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ABSTRACT: Early steps of unfolding of P43M CalbindingPhave been evaluated by NMR spectroscopy

on the native dicalcium and on the paramagnetic monocerium-substituted derivative. Although at 2 M
GdmHCI the protein core maintains its overall folding and structure, aftideR, measurements and

cross correlation rates between-N dipole—dipole relaxation and®N CSA relaxation reveal a closer

and stronger packing of the hydrophobic interactions in the protein as a response to the presence of
denaturing agents in solution. A complete reorientation of the Met43 side chain toward the hydrophobic
core is accomplished by the disappearance of the millisecond dynamics observed on the native form of
Calbindin Dy, while cross correlation rates provide evidence that the two-way hydrogen bond between
Leu23 and Val61 is broken or substantially weakened. The substitution of the calcium ion in site Il with
the paramagnetic Ge ion allowed us to obtain a number of long-range nonconventional constraints,
namely, pseudocontact shifts, which were used, together with the NOEs collected on the native state, to
monitor subtle structural variations occurring in the non-native state of the protein. Although the average
rmsd between the structures of native and non-native states is small (0.48 A), structural rearrangements
could be reliably identified. Our results provide unprecedented information about the behavior of Calbindin
Dok during the early steps of unfolding. Furthermore, they constitute strong evidence of the efficiency of
paramagnetism-based constraints in monitoring subtle structural changes that are beyond the sensitivity
of an approach based only on NOE.

Calcium ion is an important second messenger in a wide but with different topology of the two loop&). In the second
variety of cellular functions1). As a consequence, calcium site (classical EF-hand), most of the ligands are contributed
binding proteins make up an abundant and well-studied classfrom carboxyl ligands of aspartic and glutamic side chains,
of metalloproteins. One group of such proteins is character- with the last being a bidentate Glu ligand. The first site
ized by a helix-loop—helix structure known as an EF-hand contains a two-residue insertion which leads to an alternation
(2). Often, two or more EF-hand motifs are connected via a of the loop conformation. This causes the calcium ion to be
flexible linker segment that may lead to cooperative interac- coordinated by the backbone carbonyls instead of the side
tions between the Cabinding centers. A particularly well  chain carbonyls, with the exception of the bidentate Glu that
studied example of an EF-hand is the small (8.5 kDa) calcium is still present. Site | is therefore termed a “pseudo-EF-hand”
binding protein Calbindin B. Calbindin Dy (Cb hereafter) (2).
is a dicalcium binding protein consisting of four helicesand  The coordination differences between the two metal
two EF-hands joined together by a flexible linker region with binding sites of Cb allow the selective substitution of the
one metal ion bound to each of the two loops. The calcium calcium ion in site Il with a lanthanide). Lanthanide ions
binding ligands are arrayed around the loops in the EF-handhave long been used as probes for the spectroscopically silent
motif and coordinate the calcium ion with a similar geometry Ca&" ion in many calcium ion binding proteins4<{6).

Structures of the apo, dicalcium (§2b), and lanthanide-
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evidence that, despite the differences in charge between thédrom M9 minimal medium containing*{NH,),SO, as the
lanthanide and calcium ions, replacement of the latter causessole nitrogen source. The site Il cerium substitution procedure
only very minor structural rearrangement§), thus justify- is described elsewher8)( Apo-Cb was obtained by washing
ing the use of lanthanides as structural probes. the dicalcium sample with a 0.5 mM solution of DOTA
The four-helix bundle domain is a Comm0n|y Occurring (1,4,7,10'tetraazacyC|0dOdecane'l,4,7,10'tetraacetic aCid).

fold in which the amphipathic helices pack against one The pH was adjusted to 6.0 with 0.1 M NaOH or 0.1 M
another to form a hydrophobic core of nonpolar residues from HCI. The final concentration of all samples was ap-
all four helices. The polar residues on the outer sides of the Proximately 1.0 mM with a sample volume of 30& (10%
helices decorate the surface of the domain and solubilize it. D20/90% HO). A 7 M GdmHCI aqueous solution was
The four-helix bundle fold allows extensive changes in Prepared and its pH adjusted to 6.0 by adding small quantities
tertiary packing to occur without a significant change in the 0f NaOH or HCI. Aliquots of this GdmHCI solution were
secondary structure. CalbindingDis supposed to bind added to NMR samples in successive steps in which the
calcium after folding, and the metal is known to stabilize following concentrations of denaturant were achieved: 0.20,
the protein {1). Cb has no sulfide bonds and a high surface 0.41, 0.79, 1.21, 1.65, and 2.08 M. The samples were kept
charge density that leads to significant destabilizing charge at 4 °C between measurements.
charge repulsion1) in the apo form. However, the protein
is extremely stableT, ~ 85 °C) (13), pointing to important
contributions to the stability from the core residues that more Al NMR experiments were carried out at 300 K on Bruker
than compensate for the electrostatic repulsions. It has alsoAvance 400 and 700 spectrometers.
been reported that the two subdomains produced by cleavage Nonlabeled Cg&Cb and CaCeCb Sample€ne-dimen-
of the linker loop between the two EF-hands form het- sional (1D) NMR experiments using a spectral width of 16
erodimers when mixed in the presence ofCand recon- ~ ppm and a recycle timefd s were performed after each
stitute the intact structurel4). addition of GAmHCI at 16.4 T (700 MHz proton Larmor
In its C&*-bound state, the protein is resistant to thermal féquency). To investigate the region of hyperfine-shifted

denaturation and stays folded in 10 M urdd)( We expect signals, experiments were also carried out over a 60 ppm
that the presence of denaturing agents induces changes tS
both protein structure and protein dynamics even at concen-
trations much lower than those in which a decrease in
secondary structure content is observed. Even if there is no - ¢ k
biological relevance to a partially destabilized Calbindin, such SPectra were acquired using 1282048 complex points
subtle changes should be carefully investigated because thef®"d spectral widths of 30.0 and 16.0 ppm in thandt,

are likely to point out protein regions that are affected by dimensions, respectively. THei carrier frequency was set

denaturing agents and to identify intramolecular interactions coincident with the water resonance; this carrier frequency
providing the driving force that initiates the folding process. Was Set to 116.0 ppm. The recycle delay was 1 s. A total of

The structural ch terizati f protei d i four transients were recorded for each complex point. The
€ structural characterization of proteins under non-native ¢.o.q 4, ction decays were processeéitby apodizing with
conditions is a key step in understanding relationships

between protein folds and protein functions. It can orovid a cosine bell window function, zero-filling once, and Fourier-

vaelu ;bele ﬁ1§igehts ?nt(f geve?a? iisuelé gf cr)nc?derr?abio%k?ysi; transforming. The resulting spectra were phased and baseline-
: . Thé&; interf i ith i

(15-17). NMR spectroscopy is one of the most useful corrected. Thé&, interferograms were apodized with a cosine

. . o bell window function, zero-filled once, Fourier-transformed,
techniques applied for structural characterization of denatured
Hall folded states18-27). Both Kineti q and phase-corrected.
or partially untoided states 8 ; 7. Bo INetic an BN Ry(1/r¢p) relaxation rates at 9.4 T (400 MHz proton
thermodynamic aspects of unfolding and refolding processes

can be addressed at the atomic level. In this work, we haveLarmor frequency) were measured using the relaxation-
. . . ) ! mpen ariPurcel-Mei m-Gill (CPM |
been interested in studying the effect of the denaturant compensated CariPurce eiboom-Gill (CPMG) pulse

guanidinium chloride (GdmHCI) on the structural and sequences previously reported in the literat# on the

dynamic properties of the dicalcium, mono®Csubstituted, iarcglls e(;ogft ai'r(])g 125M2%dr2IE)|C(I5. (? altg E\;N ezrf 5(,: oelllre]gtgi gorrn S

. . . cp Y, Jy U, Y,y .U, O, Jy . .
and apo fo_rms of Calbindin @ We will assess how Acquisition conditions were the same as those for'the
paramagnetic probes may contribute to the structural char-

i o ; N HSQC experiment.
acterization of unfolded states, providing reliable long-range Cross correlation betwedPN—1H dipolar interaction and
distance restraints.

N CSA measurements were carried out at 16.4 T (700 MHz
proton Larmor frequency) using a previously reported
MATERIALS AND METHODS sequence 33) on the sample containgn2 M GdmHCI.
Sample Preparation Durations for the dephasing delay, during which the buildup
of cross correlation takes place, were 46.7, 68, and 132 ms.
Protein expressior2@) and purification 29) of both the Fast amide proton exchange rates were measured on the 2
C&" and apo forms of the bovine Pro43 Met (P43M) M GdmHCI sample using®N (CLEANEX-PM)—FSQC
mutant 80, 31) of Calbindin Dy, were performed as reported. experiments34, 35) with a mixing time of 100 ms. For both
The P43M mutation eliminates the conformational hetero- the above experiments, the sample and acquisition conditions
geneity due to cistrans isomerism of this proline residue were the same as those for th&—'5N HSQC experiment.
(31). The expression system was a generous gift of S’Rorse  N-Labeled CaCeCb SamplBwo-dimensional (2D}H—
Uniformly *N-labeled overexpressed P43M was obtained >N HSQC experiments were performed after each addition

NMR Experiments

pectral width using a recycle delay of 200 ms.
15N-Labeled CaCb SampleTwo-dimensional (2D}H—

15N HSQC experiments were performed at 16.4 T (700 MHz
proton Larmor frequency) after each addition of GdmHCI.
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of GdmHCIl at 16.4 T (700 MHz proton Larmor frequency). violations. In DYANA (and in PARAMAGNETIC-DYANA

The acquisition conditions were the same as those for theas well), the target function TF has the role of a pesudopo-

measurements with thé>N]Ca,Cbh sample. tential energy and is defined so that -0 if and only if
5N-Labeled Apo-Cb Sampléwo-dimensional (2DYH— all experimental distance constraints and torsion angle

15N HSQC experiments were performed after each addition constraints are fulfilled and all nonbonded atom pairs satisfy

of GAmHCI at 9.4 T (400 MHz proton Larmor frequency). a check for the absence of steric overl@8p)( TF values are

The acquisition conditions were the same as those for theexpressed in square angstroms. Mean structures obtained

measurements with thé>N]Ca,Cb sample. were minimized using the program PARAMAGNETIC-

All NMR data were processed with the Bruker XWIN- DYANA with a 1000 steps conjugate gradient minimization.

NMR software package. The programs RASMOL and PROCHECK-NMR were
subsequently used to analyze the calculated structures.

NMR Restraints

NOESY RestraintsThe dipole-dipole restraints used in RESULT_S _ _ _
this work are those obtained from NOESY and 1D NOE ~ NMR Titration with GdmHCIThe changes ifH and**N
experiments for Calbindin & in which the native calcium  Shift values for the C&£b and CaCeCb derivatives were
in site Il is replaced with cerium (CaCeCb hereafter), as followed by titrating the protein with increasing amounts of
previously reported3). GdmHCI and acquiring bp_th 1EH and 2D*H—5N HSQC _

Pseudocontact Shift®seudocontact shifts (pcs) are in- SPectra after each addition of denaturant to the protein
troduced as constraints in the target function of PARAMAG- Samples. _
NETIC-DYANA (36) calculations as a sum of differences ~_In the range of GdmHCI concentrations that was used
between the experimental and the calculated pcs for the(0—2 M), chemical shift differences for iin either CaCb
observed nuclei in each family of structures according to OF CaCeCb are small and close to zero; the pattern is the
the previously reported procedu@s(37). The experimental ~ Same in both proteins a}nd reproduplble. Larger ch.em|cal.sh|ft
pseudocontact shifts fdfN and backbonéH atoms of the ~ changes are observed in CaCeCb in the region of isotropically
CaCeCb derivative in the presence2M GdmHCI were  shifted signals. Overall, observed changes are up to 2 ppm

obtained from the observed chemical shifts according to the for the hyperfine-shifted signals and up to 0.3 ppm for the
expression diamagnetic signals.

Differences in chemical shifts 8¥N resonances are bigger,
58X = gdia_y spes some of them more than 1 ppm. As previously reporté] (
41), these differences are likely correlated to some charge-
wheredd@ s the chemical shift of the corresponding nucleus dependent mechanism. No concomitant decrease in intensity
in the CaCb native protein in the presencE2M GdmHCI. of any HSQC peak was observed. The very small chemical
The calculated)?®s values were obtained by assuming the shift differences and the lack of intensity changes indicate
metal center point dipole approximation, i.e., by applying that, & 2 M GdmHCI, the overall folding of CaCeCb is

eg 1 to the corresponding nuclei. conserved, and that no exchange equilibrium is present
between two or more species.
o= To acquire information about protein stability, we titrated

1 3 _ the nonlabeled CaCeCb protein to a guanidinium chloride
3| A3 COS 6, — 1) + Pyl sir? 6, cos 2| (1) concentration of 5.5 M. No exchange phenomena and no
Fi loss of secondary structure were observed, in agreement with

) ) ) data reported in the literature, indicating that the metal-
where Ayax and Ay are the axial and rhombic anisotropy  ¢ontaining protein is very resistant to denaturatibt) (This

parameters, respectively, of the magnetic susceptibility tensorgctural stability prevents us from performing a two-state
of the metaly; is the distance between atdrand the metal  y4qe| fitting (native-unfolded) 42) as used in previous
ion, and6; and¢i are the spherical polar angles of atdm orks 3, 43, 44) to obtain the free energy of unfolding in
with respect to the principal axes of the magnetic susceptibil- he apsence of denaturas@?). On the contrary, when the
ity tensor centered on the metal ion. The magnetic anisotropyiitration was performed on the apo form of the protein, loss
components as well as the orientation of the tensor were ¢ secondary structure was observed for a denaturing
obtained using the program FANTASIRS). concentration of 3.3 M, consistent with previous findings.
Fast Protein Dynamicsia Cross Correlation Experiments.
Fast protein dynamics are usually evaluated via the rather
The modified version of the program DYANZA9), called tedious and experimentally time-consuming so-called Mod-
PARAMAGNETIC-DYANA (36), which permits the use of  elFree approachb—47). However, it has been pointed out
pcs as constraints, was used for the structure calculationsby Baxet al. (33) that much simpler relaxation interference
Torsion angle dynamics (TAD) combined with a simulated experiments betweéfiN chemical shit anisotropy (CSA) and
annealing algorithm was used to calculate a family of 200 *H—*°N dipole—dipole coupling give equivalent information
structures starting from randomly generated conformers in about the order parametei®) with a precision of 5-10%.
10 000 annealing steps. The quality of structures calculatedWe have performed such cross correlation experiments on
by PARAMAGNETIC-DYANA can be assessed by a the CaCh sample82 M GdmHCI, and compared the results
properly defined function (target function) proportional to with those obtainedtsd M GdmHCI @8).
the squared deviations of the calculated constraints from the Measured cross correlation rates (ccr hereafter) range from
experimental ones, plus the squared van der Waals contactt.6 to 10.2 s! and from 4.6 to 13.4 ¢ at 0 and 2 M

Structure Calculation
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Ficure 1: Schematic drawing of G&b. Residues shown in dark 2 10 p” 20 P 0 50 20
gray correspond to those backbone atoms for which a decrease in
cross correlation rates larger than 0.6 svas measured when
passing from 0d 2 M GdmHCI.

Residue NMumber

GdmHCI, respectively (Supporting Information, Table S1).
Although, on averagé®™N CSA and dipole-dipole ccr show

an only 5% decrease on passing fromo02tM GdmHClI,
there are amino acids that experience a variation of up to
25%. ;

Residues whose cross correlation rates decrease by more
than 0.6 s? on passing from Oat 2 M GdmHCI are shown
in dark gray in Figure 1. As found for the native state of the
protein @8), rates smaller than the average are observed in
the linker region and are indicative of fast internal dynamics.
Under non-native conditions, the four helices show a much 0 L 2 30 40 50 %0 "
larger spreading and slightly smaller rates with respect to Residue Number
the native state. Within each EF-hand, the two helices exhibit FIGURE 2: Comparison oR; values measured for @ab at 0 ¢8)

a different behavior, helices | and IV being much more (A) and 2 M GdmHCI (B). Values were collected at 700 MHz,
affected by the presence of GdmHCI than helices Il and IiI. Y579 ;h;zq;elaxatlon-compensatﬁplCPMG sequence3g) with a
Also, the two metal binding domains do not behave in the " '

same way. Indeed, the regular EF-hand loop (site Il) appear
to be much more affected by GdmHCI than the pseudo-EF
hand (site I).

The behavior of hydrophobic core residues is significant.
The hydrophobic core is formed by packing of hydrophobic
side chains belonging to the four helices as well as to the . . .
two binding loops. Structural studies point out that hydro- with <_jata prewously_ collected on the native form of th(.:‘
phobic core is formed by the following residues: Leusb, lle9, protein @8).' Two main features are .observed as shovyn n
Phe10, Leu23, Leu28, Leu31, Leu32, Leuds, Leud9, Phes0,719ure 2. (i) An exchange confribution &, observed in
Leu53, Val61, Phe66, Leu69, Val70, and lle78.(Some the native form for re5|due”s 18, 38, 43,'44, and 46, is not
of the hydrophobic residues that belong to helix IV experi- present a2 M _deH_C_I' (i) The behawor ORz _values
ence a substantial decrease in ccr with respect to that unde?€"SUS the amino acidic sequence is very similar to that

native conditions. In sites | and II. residues Leu23 and Val61 observed for cross correlation rates. In particular, residues
which also belong to the hydro,phobic core of the protein, belonging to the hydrophobic core of the protein are almost

and are part of the antiparallgtstrand region forming a unaffected by the presence of GdmHCI, while solvent-

two-way interdomain H-bond, exhibit lower rates. This expos_ed Ones expenence |ncrease§2uvall,_|es.
provides spectroscopic evidence that the H-bond between Amide Proton Exchange RatéSonformational exchange

the two residues is broken, thus allowing less restricted Phenomena which open parts of the protein backbone and
internal motions for Leu23 and Val61. expose it to bulk solvent are expected to give rise to relatively

Finally, there are residues that exhibit an increase in ccr fast amide proton exchange kinetics for the exposed residues.
upon addition of GdmHCI. In particular, residues Asp19, Amide proton exchange in the range from 0.1 to 90is
Glu27, Glu48, Ser62, and Val68 experience an increase in€asily assessed via (CLEANEX-PMHSQC experiments
their rates of more than 0.7% (34, 35). We have acquired tHéN (CLEANEX-PM)—FSQC

Slow Protein Dynamics As Measurada T, CPMG spectrum for the G&€b sample 82 M GdmHCI. The
ExperimentsProtein motions on the microsecond to mil- Spectrum is the same as that obtained without denatut@nt (
lisecond time scales are normally due to chemical or Pseudocontact ShiftErom the analysis of chemical shift
conformational kinetic phenomend9 50). Such exchange values obtained for both @b and CaCeCb at 0 and 2 M
processes contribute to the transverse relaxation rate and ca®dmHCI, slight changes in pcs for bothN and H,
be quantified by">N NMR relaxation measurements for the resonances have been observed. In particular, residues in sites
amide backbone resonances using CPMG (laboratory frame)l and Il endure the largest changes, as shown in Figure 3.
T, experiments at variable,, (32, 50). N Ry(1/rp) values The general trend is the same at both concentrations of the

Swere measured on the @b form of the protein in the

" presence ©2 M GdmHCI. A lack of observable dispersion
was observed in plots dR, versus 1fc, over the experi-
mentally accessible range in the protein (data not shown).

R, values obtained with ac, of 1 ms can be compared



13070 Biochemistry, Vol. 42, No. 44, 2003

0.4 - A APCENH
i -
. .
0.2
L *»
. -
* - *
— g [teetet % 2t " e, o
= | L ] 0 ® C -
g " - ., ‘o. S .
I * "
=
opa
|;,")
[ » *
% 0.4
*
0.6
— 7T T T T T 71—
o 10 0 o 40 50 &0 70
Fesidue Number
4 - AT
APCE N
-
3 o
l:ll *
=
(]
@ ] ¢
-
g 4 hadiiihe R * S e
_.LGWH'—!T#W.’“._"_‘L“—.—..—
A . - *y . *
*
14 ¢
T T T T T T T

T T
[ 10 0 30 40 50

Residue Number

Jimaezet al

RMSD (BB)

70

30 40 50 60 80

Residue Number

Ficure 4: Pairwise rmsd @) between the CaCeCb structure
obtained 80 M GdmHCI and the CaCeCb structure obtained at 2
M GdmHCI. The two structures were obtained using the same set
of NOE values and a different set of pseudocontact shifts and
magnetic anisotropy tensor. The sum of rmsd values obtained for
the two structures is also showr) The latter is used as a threshold
to monitor those regions in which observed structural differences
are meaningful.

native protein, obtained with the same NOESY constraints
and pcs valuesta®d M GdmHCI, has a backbone rmsd of
0.67 £ 0.22, while the target function ranges from 0.64 to
0.71 A The rmsd for the backbone atoms of native and
non-native states is 0.48 A, and the rmsd (BB) plot per
residue between the native and unfolded structure is given
in Figure 4 @). Secondary structure elements and the overall
four-helix bundle fold are not affected by the mild denaturant
concentration; nevertheless, both metal binding loops and
the linker region do experience structural variations.

Ficure 3: Observed differences between pseudocontact shifts D|SCUSSION

measured at 2 and 0 M GdmHCI for the CaCeCb derivative. Values

are reported for HN (A) and N (B) backbone resonances. All
reported values are reported according to the equatidbr= [0-
(Ce,2 M) — 6(Ca,2 M)] — [6(Ce,0 M) — 6(Ca,0 M)].

denaturant, but there are nine residues, namely, residues 1

and 21-24 (site I) and 61 and 64 (site Il), which, together
with residues 69 and 70, which belong to the C-terminus of

the protein, present quite different values of pcs due to the

presence of GAmHCI.

The body of the experimental NMR data acquired for the
CaCb and CaCeCb derivatives under non-native conditions
provides a complete picture of the structural and dynamical

éeatures of this system and may contribute to a more

complete understanding of the folding properties of Calbindin
Do«. Extensive studies have been performed in the past on
the WT protein and on various mutants in an effort to obtain
information about its stability and functiod 1, 30, 52).

All the previous studies have shown that reduction of the

Pcs values obtained 2 M GdmHCl are used to recalculate  gapijity of the hydrophobic core is not sufficient in itself to

the orientation of the magnetic axes and the magnitude of

induce the opening of the protein core even under very strong

the main components of the magnetic susceptibility tensor yena1ring conditions. Therefore, large alterations in stability

for the CaCeCb derivative by running the program FAN-
TASIA (38). The values obtained in the present work are as
follows: Ayax= 2.20x 10732 md andAym = 0.60 x 10732

m?3. They are very similar to those of the native stafeg.,

= 2.08 x 10°% m?® and Ay = 0.71 x 1032 m? (6).

Solution Structure CalculationsStructure calculations
were performed with the program PARAMAGNETIC-
DYANA (36). The structure [PDB entry 1IN651)] consists
of four helices and three loops, of which the first and third

seem to be tolerated by the protein while it retains its fold
and conformational response to calcium binding. It has been
shown that the CaCeCb protein is stable at high denaturant
concentrations while Calbindin do loses its structure at
relatively low denaturant concentrations when no metal is
coordinated. This permits us to state that not only'Gaut
also Cé&" contribute to the protein stability.

The analysis of fast protein dynamics at 0 and 2 M
GdmHCI measured on the diamagneticClaindicates that

constitute the metal-binding site. Such an ensemble of the outer residues of the helices do experience a reduction
conformers has a root-mean-square deviation (rmsd) for thejn the cross correlation rates while the hydrophobic part of
backbone atoms of 0.7# 0.23 A. The target function  the helices is almost unaltered. This supports the picture that
obtained for this family of structures ranges from 1.10 to hydrophobic interactions occurring between the helices are
1.15 &. Most of the contributions to target function arise  the driving force of the four-helix bundle fold. An interesting
from pcs constraints (87%), and no consistent violations result is the increase in ccr rates for residues 19, 27, 43, 48,
between NOESY constraints were found. 62, and 68. All of them, with the notable exception of residue
Even if more than 1000 NOESY constraints from the 19, whose backbone carbonyl is coordinating the calcium
native form of the protein were used, the obtained structure ion, are close in sequence to residues belonging to the
is different from that of the native state. The structure of the hydrophobic core of the protein. Their non-negligible
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increased rigidity 82 M GdmHCI can be therefore related the hydrophobic core of the proteid8). Mild charged
to a closer and stronger packing of the hydrophobic interac- denaturing agents are likely to freeze the conformational
tions in the protein as a response to the presence ofexchange of the Met43 hydrophobic side chain as well as
denaturing agents in solution. that of residues 18, 38, 44, and 46, which are involved in
The different topology between EF-hand and pseudo-EF- this rearrangement. This is in perfect agreement with the fast
hand loops provides them with different properties. This was protein dynamics findings, since ccr values indicate that
previously pointed out by dynamics and mutagenesis studiesMet43 has a more restricted motion 2 M GdmHCI,
(11, 30, 52), and it is remarkable that under non-native suggesting a complete redirection of its side chain toward
conditions this feature becomes more evident. At 2 M the protein core.
GdmHCI, site | retains in an unaltered form the dynamic  To address structural changeé®2a GdmHCI, we focused
properties of the native state, with the exception of residue on the information arising from the hyperfine interaction.
19 that experiences an increased rigidity. This suggests thatfThe availability of pcs data makes it possible to recalculate
backbone dynamics are essentially driven by the binding of the structure simply using the NOEs collected on the native
the metal ion and that mild concentrations of the denaturant state of the protein together with pcs data collected at 2 M
have only small effects on the affinity of pseudo-EF-hand GdmHCI. The absence of consistent violations between
versus Ca'". On the other hand, site Il experiences a more NOESY constraints as well as the rmsd observed between
generalized decrease in ccr rates. Indeed, when the metathe two structures (native and non-native) indicates that early
coordination is mostly provided by carboxylate groups of steps of the unfolding produce small structural rearrange-
side chains such as in the classical EF-hand site Il of Cb, ments that do not affect the NOESY constraints, probably
the backbone dynamics of the metal binding loop are because they are within the tolerance of these constraints.
expected to be less hindered by the metal ion, much lessStill, such rearrangements can be monitored by pcs con-
dependent on the chromophore, and therefore much morestraints, and the observed structural differences between the
dependent on the solution environment. native form and tb 2 M GdmHCI state can be safely
The behavior of hydrophobic residues is also interesting. analyzed. The same approach has recently been used to
Indeed, not all the hydrophobic core residues are equally monitor temperature-dependent structural changes. Different
affected by the addition of denaturing agents. While for sets of pcs collected at different temperatures in the range
residues belonging to helices il the observed differences  of 280-310 K were used together with a single set of NOE
in cross correlation rates between @ahM GdmHCI are, data, collected at 300 K, to monitor temperature-dependent
on average, zero, the hydrophobic residues of helix 1V, structural change$4).
namely, residues 66, 69, 70, and 73, do experience lower Figure 4 reports the rmsd per residue observed between
rates & 2 M GdmHCI. Previously observed differences the structure recalculated 2 M GdmHCI and the structure
between the structures of apo Cb and@ain helix IV have of the native form. The overall rmsd between the native and
been associated with a subtle reorganization of the hydro-non-native state (0.48 A) is much smaller than those observed
phobic core %3). These data agree with our findings and in other early steps of unfolding processes. The rmsd values
point out that the hydrophobic core region around helix IV below 1.0 A are also observed among structures of the same
constitutes a sort of weak part in the hydrophobic core of protein obtained with a different set of constraints (e.g.,
the protein. without pcs, rdc, or both)4@). The rmsd values around 0.3
The observed decrease in cross correlation rates of the twoA are usually observed between different X-ray structures
residues involved in a two-way long-range H-bond (namely, of the same protein obtained in different crystal forrs)(
residues 23 and 61) suggests that, even at low concentration3 herefore, the observed rmsd value is indicative of very
of GAMHCI, there can be subtle structural variations in the subtle structural changes and is somewhat at the borderline
relative position of the two protein subdomains. The in- of significance. Still, the observed differences are localized
creased dynamics of Leu23 and Val6l are likely to cause well and therefore point out those protein regions that
the disruption of such an H-bond bridge which, in turn, has undergo structural rearrangements upon interaction with
an important role in the relative position of the two EF-hand GdmHCI. There are three regions where the rmsd between
domains. Such changes in cross correlation rates may behe two average structures is significantly larger than the sum
precipitated by structural effects, as shown by the comparisonof the rmsd values of the two families, which is also shown
of structures in solution in native and non-native states.  in Figure 4 and which can be safely considered the threshold
T, CPMG experiments further contribute to the under- for discrimination of structural changes. Three residues for
standing of the behavior of the system under non-native each of the metal binding sites and for the linker region are,
conditions. On one hand, the absence of any dependence ofogether with residue 39, which is also close to the linker
T, values on there, delay is consistent with the results region, above the sum of the rmsd values of the two families.
obtained for CgCb in the native form 48). On the other This indicates that the two domains undergo some change
hand, T, values collected using&, of L msatO0Oand 2 M in their relative orientation. In the family of structures
GdmHCl indicate that the exchange contribution (millisecond obtained under non-native conditions, only three of 20
dynamics) observed in the native protein for some residuesconformers retain the two-way H-bond between Leu23 and
of the hydrophobic pocket is not presemnt2zaM GdmHCI. Val61. The observed structural change of this H-bond, which
In particular, only residue 19 retains the exchange contribu- in the native state forms the only interdomain contact in the
tion to T,~* found for the native form of the protein. Slow entire protein, supports the rearrangement supposed from the
dynamics observed in the native state have been related to dast dynamics results. This rearrangement may also affect
redirection of the Met43 side chain to the protein core the overall shape of the protein as can be observed from the
inducing conformational exchange in residues belonging to small change in the magnetic anisotropy tensor obtained from



13072 Biochemistry, Vol. 42, No. 44, 2003 Jimeezet al

pcs values. Consistent with the different topology of the two analysis of pseudocontact shifts allows us to monitor the

metal binding domains, site Il, which binds the metal via small variation in the magnetic anisotropy tensor and to

side chains, exhibits on average larger structural rearrange+ecalculate a structure in solution that allows a fine mapping

ments than the more rigid site I. It is the linker region, and of structural events under non-native conditions.

in particular residue Met43, that undergoes the larger In conclusion, it is well established that paramagnetic

structural changes when passing from the native state to 2probes provide precious structural information. The results

M GdmHCI. As suggested by the analysis of dynamics data, presented here point out that another feature of paramagnet-

this can be explained by supposing a complete reorientationism-based constraints is sensitivity. This, in our opinion, is

of the hydrophobic Met43 side chain toward the protein core going to be extremely useful and widely exploited in the

to minimize the interaction with the charged denaturing agent next future. Whenever applicable, this approach promises

present in solution. to be a key to improving the ability of NMR spectroscopy
Given the high stability of both GEb and CaCeCb, a to address small fluctuation and local conformational changes.

GdmHCI concentrationfo2 M is not sufficient to change

the overall fold of the system. Since only very small chemical ACKNOWLEDGMENT
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