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ABSTRACT. The displacement of Ga by trivalent lanthanide ions (T#) in a protozoan Entamoeba
histolyticg) C&* binding protein has been studied by NMR and isothermal calorimetry (ITC). The study
provides a basis for understanding the behavior of lanthanides when used as a substitufe, fireCa
pattern of sequential binding, the structural changes involved, the range and magnitude of paramagnetic
interaction, and the associated energetics and mechanism. The progregsivis@lacement from site

[l first, followed by displacement from site 11, I, and 1V, as observed during the NMR titration experiments,

is interpreted in the light of ITC data to provide a deeper insight into the intradomain and, for the first
time, interdomain cooperativity and information about the statistical phenomenon involved in it. A
theoretical model governing €adisplacement is provided. The small structural changes involved in
C&* displacement by a diamagnetic lanthanide3tle&has also been monitored.

Entamoeba histolytigaa protozoan parasite, is the caus- susceptibilities, which result in large pseudocontact shifts
ative agent of amoebiasis and amoebic dysentery worldwide(PCSs) of nuclear spins as far as 45 A from the paramagnetic
(1). Calcium is thought to be involved in the pathogenetic ion (14, 15) and aid in structure refinement of proteins by
mechanisms of amoebiasi®—<4). One of the calcium providing long-range distance constrairit§)( Besides, these
binding proteins from this organism (hereafter refer to as PCSs can be used to determine the interdomain orientation
EhCaBFR) (5) shows homology with other calcium binding in multidomain proteins. Residual dipolar couplings that arise
proteins in the calcium binding loops but not in the interloop due to the partial alignment of proteins containingLim
regions, which are suspected to be the sites that interact withhigh magnetic field can be used as further refinement tools
other proteinsEhCaBP is a 134 amino acid residue long (16, 17). Earlier, we carried out Y&-substitution studies
EF-hand protein §-11) (M, ~ 14.7 kDa). The three- by NMR and calorimetryX8). Yb*" was chosen for the study
dimensional (3D) structure of this protein in its holo form because of its favorable pseudocontact shift to Curie line-
determined earlier1; PDB ID 1JFK) consists of two  broadening ratioX9). Isothermal titration calorimetry (ITC)
globular domains connected by a flexible linker region was used to obtain binding affinities and free energy changes
containing eight residues. No nuclear Overhauser effectsupon substitution of Cd by Yb®*" and to have an insight of
(NOEs) were observed between the two domains, and thethe relative binding specificities and affinities. The titration
orientation of the two domains with respect to each other is experiments revealed that Yhdisplaces C& preferentially
not defined. To obtain information about interdomain from site Ill, and then from sites Il and | in the N-terminal
orientation, a number of 2D and 3D heteronuclear experi- domain. C&" is finally displaced from site IV only to an
ments were carried out odBhCaBP by displacing calcium  extent of 70% of the original population. In this paper, we
with paramagnetic metal ions. Lanthanide ions3()nwhich present a combined NMR and ITC study of?Calisplace-
have ionic radii (0.851.1 A) similar to those of calcium  ment by thulium (Tr&") in EhCaBP providing a deeper
(0.90 A), can displace Gain such proteins i3, 14). The insight into the intradomain and, for the first time, inter-
paramagnetic L ions possess large anisotropic magnetic domain cooperativity, as well as into the microscopic
pathway involved in displacement of €aby Ln®".
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Scheme 1

1 6 12
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was removed usgna 3 kDa cutoff Amicon centricon unit
by washing the protein solution first with deionized water
and then with 0.1 M KCI solution containing 10,0 at
pH 6.0 and finally concentrating to 0.6 mL for NMR studies.
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recorded during each step of the titration. During the course
of titration, samples were found to be stable and soluble.
Experiments with uniformly doubly labeled protein include
sensitivity-enhanced 2B%-H) HSQC, HNCO 22), CBCA-
(CO)NH (23), CBCANH (24), and HN(CA)CO g5). Data
transformation and processing were done on a Silicon
Graphics workstation (R10000 based Indigo 1l Solid Impact
Graphics) using the Felix 97 software (MSHH chemical
shifts were calibrated relative to 2,2-dimethyl-2-silapentane-
5-sulfonate (DSS) at 308 K (0.0 ppnifC chemical shifts
were calibrated indirectly, relative to DSEN chemical
shifts were calibrated with respect to an external standard

CaC} (20 mM) was added to the concentrated protein sample of **NH,CI (2.9 M in 1 M HCI). The'H and**N chemical

so that the C& concentration is almost constant and the

shifts published earlier1@, 20) were used to identify

reaction follows as a pseudo-first-order reaction. The above individual cross-peaks in thé>N-'H] HSQC spectrum.

condition simplifies the analysis. The protein concentrations
were estimated using the absorbance at 280eagpn=<€ 5120
M~%cmt) on a Varian Inc. Cary 50 scan spectrophotometer.
NMR experiments were performed at 36 on 0.6 mL of
~1 mM protein samples (pH 6.0) in a mixed solvent of 90%
Hzo and 10%2H20

NMR ExperimentsNMR experiments were recorded on
a Bruker Avance 700 MHz NMR spectrometer (CERM,
Florence), Bruker Avance WB 500 MHz NMR spectrometer
(NFMR, Mumbai), or Varian Unity 600 MHz NMR
spectrometer (NFMR, Mumbai), all equipped with pulsed
field gradient units and triple resonance probes with actively
shieldedz-gradients. Sensitivity-enhanced 2BN-*H] het-

Tmét/La®t Titration of (C&"),-EhCaBP:The displacement
of C&" in the protein by paramagnetic Pimand diamagnetic
La%" was achieved by adding small aliquots from a 20 mM
stock solution of TmGlto the protein solution. To start, an
aliquot of TmCh/LaCl; from a 0.02 M stock solution
corresponding to a metal/protein (M/P) ratio of 0.1 was taken
each time and added directly to the protein solution in the
NMR sample tube. The sample was mixed thoroughly before
transferring it to 500, 600, or 700 MHz magnet. For 3
the [N-H]-HSQC spectral peaks started broadening out at
a M/P ratio of 3.0. Hence, we did not go beyond this ratio.
This resulted in a total number of 30 titration points. In the
case of L&', our interest was confined to monitoring

eronuclear single quantum coherence (HSQC) spectra usingstructural changes, if any, when the M/P ratio is less than or

pulsed field gradients for coherence selecti@i) (were

equal to 1 and hence the titration with Lg®@as carried
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Ficure 1. Selected regions of the 2B°N-'H] HSQC spectrum oEhCaBP showing G15, G51, G90, and G122 peaks at different metal/
protein ratios. The metal/protein ratio is indicated at top left in panetDA
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FIGURE 2: 2D ['®N-H] HSQC spectrum of [RILFKJLN sample
with assignments. The arrows point to the appearance of pseudo- 0o
contact-shifted peaks. ]
R=0.850
out up to a M/P ratio of 1:1. The change in pH on addition 7 G15
of the lanthanide salts was negligible. .
ITC Measurements and Analys€BC measurements were
performed with a Microcal Omega titration calorimeter. 0 ) ; 3 e . ) R

Samples were centrifuged and degassed prior to the titration metal:protein ratio metal : protein ratio

and examined for precipitation after the titration. A typical Fyre 3: Superposition of experimental and simulated plots of
titration consisted of injecting 4L aliquots of 7.5 mM intensity profiles of the original peaks of G15 and G90 and
TmCls solution into 0.11 mM (1.3 mL) protein solution every — pseudocontact-shifted cross-peaks of G15, G51, and G122 during

3 min to ensure that the titration peak returned to the baselinethedT(fl‘g;+ Otlitratic_)n ,b)é ConS(ijderting ”&e I(opﬁz sequ|e:1ti3l filling ﬁigdel

: L L an omain-independent model®)(simulated curves;
prior to the next lnjec_thn._A total of 31 |nject|ons_ were experimental curves. The thermodynamic constants used in simula-
carried out. No precipitation was observed during the t{ions are listed in Table 1. The correspondirtalues are given
titration. Aliquots of more concentrated ligand solution were at the upper-right corner of respective plots.

injected into the buffer solution (without the protein) in a
separate ITC run to subtract the heat of dilution. All  Titration of [u1°N]-labeled and RILKF-unlabeleEhCaBP
experiments were repeated at least twice. The ITC data werewas carried out with T&f, and changes in the"*N-1H]
analyzed using software ORIGIN (supplied with the Omega HSQC spectrum were monitored. During the initial course
Micro calorimeter). The amount of heat released per addition of titration, several new signals appeared due to pseudocon-
of the titrating agent was fitted into a macroscopic four tact shifts. Some of the original peaks showed Curie
sequential binding sites mode2q). broadening induced by paramagnetic *Ffmwhile others
remained unaffected.

RESULTS AND DISCUSSION Titration up to a TrA*/EhCaBP Ratio of 1:1During the
Tt Titration of (C&"),-EhCaBP. The amide {HV) titration up to a M/P ratio of 1:1, there is a gradual
protons of the glycine residues at the 6th positions of the disappearance of original cross-peaks belonging to sites |,
four homologous C& binding loops (shown with an I, and IV and concomitant appearance of new pseudocon-
underline in Scheme 1), exhibit a characteristic downfield tact-shifted cross-peaks from sites Il and IV. The cross-peaks
shift in the C&"-bound statel{olo) (27). This is due to their ~ from site | are virtually unaffected. Figure 1 shows selected

involvement in hydrogen bonding with the side-chain car- regions of the PN-*H] HSQC spectrum. Selective unlabeling
boxyl oxygen of an invariant aspartate at the 1st position (28, 29) of arginine, isoleucine, leucine, lysine, and phenyl-
(shown as bold letters in Scheme 1). alanine results in a dramatic simplification of the HSQC
In EhCaBP, the corresponding glycine residues, G15, G51, spectrum (Figure 2), which aids in unambiguous resonance
G90, and G122, have thelHN chemical shifts at 10.37,  assignments of the pseudocontact-shifted peaks, particularly
10.75, 10.51, and 9.92 ppm, respectively, and appear in thethose of residues belonging to sites Il and IV. Such
least crowded region of the spectrumy, (= 108.00-115.00 assignments were verified using FANTASIAQ). For this
ppm andw, = 9.50-11.00 ppm). These Gly6 were used as purpose, with the known structure of the C-terminal domain
markers to monitor the Ca displacement reactions. In the in hand (PDB ID 1JFK), unambiguously assigned pseudo-
following discussion, the four Ca-binding sites presentin  contact shifts (PCSs) belonging to the C-terminal domain
EhCaBP will be identified as follows: (i) site | (residues were used to calculate the anisotropy tensors using FAN-
1-32), (ii) site 1l (residues 3362), (iii) site lll (residues TASIA. This helps to predict unassigned PCSs and match
71—-103), and (iv) site IV (residues 164.34). them with the experimental values. Thus, we could assign
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Ficure 4: Various pseudocontact shifts seen in thdlf'H]-HSQC spe
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ctra of (A) (Tri#")(CatM)s-EhCaBP and (B) (YB")(Ca")s-EnCaBP

and (C) diamagnetic shifts seen in tA&N-'H]-HSQC spectrum of (L&)(Ca&")s-EhCaBP, depicted as spheres using MOLMOL. The red

spheres represent the negative shifts, while green ones are positive shifts. The radii of the spheres are proportional to the magnitude of the

observed shifts. The shifts seen in the N-terminal domain indicate a higher range of paramagnetic interaction in the cdse of Tm

70 PCSs fortHN and >N spins. The corresponding PCS
values are small in the N-terminal domain residues.

Figure 3 shows the normalized volumes of cross-peaks
plotted for a few amino acid residues in the metal binding
sites of EnCaBP. These plots indicate the percentage of
various species present at different M/P ratios and reveal
that at first Tn¥" ions bind predominantly to site Ill, resulting
in almost complete loss of cross-peaks for residues belonging

to this site. New pseudocontact-shifted peaks are observed

for residues in sites Il and IV. Thus, as the titration
approaches a M/P ratio of 1:1, site Il is almost filled by the
Tmd3* ions, and the predominant species becomegfjca
()-(Ca&NH(ID)-(Tm3H)(l)-(Ca?h)(IV)-EhCaBP. The NH groups
giving pseudocontact shifts in the HSQC spectra of {Tim
(C&")s-EhCaBP are depicted in Figure 4A. Three-dimen-
sional (3D) triple resonance spectra recorded with the doubly
labeled (Tni*)(Ca™)s-EhCaBP were used in the assignment
of pseudocontact shifts for the individd&C®, 3CF, and3C’
spins in the protein. Figure 5 shows the histograms of
differences seen ifHN, 1N, 13C 13CF, and3C' chemical
shifts for each amino acid residue of (¥i(Ca*")s-EhCaBP
and (C&"),-EhCaBP (values are given in the Supporting
Information).

During Yb*" titration (18), integral volume of peak G51
decreased by 1015% from its original value at M/P ratio
of 1:1, while that of G90 decreased by 80%, but no
interdomain PCSs were seen (Figure 4B). Hence, it could
not be inferred whether it was sequential or parallel displace-
ment of C&" from sites Il and Ill (8). The displacement
from the individual domains was thus considered to be
independent of each other with no interdomain cooperativity.
In the present study, we use ¥ which may produce
interdomain PCSs by virtue of its higher ligand field and
thus may allow us to monitor possible cooperative effects.
Tm?3* bound in site 11l indeed produces PCSs in sites Il and
IV. No species are seen in which €as first displaced from
sites Il or 1V, which would have produced PCSs in site IlI.
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Ficure 5: The histograms of differences seen’i, 15N, 13C,

Residues at site | also showed no decrease in their integral3C?, and **C' chemical shifts for each amino acid residue of

volume during this initial course of titration, clearly showing
negligible parallel displacement from site | along with site
Il

Titration from M/P Ratio of 1:1 to 3:1At a M/P ratio of
1:1, site Ill is almost completely substituted by ¥mThe
additional Tn¥* can displace Cd in sites I, I, and IV.

(Tm3*)(Ca&)s-EhCaBP and (CH)4,-EhCaBP.

During this stage of titration, one observes (i) gradual and
simultaneous disappearance of the original cross-peaks
belonging to site | and the pseudocontact-shifted peaks
belonging to site Il and (ii) appearance of new pseudocontact-
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domain and preferentially to site Il, followed by site |. During

the course of titration, the integral volumes of pseudocontact-

, shifted cross-peaks of residues in site IV decrease marginally
G122

T
1130

(~10%).
La®* Titration of (C&"),-EhCaBP.We carried out CH-
displacement by the diamagnetic lanthanum?3(l.aon up
to a M/P ratio of 1:1. The changes in the HSQC spectrum
(Figure 6) due to minor structural changes caused by the
La3" also manifest themselves as changes in chemical shifts.
These changes are observed only in the close vicinity of the
G15 calcium-binding loop in site Il (spheres in Figure 4C),
? confined to within a radius of aboé A from the metal (The
G51

T
1140

T
1150

N (ppm)

T
1160
|

diamagnetic shifts of the unisubstituted ®Laspecies are
provided in the Supporting Information). The chemical shift

G90 ' : ) ) L

changes for the residues in the neighboring binding loop of

- ' e P - the C-terminal domain and in the N-terminal domain were

H (ppm) found to be negligibly small, indicating no major structural

FIGURE 6: Selected regions of the 2BPN-'H] HSQC spectrum of ~ change (See Figure 7). The extent of changes observed in

(La**)(Ca*)s-ERCaBP showing G15, G51, G90, and G122 peaks the chemical shifts ofHN and 15N spins are found to be

at a metal/protein ratio of 0.7. The arrows point to the appearance g maller than those observed in calbindigk14) and could

of diamagnetic shifted peaks. be attributed to the relatively more open conformation of

shifted peaks for residues belonging to site I. Panels C andthe third C&" binding loop inEnCaBP compared to those

D of Figure 1 show selected regions of the HSQC spectrum, 2Pserved in calcium binding loops of other proteibs, (L8).
at a M/P ratio of 2.0 and 2.75, respectively. The pseudo- Further the 3D PN-'H] HSQC-NOESY recorded on

contact-shifted peaks due to G51 disappear almost completel(C& )(D-(Ca)(I)-(Yb=")(I1)-(Ca?")(IV)-EhCaBP provided
as the titration approaches a M/P ratio of 3.0. New pseudo- almost the same set of NOE constraints for both the domains

contact-shifted cross-peaks of residues belonging to site 12nd in the linker region as in the case of {QaEhCaBP.
are observed which, later, start disappearing. For example,The observed variations in the distance constraints derived

Figure 1C shows the pseudocontact-shifted cross-peak at  USing CALIBA (31) (see Supporting Information, Figure S2)
="113.0, w, = 7.77 ppm, which is assigned to G15. for the N—tgrmmal domain and the linker region were foupd
Furthermore, Figure 3 shows the normalized volumes of {0 be within 0.05 A. In the case of the C-terminal domain,
cross-peaks for G15 (both original and pseudocontact-shiftedthe_res'du_es in the fourth_ site show small (_jlff_erences in the
peaks) and G51 (pseudocontact-shifted). These plots showderived distance constraints (average variation of 0.15 A),
that up to a M/P ratio of 3:1, there is a gradual decrease in While for residues in s_lte.III,.the dn‘ferences.are around-0.2
the volume of cross-peaks of site | and pseudocontact-shiftedo-8 A. The close similarity in NOE constraints seen for the
peaks of site II, while the new pseudocontact-shifted cross- (C&")(1)-(Ca")(Il)-(Yb*")(Ill)-(Ca*")(IV)-EhCaBP and
peaks for residues in site | gradually increase in volume up (C&")«-EhCaBP supports the fact that their 3D structures
to a M/P ratio of about 2 (Figure 3). Beyond this point, there aré almost identical.

is gradual fall in their volumes as well. At a M/P ratio of Isothermal Calorimetry (ITC).In a two-metal (C#&")

3:1, species corresponding to®dound sites | and Il are  binding site (N-terminal and C-terminal domainEfiCaBP),
decreased to less than 5%. No new pseudocontact shifts weréhe binding of the lanthanide to one site while the other one
observed for residues in site Il. This indicates nonrandom is occupied by C¥ is represented by the intrinsic association
filling in sites Il and sites I. Such observations indicate that constant; (for the first site) and. (for the second). When
up to a M/P ratio of 3:1, TRt binds mostly to the N-terminal  one site is occupied, the binding of the second ion is then

T
170

T
11.0

Diamagnetic shift (ppm)

T T T T T T

20 40 60 80 100 120

Amino acid residue number

Ficure 7: The histogram of differences #iN/"HN chemical shifts as noted from the 2BN-1H] HSQC spectra of (L& )(C&*)s-EhCaBP
and (C&")4-EhCaBP for each amino acid residue.
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Times (min) The calorimetric reaction of the addition of Fmto

40 0 10 20 30 40 50 60 70 80 90 100110120130 EhCaBP is shown in Figure 8A, while the heat exchanged,
- rr--r——r-r--r--r-eer—r AQ, vs the M/P ratio is shown in Figure 8B. By variation of
the initial parameters of the fitting procedure, it is found that
0.3 = A - L X . :

' the fit is stable for a macroscopic four-site sequential
- - displacement schem@®) and no other parameter set can
fit the data better. The curve fitting reveals the endothermic
nature of the CH displacement by T#&i. The endothermic
4 - nature of Ca" displacement is obvious considering the fact
that the hydration enthalpy of Tthis higher than that of
C&" (32). This implies that the energy released upoi'Ca

4 - hydration is not sufficient to break the Pinhydration shell,
00 - UL AR AR ARG, resulting in heat being absorbed from the solution. It may

be noted that the sequential displacement scheme used to fit
2 T ITC data is macroscopic, bearing no site-specific information.
] It is NMR that provides the site-specific information on
0] ] displacement, and combination of ITC and NMR completely
] B. describes the whole displacement process. The sequential
] nature and the order of €adisplacement (site Il first,
#1 ] followed by sites II, I, and 1V) by Trii" are found to be
] similar to those of YB". An additional observation, however,
5] ] in the Tn®* titration is the observation of interdomain
] -\\ pseudocontact shifts and an insight into intradomain and

0.2 = -

0.1 =

pcal/sec

interdomain cooperativity.

Energetics Dernied from ITC Titration and Functional
\.m Relationship between Macroscopic and Microscopic Rate

1 ConstantsBecause the binding of the four Pmions to
T, EhCaBP is sequential, the ITC data can be analyzed in terms
N — of four macroscopic binding constants;, Ko, Ks, andK.
05 00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 These constants, together with the associated thermodynamic
parameters, are listed in Table 1.
Molar ratio

FIGURE 8: Calorimetric titration (A) of 4uL aliquots of 7.5 mM CaBP(Tmt
Tm3+Cl; solution into 0.11 mM C#-loadedEhCaBP at 308 K CaBP+ Tm*" — CaBP(Tn"); K, = M
and (B) plot of kilocalories per mole of heat absorbed or released [CaBP][TnT!]
per injection of Tni*Cl; as a function of metal/protein ratio at 308 4 3+ Ty

K and the best least-squares fit of the data to binding models CaBP(Trﬁ ) +Tm™ — CaBP(Trﬁ )2

described in the text. [CaBP(Tm°'+)2]

2 =
given by eitherk, 1 or ki ». Thus, experimental analysis of [CaBP(Tmi )][Tm*']

the binding energetics for a two-site system demands at IeasbaBP(Tn*?+) +Tm — CaBP(Trﬁ+) .

three (2 — 1; wheren is the number of binding sites) 2 ®

independent observables. In the case that the values of the _ [caBP(Tni")y
microscopic binding constants andk, for the two sites 3T [CaBP(TnT’+)2][Tm3+]
under consideration are widely different, the protein will " - N

exhibit a stepwise (sequential) metal binding. For example, CaBP(Tri"); + Tm*" — CaBP(Tni"),;

Kcal‘mnole of injectant

if ki is much larger thak,, then for a given molecule in an [CaBP(TmQ’J’)A,]
ensemble the probability of ligand binding to the first site K,= " v
(ko) followed by the second,y) is significantly high, having [CaBP(Tni"),][Tm*"]

three possibilities, such as, k) = k» 1, which results in equal
populations of only the first site filled (sa%) and both the
sites filled (sayB), (ii) ki > ko1, which results inA > B,
and (iii) k; < kpi, which results inA < B. In all such _ 3+ 3+q2
situations, NMR measurements not only provide the site- [CaBP]= Ceaga{ 1+ Ky[TM™] + KKJ[Tm™]" +
specific information, owing to the most probable microscopic K KK Tm* 1% + K KKK [Tm* 1% (A)
pathway in binding, but also the populations of respective

The equilibrium concentrations of all the species involved
can be expressed as a function of [rinas

-+ +
species. From such insight into the microscopic binding [CaBP(Trr? = Kl[CaBP][Tm3 ] (B)
pathway, one can then correlate the macroscopic binding [CaBP(Tni"),] = K,[CaBP(Tni")][Tm*"]  (C)
constants derived from ITC measurements with the micro- " " at
scopic counterparts. However, if the binding is not sequential, [CaBP(Tni");] = K[CaBP(Tni"),][Tm*] (D)
we have a complex binding scheme. For a four site system, [CaBP(Tn?+)4] = K4[CaBP(Tm°’+)3][Tm3+] (E)

we need 15 (2— 1) observables to describe the binding or
displacement process. where Ccqgp IS the total protein concentration. In these
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Table 1: The ITC Results for THDisplacement

binding constants

value of from simulation
macroscopic macroscopic Gibbs free energy, enthalpy, entropy, microscopic using sequential
rate constant  rate constant (M) AG (kJ/mol) AH (kJ/mol) TAS (kJ/mol) binding constant model (M)
K (1.84+ 0.015)x 10° —36.483 45.654t 0.285 82.137 Kin 1.84x 1¢°
Kz (1.254+0.012)x 10° —29.788 22.739% 0.190 52.527 Kir,mn 1.25x 1¢°
Ks (1.02+0.01) x 10° —29.374 6.416+ 0.116 35.790 Kiinin 1.02x 10°
Ky (3.944+ 0.026)x 1(? —14.433 80.966 1.049 95.399 Kiv, i 394

Table 2: ITC Results for Y Displacements

value of binding constants
macroscopic macroscopic enthalpy, Gibbs free energy, entropy, microscopic from sequential
binding constant  binding constant (M*) AH (kJ/mol) AG (kJ/mol) TAS(kJ/mol)  binding constants model (M)
Ks (1.55+ 0.45) x 10* 188.7+ 87.6 —25.88 214.6 Ky, 1.85x 10
Kz (2.46+ 1.40)x 10* 117.1+10.4 —24.69 141.8 K 2.26x 10¢
Ky (1.25+ 0.38) x 10° 418+ 1.1 —30.04 71.8 K 1.55x 1P
Ka (1.78+ 1.20)x 10° —210.5+ 96.2 —19.16 —191.3 Kiv, i 1.78x 10°

calculations, the concentration of free 2Cavas assumed ratio if changed from 0:1 to 1:1). This also excludes parallel
constant throughout the titration because the initia#"Ca filling between sites Ill and I.

conc_entration in 'ghe sample was kept much _higher thanthe |, 4 microscopic point of view TAT displaces CH first
protein concentration. The NMR data reveal$‘@aplacement  rom site 111, primarily because of its open loop conformation
first from site 1ll followed by sites II, I, and IV. During the g4 the presence of three aspartate residues at X, Y, and Z
course of such displacement, no evidence of parallel dis- positions of the metal binding loofd2, 18). Once site Ill is
placement from any pair of sites is observed. During the gatrated with THtT, the next incoming TAT displaces C&

initial stages of titration, the macroscopic unisubstituted fqm site I, having two aspartate residues at X and Y
lanthanide species CaBP(?h) is composed of only one  hositions. Cooperativity between sites Il and IIEhCaBP
major microscopic species (€3(1)-(Ca*)(Il)-(Tm*")(Ill)- can be characterized kyAG, which quantifies the increase
(Ca")(IV)-EhCaBP), resulting from Ca displacement from o gecrease in the free energy of one of the sites updh Ca

site 11l alone. Hence, the first macroscopic binding constant displacement by TAf in the neighboring site34—36).
(K1), measured by ITC turns out to be the microscopic (site-

specific) binding constarky,. Similarly, the unisubstituted — _ - _
CaBP(Tnit) species are then transformed by the next AAG=AGyy — AGy RTInCkyu /)
incoming Tn¥" into CaBP(Tni"), species with C& dis-

placement mainly from site II. This enables one to assign To have sequential displacement between sites Il and II,

ki = (K»). Further, the rest of the sequential displacement the intrinsic displacement affinity pf site 1k() must be at

process revealed by NMR data helps in concludinghat least 16 times lower than that ofsite 11k(;), of which the

= Ks andky i = K. o intrinsic displacement affinity is on the order of 1911
Comparis&ir{ of Energetics of €aDisplacement by T# (K4). If the displacement affinity were less than 100 times

and YB*. The binding constants, enthalpies, and entropies smaller, p_seudoc_ontact-shlfted peaks from site 11l c_aused by
for the four metal binding sites for Thand Y&+ are given ~ 1™M°' binding to site Il would have been observed with %
in Tables 1 and 2, respectively. The results show that binding INt€Nsity, which is our estimated detection limit. However,
constants for sites IIl, Il, and | in T# are an order of  When site lil is already filled, the probability of €a
magnitude greater than those of¥tbut that of the fourth ~ displacement by the incoming Pmincreases in site I,
site is 5 times smaller. Such differences can be attributed tof€sulting in a value ok ~ 10° M~ (assigned equal to
the small difference in ionic radii and hydration energg, ( macroscopic rate constak). Hence, the ratid,u/ki >
33). As mentioned earlier, we could not carry out ¥m 10 results in the value of AAG being positive, indicating
titration experiments beyond a M/P ratio of 3.0. To have an positive interdomain cooperativity between them (sites Il and
estimate of the Cd displacement beyond the M/P ratio of 1)
3.0, we extrapolated the simulated curves and found that the Such an interdomain cooperativity could not be established
Cat in the 4th site is displaced to an extent of only 30% at earlier by following C&" displacement by Y& owing to
a M/P ratio of 4.0 as compared to 65% in case of'Yfor the weak ligand field of Y& (18). Hence the two domains
the same M/P ratio (see Supporting Information, Figure S3). were considered to be independent, and the description of
This reveals high specificity of site IV for Ca the sequential displacement was restricted to individual
Interdomain Cooperatity. NMR and ITC data taken domains. A question that arises is whether interdomain
together clearly establish the existence of interdomain cooperative interaction is linked to any structural changes
cooperativity inEhCaBP. The fact that no PCSs are seen that may occur due to the trivalent ¥nion displacing the
for residues in site Ill (during the initial course of titration) divalent C&" ion. We have carried out an independent
shows that parallel displacement from sites Il and IV is experiment of C& displacement by a diamagnetic ¥a
negligible. It may be recalled that site | does not show any Minor structural changes, reflected as changes in chemical
decrease in integral volumes of cross-peaks belonging to theirshifts only in the close vicinity of the calcium binding loop
residues during the initial stages of titration (Trprotein (Figure 7), reveal that the origin of cooperativity and
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Ficure 9: Superposition of experimental and simulated plots of intensity profiles of the original and pseudocontact-shifted cross-peaks of
G15 and G122 during the ¥b titration by considering the (A) sequential filling model and (B) domain-independent mo@kirqulated
and (n) experimental curves. The thermodynamic constants used in simulations are listed in Table 2. The correspgoralines Rre

given at the upper-right corner of the respective plots.

sequential displacement are primarily due to the intrinsic
specificities of individual sites, dictated by the composition
of the amino acid residues in the loop, the difference in
charge, or both, rather than the structural changes.
Intradomain Cooperatiity. Like the interdomain cooper-
ativity, the NMR and ITC data taken together also shed light
on intradomain cooperativity in the &a displacement
process irEhCaBP. It may be recalled that the pair of EF-
hands within a C& binding domain are highly cooperative
in Ca&" binding. Once CH is completely displaced from
site lll, the next displacement is from site I, followed by
site I. As in the case of interdomain cooperativity, the
intradomain cooperativity between sites Il and EhCaBP
can be characterized yAG, which quantifies the increase
or decrease in the free energy of one of the sites upéh Ca
displacement by TAT in the neighboring site34—36).

AAG = AG,; — AG,,; = =RTIn(k, jy /K 1)

affinity of site | (k) must be at least10? times lower
than that of site Il ), of which the intrinsic displacement
affinity is on the order of 10M~1 (K). However, when the
sites Il and Il are already filled the probability of &€a
displacement by the incoming Eh increases in site I,
resulting in a value ok, ~ 10° M~ (assigned equal to
macroscopic rate constait). Hence, the lower limit of 100
for the ki /k i ratio results in the value of AAG being
positive, indicating that the intradomain cooperativity be-
tween sites | and Il is also positive. Since the structural
changes are mainly confined to the calcium binding loop
where the lanthanide is bound, the intradomain cooperativity
between sites | and Il must not be due to induced structural
changes. The intradomain cooperativity between sites Il and
| is identical to the observations made earlier during the
course of YBT titration of EnCaBP (8).

SimulationsThe changes in the observed integral volumes
for original peaks of G15 and G90 and pseudocontact-shifted
peaks of G15, G51, and G122 (Figure 3A) as a function of

Now, to have sequential displacement between sites | and lIthe M/P ratio are simulated using the macroscopic displace-

when site lll is already filled, the intrinsic displacement

ment equations mentioned above (egs A, B, C, D, and E)
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Ficure 10: The computed probability of having one, two, three,
and four sites occupied by Trhas a function of the T&i/protein

ratio using the site-specific (microscopic) sequential pathway
inferred from NMR data and correlating the microscopic displace-
ment constants with the macroscopic counterparts derived from ITC
data (Table 1).
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Ficure 11: Graphical representation of the 16 species and the 32
equilibria among them in (Cg)Ln);—-EnCaBP = 0—4). Starting

from the (Ca)-EhCaBP species (species 0), the filling pathway upon
titration with Lm*" up to (Ln)-EhCaBP (species ILIILIV) is
indicated in green, and the several possible branchings along the
pathway that can be ruled out by NMR data are indicated in red.

Hence, assigning; for ky; would be incorrect (see Appendix

| for discussion of domain-independent and sequential models
for a two-domain four-site calcium binding protein). This is
also evident from the fact that using a domain-independent
model the match was perfect only kfi, was set equal to
3K; (18). On the other hand, if Ca displacement by Y&

is assumed to be sequential, the experimental and simulated
curves fit perfectly within the experimental error limit (Figure
9A) with comparably very good Rralues. Thus, in the case

of Yb®" too, the sequential displacement model correctly
assigns all microscopic binding constants with their corre-
sponding macroscopic counterparts derived from ITC data
with very good R values (shown in as insets of Figure 9A).
Further, in the case of T#h titration, when the simulations

and assigning the macroscopic binding constants to theirare carried out with a domain-independent model using the

microscopic counterparts on the basis of NMR data (site-
specific sequential model), and excellent fits could be
obtained (Figure 3A) with comparably good? Ralues

(shown in as insets of Figure 3A). Thus, the sequential
displacement model correctly assigns all microscopic binding

experimental ITC values (Figure 3B), the fits are expectedly
imperfect (the correspondingRalues are shown in as insets
of Figure 3B). Further, to validate the sequential model of
C&" displacement by TAT proposed here, we have calcu-
lated the probability of having one, two, three and four sites

constants with their corresponding macroscopic counterpartsoccupied by Tr&" as a function of the T#i/protein ratio

derived from ITC data. However, in the case of 3Yb
titration, when the simulations are carried out with a domain-
independent model (displacements ofC each domain

using the site-specific (microscopic) sequential pathway
inferred from NMR data and correlating the microscopic
displacement constants with the macroscopic counterparts

are considered to be independent of each other, see equationderived from ITC data (Table 1). The Figure 10, thus

in the supplementary material of Atreya et al8)) using
the experimental values from ITC (Figure 9B), the fit is not
perfect, as is evident from the poof Ralues (shown in as
insets of Figure 9B). This is primarily because, during the
initial stages of titration, unisubstituted ¥bspecies would
be either site Il (C&)(1)-(Yb3")(I)-(Cazt)(lll)-(Cazt)(IV)-
EhCaBP) or site Ill ((Ca")(1)-(Ca2")(I1)-(Yb3*)(Ill)-(Ca?")-
(IV)-EhCaBP) filled, and both species will sum up to give
the macroscopic CaBP(¥h species mentioned above. Thus,
the contribution toK; would come from bothk, and k.

obtained, supports site-specific sequentid'@hisplacement
revealed by NMR data, first from site 11l and then followed
by displacements from sites Il and |. as finally displaced
from site IV only to an extent of 70% of the original
population at an M/P ratio of 4. Figure 11 shows graphical
representation of the 16 species and the 32 equilibria among
them in (Ca)(Ln)s—-EnCaBP 6 = 0—4). Starting from the
(Ca)y-EhCaBP species (species 0), the displacement pathway
upon titration with L& up to (Lny-EhCaBP (species
LILIILIV) is indicated in green, and several other possible
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branchings along the pathway that can be ruled out by NMR unisubstituted Y& and Tn#". This material is available free
data are indicated in red. Despite the potential complexity of charge via the Internet at http://pubs.acs.org.

of the equilibria involved, the present NMR data has

demonstrated that the only significant pathway for lanthanide APPENDIX |. SEQUENTIAL AND

binding (in green) goes from 0 to Il (avoiding other DOMAIN-INDEPENDENT MODELS IN A

possibilities 0 to I, 0 to Il, and 0 to IV in red), then proceeds TWO-DOMAIN FOUR-SITE CALCIUM BINDING
to 11,11l (avoiding branching to 1,11l and IV, 111), and finally PROTEIN
to LI (avoiding branching to (IV,11,111). Site IV is finally

filled starting from LILIIl (shown as a circle). The macroscopic binding constants derived from the ITC

measurements represent bulk property of the system. Even
CONCLUSIONS in the case of two-site system, if the binding is not sequential,
we end up having a complex binding scheme. A simple
theoretical model for the metal binding can provide a
functional relationship between macroscopic and microscopic
rate constants, which is discussed in detail, in the following
paragraphs.
Sequential C& Displacement by LY Where the Two

This study provides a basis for understanding the behavior
of lanthanides when used as a substitute féf"Cthe pattern
of sequential binding, the structural change involved, the
range and magnitude of paramagnetic interactions, and
associated energetics. The cooperativity in the lanthanide-

for-calcium substitution has a different meaning with respect Domains Are Not Considered Independadnsidering the

to cooperativity _in metal binding to the apo-pr(_)tein. In the displacement reaction in a two-domain four-site system, such
latter case, calcium-sensor proteins undergo sizable confor- !

mational rearrangements in response to calcium binding, and> EnCaBP, we need 15 {2- 1) observables to describe
9 ; P . 9, the binding or displacement process. These observables can
therefore, the conformational change plays an important role

. : X o be represented byi( iy, i3, i4), Whereis, iy, i3, andi, take
in the overall energetic87). In contrast, in mgtal subsptutl'on binary numbers, O for the presence ofC4. for the presence
the structure of the holo-protein is essentially maintained,

3+ i
and what one measures is the differential metal binding of Ln*, and they represent essentially the state of the four

contribution to the energy. The novel finding of positive ?ggi)(llzlt))_r(l_er:( ir)rzﬁls_’(égzg’(l\l/;_%)hézggsesngz Ctizgz%%” e
interdomain cooperativity is particularly interesting, because (0, 1, 1, 0) represents (@a(l)—(Ln3+)(Il)—(Ln3+)(III)—(éa”)—

it points to some'kind of doma#dqmain interaction the (I\,/)—’Er;CaBP, and so on and so forth. In such a situation,
contribution of which to the energetics of the whole process the experimental analysis of the energetics becomes very
must be metal-dependent. ) complex. However, if the binding/displacement process is
The present study also provides a background for a bettersequential, the system becomes amenable for description with

theoretical Understanding of the COOperatiVity and PCS shifts. iust four macrOScopiC b|nd|ng constants. The Sequentia'
The assigned values of PCSs could be used as structurahature and the order of €adisplacement (site Il first,

constraints to refine the description of the solution structure fo|lowed by sites I, I, and IV) by Tr#t discussed above is
of this two-domain protein. This work will be reported 3 ynique case. And in such a displacement reaction, species
elsewhere. such as (1000), (0100), (1100), (1010), (0001), (1001),
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SUPPORTING INFORMATION AVAILABLE [CaBP(LF")]

3+ -+ -

The list of ™N-1H PCS shifts for Tri* and YiB*" CaBP+Ln —>CaBP(Lr? ) Ky [CaBP][Lr*"]
substituted species obtained from 2ZBNF*H] HSQC spectra;
the diamagnetic shifts in (24)(Caj-EhCaBP; the list of-? Since there is no parallel filling in any other sites, the
C',13C, and®® C# PCS shifts for unisubstituted Trhspecies ~ macroscopic unisubstituted species CaBP(lLhas its only
obtained from 3D NMR spectra; all the NOE constraints contribution from the microscopic species (0010). Hence,
obtained from 3D PN-'H] HSQC-NOESY spectra of  Kj = ky, sinceky, is the only microscopic rate constant that
[Yb3*][Ca?']s-EhCaBP; the histogram of differencesfiN/ contributes to the growth of macroscopic unisubstituted
IHN chemical shifts for each amino acid residue, as noted species CaBP(L3) by increasing the microscopic species
from the 2D [°N-'H] HSQC spectra of (L&)(Ca&")s- (0010). Similarly, we can assidqa . = Ko, ki = Ks, and
EhCaBP and (CH),EhCaBP and an analogous calcium kv u = Ks with clarity. The macroscopic sequential
binding protein ((L&")(C&")-calbindin Dy and (C&")»- binding scheme used in fitting the ITC da6) described
calbindin Dy; the average variation of NOE constraints and above is macroscopic in nature dealing with macroscopic
extrapolated curves of NMR cross-peaks of*Trtitration; binding constants; it does not have any site-specific informa-
the histogram figure showing the range of PCS shifts in tion. Even though such a macroscopic scheme is sequential,
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there may be a large number of microscopic pathways in which are essentially analogues to the macroscopic equation
the displacement reaction including parallel ones that the
system might undergo in attaining saturation. For example,
the contributions of macroscopic species CaBP{)L.itan
come from four possible microscopic species (0010), (0100),
(1000), and (0001) However, the Sequentia| model from Hence, the contribution (. €] will come from bOthku and
NMR data helps us to conclude that only the (0010) specieski, because in such a situation there is parallel filling
contributes to CaBP(L). So in the present case, the between sites Il and Ill. Both species (0010) and (0100)
sequential model has helped us to sort out the most probablecontribute to CaBP(L¥). So, assignind<; for ki would
microscopic pathway in attaining saturation, making it Pe incorrect. Similarly, other assignments of macroscopic
microscopic in the true sense. rate constants would have contributions from several other
Domain-Independent Ga Displacement by Li: For the microscopic rate constants and are also incorrect.
same two-domain four-site system discussed above in which
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