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ABSTRACT. We have used circular dichroism aHd- and'>N-NMR spectroscopy to investigate calcium
binding to the two EF-hands of human nonerythroidwtirspectrin. Comparison of th#H-NMR spectra

from the peptide containing both EF-hands to the peptides containing the single EF-I and EF-II structures
showed that both the structural and calcium-binding properties are significantly different. Further studies
of the 121 amino acid peptide containing both EF-hands using circular dichroism and NMR showed that
the binding of calcium ions induces conformational changes. To investigate the calcium-binding
mechanism, the chemical shifts changes were recorded using multidimensional NMR spectroscopy during
calcium titration. A total of 25 titration curves were obtained, each corresponding to the chemical shift
changes of individual amino acid residues. The shapes of these titration curves were either hyperbolic or
sigmoidal. Using factor analysis, two functions were extracted, one hyperbolic and one sigmoidal, which
accounted for nearly all information present in the titration curves. By fitting the two functions to binding
curves based on different binding models, we found that the binding mechanism is best described as
sequential. Since the sigmoidal type was more pronounced in the titration curves corresponding to residues
from the first EF-hand, we suggest that calcium binding to the first EF-hand is described by the sigmoidal
function, and that the hyperbolic function describes calcium binding to the second EF-hand. Therefore,
is seems likely that the second EF-hand must contain bound calcium before the first EF-hand can bind.

Calcium ions are crucial for development and survival of the X and—Z positions are invariant aspartate and glutamate,
all eukaryotic organisms. Its regulatory function as a respectively. The residues in the X, Y, ZX, and —Z
secondary messenger has been implicated during the initialpositions ligate the calcium ion through their oxygen-bearing
fertilization of the egg cell as well as during differentiation side chains, whereas in positierl the carbonyl oxygen is
and proliferation; involving processes such as cell growth, coordinating the calcium ion.
cell motility, and muscle contraction (Berridge, 1993; Payne
& Rudnick, 1989; Pietroboret al, 1990). In most cases,
the calcium signal is not acting directly on the target process
but rather transmitted within the cell by certain intracellular

receptor or regulatory proteins, like calmodulin or troponin activated neutral protease) followed by degradation of

C. Binding of calcium ions to these regulatory proteins pectrin and other cytoskeletal proteins (Sineaal., 1989;

. . . . S
induces a change in conformation and a subsequent switch_ . R ;
of the protein into an active form, able to mediate the calciumhbl Stasiet al, 1391; Saidet al, 1994). This process SEems
to be under dual control, as the presence of calmodulin makes

i/ll%r;a;‘lhltgn:zltalrggtl)process (Strynadka & James, 1991;spectrin more susceptible to proteolysis by calpain (Seubert

et al, 1987; Harriset al,, 1989, 1990). There are additional
sites for calmodulin on spectrin, as erythroicbdfl-spectrin,
which lacks the calpain cleavage site and still is able to bind
calmodulin, though with much less affinity than the non-
erythroid orall Sll-spectrin (Berglundet al, 1986; Harris

Spectrin and the spectrin-based membrane skeleton are
important targets for several calcium-activated proteins. It
is known that influx of calcium into neurons leads to
activation of the proteolytic enzyme calpain (calcium-

In these calcium receptor proteins, the dominant calcium-
binding motif is a helix-loop—helix motif or a so-called
EF-hand. Inthe EF-hand, the calcium ion is bound to a loop
of 12 amino acid residues, and the calcium ion is coordinated
in a pentagonal bipyramidal arrangement that involves 6 of . . )
these residues (Strynadka & James, 1989). The coordinate$? al, 198_8’_810k etal, 1995). _Adducm,_wr_uch promotes .
are often referred to according to their locations in the the association between spectrin and actin, is another protein

coordination sphere and therefore correspond to the X, Y, thaltl, like Ca'Pal'('f" seems todbe reg“';te? by Ca_lmOd#"n as
Z, —Y, =X, and —Z coordinates, respectively. In the well as protein kinases A and C (Mischeal,, 1987; Hughes
conserved EF-hand (Kretsingeral, 1991), the residues in & Bennett, 1995).
There are several reports showing that spectrin is capable
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In previous studies using recombinant peptides, we havemacia Biotech). Thrombin was used to cleave the fusion
localized the main calcium-binding activity to one of the two protein while still attached to the affinity matrix. After
EF-hands present in the C-terminal part @fspectrins. cleavage, thrombin was removed by benzamidiBepharose
Although these EF-hands are highly conserved (Kretsinger or inactivated by the addition of PMSF. With time, the 15
et al, 1991), their calcium-binding properties are different. kDa EF-H-1l peptide was degraded into 12 and 14 kDa
When the EF-hands are studied separately, only the secongeptides. To minimize the extension of degradation, all
EF-hand appears to bind calcium in the presence of experiments were done within 1 week of purification.
magnesium. Binding to the first EF-hand appears to be The peptide was occasionally contaminated with a small
nonspecific as magnesium abolishes the binding of calcium amount of calcium, probably due to the presence of endo-
(Lundberget al, 1995). genous calcium in the cell extract. Therefore, when the

Recently, the solution structures of the calcium-bound and calcium-free form of the peptide was going to be studied,
calcium-free forms of an 84 amino acid recombinant peptide EDTA was included during the initial steps of the purifica-
comprising the 2 EF-hands i-spectrin have been reported tion. However, EDTA was omitted when peptides were
(Traveet al, 1995a). The structures indicate that binding Purified for the calcium titration experiments since the
of calcium causes the helices flanking the calcium-binding calcium chelator was interacting with the peptides in a way
|00p regions to change into a more open conformation with that made Complete removal of the chelator impossible. The
concomitant exposure of hydrophobic residues. Similar amount of endogenous calcium was estimated by comparing
changes have been reported for other calcium-binding the NMR spectrum with the corresponding spectrum of the
proteins in the EF-hand familg.g.calmodulin (Babiet al., calcium-free but EDTA-containing peptide. Since the amount
1985; Zhanget al, 1995) and troponin C (Gagnet al., of endogenous calcium usually was very low1(0% of the
1995). However, the changes in spectrin appear to be lessPeptide concentration), it was not accounted for in the
pronounced. Based on the calcium-free and calcium-boundcalcium titration experiments.
forms of the peptide, a model was suggested in which Prior to the binding studies, all peptides were extensively
calcium binding initially induces a conformational change dialyzed against 10 mM Tris-HCI, pH 7.3. Protein concen-
in the first EF-hand that is subsequently transferred to the trations were determined from the absorbance at 280 nm

second EF-hand through side-to-side interactions betweenusing calculated molar absorptivities (Gill & von Hippel,

the helices. 1989). The purity of expressed peptides was routinely
In this study, we have extended the characterization of checked under d(_anaturing conditiqns using a Tricine-based

the calcium-binding properties of the EF-handsuispec- buffer system designed for separation of low-molecular-mass

trins. Far- and near-UV circular dichroism (Cbjespec-  Proteins (Schager & von Jagow, 1987).

tively, has been used to identify the secondary and tertiary ~Circular Dichroism and Calcium Titration CD was used
structure changes upon calcium binding. In a detailed study!© €xamine the secondary structure changes upon calcium

of the calcium-binding mechanism, we have used multidi- ttration of the EF-ll and EF-HI peptides. Far-UV (208
mensional nuclear magnetic resonance (NMR) spectroscopy?C M) and near-UV (266320 nm) measurements were
to follow structural changes upon addition of calcium. The collected using a Jasco 720 equipped with a 0.2 mm path
obtained results indicate that although the first EF-hand is |€ngth cuvette. Protein concentrations wer80 M and
inactive when expressed alone, both EF-hands appear to bind-0-2 MM in the far- and near-UV measurements, respec-
calcium when expressed together as a pair. In addition, thellVely- All measurements were performed in 10 mM Tris-
titration curves appeared differently, ranging from sigmoidal HCl: PH 7.3, and the dilution effect caused by adding small
to hyperbolic curves. Computer-assisted analysis of the volumes of thg calcium solgtlon during the titrations was
titration curves revealed the presence of two differently @ccounted forin the calculations. All spectra were adjusted
shaped binding isotherms, corresponding to the binding of & & Specific wavelength representing a region where no

the first and the second calcium ion. changes occurred. _ L
NMR Spectroscopy and Calcium Titratioithe samples

MATERIALS AND METHODS for the NMR experiments were concentrated to-l% mM
using Pall Filtron or Amicon concentrators (1 kDa cutoff).

Expression and Purification of Recombinant Peptides. All samples were prepared in aqueous solution (599D
The clones hfSp-EF-1, hfSp-EF-II, and hfSp-EFH and with 10 mM Tris-HCl at pH 7.3. In order to reduce dilution
their corresponding expression products EF-I, EF-Il, and EF- of the protein samples during the calcium titration experi-
I+1l were obtained using the pGEX-2T fusion protein ments, stock solutions of different concentrations {2600
expression system (Pharmacia Biotech) as earlier describednM) of CaCh were used. The sample was not diluted more
(Lundberget al, 1995). When preparing th€N-labeled than 20%, and the changes in concentration during titration
peptides, the clones were grown and expressed in minimalwere accounted for in the calculations. Calcium titration
media M9 (Martenssoet al, 1995) with?*NH,Cl as the ~ measurements were done in the presence of 100 mM KClI
nitrogen source. The recombinant proteins were purified by with or without 50 mM MgC}. For all titration points, 1D
affinity chromatography on glutathioreésepharose (Phar- 'H-NMR and 2D {H,*5N)-HSQC spectra were recorded.

The NMR measurements were done af@n a AMX2-

! Abbreviations: NMR, nuclear magnetic resonance; CD, circular 500 Bruker spectrometer operating at a prot(_)n frquency of
dichroism; PMSF, phenylmethanesulfonyl fluoride; EDTA, ethylene- 500.13 MHz. ThéH-NMR spectra were acquired using the
diaminetetraacetic acid; Tris, tris(hydroxymethyl)Jaminomethane; kDa, WATERGATE pulse sequence (Piotat al., 1992).

kilodalton(s); ppm, part per million; HSQC, heteronuclear singel- _di i 1E4 15N])- i
guantum correlation; NOESY, nuclear Overhauser effect spectroscopy; The two-dimensionalti,™N)-HSQC experiments on the

TOCSY, total correlation spectroscop¥; and K, macroscopic *N-labeled samples were performed in the sensitivity-
dissociation constants, disproportionation equiliborium constant. enhanced gradient selection method (Keyal., 1992). A
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total of 100 complex points ity (3*N) and 1024 complex  above can also be written in a matrix notation as
points int, (*H) were acquired. Thg dimension was linear

predicted to have 200 complex points. A zero-filling to 512 D=PF

(in t)) and 2048 (int;) complex points was used. A

; . . e . . From this equation, the least-squares solutiondfand F
Lorentzian-Gaussian window function in thie dimension q q

and ax/2-shifted squared sine window function in the are

dimension were used prior to Fourier transformation. P = DF(F'F)
The two-dimensional NOESY (Jeenet al,, 1979) and

TOCSY (Braunschweiler & Ernst, 1983) experiments were F = (p,P)—lp.D

performed in the TPPI mode (Marion & Vifich, 1983). The
water suppression was achieved by implementation of the The algorithm starts by filling the matrik with random
WATERGATE method (Piottet al., 1992); 200 ms mixing  values (or principal components ). If convergence is
time and 70 ms spin lock time were used in the NOESY reached and the residual is small and without obvious
and the TOCSY experiment, respectively. A total of 256 structure, the decomposition has succeeded.
complex points in thé, dimension and 1024 complex points The experimental data were separated into two groups.
in thet, dimension were acquired; 16 or 32 scans per each The first was represented by the curves which fulfilled the
t; point with 1-2 s delay between scans were used. The requirements of the algorithm, that is, the titration curves
spectral width was 8333.3 Hz in both dimensions. A which were the sum of only positively defined functions and
Lorentzian-Gaussian window function in thie dimension thus were constantly growing. The second group included
and azr/2-shifted squared sine function in thedimension curves represented by a sum of negatively and positively
were applied prior to Fourier transformation. defined functions which consequently appeared to be not
The three-dimensional (3D) NOESY-HSQC and TOCSY- constantly growing. The curves containing missing data
HSQC experiments were performed in the States-TPPI modepoints were also included in the second group.
for the NOESY and TOCSY parts and in the gradient- The factor analysis was done using the curves from the
enhanced selection mode for the HSQC part; 100 ms mixing first group, and the functions extracted from this analysis
time and 60 ms spin lock time were used in the NOESY- were used to analyze the curves belonging to the second
HSQC and TOCSY-HSQC experiments, respectively. The group. This was achieved by solving a system of linear
number of acquired complex points was 1024*64*16 in the equations which can be presented in a matrix notation:
tz (*H), t> (*H), andt; (**N) dimensions, respectively. A total
of 16 scans per increment@n s delay between the scans P=DF'(FF)*
were used. Linear prediction and zero-filling in the indirect ] . o
dimensions finally gave the matrix of 1024 256 x 64 whereD corresponds to the matrix of_experlmental titration
complex points. The processing of the 3D spectra was _data _o_f the second group,to the matrix of the two fa_lctors
performed by using the CCNMR software (CCNMR written |dent!f|fad in the factor a_naIyS|s, and to the matrix of
by C. Cieslar, at the Max-Planck Institutrf@iochemie in coefﬁqents to be determined. All qalculatlons were done
Martinsried, Germany) with the same window functions bY using MATLAB software (copyrighted by The Math-
which were used in the corresponding 2D experiments. Works., Inc., Cochitaute Place, 24 Prime Park Way, Natick,
Factor Analysis. Factor analysis of the titration data MA 01760).
consisted of principal component analysis (Malinovski, 1991) RESULTS
and curve resolution. Principal component analysis can be
used to check the dimensionality of the data set, but its Expression and Purification.The localization of the
interpretation is difficult because it forces the obtained factors recombinant peptides to tlespectrin monomer as well as
to be orthogonal. Especially the components beyond the firstthe amino acid sequence of the EF-I, EF-Il, and EF-ll
one are difficult to explain. If the assumption can be made peptides is outlined in Figure 1. Due to the nature of the
that the concentrations and titration profiles are positive and expression system, the peptides contained three to six
added linearly, the techniques of curve resolution can be usedadditional amino acid residues in the N- and C-termini,
(Lawton & Sylvestre, 1971). A very simple but powerful derived from the plasmid. These additional residues were
curve resolution technique is the alternating least-squaresnot included in the numbering of the recombinant peptide.
method that was invented by the psychologists Carrol and Therefore, amino acid residue number 1 refers to the first
Chang (1970) and Sands and Young (1980), but later alsoresidue in the sequence originating from spectrin. The
applied to chemical problems (Knorr & Futrell, 1979). This additional residues in the N- and C-termini were included
technique uses iterating least squares, in a way that eaclwhen calculating the molecular weights and molar absorp-
iteration step is followed by a removal of negative values tivities of the recombinant products.
(Karjalainen, 1989; Karjalainen & Karjalainen, 1996). With Neither of the EF-I, EF-Il, or EF-H- Il peptides were
the knowledge previously obtained by principal component completely stable, as degradation products could be observed
analysis, it is possible to get convergence into a solution: in minor amounts immediately after purification and more
extensively with time. In the case of EF-t Il, two
D=pfy+pfp+..+E degradation products (12 and 14 kDa) appeared in significant
amounts after several weeks of storage. Independently of
whereD is the matrix of the titration curvegy, p., etc. are the degradation level, the N-terminal part of the peptide
concentration profiles (only positive values allowefd);f,, (amino acid residues-831), including the two EF-structures,
etc. are the standardized elementary titration curvesgand was easily identified in the NMR structural analysis, and
is the residual, assumed to be random, noise. The expressioappeared identical.
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EF1 EFSMMFKHFDWIKSGRLDH QBE FKSCLRSL Ficure 2: Near-UV CD spectra of EF-+ Il at calcium:peptide
2 ° ratios of 0:1 (a), 0.5:1 (b), 1:1 (c), 2:1 (d), 5:1 (e), and 10:1 (f).
The concentration of EF-+ Il was 183uM in 10 mM Tris-HCI,
Linker GYDLPMVEEGEPDP
pH 7.3.
X Y z ¥ X .z That the structural changes upon calcium addition were
2 EFEAILDTVEPNRDGHVSLAEYMAFMISR significantly different depending on whether a single EF-
hand or a pair were studied was confirmed by comparing
ETENVKSSEEIESA.. the 'H-NMR spectra of EF-I+ Il and EF-Il (Figure 3).

FiIGURE 1: (a) Schematic structure af-spectrin depicting the  Independent of whether calcium was present or not, the
nonhomologous N- and C-termini and the 21.06 amino acid amide proton chemical shift range of EF-Il was significantly
resgdu'?\lrepeﬁts z?]s well as th%lo_calea':iE?:nlof %Iegidlels useg in thismore narrow than that of EF-+ Il, indicating that EF-II
study. Note that the amino acids in the EF-I and EF-Il peptides are ; : : :

numbered according to how they are positioned in the BFH did no.t form the typical hellx!oop—hellx structure repre- .
peptide. (b) Amino acid sequences of the first 98 residue of the S€ntative of an EF-hand. For instance, the conserved glycine
EF-1 + Il peptide. Both EF-hand sequences are in accordance with located in the middle of the loop (Gly-27 and Gly-70 in EF-|
the established canonical EF-hand sequence (Kretsiege., and EF-II, respectively; see Figure 1) has a characteristic
1991). Also shown are the residues that correspond to the X, Y, Z, qownfield chemical shift, which has been suggested to be

=Y, —X, and —Z ligands that make up the calcium coordination : : ;
sphere. These residues, except for residt¥é, which ligates due to strong hydrogen bonding through its amide proton to

calcium through its backbone carbonyl oxygen, bind the calcium the calcium-ligating aspartate residue in the first position of
ion through their oxygen-bearing side chains. The residues compris-the calcium-binding loop (Starovasné al, 1993). The
ing the calcium-binding loops are shaded, and the numbering is spectrum of EF-1+ Il contained the expected proton
shown under the sequence. chemical shifts downfield of 10.0 ppm, whereas in the
It was observed that a small amourtl(0%) of the EF-I spectrum of EF-Il no signals were observable downfield of
+ 1l peptide was already in the calcium-bound form 9.0 ppm (lower spectra in Figure 3). When calcium was
immediately after purification. To achieve all expression added to the EF-t Il peptide, several signals corresponding
products in the calcium-free form, EDTA was included to residues from both EF-hands changed their chemical shifts
during the initial stages of purification. However, it was (Figure 3a). In particular, the characteristic chemical shifts
found that it was not possible to remove all EDTA from the of the glycines were both changed upon addition of calcium.
peptide despite extensive dialysis or gel filtration. We In contrast, calcium had a significant different effect on the
concluded that EDTA somehow interacts with the peptide, *H-NMR spectrum of the EF-II peptide. In this case, a few
and therefore omitted the chelator when preparing samplesadditional peaks in the amide region, as well as a redistribu-
for calcium titration. tion of the resonances, were seen (Figure 3b). The low
CD and!H-NMR Spectroscopy of EF-I, EF-1l, and EF-I  concentration and stability of the EF-I peptide complicated
+ Il. We have previously shown that the addition of calcium the NMR measurements of that peptide; however, we have
to the peptides containing either the first or both EF-structures not observed any changes in the proton spectra of EF-l upon
does not have any effect on the far-UV CD, in contrast to calcium addition (data not shown). It is therefore apparent
the EF-II peptide that showed a significant increase in molar that the second, but not the first, EF-hand binds calcium when
ellipticity at 220 nm, indicative of an increasedhelical expressed alone.
content (Lundberget al., 1995). This was consistent with Calcium Titration of EF-1+ Il. The detailed calcium-
the finding that the EF-II peptide, but not the EF-1 peptide, binding behavior of the EF-# Il peptide was studied by
EF-structure was active in a calcium-binding assay. It is the effects of sequential calcium additions on the,1®N)-
known that changes in the far-UV region primarily reflect HSQC spectra of EF-t II. Including magnesium chloride
changes in the secondary structures, whereas changes in thep to 50 mM did not affect the calcium titration; neither did
near-UV region are more dependent on the tertiary structuremagnesium titration have any significant effects on the
(Woody, 1995). Therefore, we extended the CD measure- chemical shift patterns (data not shown). The conformational
ments to include the near-UV region. It was found that the changes observed when adding calcium were therefore likely
spectrum was clearly dependent on the addition of calcium to be a consequence of specific interactions between the EF-
(Figure 2). This confirmed previous structural studies; upon hands and calcium and not by other unspecific electrostatic
calcium binding to EF-H- Il, the secondary structure content interactions.
is not changed, but instead the secondary structure elements The sequential assignment of amino acid<€85 was done
are moved relative to each other (Trasteal, 1995a). using 3D NOESY-HSQC and 3D TOCSY-HSQC experi-
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Ficure 3: Amide region offtH-NMR spectra of EF-H- Il (a) and EF-II (b). Bottom panels show the spectra obtained in the absence of
calcium whereas the spectra in the top panels were obtained in the presence of 5 mMICHE spectra of EF-i+ I, drawn lines

indicate changes in the chemical shifts of assigned amino acid residues caused by calcium binding, and in the spectra of EF-Il, asterisks
indicate new signals appearing in the calcium-bound form of the peptide.

ments on>N labeled EF-H- 1l. The chemical shifts of the
amide resonances and-protons were identical to the
corresponding resonances of chickemspectrin (Gilles
Trave personal communication), except for the 59th residue,
which differs in the two isoforms (alanine in humattl- = Vea r110
spectrin and serine in chickenspectrin).

We were able to follow the chemical shift changes of 25

105

G42
6070 °

G51 ¢ dea

residues. The signals of the remaining residues either were &z -1
not fully resolved, did not change during titration or were *
significantly broadened due to an intermediate exchange rate. l120
For 21 individual amino acids, the chemical shift changes
of the amide protons were recorded, and for the remaining
4 residues, the chemical shift changes of the amide nitrogens l125
were followed. The HSQC spectra of EFH 11 in the apo
and calcium-bound forms are shown in Figure 4.
The shapes of the obtained titration curves are important 130
when determining the binding mechanism. For instance, if : : : : :
both sites bind calcium independently, and with comparable ~ ** 10 S om - z
binding strengths, all titration curves should be hyperbolic.
As shown in Figure 5, the titration curves of the residues in
the first EF-hand loop displayed both sigmoidal and hyper- 642 L105
bolic titration curves, whereas those in the second EF-hand ¢
loop only showed the hyperbolic type. The presence of only T63
hyperbolic chemical shift curves indicated that the binding - r110
of calcium to the second EF-hand is not dependent on any o s P
other sites. In contrast, due to the sigmoidal behavior of 670 ! of®
several residues of the first EF-hand, it seems apparent that ez ¢ S 00" oo e
the binding to the first site is dependent on the presence of| ° F34 o! j,. ..ve4_ﬂso
calcium in the second EF-hand. Thus, it follows that the * g0 °,§'° ° v | 120
calcium binding appears to follow a sequential binding ¢ ., Y
mechanism. e Tt % e
Computer-Assisted Analysis of the Titration @&s. In qt20V72 i O e % 125
general, the binding of two ligands to a substrate can be oo Tow Y e
described as ‘lo
130
PX + X ppm

T T T T T

V \y\” I 11 10 =] 8 7
’ ppm

Ficure 4: (*H,>N)-HSQC spectra of EF- Il (0.5 mM in Tris-
XPX HCI, pH 7.3) in the absence (top) and presence (bottom) of 7.5
K1 K11 mM CaCl. By using 3D NOESY-HSQC and 3D TOCSY-HSQC,
\ / residues 585 were assigned. However, for clarity only a few of
XP + X the assignments are shown.

P+ 2X

The different models of binding that can occur, together the appendix. In order to determine the binding constants,
with a definition of the parameters used, are presented inthe fractional saturation of the two sites has to be known.
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Totat [Ca™] (mM) Total [Ca?] (mM) FiIGURE 7: Two factors extracted from the factor analysifll) €,
FiGURe 5: Calcium titration curves of the 25 amino acid residues (Sigmoidal); and @) f2 (hyperbolic). The solid lines represent the
that were possible to follow during titration. To facilitate comparison b?SJ. fit obtgmled Vlhig gtt"\r}lg th;}gwclfggcltlorl\lﬂs tz a sequllentlaI
of the curve shapes, the normalized changes in chemical shifts are?"ding model K = 47.8 uM and Ky = 96.1uM). An equally
shown. (a) Residues found in the loop of the first EF-hard) ( good fit was obtained when fitting the data to a cooperative binding
33. (b) Residues from the first EF-hand helices)) Phe-14, @) x :
Ser-15, (1) Met-17, @) Phe-21, £) Phe-34, &) Lys-35, (7) Ser- . .
36, (v) Cys-37. (c) Residues from the loop of the second to describe the shapes of these curves. A bar representation
EF-hé:mdi fO) grg-fa?, I(10)|.G|y-7f0tiq Q) Val-ZZE,F(lh) G(!lnjg'tlgd)l' ) of the relative amounts of the 2 factors for the 25 titration
esidues found in the helices of the secon -hand and the linker i in i i i
> curves is presented in Figure 6;, the sigmoidal factor,
region: ©) Asp-44, @) Leu-45, ) Phe-57, M) Ala-59, (a)Val- n 9 iy g

Normalized appm
Normalized Appm

0.2 [ige
#

0.0 4

64, &) Ala-79, (v) Glu-85. contributed a Iarger am.ount to the titratio_n curves of the
residues located in the first EF-hand; the titration curves of
g 10 e . Asp-22, Glu-33, and Phe-34 were all described to about 80%
[l I by the sigmoidal function. The titration curves of the
£oats* residues within the second EF-hand could mostly be de-
S ol scribed by equal amounts &f andf,, indicating that this
o 1 2 3 mmoa part of the structure was sensitive to interactions of both EF-

hands with calcium. However, since the contributiorf,of
to the titration curves of the first EF-hand was significantly
larger than to the titration curves of the second EF-hand,
we believe that the sigmoidal function is representative of
binding to the first EF-hand and the hyperbolic function
ﬁ ﬂ describes calcium binding to the second EF-hand.
N The two functions that could be extracted from the titration
f’% :’ ; -------- curves in the factor analysis were analyzed by fitting binding
FIGURE 6: Bar representation of the relative proportions fof cunves t-)aseq Qn diﬁeren-t models: sgqgentigl binding,
(shaded).anﬂz (white) in each of the 25 titration curves. The shapes coope'ratlvg binding, or tvyo independent bmd.mg. sites mogiels
of f, (@) andf, (O) are inserted. as defined in the append|x. From t_he analyss, it Was_obwous
that only a sequential or cooperative binding behavior gave
From the titration data for the EF-+ Il peptide, it was ris_e_to the observed curve shapes (Figure 7, solid line). The
apparent that even though a few titration curves appearedMinimum error of.sum of squares obtained for_ the sequential
as either hyperbolic or sigmoidal, most curves appeared asmodel was identical to that of the cooperative model but
intermediates, that is, a mixture of the two extreme cases. Significantly less than for the two independent sites model.
We assumed that the reason for that was that nearly all aming1owever, for the cooperative model, the andK. values
acids within the EF-H- Il peptide were affected by calcium  Indicated that the binding was approaching the sequential
binding to both EF-hands. In order to extract the fractional IYPe. Therefore, it seems that the binding mechanism is best
saturations from the complicated set of titration curves, we described by a_sequenUaI mo_del. .
used a factor analysis approach, which has earlier been shown Thus, we believe that the first EF-structure is incapable
to be successful in separating the pure effects from a complex0f Pinding calcium unless the second EF-hand is in a
set of data (Malinovski, 1991). calcium-bound form. The dissociation constants for the two
By definition of the curve resolution technique, the titration Sit€S giving the best fit (the sequential binding model) were

curves needed to be the sum of only positively defined IN the same range;-96 uM and ~48 uM for the first and
functions. In order to fulfill the requirements of the second EF-hand, respectively. These values are in reasonable

algorithm, six titration curves were excluded in the first @greement with previous measurements (Lundletral,
analysis. It was found that 97.7% of the information from 1992; Traveet al, 1995b).

the 16 remaining titration curves could be described by only

2 factors {; andf;). These factors displayed sigmoidal and DISCUSSION

hyperbolic shapes, respectively (Figure 6, insert). The Properties of the EF-Hand Pair Compared to the Single
second group of curves was analyzed usirandf, factors, EF-1 and EF-Il Peptides. When comparing the EF-I and
and it was found that the extracted functions were sufficient EF-II peptides to the complete EF-hand pair, it was found,

1.0

08

0.6

0.4

Fraction of f, and f,

0.2

0.0
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independently of the method used, that their stability, directly with the calcium ions, the unspecific binding of
structural properties, and calcium-binding properties were magnesium is likely to reduce the negative charge of the
different. The single EF-l1 and EF-Il peptides, and in surface, therefore also reducing the calcium affinity.
particular EF-1, showed a higher degree of degradation which  (B) Analysis of the Titration Cues. At least two effects
occurred after only a few days of storage. In the case of should contribute to the titration curves, that is, the specific
the EF-lI + Il peptide, the NMR analysis showed that association of calcium with the two EF-hands. The observed
degradation occurred in the C-terminal region, keeping the diversity in the shapes of the titration curves indicated that
EF-structures intact. The presence of a secondary thrombindifferent parts of the EF-hands responded differently to the
cleavage site within the 40 amino acid C-terminal tail presence of calcium ions, and that most residues sensed the
indicates that the degradation is a side-effect of the purifica- calcium binding to both EF-hands. Before it was possible
tion method used. to distinguish between plausible binding models, it was

The structural properties were studied usitttNMR. therefore necessary to clarify the data in order to extract the
The peptide containing both EF-hands displayed the previ- functions giving rise to the observed shapes. In this type of
ously described chemical shift pattern of EF-hands, whereasanalysis, it was also possible to reveal both the presence and
the single EF-hands showed a more narrow chemical shiftthe amount of additional effects as, for instance, structural
distribution. Previously, we have shown that the far-UV CD changes due to unspecific electrostatic interactions.
of EF-II , but not that of EF-H- 1I, is affected by calcium, To define which type of curve shapes contributed to the
indicating an increasedt-helical content in EF-Il upon  observed data, factor analysis was used. By this analysis, it
calcium binding (Lundberget al., 1995). Additional CD was possible to define the minimal number of factors
measurements showed that calcium altered the near-UV(isotherms). It was found that all curves could be described
region of EF-1+ Il, indicating that binding of calcium by two factors which had either a sigmoidal or a hyperbolic
primarly caused tertiary structure changes in this peptide. shape. Using the extracted binding isotherms, we analyzed
Consistently, upon calcium addition, most of the proton the data further by fitting binding curves based on different
chemical shifts from EF-t Il were altered. Adding calcium  binding models. With a two-site independent model, it was
to EF-Il resulted in less pronounced changes, whereas wenot possible to obtain the observed curve shapes, whereas
have not detected any effect of calcium on either the CD or the sequential binding model and the extreme case of the
the'H-NMR spectra of EF-I. The results indicate that both positive cooperative binding modek(= ~48 uM, K, =
EF-hands bind calcium in the EF-hand pair, whereas when~631 M,Kc = ~6.5 x 1) fitted equally well to the binding
expressed separately only the second EF-structure appeardata. Therefore, it was not possible to distinguish between
to be active. However, it should be noted that the low these two binding models. However, due to the large
stability and low concentration attainable of EF-I made disproportionation equilibrium constarkd), the sequential
interpretation difficult. Therefore, the lack of binding to EF-I and cooperative models do in fact describe the same type of
may be due to improper folding. binding.

The importance of interplay between the two EF-hands The best fit of the sequential binding model to our binding
within a pair has been shown for EF-structure-containing data occurred at dissociation constants-86 xM and ~48
proteins such as calbindin, calmodulin, and troponin C. The uM for the first and second EF-hands, respectively. These
presence of positive cooperativity has been reported forvalues are in reasonable agreement with binding data
calbindin (Linseet al, 1991) and calmodulin (Pedigo & obtained for the chicken and calf brain nonerythraidpec-
Shea, 1995) and a stepwise binding behavior for the trin isoforms (Lundberget al, 1992; Traveet al, 1995b),
regulatory domain of troponin C (L&t al, 1995). In this which is expected since the EF-hands in these two isoforms
study, we have again revealed the importance of cross-talkhave identical or nearly identical amino acid sequences.
between two EF-hands to obtain the calcium-binding proper- (C) Calcium-Binding Mechanism of EF-+ Il. The
ties of an EF-hand pair. relative proportions of the two extracted factors (hyperbolic

Calcium Binding to the EF-# Il Peptide. (A) Calcium and sigmoidal) for all titration curves are shown in Figure
Titration of EF-I+ Il in the Absence and Presence of MgCl 7. A comparison of the titration data for the two binding
We have used 20'(,'5N)-HSQC spectra to investigate the loops shows that only residues from the first EF-hand gave
binding of calcium ions to the two EF-hands in hunuei- rise to sigmoidal titration curves (residues 22, 33, 34, and
spectrin. From the calcium titration experiments, we were 36) whereas all residues in the second EF-hand that we were
able to extract 25 different titration curves corresponding to able to identify displayed a mixture of two effects. Because
different amino acids from both EF-structures as well as the of that, we found it reasonable to assume that the sigmoidal
linker region. Magnesium titration of EF4t 11 did not result curve showed the behavior of the first EF-hand (EF1), and,
in any similar chemical shift changes. Even though minor consequently, the hyperbolic titration curves displayed the
changes in the spectra were observed, they were smallcalcium-binding behavior of the second EF-hand (EF2). By
compared to the changes observed during calcium titration, correlating the shape of titration curve to the interactions
and no saturation point could be reached despite addingmade by the particular amino acids, we found that most
magnesium chloride up to 50 mM. Furthermore, the residues from EF1 that exhibit the hyperbolic type of titration
presence of 50 mM Mg@Uid not affect the calcium titration  curve are interacting with either the loop region or the helices
curves. The results show that although magnesium ions areof EF2. The consequence might be that those residues
interacting with the EF-#- Il peptide, the binding is clearly  respond to structural changes caused by calcium binding to
different from that of calcium ions and probably more EF2. For instance, the titration curve of Ser-36 was of the
unspecific. We have previously shown (Lundbegal., sigmoidal type, whereas those of Lys-35 and Cys-37 were
1992) that the presence of magnesium reduces the affinityhyperbolic (Figure 5). These residues are located in the
of spectrin for calcium about 3-fold. While not competing second helix of EF1, in which Lys-35 and Cys-37 are
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interacting with the EF2 residues Phe-57 and Tyr-77, forming thes-sheet of the EF-hands in the calcium-free form
respectively. In contrast, the Ser-36 residue is not interactingthan in the calcium-bound form. These interactions might
with any residue from the second EF-structure. Therefore provide another explanation for the suppressive effect the
it seems likely that the second EF-hand binds calcium first, calcium-free form of the second EF-hand appears to have
inducing conformational changes that render the first EF- on the first EF-hand. As EF2 binds calcium, the subsequent
hand capable of binding calcium. However, since all closing of the loop might result in a reduction flisheet
residues (with the exception of the linker residue Asp-44) contacts and thus a conformational change in the loop of
display titration curves containing contributions from both EF1. At this stage, it is not possible to determine whether
factors, we cannot at present exclude the possibility that EF1the 5-sheet contacts or the contacts between the helices are
binds first, as the structural study of Traee al. (1995a) most important. It is likely, however, that both types of
indicates. It may even be possible that both sites bind interactions are of importance, since as shown in Figure 7
calcium simultaneously and that the binding induces a both EF1 residues in thg-sheet (Asn-30) and-helical
immediate conformational change of EF2 whereas the residues (Lys-35, Cys-37) that interact with helices from EF2
changes in EF1 somehow are delayed. From the amino aciddisplay titration curves in which the main contributions come
sequence of the two EF-hands, it is not possible to explain from effects caused by the second EF-structure.
why the first EF-structure is more restricted in its calcium- (D) Physiological Significance of Calcium Binding to
binding activity since both are highly conserved (Kretsinger Spectrin. The calcium binding to spectrin is unusually low
et al, 1991). However, the solution structures of unbound for EF-hand proteins, and it has been questioned if the
and calcium-bound EF-H- Il reveal several noticeable binding is occurringn vivo (Linse & Forse, 1995; Chazin,
features of the two EF-hands. In the apo form, the binding 1995). In excitable cells, the calcium concentration has been
loop of EF2 appears to contain no internal interactions. In suggested to be much higher than was previously believed
contrast, in the calcium-bound form of EF2, the loop has (Clapham, 1995). Also, the calcium ions are not evenly
closed, and especially the edges of the loop are closerdistributed in the cell upon influx; instead, calcium sparks
together (the distance between the side chain oxygens of Asp-and waves are observed. It is therefore possible that, close
65 and Glu-76 is 10.8 A in the apoform, whereas in the to the plasma membrane of nerve cells, where spectrin is
calcium-bound form it is 4.0 A). The loop of the first EF-  concentrated, the calcium concentration may reach such
hand is more closed in the apo form. Specifically, two levels that a substantial fraction of the calcium-binding sites
interactions, the salt bridge between Lys-23 and Glu-33 andin spectrin are filled.
the hydrophobic interaction between Met-17 and Leu-41, are  Besides an indirect modulation by calcium through cal-
disrupted upon calcium binding and thus might be crucial modulin and calpain, which has been suggested to regulate
for the closed-to-open transition. The consequence of thethe stability of the spectrin-based membrane skeleton (Seu-
Lys-23/Glu-33 salt bridge is that the calcium-ligating aspar- pert et al, 1987; Harriset al, 1990), it is possible that
tate in the first position of the loop is pointing outward from  calcium can exert a direct effect through binding to the EF-
the loop, and should therefore be less accessible for ligatinghands. At present, we can only speculate on the function of
calcium. Our data show that the titration curves correspond-the EF-hands in spectrin. Since the calcium-binding sites
ing to Lys-23 and Met-17 are both hyperbolic, indicating are located opposite to the actin- and protein 4.1-binding
that these residues respond mainly to calcium binding to thesites ons-spectrin in the heterodimer, it is possible that the
second EF-structure. calcium-induced conformational change influences the as-
We therefore suggest that calcium binding to EF2 closes sociation of these proteins. It is also possible that calcium
the loop and thus reorients the EF2 helices from the almostpinding and the concomitant change in structure are trans-
parallel orientation observed in the apo form to the perpen- mitted to the linker region between the two EF-hands. This
dicular state seen in the calcium-bound form. The confor- region seems to be important for formation and stability of
mational changes in EF2 are then mediated to the helicesthe heterodimer (Viel & Branton, 1994). Another possibility
belonging to EF1, and as a consequence, interactions withinjs that upon massive calcium influx, calcium is bound to
EF1 are broken. The loop of the first EF-hand is now spectrin, and when the calcium signal diminishes, the calcium
allowed to reorient in order to obtain a more favorable jons slowly leak from the sites on spectrin. In such a case,
calcium-binding form. spectrin could function as a calcium buffer and would
It is obvious that our results do not support all features of therefore prolong the transient calcium signal, thus allowing
the “motor-transistor” model of Travet al. (1995a). Based  other calcium-binding proteins to stay activated even after
on structural analysis of the calcium-free and calcium-bound the calcium transient has disappeared.
forms, they proposed that the binding of calcium to EF1
induces conformational changes in this binding loop that are ACKNOWLEDGMENT
E;g&??%t:g etrc;tiflzzt.h ;nnzgsgmrré?l?lel\;vﬁ eFréa{s néggnzc?: ;2661 _We are grateful to Dr. .Walter Gratzer for very helpful
transistor, unable to generate movement but able to modulate?'scuss'pns' o Dr. Ann_ahsa Pastore and Dr. Gilles ‘_I'rave
the calcium affinity of both EF1 and EF2 through cooperative or shar'lng }helr data W|th.us, and to Dr. Paul G.elad| and
effects. Mr. E|g|| Dabakl_< for helping with fa_c:nor .gnglyss. The
The 5-sheet formed by a few residues located in the middle €chnical expertise of Mrs. Eva-Maj 'gglof is greatly
of each loop of the two EF-hands has previously been appreciated.
suggested to be important for the cross-talk between EF- APPENDIX
hands (Zhanget al, 1995). The residueresidue distance
plots of the calcium-free and calcium-bound forms of EF-I ~ Sequential Model.In this model, it is assumed that the
+ Il (Travé et al, 1995a) show that there are more contacts ligand binds in an ordered fashion:
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KI KII
P+ 2X =PX + X == XPX

The microscopic association constalitandK; are defined
by

_IPX]
' [PIIX]

_ xPx
[PX]IX]

The conservation of masses gives
[X]1otar = 2[XPX] + [PX] + [X]
[Pliotar = [XPX] + [PX] + [P]
where [X}ow and [Ploa denote the total concentrations of
ligand and protein, respectively. The fractional saturation

of the two sites is given by

_[PX] + [XPX]
! [P]total

_[XPX]
%2 [P]total

Using these equations, it is possible to expreesando, in

terms of the total concentrations of ligand and protein, and

the two association constants:

oy = {K/([Xioral = (@1 T 0)[Pligta) T KKy ([Xotal —
(o + a2)[P]total)2} K1+ K([Xiorad = (03 T 0)[Pliora) +
KiKi (X jotal — (0t + az)[P]total)Z}

o = {K|K ([Xoal — (0 + az)[P]total)z}/
{1+ KI([Xtotaﬂ - ((11 + az)[P]total) + KIKII([Xtotaﬂ -

(0 + 0)[Plo)}

To fit oy anda, to the experimentally determined fractional
saturation of binding, the variable parametérandK; were
varied to minimize the error of sum of squares given by

ESS= Zi(agalculated_ arlneasurejjz +
calculated__

((1 ameasurejiz
2 2
For this purposequ anda, were solved iteratively for each
titration point. The iterations were done in Microsoft Excel,
version 7, using the add-in tool Solver.

Two Independent Sites and CooperatModels. In these
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The microscopic association constarits,and K, are
defined as

_[PX]
' IPIIX]
_ [XP
" IPIX]

and the disproportionation equilibrium constagy, is defined
according to Weber (1975) as

_ XPX][P]

Ke= [PX][XP]

By definition, K. equals 1 when the two sites are independent
and thus shows no cooperativity.
Again, the conservation of masses yields

[X] ot = 2[XPX] + [PX] + [XP] + [X]
[Pliotar = [XPX] + [PX] + [XP] + [P]

In the two-site and cooperative models, the fractional
saturation is given by

_ [PX] + [XPX]

! [P]total
o = XP1+ [XPX]
2 [P]total

oy anda; can be expressed in [¥k [Plotar Ki, Ki, andKe
as

oy = {K([X] yota1 = (@1 + @) [Pligra) +
KKK (X] otar = (@ + az)[P]total)z} K1+ (K +K;) x
(IX] totar = (0 + 0)[Pligga) + KKKy (IX] 10 —
(0 + 0)[Plioea)}

o = {K; ([X] yota1 = (01 + 0)[Pligra) +
KKK (IX] ot — (0 + az)[P]total)z}/{ 1+ (K +K) x
(IXT ot = (01 + 0)[Pligra) + KKK ([X] oga —
(o + aZ)[P]total)z}

The functions were solved iteratively for each titration point
by adjusting the variable parametels, K, and K. to
minimize the error of the sum of squares. When the
experimental data were analyzed according to the two
independent site model, the disproportionation equilibrium
constantK., was set to 1.
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