
Characterization of bothrojaracin interaction
with human prothrombin

ROBSON Q. MONTEIRO,1 PAUL E. BOCK,2 M. LUCIA BIANCONI, 1 AND RUSSOLINA
B. ZINGALI 1
1Departamento de Bioquímica Médica, ICB/CCS, Universidade Federal do Rio de Janeiro, Brazil
2Department of Pathology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232, USA

(RECEIVED March 9, 2001; FINAL REVISION JUNE 12, 2001; ACCEPTEDJune 21, 2001)

Abstract

Bothrojaracin (BJC) is a 27-kD snake venom protein fromBothrops jararacathat has been characterized
as a potent thrombin inhibitor. BJC binds to exosites I and II, with a dissociation constant of 0.7 nM, and
influences but does not block the proteinase catalytic site. BJC also binds prothrombin through an inter-
action that has not been characterized. In the present work we characterize the interaction of BJC with
prothrombin quantitatively for the first time, and identify the BJC binding site on human prothrombin. Gel
filtration chromatography demonstrated calcium-independent, 1:1 complex formation between fluorescein-
labeled BJC ([5F]BJC) and prothrombin, whereas no interactions were observed with activation fragments
1 or 2 of prothrombin. Isothermal titration calorimetry showed that binding of BJC to prothrombin is
endothermic, with a dissociation constant of 76 ± 32 nM. The exosite I-specific ligand, hirudin54–65(Hir54–65

(SO3
−), displaced competitively [5F]BJC from prothrombin. Titration of the fluorescent hirudin54–65 de-

rivative, [5F]Hir54–65(SO3
−), with human prothrombin showed a dissociation constant of 7.0 ± 0.2�M,

indicating a∼ 100-fold lower binding affinity than that exhibited by BJC. Both ligands, however, displayed
a similar, ∼ 100-fold increase in affinity for exosite I when prothrombin was activated to thrombin. BJC
efficiently displaced [5F]Hir54–65(SO3

−) from complexes formed with thrombin or prothrombin with dis-
sociation constants of 0.7 ± 0.9 nM and 11 ± 80 nM, respectively, indicating that BJC and Hir54–65(SO3

−)
compete for the same exosite on these molecules. The results indicate that BJC is a potent and specific probe
of the partially exposed anion-binding exosite (proexosite I) of human prothrombin.
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The blood-clotting serine proteinase, thrombin, is formed by
cleavage of two peptide bonds in prothrombin by blood
coagulation factor Xa. Thrombin generation is accompanied
by separation of the prothrombin activation fragment 1 and

2 domains and the protease domain (thrombin). The pro-
thrombin fragment 1 domain functions in prothrombin ac-
tivation by binding calcium and negatively charged phos-
pholipid surfaces (Gitel et al. 1973; Dombrose et al. 1979).
Binding of prothrombin to the cofactor protein, factor Va,
which regulates the activation of prothrombin by factor Xa,
is thought to involve fragment 2 and/or an exosite in the
proteinase domain of prothrombin (Kotkow et al. 1995;
Krishnaswamy and Walker 1997; Anderson et al. 2000b).
During the conversion of prothrombin into thrombin, the
catalytic site is activated and additional allosteric regulatory
sites become expressed on the enzyme (Liu et al. 1991b; Wu
et al. 1994). Anion-binding exosite I is a positively charged
site on thrombin that interacts with fibrinogen (Naski et al.
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1990), the platelet thrombin receptor (Liu et al. 1991a),
thrombomodulin (Ye et al. 1992), heparin cofactor II (Hor-
tin et al. 1989), factor V and Va (Dharmawardana et al.
1999), and with C-terminal hirudin peptides (Krstenansky
and Mao 1987). Through these interactions, exosite I plays
key roles in the specificity of thrombin towards macromo-
lecular substrates, cofactors, and some inhibitors (Stubbs
and Bode 1993; Guillin et al. 1995). Recently, exosite I has
been shown to be partially exposed on prothrombin in a
precursor state (proexosite I), and is fully expressed on
thrombin, with a∼ 100-fold increase in affinity for hirudin
peptides (Anderson et al. 2000a). Another positively
charged site on thrombin is anion-binding exosite II, which
binds heparin (Sheehan and Sadler 1994) and fragment 2
(Walker and Esmon 1979). The crystal structure of the
thrombin–fragment 2, domain–domain complex indicates

that exosite II is not accessible on prothrombin (Arni et al.
1993).
Bothrojaracin (BJC) is a potent and highly specific

thrombin inhibitor isolated from the venom of the jararaca
snake common to Brazil (Bothrops jararaca) (Zingali et al.
1993). BJC is a 27-kD disulfide-linked heterodimer that
belongs to the C-type (Ca2+-dependent) lectin-like related
protein family (Arocas et al. 1997). The mechanism of
thrombin inhibition is unusual in that BJC interacts with
both exosites I and II on thrombin (Arocas et al. 1996),
forming a 1:1 noncovalent complex and inhibiting thrombin
activity toward fibrinogen, platelets, protein C, and factor V
(Zingali et al. 1993; Arocas et al. 1998), while the activity
towards tripeptide chromogenic substrates is modulated but
not impaired (Monteiro et al. 1999). In addition, BJC has
been found to form a noncovalent complex with prothrom-
bin (Arocas et al. 1996), and this was associated with inhi-
bition by BJC of prothrombin activation byOxyuranus
scutellatusvenom (Monteiro and Zingali 2000). However,
the mechanism by which BJC binds to prothrombin is not
known, and the binding site on prothrombin has not been
identified.
In the present work we quantitatively characterize the

binding of BJC to prothrombin for the first time, and iden-
tify the binding site on prothrombin as proexosite I in the
catalytic domain of prothrombin. Competitive binding stud-
ies employing fluorescence probes showed that specific
binding of sulfated hirudin54–65 (Hir54–65[SO3

−]) to proex-
osite I displaced BJC from the complex formed with pro-
thrombin. BJC similarly disrupted the prothrombin complex
with Hir54–65(SO3

−), indicating that BJC and Hir54–

65(SO3
−) bind competitively to proexosite I on human pro-

thrombin. The results for BJC represent the highest affinity
interaction with proexosite I described thus far, and may
therefore aid the development of novel anticoagulants based
on exosite inhibitors.

Results

Formation of the [5F]BJC–prothrombin complex and
the absence of interaction with prothrombin fragments
1 and 2

Binding of BJC to prothrombin was examined first by Su-
perose 12 gel filtration, measured by employing a fluores-
cein-labeled derivative of BJC ([5F]BJC) to monitor elution
(Fig. 1A). In a typical experiment, the retention time of
[5F]BJC was∼ 25 min, while coinjection with a threefold
molar excess of prothrombin displaced the peak to∼ 22 min
(Fig. 1B), corresponding to a∼ 100-kD molecular weight
protein complex. These results were consistent with forma-
tion of a 1:1 complex between [5F]BJC (27 kD) and pro-
thrombin (72 kD). Thus, as seen previously with thrombin
(Zingali et al. 1993), BJC bound to a single prothrombin

Fig. 1. Formation of [5F]BJC–prothrombin complex and the absence of
interaction of [5F]BJC with prothrombin fragments investigated by gel
filtration chromatography. Superose 12 was equilibrated in TBS, and elu-
tion of [5F]BJC was monitored by the elution volume of the fluorescein
fluorescence in the absence and presence of other proteins. The following
samples (20-�L loop) were applied onto the column: (A) 0.33�M [5F]BJC
(0.18�g); (B) 0.33�M [5F]BJC (0.18�g) + 1 �M human prothrombin
(1.4�g); (C) 0.3�M [5F]BJC (0.18�g) + 30�M prothrombin fragment
1 (14�g); (D) 0.3�M [5F]BJC (0.18�g) + 30�M prothrombin fragment
2 (11�g).
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molecule. The elution pattern in the presence of BJC and
prothrombin was not altered when the equilibration buffer
contained 10 mM CaCl2 or 10 mM EGTA (data not shown),
indicating that the BJC–prothrombin interaction did not de-
pend on calcium binding. Mixtures of [5F]BJC and frag-
ment 1 or fragment 2, even at 100-fold molar excesses (Fig.
1, C and D, respectively), had an elution pattern similar to
that found with [5F]BJC alone. Again, the presence of Ca2+

or EGTA produced no effect. Thus, [5F]BJC did not interact
with prothrombin fragment 1 or fragment 2, indicating that
the BJC binding site on human prothrombin was localized
to the catalytic domain.
Binding of BJC to prothrombin was measured by Isother-

mal Titration Calorimetry, with the results shown in Figure
2. Analysis of the results according to a single set of iden-
tical binding sites gave a dissociation constant of 76 ± 32
nM for native BJC binding to prothrombin. Binding was
entropically driven, with an unfavorable enthalpy (�H) of
13.5 ± 1.8 kcal/mol. These data allowed the calculation
of the free energy (�G� −9.7 kcal/mol) and entropic term
(− T�S� −3.8 kcal/mol) for binding of prothrombin to
BJC. In agreement with the results obtained by gel filtra-
tion chromatography, the stoichiometry of the binding
(n� 0.9 ± 0.1) confirms that one prothrombin binds to one
BJC.
Titration of [5F]BJC with prothrombin produced a satu-

rable increase of 15 ± 1mPunits (Fig. 3, inset), thought to
reflect the decrease in the molecular rotation of the
[5F]BJC–prothrombin complex in relation to free [5F]BJC.
Analysis of these results indicated a tighter dissociation
constant of 7 ± 10 nM for labeled BJC compared to native

BJC, suggesting an enhanced affinity for prothrombin due
to the presence of the fluorescent label. Direct titration of
[5F]BJC with prothrombin fragments 1 and 2 up to 8�M,
by contrast, showed no changes in the fluorescence polar-
ization, confirming the absence of evidence for binding to
these domains. The ability of prothrombin fragment 1 or
fragment 2 to dissociate the [5F]BJC–prothrombin complex
was evaluated further in competitive titrations. As shown in
Figure 3, addition of prothrombin fragments 1 or 2 did not
displace [5F]BJC from the prothrombin complex. These
data indicate that the complex formed between BJC and
prothrombin did not occur through interaction with the
�-carboxyglutamic acid domain or the fragment 1 or 2 do-
mains of the zymogen.

Effect of Hir54–65(SO3
− ) on dissociation of the

[5F]BJC-prothrombin complex

Anion-binding exosite I is present on the prothrombin sur-
face in a low-affinity, precursor state (Ni et al. 1993; Van de
Locht et al. 1996; Anderson et al. 2000a). The recent ob-
servation that hirudin54–65peptides interact with prothrom-
bin with affinities ∼ 100-fold lower than that found for
thrombin, suggested that exosite I has a distinct conforma-
tion in the zymogen (proexosite I) (Anderson et al. 2000a).
Fluorescence polarization titrations employing the fluores-
cein-labeled peptide, [5F]Hir54–65(SO), confirmed the for-
mation of a specific proexosite I complex between the pep-
tide and prothrombin (Fig. 4). By contrast to [5F]BJC, satu-

Fig. 2. Calorimetric titration of BJC with human prothrombin. The bind-
ing isotherm at 25°C for titration of prothrombin (Pro) in the calorimetric
cell containing 1�M BJC was analyzed according to the independent
single-site model as described in Materials and Methods. The solid line
represents the least-squares fit of the experimental data with the parameters
given in the text.

Fig. 3. Fluorescence polarization titration of [5F]BJC–prothrombin com-
plex with prothrombin fragments. Titration with prothrombin (Pro) frag-
ment 1 (open circles) or fragment 2 (closed circles) was performed in TBS
containing 100 nM [5F]BJC and 250 nM prothrombin. Experiments were
performed at 25°C and fluorescence polarization measured as described in
Materials and Methods. The arrow indicates the polarization value obtained
for free [5F]BJC (closed diamonds).Inset: Direct titration of 100 nM
[5F]BJC with human prothrombin (Pro) along with the fitted curve calcu-
lated with the parameters given in the text.
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ration of [5F]Hir54–65 (SO3
−) occurred at higher

prothrombin concentrations, giving a dissociation constant
of 7.0 ± 0.2�M for the peptide (Fig. 4), which was in good
agreement with the value of 3.2 ± 0.3�M determined pre-
viously by fluorescence intensity changes of [5F]Hir54–65

(SO3
−) (Anderson et al. 2000a).

The ability of Hir54–65(SO3
−) to interfere in the formation

of the [5F]BJC–prothrombin complex was studied by fluo-
rescence polarization titration of a mixture of [5F]BJC and
prothrombin with Hir54–65(SO3

−) (Fig. 5). Hir54–65(SO3
−)

gradually decreased the polarization toward the initial
value, and the results were well described by a competitive
binding model with indistinguishable dissociation constants
of 7 ± 5 �M and 7 ± 0.2�M for binding of the unlabeled
and fluorescein-labeled hirudin peptides to prothrombin, re-
spectively. In agreement with crystallographic studies dem-
onstrating that the heparin binding site (exosite II) is not
available on prothrombin (Arni et al. 1993), titration of the
[5F]BJC–prothrombin complex with heparin showed no
dissociation up to 15 U/mL heparin (data not shown).

Effect of BJC on dissociation of [5F]Hir54–65(SO3
− )

from complexes with thrombin or prothrombin

The relationships between the binding sites for BJC and
[5F]Hir54–65(SO3

−) on native thrombin and prothrombin
were investigated in additional competitive binding titra-
tions. Titration with BJC of a solution of 40 nM [5F]Hir54–65

(SO3
−) containing 160 nM�-thrombin, gradually decreased

the polarization of the labeled complex toward the initial
value (Fig. 6A). Analysis of the titration gave a dissociation
constant of 0.7 ± 0.9 nM for native BJC binding to throm-

bin, in agreement with the previously estimated affinity
(Arocas et al. 1996). This result was also in good agreement
with a previous finding in which BJC and Hir54–65

(SO3
−) interfered with binding to immobilized thrombin

(Arocas et al. 1996). BJC was similarly able to induce a
progressive decrease in the initial polarization value of a
mixture of 40 nM [5F]Hir54–65(SO3

−) and 2.1�M human
prothrombin. Thus, at 3.5�M BJC, the enhanced polariza-
tion values returned to those obtained for free [5F]Hir54–65

(SO3
−). Analysis of these results gave a dissociation con-

stant of 111 ± 80 nM for binding of native BJC to prothrom-
bin, in very good agreement with the calorimetric result of
76 ± 32 nM (Fig. 6B). These results indicate that BJC and
[5F]Hir54–65(SO3

−) compete for binding to (pro)exosite I on
thrombin and prothrombin.

Discussion

Quantitative characterization of the interaction of BJC with
prothrombin and thrombin in the present work supports the
conclusion that BJC binds specifically to proexosite I of
prothrombin with a dissociation constant 76–111 nM and to
thrombin with the∼ 100-fold higher affinity of 0.7 ± 0.9 nM.
The high affinity is thought to reflect the dependence on
simultaneous interactions of BJC with both exosite I and II
on thrombin (Arocas et al. 1996). These results confirmed
the previous observation that BJC binding to thrombin was
displaced by occupation of exosite I with Hir54–65(SO3

−) in
solid-phase assays (Arocas et al. 1996). Investigation of the
effect of Hir54–65(SO3

−) on dissociation of the BJC–pro-

Fig. 5. Competitive titration of the [5F]BJC–prothrombin complex with
Hir54–65(SO3

−). Titration with Hir54–65(SO3
−) was performed in TBS con-

taining 100 nM [5F]BJC and 250 nM prothrombin. Experiments were
performed at 25°C, and polarization was measured as described in Mate-
rials and Methods. The solid line represents the nonlinear least-squares fit
by the model for competitive binding of [5F]BJC and the unlabeled hirudin
peptide to prothrombin, with the fitted parameters given in the text.

Fig. 4. Direct titration of [5F]Hir54–65(SO3
−) with human prothrombin.

The change in fluorescence polarization of a solution containing 100 nM
[5F]Hir54–65(SO3

−) titrated with prothrombin (Pro) was performed in TBS
at 25°C as described in Materials and Methods.Inset: Scatchard plot for the
[5F]Hir54–65(SO3

−) interaction with prothrombin.
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thrombin complex showed that the hirudin peptide bound
competitively with BJC to prothrombin. In addition, BJC
was highly efficient in displacing [5F]Hir54–65(SO3

−) from
complexes formed with either thrombin or prothrombin,
with dissociation constants of 0.7 ± 0.9 nM and 111 ± 80
nM, respectively. This demonstrated that BJC and hiru-
din54–65compete for one of the same binding sites on both
the zymogen and the active enzyme. Comparison of the
affinities of BJC for the zymogen and thrombin shows that
BJC has about a∼ 100-fold higher affinity for thrombin
compared to prothrombin. This was consistent with the
∼ 100-fold enhancement in affinity observed with prothrom-
bin and thrombin for the binding of hirudin54–65 peptides
(Anderson et al. 2000a). Thus, the results indicate that simi-
lar large changes in exosite affinity for both the hirudin
peptide and BJC accompany the activation of prothrombin
to thrombin.

BJC belongs to the snake venom C-type lectin-like re-
lated family of proteins (Arocas et al. 1997), which contain
many structural similarities (Atoda et al. 1991). One of them
is the IX/X-bp, a protein with anticoagulant effect that has
been isolated fromBothrops jararaca(Sekiya et al. 1993)
and Trimeresurus flavoridisvenoms (Atoda and Morita
1989). Although this protein does not bind to prothrombin,
it does interact with the�-carboxyglutamic domain of fac-
tors IX and X in a Ca2+-dependent fashion (Atoda et al.
1994). As shown here, the mechanism of interaction of BJC
with prothrombin is clearly distinct, not being modulated by
calcium ions. This is supported by the absence of detectable
interaction between BJC and fragment 1, which contains the
prothrombin�-carboxyglutamic acid domain. Fragments 1
and 2 each also contain a kringle domain that is a common
motif in blood coagulation proteins involved in protein–
protein interactions (Tulinsky 1991). The absence of inter-
action of BJC with fragments 1 and 2 ruled out the involve-
ment of the kringles in BJC–prothrombin complex forma-
tion.
The positive enthalpy value found for BJC–prothrombin

complex formation indicated that the binding of prothrom-
bin to BJC was entropically driven. A favorable entropy is
usually observed in hydrophobic interactions due to the re-
lease of structured water from the interacting surfaces into
the bulk solvent. On the other hand, when the interaction of
the biomolecule leads to conformational changes where a
portion of the molecule could become more mobile, a fa-
vorable positive entropy can also be observed (Tame et al.
1998). Whether BJC interaction with exosite I is driven by
electrostatic interactions, as seen with the hirudin peptides
(Karshikov et al. 1992), or by a hydrophobic interaction, as
in the case of the inhibitor, triabin (Fuentes-Prior et al.
1997), remains unclear. On the other hand, several studies
have demonstrated conformational changes in thrombin in-
duced by ligand binding to exosite I (Hortin and Trimpe
1991; Liu et al. 1991a; Ye et al. 1992; Fredenburgh et al.
1997) and exosite II (Bock 1992; Fredenburgh et al. 1997).
This is also observed for BJC, which interacts with exosites
I and II to induce distinct alterations in the thrombin cata-
lytic site environment (Monteiro et al. 1999). On this basis,
modulation of other prothrombin domain interactions by
ligand binding to proexosite I would not be surprising. BJC
binding to proexosite I may induce conformational changes
in the zymogen that account for the positive enthalpy value
observed upon complex formation.
Together, our studies establish that BJC is the highest

affinity, specific probe of proexosite I on human prothrom-
bin described to date. This finding is of particular interest
because of the implication of proexosite I in the mechanism
of the regulatory interactions of prothrombin with factor Va
during prothrombin activation. Proexosite I may mediate
binding of prothrombin to factor Va directly, and thereby
assist the formation of productive complexes (Anderson et

Fig. 6. Competitive titration of the [5F]Hir54–65(SO3
−)–thrombin and

[5F]Hir54–65(SO3
−)–prothrombin complexes with BJC. Titration with BJC

of solutions containing: (A) 160 nM thrombin and 40 nM [5F]Hir54–65

(SO3
−). (B) Titration of 2.1�M prothrombin plus 40 nM [5F]Hir54–65

(SO3
−) with BJC. Experiments were performed and analyzed as described

in Materials and Methods and the text. The solid lines represent the best fits
with the parameters given in the text. For the analysis of the thrombin
titration, the dissociation constant for the hirudin peptide binding to throm-
bin was fixed at the determined value of 25 nM (Anderson et al. 2000a).
Similarly, for the prothrombin titration, the dissociation constant for hiru-
din peptide binding to prothrombin was fixed at the determined value of 7
�M.

Bothrojaracin interaction with human prothrombin
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al. 2000b). On this basis, BJC may be used as a sensitive
probe of the function of the newly characterized proexosite
on prothrombin and its role in regulation of prothrombin
activation.

Materials and methods

Chemicals and proteins

Fluorescein 5-isothiocyanate was purchased from Molecular
Probes Inc.; [Tyr(SO3H)

63]-hirudin fragment (54–65) (Hir54–65

(SO3
−) was from Sigma Co. Fluorescein-labeled [Tyr(SO3H)

63]-
hirudin fragment (54–65) ([5F]Hir54–65(SO3

−) was prepared as
described previously (Bock et al. 1997). Bothrojaracin (BJC) was
purified from lyophilized crudeBothrops jararacavenom pur-
chased from Instituto Butantan as described elsewhere (Arocas et
al. 1996). Protein concentration was determined from the 280-nm
absorbance with an absorption coefficient of 2.00 (mg/mL)−1 cm−1

and molecular weight of 27,000. Purity was assessed by SDS-
PAGE. Fluorescein-labeled bothrojaracin ([5F]BJC) was prepared
by incubating 18�M BJC with a 10-fold molar excess of fluores-
cein 5–isothiocyanate in 20 mM Na2HPO4, 150 mM NaCl, pH 7.5
for 1 h atroom temperature. The sample was extensively dialyzed
against 20 mM Tris-HCl, 150 mM NaCl, pH 7.5 (TBS). A typical
[5F]BJC preparation contained about 0.2 mol of fluorescein/mol of
BJC, and had the same specific inhibitory activity in thrombin-
induced platelet aggregation as native BJC.
Human thrombin and prothrombin were purified from frozen

human plasma following previously described procedures (Be-
zeaud et al. 1985; Ngai and Chang 1991). Prothrombin fragment 1
and fragment 2 were subproducts of thrombin purification: nonre-
tained proteins from heparin–agarose were chromatographed on
Mono-Q 10/10 HR (Pharmacia). The peak eluted at 0.4 M NaCl
showed a single 22-kD band on SDS-PAGE corresponding to frag-
ment 1. The peak eluting at 0.3 M NaCl was further subjected to
gel filtration on Superdex G-75 HR, yielding a peak corresponding
to a single 14-kD band on SDS-PAGE. N-terminal sequencing of
the 22- and 14-kD proteins, performed on a Porton Integrated
Microsequencer system (model PI 2090), confirmed their identi-
fication as human prothrombin fragments 1 and 2, respectively.
Concentration of proteins was estimated by the 280-nm absor-
bance with the following molecular weights and absorption coef-
ficients ([mg/mL]−1 cm−1), respectively: human prothrombin
(71,600), 1.47 (Mann et al. 1981); prothrombin fragment 1
(21,700), 1.19 (Mann et al. 1981); prothrombin fragment 2
(14,000), 1.15 (Church et al. 1991); and human thrombin (36,600),
1.83 (Fenton et al. 1977).

Gel filtration

Gel filtration chromatography was performed using a Superose 12
HR column (Pharmacia) attached to a Shimadzu high-pressure
liquid chromatography system. The column was equilibrated with
TBS at a flow rate of 0.5 mL/min. Protein samples were preincu-
bated at room temperature for 2 min prior to 20-�L injections.
Elution was followed using two detectors: one for absorbance at
280 nm, and another for fluorescein fluorescence excited at 490
nm and observed at 510 nm.

Isothermal titration calorimetry

Heats of prothrombin binding to BJC were obtained with a MCS
titration microcalorimeter from Microcal Inc. at 25°C. Titration

experiments were performed by making successive injections of
2–4 �L each of prothrombin into the 1.34-mL sample cell con-
taining 1�M BJC until near saturation was achieved. The solution
of BJC in 50 mM Tris-HCl, pH 7.5, was titrated with prothrombin
prepared in the same buffer, by the use of a 100-�L syringe ro-
tating at 200 rpm. The calorimetric enthalpy (�Hcal) for each in-
jection was calculated after correction for the heat of prothrombin
dilution obtained in control experiments performed by titrating
prothrombin into buffer.
The binding isotherms were fitted according to a model for a

single set of identical binding sites by nonlinear squares analysis
using theScientist software (MicroMath) orOrigin 5.0
software provided by Microcal. Dissociation constants (KD) were
determined from the fitting withScientist software. The en-
thalpy change (�H), and stoichiometry (n) were determined from
the fitting withOrigin software, according to Equation (1), fix-
ing the association constant obtained fromKD:

Q = n�Mt�HVo (1)

whereQ is the total heat content of the solution contained in the
cell volume (Vo), at fractional saturation�, �H is the molar heat
of ligand binding,n is the number of sites, and Mt is the bulk
concentration of macromolecule in Vo. The binding constant,Ka,
is described as:

Ka= ���1 − ���X� (2)

where [X] is the free concentration of ligand.
The free energy (�G) and entropy term (T�S) of association

were calculated according to:

�G = −RTln�Ka� (3)

�G = �H − T�S (4)

Fluorescence polarization studies

Fluorescence polarization assays were performed on a ISS-PC1
spectrofluorimeter (ISS Inc.). Samples were excited at 485 nm and
observed through a 3–69 cutoff filter in the emission path. Polar-
ization was calculated from:

P = �I� − I ⊥ ���I� − I ⊥ � (5)

where I| and I� were the fluorescence intensities detected through
a polarizer oriented parallel (I|) or perpendicular (I�) to the direc-
tion of the polarization plane of the excitation beam. Results were
expressed as millipolarization units (mP). The error for the polar-
ization measurements did not exceed ±1mP. All titrations were
performed with measurements made after 10 min incubation at
25°C in 20 mM Tris-HCl, 150 mM NaCl, pH 7.5. Direct titrations
were analyzed by nonlinear least-squares fitting of the quadratic
binding equation, and competitive titrations were analyzed with
the cubic equation for tight competitive binding using Scientist
software (Anderson et al. 2000a).
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