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ABSTRACT. CaVP (calcium vector protein) is a &asensor of the EF-hand protein family which is highly
abundant in the muscle &mphioxuslts three-dimensional structure is not known, but according to the
sequence analysis, the protein is composed of two domains, each containing a pair of EF-hand motifs.
We determined recently the solution structure of the C-terminal domain (F198dl61) and characterized

the large conformational and dynamic changes induced BY liiading. In contrast, the N-terminal domain
(Alal—Asp86) has lost the capacity to bind the metal ion due to critical mutations and insertions in the
two calcium loops. In this paper, we report the solution structure of the N-terminal domain and its backbone
dynamics based on NMR spectroscopy, nuclear relaxation, and molecular modeling. The well-resolved
three-dimensional structure is typical of a pair of EF-hand motifs, joined together by a short antiparallel
pB-sheet. The tertiary arrangement of the two EF-hands results in a closed-type conformation, with near-
antiparallela-helices, similar to other EF-hand pairs in the absence of calcium ions. To characterize the
internal dynamics of the protein, we measured ¢ nuclear relaxation rates and the heteronuclear
NOE effect in'®N-labeled N-CaVP at a magnetic field of 11.74 T and 298 K. The domain is mainly
monomeric in solution and undergoes an isotropic Brownian rotational diffusion with a correlation time
of 7.1 ns, in good agreement with the fluorescence anisotropy decay measurements. Data analysis using
a model-free procedure showed that the amide backbone groups inhbkces ang3-strands undergo

highly restricted movements on a picosecond to nanosecond time scale. The amide grodpdindiz

loops and in the linker fragment also display rapid fluctuations with slightly increased amplitudes.

Calcium vector protein (CaVPjs a C&* binding protein With its four EF-hand motifs, CaVP belongs to an
isolated () from the muscle of a protochorda#mphioxus ensemble of congruent EF-hand proteins from the TnC
(commonly called lancelet fish), but it is also expressed in superfamily, including calmodulin, troponin C, and essential
the spinal chord and the gonads. Due to several vertebrateand regulatory light chains, with a similar genetic evolution
traits, this marine animal is believed to constitute the pattern b, 6). Comparative sequence analysis and molecular
evolutionary link between invertebrates and vertebraes ( modeling ¥) suggested that CaVP is composed of two
In situ, CaVP forms a tight complex with its natural target, independent folding modules linked by a centratelix. This
a protein of 26.6 kDa named the calcium vector protein target hypothesis is supported by recent experimental studies,
(CaVvPT) @). Only two of the four EF-hand motifs are active, conducted in our laboratory, which demonstrated the struc-
with very different intrinsic binding constant&'c,; = 4.9 tural autonomy of the two half-domains,(9). We also
x 10° Mt and K'caz = 7.3 x 10° M%) which depend  showed that the two active binding sites are situated in the
strongly on the interaction with the target)( Despite the C-terminal domaing), and that sequential metal ion binding
large body of biochemical information about the isolated is accompanied by large structural and dynamic char@§)es (
proteins, the physiological role of the unique Cav®aVPT Sequence comparison of the N-terminal domain of CaVP

complex is still incompletely clarified. (N-CaVP) with the corresponding domain of CaM or TnC
(Figure 1) points to several critical sequence alterations
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Scientifique, the Institut Curie, and the Swiss National Science . . . a" bindi
Foundation. for the lack of ion binding 10). In the first C&" binding
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Ficure 1: Sequence comparison of the N-terminal domains of CaM, TnC, bovine calbirgipId (S100A10), and CaVP. Residues

directly involved in C&" binding in the consensus sequence are labeled Xith Z, —Y, —X, and—Z, according to their positions in a
pentagonal bipyramid. The secondary structure elements determined in this work for N-CaVP are shown under the sequences. Insertions
and unfavorable substitutions in the binding loops of N-CaVP are shown in boxes.

the middle off3-strands leads to a substantial reduction of in deuterated Tris buffer (20 mM, pH 6.5) containing 100
the C&" affinity (11, 12) by decreasing the stability of the mM KCI, 0.5 mM DTT, and 5 mM CaGl
hydrophobic core in both the apo and holo forms. Therefore, Experimental Proceduredll NMR spectra were acquired
the presence of Ala31l in Ipop I constitutes an additional 51, 3 Vvarian Unity500 NMR spectrometer equipped with a
unfavorable factor for Cd binding. triple probe and &-field gradient. Assignment ofH and
Overexpression in large quantities of N-CaVP permitted 15N resonances was achieved by analyzing the following set
us to demonstrate that, despite a stable structural organizationpf two- and three-dimensional NMR spectra: NOESY (150
the domain has indeed lost its ion binding capacity. In ms mixing time), TOCSY (60 and 110 ms mixing times),
addition, N-CaVP alone is not able to recognize the CaVPT COSY-DQF, {*H—15N} HSQC, NOESY-HSQC (100 ms
but seems to modulate and increase the affinity of the whole mixing time), and TOCSY-HSQC14). The three-dimen-
protein for its target¥). Understanding of the role played sional spectra were recorded with a spectral width of 7000
by the amino-terminal lobe of CaVP in recognition and Hz in the proton dimensions and 1500 Hz in tH
binding of the target protein requires determination of its dimension. The acquisition was achieved with 2048 complex
three-dimensional structure, in the isolated form or in the points ints, and with 128 and 32 increments inandt,,
intact protein. We report here the solution structure of the respectively. Spectra analysis and restraint collection were
isolated N-CaVP domain, determined by NMR spectroscopy carried out using FELIX 3.0 (MSI, San Diego, CA). The
and molecular modeling. Our results showed that, indepen-baseline correction was carried out on the two- and three-
dent of the presence of €aions, the domain has a regular dimensional spectra using the FACELIFT prograb)(

fold, similar to those of other stable apo domains, with the gy cture Calculationsnterproton distance restraints were
four a-helices forming a near-antiparallel helix bundieN obtained from the NOESY-HSQC spectrum for the amide
spin relaxation studies at 298 K of N-CaVP allowed us to protons and from the NOESY (fH.0) for the side chain
characterize the internal backbone dynamics on the pico-gjge chain interactions. The peak intensities were calibrated

second to nanosecond time scale, using a model-freeg|ative to NOEs corresponding to known interproton
procedure. Contrary to the €aloaded C-terminal domain distances such as thé'HHN (2.8 A in ana-helix) and H—

(C-CaVP)'@S), we found no evidenpe for 'Iocalized slqw H#2 (1.8 A in methylene groups) distances. The NOE
conformational exchange. Comparison with the previous reqiraints were classified into three categories: strong,
results on holo C-CaVP permits us to delineate the structural medium, and weak, corresponding to interproton distance
and dynamic differences between the two domains and toranges of 1.82.9, 2.9-3.7, and 3.75.0 A, respectively,
discuss the possible functional role of the nonbinding \uiih the exception oflun(i, i + 1), dan(i, | + 1), dan(i, | +

N-terminal domain. 2), anddun(i, i + 2) in helical secondary structures which
fall into ranges of 3.33.7, 2.6-3.0, 4.2-4.6, and 4.6-4.4
A, respectively.

Sample PreparationN-CaVP (Alal-Asp86) was over- A total of 844 distance constraints, including 194 intraresi-
expressed inEscherichia coliand purified as described due, 245 sequential, 190 medium-range<(2i — j| < 5),
previously Q). >N labeling was performed in an M63 and 215 long-rang€i(— j| = 5), were finally used for the
medium containing appropriate antibiotics aftiN{H,)>,SOy structure calculation (Table 1). An additional 104 dihedral
(2 g/L) as the sole source of nitrogen. The NMR samples, restraints and 62 hydrogen bonds, derived from vicinal
in the concentration range of 6-8.7 mM, were dissolved  coupling constants and secondary structure considerations,

MATERIALS AND METHODS
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Table 1: Restraint and Structural Statistics for the 31 Simulated
Annealing Structures of N-CaVP (AlalAsp86)

restraint statistics
no. of NOE restraints 844
intraresidue 194 23%
sequential 245 29%
medium-range (% |i — j| <5) 190 23%
long-range|i —j| = 5) 215 25%
no. of hydrogen bond restraints 62
no. of dihedral angle restraint®(and¥) 104
average no. of NOE restraint violations
>0.6 A none
>0.4A 1.7/structure

rmsd from experimental distance restraints (A) 0.061 (0.005)

rmsd from experimental dihedral restraints (deg) 3.08 (0.83)
rmsd from idealized geometry
bonds (A) 0.010 (0.008)
angles (deg) 2.14 (0.05)
av rmsd (A)
fromthe av pairwise
av structure  rmsd (A)
residues 123, 30-42, 52-59, and 68-83%® 0.53 (0.07) 0.75 (0.05)
residues 1423, 30-42, 52-59, and 68-83 1.47 (0.10) 2.11 (0.24)
helices 1 and 23-strand 0.47 (0.08) 0.67 (0.14)
helices 3 and 43-strand 0.47 (0.09) 0.66 (0.17)
helix 12 0.37(0.11)
helix 22 0.19 (0.03)
helix 3 0.15 (0.05)
helix 42 0.40 (0.13)

aBackbone atoms (N, ‘Cand Gy). ° All atoms. ® and ¥ in the
most favored region (75.7%).

were included. No explicit restraint were employed for the
eventual disulfide bridge.

Starting from an extended structure and after several
iterations under NMR restraints of the distance geometry
program (DGII), aimed to improve the quality of the

experimental information, we generated 100 structures, 65

of which converged properly and exhibited a low final error

function. Refinement of these last structures (under the same w) =

restraint file minus the hydrogen bonds) was carried out with
the simulated annealing protocol and the cvff force field of
Discover (maximal temperature of 1200 K and a final

temperature of 300 K). A final set of 31 structures, selected

Theret et al.

points and a spectral width of 1500 Hztiin The relaxation
data were processed using a specialized routine of FELIX
3.0 software. A squared sine-bell window function shifted
by 9C¢° was applied int; and a sine-bell window function
shifted by 90 in t;. The final matrix size was 1024 512

real points after Fourier transformation.

Relaxation rate$}; and R, and their uncertainties were
determined by least-squares fitting of the measured peak
heights to a two-parameter exponential decay via an in-house
computer program. The heteronuclear steady-state NOE
values were determined from the ratio of the peak intensities
obtained with and withoutH saturation. The NOE effect is
given by the equatioy = NOE — 1. Estimation of NOE
uncertainties was based on uncertainties of the peak heights
and the law of uncertainties propagation.

The Lipari-Szabo approach for the relaxation data
analysis assumes that the overall rotation of the molecule
and the internal motions of the bonds vectors, which both
contribute to the spin relaxation, are independent and their
contributions to the total spectral density function at any
frequency are additivel):

Iw) = 2 §Tc + (1- Sz)ri

=z (1)

1+ (wr)® 1+ (wr)?
wheret. is the global correlation timeg; is given by the
relation 1t; = 1/t. + 1/z. (Wheret, is the local effective
correlation time describing the fast motion® is the
generalized order parameter, which depends on the amplitude
of the local H'-N bond motion on the picosecond to
nanosecond time scale. In a more complex formalig), (
the spectral density function for an isotropic motion can be
described as a sum of three contributions:

2

S, A=) (8-
= + +
1+ (wr)* 1+ (wry)* 1+ (w1.)?

where & (=5°S?) is the square of the generalized order
parameter an&? and S? are the order parameters corre-

on the basis of the lowest-energy and the minimal restraint sponding to the fast and slow internal motions, respectively,

violations, were retained. The AQUA and PROCHECK-
NMR programs {6) were used to analyze the restraint
violations and to estimate the precision and quality of the
obtained structures.

with the effective characteristic time constamt@ndzs (1/
o = 1lhty + 1/ty).

The first step in the dynamics analysis was the estimation
of the global rotational correlation timg, using a procedure

The atomic coordinates of the 31 best structures and of specifically designed to minimize the unsuitable effects of
the energy-minimized average structure were deposited inthe slow motionsZ0). Fitting the Riexp and NOE,, values
the Protein Data Bank as entries 1J7Q and 1J7R, respectivelyfor amides groups in well-structured regions, at a givgn

15N Relaxation MeasurementSxperiments were carried
out at 298 K at 11.74 T. Th&; (**N spin—lattice) andR,
(spin—spin) relaxation rates and the NOE (steady-state
{*H} =N nuclear Overhauser effect) were measured with
the pulse sequences provided by L. E. Kay)( Relaxation
delays for theR; spectra were fixed to 11.044 (twice), 55.22,

165.66, 220.88 (twice), 386.88, 552.2, 662.64, 828.3, and

1104.4 ms. The spectra f& measurements were acquired
using 15.7, 31.4, 47.1, 62.8 (twice), 78.5, 94.2, 125.6, 157,
188.4, and 219.8 ms delays. The steady-sfat¢} —1°N
nuclear Overhauser effect (NOE) was determined from
spectra pairs recorded with and without proton saturation.
NMR experiments were recorded with 2048 complex points
and a spectral width of 7000 Hz ta and with 96 complex

one can reconstruct thecy values and compare them with
the corresponding experimental values. The optimum cor-
relation time corresponds to tifgc, Obtained by minimizing
the »? function:

(RZexp - RanDZ
restues OZ(RZ)

2

Time-Resaled Fluorescence Measuremeritiiorescence
intensity and anisotropy decays were obtained with a time-
correlated single-photon counting technique from thé&)
and lyn(t) components recorded on the experimental setup
installed on the SB1 window of the synchroton radiation
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machine Super-ACO (Anneau de Collision d’Orsay, Orsay, t
France), which was described previousht) The excitation |
wavelength was selected by a double monochromator (Jobin \ i
Yvon UV-DH10, bandwidth of 4 nm). An MCP-PMT ﬁ ! i S
{
|
1
i

= Gol

108.0

Hamamatsu (model R3809U-52) detector was used. The time
resolution was~11 ps, and the data were stored in 2048
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accumulation time for the instrument response function and | PR S 4 L

a 90 s acquisition time for each polarized component, were ' »» °-;E;g g T e s

carried out until a total number of-24 x 1(F counts were e e D e

reached in the fluorescence intensity decay. Analyses of the W e -

fluorescence intensity and anisotropy decays as sums of o &

exponentials were performed according to the maximum @ -

entropy method, as described previoug$)( Samples were 104 100 96 92 £8 84 80 76 72 68

10 uM in Tris buffer (20 mM, pH 6.5) containing 0.5 mM B (epm)

DTT and 100 mM KCI. FiIGURE 2: Two-dimensiona**N—1H} HSQC spectrum of N-
CaVP recorded at 500 MHz and 28. Assignment of the amide

RESULTS AND DISCUSSION groups is indicated by the amino acid type and number.

Experimental Conditions and Spectral Assignmdiite a unique and persistent three-dimensional fold. The amide

length of the overexpressed N-terminal domain was chosenProton of Asn29, in the sixth position of loop I, is
s0 as to cover the first two EF-hand motifs, as suggested bysignificantly low-field shifted (10.7 ppm) relative to the other
sequence comparison with other proteins from the TnC amide proton resonances. The glycine residue, usually
subfamily (Figure 1). Preliminary NMR studies showed that encountered in this position of EF-hand proteiri)(

at higher (nondenaturing) temperatures the line width of the €xhibits large chemical shifts, which were rationalized by
proton resonances becomes larger and the quality of the twoihe existence of a hydrogen bond between the Gly amide
dimensional spectra is significantly decreased. One possibleProton and one of the carboxyl oxygens of the Asp in position
explanation is that N-CaVP has a propensity to form dimers 1 of the loop 25). Such an intraloop bond is usually
via hydrophobic interactions, which is usually enhanced by considered a characteristic of a structureé@sound helix-

the temperature_ This hypothesis is not Supported by u|tra_|00p_he|ix mOtif, but it was also observed in the absence
centrifugation experiments which showed that at concentra- of any bound ion [sites | and Il in sTn@§), site Il in cTnC
tions of 100uM the protein is essentially in a monomeric  (27), sites F1Il of CaM (28), and the C-terminal EF-hand
form. Therefore, the existence of slightly different conforma- Of calbindin Dy (29)]. This feature, revealed by the chemical
tions fluctuating at intermediate rates on the NMR time scale shift analysis, was confirmed by a recent comparison of the
may explain the spectral features described above. Lowinternal dynamics profiles in various binding loog&0).
temperatures may stabilize more compact and less fluctuating In contrast with the first motif, the sequence of the second
conformations as was equally observed for the apo regulatorycalcium loop is more distant from the consensus sequence.
domain of skeletal muscle Tn@3). Consequently, the NMR  Thus, positions 1 and 6 in the loop are occupied by Arg60
spectra were recorded at 2%, a compromise solution and Lys67, respectively. An Arg residue is highly unusual
between the temperature-dependent effects on rotationalin position 1 (0), and contrary to the aspartate residue found
diffusion and molecular flexibility. The spectral properties in this position in a large majority (99%) of cases, its side
were not sensitive to Ga (up to 10 mM), but 100 mM KCI chain cannot provide carboxyl oxygens, necessary for the
significantly improved the line width. hydrogen bonds and metal chelation. Lys67 remained unas-

The assignment of proton and nitrogen resonances WasSigned, but it is Unlikely that its Mresonates in the low-
obtained using homonuclear two-dimensional and hetero-field spectral region, in the vicinity of the H-N peak of
nuclear three-dimensional NMR experiments for spin system ASn29.
identification and sequential assignment. The two-dimen-  Another spectroscopic sensitive probe for?Cainding
sional DQ spectrum2d) was useful for a straightforward to a loop @1) refers to the amidé°N chemical shift of the
identification of the five glycine spin systems. Resonances residue in position 8. Generally, the metal binding induces
corresponding to the N-terminal end (AtaPro3) give poor a considerable deshielding of the corresponding nitrogen
NOE connectivities, probably due to an increased flexibility, nucleus by 4-8 ppm relative to the apo form. This rule is
and remain unassigned. In the remaining sequence ftys4 also satisfied here, in the case of a defunct EF-hand domain;
Asp86), we were not able to identify unambiguously three the corresponding values in the metal-free N-CaVP for Ala31
amino acids (Lys49, Arg50, and Lys67) probably due to and 1le69 are 119.8 and 116 ppm, respectively, which are
unusual line broadening. Lys49 and Arg50 are situated in 4—8 ppm lower in field compared to the corresponding
the hinge region between the linker and the thirdhelix. residues (lle105 and lle142) in the bound C-CaVP domain.

Similarly, Lys67 is located in the second calcium binding Secondary Structure and Experimental Restraifitise
loop, which may be a flexile segment in the absence of the secondary structure elements were first delineated by a
metal ions. The four assigned Pro residues were shown tocombined analysis of short- and medium-range NOE con-
form trans peptide bonds with the previous residues. nectivities between backbone protons, and of the chemical

The well-dispersed HSQC spectrum (Figure 2) indicates shift index of H* protons 82). Fouro-helices were defined
that even in absence of bound?Cadons, N-CaVP assumes  with the following limits: Glu1:-Phe23 (A), Val33-Lys42
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FiGURE 3: Stereoview of the best superimposition of the 31 final structures of N-CaVP &.Zbhe backbone atoms (N,,Gnd Gy) in
secondary structure elements were used for the optimization of the superposition.

(B), Glu52-Ala59 (C), and Pro7+Arg83 (D). Theo-helical N-CavP C-CavP
content (51%) is in good agreement with that predicted from
the circular dichroism experiments (48%8).(Within each
calcium binding loop (Asp24Asp35 and Pro62Glu73),

two shorts-strands were clearly identified from the downshift
of H* resonances and the strong sequerdiali, i + 1)
connectivities. They form an antiparalfgisheet, as indicated

by the strong dipolar interactions between opposite H
protons: H(lle30)—H*(Gly70) and H(Pro32-H*(Asn68).

The first seven residues and the last two residues in the
sequence show no NOE connectivity and appear to explore

a large conformational space.
; : . Ficure 4: Global structure of N-CaVP and C-CaVP fa
Tertiary Structure.The quality and precision of the 31 saturated) determined by NMR. The side chains of the Trp and

best structures, which were finally retained, were assessedcys residues of N-CaVP are shown in a stick representation.
by the analysis of the rmsd between coordinates, of@the
andW dihedral angle distribution in a Ramachandran plot, undergoes some geometry constraint from the neighboring
and of the restraint violations. The protein structure is well- amino acids.
defined, with an average rmsd for the 31 final structures of  According to the rmsd values for the structure superposi-
0.53+ 0.07 A for the backbone heavy atom coordinates in tion, the optimized structures of N-CaVP are better defined
secondary structure elements and H4@.1 A for all atoms than those previously determined for the?Ghound C-
(Table 1 and Figure 3). The good quality of the structures terminal domain §). Other EF-hand domains, with a stable
that were obtained results from a relatively high number of apo form, showed an improved structure in the absence of
medium- and long-range NOE restraints involving side chain calcium (relative to the bound form), essentially due to a
protons (about half of the total number), almost uniformly larger number of and a better quality of the NOE connec-
distributed over the sequence. The first and agtelices tivities (33, 34). Indeed, in the absence of bound calcium,
(A and D) have relatively higher (by a factor of 2) rmsd the structure is more compact, allowing many contacts
values, probably due to the fraying effect of the fluctuating between hydrophobic side chains from the fauhelices
terminal segments. The second?Cainding site is less  and thes-sheet.
defined mostly due to the lack of NOE restraints (251 for ~ The tertiary structure consists of two EF-hand motifs,
site |, relative to 171 for site Il). This is in agreement with connected by a small antiparallgisheet (Figure 4). This
the above-mentioned observation of the persistence of aintermotif -sheet is conserved in all EF-hand domains
consensus hydrogen bond in site 1. independent of the presence or absence of bound ions, as
The AQUA and PROCHECK-NMR program4) were was observed in CaM3g), sTnC (36), or calbindin Dy (29).
used to assess the quality of the restraints and to determine Analysis of the interhelical angles in the EF-hand motifs
the regularity of the geometry. More than 75% of thend provides a useful quantitative way of assessing the confor-
W angle pairs of the 31 final structures lie in the most-favored mational changes or comparing structures of homologous
region of the Ramachandran plot, an@9% of them lie in proteins 87—39). The mean interhelical angles for site | (A
the allowed regions. Asn26 is mostly found in the disallowed and B) and Il (C and D), determined for the 31 refined
regions of the Ramachandran plot. This loop residue is not structures of N-CaVP, are 13& 4° and 168 + 3°,
engaged in a detectable hydrogen bond and presumablyrespectively, considerably larger than those observed in the
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C&"-bound C-CaVP (Figure 4). The angles observed for site with the recent functional studies on recombinant CaVP
| fall in the range usually observed for apo-state domains, domains 9) demonstrate that the presence of the intramo-
while site Il exhibits one of the largest angles ever observed lecular disulfide bridge is not necessarily required for the
in the EF-hand family 39, 40). The key structural feature proper folding or C& binding.
of the regulatory domains in €asensor proteins is the large A similar pair of Cys residues, also situated on helices A
conformational change from a compact closed state, in theand D, but not exactly in the same relative sequence
absence of ions, to an active state with an open conformation positions, was observed in chicken cardiac TnC. Oxidation
exposing hydrophobic patches, upor?Chinding. In more of the cysteines does not alter the domain structdise46)
quantitative terms, the interhelical angles in such EF-hand or the C&" affinity of site Il (site | is dead), but appears to
motifs decrease by45° (41). Due to its inability to bind change the CGa-dependent function of the proteid?). In
metal ions, the N-CaVP domain exhibits a permanently contrast, an extracellular €abinding motif (BM-40) has
closed conformation. an intramotif disulfide bond that is critical for the global
Accumulation of structural data on EF-hand proteins tends folding and affinity for the metal ion48).
to demonstrate that the EF-hand domains are not simply Fluorescence StudiesThe two Trp residues of CaVP
divided into open or closed conformations, with two extreme (Trp74 and Trp81) belong to the N-terminal domain, and
values for the interhelical angles, but exhibit a multitude of both are placed on the &-helix. As shown in Figure 4, the
unique conformational states, like a “continuum of confor- indole moieties have multiple contacts with other side chains,
mations” @9) with subtle functional differences. which may considerably restrict their movement. Therefore,
The hydrophobic core, including three aromatic amino the Trp fluorescence should shed light on the local mobility
acids (Phe20, Phe23, and Trp74) and several nonpolarof aromatic moieties and also on the global protein dynamics.
aliphatic chains (Met17, lle55, Met56, and Leu75), generates  Analysis of the time-resolved fluorescence data using the
a dense network of long-range NOE connectivities, which maximum entropy method provides information about the
proved to be very useful for the structure refinement. excited-state lifetime distribution and the characteristic times
Furthermore, the strong NOE interactions between Ile55 (on for anisotropy decay. Thus, the fluorescence decay of the
helix C), Trp81 (helix D), and Tyr47 (linker) contribute to  two Trp residues at 340 nm (the maximum of fluorescence

a better definition of the linker relative to the equivalent
fragment in C-CaVP §). The branched side chain of the

completely buried lle55 plays an important role in the
stabilization of the tertiary structure displaying many contacts
with hydrophobic residues of the core (especially aromatic),
as reflected in the unusual high-field shift of some of its

emission) and 25C exhibits three distinct components
characterized by 0.24 0.04, 0.93+ 0.13, and 2.76- 0.10

ns with fractional populations of 12.6, 22.4, and 65.0%,
respectively. Multicomponent behavior is often encountered,
even in single Trp-bearing globular proteins studied so far
(49), and is generally related to the existence of alternative

resonances (i.e., ™, —0.38 ppm; H*?, —1.83 ppm; and
H%1, —0.79 ppm). of the excited state by a variety of movement-independent

The N-CaVP domain includes two cysteine residues, mechanisms53). Since N-CaVP contains two Trp residues,
Cys16 and Cys78 on helices A and D, respectively. Expres-the individual contribution of each indole moiety could
sion of cysteine-bearing proteins in tle coli cytoplasm, eventually be evaluated by performing similar measurements
characterized by an efficient reductive environment, should at other emission wavelengths. Comparison of the fluores-
maintain the sulfhydryl groups in a reduced std®.(During cence lifetime profiles at 315, 330, and 350 nm (Figure 5)
the purification procedure and recording of the spectra, we showed a significant correlation between the lifetime distri-
used a reducing agent (DTT) to prevent disulfide formation, bution and emission wavelength; from 315 to 350 nm, the
especially those yielding to unsuitable intermolecular cross- weight of the short lifetime component decreases and is
linking. Actually, we found no tertiary distance restraint in slightly shifted toward longer lifetimes, while the contribution
the NOESY spectra which may indicate an eventual intramo- of the long lifetime component increases. This suggests that
lecular disulfide formation. Analysis of the final structures the contributions of the two Trp residues to the fluorescence
showed that the average distance between the sulfur atom&mission may be distinguished. The short lifetime component
from the two cysteines is-3.65 A (see Figure 4), which is  should represent Trp74, which is completely embedded in
longer than a disulfide bond, but short enough to be oxidized the hydrophobic core (Figure 4) and exhibits a blue-shifted
and form a disulfide bridge after minor side chain rearrange- fluorescence. Inspection of the solution structure shows that
ment. Incubation of the protein with different spin-labels the indole group of this residue is within 5.0 A of a cysteine
(iodoacetamide or maleimide nitroxides) for various periods side chain (Cys78), a residue with an efficient quenching
of time revealed that one Cys side chain per monomer could capacity 64). This may explain the short lifetime component.
be slowly oxidized to give a mixed disulfide. Analysis of As the second tryptophan (Trp81) is more exposed to the
the EPR spectra of the spin-labeled protein showed that thesolvent, its fluorescence emission should appear at longer
correlation time of the nitroxide moieties varies from 0.1 to wavelengths and should be associated with the longest
1.2 ns, depending on the size of the reagent. These valuesdifetime component. The distinction between the two fluo-
are much smaller than the global rotational time of the protein rescent residues is in agreement with the calculated accessible
(see below), indicating that the binding cavity is large enough surface of the two side chains. Using the DSSP proggsh (
to provide a high degree of flexibility to the bound reagent and the average NMR structure, one obtains areas of 1 A
(43). for Trp74 and 77 A for Trp81. This type of correlation

In contrast with the recombinant samples, the purified between short-lived Trp excited-state populations and the
wild-type protein includes a well-protected disulfide bond blue emission, characteristic of buried indole moieties, is
(44). Therefore, the structural data presented here togetheroften encountered in two-Trp-containing protei@)(

conformations of the indole group@-52) or to quenching
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350 nm. heteronuclear NOH {{Inonsa) s functions of amino acid sequence

of N-CaVP, measured at 11.74 T and*Za The secondary structure
The anisotropy decay curves, also analyzed by the elements determined from NMR analysis are shown in the middle
maximum entropy method, enabled us to characterize the©f the figure.
movement of the Trp residues. As long as the two side chains, ajapje along the protein sequence, with a mean value over
have a restricted movement, these data may provide mforma-a" residues of 9.1 1.7 s'L. The heteronuclear steady-state
tion about the Brownian rotational diffusion of the protein \oEs ¢ = NOE — 1) display a small dispersion around
as a whole. .Analy5|s .of the. data at various emission the ayerage value-0.34). As for the pattern of the; and
wavelengths gives a major rotational correlation time popula- g, re|axation rates, the N- and C-termini show significantly
tion with center values comprised between 6 and 7 ns andqer values, characteristic of flexible or poorly structured
an average of 6.& 0.8 ns, which should characterize the peptide fragments.
rotationa_l diffusion of _the \{vholg protein. Such a value for * = rrelation Time Using the atomic coordinates of the
the rotational correlation time is larger than what may be 5yerage structure, we calculated first the components of the
expected for a reasonably hydrated {3@%) isotropic  giagonalized tensor of the inertia momentum. Considering
monomer (4.+4.4 ns). only the protein core, having a well-defined structure, we
A second rotational correlation time population is observed gptained a ratio of the relative moments of 1.00:0.82:0.70,
at the red edge of the emission spectrum, with a sub-indicating that the molecule has a slightly asymmetric shape.
nanosecond value. This dynamic parameter should describep test of the axially symmetric hypothesis, using RéR;
the local motion of the more exposed tryptophan residue ratios in well-defined segments and the software developed
(Trp81). The associated order parame&) was estimated  py Dosset and coll.56), showed no statistically significant
to be~0.94, which, in a simple model of diffusion in a cone, jmprovement in the/? value, relative to the isotropic case.
would correspond to a wobbling angle ofL5°. Accordingly, N-CaVP is assumed to have only a small degree
5N Relaxation ParametersAmong the 81 non-proline  of diffusion anisotropy which may not affect considerably
residues of N-CaVP, the first three residues and residuesthe microdynamic parameters, particularly the generalized
Lys49, Arg50, and Lys67 were not unambiguously assigned. order parameter5(). The isotropic global diffusion will
Due to superposition problems, the cross-peaks correspondtherefore be considered a good model for N-CaVP under
ing to residues llel9, Phe23, and GIn45 were difficult to the present experimental conditions.
quantify. Therefore, we were able to collect relaxation data  As the next step in the analysis of relaxation parameters,
(R1, R, andy) for 73 of the 86 residues (Figure.6 we calculated the isotropic correlation time of the Brownian
The longitudinal relaxation ratesR{) display a small diffusion, using a procedure designed to minimize the effect
variability along the sequence, with the majority of the values of eventual slow exchange processg6)( The estimated
comprised between 1.92 and 2.34,sand an average over value is 7.1 ns which is within the limits normally found for
all residues of 2.1+ 0.2 s'. The pattern of R2 is more proteins of this size58), and is in good agreement with the
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domains studied so far. In contrast, the amplitude of the fast
motion in the intermotif linker appears to be independent of
the binding state but varies considerably among different
domains 63, 64, 68). In N-CaVP, theS variation in the
linker is clearly smaller than in the holo C-CaVP domain,
in agreement with more interresidue contacts and the better
structural definition of this region in the first domain.

Analysis of the relaxation data of indole<!Nnitrogen
nuclei, using an appropriate value for the chemical shift
anisotropyAo of —126 69), enabled us to calculate the order
parameters for the NH vectors in Trp74 and Trp81: 0.93

Residue and 0.89, respectively. Despite their distinct solvent acces-

FIGURE 7: Backbone order paramete@ for N-CaVP. The sibility, the two aromatic side chains display a low-amplitude
secondary structure elements determined from NMR analysis arepjcosecond flexibility, comparable to that observed for the
shown at the top of the figure. backbone amide groups. Trp74, deeply embedded in the
hydrophobic core of the protein, is only slightly more
constrained than the more exposed Trp81. Again, there is a
very good agreement between the order parameters estimated
from the relaxation data and the fluorescence anisotropy
decay.

Interpretation of the internal correlation time,)(is less

SZ

16 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86

value obtained by fluorescence analysis (mean value of 6.8
ns), despite the large difference in concentration (2 orders
of magnitude). A similar agreement between NMR and

fluorescence was recently reported for a mutant of carp
parvalbumin §9), but alternative situations, in which the two

techniques resulted in distinct correlation times, were also straightforward than the order parameter, as it depends on

reported §O' 6D. ) ) both the rate and amplitude properties of the internal motion.
Dynamic ParametersThe motional parameters, which — The calculated. values are distributed around 100 ps (the

have a more phenomenological significance, were extractedayerage is 105 ps), as in many other EF-hand prot@és (

from the relaxation data using the Lipai$zabo “model- g7

free” approach. Data were fittgd by the simpler approach Study of the amide hydrogerdeuterium exchange is an

(S, 7e, andRe) (18) for 66 residues and by the extended 4jtermative, powerful method for the investigation of local

procedure (including slower internal movements)(for or global dynamic processes in biopolymers. In contrast with
seven residues (Lys4, Alas, Ala7, Thr46, GIng4, Asp85, and he C-terminal domain, where the slow proton exchange rates
Asp86). Only small exchange contribution( < 2 Hz)  \yere used to identify the hydrogen bonds in stable secondary
were required for several amide groups. structure elementsg), the N-CaVP shows only fast amide

The order paramete® varies between 0 and 1, and exchange which could not be monitored by recording real-
characterizes the amplitude of the rapid internal motions on time spectra. Three main structural mechanisms are currently
the picosecond to nanosecond time sc8fe= 1 indicates  invoked to explain the hydrogen exchange in proteins: local
the absence of any internal motion (the molecule behavesfluctuations, subglobal or regional unfolding, and transient
like a rigid body), whileS* = 0 represents a completely whole-molecule unfolding70). Given the low unfolding
unrestricted rapid motion. The sequence distribution of the transition temperature of N-CaVP (4£) (9), one may
order parameters, calculated for an overall correlation time consider that the dynamic equilibrium between folded and
7. fixed at 7.1 ns, is shown in Figure 7. The average values unfolded structures at 2% may account for a large part of
for thea-helices [0.90 (A), 0.91 (B), 0.90 (C), and 0.89 (D)] the fast hydrogen exchange. These large-scale conformational
are within the upper range of values generally obtained in fluctuations, usually on a time scale of microseconds or
other globular proteins5@). As usual, several residues at |onger, represent an additional flexibility mode which
the N- and C-terminal ends exhibit large amplitude fluctua- completes the dynamic description of the N-terminal domain.
tions on a time scale shorter than 1 ns, with order parameters Functional ImplicationsAnalysis of structure-function
down to 0.5. On the other hand, in the calcium binding loops relationships in the calcium sensor proteins suggested that
and the intermotif linker, the M-N order parameters are  the domains may be classified as structural or regulatory
moderately decreased relative to those of the helix fragmentsynits, according to the conformational sensitivity to metal
(but higher than 0.8), indicating that the fast movement of hinding and the capacity of target activatiofi( 72). The
the backbone in these segments is less restricted. regulatory domains (N- and C-terminal domains of CaM,

A survey of previous dynamics studies on EF-hand and N-terminal domains of TnC and recoverin) binc?Ca
proteins shows that the amplitude of rapid motions in the after a stimulation signal, undergo a conformational change,
C&"-bound loops is roughly the same as in the neighboring and activate a target molecule. In contrast, the structural
helices (3, 62—64), which is in contrast with the apo form domains are always €&bound (C-termini of ThC and
where the amplitude of fluctuations increases significantly recoverin) and show an only minor contribution to the
(S decreases down to 0.49%—67). However, the extent of  interaction with other proteins. Recent structural information
the rapid flexibility changes on metal binding varies from about new calcium proteins extends this simplified picture,
one protein to another or between sites in the same domainadding more complexity to the structurfunction relation-
reflecting the entropic contribution to the €abinding free ships of EF-hand proteins. Thus, S100A10, a homodimer of
energy 67). The binding loops of the defunct EF-hand EF-hand pairs that lost the calcium binding capacity, is still
domain, studied here, exhibit the same dynamic trend (with able to bind a target molecule (annexin Il N-terminal peptide)
reduced absolute changes) as the apo form of the functionawithout major conformational changeg3j. Other sensor
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proteins from the very diverse S100 subfamily display
closed-type interhelical angles and undergo only minor
changes upon Ca binding (74).

In the case of CaVP, the C-terminal half could be
considered a regulatory domail) (while N-CaVP may
represent a new type of structural domain with nonbinding
EF-hand motifs, a closed structure, and a minor contribution
to the target binding. Indeed, recent biochemical experiments
(9) showed that the C-terminal domain of CaVP recognizes
and interacts strongly with the CaVPT, but with an affinity
lower than that of the intact protein. This indicates that
N-CaVP also contribute, albeit to a lesser extent, to the
complex formation. In the Ca-saturated state, the C-
terminal lobe is in an open state, contributing with a large
hydrophobic patch to the intermolecular interaction surface.
In contrast, due to its closed conformation, the N-terminal
lobe is not able to grip to the target but may add only a few
contacts to stabilize the complex. In fact, analysis of the
accessible surface of N-CaVP showed that its hydrophobic
component is as high as in the bound C-CaVP, the difference
being that it is not localized in a small area but is distributed
quite uniformly on the whole surface. Thus, the defunct
domain may provide some apolar interacting sites with the
CaVPT which can explain the difference between C-CaVP
and CaVP in their affinity for the target molecule.

This picture has some similarities with the interaction
mode between the heavy chain and the N-terminal domain
of the essential light chain in the scallop myosi#b) or
between the N-terminal lobe of sTnC (skeletal muscle) and
a fragment of Tnl 76). These EF-hand domains are also
closed (despite a bound €aion in the case of scallop
myosin), and make several specific contacts with a helical
region of the target sequence. The number of intermolecular
interactions is significantly lower relative to those involving
the C-terminal domains, suggesting that their role is to
anchor, rather than to recognize, the target protein.

A more feasible comparison between CaVP function and
that of its related proteins of the EF-hand family requires

more precise data on the structural and energetic aspects of25:
26.

its intermolecular interactions. NMR and calorimetric experi-
ments designed to explore the complex formation with
artificial or natural targets are in progress in our laboratory.
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