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ABSTRACT: The protein folding energy landscape allows a thorough understanding of the protein folding
problem which in turn helps in understanding various aspects of biological functions. Characterizing the
cooperative unfolding units and the intermediates along the folding funnel of a protein is a challenging
task. In this paper, we investigated the native energy landscape ofEhCaBP, a calcium sensor, belonging
to the same EF-hand superfamily as calmodulin.EhCaBP is a two-domain EF-hand protein consisting of
two EF-hands in each domain and binding to four Ca2+ cations. Native-state hydrogen exchange (HX)
was used to assess the folding features of the landscape and also to throw light on the structure-folding
function paradigm of calcium sensor proteins. HX measurements under the EX2 regime provided the
thermodynamic information about the protein folding events under native conditions. HX studies revealed
that the unfolding ofEhCaBP is not a two-state process. Instead, it proceeds through cooperative units.
The C-terminal domain exhibits less denaturant dependence than the N-terminal domain, suggesting that
the former is dominated by local fluctuations. It is interesting to note that the N- and C-terminal domains
of EhCaBP have distinct folding features. In fact, these observed differences can regulate the domain-
dependent target recognition of two-domain Ca2+ sensor proteins.

Calcium is one of the most commonly used ions in a
multitude of biological processes. It triggers new life during
fertilization and controls several developmental processes.
The cellular processes in which it is involved include
metabolism, proliferation, secretion, contraction, learning,
memory, cell death, etc. (1-8). In all these processes, Ca2+

interacts with a variety of proteins. The proteins that bind
to Ca2+ are called calcium binding proteins (CaBPs)1 (9).
EF-hand CaBPs (EF-CaBPs) constitute a growing super-
family of CaBPs (10-13). EF-hand in these proteins
represents a canonical Ca2+ binding motif, which consists
of a contiguous 12-residue loop flanked by two helices (14,
15). The EF-CaBPs are broadly divided into Ca2+ sensors
and Ca2+ buffers. Ca2+ sensors such as calmodulin (CaM),
troponin C (TnC), etc. (16-20), undergo huge conforma-
tional changes upon binding to Ca2+. On the other hand, the
Ca2+ buffers such as calbindin D9k (21-23) undergo modest

conformational changes upon Ca2+ binding. In Ca2+ sensors,
binding of Ca2+ opens the EF-hand, thereby exposing the
buried hydrophobic surface to the solvent. The exposed
hydrophobic surface now binds to the target peptides and
proteins, leading to further conformational change (16, 24).
The protein in its Ca2+-bound form needs to undergo various
conformational readjustments through different folding or
unfolding events to perform several functional activities.
Hence, it is important to explore the energetics of the
folding-unfolding pathway of the Ca2+-bound forms of this
class of proteins to understand the conformational adapt-
ability of Ca2+ sensor proteins, which is essential for their
biological activity.

The energy landscape view of the protein folding process
is generally described in terms of the folding funnel, in which
the broad end represents the heterogeneous unfolded states
while the narrow end represents the homogeneous native state
(25-27). Different members of the ensemble may fold or
unfold along different pathways, and hence, their energy
profiles could be different. In the presence and absence of a
denaturant, a protein can unfold or fold by various mecha-
nisms. Some proteins have been shown to fold by a two-
state mechanism without the accumulation of any interme-
diates, while others adopt a different mechanism that involves
one or more intermediates (28-31). Thus, the complete
analysis of any protein folding landscape is a challenging
task.

The backbone amide hydrogen-deuterium exchange (HX)
is one of the most promising techniques for exploring the
protein folding landscape under native conditions (32-35).
The HX is based on the fact that proteins continuously fold
and unfold in solution. The exchange process takes place
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during the existence of the protein in the higher-energy
unfolded conformations. The higher-energy unfolded con-
formations are populated according to the Boltzmann dis-
tribution and represent a small population of the system as
a whole. Under the native conditions, at any instant of time,
the equilibrium is always toward the folded state and only a
very small fraction exists in the unfolded state. The native
HX utilizes the advantage of the equilibrium between the
native and unstable intermediate states and is highly useful
in identifying various partially unfolded forms (abbreviated
hereafter as PUFs) along the folding transition (36-39). The
PUFs thus identified are typically higher in free energy, being
g5 kcal/mol above the native state (37, 40).

We have chosen a Ca2+ sensor from the protozoan
Entamoeba histolytica, which is an etiologic agent of
amoebiasis affecting millions worldwide (abbreviated here-
after as EhCaBP), in its Ca2+-bound form to study its
unfolding landscape (41, 42). EhCaBP is a two-domain EF-
hand protein consisting of two EF-hands in each domain and
is known to be involved in the pathogenesis of amoebiasis
(42). The Ca2+-free form of the protein (apo-EhCaBP) has
been shown to adopt a partially collapsed structure, while
the Ca2+-bound form (holo-EhCaBP) adopts an ordered
structure (42, 43). In both the apo and holo forms, it has
been shown that the hydrophobic moieties are exposed on
the surface ofEhCaBP, though the degree of exposure is
3-4-fold greater in the case of holo-EhCaBP compared to
that on the surface of apo-EhCaBP. The folding process from
apo- to holo-EhCaBP is mainly governed by the affinity of
the individual metal binding sites for the Ca2+ (43). In this
study, we investigated the energetics of the native energy
landscape of holo-EhCaBP using native HX experiments.
This study reveals that the two domains inEhCaBP exhibit
distinct folding features. The N-terminal domain exhibits a
stronger denaturant dependence compared to the C-terminal
counterpart. Further, the C-terminal domain is found to be
more dominated by local fluctuations. This study provides
a rationale for the structure-folding function paradigm of
calcium sensor proteins.

MATERIALS AND METHODS

Theory of Hydrogen Exchange.For structurally protected
hydrogens such as the backbone1HN protons in proteins, the
HX process can be considered as a two-state process (44,
45), as in eq 1, with hydrogens that are either nonexchange-
able in the protected state (NHclosed) or susceptible to
exchange in some transiently open state (NHopen):

wherekop is the opening rate,kcl is the closing rate, andkrc

is the intrinsic exchange rate of the1HN. Under steady-state
conditions, the exchange ratekobsdetermined by eq 1 is given
by eq 2 (44, 45).

Under native conditions wherekop , kcl, the observed
exchange rate (kobs) can be given as follows (44):

Under EX2 (bimolecular exchange) conditions wherekcl .
krc (low pH and temperature), the exchange rate becomes

The stabilization free energy of the protecting structure can
thus be calculated as

whereKop is the equilibrium constant of the unfolding,R is
the universal gas constant, andT is the absolute temperature.

In proteins, the1HN may undergo HX via global unfolding
(uf), local fluctuation (lf), or both (29). Individual contribu-
tions of the free energy of unfolding (∆Guf) and free energy
of local fluctuation (∆Glf) can be obtained for each probed
residue according to the equation

whereKuf ) e[(m[GdmCl] - ∆Guf)/(RT)] andKlf ) e[-∆Glf /(RT)]. Here
m represents the denaturant dependence of the unfolding free
energy.

Protein Expression and Purification.The overexpression
and purification ofEhCaBP in its Ca2+-bound and Ca2+-
free forms were carried out as described previously (42, 43,
46). All labeled chemicals used were from either Cambridge
Isotope Laboratories or Spectra Stable Isotopes (Spectra
Gases Inc.). Other required chemicals were of ultrapure grade
from Sigma-Aldrich and SRL. The purity and yield of the
protein in the eluted fractions were confirmed by 15% SDS-
PAGE and matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometry. The fractions
were collected and concentrated by ultrafiltration for NMR
and other biophysical studies. The concentration of the
purified protein was determined by measuring the absorbance
at 280 nm. Deuterated guanidine hydrochloride (GdmCl) was
used for all the studies performed with CD and NMR.

Circular Dichroism. The stability of holo-EhCaBP was
studied against a chemical denaturant like GdmCl at pH 7.0
in 2H2O and at 20°C. The concentration of the GdmCl was
varied from 0 to 8.3 M. The stability was determined by
monitoring the molar ellipticity (θ) at 222 nm as a function
of GdmCl concentration. Protein samples at a concentration
of 10 µM (50 mM Tris and 5 mM CaCl2) were used for the
unfolding experiments. The experiments were repeated thrice
with a fresh batch of protein samples, and the thermodynamic
parameters that were obtained were found to be similar.

The GdmCl-induced unfolding ofEhCaBP was analyzed
and fitted to the linear extrapolation model with an assump-
tion of two-state unfolding (47). The baselines before (YN)
and after (YU) the unfolding were assumed to be straight lines,
wherekN andkU are the slopes,bN andbU are the intercepts,
and [D] is the denaturant concentration. The free energy
toward unfolding by GdmCl,∆GNU, is assumed to obey the
linear equation

kobs)
kopkrc

kcl + krc
(3)

kobs) krc(kop

kcl
) (4)

∆GHX ) -RT ln(kop

kcl
) ) -RT ln Kop (5)

∆GHX ) -RT ln(Kuf + Klf) (6)

NHclosed{\}
kop

kcl
NHopen98

krc
exchanged (1)

kobs)
kopkrc

kop + kcl + krc
(2)
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where ∆GNU(H2O) is the unfolding free energy at a zero
denaturant concentration andmD is the influence of denatur-
ant concentration on stability.

The GdmCl concentration at the transition midpoint (Cm)
was calculated from the above equation by setting∆GNU to
zero. The errors in the reported values of the different
parameters were estimated to one standard deviation. The
standard deviations were obtained directly from the fitting
procedures. The data were normalized according to

YN andYU hence correspond to the ellipticity of the native
and YO is the observed ellipticity at given denaturant
concentration, respectively, as a function of GdmCl concen-
tration and fitted to

where R is the molar gas constant andT is the absolute
temperature.

NMR Spectroscopy.NMR experiments were carried out
on a VarianINOVA600 MHz NMR spectrometer equipped
with a pulsed field gradient unit and triple-resonance probe
with an actively shielded Z-gradient, operating at a1H
frequency of 599.862 MHz. Sensitivity-enhanced two-
dimensional (2D)15N-1H heteronuclear single-quantum
correlation spectra (HSQC) (48) of the protein sample (pH
7.0 and 20°C) containing 50 mM Tris and 5 mM CaCl2

were recorded with the1H offset placed on the H2O
resonance at 4.78 ppm and the15N offset at 123.8 ppm.
During the course of all experiments, the protein samples
were found to be stable and did not change or degrade with
time. 1H chemical shifts were calibrated relative to 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS). Spectra were pro-
cessed using VNMR 6.1B (Varian) and Felix 2002 (Molec-
ular Simulations Inc.). The 2D15N-1H HSQC data were
typically apodized using a 90° phase-shifted sine square-
bell window function along both the dimensions before zero-
filling and 2D Fourier transformation. Integral volumes (in
arbitrary units) for the individual15N-1H cross-peaks in these
spectra were measured using Felix 2002 (Accelrys).

Hydrogen Exchange Studies.The protein samples were
lyophilized after the pH of the solution to was adjusted to
7.0. HX was initiated by dissolving the lyophilized samples
in 2H2O, and the pDs were measured. The reported pD is
the corrected pH obtained by the addition of 0.4 unit to the
measured pH value after the sample is dissolved in2H2O.
The samples were loaded on a pretuned and preshimmed
NMR spectrometer, and a series of 35-40 15N-1H HSQC
spectra were recorded at different time intervals (for∼2
months) depending on the rate of decay. Each15N-1H HSQC
spectrum was recorded for a period of 20 min and consisted
of 128 complex increments in the indirect15N dimension.
Similarly, the experiments were carried out under the
subdenaturing conditions at various GdmCl concentrations.
The GdmCl concentrations used were 0.1, 0.2, 0.3, 0.4, 0.5,
0.75, 1.0, 1.5, 2.0, and 2.5 M. The above-mentioned
procedure involving lyophilization did not have any adverse

effect on the protein sample. The HX rates of individual1HN

in EhCaBP were measured by monitoring the1HN decays
by integrating the volumes of the nonoverlapping peaks. The
decay of the individual peak volumes was fitted to the single-
exponential decay function.Kop was then calculated using
the equationKop ) kobs/krc, where krc is theoretically
determined for a residue in a specific tripeptide context (49).
The free energy of HX (∆GHX) is obtained using eq 5.∆Guf,
∆Glf , and them values were obtained by fitting the plot of
∆GHX versus GdmCl concentration to eq 6. Here,∆Guf

denotes the unfolding free energy extrapolated to 0 M
GdmCl.

RESULTS

Global Unfolding BehaVior of EhCaBP. The global
unfolding of holo-EhCaBP was monitored by using far-UV
CD spectroscopy at 222 nm against GdmCl concentration
(pD 7.4 in2H2O) (Figure 1), and the unfolding energy (∆Guf)
was obtained as mentioned in Materials and Methods.
Denaturation studies using CD were carried out essentially
to correlate the unfolding energies obtained here with those
of HX studies discussed below. For this purpose, both
denaturations using CD and HX studies were performed in
100% 2H2O since it is known that the bulk solvent has a
variable effect on protein stability (50). The global energies
of unfolding (∆Guf) by CD in 2H2O (Figure 1) and H2O (data
not shown) are found to be 6.8( 0.3 and 6.4( 0.4 kcal/
mol, respectively. This suggests that the bulk solvent effect
on EhCaBP is minimal. Them value which describes the
denaturant dependence of the free energy change between
two states, derived by fitting the data to a two-state model
(Figure 1), is found to be small (1.1( 0.1 kcal mol-1 M-1

at pD 7.4). This indicates a low cooperativity of transition
from a folded state to an unfolded one.

NatiVe-State Hydrogen Exchange Studies on EhCaBP.
Native-state hydrogen exchange (HX) is one of the most
powerful techniques for probing the energetics of the folding
landscape. To understand the thermodynamics of unfolding
at the residue level and the nature of the energy landscape
of the folding transition ofEhCaBP, we performed native-

FIGURE 1: Equilibrium unfolding of Ca2+-bound EhCaBP vs
[GdmCl] at pD 7.4 as measured by circular dichroism at 222 nm.
The ∆Gu that was obtained was 6.8( 0.3 kcal/mol, and them
value was 1.1( 0.1 kcal mol-1 M-1. The solid line is the best fit
obtained using the equations for a two-state model as described in
Materials and Methods.

∆GNU ) ∆GNU(H2O) - mD[D] (7)

Fapp)
YO - YN

YU - YN
(8)

Fapp) e-[∆GNU(H2O)-mD[D]]/( RT)

1 + e-[∆GNU(H2O)-mD[D]]/( RT)
(9)
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state hydrogen exchange experiments in the EX2 regime as
described in Materials and Methods. To ensure that the
protein remains in the EX2 regime, we measured thekobs

with an increasing pH (Figure S1 of the Supporting Informa-
tion). An increase inkobs with pH or krc is direct evidence
which confirms that the closure kinetic constant is much
larger than the exchange rate (kcl . krc) at the measured pH
values and hence the EX2 mechanism. Evident in Figure S1
is the fact that thekobs values for all the residues increase
linearly with pH and the protein remains in the EX2 regime
up to pH 9.0.

Measurement of Stabilization Free Energies.Native-state
HX experiments were carried out onEhCaBP at a pH of 7.0
as described in Materials and Methods. At this pH, many of
the backbone1HN resonances undergo fast deuterium kinetics.
However, we could monitor the decay for 54 residues (of
the 134 residues present in the protein) for which thekobs

was obtained by fitting the peak volumes to a single-
exponential decay. The stabilization free energy of the
individual residues (∆GHX) (Table 1) was calculated using
eq 5, and∆GHX was plotted against the residue number
(Figure 2). It is evident from Figure 2 that the protected
residues belong to four different regions, which essentially
correspond to the four EF-hands present in the protein.
Moreover, there is a well-protected region of contiguous

residues stretching from K78 to M84 having significant
protection or∆GHX. Interestingly, this stretch corresponds
to the longest helix present in the protein. This contiguous
stretch could be a partially unfolded form (PUF) or might

Table 1: Summary of the Various Thermodynamic Parameters Obtained for the Individual Residuesa

residue EF-hand ∆GHX (kcal/mol) m value (kcal mol-1 M-1) ∆Guf (kcal/mol) ∆Glf (kcal/mol) class

Ile 9 I 4.5 0.96( 0.32 5.59( 0.60 4.49( 0.14 III
Val 11 I 6.8 1.49( 0.07 6.59( 0.06 - II
Asp 14 I 6.8 2.37( 0.17 6.71( 0.07 - II
Ala 16 I 8.6 2.24( 0.08 8.48( 0.05 - II
Ser 18 I 8.0 2.44( 0.56 7.70( 0.17 - II
Val 22 I 8.6 2.47( 0.08 8.64( 0.08 - II
Lys 23 I 7.1 2.23( 0.39 8.29( 0.48 7.05( 0.16 III
Ala 24 I 6.2 0.56( 0.05 6.09( 0.05 - II
Phe 25 I NDb 1.68( 0.14 7.73( 0.13 - II
Val 26 I NDb 3.29( 0.19 8.11( 0.15 7.51( 0.15 III
Leu 40 II 5.6 0.70( 0.10 6.78( 0.08 - II
Ser 44 II 7.6 1.36( 0.18 7.83( 0.25 9.08( 2.94 III
Asp 46 II 5.8 1.01( 0.36 5.48( 0.14 - II
Ala 47 II 6.6 1.25( 0.31 6.88( 0.50 6.59( 0.49 III
Asp 48 II 5.5 0.48( 0.12 - 5.13( 0.08 I
Asn 50 II 8.2 1.97( 0.17 8.02( 0.09 - II
Glu 52 II 7.6 1.18( 0.06 7.39( 0.07 - II
Ala 59 II 9.9 2.91( 0.45 11.16( 0.75 - II
Lys 78 III 6.3 1.09( 0.14 5.94( 0.10 - II
Val 79 III 5.2 0.60( 0.09 5.50( 0.09 - II
Leu 80 III 8.7 1.33( 0.19 9.24( 0.32 8.45( 0.16 III
Tyr 81 III 9.2 1.33( 0.24 9.870( 0.43 8.86( 0.17 III
Lys 82 III 7.8 0.96( 0.32 8.50( 0.57 8.14( 0.45 III
Val 86 III 5.9 0.54( 0.06 5.62( 0.05 - II
Lys 91 III NDb 0.93( 0.10 7.45( 0.12 - II
Leu 92 III 6.0 0.56( 0.08 5.53( 0.10 - II
Thr 93 III 7.4 1.22( 0.32 8.10( 0.69 6.61( 0.14 III
Val 97 III 8.6 1.29( 0.29 9.89( 0.58 8.18( 0.08 III
Thr 98 III 6.6 1.37( 0.45 9.62( 1.11 6.05( 0.02 III
Phe 100 III 6.4 0.18( 0.02 - 5.84( 0.02 I
Phe 101 III NDb 0.99( 0.43 7.56( 0.84 6.48( 0.22 III
Lys 102 III 5.1 2.84( 1.06 6.02( 0.79 4.57( 0.16 III
Ala 118 IV 5.8 1.20( 0.14 5.38( 0.10 - II
Asp 121 IV 6.6 1.98( 0.30 6.21( 0.15 - II
Tyr 123 IV NDb 1.20( 0.12 7.49( 0.15 - II
Ile 124 IV 6.3 0.46( 0.07 5.65( 0.07 II
Glu 128 IV 5.2 0.20( 0.03 - 4.49( 0.04 I
Phe 129 IV 9.4 1.65( 0.05 9.37( 0.06 - II
Leu 130 IV 7.2 1.04( 0.22 7.46( 0.47 6.49( 0.18 III
a The EF-hand location and the mechanism of unfolding are also shown. For classification of the unfolding mechanism, please see text.b ∆GHX

was not determined for those residues in the absence of denaturant due to very slow exchange kinetics.

FIGURE 2: Free energies of unfolding (∆GHX) for all the residues
measured plotted vs residue number. The secondary structural
elements are shown schematically with arrows (â strands) and
cylinders (R helix).
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be protected by some uncorrelated local fluctuations as
discussed below.

Segregating the Local Fluctuations and Global Unfolding
Phenomenon in EhCaBP.In many cases, backbone1HN

undergoes HX via a small local fluctuation mechanism which
does not require the protein to undergo huge structural
unfolding. The free energy of HX (∆GHX) measured above
represents a combination of both the opening transitions,
namely, the structural unfolding and local fluctuations. These
mechanisms are different from one another; hence, it
becomes essential to distinguish the mode of HX before
interpreting the HX data. Evaluating the rates of exchange
as a function of denaturant concentration such as GdmCl
allows one to distinguish between these two processes (29,
39). Addition of GdmCl promotes exposure of nonpolar
surface area and therefore alters the equilibrium constant of
unfolding. However, by definition, it does not affect local
fluctuations that do not expose any extra nonpolar surface
area and have fluctuation energies below those observed for
global unfolding. Hence, the exchange that appears to be
denaturant-independent is attributed to local fluctuations.
With the addition of denaturant, the free energy of unfolding
drops and the HX is dominated by the unfolding events.

In this study, the distinction between the contribution
arising from local fluctuations and the global unfolding
events to the HX exchange process for each residue in
EhCaBP was determined by performing a set of HX
experiments at nine different GdmCl concentrations ranging
from 0.1 to 2.5 M (under the subdenaturing condition), and
the corresponding∆GHX values were obtained at all ten
concentrations as discussed above using eq 5. The denaturant-
dependent behaviors for four residues are shown in Figure
3. As seen in Figure 3, three different types of∆GHX profiles
are noticed: (i) independence from [GdmCl], or a near-zero
m value (HX for these residues occurs through local
fluctuation), (ii) a linear dependence on [GdmCl] (the
opening for this type is a cooperative unfolding event), and
(iii) biphasic with a near-zeromvalue at low [GdmCl] values
and a largerm value at higher [GdmCl] values. The free
energy for this class of residues has the contributions arising
from both local fluctuations and global unfolding (39). The
individual contributions of the free energy of unfolding

(∆Guf) and free energy of local fluctuation (∆Glf) are
segregated by fitting the curves to eq 6. The thermodynamic
parameters thus obtained for each residue are listed in Table
1. Thus, these GdmCl experiments allowed us to distinguish
between the EX2 mechanism and local fluctuations. On the
basis of the∆GHX profiles that were obtained, each residue
was thus assigned to one of the three above-mentioned
classes (Table 1).

Panels A and B of Figure 4 show∆Guf and the corre-
spondingmvalues, respectively, forEhCaBP plotted against
residue number.∆Guf could not be measured in the linkers
connecting the EF-hands because of their rapid exchange
due to their exposure to solvent and flexible nature. A
summary of average∆Guf andm values for the individual
EF-hands is provided in Table 2. Except for EF-hand IV,
all the other EF-hands have similar average∆Guf values.
The standard deviation of∆Guf gives an idea of the spread
of ∆Guf around the mean value. It is evident from the data
(Table 2) that significant differences have been observed in
their individualm values among the four EF-hands present
in the protein. EF-hand I has the highestm values followed
by EF-hands II and IV, which have similarm values, and

FIGURE 3: Illustrative examples for four representative backbone
1HN atoms [A16 (black circle), Y81 (square), F-100 (triangle), and
F129 (gray circle)] showing the changes in free energy of HX
(∆GHX) as a function of [GdmCl] inEhCaBP.

FIGURE 4: (A) Free energies of unfolding (∆Guf) and (B)m value
plotted vs the primary sequence. Secondary structure is plotted over
the graph by arrows (â strands) and cylinders (R helix). ∆Guf and
the m value for L83 and M84 could not be measured due to high
level of protection of these residues. The average∆Guf by native-
state HX is 7.2 kcal/mol with a standard deviation of 1.5 kcal/mol.
The averagem value for the protein as detected by native-state
HX is 1.4 kcal mol-1 M-1 with a standard deviation of 0.8 kcal
mol-1 M-1. The horizontal solid line in panels A and B represents
the ∆Guf value andm value measured using CD spectroscopy.
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EF-hand III has the lowestm values. This suggests that the
denaturant dependence is the highest for EF-hand I and
lowest for EF-hand III. Although there are differences in
them values for all the EF-hands, we observed some novel
features which are common to all EF-hands. For example,
the residues at positions 13 and 14 that are part of the
F-helices, namely, V-22, K-23, A-59, V-97, T-98,
F-129, and F-130, undergo global unfolding with high
∆Guf andm values (Table 1). The only exception is F58. In
EF-hand CaBPs, the residue at position 13 belonging to the
F-helix is highly conserved, which is predominantly aromatic
or hydrophobic. The fact that the F-helices are initiated at
position 10 of the Ca2+ binding loops suggests that the
residues at position 13 are stabilized by a single hydrogen
bond. InEhCaBP, they are V22(CO)f V26(NH), F58(CO)
f Y62(NH), V97(CO) f F101(NH), and F129(CO)f
S133(NH). Earlier, it was also suggested that residue 13 of
EF-hand II within a given domain (which is occupied by an
aromatic residue, predominantly a Phe) comes into the
proximity of residue-4 of EF-hand I in the same domain
(which is also occupied by an aromatic/hydrophobic residue,
again predominantly a Phe) of a CaBP such that the two
aromatic rings are almost orthogonal to each other (51). On
the other hand, the residues at position 14 are stabilized by
two hydrogen bonds [e.g., A59(NH)f Q55(CO) and A59-
(CO) f G63(NH) in EF-hand II ofEhCaBP]. InEhCaBP,
all these residues at positions 13 and 14 possess high energies
of global unfolding, except the one at position 13 of EF-
hand II (F58). Hence, these residues may be involved in a
key role in terms of protein unfolding and folding of an EF-
hand. Then the question of why F58 undergoes fast deute-
rium exchange arises. This could be possibly due to the
hydrogen bond forming partner of F58 in EF-hand II which
is Y62, while the corresponding partners are V26, F101, and
S133 in EF-hands I, III, and IV, respectively. However, V,
F, and S have a stronger propensity to form anR-helix than
Y, which can be observed from the Chou-Fasman scale (52).
Moreover, Y62 is followed by G63 which is a strong helix
breaker. These could be the reasons for the fast deuterium
exchange rate for F58.

DISCUSSION

NatiVe Energy Landscape of EhCaBP

EVidence for the Presence of Intermediates in the Energy
Landscape.The unfolding free energies (∆Guf) (Figure 4A)
and the corresponding denaturation dependence (m values)
(Figure 4B) for the measured residues are shown on the three-
dimensional (3D) structure of the protein (Figure 5A,B). The
unfolding experiment using CD spectroscopy yielded a lower
∆Guf value (6.8( 0.3 kcal/mol) compared to those obtained
for different residues from the HX study (Figure 4A),
suggesting that these residues are superprotected during the

unfolding process. Such superprotection is known to arise
due to different factors such as cis-trans isomerization, bulk
solvent effects, or the presence of intermediates (34).
Considering the fact thatEhCaBP does not contain any Pro
residue, the possibility of cis-trans isomerization leading
to superprotection is ruled out. The far-UV CD experiments
were carried out in2H2O similar to that of HX experiments,
and hence, a bulk solvent effect can also be ruled out.
Therefore, the presence of intermediates in the folding
pathway can only be a plausible reason which leads to the
superprotection of various residues in the protein. Further,
the low cooperativity of the unfolding transition monitored
by CD spectroscopy (m value) 1.1 ( 0.1 kcal mol-1 M-1)
can also be attributed to the presence of transient intermedi-
ates in the unfolding pathway which in general leads to an
underestimation of thermodynamic parameters such as∆Guf

values (53).

The presence of intermediates in the unfolding transition
is supported further by the following evidence. There exists
a contiguous stretch of seven residues (K78-M84) in the
C-terminal domain, which is highly protected and is a part
of the longest helix in the protein (Figure 5A). This stretch
comprises mainly hydrophobic residues. Incidentally, this
stretch is relatively the most protected region in the Ca2+-
free form of the protein, too (43). Further, we observed the
presence of three contiguous amino acid residues (L80-K82)
with similar m and ∆Guf values (Table 1). This indicates

Table 2: Summary of∆Guf andm Values for the Four EF-Hands Present inEhCaBP

EF-hand
no. of residues

monitored
〈m value〉

(kcal mol-1 M-1)

standard deviation
of them value

(kcal mol-1 M-1)
〈∆Guf〉

(kcal/mol)
standard deviation

of 〈∆Guf〉 (kcal/mol)

I 10 2.0 0.8 7.4 1.1
II 8 1.4 0.8 7.3 1.9
III 13 1.0 0.4 7.2 1.7
IV 7 1.1 0.6 6.6 1.6

FIGURE 5: Distribution of free energies of unfolding (∆Guf) (A)
andm values (B) for the residues measured inEhCaBP shown on
the 3D structure of the protein (PDB entry 1jfk). Individual residues
are colored according to their∆Guf and m values determined by
HX. Residues corresponding to the cooperative unfolding unit
(L80-K82) are labeled. The image was produced using MolMol
(55).
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that L80-K82 may act as a cooperative folding unit and
hence a PUF (37). The isotherms for these residues are shown
in Figure S2 of the Supporting Information. On the other
hand, there exists a contiguous stretch of five residues (V22-
V26) in the N-terminal domain, which undergoes global
unfolding. However, the∆Guf and them value are not same
for this entire stretch (Table 1). Besides, this stretch is not
protected in the Ca2+-free form of the protein (43), indicating
that the stability of this stretch is associated with metal
binding. Thus, it is evident from the data thatEhCaBP
unfolds cooperatively via intermediates and the three-residue
PUF (L80-K82) identified in the C-terminal domain.

Distinct Folding Features of N- and C-Terminal Domains.
In earlier studies (29), a linear correlation was observed
between∆Guf and m value. However, in this study, the
observed∆Guf and m value of individual residues corre-
sponding to the two domains ofEhCaBP cluster separately
(Figure 6). We observed a linear correlation between the
∆Guf and m values among the residues belonging to the
N-terminal domain. However, corresponding values for the
residues in the C-terminal domain are found clustered with
greater variation in∆Guf values but with a narrow range of
mvalues of 1 kcal mol-1 M-1 (Figure 5B), indicating a range
of ∆Guf values with less denaturant dependence. Besides,
there are residues having lower∆Guf values at a near-zero
m value. D121 is an exception to this trend observed in the
C-terminal domain. From the observation described above,
it can be concluded that though the average stability of each
of the domains is similar in terms of∆Guf, the folding
landscape comprises of discrete intermediates rather than a

continuum whenmvalues are compared with respect to their
respective ∆Guf. All these observations taken together
establish that the two domains inEhCaBP have distinct
folding features. Further, from the data (Table 2), it is clear
that the N-terminal domain which has a higherm value
undergoes HX via global unfolding while the C-terminal
domain undergoes HX via local fluctuations to a large extent.
In fact, one can conclude that the conformational and/or local
fluctuations present in the C-terminal domain can act as
nucleation sites (54) for the formation of small cooperative
unfolding units, as observed here, through which the domain
unfolds.

Implications for the Structure Folding and Function
Paradigm of Calcium Sensor Proteins.The study of the
native energy landscape ofEhCaBP described here has major
implications for our understanding of the functional aspects
of calcium sensor proteins, which undergo huge conforma-
tional changes upon binding Ca2+ first and then various other
target sequences (10, 16, 24). From the results described
above, it is clear that the unfolding of N- and C-terminal
domains has distinct folding features in spite of the fact that
both of them contain two EF-hands each. Since the C-
terminal domain is dominated by the local fluctuations, which
is evident from the lowm values (Figure 4B), it can be
predicted that the C-terminal domain is more susceptible to
readjustment of its conformation during the target binding.
In fact, these tuned or cooperative motions are essential for
changing the conformation according to the demand of the
target molecules to bind and carry out various signal
transduction processes.

CONCLUDING REMARKS

EF-hand proteins from the Ca2+ sensor family are known
to undergo conformational changes upon binding to target
sequences apart from the conformational changes that they
undergo upon binding to Ca2+. From this study of the HX
process, we could describe the native energy landscape of
EhCaBP, which is essential for understanding the structure-
folding and function paradigm of calcium sensor proteins.
It is observed that the two domains in this protein have
distinct folding features with respect to each other. The
N-terminal domain is dominated with global unfolding
events, which is evidenced by the large denaturant depen-
dence, whereas the C-terminal domain is dominated by the
local fluctuations and also unfolds in a more cooperative
manner. A cooperative unfolding unit involving the longest
helix in the protein is observed during the unfolding study,
thereby leading to the conclusion that the unfolding of
EhCaBP comprises intermediates and is not a two-state
process as observed by conventional experiments. Further,
these observed differences in folding features of N- and
C-terminal domains of a calcium sensor protein would have
implications for domain-dependent target recognition.
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SUPPORTING INFORMATION AVAILABLE

Representative plots of experimentally determinedkobs

values versus pH for a few selected residues (Figure 1S)

FIGURE 6: Calculated free energies of unfolding (∆Guf) plotted vs
the correspondingmvalues for all measured amide protons. Stronger
GdmCl concentration dependence in terms ofm value is observed
for residues corresponding to the N-terminal domain residues (gray
circles) as compared to the C-terminal domain residues (triangles).
The linearity between∆Guf andm values for both domains is also
shown with a solid line (N-terminal) and a dashed line (C-terminal).
A linear dependence was observed between the free energy of
unfolding andm values for the N-terminal domain residues (gray
solid line). The outlier residue of the C-terminal domain (D-121)
is labeled.
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and changes in the free energy of HX (∆GHX) as a function
of [GdmCl] in EhCaBP for the backbone1HN in the
cooperative unfolding unit (Figure 2S). This material is
available free of charge via the Internet at http://pubs.acs.org.
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