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ABSTRACT: Calcium vector protein (CaVP) from amphioxus is a two-domain, calcium-binding protein
(18.3 kDa) of the calmodulin superfamily. Only two of the four EF-hand motifs (sites Il and 1V) have

a significant binding affinity for calcium ions. We determined the solution structure of the domain containing
these active sites (C-CaVP: W88161), in the C&-saturated state, using NMR spectroscopy and
restrained molecular dynamics. The tertiary structure is similar to otherlading domains containing

a pair of EF-hand motifs. The apo state has spectroscopic and thermodynamic characteristics of a molten
globule, with conserved secondary structure but highly fluctuating tertiary organization. Titration of C-CaVP
with C&* revealed a stepwise ion binding, with a stable equilibrium intermediate in which only site IlI
binds a calcium ion. Despite a highly fluctuating structure of the free site IV, the calcium-bound site IlI
has a persistent structure, with similar secondary elements but different interhelix angle and hydrophobic
packing relative to the fully calcium-saturated state.

Calcium vector protein (CaVPjs a unique EF-hand C&
binding protein of 18.3 kDa, founth vivo as a complex
with a 26.6 kDa protein, named CaVPT (from calcium vector

CaVPT (S. Baladi and J. A. Cox, to be published) and can
thus be considered as a regulatory domain.

As a step toward the elucidation of structure/function

protein target) 1). Both proteins are abundant in amphioxus, re|ationships in CaVP, we decided to determine the three-
a higher invertebrate which is the closest living relative of §imensional solution structure of the protein and the con-

the vertebrates. Although the exact roles of CaVP and CaVPT¢qrmational changes induced by Tabinding. However,

are still unknown, the available data suggest that the bimo- cavp showed a strong tendency to form dimers, producing

lecular complex may regulate the invertebrate thick filament pqo4 jine spectra which are detrimental to the structural

dynamics. The high sequence identity with vertebrate calm- analysis by NMR spectroscopy. We therefore chose to over-
odulin (CaM) (49%) and chicken skeletal muscle troponin gy hrass and study the N- and C-terminal domains separately.

C (TnC) (47%) @) and comparative molecular modelir) (
indicate that CaVP consists of two domains, each containing
two potential Ca"-binding sites. However, calcium-binding
isotherms showed that only two of the four sites are active
(2). They were recently localized in the C-terminal half of
the protein and designated as sites Ill and IV (S. Baladi and
J. A. Cox, to be published). The affinities of these two sites
are very different (intrinsic binding constants of 4x91(f

and 7.3x 10®* M1) and independent of the presence of the
N-terminal domain4). In the complex with CaVPT, CaVP
binds C&" ions with a strong positive cooperativity and a
considerably increased (about 20-fold) affinitd).( The
isolated C-terminal domain of CaVP is able to interact with
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The validity of studying the isolated domains is supported
by three observations: (1) the €abinding constants for
the C-terminal domain and the whole CaVP are the same;
(2) molecular modeling of CaVR3] points to the existence

of a long flexible linker between the N- and C-terminal
halves; (3) proteolytic as well as biochemical and functional
studies on isolated domains of CaVP (J. A. Cox, data not
published) provide evidence that they are structurally au-
tonomous. In particular, the C-terminal domain could bind
CaVPT in a calcium-dependent manner, but with a lower
affinity. Furthermore, similar studies on isolated domains of
other calcium-binding proteins, such as calmodulin (CaM)
(5) and troponin C (TnC)&—8), have been successfully
carried out. Here we focus on the C-terminal domain of
CaVP (C-CaVP) comprising residues W83%161 (Figure

1) and report its three-dimensional solution structure in the
C&'-saturated state. In addition, we present a structural
characterization of apo and (€% states. As shown by
calcium titration experiments, the metal ion binds in a
sequential manner: first to site Ill, then to site IV. The stable
(C&t), intermediate species displays an unusual pairing of
a well-structured ion-bound site with a fluctuating EF-hand
fragment.
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MATERIALS AND METHODS Table 1: Restraint and Structural Statistics for the 20 Simulated

Annealing Structures of CaSaturated C-CaVP

Sample PreparatiorCloning, expression, and purification : —
of recombinant C-CaVP were as described previously (S. feS’\tlrg'le“ Stfitls_tlis 058
Baladi and J. A. Cox, to be publishedfN-labeling was restraints

performed in a M63 medium containing appropriate antibiot- ;n;;%r:rﬂﬂfe ﬁgg
ics and {°NH,),SO, (2 g/L) as the sole source of nitrogen. medium range (X |i — j| < 4) 184
The IPTG induction phase (0.1 mM final concentration) long range |f — j| = 5). 220
proceeded overnight. NMR samples, in the concentration gﬁ]dgggjggggdr;iﬁg?rz?a% 9966
range 0.8-1.3 mM, were prepared in deuterated Trils) .
buffer (20 mM), KCI (100 mM), pH 6.5, in the presence of avs:;%‘;gﬁs' of NOE restraint
variable CaGl concentrations, required to obtain the apo, >0.4 A none
(Cat),, and (C&"), states. >0.3A 1.1/structure

NMR Spectroscopyspectra were acquired at 308 K on a rmsd from exptl distance 0.049 (0.002)
Varian Unity500 spectrometer equipped with a triple- restraints (A)

rmsd from exptl dihedral 0.99 (0.5)

resonance probe and Z-field gradient. Homonuclear 2D
experiments used the standard pulse sequeSielldétero-
nuclear 2D and 3D experiments were based on pulse field

restraints (deg)
RMSD from idealized geometry

gradients for water suppression and coherence seledi®n ( gﬁgffs(é)eg) 03'?73 ?Ol_ 4(3)0004)
combined with the enhanced sensitivity techniqud).(
Dihedral angle restraints were obtained by analyzing the av rmsd (A) av pairwise
HMQCJ spectrum according to the method proposed by from av structure _ rmsd (A)
Wang et al. {2). Spectra analysis and NOE restraints secondary structute 0.70 (0.09) 1.02
collection were carried out with Felix2.3 software (MSI, San f}gﬁg'}f’%%_sst{;‘a‘ﬁ‘é?e éég gg:ig (1):;2
Diego). helix 3, 4,3-strand 0.60 (0.13) 0.86
Structure DeterminationAlmost complete proton andN helix 1, 2,3-strand 1.12 (0.24) 1.63
resonance assignment was obtained by the analysis of Ee:!x % 4,p-strand é-gi’ (8-1‘23) 1.54
homonuclear 2D and heteronuclear 3D spectra using a hglziza 021 20:073
sequence-specific proceduf.(Most of the assignmentwas  helix 3 0.25 (0.05)
performed using proton 2D spectfdéd—5N heteronuclear helix 4% 0.31(0.12)
experiments were necessary to complete the assignment and(® w) in most-favored region 83.2%

to collect the distance restraints involving the HN groups.
A table containing théH and**N chemical shift values has

been deposited in the BioMagResBank, under accession . ) o
number 4739. restraints. The best 42 structures, in terms of restraint vio-

lations, were selected and refined under a physical force field
(cvff) and experimental restraints by molecular dynamics

aBackbone atoms (N, 'CCo). ? All heavy atoms.

For the (C&"), structure, a total number of 1004 distance

restraints (including hydrogen bond restraints) were collected, }~. . )
representing an average of about 12 restraints per residue(s'mm"’mad Annealing protocol, Discover program, MSI, San

NOE-derived distance restraints were classified into three Dlego). The 20 final str'uctures were .retamed for thelr low
categories, 1:82.9, 2.9-3.7, and 3.75.00 A, with the potential energy, best fit of the experimental restraints, and

exception ofdyn(i,i+2) and dun(i,i+2) in regular helical good covalent geomeiry.

fragments which fall into 4.24.6 and 4.6-4.4 A, respec- Coordinates.The 20 best structures and the energy-
tively. An additional 99 dihedral angular restraints, derived Minimized average structure of the {Cja form have been

from vicinal coupling constants and secondary structure deposited in the Protein Data Bank under accession codes

considerations, were included. No restraints between thelC7V and 1C7W, respectively.

calcium ions and the protein were considered explicitly.

Several hydrogen bond restraints were used for the tw6-Ca RESULTS AND DISCUSSION

binding loops. One hydrogen bond is formed between the  Structure of C-CaVP in the CaSaturated StateThe

HN and a carboxylic oxygen of residues in positions 6 and NMR spectra of the fully saturated C-CaVP were recorded

1 of the binding loop, respectivelyl). The others cor-  in the presence of 5 mM CagCBecondary structure elements

respond to typical Asx and reverse turris4)( generally  were first identified from the combined analysis of short-

observed in EF-hand proteins. In each case, the existence ohnd medium-range NOE connectivities, the chemical shift

hydrogen bond interactions was confirmed by observation index of Ho protons, coupling constant&J{nye), and amide

of a slow exchange rate of the involved amide protons. The proton exchange rates. Fourhelices (E-H) were thus

restraint statistics are detailed in Table 1. defined within the following limits: E87F97, F107-Q115,
The ensemble of NMR-derived distance bounds was com-D124—A134, and 1144K152 (Figure 1). Twop-strands

pleted using a smoothing procedure (based on triangle andwere also identified (V104D106 and V141-D143) by the

tetrangle strategies) integrated in the Distance Geometrylow-field-shifted Hx protons, strongd.n(i,i+1) sequential

(DGII) program (MSI, San Diego). Starting from an extended connectivities, largéJunne couplings, and a highly reduced

conformation and using the embedding and optimization exchange rate of amide protons. Typical strong dipolar

steps of DGII, we generated 100 structures which are com-interactions betweenddprotons on opposite strandsqH06/

patible with these improved distance bounds and the chirality Ha141; Hx104/Hx143) enabled us to establish the topology
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Ficure 1: Sequence comparison between the C-CaVP, studied in this work, and the C-terminal domains of CaM and TnC. Residues
conserved in the three sequences are in gray and underlined. The secondary structure elements observed in C-CaVP'digatits Ca
in calcium loops are shown on the top and the bottom of the alignment, respectively.

124

Ficure 2: Three-dimensional structure of thea&aturated C-CaVP. (a) Stereo representation of the best superposition of the 20 final
structures, refined under the NMR restraints. Shown are backbone atom§ @é)Gn residues 86:154. The EF-hand motifs Il and IV

are colored in red and blue, respectively. (b) Structure comparison%fsaaurated C-CaVP (red) and the C-terminal domain of CaM

(blue). Best superposition of the backbone heavy atoms in corresponding regular secondary structure elements. C-CaVP is represented by
the energy-minimized average NMR structure, while CaM is represented by the crystallographic structure (pdb code 3cin).

of the small two-stranded antiparalfg@isheet. The observed  on the order of 0.27 A. The increased rms distance for the
secondary structure elements are identical (witHid whole structure results from the higher uncertainty in the
residue) to those of the C-terminal domains of CaM or TnC. relative orientation of the four helices. This analysis allowed
Superposition of the backbones of 20 energy-refined final the 20 energy-refined structures to be considered an accurate
structures is shown in a stereo representation in Figure 2a.representation of the solution structure of C-CaVP. The
The four a-helices (E-H) form two EF-hand motifs, quality of the structure is comparable to other solution
connected by the two-stranded antipargfiedheet. The N-  structures of EF-hand domains, @, 8).
and C-termini as well as the loop linking the two binding The values of interhelical angles within an EF-hand,
sites are less defined due to a smaller number of NOE data.determined for the 20 refined structures of C-CaVP, are 116
The structure is highly similar to the EF-hand pair commonly + 5° and 90+ 7° for sites Il and 1V, respectively. The
observed in the CaM superfamily. Several criteria were angle value observed for EF-hand IV in C-CaVP is very close
employed to evaluate the precision and quality of the to the average value observed in the bound regulatory
determined structures: agreement with the experimentaldomains, i.e., 95+ 9° (15), while the site Ill angle is
restraints, deviation from idealized geometry (bond length, significantly larger. In general, the interhelical angles in
bond angle, @ chirality, peptide bond planarity), distribution  regulatory Ca"-binding domains, e.g., the N-terminal domain
of the (@, W) angles in the Ramachandran plot, and the of TnC or recoverin, both N- and C-terminal domains of
superposition of the final structures (Table 1). The majority CaM, are significantly smaller in the ion-bound state than
of the residues fall in the favorable bi-dimensional regions in the apo state, yielding a more open tertiary structure, with
of the @, W) space (83%), with about 1% in disallowed exposed hydrophobic patche®).(Similarly to other C&"
regions. When compared separately, the helices and strandsensors, ion-bound C-CaVP has an extensive, well-packed
are very well-defined (Table 1), with rms distance values hydrophobic core including 4 Phe, 6 lle, 1 Leu, 1 Val, and
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FIGURE 3: C&* titration of 1 mM C-CaVP in Tris-HCI buffer (pH 6.5) containing 100 mM KCI, at 308 K. Left: 1D NMR spectral regions
corresponding to aromatic/amide protons and to ring current-shifted aliphatic protons are shown as a function of tHe: tatat@atration

in solution (middle column, in mM). Right: graphical representation of th&"@apendent normalized, dilution-corrected peak intensity

for the amide proton of G103 in the (&3, species and for amide protons of G103 and G140 in thé"jgapecies. The continuous curves
represent the theoretical populations of one-ion and two-ion species, calculated for two independent binding processes with association
constants of 5« 10° and 3.3x 10®* M~1 for the first and second step, respectively.

3 Met residues. The calculated apolar accessible surface The 1D and 2D NMR spectra of the apo form are
represents 60% of the total accessible surface, which ischaracteristic of a highly flexible polypeptide conformation
slightly larger than in the homologous €asaturated with no, or a very fluctuating, tertiary structure, reflected in
domains of CaM (52%) and TnC (57%). the poor dispersion of the proton resonances, which are closer
Superposition of the energy-minimized average structure 0 the random coil values than to the native {Qastate
of C-CaVP on the crystal structures of the C-terminal values. For instance, the amide protons resonate between 7.7
domains of either CaM (pdb code 3cln) (Figure 2b) or TnC and 8.6 ppm, the & protons areifound between 3.8 and 4.7
(pdb code 1ncx), using the best fit of the backbone atoms PPM, and the methyl groups give a large, unresolved peak
(N, C, Ca) in regular segments, resulted in an rms distance centered at-0.9 ppm (Figure 3). Moreover, the spectra are
of 2.0 A in both cases. Fitting of individual EF-hand motifs ot significantly modified by changes in ionic strength from
is significantly better (rms distances of about 0.9 and 1.4 A 0.0t0 0.2 M. The NMR data provide direct evidence for the
for sites Il and IV, respectively), indicating that a large part absence of persistent hydrogen bond interactions, the lack
of the difference in tertiary structure arises from the relative Of Persistent tertiary contacts involving aromatic side chains,
position of the motifs in each domain. As the loop connecting and the absence @ttype backbone conformation (no low-
the two EF-hands is usually flexible, the presence of a Pro field-shifted Gx protons).
insert (Pro121) in the corresponding sequence (Figure 1) may Taken together, these observations suggest that the apo
hardly be invoked to explain the observed packing of the state is a dynamic equilibrium of multiple, relatively compact
four helices. The specific tertiary fold is rather determined conformations, having a decreased helical content relative
by specific intramolecular interactions between the side to the (C&"), state. We hypothesize that the helical fragments
chains forming the hydrophobic core. slide rapidly up and down along the sequence with fast

The C&*-Free Protein Is in a Disordered Stat&he far- kinetics and are thus undetect_able by_ NMR spectroscopy.
UV circular dichroism (CD) spectrum of apo C-CaVP is _Th_erefore, th(_a mgtal-free species exhibits many character-
indicative of the presence af-helical structure, but, ac-  istics of proteins in a molten globule stater].
cording to the molar ellipticity at 222 nm, its content (about ~ Sequential C& Binding. Within the C&" sensor subfam-
17%) is about 2-fold lower than in the calcium-saturated state ily, metal binding induces significant conformational changes,
(36%) (data not shown). Temperature denaturation, moni- which trigger the interaction with the target molecule. To
tored by CD spectropolarimetry, showed that the secondarybetter characterize the ion-binding process and its structural
structure elements in the ion-free C-CaVP unfold in a consequences in C-CaVP, we performed &'Qitration
cooperative manner, with a mid-temperature of°g5 i.e., experiment and analyzed in more detail the main intermediate
at least 35C below that of the fully C& -saturated protein.  state on the pathway of (€9, complex formation. Figure
Thermodynamic analysis of the experimental dai#) ( 3 (left) shows a series of 1D NMR spectra of C-CaVP (1
yielded an enthalpy change for unfolding at %5 of about mM) in the presence of increasing Taoncentrations, from
40 kcal/mol, a value which is characteristic for low-stability 0 to 3.7 mM. Both low-field (aromatic and amide) and
structures. However, observation of a cooperative transition upfield (aliphatic) spectral regions evolve from a compact,
suggests that the weak tertiary interactions are still able to low-dispersion form in the apo state, toward a well-dispersed
maintain a relatively compact structure. spectrum, characteristic of native proteins. A qualitative
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FIGURE 4: (*®N—H)-HSQC spectra of C-CaVP in the apo, €€, and (C&"), states. Samples (1 mM) were in deuterated Tris-DCI buffer
containing 100 mM KClI, pH 6.5, at 308 K. Catoncentration was 0, 1, and 5 mM in apo, {Oa and (C&"), samples, respectively.
Horizontal lines connect pairs of cross-peaks from Gln and Asn side chains. Some of the assigned cross-peaks are indicated by the type and
number of the residue.

analysis of the successive spectra revealed two distinct stepsthe higher affinity site is not clearly assigned. This difference
corresponding to sequential binding of two calcium ions. should be mainly related to the large difference in¥'Ca
During the two transitions, the peaks of the emerging speciesaffinity between the two binding sites of C-CaVP.

have a constant chemical shift and an increasing intensity, The First C&" lon Is Bound to Site IIINMR spectra of
suggesting a slow exchange regime on the chemical shiftthe (C&"); species show a chemical shift dispersion which
scale. The three binding states [apo, {Ga and (C&"),] is intermediate between the apo and{Qaforms (Figures
have distinct spectral features and are stable enough to be8 and 4). A closer inspection of the HSQC spectra (Figure
studied independently. Along the titration experiment, the 4) revealed that only half of the resonances exhibit large
spectral line width shows no significant broadening, sug- chemical shift changes (up to 2 ppm) upon addition of the
gesting that changes in metal occupancy are not accompaniedirst metal ion, while the other resonances are practically
by a perceptible aggregation. unchanged.

A more guantitative evaluation of the binding process is  Analysis of several 2D and 30H—'*N) NMR experi-
presented in Figure 3 (right), where the normalized intensity ments, acquired in the presence of an equimolar concentration
of some resolved peaks is plotted as a function of the total of Ca&", enabled us to assign unambiguously resonances
metal ion concentration. Theoretical curves, calculated for corresponding to a continuous string of 34 residues from D85
two successive, independent bi-molecular proced$s\vith to G118, representing the binding site Ill. The chemical shift
association constants ofs6 1¢° and 3.3x 10°® M™%, appear values for these residues are similar, but not identical, to
to simulate satisfactorily the experimental data. This NMR those observed in the (&3, form, suggesting the existence
titration experiment is certainly not appropriate for an of structural differences between the two bound forms. In
accurate determination of the binding constants, but we notecontrast, the residues lying outside this segment give poorly
that the above values are in good agreement with thosedispersed resonances, which were difficult to assign unam-

determined by flow dialysis4). biguously. These observations indicate that the firgt @
A global view of the spectral changes caused by'Ca is bound to the EF-hand llI, which adopts a stable and regular
binding may be obtained from the analysis &fi{°N)- structure, while the rest of the sequence remains highly

HSQC spectra of the apo, (€d, and (C&"), states (Figure  fluctuating. Spectral analysis allowed us to set up a restraint
4). The line widths of the observed cross-peaks are similar file of 341 distance, hydrogen bond, and angular restraints
in the three spectra, which suggests no molecular associatiorfor the fragment D85 G118, covering the first Ca-bound

and a slow exchange regime for all the peaks. This last EF-hand motif. This represents a reasonable number of
conclusion is supported by NOESY spectra acquired during structural data for the folded fragment (on average, 10
the titration (with a mixing time of 200 ms) which showed restraints per residue), enabling us to determine the fragment
no exchange cross-peaks between resonances representirgjructure. Using the experimental data and the distance
the same residue in different ligation states. Binding of the geometry/simulating annealing procedure, we calculated 18
first Ca&* affects only one subensemble of peaks, whereas structures representing segment-838 in the (C&"); state.
binding of the second Ga perturbs nearly the whole Their analysis, according to several criteria (residual restraint
spectrum, suggesting that the first?®Carganizes only its  violations, rms distances, deviations from idealized covalent
binding site, while the second ion modifies the entire domain geometry, ¢, W) distribution, etc.), attests that the structures
(Figure 4). The sequential binding, described here for are of good quality and well-defined (Table 2). Despite the
C-CaVP, is different from the stepwise process observed for fluctuating character of the ion-free half, binding site Il is
the regulatory domain of Tn@#9), in which binding of each ~ folded as a common EF-hand motif, including a short
Ca&" ion induces changes throughout the whole domain and extended segment (V184106) with the same spectral and
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Table 2: Restraint and Structural Statistics for the 18 Simulated rotations, whereas F94 moves away from F107 and F110

Annealing Structures of G&Bound EF-Hand IIl (D85-G118) in by more than 4 A, to interact with F147. It may be reasonably
C-CavP assumed that this hydrophobic cluster formation plays an
restraint statistics important role in triggering the E helix rotation and the
NOE restraints 273 formation of the tertiary structure in the (€% state during
intraresidue 62 the transition from (C#); to the (C&"), form.
;egé‘iﬁ"m"?;nge @ li—il < 4) 61202 Nuclear relaxation measurements*& nuclei in C-CaVP
long range [ — j| = 5) 47 provide interesting information on the different internal
hydrogen bond restraints 26 dynamics of the two Ca-bound forms. Heteronuclear
dihedral angle restraints, W) 42 steady-state NOEs;) between proton and nitrogen nuclei
av no. of NOE restraint in amide groups were obtained by recording spectra with
V'OLa(t)'Z”E and without proton saturation before the start of the experi-
03A DR Istructure ment (L0). The site 1ll segment, which is well structured in
_ the partial Ca"-bound form, has similay values (around
rmsd from exptl distance 0.071 (0.007) .
restraints (A) —0.3) and sequence dependence as in .the fuﬁysaturgted
rmsd from exptl dihedral 2.3(0.4) form. In contrast, the rest of the chain in @} state gives
restraints (deg) scattered NOE values ranging from0.5 to —1.5, which
rmsd from idealized geometry are characteristic for loosely packed, fluctuating, but not
bonds (A) 0.031 (0.001) completely unfolded structureg1, 22).
angles (deg) 3.7(0.3) Biological Implications Apo C-CaVP represents a new
av rmsd (A) av pairwise example of a protein which, under nondenaturant conditions,
from av structure  rmsd (&) is in a loosely packed, disordered state, sharing many
residus 96-115 0.55 (0.13) 0.80 (0.09) characteristics with the molten glObUle Statiﬂ)( An
residus 96-11%° 1.53(0.14) increasing number of examples of native unfolded or
helix 1# 0.24(0.05) structurally disordered proteins under normal solution condi-
helix 22 0.30(0.12) tions have been described in the past few yeags-p9).
(®,¥) in most-favored region 73.5% Their functional significance is not well understood, but in
2 Backbone atoms (N, 'CCa). ® All atoms. some cases the disordered state was invoked to explain the

transport through narrow channe®) or to provide enough
conformational features as in an antipargiedheet. Thetwo  conformational flexibility necessary in molecular recognition
o-helices (196-F97, F107-M114) define an interhelix angle  and/or assembly formatior2¢, 29). Even if the functional

of 82 + 9°, i.e., more than 30smaller than in the (C&), role of C-CaVP remains to be discovered, the metal-induced
state (Figure 5). A large part of this conformational change disorder-to-order transition represents a good working model
is due to a rotation of the E helix around a small hinge, for investigation of structural and thermodynamic aspects
situated at the end of the helix, similarly to the open/closed of protein folding.

movement observed in CaM and Tng0). In the absence The C&"-dependent conformational features observed in
of a hydrophobic contribution from the second motif, an C-CaVP have no similar counterpart in any other EF-hand
intra-motif hydrophobic cluster is built around a scaffold proteins studied so far. Generally, proteins of this family
involving F94, F107, and F110. As illustrated in Figure 5, show a well-folded and persistent structure in the absence
the three Phe residues are far away from each other in theof metal and undergo a helix rearrangement upod*Ca
(Ca™), state, where their clustering is prohibited by the binding. For calbindin [ (a C&" buffer), for instance, the
presence of site IV hydrophobic side chains, like M131, 1142, rms distance between apo and {Qais 1.23 A (30), while

and F147. In the (Ca),/(C&"), transition, F107 and F110  for the C-terminal domain of CaM (a €asensor) the rms
undergo only small rearrangements, mainly side chain distance is about 4.5 2g].

C-CaVP (Ca®, C-CaVP (Ca™),

FiGURE 5: Ribbon structure of the &bound EF-hand Il motif in the (Ga&); and (C&"), states. Three side chains from the hydrophobic
core are explicitly shown in a stick representation in the two cases. The main-chain trace of the EF-hand IV is shown in black for the
Ca&*-saturated form. The figure was prepared using Insight software.
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In contrast with C-CaVP, the NMR spectra of Cdree
CaM or TnC are well-dispersed, allowing resonance assign-
ment and solution structure determination to be performed
(8, 31). However, in the case of CaM, the apo form of the
C-terminal domain shows some dynamic disorder due to a
global conformational exchange in the microsecond to
millisecond time scale and to a rapid conformational averag-
ing of the side chains in the protein coi@2(— 34).

The present ion-induced structural changes in C-CaVP
define an original behavior within the EF-hand repertoire.
The sequential calcium binding induces a progressive,
stepwise transition from a highly disordered protein state into
a half-structured conformation and finally into a standard
EF-hand pair. Analysis of Ca titration experiments using
CaVP indicated that the C-terminal domain has a similar
metal-dependent behavior when it is linked to the N-terminal
domain, within the intact protein (I. Thet and C. T. Craescu,
unpublished results). Therefore, the present observations on
the isolated domain could be confidently extrapolated to the
intact protein and may have a physiological significance. The
Cé&'-induced structural and dynamic changes of C-CaVP
represent a new mode of structural transition with a highly
asymmetric intermediate.

The low C&" affinity of site IV in C-CaVP may be related
to the absence of an acidic side chain in the chelating position
Z (Asn139) of the calcium looB5) and probably to a lower
overall hydrophobicity of the:-helices 86, 37), particularly
of helix G. The Pro residue at position 11 of the?Coop
IV may be tolerated with only minor functional perturbations,
as it is within site 1l of CaM.

As the C&" binding to CaVP was not modified by the
presence of 2 mM MY, it was concluded that the two
binding sites are Ca-specific @). Therefore, it is reasonable
to assume that under resting conditions (i.e., n& Gagnal)
the free protein is merely in the apo form, and that a small
increase in free [C4] leads to the (CH), state, characterized
by a well-folded site Ill and a large flexibility of site IV.
The complex formed by CaVP/CaVPT binds equally two
Ca&" ions but with a larger affinity and a positive cooper-
ativity (4). We may reasonably conceive that the folded EF-
hand Il is the physiological trigger, which, in the presence
of the natural target CaVPT, induces structure in the EF-
hand IV and subsequent €abinding to this otherwise
unphysiologically low-affinity site. The dramatically in-
creased calcium affinity of the CaVP/CaVPT complex, as
compared to isolated CaVR})( could be explained by a
structural stabilization of site 1V, induced by complex
formation.
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