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ABSTRACT. We present the three-dimensional (3D) solution structure of a calcium-binding protein from
Entamoeba histolyticéEnCaBP), an etiologic agent of amoebiasis affecting millions worldwid€aBP

is a 14.7 kDa (134 residues) monomeric protein thought to play a role in the pathogenesis of amoebiasis.
The 3D structure of Cd-bound EhCaBP has been derived using multidimensional nuclear magnetic
resonance (NMR) spectroscopic techniques. The study reveals the presence of two globular domains
connected by a flexible linker region spanning 8 amino acid residues. Each domain consists of a pair of
helix-loop-helix motifs similar to the canonical EF-hand maotif of calcium-binding prot&h€aBP binds

to four C&* with high affinity (two in each domain), and it is structurally related to calmodulin (CaM)
and troponin C (TnC) despite its low sequence homolog29%) with these proteins. NMR-derived
structures oEhCaBP converge within each domain with low RMSDs and angular order-parameters for
backbone torsion angles close to 1.0. However, the presence of a highly flexible central linker region
results in an ill-defined orientation of the two domains relative to one other. These findings are supported
by backboné®N relaxation rate measurements and deuterium exchange studies, which reveal low structural
order parameters for residues in the central linker region. Earlier, biochemical studies shovnCHB®P

is involved in a novel signal transduction mechanism, distinct from CaM. A possible reason for such a
functional diversity is revealed by a detailed comparison of the 3D structuEe@&BP with that of CaM

and TnC. The studies indicate a more open C-terminal domai&l@aBP with larger water exposed

total hydrophobic surface area as compared to CaM and TnC. Further dissimilarities between the structures
include the presence of two Gly residues (G63 and G67) in the central linker regimCaBP, which

seem to impart it a greater flexibility compared to CaM and TnC and also play crucial role in its biological
function. Thus, unlike in CaM and TnC, wherein the length and/or composition of the central linker have
been found to be crucial for their function, BEhCaBP, both flexibility as well as amino acid composition

is required for the function of the protein.

Entamoeba histolytigaa protozoan parasite, is the caus- free C&" on cell adhesion oE. histolyticatrophozoites.
ative agent of amoebiasis and amoebic dysentry. It infectsMore recently, Meza §) reviewed on various possible
nearly 50 million people worldwide, resulting in about signaling pathways i&. histolyticaleading to pathogenesis.

40000-100000 deaths every yeat)( Though ubiquitous To understand the mechanism by which2Caffects

in distribution, this parasite is more prevalent in tropical and yjrulence and also to elucidate the role of2Ghinding
subtropical regions. It can invade extraintestinal tissues suchproteins (hereafter abbreviated as CaBP) in host-parasite
as liver and brain and result in the formation of abscessesye|ationships, a gene encoding a novel CaBP has been
which could be life threatenind). Although the biology of  isolated fromE. histolytica (EhCaBP) 6). A number of

the parasite has been studied extensively, the mechanisnexperiments on this protein suggests that it is involved in a
governing its pathogenesis remains uncléarhistolytica  novel signal transduction pathway involving cellular prolif-
generally does not invade, and it is not clear as to why only eration, distinct from the ubiquitous &asignal-transducing

a few infected individuals get invasive disease. A number molecule calmodulin (CaM)7( 8). Further, analysis of

of studies suggest that calcium @amay be involved in  gjfferent species oEntamoebandicates that this protein is
the pathogenetic mechanisms of amoebiadis4j. Ravdin  not present in nonpathogenic species, naméhtamoeba

et al. @) have observed a transient increase if'davels  inyadensand Entamoeba moshkskii, thus suggesting its

in the target cells during the process of cell killing. In another possible role in the pathogenesis of amoebiad)s (

study, Carbajal et al4] have reported the effect of cytosolic EhCaBP is a 14.7 kDa (134 amino acid residues) mono-

meric protein. An analysis of its primary sequence reveals
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Structure of aE. histolyticaC&"-Binding Protein

Scheme 1
Ca*-binding loop position
Protein Sites X Y Z Y X Z
1 2 3 4 5 6 7 8 9 10 11 12
I DV NG D G A V S Y E E
EhCaBP I D A P G N G E I D Q N E
m p v D G D G K L T K E E
v p A NG D G Y I T L E E
I b K D G D G E V S F E E
Calmoduin I D K D G N G T 1 T T K E
m p K D G N G Y 1 S A A E
v p I D G D GG E V N Y E E
I D A D G G G D 1 S T K E
TroponinC I D E D G 8 G T I D F E E
m p K N A N G F I D I E E
Iv D K N N N G R I D F D E

in the C&"-binding loops of the protein, which coordinate
to C&" in a pentagonal bipyramidal geomet§).(
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MATERIALS AND METHODS

Sample Preparation. EPaBP was overexpressed Es-
cherichia coli BL21(DE3) strain containing a pET-3c
expression system. Unlabeled, isotopic&ly or N labeled,
doubly labeled (botR*C and®®N), and amino acid selectively
unlabeled-13C fractionally (10%) labelecEhCaBP, were
purified using the protocol described earlidrl( 12, 23).
NMR experiments were performed at 35 on 0.6 mL of 3
mM protein samples in 30 mM Cagind 50 mM deuterated
Tris buffer (pH 6.0), either in 99.9%H,0 or in a mixed
solvent of 90% HO and 10% 2HO.

NMR ExperimentdNMR experiments were carried out on
a Varian Unityt 600 MHz NMR spectrometer equipped with
pulsed field gradient unit and triple resonance probe with
actively shieldedz-gradients, operating at % frequency
of 600.051 MHz.

The two-dimensional (2D) experiments with unlabeled
EhCaBP in?H,0 include two quantum-filtered correlation
spectroscopy (2QFCOSY) (4), three quantum-filtered
correlation spectroscopy (3@FEOSY) 25), clean total
correlation spectroscopy (clean-TOCS2H) with a mixing
time (z,) of 80 ms and NOESYZ7) with a 7, of 100 ms.
Spectra in 90% KD + 10% 2H,O include WGRAF-
NOESY @8) with az, of 100 ms and clean-TOCSY with a

Extensive analyses of molecular databases including Zm Of 100 ms.

human genome show th&hCaBP has a limited overall
sequence similarity with known CaBPs. The maximum
identity at the amino acid level is 29% with calmodulins. In

Experiments with uniformly*>N-labeled or3C-labeled
EhCaBP include sensitivity enhanced 2BN-*H) HSQC
and 2D {C-'H) HSQC @9) in both constant time and

general, CaM belongs to a highly conserved protein family nonconstant time options, 3D TOCSY**C/**N-'H)—HSQC
showing more than 65% sequence identity among members(tm = 80 ms) 80), 3D NOESY—(*3C/**N-'H)—HSQC
irrespective of the species. Similarity in the protein sequences(tm = 100 ms) 81) and 3D HNHA @2). Further, using the

of EnCaBP and CaM is restricted mainly to EF-handGa
binding loops (see Scheme 1) with a negligible similarity in
the functional central linker region.

As a prelude to the characterization of structftenction
relationship inEhCaBP, we have initiated its NMR study in
solution in the C&'-bound form. Backbone and side-chain

doubly labeledEhCaBP, the following 3D triple resonance
experiments were recorded: HNCA3), HN(CO)CA (34),
HNCO (35), CBCANH (36), CBCA(CO)NH @7), and HN-
(CA)CO (38). Data transformation and processing were done
on a Silicon Graphics workstation (R10000 based Indigo Il
Solid Impact Graphics) using the Felix 97 software (MSI).

1H, 13C, and!N NMR assignments and secondary structure *H chemical shifts were calibrated relative to 2,2-dimethyl-
characterization of this protein have been reported earlier 2-silapentane-5-sulfonate (DSS) at 308 K (0.0 ppHg.

(11—-13). These studies reveal that, despite its low overall chemical shifts were calibrated indirectly relative to DSS.
sequence homology, the structural topology of the protein **N chemical shifts were calibrated with respect to an external

resembles that of intracellular CaBPs such as Ca#4-(L7)
and troponin C (TnC) X8—21), in terms of two globular
domains (the N-terminal and the C-terminal) with a pair of

standard ofSNH,CI (2.9 M in 1 M HCI).
Distance Constraints for Structure Calculations: (a) nOe-
Derived Distance Constraint<Cross-peaks from 3Dd-

EF-hands each and connected by a flexible linker region. 'H) NOESY—(**N-H)—HSQC and 2D'H NOESY spectra
Despite such marked structural similarities, these proteinswere integrated for obtaining distance restraints. The calibra-

have evolved to be functionally diversg @). Thus, subtle

tion of cross-peaks were done using the CALIBA macro of

and important differences in structural properties may exist DYANA (39) with the minimum distance set to 2.4 A and

betweenEhCaBP and CaM/TnC, which may provide clues
to its function.

Unlike CaM and TnC, which have been extensively
studied using X-ray crystallographghCaBP crystals yielded
poor X-ray diffraction limiting the resolution to 3.5 A and
thereby eluding a good crystal structu); This has been
attributed to the presence of highly flexible linker region in
EhCaBP, connecting the two individual globular domains.

the maximum distance set to 6.0 A. For cross-peaks in the
NOESY spectrum which could not be integrated accurately,
distances were classified based on their intensities as 1.8
2.4 A (strong), 1.8-3.5 A (medium), 1.85.0 A (weak), or
1.8-6.0 A (very weak). Hydrogen bond constraints were
added only for residues which were involved in either a
o-helix or a g-sheet as characterized by chemical shift
indices, 3J(HN—H*) values and deuterium exchange rates

In this paper, we present the complete 3D structure of the (12). A lower limit of 2.0 A was used for HO distance in
EhCaBP in solution as derived by NMR data. The structural all the hydrogen bonds. Stereospecific assignments of
morphology of the protein is compared with CaM and TnC prochiral methyl groups of Val and Leu residues were

in order to highlight the similarities and differences, which
exist between these proteins.

obtained using selectively unlabeletC fractionally labeled
samples as described in ré&3. Standard pseudo-atom
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@ these downfield shifts serve as signatures of'Ganding
to all the four sites in the protein.

The ligands chosen for €acoordination included residues
at positions X, Y, Z,—Y, and —Z in the respective Ca-
binding loops (Scheme 19). The bridging water molecule,
hydrogen bonding with side-chain oxygen atoms of residues
at Y and—X position and simultaneously coordinating to
Ca*, was not included in the structure calculations. If the
residue at position 1, 3, or 5 in the loop happened to be an
Asp, then the distance between itsy Gnd C&" was
restrained to an upper limit of 4.0 A. This is because only
one of the side-chain carboxyl oxygen coordinates t6"Ca
On the other hand, if the residue at these positions happened
to be an Asn, a direct upper limit-G@Ca" distance constraint
! of 2.8 A was used. Similarly, for residues at positions 7 and

l | 12 in the loop, which coordinate to &adirectly via their

z»i backbone Cand both the side-chain carboxyl oxygens,

i}l i illi respectively, an ©Ca&* distance constraint of 2.8 A was

Number of constraints

g

H"-H" Coupling constant
o
|

used. Thus, a total of six €aligand distance constraints
per C&"-binding loop were incorporated, with the lower
bound set to 2.0 A in all cases.

Residue number Torsion Angle Constraints orsion angle restraints fa¥
Ficure 1: (a) Number of nOes for each amino acid residue used angles were derived frofJ(HN—H®) values measured in
in 3D structure calculation dEhCaBP, plotted as a function of the 3D HNHA experiment 82). Coupling constants thus ob-

residue number (shown for residues¥34). (b) Values of N— ; . . - . . -
He coupling constants iEhCaBP obtained using the 3D HNHA  tained for different amino acid residues are given in Figure

experiment, as a function of residue number. Vertical bars indicate 1b. For residues which were characterizedy**Ca, and
values for only those residues for which coupling constants could 13C’ chemical shift indices (CSI) as belonging taxehelix
be measured unambiguously. and showed &J(HV-H®*) < 5 Hz, ¢ was restrained to
) , ) —60 + 30° (a-helix). On the other hand, residues which were
distance corrections were incorporated to account for Cemersimultaneously characterized by the same CSl as belonging
averaging 40) for all methyl protons and nonstereospecifi- B-sheet structure and which show&HN—H®) > 7 Hz,
cally assigned methylene protons. A total of 1265 distance ¢ was restrained te-120+ 30° (3-sheet). Backbong angle
constraints (with an average of about 10/residue) were used.qnsiraints were included only for those residues within a
for structure calculations, which include 430 intraresidue, regular a-helical (—45 + 30°) or f-sheet (135+ 30°)
389 interresidue (sequential), 335 medium range, and 111.qnformation. A total of 200¢ and v torsion angle
long-range distance constraints. Only intraresidue and Se-congiraints were used in structure calculations with 176
quential nOes were observed for residues belonging to the qnstraints for residues in varioushelices and 24 con-
linker region, while a few short-range nOes were seen for giraints for residues if-sheets.
residues in segments joining the two EF-hands in a domain.  gyy,cture CalculationsStructure calculations were per-
The number of distance constraints used in the structuresymeq using the program DYANA39). The standard
calculation for gach amino acid residue.is shown in Figure gimuylated annealing protocol was used with 10 000 torsion
la. The therm.mal M1, A2, and E3 residues do not show angle dynamics (TAD) steps. Each round of structure
up correlations in any of the 2D and 3D NMR spectra. These gjcylations started with 200 randomized conformers. Out
residues were therefore excluded from structure calculations.of 5| the energy-minimized calculated structures, 20 struc-
(b) C&*-Ligand Distance ConstraintShough C&" ions tures with the lowest residual target function values were

were not included in the initial stages of structure calcula- chosen for analysis. All atom pairwise-RMSDs were com-
tions, they were incorporated in the final stages of structure puted using DYANA and MOLMOL 43). The quality of
refinement. These were based on two independent experithese structures was analyzed using PROCHE®¥K The
mental observations of substantial downfield shifts ofHiN corresponding PDB files for an ensemble of 20 structures
spins belonging to the individual Gly residues at the sixth (PDB code: 1JFJ) and a representative structutencfaBP
position in each of the four Cabinding loops, namely, G15, (PDB code: 1JFK) have been deposited.

G51, G90, and G122 (at 10.34, 10.75, 10.51, and 9.92 ppm, Backbone Dynamics Studie®ackbone dynamics of
respectively), and (ii) backboréN spins belonging to the  EhCaBP was studied usingN relaxation dataR;, Ry, and
individual hydrophobic residues at the eighth position in each nOe) obtained from 2D{N-'H] NMR spectroscopy45—

of the four C&"-binding loops, namely, V17, 153, L92, and  47). The relaxation data were analyzed using the model free
1124 (at 127.8, 130.6, 128.7, and 128.1 ppm, respectively). approach 48). Models of spectral density functions were
The downfield shift observed for Gly residues is due to the selected for each residue using the procedure described by
hydrogen bonding of their HN with one of the two side- Mandel et al. 49), for both isotropic and axially symmetric
chain oxygens of an invariant Asp at the first position in the diffusion tensors. They are essentia—1y,, S—Tm—Te,
Cé&*-binding loop @1), and those observed for residues at S—7m—Rex, F—Tm—Te—Rex, and a two-time scale model
the eighth position in the loop are due to the coordination (50), wherer, is the global correlation time of the molecule,
of backbone Cof its previous residue to €a(42). Thus, 2 represents the NH bond order parameter, is the
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FiGUrRE 2: (a) Superposition of the 20 energy-minimized conformerSh§aBP as aligned with respect to the N-terminal domain (residues
4—62). Only backbone atoms are shown. (b) Superposition of the energy-minimized confornighGaB8P aligned with respect to the
C-terminal domain (residues #134). Only backbone atoms are shown. (c) Superposition of the N-terminal domain of the energy-minimized
conformers ofEhCaBP (residues 462). (d) Superposition of the C-terminal domain of the energy-minimized conformdes@aBP
(residues 71134).

effective correlation time for internal motions aRgk refers where SD is the standard deviation of the left-hand side of

to the conformational exchange rate constant. In the first the expression. The data were then fitted to two models of

stage, the best model for individual residue was selected bythe diffusion tensor, namely, isotropic and axially symmetric.

fitting the experimental data to different models separately. In such calculations, the following error function was

In such a selection, the criterion has always been a modeloptimized to obtain anisotropic diffusion parametes$)(

that required a minimum number of parameters to fit the

experjmental data: After selection of the best moﬂehvas . E= z (TydToe— Ty, c/TZ,c)Z/OTllTZZ

optimized along with other model parameters using the grid n

search method4Q). The individual optimizations involved

the minimization ofy? function using the program Modelfree ~ Where oryr, is the estimated error in the experimentally

(4.01) @9). derived To/T, ratio, and the summation extends over all
To ascertain whether relaxation data fitted ugmgterms residues used in the fit. The program, R2R1_1.11 available

arise from rotational diffusion anisotropy or conformational in Prof. A. G. Palmer’s laboratory was used for these

exchange, a model incorporating anisotropic diffusion was calculations. Further, the significance of reduction in the error

tested forEhCaBP in a fashion similar to the one described function was evaluated using a statistieest 62), to assess

by Tjandra et al.%1). In such calculations, all residues which whether the fit occurred by chance with the inclusion of

either have large amplitude internal motions or potentially anisotropic diffusion.

undergoing conformational exchange, were excluded. The

former was identified by their respective low values of nOe RESULTS

(<0.6) while the latter were identified using the following Quality of EhCaBP StructuresA superposition of 20

condition §1): NMR-derived minimum energy conformers BhCaBP is

shown in Figure 2. Figure 2a shows the superposition of the

(050 To,n)/ 0= (O, 0= Ty,n)/T30> 1.5 x SD structures when aligned with respect to the N-terminal
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Table 1: Structural Parameter Statistics for the 20

Energy-Minimized Conformers dthCaBP Calculated Using @
DYANA®? 5
(1) DYANA parameters §
avg target function (4 0.514+0.08 )
upper limit violations k-
constraints violated in more than 1 structure 0 g
sum of violations (A) 47405 3
dihedral angle violations z
constraints violated in more than 1 structure 0
sum of violations (deg) 0.30.1
van der Waals violations
number> 0.2 A 0
sum of violations (A) 1.3+ 0.3
(2) RMSD values (A) Residue number
N-terminal domain
residues 462 0.68+0.20 2 e FEFhand! -0 EFhand2 —W— EF-hand3 U~ EF-hand4
EF-hand 1 (residues49) 0.54+0.18 © g2
EF-hand 2 (residues 3%2) 0.59+ 0.14 £E
C-terminal domain =3
residues 7+134 0.73+£0.19 2E M b
EF-hand 3 (residues #1102) 0.55+ 0.18 I ; . .
EF-hand 4 (residues 167134) 0.60+ 0.20 @ » o N el o Croia
(3) Ramachandran plot statistics Az 00 ° oo O
residues in most favorable regions (%) 82.2 et
residues in allowed regions (%) 16.4 ‘88
residues in generously allowed regions (%) 1.2
residues in disallowed regions (%) 0.2 5 © M 2
2RMSDs were evaluated using MOLMOL and statistics for the Structure Number
Ramachandran plot were obtained using PROCHECK. FicURE 3: (a) Backbones and (b) y torsion angular order-

parameters for the 20 structuress¥iCaBP as a function of residue
domain (residues-462), while Figure 2b shows the super- number. (b) Interhelical angle within an EF-hand in the N- and
position of structures aligned with respect to the C-terminal ;;Lecrtfgrigg g‘))'gginsc %Ehcﬁ;gﬁcglfﬁtﬁ%fﬁr g;]% %”g%;g{‘é@g:ﬁ]
domain (residues #134). Structural statistics for the famil : L )

of 20 EhEZaBP structurei is presented in Table 1. Althouz:]/h, of ECaBP plotted for the energy-minimized structures.

each domain exhibits structural heterogeneity when alignedthe disallowed regions (0.2% in total) belonged mostly to
with respect to the latter (Figure 2a and 2b), residues within either the linker region or to the segments connecting the
each domain converge with low RMSDs (Table 1). This is two EF-hands in individual domains. In very few cases
depicted in Figures 2c and 2d, which show the superposition (0.05%), residues belonging to the2Cdinding loops were

of the 20 conformers of individual N- and C-terminal seen in the disallowed regions.

domains (residues—462 and 7%134). Further, as shown The family of EhCaBP conformers was further analyzed
below using relaxation data, the central linker region with respectto angular order parametersg@ndsyp torsion
(residues 63 70) exhibits high structural flexibility (in a  angles using the method of Hyberts et &B)( This is plotted
subnanosecond time scale) giving rise to spatial heterogeneityin Figure 3a and 3b, as a function of residue number. The
of the two domains about this region. Poor convergence of order parameter is related to the standard deviation of torsion
structures in this region is thus attributed to a small number angles in a logarithmic manner and a value close to 1.0
of nOes observed for these residues due to conformationalindicates a good convergenda3). As evident from Figure
averaging. A lack of secondary structure in this region is 3, EhCaBP structures exhibit good convergence (except for
also reflected intH*, 3C%, and3C' chemical shift indices  residues 6370) in terms of backbone torsion angles with
(12). On the other hand, it is seen that NMR structures within mean values of 0.95 0.12 and 0.96+ 0.13 for¢ andy

a given domain show good convergence and covalenttorsion angular order parameters, respectively. Residues 63
geometry with a well-defined secondary structure. In all the 70, which form an extended linker region, show poor
20 structures, the absolute mean deviatioryoingles is convergence. Other residues, which show low angular order
20°, while the absolute deviation af angles from the mean  parameters, are the ones belonging to inter-EF-hand loop
remained below 02 Further, individual EF-hands within a  regions and a few residues in the?Gainding loops.

given domain show higher convergence when compared to The interhelix angle between two helices within individual
the domain as a whole, as indicated by their low RMSD EF-hands was computed using MOLMOL and is shown in
from the mean (Table 1). This is attributed to be due to Figure 3c for all the individual structures. As evident from
segments connecting the two individual EF-hands within eachthis figure, the interhelical angles are conserved in all the
domain (residues 3634 in N-terminal domain and 163 structures with an average (over 20 conformers) of 15
107 in C-terminal domain), which show slightly higher 3.75 for EF-hand |, 120+ 4.2 for EF-hand Il, 96+ 4.8°
disorder than the rest of the polypeptide. These inter-EF- for EF-hand Ill, and 93+ 6.0° for EF-hand IV. These
hand loop regions also undergo higher mobility as compared analyses reveal that, in its €abound state, the C-terminal

to the other structurally ordered segments in the protein (seedomain of EhCaBP shows a more open conformation
below). Even in the Ramachandran plot of 20 structures compared to the N-terminal domain, as evidenced from the
(statistics shown in Table 1), residues that were observed ininterhelical angles. Further, to see the effect of this open
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o3 anda4 forming the second EF-hand. In the C-terminal
domain, the two respective EF-hands are formed by helices
o5 anda6 anda7 ando8 (Figure 4b). Alla-helices and
p-strands were characterized by characteristic nOe patterns,
3J(HN—H*) values and deuterium exchange studid).(

(b) C&™-Binding LoopsThe four C&"-binding loops in
EhCaBP, as evidenced from sequence homology (Scheme
1) and supported by NMR data consist of 12 contiguous
residues with an invariant Asp, Gly, and Glu at the 1st, 6th,
and the 12th positions, respectively. Residues-BAR1 and
D46—E57 form Cd&"-binding loops in the N-terminal
domain, while those belonging to the C-terminal domain are
formed by residues D85E96 and D117E128.

(c) Hydrophobic Pockets in the Proteifkigure 5a il-
lustrates the hydrophobic surface area of the N- and
C-terminal domains (residues—42 and 71134, respec-
tively) in EnCaBP. The hydrophobic residues shown (in red)
are Ala, Val, Leu, lle, Met, and Phe. The solvent (water)
exposed surface area was computed using the software,
NACCESS b4). Using this software, relative solvent exposed
surface area of each residue is calculated as percentage
Linker c accessibility compared to the accessibility of that residue type

in an extended ALA-X-ALA tripeptide §5). Relative ac-
cessibility helps in evaluating the extent of accessible surface
N-Terminal Domain C-Terminal Domain area of a given residue type in different regions of the protein.
FIGURE 4 (a) A representative structure BhCaBP having the ~ 1Nhus, the C-terminal domain, which shows a more open
least residual target function value among the 20 conformers conformation inEhCaBP exhibits a slightly higher ex-
generated using DYANA. Residues-434 are shown in the figure.  posed hydrophobic surface of 37.3% (total solvent accessible

Ca* atoms in the structure are shown in gray. (b) A topology area= 1483 A) compared to 33% (total solvent accessible

diagram of the same molecule (panel a), depicting the various _ - . .
secondary structure elements in the protein. Start and end residué? 3= 1264 ,Bg) in the N-terminal domain. The number of

numbers ina-helices (brown) ang-sheet (blue) structures along ~hydrophobic residues in N-terminal and C-terminal domains
the polypeptide chain of the protein are indicated, along with the is 26 and 24, respectively.
numbering of EF-hands. Hydrophobic pockets in the protein were characterized
. ) o based on nOes observed between apolar residues. Residues,

structure on C&—Ca* distances in both the domains, inter-  hich formed the hydrophobic cluster with a relative solvent
Ce" distance in each domain was computed for all the 20 accessible area of less than 10%, are shown in Figure 5b for
structures and shown in Figure 3d. TheCaCa™" distance  the two domains. The core of the hydrophobic pocket arises
is conserved in all these structures with an average value Ofmainly from residues in the amphipathic helices of the EF-
12.6+ 0.3 A in N-terminal domain and 13.2 0.28 A in hands. Phe residues at 6, 25, 42, 58, and 61 comprise the
the C-terminal domain. A longer €a-Ca" distance inthe  pyried aromatic residues in the N-terminal domain, while
C-terminal domain as compared to the N-terminal domain those in the C-terminal domain are comprised of Phe residues
can be attributed to a more open structure of the former. 4t 101, 129, and Tyr 81 (Figure 7b). The other Phe residues

Description of the Structuréd minimum energy structure  in the C-terminal domain are relatively exposed to solvent
of EhCaBP, having the least residual target function value with a relative solvent accessible surface area of 32% (F100)
among the 20 conformers was chosen as a representativend 58% (F130). Other hydrophobic residues which have
structure and is shown in Figure 4a. A topology diagram of more than 30% of their surface area accessible to solvent
the same molecule is shown in Figure 4b, depicting the include A2, L5, V11, A16, A24, A31, 132, L37, L40, A47,
various secondary structure elements in the protein. Theand A59 in the N-terminal domain and L77, V79, L80, L83,
structure of EnCaBP reveals two globular domains (N- M84, V86, 1106, and A110 in the C-terminal domain. There
terminal and C-terminal), each containing a pair of canonical are few polar residues, mainly belonging to théGlainding
EF-hands. The two domains are connected by an eight amindoops, that are also buried away from solvent.

(a)

(b) EF hand 1 EF hand 2 EF hand 3 EF hand 4
Ca Ca®* Ca*

acid residue linker, which lacks a secondary structure. Dynamic Properties of EnCaBRhe different flexible and
(a) EF-Hands.Each of the four EF-hands iEhCaBP rigid structural elements in the protein have been analyzed
consists of two amphipathic helices flanking theé"Ghinding using the backboné®N relaxation data, following the

loop in a typical helix-loop-helix motifg, 10). There are in procedure outlined in the Materials and Methods. Order
all, eighta-helices [residues A419 (al), Y19-K28 (02), parameters¥) reflect the mobility of individual N-H bond
E35-A45 (a3), Q55-Y62 (04), D71-M84 (a5), E94- vectors on the nanosecond to picosecond time scédis (
K102 (@6), E107~A116 (a7), L126-L134 (@8)] and four An estimate forr. of 5.95 ns was obtained froR/R; ratio
antiparallel3-strand segments, each formed by three amino using an isotropic diffusion model. The averggfevalue for
acid residues [V16S18 (31), E52-D54 (52), K91-T93 residues 1662 (belonging to the N-terminal domain) is
(83), and Y123-T125 (34)]. Helicesal anda?2 form the found to be 0.89t 0.07, while it is 0.88+ 0.05 for resi-
first EF-hand in the N-terminal domain followed by helices dues 71134 (belonging to the C-terminal domain). Of 112
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8P

(B)

N-terminal C-terminal

Ficure 5: (a) Exposed hydrophobic surface of N- and C-terminal domaEh@faBP. The surface area of hydrophobic residues (Ala, Val,

Leu, lle, Phe, and Met) is shown in red, while that of nonhydrophobic residues are shown in blue for each domain. (b) Side chains of
hydrophobic residues (shown in red and blue) in the N- and C-terminal dom&hG#BP, having relative solvent accessible area of less
than 10% (see text). The backbone polypeptide chain of the protein is shown in green.

amino acid residues for which relaxation data were un- axially symmetric diffusion. These results imply that, in the

ambiguous, 60 could be fitted &—1m, 15 t0S—tm—7e, 7, case ofEhCaBP, although anisotropy is required for selection
to S—1m—Rex, and 4 toSF—7,—1.—Rex model, assuming  of an appropriate model, its inclusion is not necessary for
isotropic diffusion. evaluating the backbone order parameters.

To verify whether the relaxation data fitted usiRg terms The various solvent-exposed and buried region&lin

could arise from rotational diffusion anisotropy as against CaBP have been analyzed using deuterium exchange studies.
conformational exchange, a model incorporating axially Figure 6 shows a plot of (a) the local backbone RMSD,
symmetric diffusion tensor was tested #©hCaBP. Ninety calculated as an average from the mean structure, (b) the
residues that satisfied the conditions described in Materials order paramete) values (under isotropic diffusion model),
and Methods were included in the analyses. The relaxation(c) calculated solvent accessible areas of each residue in the
data R/R; ratio) were found to fit well with an axially  protein, and (d) the deuterium exchange rates. In the case of
symmetric model over the isotropic model of diffusion, as deuterium exchange rates, only those residues for which
evidenced by a slight reduction in the error function from exchange rates could be measured (i.e., which exchanged in
1.80 to 1.44. Values obtained fBy/Dp, 0, and¢ were 0.90 medium to slow time scales) are plotted. The arrow marks
(oblate), 10, and—22°, respectively. As mentioned earlier, indicate a complete stretch of residues that underwent fast
reduction in error function was tested using the statistical deuterium exchange and, hence, the exchange rates could
F-test 62). Such a test ruled out the possibility of reduction not be measured. As is evident from the dynamics data,
in the error function by chance, with the inclusion of residues in the four Ca-binding loops, the loops connecting
additional parameters, as the calculated probability turnedthe EF-hands and the linker region exhibit a high degree of
out to be 4.9x 10 (F = 6.54), thereby justifying the  mobility in the increasing order. Residues-670, belonging
anisotropic diffusion model foEhCaBP. Order parameters to the central linker, exhibit maximum disorder in the protein
and 7, were optimized in the same manner as for the (£ values of 0.7+ 0.06). Only a small number of nOes
isotropic model. However, no significant differenceszin were observed for the residues in this region due to
(5.97 ns) and averad® were noticed in the results obtained significant line broadening, suggesting that the amino acid
from the two models. Of the seven residues, which required residues in this region may experience motions in micro-
an inclusion of theR., term in the isotropic model, two did  second to millisecond time scales. This lack of sufficient
not requireRex and fitted well in theS—z. model under nOes is reflected in high local backbone RMSDs for residues
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E
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5 FiGURe 7: Superposition of four Ca-binding loops ofEhCaBP
29 B (shown in red) with the corresponding loops of CaM (blue) and
0 IhLﬂﬂT[[LH: — alonpob TnC (dark green). Both X-ray derived and NMR-derived structures

L[] i
1 R -
0 10 20 30 40 50 6 70 8 9 106 116 120 130 of CaM and TnC are used in the comparison (see text). The loops

are numbered in the order from N-terminus to the C-terminus of
Residue number

the protein. Thus, loops 1 and 2 belong to the N-terminal domain,
FiGURE 6: (a) Backbone local RMSD from the mean for the 20 while loops 3 and 4 belong to the C-terminal domain.

energy-minimized conformers &hCaBP plotted as a function of

residue number. (b) Order-parametef8) (computed using the . .
el from appro(a)ch frompbackboﬁél\)l(Tl, ‘%2 g sequence homology with these proteins. FurtECaBP

heteronuclear nOe data, plotted as a function of residue number.has been thought to be involved in a novel signal transduction
(c) Relative solvent accessible surface area of amino acid residuegpathway, distinct from CaM 7 8). It is of therefore of
in EhCaBP plotted as a function of residue number. These areainterest, from the point of view of biological function, to

were calculated using the program NACCESS (see text). The compare the various structural elements/propertieEhin
structure shown in Figure 4a was used in the calculation of solvent

accessible areas. (d) Deuterium exchange rate&@aBP plotted ~ CBP with the corresponding segments/properties in CaM
as a function of residue number. Vertical bars indicate values for and TnC.

only those residues for which exchange rates could be measured. Comparison of EhCaBP Structure with CaM and TnC.
The arrow marks indicate a stretch of amino acid residues, for which The following 3D structures of CaM and TnC were used

deuterium exchange rates could not be measured due to faStfor comparison with that ofEhCaBP: NMR solution
exchange. These residues belong to the central linker region and :

loop regions connecting two EF-hands in the N- and C-terminal Structure of C-terminal CaM (PDB code 1ICMQ), X-ray
domain ofEhCaBP. structure of CaM (PDB code 1CLLY1{), NMR structure of

o ) ) ) ) . ) i TnC (PDB code 1TNX) 18) and X-ray structure of TnC
in this region (Figure 6a). Amino acid residues in the linker (PDB code 1TN4) 21). All structures used in such com-
region are also exposed to the solvent, leading to high parison represented the protein in &Csaturated (bound)
deuterium exchange rates (Figure 6d). Apart from the N- t5rm and not complexed with any other molecule. The
and C-terminal residues and the linker region, other regions comparison is mostly focused on the conformation cF€a
in the protein that have slightly higher mobility are 100ps pinging loops, interhelical angles within a specific EF-hand,
connecting the two EF-hands in both the domains (residuespyqrophobic surface area and the interdomain linker region.
29—33 and residues 163106) and few residues comprising | the case of NMR derived structures of CaM, a mean

the C&'-binding loops, which also explains high local gy cture calculated from the ensemble of deposited structures
backbone RMSDs for residues in these segments. was used in the analysis.
(a) Ca&*-Binding LoopsFigure 7 shows a superimposition

DISCUSSION of the four individual Ca*-binding loops, in the order of

The solution structure dEhCaBP reveals a CaM paradigm primary sequence from N to C-terminus BhCaBP, with
of two independent globular domains connected by a flexible the corresponding loops from CaM and TnC. A backbone
linker. It consists of four canonical EF-hands, a pair each in RMSD (from the mean) of 0.50, 0.70, 0.73, and 0.75,
the N- and C-terminal domains. The Leinding loops in respectively, were obtained for the four loops. Clearly, the
the protein consist of 12 contiguous residues flanked by two C&*-binding loops in the C-terminal domain &hCaBP
helices which are oriented nearly perpendicular to each other,do not converge with those of CaM and TnC as compared
a feature common with other members of the family of EF- to the loops in N-terminal domain. The third €zbinding
hand proteinsg, 10). EhCaBP is structurally related, most site in particular, shows a maximum divergence in the loop
closely to CaM 14—17) and TnC (8—21) inspite of low structure. The more open structure of this loop cannot be



14400 Biochemistry, Vol. 40, No. 48, 2001 Atreya et al.

Table 2: Primary Sequence Indicating the EF-Hand"@&inding Loops in Each Domain dthCaBP, CaM, and TnT

Phe-Phe interaction sequence Central linker
Protein Domain .
4 1 13 region

N *FKEIDVNGDGAVSYEE]| .
.DADGNGETIDOG QNEI|F?®

EhCaBP 9 BGsIQGQDL™
C 9%Y|K LMDVDGDGXKLTEXKEE|. .
.DANGDGYITLEE|F?
N %F|S LFDXKDGDGTITTEXKE|. .
68

Calmodulin DADGNGTIDFZPEIF )

BARKMKDTD?
C ®F|IR VFDKDGNGYTISARE|..
.DIDGDGOQVNYEE|F*
N %FIDMFDADGGGDIGSTEXKE|. .
78

Troponin C -DEDGSGTIDFEEF “EDAKGKSEE

E94

C 12p R I FDKNADGFIDIEE|. .
.SDKNNDGRIDEFDE|F>

aResidues at the-4 position of the first C&-binding loop in a given EF-hand and 13th position of the secorid-Gimding loop, within the
same domain, are highlighted. Their respective positions in the protein primary sequence are indicated as superscripts. The numbering of the
Ca&*-binding loops, which are shown underlined, begins with the first residue, an invariant Asp. Last column in the table shows the central linker
region in the three proteins, with the respective positions of the start and end residue in the primary sequence indicated by superscripts.

attributed to a more open C-terminal domain (as evidenced EF-hand loops such as parvalbumin, oncomodulin, recoverin,
from inter-helical angles). This is because,?Ghinding and aequorin along with CaM, TnC, a&thCaBP (Figure 1
loops in the N-terminal domain, which adopt a more closed in the Supporting Information). It is found that other than
conformation do not diverge from the corresponding loops EhCaBP, aequorin is the only other protein that possesses a
of CaM and TnC. Met residue instead of the highly conserved Phe at the 13th
The divergence in the third €abinding loop ofEhCaBP position in its fourth EF-hand. Ca-binding loops (3 and 4)
is primarily attributed to the presence of a Tyr residue in of this protein also diverge the most from those of other
—4 position (residue 81) instead of a conserved P& (  proteins, akin to the one observedEnCaBP. The corre-
57) (Table 2). Here, position 1 refers to the start of a sponding G—C* distance between residues at positioh
canonical EF-hand C&binding loop. A recent study involv-  (Phe) in the third EF-hand and 13 (Met) in the fourth EF-
ing EF-hand proteins has revealed that the highly conservedhand of aequorin is found to be 10.5 A, a value similar to
Phe residue at position4 of the first EF-hand in a domain  the one inEhCaBP.
interacts with another conserved Phe at the 13th position in  (b) Interhelical Angles.Table 3 shows the interhelical
the second EF-hand loop within the same doma@). (These angle within an EF-hand fd&ghCaBP, CaM, and TnC. These
two Phe residues adopt a perpendicular orientation with angles were calculated using MOLMOL. As evident from
respect to each other, bringing theit-&C* distance to 58 interhelical angles=hCaBP shows a more open C-terminal
A. In both CaM and TnC, these Phe residues are conserveddomain compared to CaM and TnC, while on the other hand,
(Table 2). InEhCaBP, the two Phe (in-4th and 13th the N-terminal domain oEhCaBP is seen to adopt a slightly
position) in the N-terminal domain are F6 and F58 (Figure more closed state. In both CaM and TnC, the N-terminal
5b; residues shown in blue), which adopt a perpendicular domain is the regulatory domain, which interacts with the
orientation with a €—C* distance of 7.3 A. However, in  target molecules while the C-terminal domain acts as an
the C-terminal domain, the aromatic ring of Y81 faces that anchoring domaing9, 60). Though such characterization has
of its partner, F129, in a nearly parallel orientation (Figure not been done in the case BRCaBP, a more open nature
5b; residues shown in blue) resulting in an average distanceof C-terminal domain compared to the N-terminal domain
Cx—C= distance of 10.4 A. This could be the reason as to suggests its possible involvement in binding target molecules.
why the C&"-binding loops in the C-terminal domain of (c) Exposed Hydrophobic Surfac&able 4 shows a
EhCaBP adopt a more open conformation compared to the percentage of the total surface of hydrophobic residues that
ones in the N-terminal domain and also diverge from the is exposed to the solvent (water) f&thCaBP, CaM, and
corresponding loops in CaM and TnC (Figure 7). This TnC, calculated using the program NACCESS. The percent-
hypothesis was further verified by superimposing 27'€a  age values in the table indicate sum total of relative solvent
binding loops from other proteins possessing the canonicalaccessibilities of all the hydrophobic residues in a given
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Table 3: Interhelical Angles within an EF-Hand EhCaBP, CaM, region in the SOIUtion'Stat.e NMR _StUdie:M’(_la 18’_19’
and Tn@ 65, 66). As has been described earlierBEhCaBP, the linker
N-terminal domian C-terminal domain region spans eight amino acid residues (residues763
) (Figure 4). This region exhibits a large structural flexibility
e protein AB c/b EF GiH (Figure 6b), leading to an ill-defined orientation of the two
EhCaBP 117.8 118.1 92.7 93.4 ; i} } i ;
calmodulin (X-ray) g5 & 374 1024 9 2 do_mams (N- and C-terminal) with _respe_ct to each_ _other
calmodulin (NMR) b b 106.6 87.7 (Figure 2, panels a and b). The amino acid composition of
troponin C (X-ray) 99.5 96.9 104.6 107.2 the linker region inEhCaBP, CaM, and TnC is shown in
troponin C (NMR) 82.5 79.2 91.0 104.8 Table 2 (last column) for comparison. The start and end

a|n the case of CaM and TnC, both X-ray and NMR-derived residues in the linker region are indicated as superscripts.
structures are used for comparison (see text). The helices are labeledCaM and TnC are composed of a number of charged residues
A—H as they occur in the primary sequence from N- to C-terminus of i the central linker region as against only one Asp in

the protein. Thus, helices A/B represent the first EF-hand pair in the . .
protein, C/D the second EF-hand pair and so on. Helice®Aelong EhCaBP. It is interesting to note that the presence of two

to the N-terminal domain and helices-H belong to the C-terminal ~ Gly residues (G63 and G67) may seem to impart a greater
domain of each proteif.NMR structure corresponding to &a flexibility to the central linker region inEhCaBP, as

satur_ated N-terminal CaM (noncomplexed form) was not found in the compared to the lone Gly residue present in TnC and none
protein data bank. in CaM. Such flexibility has been previously attributed to
be the reason as to why X-ray diffraction patternEb€aBP
Table 4: Total ReIaFiV(_e Solvent Accessible Hydrophobic Surfage crystals are found to be poor in qualitg2d). Further, the
ar:?jro; Eg;hN%ggé”sggféz:'tg%M* and TnC Calculated Using  presence of G63 and G67 in the linker region has been shown
g to be important for the function dEhCaBP. In one of the
relative solvent accessible surface area (%)  earlier studies orEhCaBP, these two Gly residues were

N-terminal domain C-terminal domain mutated to Ala §7). Such mutations were found to impart
no. of no. of rigidity to the flexible linker region. Studies involving CD
. hydrophobic surface hydrophobic surface and mass spectrometric techniques revealed that the mutant
protein residues  area  residues  area protein is weakened in its ability to bind &aand its target
EhCaBP 26 33.3 24 37.3 peptides §7), implying a possible role of these glycines in
calmodulin (X-ray) 25 28.2 24 293 gpecific interactions with target peptides. In another study,
calmodulin (NMR) b b 24 23.7 he flexibility in th | link . h h b
troponin C (X-ray) 33 o5 3 24 26.7 the flexibility in the central linker region was thought to be
troponin C (NMR) 33 33.3 24 34.6 responsible for the inability of the short peptide, mastoporan,

%In the case of CaM and TnC, both X-ray and NMR-derived (O bind toEhCaBP, although the same peptide is found to
structures were used for comparison. The number of hydrophobic bind to CaM with considerable affinitys(). Thus, in contrast
residues used in the calculation for each domain is indicated. The to CaM and TnC, where length and/or composition of the
percentage values indica;e the extent of total hydrophobic surfé\ce areqinker region were found to be crucial for the function, in
exposed in each proteiRNMR structure corresponding to €a o . . S
saturated N-terminal CaM (noncomplexed form) was not found in the Eh,caBP’ both erX|b|I|_ty as well as_a_‘mmo acid composition
protein data bank. (with the two Gly residues at position 63 and 67) seem to

be necessary for its function.

domain (the number of hydrophobic residues are indicated ~Structure-Function Relationship in EnCaBFhe NMR-
in brackets). Residues used in the analysis were Ala, Val, derived solution structure &hCaBP presented here provides
Leu, lle, Met, and Phe. As evident from the table, the clues on the putative function of the protein. Although
hydrophobic residues in CaM and TnC expose their total ENCaBP, CaM, and TnC are similar in terms ofChinding
surface to solvent to a lesser extent as compar&dh@aBpP.  affinities and the hydrophobic nature of protetarget
Such an observation was also made in thermodynamicsinteraction, there are dissimilarities in the nature of the central
studies of binding of peptides 8hCaBP 61). In a recent linker region and the extent of the exposed hydrophobic
peptide-binding study, it has been reported that even afterresidues. The latter have been shown to be crucial for the
binding of mellitin, EnCaBP exposes a considerable amount function of the protein both in the case®fCaBP and CaM/
of hydrophobic surface as compared to Gaiellitin TnC. The flexibility in the linker region, imparted by Gly
complex 61). This is based on the assumption that mellitin residues, may be responsible for specificity of the protein
interacts in a similar fashion with CaM arighCaBP. This toward its interaction with target molecules. Specificity may
exposure of hydrophobic surface may be required for other also arise from more exposed hydrophobic residues as
secondary interactions of the protein and also imparts compared to CaM and TnC. In the case BlfiCaBP, a
specificity to the protein toward such interactions. presence of Tyr (Y81) in the C-terminal domain instead of
(d) Linker RegionThe central linker region, connecting a more conserved Phe in that position seems to fine-tune
the two globular domains in CaM and TnC has been a regionthe C&* binding affinity in that domain. This is revealed in
of special interest for biochemists and structural biologists a comparison of Ca-binding loop structures of this domain
alike. Several site-directed mutageneses have been carriedvith that of other EF-hand proteins. Thus, we conclude that
out in these proteins to understand the effect of length and EhCaBP operates in a distinct manner compared to CaM and
composition of this linker on their individual function83— TnC, an observation that is supported by biochemical studies
64). This linker region, which spans-8L0 residues in both (7, 8). Site-directed mutagenesis involving the replacement
CaM and TnC, has been characterized as part of a long helixof Y81 by a more conserved Phe (Y81F), along with
in X-ray studies 17, 20, 21) and as an extended flexible structural studies of apBhCaBP andEhCaBP-peptide
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complexes in solution by NMR, are currently in progress in
our laboratory.
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