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ABSTRACT: Calcium binding proteins carry out various signal transduction processes upon bindirfg.to Ca
In general, these proteins perform their functions in a high background &f.Migre, we report the role

of Mg2*™ on a calcium sensor protein froBntamoeba histolyticéeEhCaBP), containing four Ca-binding
sites. M@"-boundEhCaBP exists as a monomer with a conformation different from that of the holo- and
apoEhCaBP. NMR and biophysical data dahCaBP demonstrate that Mg stabilizes the closed
conformation of the apo form. In the presence of4¥dghe partially collapsed apgBhCaBP gains stability
and structural integrity. Mg binds to only 3 out of 4 calcium binding sitesi#hCaBP. The C& binding
affinity and cooperativity of the conformational switching from the “closed” to the “open” state is
significantly modulated by the presence of MgThis fine-tuning of the C& concentration to switch its
conformation is essential for CaBPs to carry out the signal transduction process efficiently.

Calcium plays a vital role in cellular signal transduction. The EF-hand binds to €& (ionic radius 1.00 A) in
The signaling is carried out by ATP-driven €gpumps, ion pentagonal bipyramidal geometry with a coordination number
channels, and calcium binding proteins (CaBPs). The signal-of seven while in binding to Mg (ionic radius 0.72 A) an
ing by CaBPs is carried out during the transient cytosolic octahedral geometry with a coordination number of six is

increase in CH concentration which varies from nM (in
the resting cell) touM range (stimulated cell)1). The
mechanism of interaction of €a with CaBPs helps in

understanding the signal transduction within a cell. CaBPs

usually bind Ca" via well-known EF-hand motifZ), also
known as the helixloop—helix motif. EF-hand CaBPs (EF-

preferred due to its smaller ionic siz®).(C&"—ligand bond
distances are typically 2.3-2.6 A, whereas3¥tgligand bond
length are relatively shorter (2.0-2.1 A)Q).

In EF-CaBPs, the Ca binding loop is a highly conserved
single stretch of twelve amino acid residues (Scheme 1). The
Glu residue at the-12th position plays a vital role in C&

CaBP) can be broadly classified into two subgroups, which Mg?* selectivity (L1). This residue uses both the side-chain
are identified as Cd& dependent regulatory proteins (such carboxyl oxygens in its coordination with €aand forms a

as calmodulin (CaM) and troponin-C (TnC)) and as cytosolic bidentate ligand. E12D mutation is known to destabilize the
buffers (such as &-calbindin) @, 4). The proteins belonging  pentagonal bipyramidal geometry of the?Cainding site

to the first group undergo major conformational change upon (12). The Asp with its relatively shorter side chain, however,
C&" binding 3—8), exposing hydrophobic surface to interact participates in C& coordination as a monodentate ligand.
with target proteins. As far as the second group is concerned,This results in an octahedral geometry at the metal binding

the conformational changes upon?Cainding are more
modest compared to those observed if'Gaensor class.

site and facilitates Mg binding even more strongly than
C&" (13, 14). Recently several CaBPs have been shown to

In living cells, all the essential activities of the EF-CaBPs adopt a partially collapsed or molten globular like structure

are carried out in the background of 000000 folds of
higher cytosolic M§" concentration compared to €a(1).

in their C&"-free form (4—17), and Mg" is shown to
stabilize these proteins in their €afree form (L4—16, 18).

Hence, to gain information about the EF-CaBPs under However, the mechanism by which such stabilization is

physiological conditions it is important to study €a
interaction with EF-CaBPs in the presence of large*Mg
concentration. The dehydration energy forW¢—436 kcal
mol™) is higher than that of Ca (—358 kcal mot?) due to

achieved is not very clear. In the present study, we have
attempted to address the role of Mdn the stabilization of

an EF-CaBP fronfEntamoeba histolytic€EhCaBF), which
belongs to the calcium sensor family. The protein has a well

the former’s higher charge density. For the same reason,folded structure in its holo state (PDB ID: 1JFK)9 but

Mg?" has a 18times slower desolvation rate than®C#9).

T The facilities provided by the National Facility for High Field NMR,
at TIFR, supported by DST, DBT, CSIR, and TIFR, are gratefully
acknowledged. S.M. and P.M.K.M. are recipients of the TIFR Alumni
Association Scholarship (2062005) for career development, sup-
ported by the TIFR endowment fund.

a partially collapsed structure in its apo stat®)( It is a
134 amino acid residué’ ~ 14.9 kDa) monomeric protein

1 Abbreviations: NMR, nuclear magnetic resonance; ITC, isothern-
mal calorimetry; HSQC, heteronuclear single quantum coherence;
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containing four canonical EF-hand €abinding loops.
Calcium is thought to be involved in the pathogenic

mechanisms of amoebiasis and the mechanisms governin%lnol the u

pathogenesis. The structural topologyetiCaBP resembles
that of CaM and TnCEhCaBP basically consists of two

globular domains connected by a flexible 8 amino acid
residue linker. The present study provides a rationale for the

fine conformational tuning of the calcium sensor protein in
the presence of Mg in order to carry out various signal
transduction processes.

MATERIALS AND METHODS

Protein Expression and Purificatiomhe protocol used
for overexpression and purification &hCaBP in its C&'-
bound and C#-free forms is as described earlier7( 19,
20).

Gel PermeationProtein samples (300L of 39 uM) in
50 mM TrisHCI buffer, 100 mM NaCl, pH 7.4, in the
presence of 0.5 mM EGTA (apgBhCaBP) and 10 mM Cd
(holo-EhCaBP), 30 mM M§" (apoEhCaBP), were loaded

Mukherjee et al.

were obtained directly from the fitting procedures. The data
were normalized according to

_ (Yo = Y\)

= —_
P (Yo~ Yo)

(2)

Yy and Yy hence correspond to the ellipticity of the native

nfolded state, respectively, as a function of GdmCI
concentration and fitted to
e (AGnu(H20)—mp[D])/RT

app: 1 + e*(AGNu(Hzo)*nb[D])/RT

3)

whereAGny(H20) is the unfolding free energy in pure water,
mp is the influence of denaturant concentration on the
stability, R is the molar gas constant, aids the absolute
temperature.

Fluorescence Spectroscophhe 8-anilino-1-naphthalene
sulfonic acid (ANS)-binding experiments were performed
on a spectrofluorimeter (SPEX Fluorolog) at 25 using 1
mL of 10.35uM of apo-EhCaBP in 50 mM Tris and 100
mM NaCl with excitation and emission slits of 0.7 nm. The
ANS fluorescence emission spectra were recorded between
400 and 600 nm with excitation at 389 nm. The protein was
saturated with 11xM ANS. Two different C&" titrations
were carried out, one in the presence of 90 mM NaCl and

on a Superdex G-75 gel permeation column (120 mL bed the second in the presence of 30 mM MgQC&" was
volume), equilibrated in the same buffer and connected to Successively added to the ANS containing protein solution,
the low-pressure liquid chromatography system (Biorad). The bY taking 1uL aliquots of CaCl, from a 1 mM stock

flow rate for the experiment was 0.3 mL/min. Apparent
molecular masses were calculated as described edliier (

Circular Dichroism.Thermal stability was determined by
monitoring the molar ellipticity at 222 nm as a function of
temperature, at i1C intervals, on a JASCO J-810 spectropo-

larimeter equipped with Peltier controlled temperature con-
troller and 0.1 cm path length cuvettes. Protein concentration

was 36uM (50 mM Tris'HCI buffer, 90 mM NacCl in the
case of apd&=hCaBP and hold=hCaBP, 30 mM Mgdl in
the case of Mg=hCaBP) at pH 7.4.

The stabilities of all the three forms were also studied

against chemical denaturants like GdmCI. A® protein

solution, and the fluorescence emission was recorded. Spectra
were corrected for ANS fluorescence in buffer without the
protein. The normalized intensity at 476 n¥j) (vas fitted

to the Hill equation (eq 4),

[C a2+] n

=—— 4
[Ca™] + Ky )
where [C&'] is the free C&" concentration,Ky is the
apparent dissociation constant, anddenotes the Hill
coefficient.
Isothermal Calorimetry.ITC measurements were per-
formed with a Microcal Omega titration calorimeter at 298

samples were used for holo, apo, and Mg-bound forms of K. Samples were centrifuged and degassed prior to the

EhCaBP (50 mM TrisHCI buffer, 90 mM NacCl in the case
of apoEhCaBP and hold&zhCaBP, 30 mM MgClin the case
of Mg-EhCaBP) at pH 7.4. The GdmCI induced unfolding

titration. A typical titration consisted of injecting L
aliquots of 10 mM C#&" solution (diluted fran 1 M standard
CaCl solution supplied from Sigma-Aldrich chemicals) into

of EnCaBP was analyzed and fitted to the linear extrapolation 145u4M protein solution (1.4 mL) after every 3 min to ensure

model with an assumption of two-state unfoldirf); The
baselines beforev()) and after ¥y) the actual unfolding were
assumed to be straight lines, whégeandky are the slopes,

that the titration peak returned to the baseline prior to the
next injection. A total of 45 injections were carried out.
Aliquots of concentrated ligand solution were injected into

by andby are intercepts, and [D] is the denaturant concentra- the buffer solution (without the protein) in a separate ITC

tion. The free energy toward unfolding by Gdm@IGyy,
is assumed to obey the linear equation

AGy, = AGyy(H,0) — mp[D] 1)

The GdmCI concentration at the transition midpoi@,)
was calculated from eq 1 by settingsyy to zero. The errors

run, to subtract the heat of dilution. Two sets of titrations
were carried out, (i) ap&hCaBP in 50 mM Tris (pH 7.0)
and 90 mM NacCl and (ii) ap&hCaBP in 50 mM Tris (pH
7.0) and 30 mM MgGl Mg?* titration was carried out using
850 uM of apo protein (stock concentration of Ffgused
100 mM) in 50 mM Tris (pH 7.4) and 90 mM NaCl. The
ITC data were analyzed using the software ORIGIN (supplied
with Omega Microcalorimeter). The amount of heat released

in the reported values of the different parameters were per addition of the titrant was fitted to four sequential binding
estimated to one standard deviation. The standard deviationsites on the protein as given by Wisemen et 22) (
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Ficure 1: (A) Gel filtration elution profiles of apo-, holo-, and MghCaBP. (B) Thermal denaturation in the range-85 °C, at an
interval of 1°C. (C) GdmCI denaturation (at 28C) of apo-, Mg-, and hol&zhCaBP as monitored by CD at 222 nm. (D) Histogram
showing theAG (shown in black) anan values (shown in gray) for the three different formsEffCaBP.

NMR SpectroscopyNMR experiments were carried out
on a Varian Inova 600 MHz NMR spectrometer equipped
with a pulsed field gradient unit and triple resonance probe
with actively shielded Z-gradient, operating dtafrequency
of 599.862 MHz. Sensitivity enhanced 2EPNI—'H] het-
eronuclear single quantum correlation (HSQEZ3)(spectra
of the protein sample (pH 7.4 and temperatere25 °C)
were recorded with théH carrier placed on kD resonance
(4.78 ppm) and!®N carrier at 123.8 ppm. Spectra were
processed using the VNMR 6.1B (Varian) and Felix 2002
(Molecular Simulations Inc.). The 2BN—H] HSQC data
were zero filled 2-fold along thg dimension and apodized
using r/3 shifted sine-square-bell window functions along
both the dimensions prior to 2D Fourier transformation.
Integral volumes for the individudPN—H cross peaks in
the resultant spectra were measured using Felix 2002.

Hydrogen exchange experiments were carried out on Mg-
EhCaBP as described earlierq) with time intervals of 45,

the 2H,0 pulse and the Ca pulse.

Ca* titration was carried out with standard 100 mM CaCl
(Fluka). The protein concentration was 1.2 mM in 50 mM
Tris (pH = 7.4), 90 mM ionic strength (90 mM NacCl and
30 mM MgChk in the presence and in the absence ofNg
respectively). For each titration, an aliquot ofulL of the
stock solution was added to the NMR tube containing the
protein solution, mixed and followed by recording 2BN—
1H] HSQC at 25°C. The total experimental time for each

Mn?2* titration was carried out with the holehCaBP. A
stock solution of 10 mM MnGlwas used for this purpose.
Excess of C& in the protein sample was removed using a
3 kDa cutoff Amicon centricon unit, by washing protein
solution six times with NMR buffer (50 mM Tri¢- 0.1 M
NaCl + 30 mM MgCh) containing 10%¢#H,0 and pH 7.4.
To maintain C&" concentration below saturation0.5 mM
EGTA was added to the final protein. Estimated protein
concentration was 0.9 mM. Titrations were performed at
25 °C with 0.55 mL of protein samples (pH 7.4) in a mixed
solvent of 90% HO and 10%¢H,0. No further titration was
carried out when the water line-shape started showing up
broadening due to the paramagneticaVin

RESULTS

Mg-EhCaBP Exists as Monometigure 1A shows the gel
filtration elution profiles of holo-, apo-, and MghCaBP.
The elution volume is distinctly different in the case of Mg-
EhCaBP from those of the apo and holo forms of the protein.

Mhe apparent molecular mass of NEpCaBP thus calculated

is 18.24+ 0.1 kDa. The theoretical relative molecular mass
of EhCaBP is 14.9 kDa. The molecular mass obtained for
Mg-EhCaBP is in between the molecular masses for holo-
EhCaBP (16.84+ 0.1 kDa) and apd&hCaBP (21.7+ 0.1
kDa), which were reported earliel7). The present data
clearly suggest that MghCaBP exists as a monomer. Thus
the differences in the elution volume of MgCaBP from
that of the apo and holo forms clearly suggest that Mg-
EhCaBP adopts a conformation which is different from that

spectrum was 20 min, and the total volume added was 300f holo and apo forms of the protei24). To rule out any
uL. HSQC spectra were processed with identical processing possibility of formation of higher oligomers, we have carried

parameters.

out dynamic light scattering (DLS) experiments with all the
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FIGURE 2: 2D ['*>N—!H] HSQC of MgEhCaBP. Square box
identifies the peaks belonging to the glycines at the 6th position
(G-6) of the EF-hands labeled as G1, G2, and G3.

three forms at NMR sample concentrations (data not shown).

Both DLS and gel permeation chromatography data reveal
that the protein exists as a monomer in all the three forms
even at concentrations as high as 1.2 mM.

Thermal and Chemical Denaturation of EnCaBmermal
unfolding monitored by CD reveals relatively higher stability
for the Mg-EhCaBP as compared to afhiCaBP (Figure
1B). Holo-EEhCaBP on the other hand is found to be the most
stable form and did not show any significant unfolding even
at temperatures as high as 95. The unfolding transition
of the apoEhCaBP, MgEhCaBP, and hol&zhCaBP by
GdmCl was also monitored using CD at 222 nm (Figure 1C).
Both thermal and chemical denaturation experiments with
all the three forms oEhCaBP were carried out by keeping
the ionic strengths constant (90 mM NacCl in apo- and holo-
EhCaBP, 30 mM Mgd in Mg-EhCaBP) and the holo-
EhCaBP is saturated with €aby the addition of 5 mM
CacCl to the protein. The denaturant concentration at which
half the protein is unfoldeddy) is found to be 1.5, 1.9, and
5.6 M for apo-, Mg-bound, and holehCaBP, respectively.
The free energy difference and tihe values obtained by
fitting the chemical denaturation curve to a two state model
as discussed in Materials and Methods are shown in
Figure 1D.

2D [**N—H] HSQC of Mg-EhCaBPFigure 2 shows 2D
[**N—1H] HSQC of MgEhCaBP. The number of peaks
observed in the!fN—'H] HSQC of Mg-EhCaBP is around
75, which is significantly less than the expected (134
residues). Further, the peaks are bro2sH27) due to line
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Ficure 3: Calorimetric titration of 3L aliquots of 200 mM MgCJ
solution into 850uM Ca?*-free EnCaBP at 298 K. Plot of kcal/
mol of heat absorbed/released per injection of Mgl a function

of metal:protein ratio at 298 K is also shown. The best least-squares
fit of the data to three site sequential binding model is given by
the solid line.

one-third of the expected peak$7j. The HSQC of Mg-
EhCaBP on the other hand displays relatively sharper peaks
(compared to that of the apo form) but significantly broader
when compared with those of hoEEhkCaBP, and hence, no
resonance assignments were possible. For compari&dnr; [
IH] HSQC of all the three forms (apghCaBP, MgEhCaBP,
and holoEhCaBP) are shown in the Supporting Information
(Figure S1). Expectedly, addition of &an the presence or
absence of Mg transforms the protein into its holo form
and the HSQC recorded with such a sample is identical to
the one previously recorded with the hdCaBP. This
suggests thaEhCaBP attains the same conformation after
binding to C&" both in the presence and in the absence of
Mg?*. This conclusion is also supported by the gel perme-
ation chromatography and ANS binding studies.

EhCaBP has Three Mg Binding Sites.Isothermal
calorimetric titrations were carried out (at 298 K) to find
out the number of M binding sites inEhCaBP. The ITC

broadening effects because of the constrained conformationablata suggests that My binds toEhCaBP very weakly in

exchange that the protein undergoes in itMgound form
in the us to ms time scale2@, 29). Moreover, variable

the millimolar range. Moreover, binding of Mgto EnCaBP
is entropically driven (Figure 3). ITC data could be fitted to

intensities of peaks observed support the presence of severah sequential 3 site model, which is consistent with the NMR

conformationally exchangeable species inglkdo ms time
scale.

Earlier the [°N—'H] HSQC of apoEhCaBP has been
shown to have a narrow dispersion in the backb&r#
chemical shifts (7.268.75 ppm), and it accounted only for

data discussed below. The thermodynamic parameters thus
obtained are given in Table 1. The total free energy of Mg
binding thus obtained at 298 K is11.54 0.1 kcal mot™.

C&" Titration of EhCaBP in the Presence of kg To
study the influence of Mg on the equilibrium folding
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Table 1: Summary of Macroscopic Binding Constants and It is clear from Figure 4B that the G122 of site IV is the

Thermodynamic Parameters Obtained from the?MBinding last one to be filled by Ca, after the M@" displacement
Isotherm ofEhCaBP at 298 K by C&* from sites I, II, and IIl. Incidentally, it is the most
macroscopic binding constants ~ AH TAS specific site for C#.
MY (kcal/mol)  (kcal/mol) Further, to establish that it is indeed sites I, II, and IlI
K, 1.4E3+ 4E2 27+01 6.9 that bind Mg, titrations were carried out with the para-
K; 1.5E3+ 3E2 0.5+0.1 4.9 magnetic MiA* (30) as mentioned in Materials and Methods.
Ks 1.4E24 4 44+01 7.3 Paramagnetic Mt has an ionic radius of 0.74 A, close to

that of Mg?*, and both these ions are known to prefer
pathway ofEhCaBP, from apdhCaBP to holoEhCaBP, octahedral geometry with a coordination number38)(
Ca* titration of apoEhCaBP was carried out in the presence When a small amount of M was added to [CGd]s
of Mg?*, and was compared with that in its absence by EhCaBP, in the presence Mg it is observed that G51
monitoring changes in thé®N—'H] HSQC. During the entire  broaden out first, followed by G15 and G90 (Figure 5). No
course of titration, no transient aggregation was observedobservable changes were noticed in the case of G122
as monitored using DLS experiments by similar titrations belonging to the fourth site. These observations taken
(data not shown), and the sample was found to be solubletogether reveal that Mg binds to the first three sites
and stable during the course of titration. At the end of the (namely, I, I, and IlI) out of four EF-hands present. The
titration, the change in pH was less than 0.1 unit. During fourth site is known to be highly specific to &a
C&* titration, several new peaks corresponding to the amide Hydrogen Exchange of Backbohd" in Mg-EhCaBP The
residues of the holo form started appearing in the HSQC, [*H—2H] exchange of backbon&N for Mg-EhCaBP has
with a concomitant decrease in the intensity of of original been monitored indirectly by transforming it into its holo
peaks corresponding to the MéRCaBP. The transformation  form with a sudden addition of €a (17). In the presence
that the protein thus undergoes upon addition of'Ga a of Mg?*, deuterium exchange shows that all tAeN[-H]
slow exchange process in the NMR time scale. peaks disappear within a span of 2 h. To recall, in
The backbonéHN of highly homologous Gly residues at apoEhCaBP, all the peaks disappeared within 15 min at
the 6th position (Gly-6; G15, G51, G90, and G122) of the 25 °C (17). Residues protected at different time points are
four C&*-binding loops (Scheme 1) exhibit a characteristic shown in Figure 6A. To quantify théHi—2H] exchange rates
downfield shift in the metal-bound form (holo) of the protein. (kex) of individual *HN spins in MgEhCaBP, we monitored
Thus, the corresponding®N—*HV] peaks of these Gly-6 in  their resonance decays, and the corresponding protection
the ['>N—'H] HSQC appear in the least-crowded region and factors (PF) were measured. Thé\ PF values (Figure 6B)
play the role of a hinge during the conformational switching for Mg-EhCaBP, though higher compared to those observed
from apo to holo forms9). Hence, these'iN—'H"] peaks in apoEhCaBP, are found to be much smaller compared to
act as good markers as described earllg).( holo-EhCaBP (7). Further, unlike apd&=hCaBP, both do-
The [°N—1H] HSQC of MgEhCaBP (Figure 2) shows mains in MgEhCaBP show comparable protection for
three [°N—!HVN] peaks in the region expected from the individual*HN. Closer examination of Figure 6B reveals that
amide-pair PN—!H] belonging to the Gly-6 residues, the!HN of residues belonging to the antiparalfiebheets in
supporting that the MY binds to only three sites. These both the domains are protected.
peaks gradually disappear upor?Ctitration with concomi- Energetics of C& Binding in Presence and Absence of
tant appearance of new cross peaks, which are representativilg?*. The intrinsic metal ion binding to proteins is entropi-
of [Ca?*]-bound state of the protein [CBhCaBP]. Figure cally driven AH > 0) due to high dehydration enthalpy of
4A and Figure 4B show the plots of normalizé@N—H] divalent metal ions32). However, owing to various ther-
peak volumes corresponding to the three Gly-6 of Mg- modynamically coupled processes, the apparent metal ion
EhCaBP and four Gly-6 of C&hCaBP, respectively, as a binding can become enthalpy driven. One such thermody-
function of metal (C#&"):protein ratio. As seen in Figure 4A, namically coupled process is the conformational change that
the three Gly-6 peaks of MGhCaBP disappear precisely at a protein might undergo on metal ion binding3(. Ca&"
a stoichiometric metal (C&):protein ratio of 3.0, supporting  sensor proteins are known to undergo huge conformational
the 3 site model described above for Mdinding. On the change upon Ca binding, and hence the overall €a
other hand, as seen in Figure 4B, it is observed that G51binding process should be enthalpy driven and can be
and G90 start appearing simultaneously around a metal:explained as follows. The €ahinding to a C&" binding
protein ratio of 1:1. This is followed with the appearance of site is primarily a combination of G& desolvation AHping
G15 and G122, beyond a metal:protein ratio of 2:1 and 2.6: and AS;ing) and conformational chang@Hgons and AS.ony)
1, respectively. To recall, in the absence of W{17), first that the site has to undergo after binding t¢'Cand further
there was the gradual appearance of a cross peak belonginghe AHying can be approximated to zerbg, 33). Hence, the
to only G51 (site 11). Beyond the Caprotein ratio of 1.5: AH measured from the €& binding to the protein site
1, G90, G15, and G122 started appearing almost together primarily correspond to the other thermodynamically coupled

This implies that, in the absence of ftg C&" binds first processes like conformational readjustment that the protein
to the N-terminal domain alone, specifically to site IIl. This has to undergo on binding to &a In the case oEhCaBP
is followed by sites Ill, I, and IV filling up almost together the conformational changes that the protein undergoes on

(17). In the presence of Mg, sites in both domains, i.e., binding to C&" leads to exposure of hydrophobic surface
N-terminal (site 1l) and C-terminal (site 1l1), bind to calcium  to the solvent (see below). Indeed, this is not an energetically
simultaneously, suggesting a more cooperative folding of favorable process. However, €abinding leads to gaining
EhCaBP toward its holo state. of free energy which can help the protein to overcome the
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FicurRe 4: (A) Plots of normalized'PN—!H] peak volumes corresponding to the amino acid residues at G-6 of three calcium binding loops
of Mg-EhCaBP (see Figure 2), as a function of metal{Qaprotein ratio. (B) Plots of normalized®N—H] peak volumes corresponding

to the amino acid residues at G-6 (G15, G51, G90, and G122) of all the féurh@aling loops of MgeEhCaBP, as a function of metal
(Ca*):protein ratio.

Mn® free G122 | [20mM Mn™ G2 | n %% The binding parameters thus obtained are given in
¥ Table 2.
i S In the absence of Mg, the data reveals that three sites
. 2 bind C&" in an exothermic manner and one site in an
G15 G15 - . 5
G51 Goo @ | G51 Goo o endothermic manner. In the presence of?Vgll the four
[ IBCR = g sites exhibit exothermic process (Table 2) and thé"Ca
s binding isotherm shows a distinct biphasic nature (Figure
: —— - — £ 7B). This could possibly be due to the combined effect of
22mMMn™ - Gl22g | [2.4mM Mn™ G122 g S exgthermic natu?e andyweak Tabinding affinity of the
= fourth C&* binding site. In the absence of Mgtoo, we
B s notice that the fourth site is the weakest metal binding site,
Gls Gl5 ~ though this site still exhibits endothermic nature similar to
G51 99 o B Goo - @ the rest of the sites in the protein. The initial phase of'Ca
© 0 0 - binding in both the presence and the absence of"Mg
T T T T highly exothermic, indicating a high conformational change
108 105 102 - (pp::)'s 105 102 that the protein has to undergo upon initial?Céinding.

. _ The exothermic nature in the initial phase is noticeably high
Ficure 5: Selected region of 20N—'H] HSQC recorded during

the Mr?* titration of ENCaBP showing G15, G51, G90, and G122 in the presence of Mg as compared to that in its absence.
peaks at different MRt concentrations. This might be due to higher degree of conformational change

that the protein possibly might be undergoing in the presence
energy barrier of the energetically expensive conformational of Mg?* as compared to that in its absence. Based on thermal/
change. In the present case, this is experimentally observedcchemical denaturation and nHX studies we notice that'Mg
by ITC (Figure 7). As seen in Figure 7, however, the¢Ca EhCaBP is more structured as compared to its apo form.
binding isotherms in the absence and the presence 8f Mg Hence, it is possible that the MigEhCaBP has to undergo
are significantly different. The data in both the cases could higher conformational change as compared to BpéaBP
be fitted to 4 site sequential binding model with the lowest (17).
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FiIGURE 6: (A) Qualitative analysis of théH,O exchange experiment of MghCaBP; the amino acid residues with intdefN are shown

in black with a gray background, and those which exchanged fast are shown in gray. (B) Histogram showing the distribution of protection
factors (PFs) from amide hydrogen exchange of Bf§saBP. The PFs are plotted on a logarithmic scale. The secondary structural elements
are shown schematically above the plots.

(B) whereK;, K, K3, andK, are the ITC derived macroscopic

(A) Time (min) Time (min)
0 20 40 60 80 100 120 0 20 40 6 80 100 120 binding constants34). The AGy, of C&* binding thus
of T T T T rr- T T T T obtained at 298 K in the presence and absence &f Mg
—28.9 4+ 0.1 and—30.0 &+ 0.1 kcal mof? respectively.

“ B Although theAGy measured in the presence and absence
L --10 of Mg?" are almost similar, it is worthwhile to note that in
§ -124 15 the presence of Mg a free energy of 11.5: 0.1 kcal mot*

164 0 has been spent by the system to displace the bourtd.Mg

0 ;,,—- Lo C&" Binding to EhCaBP Is More Cooperat in the
| , Presence of M&j. ANS fluorescence is strongly dependent
.2_ 1 ’,# = on the local environment. As seen in Figure 8A, the emission
5 r 10 of ANS is weak in water with a maximum at 515 nm. Apo-
E /"' g EhCaBP, MgEhCaBP, and hol&=hCaBP bind to ANS and
312 by -15 result in significant enhancement in the fluorescence associ-
= T T e S T I S ated with large blue shifts of 39, 32, and 43 nm, respectively.

Ca?* : Protein ratio

FiGure 7: Calorimetric titration of 3L aliquots of 10 mM CaGl

solution into 0.145 mM CH-free EhCaBP at 298 K (A) in the
absence and (B) in the presence ofaWgPlots of kcal/mol of heat
absorbed/released per injection of Ca@s$ a function of metal:
protein ratio at 298 K in the absence and in the presence 8f Mg
are also shown. The best least-squares fit of the data to four siteburied hydrophobic patches) compared to that in its apo form.
sequential binding model is given by the solid line.

The apparent total free energy of all the?Cainding
processes in both the presence and the absence®fiége

calculated as follows:

AGtotal =

—RTIN(K,KKK,)

(%)

This data suggests significant exposure of hydrophobic
pockets in apd=hCaBP, which is about 4-fold smaller
compared to those in holBhCaBP. Interestingly, the ANS
fluorescence for ap&hCaBP is around 1.5-fold higher
compared to that of MgzhCaBP. This data establishes that
Mg-EhCaBP adopts relatively momtosed conformatiofi.e.,

These observations taken together reveal that the binding of
Mg?" stabilizes theclosed conformatiorof the C&"-free
form of EnCaBP.

Figure 8B shows CA titration of apoEhCaBP in the
presence and the absence of¥igrhe raw data correspond-
ing to these titrations are shown in the Supporting Informa-
tion (Figure 2S). It is evident from Figure 8B that the’Ga
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Table 2: Summary of Macroscopic Binding Constants and Thermodynamic Parameters Obtained froft Bieddag Isotherm ofEhCaBP

in the Absence and in the Presence of?Mgt 298 K

macroscopic binding constants
(M)

AH
(kcal/mol)

TAS
(kcal/mol)

absence of Mg presence of Mg absence of MY

presence of Mg absence of Mg presence of Mg

K1 7.5E4+ 1E3 1.8E6+ 4E4
4E6+ 6E4 2.AE5t+ 1E4
1.2E4+ 3E2 7.5E5+ 3E4

2.8E6+ 6E4 5.1E3+ 2E2

—11.2+0.8
—13.8+£05
—35.0+1.3

16.2+-1.2

Kz
Ky

—19.9+1.1
—15.4+0.6

—8.5+0.1
—145+0.2

—4.5
—4.8
—29.4
24.9

—-11.4
5.8
—0.5
—9.4

1000 holo (472 nm)

A
holo +Mg** (473 nm)

800 ~

600 —

400 ~

200 —

Normalised Intensity

—— At e
T

500
Wavelength (nm)

550 600

o
=
w

1.00

w[Ca™] (M)
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=
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[Ca®] (uMT)

0.50 -

Normalised 1 476

0.25 -
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Ficure 8: (A) ANS fluorescence emission spectra of dffi=aBP,
Mg-EhCaBP, and hold=hCaBP with excitation at 389 nm. (B)
Ca*-induced conformational change in ANS fluorescence emission
during C&™ titration of ANS saturated apBhCaBP (open circle)
and MgEhCaBP (filled circle), measured at 472 nm with excitation
at 389 nm. The Hill equation (solid line) was fitted to a semiloga-
rithmic plot of the normalized intensity. Positive cooperativity

between sites is shown in the inset by the upward curved Scatchard

plot; v is the fraction of total number of sites that are bound.

free form of the protein responds to noticeably lower
concentration of Cd in the presence of Mg than in its

to C&" (Figure 8B inset). It is worthwhile to note that the
window of C&" concentration in whickEhCaBP responds
and undergoes conformational change required for its
functioning is smaller in the presence of Mgthan in its
absence. This is very important for the functioning of
EhCaBP as a signaling protein. Moreover, the extent of
hydrophobic patch exposed on binding to?Ceemains the
same in the presence and the absence &f Mg the intensity

of fluorescence signal due to ANS binding in both cases
superimposes (Figure 8A) suggesting that the EGaBP

has identical structure both in the presence and in the absence
of Mg?*.

DISCUSSION

Stability and Structural Integrity of Mg-EhCaBRpo-
EhCaBP binds Mg" and exists in a monomeric form. Mg-
EhCaBP is found to possess a globular volume which is
intermediate between that of apo and holo forms. Unlike the
holo-EhCaBP, MgEhCaBP is highly sensitive to temperature
and GdmCI concentrations. However, it is comparatively
more stable than the agehCaBP. This reveals that My
imparts a significant amount of stability to ahCaBP
against thermal as well as chemical denaturation. Moreover,
it is apparent from the denaturation studies that unfolding
of Mg-EhCaBP is more cooperative than apb€aBP as
revealed by the sharp transition observed in both thermal
and chemical denaturation data (Figure 1B and 1C). From
Figure 1D it is evident that the holo form has the highest
energy of unfolding AG,) followed by Mg-EhCaBP, which
in turn is followed by the apo form suggesting that Mg-
EhCaBP has intermediate stability compared to that of holo
and apo forms ofEhCaBP. Them value, which is the
measure of the dependence of the protein stability on the
denaturant concentration, of the three forms in the increasing
order is given as

Mg-EhCaBP> apoEhCaBP> holo-EhCaBP

The [GdmCI] dependence or thevalue for MgEhCaBP
is the highest indicating a more cooperative nature of
unfolding for MgEEhCaBP as compared to both the other

absence. This suggests a higher cooperativity for exposureforms. This is also evident from the sigmoidal nature of the

of hydrophobic core due to €abinding in the presence of
Mg?t. We calculated the Hill coefficients for the €a
titration both in the presence and in the absence of'Mg
Hill coefficients for apoEhCaBP (1.44+ 0.07) and Mg-
EhCaBP (1.68+ 0.06) suggest that the conformational
changes on binding to €aare positively cooperative in both
forms. This was shown by the upward curvature of the

chemical denaturation curve (Figure 1C) which is steepest
in the case of Mg=hCaBP. In fact, in the thermal unfolding
study (Figure 1B) too, we have observed a similar type of
behavior, i.e., a sigmoid-like sudden increase in the unfolding
beyond 80°C, which was not in the case of the apo form.
Hence both the denaturation studies establish that the Mg-
EhCaBP unfolds in a cooperative manner. In fact the thermal

Scatchard plot (Figure 8B, inset). The more curved nature and denaturation profiles dflereis Sarcoplasmin calcium

of the Scatchard plot seen in the presence of'Mgdicates
higher cooperativity of conformational change upon binding

binding protein (NSCP), a calcium buffer reported earlier
(24) in its apo, Mg-bound, and holo forms suggested a similar
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type of stability and cooperativity as reported here in the
case ofEhCaBP.

The stability and structural integrity of MGhCaBP is
reflected in the observed PFs in MghCaBP (Figure 5B),

which are higher compared to those observed in apo-

EhCaBP. Both domains have similar PFs in My§CaBP
(Figure 5B) unlike those observed in aghCaBP, wherein

Biochemistry, Vol. 46, No. 12, 20083843

The mechanism of stabilization of tielosed conformation
can be explained satisfactorily by the recently proposed EF-
hand -scaffold model (EFBS model) which explains the
mechanism of Ca binding to the EF-hand4@). According
to this model, C&" binds initially to the N-terminal stretch
of the EF-loop, establishing a rigid link between the E-helix
and the EB-scaffold, which comprises the bond network

the C-terminal domain is found to be more protected than involving the carbonyl oxygen of the-7 residue ¢Y

the N-terminal counterpartl{). However, absolute values

position, see Scheme 1) in the EF-loop and the two hydrogen

of PFs are substantially smaller compared to the correspond-bonds of thet+8 residue (a hydrophobic residue and which

ing values observed in holBhCaBP. This hints at the

weakening of hydrogen bonds and/or hydrophobic interac-

tions in Mg-EhCaBP compared to holBhCaBP. However,
HX studies reveal that Md-binding to both the EF-hands

is a part of the small antiparallgf-strand). Next, the
backbone torsional flexibility in the Efscaffold enables
the F-helix to change its orientation so that the bidentate
Glu ligand in the+12th position can move into appropriate

in the N-terminal domain imparts a considerable amount of C&" coordinating position. In this model, the variable

protection to the backboriiN present therein. This results
in increased structural stability of the protein in Meghound
form. Surprisingly, the IV EF-hand which does not bind

N-terminal stretch of the EF-loop immobilizes the?Cand
positions it for the interaction with the last ligand, while the
precise movement of the C-terminal strech drives the

Mg?* attains comparable protection, due to the stabilization conformational change.

of the tertiary fold of C-terminal domain via antiparallel
B-sheet formation as site-1ll bind Mg (35).
Further, the observed cooperativity in chemical and

On the other hand, Mg strongly prefers six coordination
geometry, where the bidentate Glu ligand in #h&2 position
of the EF-hand becomes monodentate. Thus from the above,

thermal denaturation studies can be attributed to the intra-it can be said that Mg first binds to the N-terminal stretch

domain cooperativity due to the stabilization of the antipar-

of the EF-loop establishing a rigid link with the Bfscaffold

allel -sheets in both the domains. In this context, we cannot and then the F-helix which changes its orientation to

rule out the interdomain cooperativity as the*Céitration
in the absence and the presence ofMgonitored by NMR
and ITC reveal a large difference in the?Cainding pattern.
Thus Mg@* not only imparts stability to the C&free form
of EhCaBP but also provides structural integrity to it thereby
making the protein a structurally cooperative unit.

Mg?" Stabilizes the Closed Conformation of Apo-EhCaBP.

accommodate the bidentate GluHi12th position in the case
of Ca&*, now no longer undergoes conformational change
since M@ need not accommodate the bidentate GHi %)

in its required six coordination geometry. Thus, binding of
Mg?* retains theclosed conformationf the EF-hand in the
apo state. In the case BhCaBP this conformation is further
stabilized because of structurally more ordered form of Mg-

EhCaBP undergoes a huge conformational change and thusEhCaBP than its apo form.

exposes its hydrophobic patches upon addition éf Cehis

Understanding the Differences in the Energetics of fg

is a property demonstrated by calcium sensors. In its apoand C&* Binding Processe<a* binding to an EF-hand is

state thoughEhCaBP exposes hydrophobic patche(s), the
amount of exposure is significantly smaller compared with

an energetically complex process. The free energy éf Ca
binding to an EF-hand/AG) can be represented by the

that of the holo form. However, the exposure observed in following equation of ligand interactiorp):
the apo state has been attributed earlier due to the partially

unfolded nature of the protein in this state7). Thus, the
apo form has a morelosed conformatioas expected for a
C&*" sensor and in the holo form it adopts apen
conformationwith the exposure of hydrophobic patches.
Addition of Mg?" to the apo state further diminishes the ANS

AG = AGy, + T AG, + (A)YAG,) + ZAGy, +
Y AGnc + NAG 4 (6)

whereAG., andy AG; are the free energy cost of restricting

fluorescence (Figure 8A), a consequence of the further burialthe overall motion and the internal rotation of the ligand and

of the hydrophobic core thereby suggesting that théMg
binding stabilizes thelosed conformationf EhCaBP. This

the EF-hand that is restrained upon binding, respectively.
Both these terms are adverse entropy terms which oppose

is similar to many EF-hands in CaBPs that have the ability ligand-binding. On the other handG; is the free energy

to bind Mg?" apart from C&", though with lower affinity
(13, 14, 36—38). For example, in calbindin § a C&* buffer
protein, Mg@" binding to the regular EF-hand leads to
decrease in interhelical angle between helix 1l and IV to a
more compact form as compared to both thé'Qaaded
and metal ion-free forms3@). This was attributed to the
smaller ionic size of Mg where six-coordination geometry
is preferred. In fact, even the (Mp,(Ca"); state of the
N-terminal domain of CaM has a conformation more similar
to the closed conformatiorobserved in apo and (M)
states than to the open (€ state 40). This indicates that
theEhCaBP in C&"-free form adopts alosed conformation

benefit due to the removal of 12%f hydrocarbon surface
area from water upon binding, which is the result of
hydrophobic effect. It is multiplied by the buried surface area
(A) for each specified cas@\Gn, and AGionic are the free
energy benefit of a hydrogen bond and an ionic bond in the
binding site summed over all such hydrogen and ionic bonds,
respectively AGyyq is the free energy of desolvation of the
ligand, andn is the number of molecules of water of
hydration. This is an additional term introduced to the
equation mentioned in ref 43.

In the case of Cd and Mg binding to the apo protein
the first two terms are adverse entropy terms and oppose

without the exposure of the hydrophobic core as observedligand binding. But the expenditure of energy during?Ca

in the apo form of CaM41).

binding for internal motionsAGi+ + > AG,) is compara-
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tively less in the presence of Mgas the system is already

in a restricted motion compared to apo. k&, andAGionic
terms are favorable in all the metal binding evetGyq is

favorable in all the cases of metal binding to a varying extent.

AGpyq depends on the number ob@ molecules released in

the binding process thereby leading to favorable entropy. The

benefit of AGhyq is highest for four C& binding to apo-
EhCaBP followed by three Mg binding to apoEhCaBP
and then by four C& binding to MgEhCaBP where Mg"
ions have to be solvated after displacement. Al@ term
is favorable for M@" binding since addition of Mg leads

to burial of the hydrophobic core further compared to apo.
In the case of C& binding both in the presence and in the
absence of MY, exposure of hydrophobic core occurs.
ThereforeAG, is unfavorable. Further it is comparatively

more unfavorable in the presence of Mas it has to open

more hydrophobic core than in the case of apo. Indeed this
complex behavior of various free energy terms is responsible g

for the observed differences in the €ainding properties

in EnCaBP in the presence and in the absence of'Mg

monitored by various biophysical experiments that include
NMR. Further it is evident from our experimental results
that these differences in binding properties in the presence 11.

of Mg?" lead to a finer tuning of the range of €a

concentration required for its conformational switching action
in a more cooperative manner which is essential to carry
out the signal transduction processes in a more efficient

manner.

BIOLOGICAL RELEVANCE

Recently a number of EF-hand CaBPs have been reported

to show their collapsed nature in metal-free forrh6-(18,

44—46). Understanding the functional role of such proteins

is an important aspect of current structural biologgCaBP

is one among such EF-CaBPs, which has partially collapsed

structure in its C#-free form. However, this form is
significantly stabilized by Mg which is abundant in the
cell cytoplasm suggesting a possibility tHeiCaBP is Mg "

bound in the resting cell. An important phenomenon observed
here is the binding of Mg that enhances the structural
integrity of EnCaBP, which in turn results in conformational

switching upon addition of C& with positive cooperativity.
Thus, the presence of Mgleads to a fine-tuning of the €a

concentration required for the protein to switch its conforma-

tion from aclosedstate to arppenstate in order to carry
out various signal transduction processes.
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Ca&*-induced conformational changes in ANS fluorescence
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