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ABSTRACT: The reversible guanidinium hydrochloride-induced unfolding ofTrypanosoma cruzitriose-
phosphate isomerase (TcTIM) was characterized under equilibrium conditions. The catalytic activity was
followed as a native homodimeric functional probe. Circular dichroism, intrinsic fluorescence, and size-
exclusion chromatography were used as secondary, tertiary, and quaternary structural probes, respectively.
The change in ANS fluorescence intensity with increasing denaturant concentrations was also determined.
The results show that two stable intermediates exist in the transition from the homodimeric native enzyme
to the unfolded monomers: one (N2*) is a slightly more expanded, non-native, and active dimer, and the
other is a partially expanded monomer (M) that binds ANS. Spectroscopic and activity data were used to
reach a thermodynamic characterization. The results indicate that the Gibbs free energies for the partial
reactions are 4.5 (N2 / N2*), 65.8 (N2* / 2M), and 17.8 kJ/mol (M/ U). It appears that TcTIM
monomers are more stable than those found for other TIM species (except yeast TIM), where monomer
stability is only marginal. These results are compared with those for the guanidinium hydrochloride-
induced denaturation of TIM from different species, where despite the functional and three-dimensional
similarities, a remarkable heterogeneity exists in the unfolding pathways.

Triosephosphate isomerase (TIM or TPI)1 (EC 5.3.1.1) is
a homodimer that catalyzes the fifth step of glycolysis (1).
This so-called perfect catalyst (2) ensures the net production
of ATP in the conversion of glucose to pyruvate, and hence,
it is essential for maintaining life under anaerobic conditions;
for this reason, when one is dealing with important human
parasites, TIM has been suggested as a good target for drug
design (3, 4). The crystallographic structures of wild-type
TIMs and engineered mutants have been determined for 14
species, from Archaea (5) and Bacteria (6-9) to Eukarya,
including unicellular and multicellular organisms, parasites,
and human (10-18). All the wild-type TIMs studied so far
are homodimers, with the exception of those fromPyrococ-

cus woeseiand Methanothermus ferVidus, which are ho-
motetramers (19). Each TIM subunit (∼250 amino acid
residues with a molecular mass near 27 kDa) folds into a
(â/R)8 domain. This is the so-called “TIM barrel” structural
domain that comprises or is contained in∼10% of the known
enzyme structures (20, 21). In all these enzymes, the active
site is located at the carboxyl termini of the closed parallel
â-sheet (22). In TIM, the degree of amino acid sequence
conservation from Archaea to Eukarya is remarkable, the
sequence around the active site residue, a glutamic acid,
being perfectly conserved. The catalytic residues are self-
contained in each monomer, and the loops at the carboxyl
termini of the barrel contain both interface and active site
residues (23).

Taking into account TIM versatility for catalysis, the
complete understanding of its catalytic mechanism, and its
homodimeric nature (the simplest oligomerization model),
we find this enzyme is a good candidate for improving our
knowledge of protein folding and assembly and, eventually,
of drug design. The TIM unfolding pathways induced by
guanidinium hydrochloride (Gdn-HCl) fromBacillus stearo-
thermophilus(25), Thermotoga maritima(26), rabbit (27-
29), Plasmodium falciparum(30), Saccharomyces cereVisiae
(31-33), Leishmania mexicana(34), and Trypanosoma
brucei (TbTIM) (35) have been studied in detail. Although
the equilibrium unfolding pathways of homologous TIMs
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in Gdn-HCl are different, the crystallographic three-
dimensional structures of these enzymes are highly similar.
On the other hand, two trypanosomatid TIMs with a
percentage of identity in the primary structure of 74% (36)
show different behavior with respect to inactivation with the
same sulfhydryl reagents (3). The equilibrium unfolding of
one of them, TbTIM (35), is complex and irreversible. In
this context, studying the guanidinium hydrochloride-induced
unfolding of the other, namely, that fromTrypanosoma cruzi
(TcTIM), appeared to be interesting. To this end, enzyme
activity, far-UV circular dichroism, intrinsic and extrinsic
fluorescence, and size-exclusion chromatography were moni-
tored under equilibrium conditions. These data are consistent
with the existence of two unfolding stable intermediates,
namely, an expanded, non-native, and active dimer and a
partially expanded monomer. The data allowed a complete
thermodynamic characterization of the unfolding pathway
that, in turn, is compared with those reported for TIMs from
other species.

MATERIALS AND METHODS

Enzymes and Biochemicals.Guanidine hydrochloride
(Gdn-HCl) was purchased from Boehringer GmbH Man-
nheim, and isopropylâ-D-thiogalactopyranoside was from
GIBCO BRL. All other reagents were obtained from Sigma
Chemical Co.

OVerexpression and Purification of the Recombinant
Protein. Escherichia coliBL21DE3 cells with the recom-
binant TcTIM gene were a generous gift of R. Pe´rez-Montfort
(Instituto de Fisiologı´a Celular, Universidad Nacional Au-
tónoma de Me´xico). Overexpression and purification of
TcTIM were performed as described by Ostoa-Saloma et al.
(37). A single peak was obtained after chromatography, and
the purified fractions exhibited a single band on a SDS-
PAGE gel.

Enzyme Characterization.Absorbance measurements were
carried out in a Beckman DU7500 spectrophotometer, with
a cell compartment thermoregulated at 25°C. Protein
concentrations were determined either by the Lowry assay,
using bovine serum albumin as the standard (38), or by
measuring its absorbance at 280 nm using an absorption
coefficient A(280)1cm

1% of 1.33 calculated according to the
method from ref39. TcTIM activity was followed by changes
in absorbance at 340 nm due to oxidation of NADH in a
coupled enzyme assay at 25°C (40). Reaction conditions
for the production of dihydroxyacetone phosphate were as
follows: 100 mM triethanolamine, 10 mM EDTA, 1 mM
dithiothreitol (TED 100/10/1) (pH 7.4), 1.5-3.0 mM D,L-
glyceraldehyde 3-phosphate, 5-10 µg/mL R-glycerolphos-
phate dehydrogenase, and 0.2 mM NADH.

ReVersibility. Reversibility was assayed as follows. Samples
containing TcTIM (150µg/mL) were incubated for 48 h at
equilibrium at different Gdn-HCl concentrations. The highest
Gdn-HCl concentration was 3.0 M, where complete dena-
turation is observed (see below). Renaturation was started
by dilution of these samples with TED 100/10/1 (pH 7.4) to
5 µg of TcTIM/mL and either (i) a final (adjusted) Gdn-
HCl concentration of 0.1 M or (ii) different residual (not
adjusted) Gdn-HCl concentrations (see Figure 1). After 24
h, the catalytic activity was measured with 5 ng of TcTIM/
mL.

Size-Exclusion Chromatography (SEC) and Determination
of the Stokes Radius.SEC was performed in an FPLC system
(Pharmacia, Uppsala, Sweden) using a Superdex 75 column
as previously reported (35). The calibration curve was
constructed using the experimentally determined elution
volumes and the Stokes radii values reported for 10 proteins
under native and denaturing conditions (35). The permeation
properties of the Superdex 75 column are almost independent
of Gdn-HCl concentration; thus, a single plot of elution
volume versus Stokes radius (Rs) was built so thatRs can be
easily obtained at each Gdn-HCl concentration (35). One
hundred microliters of each sample [20µg/mL in TED 100/
10/1 (pH 7.4) at the respective concentration of Gdn-HCl in
the same buffer] was injected into the column, previously
equilibrated in the buffer with or without Gdn-HCl.

Guanidinium Hydrochloride Unfolding Experiments Moni-
tored by Fluorescence and Circular Dichroism.In denatur-
ation experiments, protein samples were incubated for
equilibrium time (48 h) in TED 20/1/1 (pH 7.4) at 25°C.
The changes in fluorescence were monitored using an ISS
PC1 photon counting spectrofluorometer (ISS, Champaign,
IL) with the cell compartment thermoregulated at 25°C.
Protein intrinsic fluorescence was measured with an excita-
tion wavelength of 280 or 295 nm (4.0 nm bandwidth); the
emission was collected from 300-310 to 400-410 nm (4.0
nm bandwidth).

The far-UV circular dichroism changes were monitored
with a JASCO J-715 spectropolarimeter following the change
in ellipticity at 222 nm using cells with a path length of
0.1 cm thermoregulated at 25°C. The values reported are
the mean residue ellipticity recorded every 2 s for 4 min.
Values obtained from reference samples at all denaturant
concentrations that were studied were subtracted from all
the spectroscopic measurements.

Determination of the Amount of NatiVe Protein from
Catalytic ActiVity Measurements.To avoid the effect of
denaturants onR-glycerolphosphate dehydrogenase, the
coupling enzyme in TIM activity measurements, samples
previously used for CD or IF measurements were diluted in
<1 min (final Gdn-HCl concentration of 60 mM), and

FIGURE 1: Refolding of TcTIM denatured in Gdn-HCl. The catalytic
activity of TcTIM was measured 24 h after dilution of samples
(150µg/mL) equilibrated (48 h) at increasing Gdn-HCl concentra-
tions (see Materials and Methods). Empty symbols represent data
for refolding at variable residual Gdn-HCl concentrations and filled
symbols refolding at 0.1 M Gdn-HCl.
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catalytic activity was measured immediately, following the
method described in detail in refs33 and35. This dilution
is also necessary because catalytic activity measurements are
carried out with 2.0 ng of TcTIM/mL, i.e., a concentration
2.5 × 104 times lower than that used for obtaining the
denaturation patterns by spectroscopic probes.

ANS Fluorescence.1-Anilino-8-naphthalenesulfonate (ANS)
fluorescence was measured after excitation at 360 nm (4.0
nm bandwidth) in the 400-560 nm emission range. Saturat-
ing conditions (100µM ANS) were obtained after titrations
of the TcTIM samples with ANS (data not shown); thereafter,
this saturating concentration was added to each sample and
its corresponding blank solution under the same conditions
mentioned above. Reference spectra with ANS at each Gdn-
HCl concentration were subtracted from the spectra of the
samples.

Data Analysis.The spectroscopic and activity data were
analyzed according to a four-state equilibrium model involv-
ing a native homodimeric state (N2), a non-native dimeric
state (N2*), a monomeric state (M), and an unfolded state
(U):

Considering that the total mole concentration of protein is
Pt:

the mole fractions of each species are

The sum of these mole fractions must equal unity

The equilibrium constants for the three transitions in eq 1
are

Using eqs 4 and 5, the following equation forXM is obtained

When quadratic equation (eq 6) is solved, the mole fractions
of all species are obtained as

Using the thermodynamic relationK ) exp(-∆G/RT), eqs
7-10 can be expressed in terms of the Gibbs energy changes
associated with the three transitions in eq 1. In turn, these
∆G values can be written as a function of denaturant
concentration [d] assuming a linear dependence:

where the∆Go values are the free energy changes in the
absence of denaturant andm1-m3 are the cooperativity
indices associated with each of the three transitions. The
experimental observables,Y (fluorescence intensity or activ-
ity), are assumed to be additive

where YZ values are the values of the observable for the
respective Z species, estimated from the experimental data
and kept as constants in the fitting procedure. To determine
the unknown parameters∆GN2SN2*

o , ∆GN2*S2M
o , ∆G2MS2U

o ,
and m1-m3, fluorescence intensity and activity data were
fitted using Origin 7.0.

RESULTS

Equilibrium Time.Equilibrium times for the unfolding
transition of TcTIM were determined by following changes
in intrinsic fluorescence. The change in the wavelength of
maximal emission (λmax), spectral center of mass (SCM), and
intensity at nativeλmax of samples incubated between 0 and
6.0 M Gdn-HCl indicated that the adequate time for
equilibrium measurements is 48 h (data not shown). All the
reported data belong to experiments previously equilibrated
at this time.

ReVersibility Assays.Samples of TcTIM were equilibrated
at increasing Gdn-HCl concentrations from 0.1 to 3.0 M Gdn-
HCl to equilibrium time (48 h) and subsequently diluted in
buffer without denaturant to allow refolding. Their catalytic
activity was determined after 24 h (Figure 1). In the refolding
step, all samples contained 5µg of TcTIM/mL and variable
concentrations of residual Gdn-HCl (empty symbol) or a
concentration of residual Gdn-HCl adjusted to 0.1 M (filled
symbol) (see Materials and Methods). Samples preincubated
at concentrations below 1.0 M Gdn-HCl in the unfolding
step showed in both cases (variable or adjusted final Gdn-
HCl concentration) the same or slightly higher activity
compared to that of native TcTIM. High levels of renatur-
ation (≈80%) were obtained in samples preincubated in more
concentrated Gdn-HCl (Figure 1). Complete reversibility at
a preincubation concentration of 6.0 M Gdn-HCl was
previously reported (41).

Denaturation Pattern following Changes in Hydrodynamic
Properties.To determine the denaturation pattern of TcTIM
in Gdn-HCl, SEC-FPLC experiments were carried out at

N2 / N2* / 2M / 2U (1)

Pt ) 2[N2] + 2[N2*] + [M] + [U] (2)

XN2
)

2[N2]

Pt
, XN2*

)
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Pt
, XM )

[M]
Pt

, XU )
[U]
Pt

(3)

XN2
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+ XM + XU ) 1 (4)
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XN2*

XN2
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2XM
2Pt
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,

K3 )
[U]2

[M] 2
)

XU
2

XM
2

(5)

XM
2[2Pt(1 + K1)

K1K2
] + XM(1 + K3

1/2) - 1 ) 0 (6)

XM )
-(1 + K3

1/2) + x(1 + K3
1/2)2 + 8Pt(1 + K1)/K1K2

4Pt(1 + K1)/K1K2
(7)
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2Pt
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(8)

XU ) XMK3
1/2 (9)

XN2
) 1 - XN2*
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o + m1[d] (11)

∆G2 ) ∆GN2*S2M
o + m2[d] (12)

∆G3 ) ∆G2MS2U
o + m3[d] (13)

Y ) YN2
XN2

+ YN2*
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+ YMXM + YUXU (14)
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increasing concentrations of the denaturant. TcTIM samples
at increasing Gdn-HCl concentrations were injected into a
Superdex 75 column previously equilibrated at the same
denaturant concentration according to the method from ref
35. Figure 2A shows representative elution profiles of the
denaturation of TcTIM. In the absence of denaturant, TcTIM
exhibited a single peak in its elution profile. Between 0.1
and 0.6 M Gdn-HCl and at a TcTIM concentration of 5µg/
mL, two populations were observed (Figure 2A). At 0.8 (data
not shown) and 1.0 M Gdn-HCl, only one peak was
observed. At the latter concentration, the chromatogram is
asymmetric, suggesting the presence of more than one species
(Figure 2A). At 6.0 M Gdn-HCl, a single symmetric peak is
observed. To obtain the change in Stokes radii as a function
of denaturant concentration, the elution volumes were fitted
according to method from ref35, and the denaturation profile
was obtained (Figure 2B). TheRs value of native TcTIM is
28.7 Å, increasing to 44.4 Å at 6.0 M Gdn-HCl for the
denatured protein (Figure 2B). Between 0.1 and 0.6 M Gdn-
HCl, two different size populations coexist. One shows an
increase of 2.0 Å inRs with respect to the nativeRs value.
This increase inRs might be indicative of the presence of a
slightly more expanded dimer. The second population is
observed at 0.1 M Gdn-HCl having anRs value of 20 Å. It
has been previously shown that thisRs value corresponds to
a monomeric mutant ofT. bruceiTIM (TbTIM) ( 35). This
observation strongly suggests that for the denaturation of
TcTIM, there is also a monomeric intermediate. These two
populations (0 and 4 in Figure 2B) coexist only between
0.1 and 0.6 M denaturant. From 1.0 to 2.5 M Gdn-HCl, the
Rs value (0 in Figure 2B) changes considerably from 30.7
to 36.8 Å. The same behavior is observed when the protein
concentration is increased from 5 to 50µg/mL (9 in Figure
2B), although for the latter the presence of two peaks is only
observed at 0.6 M Gdn-HCl (1 in Figure 2B). The explana-
tion of the presence of a single peak is that a fast
interconversion between states occurs, which is not detectable
at 50µg/mL in the chromatography experiment.

Changes in Tertiary Structure.As the Gdn-HCl concentra-
tion increases, the unfolding of TcTIM followed by fluo-

rescence intensity (excitation at 280 and 295 nm) produced
a nonmonophasic behavior (Figure 3), supporting data
obtained by SEC about the presence of at least one folding
intermediate. The region between 1.0 and 2.0 M Gdn-HCl
is formed by a protein population with properties different
from those of the native and denatured enzymes. In this
region, approximately 60% of the fluorescence intensity is
conserved and a clear plateau is observed (Figure 3). In the
region between 0.1 and 1.0 M Gdn-HCl, a different behavior
is observed for each of the two excitation wavelengths that
were studied. At 280 nm, with respect to the signal in the
absence of denaturant there is a significant increase in
fluorescence intensity; at 295 nm, such an increase is not
observed. No similar report has been made when studying

FIGURE 2: Denaturation pattern of TcTIM as a function of Gdn-HCl concentration. (A) Representative elution profiles of TcTIM equilibrated
in Gdn-HCl. The chromatograms were obtained after equilibrium (48 h) of TcTIM samples (5µg/mL) had been achieved at the indicated
Gdn-HCl concentrations. Samples were then injected into a Superdex 75 column equilibrated at the same denaturant concentrations. (B)
Change in the calculated Stokes radius as a function of Gdn-HCl concentration (see Materials and Methods). Filled and empty symbols
correspond to 50 and 5µg/mL TcTIM, respectively.

FIGURE 3: Changes in the intrinsic fluorescence intensity of TcTIM
as a function of Gdn-HCl concentration. Intrinsic fluorescence
intensity spectra of TcTIM (50µg/mL) at the nativeλmax were
obtained after equilibrium had been achieved (48 h) at the indicated
denaturant concentrations. The data were normalized using [Y(d)
- YU]/(YN - YU), whereY(d) is the spectroscopic value atd (Gdn-
HCl concentration) andYN andYU are the values for the native and
unfolded TcTIM, respectively. Excitation wavelengths were 295
(O) and 280 nm (0). The lines correspond to the simultaneous fit
of activity (see Figure 5) and intrinsic fluorescence intensity data
(dotted line for excitation at 280 nm and solid line for 295 nm)
from which the thermodynamic parameters were determined (see
Table 1).
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the denaturation pattern of other TIMs. This behavior may
be explained by either the effect of ionic strength on the
fluorescence intensity or the change in the polar surroundings
of the aromatic residues of the protein at these denaturant
concentrations. The differences in fluorescence intensity
results obtained at 280 and 295 nm are probably due to the
global signal which includes tyrosine and tryptophan residues
of the whole protein at 280 nm, and the more localized signal
from tryptophan residues obtained at 295 nm. The non-
monophasic behavior displayed in Figure 3 is also observed
at 5 µg/mL TcTIM.

Changes in Secondary Structure.The unfolding of TcTIM
at equilibrium time in Gdn-HCl was also followed by far-
UV circular dichroism (CD). Native TcTIM exhibits the
characteristic CD spectra ofâ/R proteins (41). Changes in
mean residue ellipticity at 222 nm are displayed in Figure
4. A nonmonophasic behavior was obtained with an increase
in ellipticity between 0.1 and 0.4 M Gdn-HCl; in the region
between 1.0 and 2.0 M denaturant, the ellipticity is constant
(Figure 4), showing the same profile observed for fluores-
cence intensity (Figure 3). The increment in secondary
structure in the denaturation pattern displayed in Figure 4
has not been reported for other TIMs. Both the increase in
fluorescence intensity and CD at low denaturant concentra-
tions and the presence of a plateau at higher Gdn-HCl
concentrations strongly suggest the presence of two folding
intermediates.

Changes in Quaternary Structure.Only TIM dimers are
catalytically active; therefore, measurements of catalytic
activity are equivalent to direct quantifications of the dimeric
state or quaternary structure. Thus, activity measurements
on the same samples shown in the previous figures quantify
directly the mole fraction of native dimers. Two technical
problems make the assessment of TIM catalysis under the

conditions used for fluorescence and CD experiments dif-
ficult: (i) R-glycerol phosphate dehydrogenase, the coupling
enzyme in TIM catalysis assays, is inactivated at high
denaturant concentrations, and (ii) since TIM is a highly
active enzyme, catalysis must be assessed at a concentration
4 orders of magnitude lower than those used in the
spectroscopic experiments shown in Figures 3 and 4.
However, these problems were circumvented by following
the procedure described in Materials and Methods (see also
ref 35). At the same denaturant concentrations where
fluorescence intensity and CD increased (Figures 3 and 4),
an increase in catalytic activity is also observed (Figure 5).
The same behavior has been reported in the denaturation of
the enzyme ofTh. maritima(TmTIM), although in this case
the increase in activity is larger (80%), and no detectable
alterations of both fluorescence emission and dichroic
absorption were observed (42). The catalytic activity de-
creases sharply between 0.6 and 1.0 M Gdn-HCl, and in the
region of 1.0-2.0 M Gdn-HCl, the denaturation pattern of
TcTIM is formed by a nonactive population. The range of
Gdn-HCl concentrations at which catalytic activity is com-
pletely lost includes the plateau region observed when
following changes in tertiary and secondary structure (Figures
3 and 4; compare with Figure 5). The same global unfolding
profile is observed at a TcTIM concentration of 5 or 50µg/
mL, but the denaturation pattern is shifted toward higher
denaturant concentrations at the higher protein concentration.
This is expected when a dissociation or bimolecular reaction
is taking place (Figure 5).

Binding of the Fluorescent Dye.To further asses the
existence and the properties of intermediates in the dena-
turation pattern, changes in ANS fluorescence (43) were
recorded. Binding of ANS to predominantly hydrophobic
segments is accompanied by a large increase in its fluores-
cence quantum yield (43-46). In samples equilibrated as in
the aforementioned experiments, an increase in ANS fluo-
rescence was evident in the interval between 1.0 and 2.5 M

FIGURE 4: Changes in secondary structure of TcTIM as a function
of Gdn-HCl concentration. The mean residue ellipticity values at
222 nm (θ222) for TcTIM (50 µg/mL) were obtained after equilib-
rium had been achieved (48 h) at the indicated denaturant
concentrations. The bars correspond to higher and lower values
obtained in two different experiments. The symbols are the average
of those two experiments. The inset shows normalized CD data
using [Y(d) - YU]/(YN - YU), whereY(d) is the spectroscopic value
at d (Gdn-HCl concentration) andYN andYU are the values for the
native and unfolded TcTIM, respectively. The dotted line is the
prediction using the parameters in Table 1 and the following
values: YN2 ) 1, YN2* ) 1.4, YM ) 0.7, andYU ) 0.

FIGURE 5: TcTIM catalytic activity as a function of Gdn-HCl
concentration. Samples of TcTIM at 5 (]) and 50µg/mL (9) were
incubated to equilibrium (48 h) at different concentrations of Gdn-
HCl. Catalytic activity was measured as described in Materials and
Methods; 100% is the activity of TcTIM in the absence of
denaturant. The solid lines (undistinguishable) correspond to the
simultaneous fit of activity and intrinsic fluorescence intensity data
at 50µg/mL (Figure 3) at 280 and 295 nm, respectively, from which
the thermodynamic parameters were determined (Table 1). The
dotted line corresponds to the predicted catalytic activity at 5µg/
mL TcTIM calculated using the parameters in Table 1.
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Gdn-HCl (Figure 6). This Gdn-HCl concentration interval
corresponds to the plateau observed for IF and CD (Figures
3 and 4) and to the region where catalytic activity is lost
(Figure 5). The increment in the ANS fluorescence quantum
yield is independent of protein concentration, with a maxi-
mum at 1.5 M Gdn-HCl.

DISCUSSION

In vitro irreversibility in the unfolding of oligomers is very
frequent. TIM is not an exception, and aggregation has been
reported in the unfolding of wild-type and monomeric
mutants of TbTIM (47) induced by heat, of TIM fromTh.
maritima induced by either heat or Gdn-HCl (42), and ofP.
falciparumTIM (30) andT. bruceiTIM (35) promoted by
Gdn-HCl. Therefore, for these enzymes, it was not possible
to analyze the denaturation pattern using standard thermo-
dynamic models. In contrast, the Gdn-HCl-induced dena-
turation of TcTIM is reversible (Figure 1). Thus, it was
possible to determine the thermodynamics of the transition
between the homodimeric native enzyme and the denatured
monomers.

Unfolding Pathway of TcTIM.Measurements at equilib-
rium of secondary, tertiary, and quaternary structures of
TcTIM at various Gdn-HCl concentrations exhibit non-
monophasic behavior. Two different intermediates appeared
in the unfolding pathway, implying that a four-state model
is required to describe TcTIM denaturation.

The first intermediate is observed at Gdn-HCl concentra-
tions lower than 1.0 M. It is characterized by an increase in
fluorescence intensity at an excitation wavelength of 280 nm
(Figure 3) and in the secondary structure (Figure 4). This
intermediate does not bind the fluorescent dye ANS, sug-
gesting that hydrophobic regions of TcTIM are not exposed
to the solvent (Figure 6). The nature of this intermediate is
revealed by catalytic activity. Considering that only the
dimers of TcTIM are catalytically active, this intermediate
must be a non-native dimer that, in fact, exhibits higher
activity (Figure 5). According to the SEC results in Figure
2B, this active non-native dimer possesses a slightly ex-

panded structure (∆Rs ) 2.0 Å) relative to the native
homodimer. The presence of dimeric intermediates has been
previously observed in the denaturation pattern ofP. falci-
parum (PfTIM) (30) and TbTIM (35). In these two TIMs,
the global denaturing reaction is irreversible and the presence
of a dimeric non-native intermediate is accompanied by off-
pathway aggregates. Partially unfolded dimeric intermediates
have also been reported in the Gdn-HCl-induced denaturation
of other oligomeric proteins (48-53). The effect of Gdn-
HCl as an activator agent of catalytic activity has been
reported for TmTIM (42) and for other enzymes (54-57).

The second intermediate is detected between 1.0 and 2.0
M Gdn-HCl. At these denaturant concentrations, a plateau
is observed using both spectroscopic fluorescence and CD
techniques (Figures 3 and 4) where there is a complete loss
of activity (Figure 5). This intermediate binds the fluorescent
dye ANS, indicating that hydrophobic regions of TcTIM are
exposed to the solvent (Figure 6). SEC results in Figure 2B
show a species with anRs value near 30 Å. Previous results
with the monomeric TbTIM mutant RMMO-1 TIM show
that theRs of this mutant between 1.0 and 2.0 M Gdn-HCl
has a value of 30 Å (35). All these observations suggest that
in TcTIM denaturation this intermediate is an inactive
expanded monomer. The presence of monomeric intermedi-
ates has been previously observed in the denaturation pattern
of the yeast enzyme (yTIM) (31-33) and of the wild-type
TbTIM (35).

Thermodynamic Parameters for TcTIM Unfolding.The
simplest equilibrium process compatible with the obtained
data is the four-state model described in Materials and
Methods. The N2 / N2* transition, dimer dissociation, and
monomer unfolding are clearly reversible transitions (see
Figures 1 and 5). To our knowledge, the four-state model
has only been used to study the unfolding of Procaspase-3
(58). The model parameters were fitted in a simultaneous
procedure to the fluorescence intensity and activity data at
50 µg/mL in Figures 3 and 5, giving the changes in Gibbs
free energy reported in Table 1. The data are described well
by the four-state model (see the lines in Figures 3 and 5).
Using the parameters in Table 1, two predictions were made.
The first was the prediction of the catalytic activity (at 5
µg/mL) and the amount of secondary structure (at 50µg/
mL) as a function of increasing Gdn-HCl concentrations. As
seen in the inset of Figure 4 and in Figure 5, these predictions
represent adequately the experimental data. The second
prediction was the distribution of species (N2, N2*, M, and
U) at different protein concentrations, displayed in Figure
6. Here, it is predicted that even at low Gdn-HCl concentra-
tions (<1.0 M) monomers are present, in accordance with
the experimental SEC results in Figure 2B; furthermore, the
predicted maximum for the N2* fraction coincides with the
maximum activity in Gdn-HCl (compare Figures 5 and 6).
Both these predictions confirm the soundness of the proposed
model and the physical reliability of the obtained values for
the parameters.

The bimolecular step in the unfolding pathway (from N2*
to 2M) must be dependent on protein concentration, and it
must be seen in a narrow Gdn-HCl concentration range (0.5-
1.5 M). The magnitude of this dependence depends on the
thermodynamic parameters that describe the unfolding
process (Table 1) and will be different for each property or
observable (eq 14). Using the parameters in Table 1, the

FIGURE 6: Binding of ANS to TcTIM as a function of Gdn-HCl
concentration. TcTIM at 5 (]) or 50 µg/mL (9) was equilibrated
(48 h) at the indicated Gdn-HCl concentrations. Normalized∆ANS
data (symbols) and the distribution of species (lines); the mole
fractions of each species were calculated using the parameters in
Table 1 (excitation at 280 nm) at different protein concentrations:
5 µg/mL (dotted line), 50µg/mL (solid line), and 100µg/mL
(dashed line). N2 is the native TcTIM dimer, N2* the non-native
dimer, M the monomer, and U the unfolded monomer.
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predicted dependences with protein concentration for fluo-
rescence intensity and CD are quite small and hence difficult
to determine; this is in fact what we experimentally observed
at 5 and 50µg/mL (data not shown). In contrast, for activity
the expected shift is measurable (Figure 5).

Table 1 indicates that the total Gibbs energy change∆
Gtot

o for the transition between the native dimer (N2) and the
unfolded monomers (U) is large and similar to that for
BsTIM and yTIM. The Gibbs energy associated with the
transition between the native dimer (N2) and the non-native
active dimer (N2*) is small (4.45 kJ/mol), accounting for
only 4% of the∆Gtot

o . Table 1 also shows that the energy
change for the dissociation of the N2* dimer (∆GN2*S2M

o )
65.8 kJ/mol) is larger than that of monomer unfolding (∆
GMSU

o ) 35.5/2) 17.8 kJ/mol). This has been observed for
all other TIM species for which these Gibbs energy changes

have been evaluated (33). Hence, TcTIM subunit assembly
also increases the conformational stability of the enzyme.
However, for TcTIM this stabilization is less marked than
that found in most TIMs from other species. This is clearly
evidenced by the fractional contribution of monomer folding
to the stability of the native enzyme (estimated as-2∆
GMSU

o /-∆Gtot
o ) that amounts to 0.34 for TcTIM, whereas

for the other TIM species, it ranges from 0.14 for rabbit
(rTIM) to 0.32 for yTIM (33). It appears that TcTIM
monomers are more stable than those found for other TIM
species (except yTIM), for which monomer stability is only
marginal. Since this monomer binds ANS and possesses a
considerable amount of both secondary and tertiary structure
(see also refs31, 32, and35), it could be considered a molten
globule intermediate, similar to that reported for the unfolding
of other proteins (59).

Table 1: Thermodynamic Parameters for Gdn-HCl Equilibrium Denaturation of TcTIMa

YN2 YN2* YM YU ∆GN2/N2*
o ∆GN2*/2M

o ∆G2M/2U
o ∆Gtot

o

IF(λmax)295 1 0.95 0.55 0.0 4.3( 1.0 66.0( 2.2 37.9( 1.8 108.2
activity 1 1.4 0.0 0.0 (-26.8) (-33.7) (-15.5)
IF(λmax)280 1 1.2 0.65 0.0 4.6( 1.2 65.6( 2.2 33.0( 2.7 103.2
activity 1 1.4 0.0 0.0 (-36.4) (-33.2) (-14.0)
average 4.45( 1.1 65.8( 2.2 35.5( 2.3 105.7( 2.0
a Measurements were taken at 25°C and pH 7.4. These parameters were obtained from the simultaneous fit of fluorescence intensity of TcTIM

spectra at the nativeλmax (excitation at 280 and 295 nm; see Figure 3) and activity data (Figure 5) to the model described in eq 1.YZ values are the
amplitudes of the signals for the respective species (N2, N2*, M, and U), estimated from the experimental data and kept as constants during the
fitting procedure. All the∆G data are in kilojoules per mole, andm values (see eqs 11-13) are in parentheses.

Table 2: Analysis of the Unfolding of TIM in Gdn-HCl

a BsTIM, B. stearothermophilus; TmTIM, Thermotoga maritima; rTIM, rabbit; PfTIM, P. falciparum; yTIM, yeast [S. cereVisiae]; LmTIM, L.
mexicana; TbTIM, T. brucei; TcTIM, T. cruzi. In brackets: number of total aminoacids by monomer and isoelectric point.b Recombinant enzyme
obtained inE. coli. c Protein data bank code; in brackets is the resolution of the crystal (Å).d Equil Conds represents equilibrium conditions: time
(hours)/temperature (degrees Celsius)/pH.e UP stands for unfolding pattern: followed by changes in secondary and/or tertiary structure and1H
NMR (32). MP is monophasic, and NMP is nonmonophasic.f It must be monophasic. nr means not reported.g In renaturation.h Excitation at 290
nm. i Excitation at 280 nm.j Spectral center of mass.k Wavelength of maximal emission.l Excitation at 295 nm.m Excitation at 285 nm.n N2 is the
native dimer, N2* the non-native dimer, M the folded monomer, U the unfolded monomer, and A the aggregate.o Reversibility.p In brackets are
∆Gdissociation

o /∆Gmonomer unfolding
o values.q C1/2 is the transition midpoint (M).r ∆λ is the total change in wavelength of maximal emission or the

spectral center of mass upon complete dissociation or unfolding (nanometers).s AH in LGDN is the activity higher than for the native enzyme at
low Gdn-HCl concentrations.t IABANS is whether the intermediate is able to bind ANS.
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Equilibrium Unfolding of Homologous TIMs Induced by
Gdn-HCl.The unfolding pathways induced by Gdn-HCl of
TIMs from different species, together with a summary of
relevant data regarding both the enzymes themselves and
the unfolding process, are shown in Table 2. The reported
equilibrium unfolding pathways differ in complexity, from
a simple two-state process to multistate reactions that in some
cases involve protein aggregation. More than 20 equilibrium
and kinetic folding pathway studies of several homologous
proteins can be found in the literature. The early studies
indicate that the folding pathways of homologous proteins
are similar, and that the folding of a certain conformation is
conserved throughout evolution (60-63). However, there are
examples of homologous proteins that unfold in different
patterns (64-73). The more documented is TIM (Table 2).
Despite the fact that the three-dimensional structures of
oligomeric TIMs from different species are similar, their
equilibrium unfolding pathways are different. Table 2 shows
this heterogeneity: (i) two-state unfolding processes forB.
stearothermophilus(BsTIM) (25), rabbit (rTIM) (27-29),
and LmTIM (34), (ii) three-state processes involving a
monomeric intermediate forS. cereVisiae (yTIM) (31-33)
and involving aggregates for TmTIM (42), and (iii) a four-
state process that involves a partially unfolded dimer which
aggregates and unfolds inP. falciparum(PfTIM) (30), an
irreversible aggregation of both a non-native dimer and a
monomeric intermediate forT. brucei(TbTIM) (35), and the
reversible unfolding pattern for TcTIM presented here.
Among these unfolding profiles, those for TbTIM and TcTIM
are particularly interesting because the level of identity in
the primary structure for these two enzymes is greater than
between the other studied TIMs. Of the 250 residues that
are possible to compare (TcTIM possesses 251 and TbTIM
250), 185 of them (74%) are identical. In the remaining 26%,
there are 30 conservative changes, which indicate that these
enzymes possess only 13% nonconservative changes (36).
Considering this small percentage of nonconserved residues,
it is perhaps not surprising that TcTIM and TbTIM unfold
following the same pathway that involves a non-native dimer
and a partially expanded monomer intermediate, the differ-
ence being that for TbTIM the transitions are irreversible,
due to the formation of aggregates.
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