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ABSTRACT. Examination of the NMR5N chemical shifts of a number of EF-hand proteins shows that the
shift value for the amido nitrogen of the residue in position 8 of a canonical EF-hand loop (or position
10 of a pseudo EF-hand loop) provides a good indication of metal occupation of that site. The NH of the
residue in position 8 is covalently bonded to the carbonyl of residue 7, the only backbone carbonyl that
coordinates to the metal ion in a canonical EF-hand loop. Upon metal coordination to this carbonyl,
there is an appreciable deshielding of th\é nucleus at position 8%4 to +8 ppm) due to the polarization

of the O(7¥C(7)—N(8) amido group and the corresponding reduction in the electron density of the nitrogen
atom. This deshielding effect is effectively independent of the binding of metal to the other site of an
EF-hand pair, allowing thé N shifts to be used as probes for site-specific occupancy of metal binding
sites. In addition, a Ca-induced change in side-chain&,-Cs-Hg torsion angle for isoleucine or valine
residues in position 8 can also contribute to the deshielding of the dPhdeicleus. This conformational
effect occurs only in sites | or Il and takes place upon binding & @ to the other site of an EF-hand

pair (site Il or IV) regardless of whether the first site is occupied. The magnitude of this effect is in the
range+5 to +7 ppm. A C&" titration of 13N-labeled apo-calmodulin was performed using DN

HSQC NMR spectra. The changes in il chemical shifts and intensities for the peaks corresponding

to the NH groups of residues in position 8 of the EF-hand loops allowed the amount of metal bound at
sites 11, Il and 1V to be monitored directly at partial degrees of saturation. The peak corresponding to
site | could only be monitored at the beginning and end of the titration because of line broadening effects
in the intermediate region of the titration. Sites Ill and IV both titrate preferentially and the results
demonstrate clearly that sites in either domain fill effectively in parallel, consistent with a significant
positive intradomain cooperativity of calcium binding.

EF-hand calcium binding proteins (CaBPsjuch as each containing a pair of EF-hands and can therefore bind a
calmodulin (CaM) and troponin C (TnC) enable the cell to total of four C&" ions.
detect a stimulatory influx of Ca and thereby to transduce Ca*t binding to EF-hand proteins or to their isolated
this signal into a variety of cellular processes that often fragments has been extensively examined using biophysical
require a rapid response. The mechanism of this moleculartechniques. Microcalorimetry can report thermodynamic
switch involves a dynamic conformational change induced changes associated with the metal binding to these proteins
in the protein by C#& binding (L—4). These proteins are (6, 7). Both fluorescence and CD methods monitor the
characterized by highly conserved helix-loop-helix calcium- global conformational changes accompanying metal ion
binding domains known as EF-hand mot#.( Calmodulin, binding 8—14). NMR can report information related to
for example, has two structurally similar globular domains individual atoms throughout the sequence. Sevétatudies

have used chemical shift changes to monitor the effects of
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Table 1: Comparison of Ligand Positions and Ligand Groups in Canonical and Pseudo EF-Hand Binding Sites

Canonical EF-Hand

positior? 1 2 3 4 5 6 7 8 9 10 11 12

ligand coordinate X Y z Y -X -Z

ligand group COO/ COO/ COO/ =0 H,O 0O=C-0O~

/CONH, /CONH, /CONH,

consensus sequerice D bas D/N G DIN G X hyd. D/E/TIS hyd. ac. E

example
calmodulirt site | D K D G D G T | T T K E
calmodulirf site Il D A D G N G T | D F P E
calmodulirfsite Il D K D G N G F I S A A E
calmodulirfsite V. N | D G D G Q \Y N Y E E
calbindiny site Il D K N G D G E \Y, S F E E

Pseudo EF-Hand

position 1 2 3 4 5 6 7 8 9 10 11 12 13 14

ligand coordinate X Y V4 -Y -X -Z

ligand group G0 C=0 C=0 C=0 COO/OH/ 0O=C-0O~

/CONH,

example

calbindiny site | A A K E G D P N Q L S K E E

aThe position number is based on the consensus sequence for a canonical EEghahiihe coordinates of the €aare shown in bold, and
the underlined coordinate has a backbone carbonyl oxygen as thdigzend, based on previously determined structures of EF-hand pro&iins (
Residues with backbone carbonyl oxygen atoms that coordin&tea®a shown in bold and underlinedThe notation COOQ is used to indicate
a carboxylate group that binds €4dn a monodentate manner and=C—0O is used to indicate a carboxylate group that bind$"@aa bidentate
mannerd Abbreviations include: ac. for acidic residue, bas. for basic residue, hyd. for hydrophobic residudoarahy residue¢ Drosophila

melanogastecalmodulin.

assignment of the relative affinity of sites | and Il of the
N-domain. C&" binding to the N-terminal domain of yeast
calmodulin has also been monitored by examining'2D

15N HSQC spectra of samples containing differentCa

confer a unigue shielding characteristic on the NH of the

residue in position 8 in its response to the binding of calcium.
The present study focuses on thl-shielding changes

upon C&" coordination of the O(AC(7)—N(8) amido

concentrationsl(©). The observed spectral changes induced group and examines the possibility of using the perturbation
by C&*-binding were difficult to classify and there was no  of this amido nitrogen atom as a probe of site-specifi¢'Ca
apparent relationship between the spectral change and thgccupation. The available body N chemical shifts of a
amino acid type and location, suggesting that the local number of EF-hand proteins from the literature has been

changes in conformation and dynamics accompanyirg Ca
binding appeared to differ from residue to residue. With
the increasing use dH-1*N HSQC spectra for monitoring
calcium-binding eventsl@, 20, 21), a more detailed under-
standing of the different factors affecting the nitrogen
chemical shifts is required in order to improve the structural
analysis.

searched to find correlations between the shielding of the
N nucleus and different features of the electronic structure
of proteins, in particular in their response to metal ion binding
(1-4, 18, 20, 21, 26—42). A more detailed understanding
of these effects should increase the valuédf chemical
shifts as a means of obtaining structural information related
to C&" binding. As part of this study, a €atitration of

The consensus EF-hand motif spans 29 residues andsn-labeled apo-calmodulin using 2B4-15N HSQC NMR

consists of a loop flanked by twa-helices. A 12 residue

spectra has been carried out in order to evaluate the

segment, normally referred to as the EF-hand loop, althoughysefulness of theséN shieldings as probes for monitoring
it comprises the loop and the end of the F helix, contains all calcium binding.

of the calcium-binding ligands. The calcium ion is coordi-
nated by seven oxygens in a pentagonal bipyramidal ar-EXPERIMENTAL PROCEDURES
rangement. The calcium ligands are labeled according to

an octahedral arrangement, with one vertex -Z shared by the Protein Expression and PurificationThe cDNA coding
two carboxyl oxygen atoms of a glutamate side chain that for Drosophila melanogasteralmodulin, kindly supplied by

binds in a bidentate mode to the®aposition -Y occupied

K. Beckingham in the pOTSNco12 vectatd), was trans-

by a conserved backbone carbonyl group and -X being formed into theEscherichia colicell line AR58 @6) for

generally a water molecule (see Table 2225).
The backbone carbonyl oxygen ligand is formally neutral
and forms part of a polarizable system with the adjacent

expression of thé®N labeled calmodulin. Faul L portions
of bacterial cell culture were grown on minimal media
(KoHPO,-3H,0 14 g/L, KHPO, 6 g/L, MgSQ-7H,0 0.2

nitrogen atom. While interactions of side-chain carboxylate 9/L, sodium citrate/H,O 1 g/L and p-glucose 10 g/L)

or carboxamide oxygen atoms with the calcium ion would

supplemented witb-biotin 1 mg/L, thiamine-hydrochloride

not be expected to have large inductive shielding effects on 10 «M, ampicillin 100 mg/mL, and NH4),SO; (ISO-

the backbone NH nuclei, interactions of the main-chain
carbonyl group with the cation would offer the possibility

TECinc) 1 g/L, and were harvested afte h of heat shock
treatment as described by Shatzman and Rosendérgrhe

of a direct shielding perturbation of the neighboring backbone calmodulin was isolated and purified to homogeneity as
NH nuclei. In a canonical EF-hand loop, the carbonyl in described elsewherd).

position 7 is the only backbone carbonyl that coordinates Sample Preparation.The purified calmodulin was con-
directly to calcium (Table 1): this might be expected to centrated to 2 mM in 25 mM Tris HCI, pH 7.5, 500 mM
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KCI, and 5 mM EDTA. The apo protein was prepared by
first treating with a further 10 mM EDTA and then passing
through a Pharmacia PD10, Sephadex G25 column equili-
brated and eluted with 111 mM KCI which had been
pretreated with Chelex (Sigma). The pH of the eluted protein
was adjusted to pH 6.5 and the sample brought to a final
concentration of 1.368 mM in 90%8:10% DO, calculated
using essg nm= 2179Mt cm! (43).

NMR Spectra. 'H-5N heteronuclear single quantum
coherence (HSQC) spectrd6( 47) were recorded on a
Varian 500 NMR spectrometer at 2& and acquired with
15N decoupling during the acquisition period. Each spectrum
was collected with 256 complex data points in the
dimension and 1088 complex data points inthgimension;

16 transients per FID were recorded. Theand'SN sweep
widths were 7199.4 and 2500 Hz, respectively. Suppression

of the water resonance was achieved by the Watergate

method @8). Total acquisition time for each spectrum was
3 h. Data were zero-filled in both dimensions to generate a
final 512 x 2048 points spectrum. The data sets were
processed using the Felix software package (Felix, version
2.3, 1993, Biosym Technologies, Inc., San Diego). Volumes
were measured using routines within XEAS¥9) at a low
contour threshold using an elliptical integration mode.
Chemical shifts of'H resonances were measured from an
internal standard dioxane and referenced to 5,5-dimethyl-5-
silapentane-2-sulfonate (taken as 3.750 ppm from dioxane)
(50). *N chemical shifts are referenced to liquid Mibking
the frequency ratio method®N/*H = 0.101 329 118)50).
Calcium Titration. 2D *H-*N HSQC NMR spectra were
recorded for calmodulin at various €aconcentrations from
0 to 5 equiv of the concentration of the calmodulin. The
signals in the spectra are well resolved and individual amide
NH H/*N resonances can be followed during the*Ca
titration. The signals in the spectra of both apo and'€a
saturated calmodulin have been assigned previo@siyj.

A stock solution of 50 mM CaGlin 90% H0/10% DO
was prepared from a standat M CaC}, solution. For each
titration point, an aliquot of 4L of this stock CaCl solution
was added to the NMR tube containing the calmodulin
solution and mixed thoroughly. The changes in pH caused
by CaC} additions were negligible.

RESULTS

5N Chemical Shift Differences upon lon Bindinga)

Canonical EF-Hands.In the four calcium-binding loops of
calmodulin and other calcium-binding proteins, the highly
conserved hydrophobic residue in position 8 (usually lle or
Val) is involved in the structural linking of two paired
calcium-binding sites via a short antiparalfekheet, char-
acteristic of all EF-hand pair28) (see Figure 1). In Table
2, the N chemical shifts for the NHs of position 8 are
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Ficure 1: Schematic drawing of antiparall@isheet characteristic
of canonical EF-hand pairs.

of sites | or lll, the magnitude of this effect is in the range
+14 to+16 ppm, and is considerably larger than for sites II
or IV where the range ig-4 to +8 ppm. The difference in
magnitude of this effect between sites | or lll and sites Il or
IV appears to be related to a difference in the shieldings in
the apo form: in the calcium-loaded form the chemical shifts
for the NHs of the residues in position 8 are around-124
127 ppm for all four sites, whereas in the apo form these
shifts are in the ranges 13114 ppm for site | or Ill and
118-120 ppm for site Il or IV.

Calmodulin, in both the apo and holo states, can form
complexes with target peptides, and such binding has been
shown to cause global conformational changes in the proteins
involving the relative positions of the domairigl(52). Table
3 shows that in all cases examined, the binding of the peptide
to the protein has little or no effect on the loop position 8
N chemical shifts. This insensitivity to peptide binding
increases the specificity of tH&N chemical shifts of these
particular nitrogens as direct probes for monitoring metal
coordination at main chain carbonyl coordinating sites.

(b) Pseudo EF-HandsMembers of the S-100 family of
proteins 88, 53) are characterized by a modified ion-binding
loop consisting of 14 residues as compared with the 12
residues of a calmodulin-like EF-han84j. These pseudo
EF-hands have four residues that coordinaté" @y their
main-chain carbonyl oxygens in positions 1, 4, 6, and 9 of
the 14 residue loop (Table 1). The carbonyls of these
residues form peptide bonds with the NH groups of the
residues in positions 2, 5, 7, and 10, respectively. In Table
4A, the N chemical shifts for the NH groups forming

compared for calcium-free and calcium-loaded forms of peptide bonds with the coordinating main-chain carbonyls
several typical EF-hand pairs. Data from proteins where only are compared for some members of the S-100 family of
one form (either the apo or holo) has been examined areproteins in their holo and apo forms. Chemical shift data
also included in Table 2. In all cases, tH& nucleus in have also been compared for their §&d and apo forms in
the NH groups of position 8 residues in the holo form is Table 4B. In the S-100 family of proteins, a pseudo EF-
deshielded with respect to the apo form (Table 2). However, hand in site | (or 1ll) is normally paired with a canonical
the corresponding chemical shift difference differs in mag- EF-hand in site Il (or IV). The residue in position 10 of the
nitude according to whether it is the first site (1 or lll) or pseudo EF-hand and the residue in position 8 of the canonical
the second site (Il or IV) of the EF-hand pair. In the case EF-hand form part of a short antiparalfg¢isheet that links
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Table 2: >N Chemical Shift Difference for the NH of Residue in Position 8 of EF-Hand Loops #i-Caaded (holo) and Ca-Free (apo)
Forms of Different Calcium Binding Proteins

site l or lll site Il or IV
protein site res(8)  d(holoy d(apoy Ad(h—ay site res(8) d(holop d(apoy Ad(h—af!

calmodulirf | 127 127.1 111.0 +16.1 1 163 124.0 119.8 +4.2
calmodulirf 1 1100 127.3 113.9 +13.4 v V136 125.2 120.0 +5.2
N-troponin G | 137 125.9 111.9 +14.0 1 173 126.5 118.3 +8.2
troponin ¢ I 137 126.4 1l 173 126.9

troponin ¢ 1] 1113 127.4 \Y 1149 127.4

oncomodulin I L58 126.4 Il 197 124.4

recoverin | 144 116.7 Il L81 119.6

recoverin 1 1117 117.0 [\ L167 121.2

spectrirf | L29 116.3 1l V72 117.3

ares(8): residue in position 8 type and number in the protein sequen¢eolo): >N chemical shift (ppm) for the NH in Ca-loaded (holo)
form. ¢ 5(apo): N chemical shift (ppm) for the NH in Ca-free (apo) formd Ad(h—a): 15N chemical shift difference (ppm) of €aloaded
(holo) minus Céa'-free (apo) forms¢ Data for holo-calmodulin taken from r@®. f Data for apo-calmodulin (Ikura, M., personal communication).
9 Data for holo- and apo-N-troponin C taken from fef " Data for troponin C taken from ref34 and35. ' Data for oncomodulin taken from ref
37.1 Data for recoverin taken from refl. ¥ Data for apo-spectrin taken from réfand from Pastore, A., personal communication.

Table 3: >N Chemical Shift Differences for the NH Residue in Position 8 of EF-Hand Loops in Peptide-Bound and Peptide-Free States in
Both Apo-Calmodulin and in (G&)s-Calmodulin

site  or Il site Il or IV
protein peptide res(8) o(b) o(f)° Ad(b—f)° res(8y o(by o(f)P Ad(b—f)°
apo-CaM neurom. 127 112.0 111.0 +1.0 163 120.4 119.8 +0.6
apo-CaM neurom. 1100 114.8 113.9 +0.9 V136 121.0 120.0 +0.1
(Ca")s-Cavef sk-mick 127 126.6 127.1 —-0.5 163 123.7 124.0 -0.3
(Catt)q-Caivef sk-mick 1100 127.3 127.3 +0.0 V136 125.4 125.2 +0.2
(Cah)s-Calve PFK 127 127.1 127.1 +0.0 163 123.6 124.0 -0.4
(Ca™)s-Caive PFK 1100 127.1 127.3 —-0.2 V136 125.5 125.2 +0.3

ares(8): residue in position 8 type and number in the protein sequen@g), 5(f): N chemical shift (ppm) for the indicated NH in peptide-
bound and peptide-free states, respectivelyd(b—f): peptide-bound minus peptide-fré® chemical shift difference (ppm) for the indicated NH
statesd Data for chicken apo-calmodulin with calmodulin-binding domain of neuromodulin taken froB6réData for C&" loadedDrosophila
calmodulin with calmodulin-binding domain of skeletal myosin light-chain kinase taken frog8réData for C&" loadedDrosophilacalmodulin
taken from ref26. 9 Data for C&" loadedDrosophilacalmodulin with calmodulin-binding domain of phosphofructokinase from Biekofsky et al.,
unpublished results.

the two calcium-binding sites, similar to tjfiesheet structure (c) Half-Saturated EF-HandsThe changes in chemical
found in a pair of canonical EF-hands (Figure 1). From the shift analyzed so far result from the binding of metal ions
data in Table 4, parts A and B, it appears that in all loops of to both paired sites of an EF-hand pair. Two examples have
the S-100 family of proteins so far examined, P nuclei been reported PN data for an EF-hand pair with a metal
of the NH groups adjacent to the backbone carbonyls ion bound exclusively to one site: (€d;:calbindiny and
involved in metal coordination are deshielded in the metal- (C&*):1:N-domain of cardiac troponin C.

loaded form compared to their shielding in the metal-free  (Cd?*);:Calbindiny. Akke and co-workers have observed
form, consistent with the trend observed for canonical EF- that Cd" ions bind sequentially to calbindinand have used
hand proteins in Table 2. The magnitude of this deshielding NMR to examine antN enriched sample of calbindin
effect for residues in site Il loops of the S-100 family which had one C& ion bound to site Il (canonical EF-hand)
(canonical EF-hand loops) is in the rangd to +8 ppm and no metal ion bound to site | (pseudo EF-ha2g) 56).
similar to that observed in Table 2 for site Il or IV loops in In Table 4C, the*N chemical shifts for the NH groups
canonical EF-hand proteins (in the rangid to +8 ppm). forming peptide bonds with the metal-coordinating main-
The magnitude of this effect for the NH groups of residues chain carbonyls are compared for calbingim the (Cd*),

in position 10 of site | loops of the S-100 family (pseudo and apo forms. The chemical shift differences for these NH
EF-hand loops) examined is in the rangéd to + 5 ppm groups are presented in Table 4 and clearly indicate the metal
(Table 4, parts A and B), similar to the values observed for occupancy of the sites for the metal-free, metal half-loaded,
the NHs of residues in position 8 of site Il loops. The _and metal-loaded species with either calcium or cadmium
magnitudes for the differences in chemical shifts for the NHs '0NS.

in positions 2, 5, and 7 of the pseudo EF-hand loops are (i) Val61l, the residue in position 8 of site Il, shifts from
smaller and vary according to the position of the residue. 118.22 to 126.29 ppm (a difference ##8.07 ppm) upon
This could be due to the fact that not all four backbone binding the first cadmium to site Il, and essentially does not
carbonyl groups in a pseudo EF-hand can adopt the spatiafshift (from 126.29 to 126.53 ppm, a difference of ori9.24
requirement for an optimal interaction with the metal ion PPmM) upon binding the second cadmium ion to site |.
(55—-57). The replacement of calcium by cadmium as the (i) Leu23, the residue in position 10 of site I, practically
metal ion yields similar trends in the observed chemical shift does not shift (from 120.33 to 120.27 ppm, a difference of
differences (Table 4B). only —0.06 ppm) upon binding the first cadmium to site II,
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Table 4: >N Chemical Shift Differences for the NHs Adjacent to Coordinating Backbone Carbonyls in S-100 Family of Proteins

(A) Ca?™-Loaded (Ca2) and Apo Forms in Calbingiand S108

site | (pseudo EF-hand loop)

site Il (canonical EF-hand loop)

protein po3 rest o(Ca2y o(apoy Ad(Ca2-apd) pos rest o(Ca2y d(apoy Ad(Ca2-apd)
S100pef 2 G19 110.17 107.28 +2.89
5 G22 n.d. 109.13
7 K24 n.d. 126.12
10 L27 125.63 120.24 +5.39 8 C68 124.56 120.08 +4.48
calbindiny? 2 Al5 116.77 114.19 +2.58
5 G18 112.87 108.21 +4.66
7 P20  * * *
10 L23 125.38 120.33 +5.05 8 V61 126.25 118.22 +8.03
(B) CcPt-Loaded (Cd2) and Apo Forms in Calbinelin
site | (pseudo EF-hand loop) site I (canonical EF-hand loop)
protein pod res o(Cd2y o(apoy Ad(Cd2-apo) post rest o(Cd2y o(apoy Ad(Cd2-apo)
calbindiny 2 Al5 118.20 114.19 +4.01
5 G18 109.36 108.21 +1.15
7 P20 * * *
10 L23 124.33 120.33 +4.00 8 V61l 126.53 118.22 +8.31
(C) CcP™ Half-Loaded (Cd1) and Apo Forms in Calbinglin
site | (pseudo EF-hand loop) site Il (canonical EF-hand loop)
protein po3d rest o(Cd1y o(apoy AS(Cd1-apo) pos res o(Cd1y d(apoy Ad(Cd1-apo)
calbindin,? 2 Al5 113.76 114.19 —0.43
5 G18 109.23 108.21 +1.02
7 P20 * * *
10 L23 120.27 120.33 —0.06 8 V61 126.29 118.22 +8.07

a Abbreviations include pos for position in the EF-hand loop, res for residue type and number in the pidf€m2), 5(Cd2), 6(Cd1): °N
chemical shift (ppm) for the NH in Céa-loaded, Cé-loaded, and C& half-loaded form, respectively.d(apo): >N chemical shift (ppm) for the
NH in C&"-free (apo) formd Ad(Ca2-apo) Ad(Cd2-apo),Ad(Cdl-apo): 5N chemical shift difference (ppm) of €aloaded minus apo (C&
free) forms, Cét-loaded minus apo forms, and €chalf loaded minus apo forms, respectivelypata for calcium-bound human S1®€ken from
ref 42. f Data for rat apo-S1@taken from ref#41 and38. 9 Data for (C&"),, (Cc#"); half-loaded, and apo-calbindingftaken from ref29. " Data

for (Cd?*), calbindin Dy taken from ref30.

but shifts to 124.33 ppm (a difference $#.06 ppm) upon
binding the second cadmium to site I.

Thus, the chemical shift differences for these nitrogens in
calbindiny are good indicators of site-specific metal binding
whereas most of the other NH signals of calbiRgito not
provide such information29, 30).

(Ca&")1:N-cTnC. Cardiac troponin C is an example of a
canonical EF-hand protein with a pair of EF-hands in the
N-domain that only binds one metal ion. Compared to
skeletal troponin C, the mutation of critical side-chain ligands
(D29L and D31A, positions 1 and 3 of site I) and an insertion
(Val28) abolish the ability of site | to coordinate €aand
only site Il binds C&" (40). The N chemical shifts for
the NH groups in position 8 residues taken from tH&*>N
HSQC spectra shown by Li and co-workers for the N-domain
of this protein in the apo and half-saturated sta®d3 Were
analyzed.

(i) Residue Val72, position 8 of site II, shifts from ca.
115.4to ca. 127.2 ppm (a difference of édl1.8 ppm) upon
binding C&" to site Il and with no C& binding to site I,
this shift difference is similar to that seen for holo N-sTnC
[118.3 to 126.5 ppm for lle73 of N-sTnC (Table 2)], where
both paired sites are binding €a Thus, the residue in
position 8 of site Il for both these proteins shifts in a similar
manner upon binding Cato its site regardless of whether
there is calcium ion binding to site I.

(i) Residue 1le36, position 8 of site I, shifts from ca. 113.7
ppm to ca. 119.2 ppm (difference of c&5.5 ppm) upon
binding C&" to site Il and no C& binding to site I; the

residue in the analogous position in N-sTnC, lle37, shifts
from 111.9 to 125.9 ppm (a difference ©f.4.0 ppm) upon
binding C&" to both sites. The+8.5 ppm difference
between+14.0 and+5.5 ppm is probably the effect of
binding C&" to its own site, whereas the c&5.5 ppm is
due to an effect depending on the binding of?C#o the
other site of the EF-hand pair; such contributions can arise
from changes in side-chain conformation induced by*Ca
binding to the other site (see below).

IH Chemical Shift Differences upon lon Bindingthe'H
chemical shift differences observed on metal ion binding for
position 8 (or 10 in pseudo EF-hands) NH groups vary from
+1.5t0—0.3 ppm in the proteins examined (data not shown)
and show no simple correlation with the occupancy of the
sites. The'H chemical shift differences are much smaller
than the!®N shifts and are clearly more susceptible to
anisotropic shielding contributions and to differences in
shielding resulting from any changes in the strengths of
hydrogen-bond interactions involving these NH groups.

Changes in Side-Chain Conformation upon Metal Binding.
The residue in position 8 of canonical calcium binding EF-
hands is a highly conserved isoleucine or valiad)( The
Ha-Co-Cs-Hp torsion angles for the isoleucine and valine
residues in position 8 of canonical EF-hand loops were
measured from the reported NMR and X-ray apo and holo
structures 1, 2, 4, 28, 32—35, 58—68). The values for this
angle are presented in Tables 5 and 6, respectively. In the
case of a family of NMR structures, the torsion angle was
measured in each of the individual structures and the mean
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Table 5: H-C,-Cs-Hp Torsion Angle for Isoluecine or Valine Residues in Position 8 of Canonical EF-Hand Loops in NMR Solution

Structures
(A) Metal-Free (apo) EF-Hand Pairs
site 1 or Il site Il or IV
Hu-ca-C;;-H;; dihed! Ha-Ca-C/}-H/j dihed
protein PDBcode nP res(8Yy g(+) trans gb) o res(8¥ g(H#) trans gb) o
calmodulin 1CFE 25 127 —60.25 0.6 163 —158.48 1.0
1200 —65.15 6.9 V136 —154.28 1.8
calmoduliri 1DMOf 30 127 —52.70 4.4 163 —173.88 6.5
1100 —61.58 51 V136 —175.00 9.1
Tr2C-CaM 1CMPB 20 1100 —104.33 17.7 V136 118.3 94.0
N-TnC 1TRP 1 137 —64.93 0.0 173 64.77 0.0
calbindin 1CLB 33 * * * * * V61l 171.30 10.5
(B) Metal-Loaded EF-Hand Pairs
site [ or Il site Il or IV
Hu-Ca-C,g-H,g dihed Ha-CQ-Cﬁ-H/} dihed
protein PDBcode n° res(8¥ ag(#) trans gb) o res(8y g(=+) trans gb) o
Tr2C-CaM 1CMG 20 1200 171.95 2.9 V136 173.97 3.3
calmodulin 2BBM 21 127 161.73 12.2 163 —135.46 51.4
1100 —174.16 24.5 V136 —178.95 14.4
troponin C 1ITNW 23 137 164.70 6.0 173 154.89 2.3
1113 170.13 4.5 1149 178.51 3.2
parvalbumin 2PAS 9 158 —163.17 9.1 197 —179.30 5.3
calbindin 1CB? 13 * * * * * V61l —177.20 7.3
(C) Metal Half-Loaded EF-Hand Pairs
site [ or Il site Il or IV
Ha-Ca-Cﬁ-Hﬁ dihed' H“-C“-Cﬂ-Hﬁ dihed!
protein PDB codé n° res(8y a(+) trans at) orP res(8y g(+) trans gt) P
calbindin 1CDN 24 * * * * * V61 172.13 8.0

2 Protein Data Bank coded§). ° n, number of NMR solution structures;, average standard deviation for the averageC#Cs-Hg dihedral
angle for then number of NMR solution structure$res(8): residue in position 8 type and number in the protein sequéhizeC,-Cs-Hz dihed:
the H,-C,-Cs-Hp dihedral angle was measured in each ofriidMR solution structures, and the average angle is repotte@FC: Xenopus lagis
apo-calmodulin 2). f 1DMO: X. laevis apo-calmodulin 4). ¢ LICMF: apo C-terminal domain ddos tauruscalmodulin (). "1TRF: apo TR1C
fragment ofMeleagris gallopao skeletal muscle troponin GBp). ' 1CLB: bovine apo calbindin DOK(F). | LCMG: Calcium-loaded C-terminal
domain ofBos tauruscalmodulin Q). 2BBN: Calcium-boundrosophila melanogasteralmodulin complexed with rabbit skeletal myosin light-
chain kinase (calmodulin-binding domair®gj. ' 1 TNW: Calcium-loaded chicken skeletal muscle troponir8@).(™ 2PAS: Calcium-loaded pike
(Esox luciuy muscle parvalbumin3@). " 1CB1: Calcium-loaded porcine calbindin D9&5]. ° 1CDN: (Cd*); bovine calbindin D9k §4).

value is reported.
For sites Il or IV, the H-C,-Cs-Hp torsion angle of the

isoleucine (or valine) residue in position 8 appears not to (1CMG).

change between the structures of the apo and holo forms. Ca2* Binding Cuwes from the'H-1>N HSQC Spectra

The side-chain conformation for this residue in both forms Titration.

is trans; that is, the g2Hz and G-H, bonds are at 180to
each other, so thatHs pointing toward the othegs-strand
as shown in Figure 2A.
In contrast, for sites | or Ill, the side chaind€C,-Cs-Hg
torsion angle of the isoleucine residue in position 8 changesously assignedH and**N resonances of both the apo and
from gauchef) in the structures for the apo form to trans holo calmodulin were used to identify signals from nuclei
in the structures for the holo form. In the apo form, the showing spectral changes in their 2B-"N HSQC NMR
Cs-Hg and G-H, bonds are at 60to each other so that the
ethyl moiety is pointing toward the oth@rstrand. In the
holo form, G-Hjg is rotated 180 from C,-H,, so that H is

facing the opposit@-strand. Figure 2A shows the change

in side-chain conformation for this residue uporf Cainding
to both sites of an EF-hand pair.

Peptide binding involves the interaction of peptide hy-
drophobic groups with the hydrophobic core of either
domain, in which the loop residues at position 8 (lle or Val)
are essential componenddy. It is interesting to notice that
the side-chain conformation of the residues in position 8 in

calcium-loaded peptide-bound calmodulin (2BBN in Table
5B) is similar to that in the calcium-loaded peptide-free

On the basis of the above analysis of the
sensitivity of 15N chemical shifts of specific resonances to
metal binding to EF-hand loops, a €ditration using 2D
IH-15N HSQC NMR spectra oft5N-labeled Drosophila
melanogastecalmodulin has been carried out. The previ-

spectra accompanying the Caitration @, 26; lkura, M.,
personal communication). Particular attention was focused
on the residues in position 8 of the EF-hand loops of
calmodulin. These residues are 1le27 and 1le63 for sites |
and Il in the N-domain and 1le100 and Val136 for sites IlI
and 1V in the C-domain.

For lle100 and Vall136 (sites Il and 1V), the changes
throughout the CH titration occur in slow exchange and
the data analysis involved measuring the volume of each peak
of interest at each point in the titration. Figure 3B shows
the peaks corresponding to the apo and holo forms for
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Table 6: H-C,-Cs-Hp Torsion Angle for the Residues in Position 8 of Canonical EF-Hand Loops in X-ray Structures of Calcium-Free (A) and
Calcium-Loaded (B) Forms

(A) Metal-Free (apo) EF-Hand Pairs

site l or 1l site Il or IV
Ha-C&-Cﬁ-Hﬁ dihed Ha—Ca—Cﬂ—Hﬂ dihed
protein PDB cod® res(8y a(+) trans gt) res(8y g(+) trans at)
troponin C 1INCZ 137 —61.95 173 59.98
troponin C 1TOP 137 —64.25 173 50.50
troponin C 1INCX 137 —58.48 173 59.98
(B) Metal-Loaded EF-Hand Pairs
site 1 or Il site Il or IV
Hu-Ca-C/;-H/; dihed HQ-CQ-Cﬁ-Hﬁ dihed
protein PDB cod® res(8Y¥ g(+) trans at) res(8y a(+) trans gt)

calmodulin 10SA 127 177.75 163 —179.20

1100 179.07 V136 —176.43
troponin C INCZ 1113 —175.50 1149 175.03
troponin C 1TOP 1113 —175.99 1149 177.61
troponin C INCX 1113 171.73 1149 175.62
parvalbumin 5CPVY 158 175.32 197 169.78
parvalbumin 4CPV 158 173.44 197 174.06
parvalbumin 5PAL 158 175.54 197 178.27
parvalbumin 4PAK 158 179.48 197 174.17
calbindin 4ICB * * * * V61 162.14

2 Protein Data Bank code99). Pres(8): residue in position 8 type and number in the protein sequéhiceC.-Cs-Hg dihed: H,-C,-Cs-Hp
dihedral angled INCZ: chicken (TB"), skeletal muscle troponin (68). ¢ 1TOP: chicken (C#), skeletal muscle troponin G68). f INCX:
chicken (Cd"), skeletal muscle troponin &§). ¢ 10SA: Paramecium tetraureligCa"), calmodulin 66). "5CPV: carp (C&"), parvalbumin B
(58). T4CPV: carp (C&'), parvalbumin §9). i 5PAL: leopard shark (Cé&), parvalbumin A 62). X4PAL: Pike (C&")1(Mg?"); parvalbumin €0).
' 41CB: bovine (C&"), calbindin D9k 61)

residues 1le100 and Vall36 in the HSQC spectrum after The resonances of residues in position 8 of EF-hand loops
addition of 0.2725 equivalents of &a in sites | and Il that showN-chemical shift changes in the

In contrast, the NMR spectral changes for lle27 and Ile63 fast exchange limit during Ca titration have been moni-
(sites | and 1) occur in moderately fast exchange on the tored, normalized according tddys — 0)/(Jsinal — o), and
NMR chemical shift time scale leading to signals with plotted as a function of the [€§ca/[CaM]iotal Fatio Oobs
averaged chemical shifts for the nuclei exchanging betweend,, and dsna are the observed, apo and holo values of the
bound and unbound species. Figure 4B shows the superchemical shift, respectively). The peak corresponding to
position of a portion of théH->N HSQC spectra taken at  lle27 “disappears” after the initial additions in the titration
different calcium additions showing the progressive shift of and “reappears” later, and hence, the curve for site | is
the peak corresponding to 11e63 (position 8 of site Il) during interrupted between 1 and 3.5 equiv. From the points
the titration. The peak for 1le27, however, cannot be available on the curve corresponding to site I, it would appear
followed throughout the whole titration owing to extreme that the curves for sites | and Il evolve in a parallel fashion,
line broadening caused by the exchange during the interme-similar to the behavior observed for sites Il and IV. The
diate part of the titration. The line width of the averaged gradients of the curves corresponding to sites | and Il increase
signal under conditions of moderately fast exchange includesslowly during addition of the first 2 equiv of &g and
an additional exchange contribution that is proportional to increase rapidly in the region between 2 and 4 equiv.
the square of the chemical shift difference between the free The curves indicate that all four sites have some degree
and bound states and also varies with the fraction of boundof occupation from the first addition of €aand that the
species§9). These line-broadening effects will be noticed occupation of all four sites is essentially completed when 4
most readily in the intermediate parts of the titration for equiv of C&" have been added. The curves are consistent
signals which have a very large shift difference between with the C-domain having higher calcium-binding affinity
bound and free forms such as that of 1le27 where the shift than the N-domain. The behavior for both domains indicates
difference is 16 ppm. parallel filling of the calcium binding sites within each

The volumes of the signals from residues in position 8 of domain, which is fully consistent with a model of cooper-
EF-hand loops in sites Il and IV of calcium-bound calm- ativity between sites in the same domain.
odulin were measured, and the changes in volume were The stoichiometric (or macroscopic) association constants
normalized and plotted as a function of the {Qaw/ for calcium binding to intact calmodulin and to its isolated
[CaM]oia ratio (see Figure 5). The curves corresponding to N- and C-terminal domains are reasonably well established,
signals from sites Ill and IV increase rapidly and in a parallel at least at pH values in the range #&0 (70—72). These
fashion during the addition of the first and second equivalent constants allow one to calculate the concentrations of the
of C&" and, at 2 equiv, show a site-occupation of about various stoichiometric species present under particular
70%. During the addition of the third and fourth €a  concentration conditions but do not permit the calculation
equivalents they increase slowly to reach 100% occupation.of the extent of occupancy of particular sites. Such calcula-
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I I C-terminal domain, the corresponding expression&Ka(€)

A © Hg Cf‘2+ = Ky + Ky and Kz(C) = K|||K|V(XdK1(C). In the Simplest
Qo] Mot écszH“% 9y case where the two sites within a domain have the same
o N Il | intrinsic affinity, thenK, = K, = Ky(N)/2, K;; = Ky =

P20 %8 P OA NN K1(C)/2, an = 4Ko(N)/Ky(N), andoc = 4Kx(C)IK4(C). The
ALY ¥ e values of these parameters may then be used to calculate
: : 2 Ca?* H®o? the variation in individual site occupancy as a function of
: : . 5 . i, total added calcium. On the basis of inspection of the
9 ﬁ :ﬁ o )J' Hp L available published dat&%, 72 and references therein), we
N / assign a value foK; (=Ky) in the range (¥2) x 10* M?
\TX#()%I:I/ \'T )%( X‘ﬁ (with oy = 15—60) andKy; (= Ky) in the range (510) x
H CHy | CH5 O H CHg | C2H5 O 10* M1 (with oc = 30—-100). Using these ranges, we
Ho * C;2+ calculate that under the conditions of the NMR titration, the
1 I addition of 2 equiv of calcium would saturate-135% of
. ; the N-domain sites and 8%55% of the C-domain sites. The

B y " NMR data of Figure 5 are clearly consistent with this

o CHy | HgH 0Cats | CHs 1 calculat|_0n. . _
g ,L I [ The high degree of cooperativity (higlt andow) means
/X X\ /X X\ that a pair of sites within a domain must be filled effectively
| caHs | Ve in parallel under these concentration conditions. It can be
7w oo s 7 H 8o ? seen that the greater the divergence between the intrinsic
- - =, : : affinities of a pair of sites (e.gK, Ky), the greater will be
¢ 0 & H 7 ¢ 0 g H 7 the (apparent) cooperativity (e.gw). The values ofoy
[ ,L | Hp L andoc derived on the assumption thigf = K, andK,, =
\NX ﬂc/ \N >(C/ Ky therefore represent minimum estimates of the cooper-
‘L o ! A ativity. The values used in the calculations were derived
*Ho 2° THy from data obtained in the pH range %8, whereas the NMR
Ca%* data were obtained at pH 6.5. However, Milos and co-
1 I workers {3) have shown that although lowering the pH to
C I e 1 5.8 reduces the affinity of calmodulin for calcium, the effect
Ho : Ho is similar for both N- and C-domain sites, hence the
0 oth| o o R\ HBT deductions concerning cooperativity are not affected by the
/CXN CXN\ /C)(N CXN\ pH difference.
, Lol A1 DISCUSSION
: : o, : : Origin of the >N Chemical Shift Changes upon €a
¢ 0 g A » ¢ O g H 7 Binding. '°N shieldings are very sensitive to different intra-
| +s ,L )J| Hp L and intermolecular interactiong4, 75). From the analysis
\NX )QC/ Ny >(0/ of the data presented in this work, the origin of the observed
| I I [ 5N deshielding of the residue in position 8 of canonical EF-
H O 2 O H s s 0 hands (or 10 in pseudo EF-hands) resulting from calcium
binding can be rationalized in terms of two main contribu-
I n tions:
FIGURE 2: (A) Changes in side-chain conformation ffsheet (1) Changes int-Polarization of the Peptide BondThe

residues upon G4 binding to both sites of an EF-hand pair (note Cc—N peptide bond hasr-electron character due to the

change in site 1). (B) Changes in side-chain conformatigf+sifieet ~ ; ; ; ; inati
residues upon G4 binding to only site Il of an EF-hand pair (note 7-conjugation of the nitrogen lone pair. The coordination

change in site I). (C) Changes in side-chain conformatigftstieet of a metal ion to the carbonyl oxygen of an amide group
residues upon Ga binding to only site | of an EF-hand pair (note ~ Stabilizes the polarized resonance structure of the amide

no change in site | or II). (resonance structure Il) increasing thelectron density of

_ o S _ ) ) the oxygen and decreasing theelectron density of the
tions are only possible if the intrinsic (microscopic or site) njtrogen.

association constants and the interaction (cooperativity)
factors are known. These values cannot be calculated from[O=C_
the measured stoichiometric association constants for intact
calmodulin but may be estimated from the corresponding
constants for the isolated domains. [Cat--O=C—N < Cc&"-- 0—C=N"]

For the isolated N-terminal domain, the two measured | 1
stoichiometric constant¥;(N) and Ky(N), are given by
Ki(N) = K, + K;; and Ky(N) = KK, an/Ki(N), whereK, For an amide group, the enhancement of the delocalization
andK;, are the site intrinsic binding constants amgis the of the nitrogen lone-pair upon metal coordination to the
factor by which the intrinsic affinity of one site within the carbonyl oxygen is expected to yield a deshielding effect to
domain is changed by occupancy of the other site. For thethe NMR of the!*N nucleus. There have been few reports

N« “0-C=N"]-"~
!
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FIGURE 3: The!N-H HSQC spectrum for: (A) calmodulin at [€g/[CaM] = 0.0 (apo-calmodulin), (B) calmodulin at [Ed/[CaM] =

0.2725 plotted at a very low contour level in order to show peaks corresponding to lle100 (position 8, site Ill) and Vall163 (position 8, site
IV) in both the apo and holo forms, and (C) calmodulin at{G&CaM] = 4.9048 (holo-calmodulin).
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FIGURE 4: (A) Part of the!>N-1H HSQC spectrum for calmodulin
at [C&T]/[CaM] = 0.0 showing peak of lle63 in apo-calmodulin.
(B) Superposition of portions dfN-'H HSQC spectra at different
Ca&" additions showing the progressive shift of the peak corre-
sponding to 1le63 with increasing €aconcentration. (C) Portion
of 5N-1H HSQC spectrum for calmodulin at [€3/[CaM] =
4.9048 showing peak of lle-63 in holo-calmodulin.
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FIGURE 5: Ca&" titration curves corresponding to residues lle-27
(position 8, site 1), lle-63 (position 8, site 11), lle-100 (position 8,
site Ill) and Val-163 (position 8, site 1V) of calmodulin. Normalized
spectral changes (chemical shifts for lle27 and lle63, and volumes
for 1le100 and Val136) for the peaks corresponding to these residues
are plotted as a function of the [Ed¥[CaM] ratio.

(2) Changes in Side-Chain ConformationThe N
shielding in the NH groups of isoleucine or valine residues
is sensitive to the side-chain conformation of these residues
(78). According to reported ab initio calculations, the
shielding for a NH in a valine fragment is predicted to be
~6 ppm more shielded when the4&€,-Cs-H; torsion angle
is gauchef) (—60°) rather than trans (18D (78).

The change inz-polarization of the peptide bond upon
metal coordination to the carbonyl oxygen is expected to
yield a deshielding effect at the amideN nucleus in all
EF-hand loops. This effect is estimated tob&to+8 ppm,
since no change of side-chain conformation for the residues
in position 8 was observed for pseudo EF-hands, or for sites
Il or IV of canonical EF-hands.

The change in side-chain conformation upon metal coor-
dination is expected to cause an additional deshielding effect
of the amide*>N nucleus for isoleucine or valine residues in
site | or Il consistent with a change in,HC,-Cs-Hpg torsion
angle from gauchef) in the apo state to trans in the calcium-
bound form. Assuming that, as in the case of sites Il or IV,
the coordination of C4 to the backbone carbonyl group
has an effect on th&N amide nucleus in the range4 to
+8 ppm for sites | and 111, the additional effect for residues
in position 8 in site | or Il due to the change in side-chain
conformation can be estimated to be in the rafi@eto +8
ppm. This is consistent with the theoretical prediction of
+6 ppm by De Dios and co-worker3§).

The change in side-chain conformation explains the
difference in1°N chemical shift for ioleucine or valine

of structural effects on amide linkages upon coordination of residues in position 8 in the apo state. For sites | and Ill,
the carbonyl to metal ions. Cobalt complexes containing the Hi-Ca-Cs-Hp torsion angle is~—60° and the™N nuclei
oxygen-bonded amide ligands have been shown to increasdor these residues are more shielded (in the range-112
the polarization of the amide group and restrict the rotation PPM) than they are in sites Il and IV, where thg-€,-Cg-

about the carbonnitrogen bond 76). A deshielding effect
on the amidé®N nucleus {5 to +8 ppm) has been observed
upon hydrogen bonding of the amide carbonyl oxygeés) (

consistent with the stabilization of the polarized resonance

form of the amide group7(7). A similar deshielding effect

of an amide nitrogen atom due to hydrogen bonding of the

H; torsion angle is~180° (!N chemical shifts in the range
118-120 ppm).

In the calcium-bound state, tH&N chemical shifts for
these residues for all sites are in the range-1227 ppm),
consistent with the fact that the,HC,-Cs-Hp torsion angle
is ~180C in all cases (see Tables 5 and 6).

15N Chemical Shifts as a Guide to Occupancy Of EF-Hand

carbonyl has also been predicted from ab initio calculations \jetal-Binding Sites.The termsite specifidn this context

by De Dios and co-workers/8). Consistently, a shielding
effect for the amide carbonyfO nucleus is observed upon
hydrogen bonding of this carbonyl7§ and references
therein).

is applied to the case in which a change in chemical shift in
a site A residue is caused by binding of metal ion to site A
regardless of the state of metal occupation of site B (for an
EF-hand pair with two sites A and B).
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For EF-hand pairs that can bind two metal ions (one ion (Table 2); the conformation of the side chain for this residue
to each site) thé®N chemical shift difference of the residues in the apo state is gauche) consistent with the chemical
in position 8 (or 10 for pseudo EF-hands) of each site upon shift of 113.2 ppm; it would seem that the€,-Cs-Hg
metal binding provides a useful tool for determining un- torsion angle of this residue has not changed to its trans
equivocally whether metal is bound to a particular EF-hand conformation upon binding Ga only to site Ill and not to
pair. For species where only one of the two sites is occupied, site IV. This result is consistent with the observation that
the binding of metal ion to this site is observed to cause a the change in side-chain conformation of the first site (site

deshielding effect of+4 to +8 ppm to this amide>N
nucleus. The!™N chemical shift difference observed in
position 8 (or 10 of pseudo EF-hands) upon metal binding

I or 1ll) is dependent on the binding of €ato the alternate
site IV. This is the only example encountered so far of an
isoleucine (or valine) residue in position 8 of a canonical

in these species is therefore a useful means of obtaining siteEEF-hand that is in the gauche) side-chain conformation

occupation information in a direct and straightforward
manner.

By contrast, the effect of the change in side-chain
conformation on the amid€N nucleus upon metal binding
occurs only in sites | or Il and appears not to be site specific
for the binding of C&" to the same site, but rather depends
on the binding of C& to the other site (site Il or IV) when
position 8 of site | or Il is an isoleucine or valine in the
gauchef{) conformation of the side chain in the apo form.
Site | of N-cTnC does not bind €& but shows a®N
chemical shift difference ot5.5 ppm for 1le36 (position 8,
site I) on binding C#&" to site Il only. In the apo state, lle36
has a®N chemical shift of ca. 113.7 ppm consistent with a
gauchef) side-chain conformation for this residue. When
Ca" is bound to site Il and site | is calcium free, tHd
chemical shift for [le36 is ca. 119.2 ppm. This chemical
shift is within the range expected for an isoleucine (or valine)
in the position 8 of a canonical EF-hand loop with a trans
side-chain conformation and with no €don bound to that
site. This result is consistent with the observation that the
binding of a calcium ion to site Il in E31Q mutant of
calmodulin shifts the'H resonance for the methyl group
C(y)Hs of residue lle 27 (position 8, site I1L5). The change
in side-chain conformation for this situation is shown in
Figure 2B.

In this context, it is of interest to examine the recently
reported data for two mutant proteins, mutant E140Q of the
C-terminal domain of calmodulir?Q) and mutant E41A of
the N-domain of skeletal troponin G39).

E140Q:C-CaM. Mutant E140Q of the C-terminal domain
of calmodulin (E140Q:€CaM) lacks the bidentate car-
boxylate ligand in position 12 of calmodulin site IV and has
a greatly reduced Caaffinity in this site (L0, 20). Everiz
and co-workers estimate that at FCH[E140Q:C-CaM] =
21, the E140Q mutant domain is 97% in the {Qaform.
However, the!™N chemical shifts at position 8 show the
following behavior.

(i) Residue Vall136, position 8 of site 1V, shifts from 119.3
ppm in the apo state to 120.0 ppm at [Ga] E140Q:C-
CaM]ita = 21 (difference oft-0.7 ppm). This>N chemical
shift difference indicates no changesirpolarization of the
N(8)—C(7)y=0(7) peptide bond and it appears that in this
mutant protein the carbonyl oxygen of residue 7 is not
coordinated to C4 in the normal way.

(ii) Residue lle100, position 8 of site Ill, shifts from 113.2
ppm in the apo state to 121.7 ppm at [Ga] E140Q:C-
CaM}ta = 21 (a difference oft-8.5 ppm); this is as expected
for the nonmutated site Il binding €a and causing
m-polarization of the N(8)C(7=0(7) peptide bond. For
the same residue in the wild-type CaM, tH&l chemical
shift difference between apo and holo statetit3.4 ppm

when that EF-hand site is binding €ain Figure 2C, the
change in side-chain conformation for this situation is shown.

E41A:N-sTnC. Mutant E41A of the N-domain of skeletal
troponin C (N-sTnC), lacks the bidentate carboxylate ligand
in position 12 of site I, resulting in a greatly reduced?Ca
affinity for this site @1). Gagrieand co-workers have
reported that, at [Cals/[E41A:N-STnClowy = 6.119, the
E41A mutant is in the (CGd), form (39). However, the
analysis of the Cd-induced>N chemical shift difference
for the residues in position 8 of both site&l) (lle73 shifts
from ca. 119.1 to ca. 127.9 ppm, c&8.2 ppm difference,
[le37 shifts from ca. 112.4 to ca. 118.2 ppm, ¢&.8 ppm
difference) indicate that they are fairly similar to those
previously reported for N-domain of cardiac troponin C
(lle72 shifts from ca. 115.4 to ca. 127.2 ppm, ¢4.1.8 ppm
difference, lle36 shifts from ca. 113.7 to ca. 119.2 ppm, ca.
+5.5 ppm difference). The latter are known to be for the
(C&™); species40), which suggests that the stoichiometries
in these complexes of E41A:N-sTnC might require further
investigation.

The examples discussed above highlight the potential use
of these®™N deshielding effects as a means for obtaining
the metal-binding status of different binding sites in an EF-
hand protein. The fact that only the changeripolarization
effect is site specific and not the change in side-chain
conformation needs to be taken into account, especially in
the analysis of half-saturated species.

15N Chemical Shifts as Probes for Monitoring Metal-
Binding Processes.For calmodulin, the calcium binding
curves obtained from measurements of position 8 NH signals
for a pair of sites within each domain were found to change
in parallel (for sites | and Il this statement is inferred from
the few points on the curve obtained for site I). The binding
curves corresponding to sites Il and IV reflect the degree of
occupation of each of these sites at different calcium
concentrationss-polarization effect only). For sites | and
11, the corresponding curves reflect the degree of occupation
of these sitesi-polarization effect) as well as the degree of
occupation of the adjacent sites (change in the side-chain
conformation effect, that depends on metal binding to site
Il or IV, respectively). If one of the sites in the C-domain
were to be occupied before the other, then an intermediate
peak would appear for site lll. The fact that even from the
first addition of C&" peaks for 1100 and V136 appear
simultaneously (see Figure 3B) indicates that the species with
both sites 11l and IV occupied is formed preferentially even
in the presence of very little Gaion. This behavior is
consistent with a significant positive intradomain cooperat-
ivity of calcium binding, thus the predominant species present
during the titration are [G#l-CaC]CaM, [CaN-CaC]CaM,
and [CaN-CgC]CaM.



7628 Biochemistry, Vol. 37, No. 20, 1998

Concluding Remarks.The coordination of a backbone

carbonyl to a metal ion localizes negative charge on the
oxygen atom by enhancing the delocalization of the adjacent

nitrogen lone pair. Ther-polarization of this amide group
shortens the €N bond, conferring more rigidity to this
portion of the polypeptide chain and leaving the NH proton

more positive, capable of forming stronger hydrogen bonds

(80). In an EF-hand pair, the disposition of the two backbone
carbonyls that coordinate €a(one for each EF-hand loop)

is such that the respective NHs are forming an antiparallel

B-sheet. Upon Ca coordination to both paired sites, the

pB-sheet hydrogen bonds are strengthened, bringing the two
[-strands closer together. It is plausible that steric hindrance

between the ethyl moiety of isoleucine 8 of the first site (I
or lIl) and the K of isoleucine at position'8f the second
site (Il or IV) could cause the change in side-chain
conformation that takes place in the first site upon binding
of Ca&" to the second site. Tha-polarization of these

peptide groups upon metal binding could play an important

role in the molecular mechanism of cooperativity between
paired metal-binding sites.

The 15N properties discussed in the present work should
prove useful for investigating Gabinding to EF-hand sites
within the calmodulin superfamily. Despite their common
secondary structural motifs, the €abinding affinities of
EF-hand pairs vary over at least 3 orders of magnit&dk (
Although several groups have proposed structfu@ction
relationships 25, 82—84), the mechanisms through which
structural variations modulate binding affinity remain in-
completely defined. The correlation 8N chemical shifts

with structure presented in this work should also prove useful

for investigating binding of metals other than®€do EF-
hand sites&5, 86), for characterizing metal binding to new
EF-hand proteinsg7) or EF-hand chimera proteind4) or
EF-hand peptide analogue8( 89), and for analyzing the
binding capacity of novel variant EF-hand loo@20{92)
and of EF-hand sites containing mutated residés 21,
93, 94).
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