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Sulakshana Mukherjee, Kavita Kuchroo, and Kandala V. R. Chary*
Department of Chemical Sciences, Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400 005, India
Receied April 15, 2005; Reised Manuscript Receéd June 28, 2005

ABSTRACT. One of the calcium binding proteins froEntamoeba histolyticdEhCaBP) is a 134 amino

acid residue longNl; ~14.9 kDa) double domain EF-hand protein containing fout"Ganding sites.

CD and NMR studies reveal that the Tdree form (apeEhCaBPB exists in a partially collapsed form
compared to the Ca-bound (holo) form, which has an ordered structure (PDB ID 1JFK). Deuterium
exchange studies on the partially structured BbGaBP reveal that the C-terminal domain is better
structured than the N-terminal domain. The protein can be reversibly folded and unfolded upon addition
of C&* and EGTA, respectively. Titration shows a slow initial folding of the apo form with increasing
C&* concentration, followed by a highly cooperative folding to its final state at a certain threshold of
Ca&t. C&" and the EGTA titration taken together show that site Il in the N-terminal domain has the
highest affinity for C&™ contrary to earlier studies. Further, this study has thrown light on the relative
C&* binding affinity and specificity of each site in the intact protein. A structural model for the partially
collapsed form of ap&hCaBP and its equilibrium folding to its completely folded holo state has been
suggested. Large conformational changes seen in transforming from the apo to holo feh@aiP
suggest that this protein should be functioning as a sensor protein and might have a significant role in
host-parasite recognition.

EF-hand C&" binding proteins (hereafter referred to as Ca&"-buffer/transport proteins2( 3) do not undergo any
EF-CaBP) belong to a growing superfamily of"C#inding conformational change upon €abinding and hence do not
proteins. Ever since the recognition of the EF-hand motif in expose any hydrophobic moieties in either their apo or holo
the parvalbumin structure in 1973)( more than 1000  forms. Yet another variant of EF-CaBPs is found to lose a
distinct primary sequences in this class of proteins are knownsignificant amount of tertiary structure in its apo fortr8(

(2, 3). They bind cooperatively to Cain the subnanomolar  17), which it regains after CGa binding. Recently, a number
to millimolar range and function as signal transducers or of EF-CaBPs have been reported to have molten globular
modulators. Some of them have been found to be involved characteristics in their apo fornl3—17). The structural

in extracellular functions such as cell migration, differentia- characterization of this class of proteins in their apo form
tion, and associatior]. These proteins have been a subject becomes very challenging, either by X-ray or by NMR,
of great interest for structural biologists, resulting in the owing to their flexibility. They form poor or no crystals for
availability of more than 300 three-dimensional (3D) struc- X-ray study and show narrow dispersion in backbdr&
tures, as of today( 3, 5), both by NMR spectroscopy and  chemical shifts coupled with large line broadening for NMR
by X-ray crystallography. Interestingly, most of the known study. The study involving such partially collapsed structures
3D structures of Ca-free (apo form) EF-CaBPs are revealed and their equilibrium folding to its native holo states provides
by high-resolution NMR spectroscopy. Besides studying the an insight into the protein folding and as well as signal
3D structures and dynamics of these proteins, there have beetransduction mechanisms of EF-CaBPs, which might be

several attempts to understand the*Caffinity, cooperat- different from the well-established mechanisms of CaM,
ivity, selectivity, and displacement among the various EF- troponin C (TnC), recoverin, and so on, which have well-
hand units present in a given protei®y 8, 6—38). folded apo as well as holo structurels8{-20).

Calmodulin- (CaM-) like C&'-dependent regulatory pro- An EF-hand C& binding protein fromEntamoeba his-
teins undergo major conformational change upor?"Ca tolytica (an intestinal parasite and a causative agent of
binding @, 3, 9—12), exposing hydrophobic moieties to amoebiasis and amoebic dysentery, which is a significant
interact with target proteins. In contrast, calbindigcfike source of morbidity and mortality in developing countries)

is a 134 amino acid residue longl(~14.9 kDa) monomeric
; - C . i
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tifr.res.in. Phone: 91-22-2278 2489. Fax: 91-22-2280 4610. loops @1). Calcium is thought to be involved in the

! Abbreviations: NMR, nuclear magnetic resonance; ITC, isothern- pathogenetic mechanisms of amoebia2®,(and the mech-
mal calorimetry; HSQC, heteronuclear single-quantum coherence; anisms governing pathogenesis are yet not clear. To under-
EhCaBP,Entamoeba histolyticaalcium binding protein; CaM, cal- . . : .
modulin; TnC, troponin C; EGTA, ethylene glycol hiséminoethyl stand the mQChamsmS by Wh'_Ch Cal?'um affects ylrulence, a
ether)N,N,N',N'-tetraacetate. gene encoding a novel calcium binding protein fr&m
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h?StOIytica (h_ereafter rEfe_rred aEhCaBP) was isolated. A Table 1: Elution Characteristics &CaBP in Ca*-Free and
high-resolution 3D solution structure of the protein thus cz-Bound Forms
expressed has been determined in its holo form (PDB ID

apparent relative

1JFK) (). EnCaBP shares about 29% sequence identity with EhCaBP Kad molecular mass
the well-studied EF-hand protein CaMg, 23). Similarity in

. S _ Ca*-free f 0.400 21.6%0.03
the protein sequence &hCaBP and CaM is restricted to Ca2+_g§§n§rf@r§?‘zﬁz,lo) 0.451 16.8 0.03

EF-hand C& binding loops with a significant dissimilarity Ko = (Ve — Vo)l(Vi — Vo), whereVo is the void volumey; the
in the functional central linker region. The structural topology  totaj volume of the gel bed, and, the elution volume of the protein.
of EhCaBP resembles that of CaM and TnC with two ®Based on the molecular mass markers (see text).

globular domains (the N- and C-terminals) connected by a

flexible eight amino acid residue linker. were made at protein concentrations used in NMR experi-
The apo form ofEhCaBP (hereafter referred to as apo  ments (85QuM).

EhCaBP) is highly dynamic, yielding broad NMR lines and
poor'HN chemical shift dispersion. Despite these hindrances
a structural model has been developed for the BpGaBP
and its equilibrium folding to the completely folded holo
state. This study also throws light upon the relativéCa
binding affinities and specificities among the four metal
binding sites.

Circular Dichroism.CD spectra were recorded on JASCO
' J-810 spectropolarimeter equipped with a peltier-controlled
temperature controller and 0.1 and 1 cm path length cuvettes
for recording far- and near-UV spectra, respectively. Far-
and near-UV spectra were recorded in 0.5 nm steps from
250 to 200 nm and from 300 to 260 nm, respectively, with
an integration time ©2 s ateach wavelength and baseline
corrected against a cuvette containing buffer alone. Thermal
stability was determined by monitoring the molar ellipticity
Protein Expression and PurificatiorThe protocol de- @t 222 nm as a function of temperature at( intervals
scribed earlier § 23) was used for overexpression of with 3 min equilibration and a collection time of 30 s at
EhCaBP in minimal (M9) medium. The purification protocol €ach temperature. At the end of each thermal unfolding
was the same as described earlier except for the fact thateXPeriment, the sample was cooled immediately t¢@0
instead of 10 mM CaGJ 100 mM NaCl was used for elution ~ and spectra were recorded to obtain the extent of refolding.
from the DE-52 column with a flow rate of 0.25 mL/min. Protein solutions of 31 and 7&M were used for far- and
Presence of protein in each of the eluted fractions (2 mL) Néar-UV CD, respectively. The CD data thus obtained, in
was monitored by the absorbance at 280 nm and checkedMillidegrees, were expressed in terms of mean residue
on SDS-PAGE. The protein fractions thus obtained were ellipticity [©], in degcn?-dmol.
concentrated to 1 mL in an Amicon ultrafiltration cell using ~ Gel PermeationProtein samples (300L of 39 uM) in
3 kDa cutoff membranes. The concentrate was then loaded50 mM Tris-HCI buffer and 100 mM NaCl, pH 7.4, in the
ina 1 cmx 150 cm Sephadex G-50 column, preequilibrated presence of 0.5 mM EGTA (apo) or/and 10 mM?Cawvere
with Tris—EGTA buffer (50 mM Tris, 0.5 mM EGTA, pH  applied on a Superdex G-75 gel permeation column (120
6.5). The eluted fractions were once again screened for themL bed volume), equilibrated in the same buffer, and
apo protein by absorbance at 280 nm. All labeled chemicals connected to the low-pressure liquid chromatography system
used were either from Cambridge Isotopes Ltd. or from (Bio-Rad). The elution characteristics, together with the
Spectra Stable Isotopes (Spectra Gases Inc). Other chemical@pparent molecular masses, estimated using ribonuclease A,
required were of ultrapure grade from Sigma-Aldrich and ovalbumin, BSA, and alcohol dehydrogenase as molecular
SRL. The purity and yield of the protein in the eluted markers, are shown in Table 1. Each measurement was
fractions were confirmed by SDSPAGE (15%) and matrix-  carried out at least three times for reproducibility. The void
assisted laser desorption /ionization time-of-flight (MALDI- volume was determined using Blue dextran.
TOF) mass spectroscopy. The fractions were collected and ANS Binding ANS binding experiments were performed
concentrated by ultrafiltration for NMR and other biophysical on a spectrofluorometer (SPEX Fluorolog) at 25 with
studies. Experiments reported here have been conducted a¢xcitation and emission slits of 0.7 nm using 1 mL of 10.35
25 °C in the presence of 100 mM NacCl. Plastic ware and uM apo-EhCaBP in 50 mM Tris-HCI and 100 mM NacCl.
Chelex-100-treated buffers were used throughout to avoid To monitor the changes in ANS fluorescence emission
Ca&* contamination. The ANS binding was used as a measurespectra, 1 mL of 10.3aM apo and holo forms was taken in
to check any C& contamination in the protein free of EGTA 50 mM Tris-HCI and 100 mM NaCl. ANS fluorescence
and after deliberate addition of EGTA since a slightest emission spectra were recorded between 400 and 600 nm
presence of Ca causes a drastic change in the fluorescence with excitation at 389 nm. The protein was saturated with

EXPERIMENTAL PROCEDURES

signal. 115uM ANS. The spectra were corrected for ANS fluores-
Dynamic Light ScatteringThe hydrodynamic radiusx) cence in buffer without the protein.
of individual molecules of the apo form dthCaBP to NMR. NMR experiments were carried out on a Varian

ascertain its state of oligomerization was measured using thelNOVA 600 MHz NMR spectrometer equipped with a pulsed
dynamic light scattering (DLS; Dynapro-LS instrument of field gradient unit and triple resonance probe with an actively
Protein Solutions) method. The software “Regularization”, shieldedz-gradient, operating at*d frequency of 599.862
provided by Protein Solutions, was used in analyzing the MHz. Sensitivity-enhanced 2D'N—'H] heteronuclear
results. Standard synthetic beads of 6.0 nm diameter (pro-single-quantum correlation (HSQCPR4) spectra of the
vided by Protein Solutions) and solutions of bovine serum protein sample (pH 6.5 and temperature25 °C) were
albumin (3.0 nm) were used as standards. Measurementsecorded with théH carrier placed on the #D resonance
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(4.78 ppm) and thé®N carrier 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 tithe.
chemical shifts were calibrated relative to 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) at 288 K (0.0 ppriN
chemical shifts were calibrated with respect to an external
standard of'>NH4CI (2.9 M in 1 M HCI). Spectra were
processed using VNMR 6.1B (Varian) and Felix 2002
(Molecular Simulations Inc.). The 2D¥N—'H]-HSQC
spectra were typically apodized using a°@hifted sine
square bell window function along both dimensions before
zero-filling and 2D Fourier transformation. Integral volumes
(in arbitrary units) for the individuai®™N—'H cross-peaks in
these spectra were measured using Felix.

Hydrogen Exchange of Backbone Amide Protons in the
Apo-EhCaBP Approximately 110 mg of the apo form of
uniformly *N-labeledEhCaBP was taken in 50 mM Tris-
HCI buffer (pH= 6.5) to prepare 15 identical samples, each
580 uL with identical protein concentration (0.95 mM).
Samples were lyophilized and redissolved in 5%0of ice-
cold ?H,0, one after another. This was done primarily to
allow amide protons to exchange withl during a time,
ranging from 0 to 1000 s. Immediately after such varying
delay time interval (0, 10, 45, 60, 100, 125, 150, 300, 450,
720, and 1000 s) for HX exchange, gQ of ice-cold 1 M
CacCl} solution taken inH,O was added to transform the
protein into its holo form and followed immediately by
recording a 2D PN—!H]-HSQC spectrum. The addition of
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Ficure 1: (A) Far-UV and (B) near-UV CD spectra of apo- and
holo-EhCaBP at 20°C before and after heating to 9%C.
Temperature dependence of far-UV CD spectra of BpcaBP
(C) and holoEhCaBP (E). Temperature dependence of near-UV
CD spectra of ap&hCaBP (D) and hold=hCaBP (F).

for each step, and the sample was found to be soluble and

Ca* quenches the HX exchange reaction of amide protons,Stable- At the end of the titration, the change in pH was less
used as probes in the characterization of the apo state ofh@n 0.1. HSQC spectra were processed with identical
EhCaBP. One of the samples prepared in a mixed solventProcessing parameters.

of 90% HO plus 10%°H,0 was used to shim the magnet

Ethylene Glycol Big{-aminoethyl ether)-N,N,\N'-tetra-

and tune and match the radiofrequency coil prior to the above 8cetate (EGTA) Titration of Holo-EhCaBP As Monitored by

series of experiments. For checking reproducibility, 0, 100,

NMR.EGTA titration was carried out with 100 mM EGTA.

and 450 s interval experiments were repeated twice. For the Th€ protein concentration was0.77 mM in 50 mM Tris-

0 s time interval experiments, 580 of 50 mM ice-cold
CaCl solution in?H,0 was directly added to the lyophilized
protein to record the 2D*N—!H]-HSQC spectrum. The

HCI (pH = 6.5) and 100 mM NaCl. For each titration, an
aliquot of 2.0uL of the stock solution was added to the NMR
tube containing the protein solution and mixed thoroughly,

corresponding data were used for having a qualitative insight followed by recording 2D*fN—*H]-HSQC spectra at 25C.

and were ignored in all quantifications.

HX Exchange Rate3he HX exchange rates of individual
backbone amide protons BhCaBP in the apo state were
measured indirectly by monitoring the amide proton decays
by measuring the integral volumes of the nonoverlapping

The total experimental time for each 2D-HSQC was 20 min.
The total volume added was Q..

RESULTS
Apo-EhCaBPUnlike the holo form of the protein, which

peaks. Each datum was normalized with respect to theis highly thermostable, apBhCaBP is unstable at higher

averaged peak volume of V97, which did not vary during
the time range under investigation. The decay of the
individual peak volumes was fitted to the single exponential
decay. The protection factors (PF) were measured as PF

kenkex, Whereke, andkex are the calculated intrinsic exchange

and experimental exchange rates, respectivady. (

Ca&* Titration of EnCaBP C&* titration was carried out
with 100 mM CaC} whose concentration was estimated by
AAS with a precision of 2%. The protein concentration was
1 mM in 50 mM Tris-HCI (pH= 6.5) and 100 mM NacCl.
For each titration, an aliquot of AL of the stock solution
was added to the NMR tube containing the protein solution
and mixed, followed by recording 2D*N—'H]-HSQC
spectra at 25C. The total experimental time for each 2D
HSQC was 20 min, and the total volume added wagl30
During the entire course of the titration no transient ag-

temperaturesX25 °C). Hence, experiments discussed here
in this paper were carried out at 2& in the presence of
100 mM NacCl concentration.

Dynamic light scattering (DLS; Dynapro-LS instrument
of Protein Solutions) and matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectroscopy
results reveal the monomeric nature and the purity of the
sample, respectively. The gel permeation experimental results
(see Table 1) reveal that the apparent relative molecular
masses for holoand apoEhCaBP as 16.8 and 21.7 kDa,
respectively. The theoretical relative molecular mass for holo-
EhCaBP is 14.9 kDa.

Panels A and B of Figure 1 show the far- and near-Uv
regions of the CD spectra of both apo and holo forms of
EhCaBP, respectively. As is evident in Figure 1A, the bands
around 208 and 222 nm, which are largely due to exciton

gregation was observed as monitored by DLS experimentssplitting of thex—z* absorption band and afir* transition,
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respectively, are representative of predominantligelical 1000 B g

conformation, which partially collapse in transforming from / \

the holo to apo form. On the other hand, tholghiCaBP is 800 - / \

devoid of Trp residues, it is rich in Tyr (four residues) and %’ / \\

Phe (nine residues) residues, and the bands for the corre- £, _ / \

sponding residues are well resolved in the near-UV CD. The 3 / \

CD shows two negative broad bands at 278 and 285 nm (6 Té 400 4 / \\

nm red-shifted band) for Tyr. The vibronic bands arising £ / b N

from Phe residues are well resolved with minima at 262 and ~ “ 200 4 // " (m) N

268 nm. Large changes seen in this part of the CD spectrum / “°'°‘"W.€g’;jj‘gl<f£'n%\

(Figure 1B), in going from the holo to apo form BhCaBP, o Lo 2
T T

support partial collapse of the tertiary structure=bhiCaBP. 400 450 500 550 600
Temperature Dependence of Far-UV CD Spedtrdnolo- Wavelength (nm)

EhCaBP, the effects of temperature, in going from 20 t0 95 pigyre 2: ANS binding to apo, holo, and unfolded (holo in 8 M

°C, are marginal around both 208 and 222 nm (Figure 1E). Gdn-HCI) forms of EnCaBP.

The values of botlf,os and6-,; reversibly change from-2.2

x 10*to —2.1 x 10* and from—1.9 x 10*to —1.7 x 10¢ F1 A . v .

degcm?-dmol™?, respectively. In ap&EhCaBP, the temper- @p) 3 . ot .

ature effects in the negative values of ellipticity are more 116 - . . e ST

prominent in going from 20 to 98C (Figure 1C), and the it LTS,

values off,0s and 6., irreversibly change from-1.7 x 10 120 - '.;-' oe _'! -

to —1.1 x 10* and from —-1.5 x 10* to —1.0 x 10 E v :‘5:1'"3« .

degcm?dmol™?, respectively. Thermal unfolding experi- 124 - AR L SR

ments reveal that the extent of refolding in the case of holo- ; TS Tt

EhCaBP is 100%, while in the case of aghCaBP, the 128 e s

secondary structure signature seen before heating cannot be 132 v .-

retrieved (Figure 1A). These results reiterate that holo- 3 . -

EhCaBP is thermally stable, while the agihCaBP is 136 . .

sensitive to even small changes in temperature. It also reveals I I I A S I A

that there is a substantial collapse in the secondary structure FI iB .-

in transforming from its holo to apo form (Figure 1A). @po) S A .
Temperature Dependence of Near-UV CD Speciitze 116 - ) ;‘"-“‘ 3%

temparture dependence of near-UV CD spectra of both forms ] FPOR s

of EnCaBP are shown in Figure 1D,F. In hethCaBP, the 120 - et

effects of temperature, in going from 25 to 9&, are : "‘--‘?‘ -

minimal at and around the vibronic bands of tyrosine and 124 - °o"°f.’.§ .

phenylalanine. They change reversibly by a small amount ; BT 04 i

(Figure 1F). On the other hand, for afhCaBP, the 128 7

temperature effects in the negative values of ellipticity are ]

more prominent in going from 20 to 9%, around the Tyr 132 2

and Phe bands (Figure 1D). The changes in them are found 136 |

to be irreversibly large (Figure 1B,F). As in the case of the L —

far-UV CD spectra, thermal unfolding experiments reveal 10.5 9.5 8.5 75 6.5

that the extent of refolding in the case of hdbCaBP is F2 (ppm)

complete, while in the case of afgRCaBP, the secondary  FiGure 3: 2D [*N-'H]-HSQC spectra of (A) hol&hCaBP and
structure signature seen before heating cannot be retrievedB) apoEhCaBP.

(Figure 1B). These results once again reiterate that holo- . ) ]
EhCaBP is thermally stable, while the ahCaBP is suggest that ap&hCaBP exhibits substantial hydrophobic

sensitive to even small changes in temperature. There is aP0Ckets, which are, however, smaller compared to those in
partial collapse of tertiary structure BhCaBP in transform- ~ Nolo-EhCaBP.
ing from its holo to apo form (Figure 1B). 2D [*N—1H]-HSQC Spectrum of Apo-EhCaBPanels A
Interaction with 8-Anilino-1-naphthalenesulfonic Acid and B of Figure 3 show*{N—'H]-HSQC spectra of the holo-
(ANS).ANS fluorescence is strongly dependent on the local and apeEhCaBP, respectively. The spectrum of efpaCaBP
environment. As shown in Figure 2, the emission is weak in (Figure 3B), with a narrow dispersion in backbofteN
water with a maximum at 515 nm. ANS binds to bothapo chemical shifts (7.268.75 ppm), accounts for only one-
and holeEhCaBP, resulting in significant enhancement in third of the expected peaks, suggesting that most of the peaks
the fluorescence associated with large blue shifts, 39 and 43are broad 26, 27) due to constrained conformational
nm, respectively. The fluorescence intensity is higher for the fluctuations on the micro- and millisecond time sca®8, (
holo form compared to apghCaBP. The enhancement in  29). Addition of 10 mM CaC]j transforms the protein into
the fluorescence is 3- and 11-fold, in the case of apo- andthe holo form, and the'{N—!H]-HSQC spectrum (Figure
holo-EhCaBP, respectively, as compared to completely 3A) thus recorded is identical to the previously recorded
unfoldedEhCaBP (denaturedy8 M GdrrHCI). These data  spectrum of the holoprotein.
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4505 MAEALFKEID VHGDGAVSYE EVKAFVSKKR ATKHEQLLQL EFKSIDADGH GEIDQHEFAK FYGSIQGODL
7205 MAEALFKEID VHGDGAVSYE EVKAFVSKKR ATKHEQLLOL IFKSIDADGH GEIDQHEFAK FYGSIQGODL
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Ficure 4: (A) 2D [®N—1H]-HSQC spectrum oEhCaBP immediately after the addition &fi,O and C&" to the apeEhCaBP, with an

interval of 0, 100, and 1000 s between the two additions. For details see Experimental Procedures. (B) Qualitative analysisf the
exchange experimental data of the dpftzaBP. The amino acid residues with intaigf' are shown in black with a gray background, and

those which exchange fast are shown in gray. The secondary structural elements are shown above the primary sequence of the protein.

Hydrogen Exchange of Backbone Amide Protons in Apo- 5B, PFs in the apo state are much smaller compared to the
EhCaBP.As evident from Figure 3B, it is difficult to get  holo state. Relatively higher PFs are observed for the amide
any insight on the conformation of afi€hCaBP. We could protons in the C-terminal domain compared to the N-terminal
not assign the spectrum as it suffers from extensive spectraldomain, suggesting a greater structural stability for the
overlap. This hints at the collapse of secondary and tertiary C-terminal domain. Within the C-terminal domain, thé\
structures and supports observations made from CD databelonging to K91, L92, T93, 1124, and T125 are highly
described above. A deuterium exchange study shows thatprotected. These residues incidentally belong to the two
all of the ['>N—H] peaks disappear within 15 min at 26, antiparallel3-strands in the holo state, indicating that the
substantiating our conclusion that the apo form has a native (holo state)3-strands belonging to the C-terminal
collapsed tertiary structure. TheH—2H] exchange of domain are intact. Further, most of the amide protons
backbone amide protons in apthCaBPhas been monitored  belonging to the E- and F-helices of the third EF-hand and
indirectly by transforming it into its holo form with the the F-helix of the fourth EF-hand have higher PFs and hence
sudden addition of a Gapulse, as described in Experimental higher structural stability. Interestingly, several residues
Procedures. As illustrative examples, Figure 4A shows the belonging to the loop region of the third EF-hand are highly
[**N—1H]-HSQC spectra recorded with 0, 100, and 1000 s protected, indicating that this part has more stable structural
time interval between théH,O pulse and the Ca pulse. elements compared to the fourth EF-hand. With regard to
From the O s time interval spectrum (Figure 4A) one can the overall conformation of the protein, the third EF-hand is
infer about the intact nature of around 60 amide protons, the most protected one and hence may be relatively more
which are assigned from the previous knowledge of shifts structured. One of the reasons for this could be that the
in the holo state (see Figure 4B). To quantify thid{2H] E-helix of this EF-hand is the longest of all eight helices
exchange ratek{,) of individual backbone amide protons seen in the holo state of the protein and contains more
in apoEhCaBP, we monitored individuaHN decays (see  hydrophobic residues.

Figure 5A), and the corresponding protection factors (PF) For the N-terminal domain, the data show more collapsed
have been measured. THe" PFs are given in Figure 5B.  secondary and tertiary structural elements. Frog0tls time
For comparison, PFs for most of thEN spins in the holo interval spectrum described above, we could infer about the
state were also measured as described in Experimentaintact nature of only 23 backbone amide protons in this
Procedures (see Figure 5B)( 31). As evident from Figure ~ domain. Unlike in the case of the C-terminal domain, only
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02 spectrum, with the concomitant decrease of original peaks
00 I I corresponding to the aphCaBP. The amide'd) protons
0 200 400 600 800 1000 0 200 400 600 800 1000 of the Gly-6 (glycine at the sixth position) residues and the
Time (s) Time (s) residues at the 8th position (Val/lle/Leu) of all fourTa
binding loops (shown with an underline in Scheme 1) exhibit
B e e e e e e e g characteristic downfield shifts in the &abound state of the

protein. In the holo form, the amidéH") protons of Gly-6
are involved in hydrogen bonding with the side-chain
6 carboxyl oxygen atom (©) of an invariant Asp at the first
position of the respective €abinding loops. On the other
hand, the individual amide'iN) protons of the residue at
4 - the eighth position of the Ga binding loops are in close
vicinity of the carbonyl group (®) belonging to its
N-terminal residue, which is the only backbone carbonyl
5 oxygen that directly coordinates to €432, 33).
In the holoEhCaBP, the Gly-6 residues, G15, G51, G90,
and G122, have theitH™N chemical shifts at 10.36, 10.78,
0 b i1 - A ] 10.60, and 9.92 ppm, respectively, and show up in the least
0 ]'0 o 3'0 4'0 % 6'0 7'0 40 90 100 110 10 130 crowded region of the HSQC spectrum. Similarly, residues
......... ity V17, 153, L92, and 1124, with theitHN chemical shifts at
Apo 9.51, 9.79, 8.89, and 9.68 ppm, respectively, also appear in
a fairly resolved region. Thus, the residues at positions 6
and 8 constitute good markers to monitor theé"Cainding
process and also the protein folding. In the following, the
four C&* binding sites present iEhCaBP are identified as
follows: (i) site | (residues +32), (ii) site Il (residues 33
62), (iii) site 1l (residues 7£103), and (iv) site IV (residues
104—-134).
2 1 Ca?* Titration Up to a C&":EhCaBP(M/P) Ratio of 1:1.
During the initial stages of titration, there is gradual
appearance of cross-peaks belonging to site Il. As an
0 - illustration, Figure 6 shows selected regions of the HSQC
0 10 20 30 40 50 60 70 80 90 100 110 120 130 spectrum. Figure 7 shows the volumes of cross-peaks as a
function of the metal/protein ratio, plotted for residues at
Residue number positions 6 (G15, G51, G90, and G122), 8 (V17, 153, L92,
FiGURe 5: (A) ObservedH—2H exchange kinetics for 141, Q55, and 1124), and 9 (S18, D54, T93, and T125) in all four metal
M84, and T125. TheH" occupancy was determined from the pinding sites ofEhCaBP, normalized with respect to the

corresponding peak integral volumes measured in individual 2D 15y, 1147, _
[**N—1H]-HSQC spectra. Solid lines are the fitting curves. (B) [**N—H]-HSQC spectrum of [Ca].-EhCaBP. These plots

Histograms showing the distribution of protection factors (PFs) from indicate the percentage of various intermediate species
amide hydrogen exchange for holo- and dfi®saBP. The PFsare  present at different ratios of the metal and the protein. The

plotted on a logarithmic scale. The secondary structural elementsprimary observation revealed at this stage of titration is that
are shown schematically above the plots. the C&" binds first to the N-terminal domain and specifically

to site Il
4 of them were seen in the next (45 s) time interval,  Ca?* Titration beyond a C&:EhCaBP Ratio of 1:1At a
indicating the weak structural stability of this domain. The M/P ratio of 1:1, with site Il partially filled with C#&', the
amide proton belonging to 141 in the E-helix of the second added C&" continues to bind to site Il up to a metal/protein
EF-hand is found to be the most stablex(= 7.44 x 10* ratio of 2:1. Beyond this, it starts binding to sites 1, Ill, and
s 1) in the entire N-terminal domain, followed by Q55 and IV, as shown in Figure 7. During this stage of titration (M/P
L38 belonging to the F- and E-helices, respectively, of the ratio of 2-3), two important observations are made: (i) there
second EF-hand. is almost simultaneous appearance of peaks corresponding

Log (protection factor)
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started appearing in the HSQC spectrum, with the concomi-
| i tant decrease of the original peaks corresponding to the holo
1 form. Figure 8 shows the normalized volumes of cross-peaks
" ! plotted for the four Gly-6 residues chosen as markers. These
! plots indicate the percentage of various intermediate species
1 as1 v G1s present at different ratios of the metal and the protein. An
0 (U o important observation during EGTA titration is that the
| ' folding pathway observed during the Tatitration of
| EhCaBP is reversible. As evident from Figure 8, EGTA first
P e ' ' ' o dislodges C& from site IV, followed by sites | and lIl.

2.8:1 MP ratio 4.0: 1MP ratio i 3 . .
] 0 1 omil Finally, C&" is slowly chelated from site II.
1145

@ | 1.0:1 MP ratio | 2.2:1 MP ratio
1155::
1165 |

s

DISCUSSION

155

e 0. - - _Structural Characterization of Apo-EhCaBBize-echg-
1165 ¢ gl | = 0o sion chromatography results reveal that -&iCaBP is
0.0 00 predominantly in a monomeric form and rule out any kind
urs : of protein aggregation. The DLS data (data not shown) also
T————————— e ———————— rule out any possibility of higher aggregates even at NMR
F2 ) P20 concentrations of the protein. Gel permeation experimental
SIG{JRE ?h Sceég?tedtregiol[l ;g%?;—;H]-HSQGClgD%Cé? rgggrdedd results (see Table 1) suggest that, in contrast with tie-Ca
uring the itration o aBP showin , , , an i iqnifi
ﬁ]:éZt{] peaks at different M/P ratios. The I\%I/P ratio is indicated at gﬁ)%t?a:?/;nﬂdnfgé A?ﬁéﬁ(rjo;gg i 2 i?ls?quglz‘zgﬂger?s)fizsgﬂgd
p left of all four panels. . : -
temperature, unlike hol&hCaBP. Besides, alHN in apoc
to the remaining sites (I, Ill, and 1V) and (ii) the rate of EhCaBP are found to exchange very fast upon the addition
growth of the corresponding peaks with respect to th& Ca of 2H,0. In contrast to those in holehCaBP, the'HN—2HN
concentration suddenly increases around a M/P ratio of 2.5exchange rates in agehCaBP, which were monitored
and saturates at a metal/protein ratio of 4 (Figure 7). Beyondindirectly by transforming it into its holo form, are also very
the M/P ratio of 1:4, no changes were seen in tHal{ fast. All of these observations taken together indicate that
IH]-HSQC spectrum. the apo form has a collapsed tertiary structure or molten
EGTA Titration of Holo-EhCaBPTo study the revers-  globule-like structure. This is also reflected in the CD spectra,
ibility of the folding pathway, EGTA titration of holo-  which showed significant collapse of secondary and tertiary
EhCaBP was carried out by monitoring changes in the HSQC structures seen in the holo form. Upon addition of Céhe
spectrum. As in the case of the Cditration, once again  molten globular structure completely gets transformed into
Gly-6 were used as markers. During titration, new signals its native 3D structure seen in its holo state.
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Ficure 7: Plots of normalized peak volumes of the cross-peaks as a function of M/P ratio for residues at positions 6 (G15, G51, G90, and
G122), 8 (V17, 153, L92, and 1124), and 9 (S18, D54, T93, and T125) in all four metal binding siEi¥CaBP. The amino acid residue
is indicated at the top left of each individual panel.
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Lo +G15 which is not the case with the rest of the’Cainding loops
’ present in the protein. Such protection may be due to the
involvement of the respective backborielN spins in
05 1. hydrogen bonding. Earlier, it has been established that the
°° IHN of residues at positions 2 and 3 are involved in direct
0.0 G51 A hydrogen bonding with the side-chain carboxylate oxygen
g 107 of the most conserved Glu at position 12, while th' of
'E *ce . oee . o residue at position 5 is hydrogen bonded to the side-chain
8 0574 * ‘et .~ carboxylate oxygen of the residue at position 1 in the holo
-_E * . form (2). Similar hydrogen bonding may be retained in the
g 00 [Il Ca?t binding loop of apeEhCaBP, thus making the IlI
TR EF-hand structurally more ordered compared to the rest of
2 ° ., the EF-hands.
Té‘ 0.5 4 ‘e The fact that all of the amino acid residues belonging to
£ e ® the two-strands in the C-terminal domain show relatively
Z 00 . high PFs reveal that the antiparalesheet structure is intact
10 G122 even in the partially collapsed tertiary structure of the apo
: form of the protein. This is strongly supported by the large
05 PFs seen for the backboHéN protons of 92 and 124, which
oo remain intact even after 1000 s of the time interval in the
0.0 . ‘ ‘ ‘ HX experiment. Thus, within the C-terminal domain, well-
’ o 1 2 3 4 5 protected3-strands may be able to communicate the binding
EGTA: protein ratio of C&", leading to positive intradomain cooperativity

Ficure 8: Plots of normalized peak volumes of G15, G51, G90, betwe_en sites 1l and .lV‘ \.NhICh IS not _seer_1 in the N't.ermmal
and G122 as a function of EGTA:protein ratio. The amino acid domain. Closer examination of the Tditration data (Figure
residue is indicated at the top left of each individual panel. 7) reveals that the Ca binding to site Il does not trigger
the binding of C&" to site I, while C&" binding to site IlI
The hydrogen exchange of backbone amide protons in thetriggers binding of the metal to site IV. Such discrepancy in
apo state established the greater stability of the C-terminalthe intradomain cooperativity can be attributed to a better
domain compared to the N-terminal domain. The number structured C-terminal domain.
of intact *HN spins is found to be more in the C-terminal Ca*-Induced Protein FoldingEF-hand proteins of the
domain compared to the N-terminal domain. Further, the CaM superfamily are found to undergo major conformational
intact’HN spins belong mostly to F-helices afiestrands of change upon C4 binding @, 3, 9—12). However, a variant
Il and IV EF-hand units. Comparison of PFs for the apo of the EF-hand protein is found to lose a significant amount
and holo forms oEhCaBP reveals that the PFs for apo are of tertiary structure in its apo form, which it regains after
relatively very low compared to the same residues in the Ca* binding. EhCaBP belongs to such a variad3-17).
holo form. Within the apo form the C-terminal domain is This property of collapsed secondary and tertiary structures
found to be more structured than the N-terminal domain. helps us to understand its folding pathway, as monitored by
To ascertain which part of the tertiary structure is C&" titration. As evident from Figure 7, Cafirst binds to
collapsed, we have used the information about the PFssite Il. During the initial stages of Catitration, the Ca*
estimated from the HX exchange data. The estimated PFsbinding is slow and so is the protein folding (Figure 7). Until
reveal that there is a substantial decrease in their protectionthe M/P ratio of~2.2 none of the other sites are occupied
when the protein transforms from the holo to apo form. We by C&". Beyond this concentration, sites I, IIl, and IV start
could estimate only seven PFs for the N-terminal domain, folding almost together. On the other hand, EGTA titration
which reveals substantial collapse of its tertiary structure. shows that the removal of €ais a sequential process
This is supported by the nonobservance of the intact naturewherein EGTA first chelates the bound Tdrom site 1V
of the antiparalle|s-strands in this domain, which brings followed by sites I, lll, and Il, respectively. An important
the first two EF-hands (I and Il) together. point to be noted is that, as depicted in both Figures 7 and
Though we could estimate a relatively large number of 8, the well-conserved Gly in the sixth position of the EF-
PFs (22 in total) for the C-terminal domain, their absolute loop act as very good markers for €ainding in EF-hand
value is found to be substantially smaller compared to the proteins.
corresponding values for the same residues in the holo form. Both Apo- and Holo-EhCaBP He Exposed Hydrophobic
This hints at the weakening of hydrogen bonds or/and SurfacesANS binding assay has been used earlier to monitor
hydrophobic interactions in this domain as well. As revealed exposed hydrophobic moieties on the surface of calcium
by the HX experimental data, the third EF-hand in the binding proteins and associated conformational changes
C-terminal domain is found to be the most stable EF-hand. during their folding 84). Calmodulin-like C&"-sensor
Interestingly, the number of amino acid residues belonging proteins undergo Cé-induced conformational changes,
to the E-helix of the third EF-hand shows a considerable exposing hydrophobic moieties to interact with target
amount of protection. Incidentally, this helix is the longest proteins. Hence, such proteins show negligible binding of
among eight helices present in the holo form of the protein. ANS in their apo form, whereas they show strong binding
Besides, residues at positions 2 (V86), 3 (D87), and 5 (D89) to ANS in their holo form 84). In contrast, calbindin Bx-
of the Il C&" binding loop also show significant protection, like Ca*-buffer/transport proteins do not expose hydrophobic
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moieties in either their apo or holo forms. Hence, they show shows a slow binding of G4 to site I, which then triggers
negligibly small binding to ANS. In the present study, both binding of C&" to the remaining three metal binding sites.
holo- and apoEhCaBP show strong ANS binding, indicating Thus, EhCaBP belong to a variant of CaBPs, which
that hydrophobic regions are exposed on the surface ofundergoes considerable loss of tertiary structure on removal
EhCaBP in both the apo and holo forms. Our earlier of Ca&*. Such a variant of CaBP might play a vital role in
observations that the N-terminal domain of the -&ihtcCaBP signal transduction.

has collapsed secondary and tertiary structures leading to
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