7. The cooperative
stabilization gained by establishing the circular network
through the bidentate interaction with the Ca2+ ion of both
glutamate-12 residues appears to be an essential driving force
for exerting the mechanical motion that determines the
conformational switch. Metal ions that cannot bind glutamate-
12 in a bidentate manner, such as Mg2+, cannot form the
cooperative cycle and do not trigger the confomational
switch. Mutations that impair the formation of the coopera-
tive cycle (such as position 12 glutamatefglutamine muta-
tions) do not “open” the closed apo conformation upon Ca2+

addition.

CONCLUDING REMARKS

In a previous study based on the structural comparison of
the closed and open states of anR-spectrin EF-hand domain,
we suggested that in the apo state, the glutamate in position
12 of EF1 forms a salt bridge with a conserved lysine in

FIGURE 6: Different polarization states of theâ-sheet amide groups
in the cyclic network indicated as [P(8), P(9), P(8′), P(9′)] where
P(i) is defined as a polarization index adopting values 0 or 1 in
order to indicate the absence or presence of polarization of the amide
group in question as observed from the NMR data. The following
five different cases were observed experimentally: (A) [0, 0, 0,
0]; (B) [1, 1, 1, 1]; (C) [1, 0, 1, 0]; (D) [1, 1, 0, 0]; and (E) [0, 0,
1, 1].
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loop position 2 (67). This salt bridge would stabilize a closed
state of EF1 in the apo form. Upon Ca2+ binding, the salt
bridge is broken and the EF1 loop stretches adopting a more
extended (open) conformation. The cooperative stabilization
gained upon establishment of the circular network in the holo
form prevails over the stabilization caused by the
lysine(2):glutamate(12) salt bridge interaction in the closed
apo state. Together with solvation energetics, determined by
the subtle interplay of polar and hydrophobic interactions
between the pairs of helices (68, 69), the delicate balance
between all of these molecular forces ultimately determines
the resulting conformation of an EF-hand domain upon the
binding of Ca2+.

The ab initio chemical shift calculations presented here
provide a theoretical basis to sustain the empirical rules that
we had deduced previously (14). Thanks to this rationaliza-
tion, different polarization states for theâ-sheet amide groups
can be identified and linked to the overall conformation of
the EF-hand domain. In this way, the present work establishes
a link between circular delocalization stabilization, cooper-
ativity of Ca2+ binding, and the “Ca2+ switch” conformational
change.

MATERIALS AND METHODS

Holo and Apo Models.The holo and apo models used in
our calculations are schematically shown in Figures 5 and
4A, respectively. The initial starting structure for the
construction of our holo model was the Ca2+-bound structure
of the recombinantParamecium tetraureliaCaM at 1.68 Å
resolution (PDB accession code 1OSA) (62).

The holo model consists of two shortâ-strands (7-8-9
and 7′-8′-9′) and two Ca2+ ions, each with a bidentate
carboxylate ligand. In the Ca2+-loaded (holo) form, the
carboxylates of the two highly conserved glutamates at the
equivalent 12 and 12′ positions (70) of the two glutamate
residues move close to theâ-sheet plane to coordinate Ca2+

in a bidentate manner (Figure 2). An OH- group ligating
each Ca2+ ion was included for neutrality so that no effects
originating from an electrostatic repulsion would arise.

Although neglecting three of the seven ligands involved in
the bipyramidal penta coordination (i.e., those in positions
1, 3, and 5), this model system was chosen as a computa-
tionally manageable and internally neutral fragment that
would not require the introduction of counterions.

In the Ca2+-free (apo) form, the carboxylates of the two
highly conserved glutamates at the 12 and 12′ positions (70)
are several angstroms farther away from the rest of the loop
(9). Hence, these two glutamate residues were not included
in the apo model.

Both holo and apo models include the side chains of the
conserved isoleucine residues in positions 8 and 8′. Calcula-
tions for the apo state were done with conformations
gauche(-)-trans and trans-trans, whereas those for the
holo state were done only with the trans-trans conformation.

Computational Methodology.All of the calculations
performed in this work were carried out using the Gaussian
98 package (71). The geometries of the model systems were
fully optimized at the DFT-B3LYP level (72, 73) using the
6-31G** basis set. The BSSE used in the estimated interac-
tion energies were computed using the counterpoise scheme
(74). It should be noted that all quantities calculated here
might be overestimated because of neglecting both the rest
of the molecule and the solvent effects. In addition, they
were calculated from fully optimized structures in vacuo.
Partial charges were computed using a natural population
analysis (75).

15N Nuclear Shieldings.The15N chemical shieldings were
calculated using the GIAO method (76) with a 6-31G** basis
set. To calculate absolute values of chemical shifts, isotropic
shieldings were also calculated for the reference NH3 using
the same basis set. A value of 18 ppm [15N chemical shift
difference between ammonia in the gas and liquid phases
(77)] was subtracted from the values of the calculated15N
chemical shifts.

Delocalization CooperatiVity. The energies of the indi-
vidual interactions were calculated for all pairs of compo-
nents in order to estimate∑nE(a‚‚‚d), the sum of the energies
of the isolated donor-acceptor interactions,E(a‚‚‚d). The
interaction energy between any two componentsi andj was
calculated as the energy fori and j together,Eij, minus the
energy for the isolated components,Ei and Ej. The four
components taken into account in this work are indicated as
1, 2, 3, and 4 in Figure 3.
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