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Abstract: The intrinsically disordered C-terminal domain (NTAIL) of the measles virus (MeV)
nucleoprotein undergoes a-helical folding upon binding to the C-terminal X domain (XD) of the
phosphoprotein. The NTAIL region involved in binding coupled to folding has been mapped to a
conserved region (Box2) encompassing residues 489–506. In the previous studies published in this
journal, we obtained experimental evidence supporting a KD for the NTAIL–XD binding reaction in
the nM range and also showed that an additional NTAIL region (Box3, aa 517–525) plays a role in
binding to XD. In striking contrast with these data, studies published in this journal by Kingston
and coworkers pointed out a much less stable complex (KD in the lM range) and supported lack of
involvement of Box3 in complex formation. The objective of this study was to critically re-evaluate
the role of Box3 in NTAIL–XD binding. Since our previous studies relied on NTAIL-truncated forms
possessing an irrelevant Flag sequence appended at their C-terminus, we, herein, generated an
NTAIL devoid of Box3 and any additional C-terminal residues, as well as a form encompassing only
residues 482–525. We then used isothermal titration calorimetry to characterize the binding reactions
between XD and these NTAIL forms. Results effectively argue for the presence of a single XD-binding
site located within Box2, in agreement with the results by Kingston et al., while providing clear
experimental support for a high-affinity complex. Altogether, the present data provide mechanistic
insights into the replicative machinery of MeV and clarify a hitherto highly debated point.
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Introduction
Measles virus (MeV) is a member of the Morbillivi-

rus genus. It has a nonsegmented, single-stranded,

negative sense ribonucleic acid (RNA) genome that

is encapsidated by the nucleoprotein (N). This

N:RNA complex, rather than naked RNA, is the

template for both transcription and replication. The

viral polymerase (L) does not directly bind viral

genomic RNA during the transcription and genome

replication, but, instead, is tethered onto the nucleo-

capsid template via the viral phosphoprotein (P).

The P protein simultaneously binds to L and to the

exposed C-terminal disordered domain of N (NTAIL,

amino acids 400–525) via its C-terminal X domain

(XD, amino acids 459–507).1–9 Progressive movement

of the polymerase along its template is thus thought

to require cycles of NTAIL–XD binding and release.10,11

NTAIL is an intrinsically disordered domain,12,13

that is, it exists as a dynamic ensemble of intercon-

verting conformers under physiological conditions of

pH and salinity.14–19 Using computational

approaches,13 an a-helical molecular recognition ele-

ment (a-MoRE, aa 488–499 of N) has been identified

within one (namely Box2, aa 489–506) of three NTAIL

regions (referred to as Box1, Box2, and Box3) that

are conserved within Morbillivirus members20 [see

Fig. 1(A)]. MoREs are short-order prone regions

within intrinsically disordered domains that have a

propensity to undergo induced folding (i.e., a disor-

der-to-order transition) upon binding to a partner.
22–25 This a-MoRE is involved in binding to XD, and

the NTAIL region encompassing residues 486–502

adopts an a-helical conformation in the bound

form.1–9,13,21 Binding of XD to Box2 also induces a

reduction in the conformational flexibility of the

downstream Box3 region (aa 517–525).4,6,8 The

reduced flexibility does not arise from the establish-

ment of stable contacts between Box3 and XD,4

instead being attributed to transient, nonspecific

interactions.7 Support for a role of Box3 in NTAIL

binding to XD comes from four independent lines of

experimental evidence. First, heteronuclear NMR

studies carried out on 15N-labeled NTAIL showed that

the addition of XD triggered both a-helical folding of

Box2 and a minor, though significant, magnetic per-

turbation within Box3.2,7 Second, the low-resolution

structural model of the NTAIL–XD complex that was

derived using small angle X-ray scattering showed

lack of a C-terminal appendage exposed to the sol-

vent, suggesting that beyond Box2, Box3 could also

be involved in binding to XD.2 Third, intrinsic fluo-

rescence spectroscopy studies revealed a dose-de-

pendent impact of XD on the fluorescence of a trp

residue inserted within Box3.2 Incidentally, those

studies also allowed estimation of the equilibrium

dissociation constant (KD) that was found to be in

the submicromolar range (e.g., �100 nM) and in

close agreement with the value determined by either

surface plasmon resonance (SPR)2 or isothermal ti-

tration calorimetry (ITC).26 Finally, those previous

SPR studies showed that removal of Box3 results in

a strong increase in the KD, with this latter increas-

ing from 80 nM to 12 lM.2 When SPR experiments

were carried out using synthetic peptides mimicking

Box2 and Box3, a Box2 peptide (aa 487–507), was

found to display an affinity for XD that was similar

(KD ¼ 20 nM) to that between XD and NTAIL (KD ¼
80 nM) consistent with the role of Box2 as the pri-

mary binding site.11 Box3 peptide exhibits an insig-

nificant affinity for XD (KD of �1 mM),11 consistent

with a role for Box3 only in the context of NTAIL and

not in isolation. Therefore, we proposed a model

where Box3 and Box2 would be functionally coupled

in the binding of NTAIL to XD, with the burying of

the hydrophobic side of the a-MoRE at the XD inter-

face providing the primary driving force in the

NTAIL–XD interaction, while Box3 would act to fur-

ther stabilize the bound conformation. In contrast to

our model, recent data by the group of Kingston

argue for an NTAIL–XD binding mechanism in which

Box3 is dispensable. In those studies, the authors

used both SPR and ITC to characterize binding reac-

tions between XD and synthetic peptides correspond-

ing to amino acids 477–505 (including Box2) or 477–

525 (including both Box2 and Box3) of N, and

derived a KD that was either 7.4 or 15 lM, respec-

tively.27 Those results argue for a much less tight

complex than suggested by our previous studies2,26 in

addition to supporting the lack of involvement of Box3.

The objective of this study was to critically re-

evaluate the role of Box3 in the NTAIL–XD interac-

tion. As our previous studies2 made use of a trun-

cated form of NTAIL (hereafter referred to as NTAILD3-

Flag) that was devoid of Box3 but did however

possess an irrelevant Flag sequence (DYKDDDDK)

appended at its C-terminus that might have con-

founded results, we herein generated a truncated

form devoid of Box3 in which the Flag sequence was

eliminated (referred to as NTAILD3). In addition, to

directly assess the possibility that the basis for the

discrepancy between our data and those of the group

of Kingston in terms of binding affinity could reflect

use of full-length NTAIL versus NTAIL peptides,

respectively, we also designed and purified an NTAIL

construct encompassing residues 482–525 (referred

to as NTAIL482–525). We then characterized the bind-

ing reactions between XD and the various NTAIL

forms using ITC. The experimental design allowed

us to both assess the role of Box3 and the impact of

an irrelevant sequence appended downstream the

primary binding site, to NTAIL–XD interactions.

Results

The recombinant NTAILD3 protein and the NTAIL pro-

tein bearing a Tobacco Etch virus (TEV) protease

cleavage site after residue 481, designed to allow
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purification of the 482–525 region of NTAIL, were all

readily expressed in E. coli and their solubility was

high, thus allowing recovery from the soluble frac-

tion of the bacterial lysate. They were purified to ho-

mogeneity (>95%) in two steps, namely immobilized

metal affinity chromatography (IMAC) and size

exclusion chromatography (SEC), as was the case of

the NTAIL and NTAILD3Flag proteins2 [Fig. 1(B)]. The

NTAILD3 and NTAILD3Flag proteins were eluted from

the gel filtration S200 column with a profile quite

similar to that observed for the full-length NTAIL

protein (data not shown), consistent with similar

conformational properties.

After digestion with TEV protease of the puri-

fied NTAIL protein bearing a TEV protease cleavage

site, the (untagged) NTAIL region encompassing resi-

dues 482–525 was recovered in the unretained frac-

tion of an additional IMAC step. The final purified

NTAIL482–525 product consists of two bands: a major

band with an apparent molecular mass of �17 kDa,

Figure 1. (A) Crystal structure of the chimera between XD (blue) and the a-MoRE of NTAIL (red) (pdb code 1T6O)21 and schematic

representation of the NTAIL constructs used in this study. The three conserved NTAIL regions withinMorbillivirusmembers are shown. Box2

and Box3 are shown in red and orange, respectively. The Flag sequence is shown as a green box. The a-helix observed in the crystal

structure of the chimera is shown in red. All NTAIL constructs bear an N-terminal hexahistidine tag. (B) 15%SDS-PAGE of purified proteins

followed by Coomassie blue staining. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and a minor band with an apparent molecular mass

of �12 kDa [Fig. 1(B)]. The identity of the NTAILD3

and NTAIL482–525 proteins was confirmed by mass

spectrometry analysis of the tryptic fragments

obtained after digestion of the purified proteins

excised from sodium docecyl sulfate (SDS)-polyacryl-

amide gels, which yielded a high-sequence coverage

and showed that the minor band observed in the

NTAIL482–525 sample corresponds to a degradation

product (data not shown). Note that the identity of

the full-length NTAIL and of NTAILD3Flag proteins had

been already confirmed in previous studies.2,12

All the NTAIL proteins migrate in SDS-polyacry-

lammide gel electrophoresis (PAGE) with an appa-

rent molecular mass higher than expected (expected

molecular masses are approximately as follows: 15

kDa for full-length NTAIL, 14.5 kDa for NTAILD3Flag,

13.5 kDa for NTAILD3, and 4.9 kDa for NTAIL482–525),

with this abnormal migration being particularly pro-

nounced in the case of NTAIL482–525 [Fig. 1(B)]. This

peculiar migratory behavior is well documented for

parental NTAIL
12 and has also been reported for all

NTAIL variants described so far.4,26 Such an anoma-

lous electrophoretic mobility is frequently observed

in intrinsically disordered proteins and is to be

ascribed to a relatively high content in acidic resi-

dues,28,29 and/or to a high degree of protein exten-

sion in solution.30

We then investigated the binding abilities of the

NTAIL proteins using ITC. The purified NTAIL pro-

teins were loaded into the calorimeter sample cell,

and titrated with XD (Fig. 2). The data, following

integration and correction for the heats of dilution,

were fit with a standard model allowing for a set of

independent and equivalent binding sites (Fig. 2).

The KD was derived from the KA, as the reciprocal of

this latter. The estimates for the binding parameters

of NTAIL, NTAILD3, and NTAILD3Flag revealed a stoichi-

ometry of �0.7 (see Fig. 2 and Table I). Errors in the

estimates of XD concentration are the most plausible

explanation for this subunity stoichiometry. An even

lower stoichiometry (0.52) was found in the case of

the binding reaction with NTAIL482–525 (Table I), and

this may reflect inability of part of the NTAIL482–525

sample to interact with XD, in agreement with the

presence of a degradation product (possibly not com-

petent for binding) in the purified NTAIL482–525 sam-

ple [Fig. 1(B)].

The obtained parameters also revealed that the

binding reactions are all enthalpy-driven, being all

characterized by a small unfavorable entropic contri-

bution (Table I), which is consistent with the

entropic penalty associated to the disorder-to-order

transition of NTAIL upon binding.

The measured KD for the binding reaction

between XD and full-length NTAIL is 170 6 20 nM

(Fig. 2 and Table I). Notably, removal of Box3 causes

only a slight decrease in the affinity toward XD,

with the KD increasing twofolds but still remaining

in the nM range (Fig. 2 and Table I). This finding

argues for a minimal impact of Box3 on binding to

XD. Interestingly, replacing the native Box3 region

by an irrelevant Flag sequence yields a KD close to

the value observed for the full-length form (Fig. 2

and Table I). This observation supports a weak sta-

bilizing role of the Flag sequence and suggests that

amino acids downstream Box2 have a slight effect

on binding, with this effect being independent of

sequence. Finally, a KD of 389 6 24 nM was found

for the binding reaction involving NTAIL482–525,

which corresponds to (only) a twofold increase with

respect to the KD observed with full-length NTAIL

(Fig. 2 and Table I). The persistence of a KD in the

nanomolar range with a short NTAIL construct

encompassing as few as 44 residues, rules out the

possibility that the discrepancy between our previ-

ous studies2 and those obtained by the group of

Kingston27 might arise from differences in the na-

ture of the reactants (i.e., from the use of full-length

NTAIL vs. NTAIL peptides).

Discussion and Conclusion

The present studies support at best only a minimal

effect of Box3 on binding to XD, as illustrated by the

fact that removal of Box3 leads to only a twofold

increase in the KD. These findings therefore support

the data reported by Kingston27 and are hence not

compatible with the two-site binding model that we

previously proposed based on SPR data.2 A possible

explanation for the discrepancy between our previ-

ous SPR data and the present ITC data may reside

in possible limitations of the former approach when

it comes to the analysis of very fast binding reactions

such as those involving truncated NTAIL forms, a point

that was already raised by Kingston.27 In light of the

present ITC data, previous NMR studies showing a

magnetic perturbation within Box3 associated to

NTAIL–XD binding,7 as well as previous electron para-

magnetic resonance (EPR) data documenting a gain of

rigidity in Box3 upon binding to XD,4 should be inter-

preted as reflecting only a modified Box3 environment

resulting from the a-helical transition taking place in

the neighboring Box2 region and not a contribution of

Box3 to NTAIL–XD binding.

Sequences downstream of Box2 do however con-

tribute to NTAIL–XD binding: indeed, appending an

irrelevant sequence downstream of the primary

binding site leads to a KD close to that observed

with full-length NTAIL. This weakly stabilizing

effect does not reflect entropic stabilization,31 as the

entropic penalty of the binding reaction with

NTAILD3Flag is more pronounced than that observed

with NTAILD3. This is consistent with a scenario

where Box2 is more flexible (i.e., less tightly bound

to XD) in the absence of a downstream region

and would explain the lower entropic penalty of
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NTAILD3 as compared to both full-length NTAIL and

NTAILD3Flag (Table I).

Results of this study are consistent with previ-

ous work, in which the KD of the NTAIL–XD binding

reaction is in the nM range.2,26 In further support of

a tight NTAIL–XD complex is the relatively long half-

life of active MeV P-L transcriptase complexes teth-

ered on the nucleocapsid template, which has been

determined to be well over 6 h.32 Moreover, such a

high affinity is consistent with the ability to readily

Figure 2. ITC studies of complex formation between XD and the various NTAIL proteins. Data are representative of at least

two independent experiments. The concentrations of NTAIL proteins in the microcalorimeter cell was 20 lM and that of XD in

the microsyringe was 200 lM. Graphs shown in the bottom of each panel correspond to integrated and corrected ITC data fit

to a single set of sites model (all sites identical and equivalent). The filled squares represent the experimental data, whereas

the solid line corresponds to the model. The derived equilibrium dissociation constant (KD) as well as the stoichiometric

number are shown.
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purify nucleocapsid-P complexes using rather strin-

gent techniques such as CsCl isopycnic density cen-

trifugation.33–36

A tight NTAIL–XD complex is not compatible

with progressive movement of the viral polymerase

complex along the nucleocapsid template. In fact,

recent studies show that MeV polymerase activity

(transcriptase elongation rate) is relatively constant

over a wide range of NTAIL–XD binding affinities,

with this having been shown using Box2 mutations

that either maintained parent NTAIL–XD binding af-

finity or reduced this latter by as much as 30-fold.26

That the P-NTAIL binding affinity is not necessarily

the primary determinant of a relatively slow poly-

merase elongation rate is further supported by

observations in Sendai virus, where the polymerase

elongation rate is even lower (i.e., 1.7 nt/s) than that

of MeV (3.3 nt/s)32 and yet the NTAIL–XD complex

has a KD of 60 lM.37 The finding that a relatively

high MeV NTAIL–XD binding affinity does not

impose constraint on (i.e., does not slow down) viral

transcriptase function26 can be accounted for by two

possible scenarios. In the first one, binding and

release would not be required for transcription and

replication: the P protein would be permanently

bound to the nucleocapsid template and the poly-

merase would jump between adjacent P molecules.

The so-called ‘‘jumping’’ mechanism has been pro-

posed in the case of rabies virus (see Ref. 38 and

references therein cited), where (i) multimerization

of P was shown to be dispensable for transcription39

and (ii) a similarly high affinity (KD ¼ 160 nM)

between N:RNA rings and the C-terminal domain of

the phosphoprotein was observed.40 In this model,

progress of the polymerase along the nucleocapsid

template would rely on the dynamic breaking and

reforming of contacts between L and P. The second

possible scenario would rely on cellular cofactor(s)

that might modulate the strength of the NTAIL–XD

interaction and thereby facilitate cartwheeling. The

major inducible heat shock protein (hsp70) was

shown to stimulate MeV transcription and replica-

tion and to compete with XD for NTAIL binding.41–44

Based on these findings, it has been proposed that

the basis for the hsp70-dependent stimulation of

transcription and replication would reside in the

ability of hsp70 to destabilize the NTAIL–XD com-

plex, thereby promoting cycles of binding and

release of the polymerase complex.10,11

In conclusion, the present study supports bind-

ing of one NTAIL molecule per XD molecule, as al-

ready reported for the full-length NTAIL protein,2

and shows that the MeV NTAIL–XD binding reaction

is characterized by a submicromolar affinity. As we

consistently obtained a KD in the nanomolar range

irrespective of whether we used full-length or NTAIL

peptides, we can rule out differences in the length of

the reactants as a possible basis for the discrepancy

with the data obtained by the group of Kingston.27

We can only speculate that the presence of the non-

native TS dipeptide appended at the N-terminus of

the NTAIL peptides used in the ITC studies by Kings-

ton and coworkers is a possible basis for the experi-

mentally observed differences, thereby leading to the

calculation of a KD in the micromolar range.

Materials and Methods

Generation of NTAIL constructs and purification
of recombinant NTAIL proteins

The coding region of the NTAILD3 construct was

obtained by polymerase chain reaction (PCR) using

Phusion (Finnzymes) polymerase, the plasmid

pDEST14/NTAIL-HN, which encodes residues 401–525

of the Edmonston B MeV N protein with an N-termi-

nal hexahistidine tag,2 as template and a couple of

mutagenic primers (Operon) designed to introduce a

TAA stop codon at position 517. After digestion with

DpnI (New England Biolabs) to remove the methyl-

ated DNA template, CaCl2-competent E. coli TAM1

cells (Active Motif) were transformed with the

amplified PCR product.

The NTAILTEV481 construct, encoding residues

401–525 of the Edmonston B MeV N protein with a

TEV cleavage site (ENLYFQG) inserted after residue

481 and with a hexahistidine tag fused to its N-ter-

minus, was obtained by PCR using as template the

pDEST14/NTAILHN construct.2 Forward F-1 primer

was designed to amplify an NTAIL-encoding fragment

(fragment A) including the AttB1 sequence, while

reverse R-1 primer was designed to introduce a TEV

site after the codon encoding Ser481 of N.

Table I. Equilibrium Dissociation Constants and Binding Parameters, as Derived From ITC Studies, for the Bind-
ing Reactions Between MeV XD and Four MeV NTAIL Proteins, namely the Full-Length Form, a Form Devoid of
Box3 (NTAILD3), a Form in Which the Native Box3 Sequence is Replaced by the Flag Sequence (NTAILD3Flag) and a
Form-Encompassing Residues 482–525 (NTAIL482–525)

Stoichiometry, n KD (nM)
Binding enthalpy,
DH (cal mol�1)

Binding entropy,
DS (cal mol�1 deg�1)

NTAIL 0.78 6 0.005 170 6 20 �13,537 6 164 �14.4
NTAILD3 0.72 6 0.009 330 6 50 �10,635 6 242 �6.0
NTAILD3Flag 0.74 6 0.006 186 6 25 �12,525 6 154 �11.2
NTAIL482–525 0.52 6 0.003 389 6 24 �9560 6 125 �3.3

Data are representative of two independent trials.
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Concomitantly, fragment B was obtained by an inde-

pendent PCR, using forward F-2 primer, designed to

introduce a TEV site before codon encoding Ser482

of N, and reverse R-2 primer designed to amplify the

downstream NTAIL fragment including the AttB2

sequence. Finally, a third PCR was carried out by

using fragments A and B as template, and F-1 and

R-2 as primers to yield the final amplification prod-

uct. After purification (PCR Purification Kit, Qiagen),

this latter was cloned into the pDEST14 vector (Invi-

trogen) using the Gateway recombination system

(Invitrogen). The sequence of the coding region of all

the expression plasmids was verified by sequencing

(GATC Biotech) and found to conform to expectations.

The E. coli strains Rosetta [DE3] pLysS (Nova-

gen) was used for expression of all recombinant pro-

teins as already described,1,2 except that 2YT was

used instead of LB medium. The induced cells were

harvested, washed, and collected by centrifugation

(5000 g, 10 min). The resulting bacterial pellets

were frozen at �20�C.

Purification of histidine-tagged NTAIL and XD

proteins was carried out as previously described,1,2

except that in the case of XD a washing step in the

presence of increasing NaCl concentrations (from 0.5

up to 2M) was added before elution from the IMAC

column. In the case of the NTAIL protein bearing a

TEV protease site, the eluate from IMAC was

desalted by using a HiPrep 26/10 desalting column

(GE Healthcare), and the protein was eluted in

buffer A (50 mM sodium phosphate pH 7, 300 mM

NaCl, 10 mM imidazole). Cleavage with TEV prote-

ase was carried out overnight at 4�C using 1 mg of

TEV per 10 mg of target protein. The TEV protease,

bearing a hexahistidine tag, was purified by IMAC

followed by SEC as already described45 (data not

shown). After TEV digestion, the sample was incu-

bated 1 h with gentle shaking with 4-mL chelating

sepharose fast flow resin preloaded with Ni2þ ions

(GE Healthcare), previously equilibrated in buffer A.

The flow-through was then loaded onto a Superdex

200 16/60 column (GE Healthcare) and eluted in 10

mM sodium phosphate pH 7. The protein was con-

centrated using Centricon Plus-20 (molecular cutoff:

3000 Da) (Millipore). All purified proteins were

stored in 10 mM sodium phosphate buffer pH 7 at

�20�C. All purification steps, except for gel filtra-

tions, were carried out at 4�C. Apparent molecular

mass of proteins eluted from gel filtration columns

was deduced from a calibration carried out with

LMW and HMW calibration kits (GE Healthcare).

Protein concentrations were calculated using the

theoretical absorption coefficients e (mg mL�1 cm�1)

at 280 nm as obtained using the program ProtParam

at the EXPASY server (http://www.expasy.ch/tools).

Mass spectrometry (MALDI-TOF)

The identity of the purified NTAILD3 and NTAIL482–525

proteins was confirmed by mass spectral analysis of

tryptic fragments. The latter was obtained by digest-

ing (0.25 lg trypsin) 1 lg of purified recombinant

protein obtained after separation onto SDS-PAGE.

The tryptic peptides were analyzed using an Auto-

flex II TOF/TOF. Spectra were acquired in the linear

mode. Samples (0.7 lL containing 15 pmol) were

mixed with an equal volume of sinapinic acid matrix

solution, spotted on the target, then dried at room

temperature for 10 min. The tryptic fragments were

analyzed in the Autoflex matrix-assisted laser de-

sorption ionization/time of flight (MALDI-TOF)

(Bruker Daltonics, Bremen, Germany). Peptide fin-

gerprints were obtained and compared with in silico

protein digest (Biotools, Bruker Daltonics, Ger-

many). The mass standards were either autolytic

tryptic peptides or peptide standards (Bruker

Daltonics).

Isothermal titration calorimetry

ITC experiments were carried out on a ITC200 iso-

thermal titration calorimeter (Microcal, Northamp-

ton) at 20�C. In these studies, the concentration of

NTAIL proteins was adjusted to 20 lM in the micro-

calorimeter cell (0.2 mL). The XD protein (stock

solution at 200 lM) was added from a computer-con-

trolled 40-lL microsyringe via a total of 19 injections

of 2 lL each at intervals of 150 s. Note that the

same XD sample was used in all these studies.

Whatever the binding reaction being studied, the

pair of proteins used in each binding assay were dia-

lyzed against a 10 mM sodium phosphate buffer pH

7 to minimize undesirable buffer-related effects. The

dialysis buffer was used in all preliminary equilibra-

tion and washing steps.

Heat dilution of the ligand was taken into

account from peaks measured after full saturation of

the protein sample contained in the microcalorime-

ter cell by the ligand. A theoretical titration curve

was fitted to the experimental data using the ORI-

GIN software (Microcal). This software uses the

relationship between the heat generated by each

injection and DH� (enthalpy change in cal mol�1), KA

(association binding constant in M�1), n (number of

binding sites per monomer), total protein concentra-

tion, and free and total ligand concentrations. The

variation in the entropy (DS in cal mol�1 deg�1) of

each binding reaction was inferred from the varia-

tion in the free energy (DG), where this latter was

calculated from the following relation: DG¼ �RT Ln

1/KA.
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