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Abstract Thermal denaturation of triosephosphate

isomerase from Trypanosoma cruzi was studied by circular

dicrhoism and fluorescence spectroscopies. The unfolding

transition was found to be highly irreversible even at the

very early stages of the reaction. Kinetic studies, allowed

us to identify consecutive reactions. Firstly, only the

tryptophan environment is altered. Next, changes on the

secondary structure and hydrophobic surface exposure

measured by 1-anilino-8-naphthalenesulfonate (ANS)

binding were observed. Further conformational changes

imply additional modifications on the secondary and ter-

tiary structures and release of the hydrophobic dye leading

to the formation of the unfolded state that is prone to

aggregate.
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Abbreviations

TIM Triosephosphate isomerase

TcTIM Triosephosphate isomerase from

Trypanosoma cruzi

TbTIM Triosephosphate isomerase from

Trypanosoma brucei

yTIM Yeast triosephosphate isomerase

CD Circular dichroism

Tris Tris(hydroxy-methyl) aminomethane

Gdn-HCl Guanidine hydrochloride

TEA Triethanolamine

SCM Spectral centre of mass

1 Introduction

About 10% of all the enzymes of known structure share the

TIM-barrel scaffold [1]. The barrel consists of eight par-

allel b-strands connected by eight loops to the same

number of a-helices. The b-strands form the internal part of

the barrel, surrounded by the helices [2]. Amongst TIM-

barrel proteins we can find several functions such as: oxi-

do-reductases, transferases, isomerases and hydrolases,

among others. A characteristic of these proteins is that

despite of showing a common fold, they diverge in their

sequences. However, the active site is regularly at the same

region of the enzymes, formed by the loops. The relative

abundance within the database has led to a proposal that

this scaffold is possibly favoured in terms of folding

properties or stability [3].

The folding/unfolding mechanism of several TIM bar-

rels has been studied in detail [4–6]. For example, the urea-

induced equilibrium unfolding of the alpha-subunit of

tryptophan synthase (aTS) from Escherichia coli can be
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Área de Biofisicoquı́mica, Departamento de Quı́mica,

Universidad Autónoma Metropolitana-Iztapalapa, Apartado

Postal 55–534, Iztapalapa 09340 D.F, Mexico

A. Rojo-Domı́nguez

Departamento de Ciencias Naturales, Universidad Autónoma

Metropolitana-Cuajimalpa, Pedro Antonio de los Santos 84, San

Miguel Chapultepec 11850 D.F, Mexico

123

Protein J (2007) 26:491–498

DOI 10.1007/s10930-007-9090-3



described by a four-state model, N $ I1 $ I2 $ U,

involving two highly populated intermediates, I1 and I2 [4,

7]. It has been reported that I2, is similar to N and I1, and

they share a globular structure while U has a more random

coil-like form [4]. More recently, Rojsajjakul and co-

workers [8] have demonstrated the existence of two inter-

mediates, one of them, populated at 3 M urea, that keeps

considerable secondary structure. The other intermediate

showed a structure moiety formed by its first four beta

strands and three helices and is populated at higher urea

concentrations (4–7 M).

Another TIM barrel protein where folding/unfolding

reaction has been studied is imidazol-glycerol phosphate

synthase subunit HisF, that is involved in histidine bio-

synthesis. It has been proposed that this enzyme might have

an stable nucleus, resistant to proteolysis, in the C-terminal

region (a/b)5–8 [9].

The unfolding pathway induced by guanidinium

hydrochloride (Gdn-HCl) of TIMs from Bacillus stearo-

thermophilus [10], Thermotoga maritime [11], rabbit

[12–14], Plasmodium falciparum [15], Saccharomyces

cerevisiae [16–18], Leishmania mexicana [19], Trypano-

soma brucei [20] and Trypanosoma cruzi [6] have been

studied in detail. It has been found that, although the

crystallographic three-dimensional structures of these

enzymes are highly similar, the equilibrium unfolding

pathways of homologous TIMs by Gdn-HCl are different.

Furthermore, it is noticeable that two trypanosomatid TIMs

show different behaviour with respect to inactivation with

the same sulfhydryl reagents even though they share a

percentage of identity in their sequences of 74% [20, 21].

The equilibrium unfolding of TbTIM [20], was found to be

complex and irreversible. In contrast, studies on TcTIM,

showed a reversible unfolding reaction that involved two

unfolding stable intermediates; an expanded, non-native

dimer and a partially expanded monomer. Also the

reversible denaturation and renaturation of TIM from

baker’s yeast (S. cerevisiae) induced by Gdn-HCl and urea

have been characterized. The simplest equilibrium pathway

was found to be a three-state process involving an inactive

and expanded monomer [18].

Furthermore, the thermal denaturation of several TIMs has

also been studied. In 2001 it was presented a comprehensive

analysis of the folding mechanism of triosephospahte isom-

erase from baker’s yeast (yTIM) by spectroscopic and

calorimetric methods [22]. It was found that yTIM showed

a reversible thermal transition carried out at low protein

concentration. However, under those conditions, the dena-

turation–renaturation cycle exhibited marked hysteresis. In

addition it was found that the use of lower scanning rates

originated marked irreversibility. Kinetic studies indicated

that denaturation of the enzyme likely consists of an initial

first-order reaction that forms thermally unfolded (U) TIM,

followed by irreversibility-inducing reactions which are

probably linked to aggregation of the unfolded protein. As

judged from CD measurements, U keeps residual secondary

structure but lacks most of the tertiary interactions present in

native yTIM. It was concluded that an extensive exposure of

surface area occurs when U is formed. It was found that U

returns into native like TIM through a second-order reaction

in which the association of the subunits is coupled to the

recovery of the secondary structure. More recently, it has

been established that conserved cysteine 126 in triosephos-

phate isomerase is required not for enzymatic activity but for

proper folding and stability [23].

Up to now, several evidences have been found that show

that proteins sharing the TIM barrel topology do not present a

common folding mechanism. Different folding pathways

have been reported when using different denaturation agents,

even for a protein from the same biological source. There-

fore, more studies in this field are required in order to

understand the reason why the folding/unfolding reaction of

TIM barrel proteins might not be conserved. In this paper, we

have studied the thermal unfolding mechanism of triose-

phosphate isomerase from T. cruzi. We compare the results

with the mechanisms proposed for the thermal denaturation

of other TIMs. To our knowledge, this is the first report

showing the temperature-induced mechanism of TcTIM.

2 Materials and Methods

2.1 Materials

TcTIM was produced and purified as described by Ostoa-

Saloma and coworkers [24]. Concentrations of protein

solutions were determined from their absorbencies at

280 nm, using the absorption coefficient reported for

TcTIM (e = 34,950 M–1 cm–1) [25]. TIM solutions were

prepared at a concentration of 0.010 mg mL–1. Unless

otherwise stated, studies were carried out in a buffer

solution of 50 mM phosphate adjusted to pH 7.4 (at 25 �C)

with NaOH. All reactants were of analytical grade. The

water used was distilled and deionized. In all cases, curves

are reported as the average of at least two independent

experiments. All the assays were carried out using the same

lot of protein. Additionally, in order to verify the data, all

the experiments were repeated using a different protein lot.

2.2 Thermal Transitions Monitored by Circular

Dichroism Spectroscopy

CD measurements were performed as described in a pre-

vious paper [22]. Briefly, measurements were performed

using a JASCO J-715 spectropolarimeter (Jasco Inc.,
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Easton, MD) equipped with a PTC-348WI Peltier-type cell

holder for temperature control and magnetic stirring.

Thermal denaturation transitions were tracked by examin-

ing the ellipticity changes at a wavelength of 220 nm,

while the sample temperature was increased at constant

rate. Heating rates varied from 0.5 to 4.0 �C min–1, and

1.0 cm path-length cells were used. Ellipticities are

reported as mean residue ellipticity [h].

2.3 Denaturation Kinetics

The kinetics of secondary-structure changes upon TIM

thermal denaturation were followed by changes in ellip-

ticity at 220 nm. Cells of 1.0 cm path-length were filled up

to 98% of their total volume (3.0 mL) with the phosphate

buffer. After temperature equilibration, the necessary

amount of concentrated TcTIM solution was added to

complete the cell volume. Samples were vigorously stirred

to promote rapid mixing and temperature equilibration.

Under these conditions the dead time of experiments was

less than 10 s. Unfolding data were fitted to a biphasic

exponential decay equation, ht = hf + A1 exp (–ku1t) + A2

exp (–ku2t) where ht is the ellipticity measured at time t, hf

is the final ellipticity value, A1 and A2 represent the

amplitudes of each phase, and ku1 and ku2 are the unfolding

rate constants for each phase.

2.4 Fluorescence

Fluorescence experiments were carried out in a PC1

spectrofluorometer from ISS (Champaign, IL). This

instrument is equipped with a Peltier-type cell holder for

temperature control. All the experiments were obtained

using cells of 1.0 cm path-length. Samples were excited at

280 nm (otherwise stated). Emission spectra were collected

from 300 to 400 nm. The fluorescence spectral centre of

mass (SCM) was calculated from intensity data (Ik)

obtained at different wavelengths (k) using: SCM =

R (k * Ik)/R Ik. The kinetic experiments were performed

similarly to the circular dichroism assays; in this case

excitation and emission wavelengths were 280 and 320 nm

respectively. Unfolding data were fitted to double or triple

exponential decay equations.

2.5 1-Anilino-8-naphthalenesulfonate (ANS)

Fluorescence

The binding of the hydrophobic dye ANS was measured

by fluorescence spectroscopy. The excitation wavelength

was 380 nm and emission was collected at 497 nm. ANS

was used under saturating concentrations (40 lM). The

procedure to start the kinetic experiments was similar

to the described for circular dichroism and intrinsic

fluorescence.

3 Results and Discussion

3.1 Thermal Transitions of TcTIM Denaturation

Firstly, the thermal denaturation of TcTIM was performed

using TRIS buffer 50 mM at pH 7.4 (pH adjusted at 25 �C,

data not shown). In this case, the CD signal showed a very

large slope in the pre-denaturation region of the curve

(before the denaturation process started). It is important to

mention that the pKa of TRIS strongly depends on tem-

perature, and significant changes on pH could have

occurred while heating the protein solution. Also, this

observation might reflect instability of the secondary

structure of the protein in the presence of TRIS buffer, or

aggregation of the sample. Additionally, unpublished

results of our group have shown similar behaviour with

some other buffers such as TEA. When the same scanning

was carried out in phosphate buffer, keeping the rest of the

experimental conditions, it was observed that the slope

diminished greatly. This finding confirms that the presence

of phosphate ion can be helpful for the stability of the

protein. Therefore, it was decided to perform all the

experiments in phosphate buffer. The temperature at

the middle of the denaturation transition showed only a

slight variation within the phosphate and TRIS buffers, at

the same pH.

Thermal denaturation of TcTIM was followed by mon-

itoring the ellipticity at 220 nm at constant heating-rates.

After the thermal denaturation transitions went to com-

pletion, the protein solutions were cooled down up to 30 �C

either at the same scan speed; or by quickly reducing the

temperature of the sample. Figure 1 shows the transition

curves obtained with TcTIM solutions at 0.010 mg mL–1 in

phosphate buffer (50 mM), pH 7.4, at heating rates of 0.5,

and 4 �C min–1 and the curve observed when cooling down

the sample at a scan speed of 4 �C min–1. It can be seen

that secondary structure is not recovered upon cooling. The

reversibility of the secondary structure was not achieved in

none of the cases. To further explore if the unfolding

reaction was reversible or not, the sample was heated for

1 min at 64 �C. Under these conditions, the secondary

structure of the native protein disappeared as revealed by

the CD signal; immediately after the sample was cooled

down, to 30 �C and the secondary structure of the native

polypeptide was not recovered. This indicates that the

thermal denaturation of TcTIM is highly irreversible even

at the very early stages of the reaction.

Thermal-unfolding Reaction of Triosephosphate Isomerase 493

123



From Fig. 1, it is also clear that the transition at

0.5 �C min–1 appears at lower temperatures than that of

4 �C min–1. This resembles a common result in transitions

under kinetic control [26–28]. In addition, the lower heat-

ing-rate leads to larger changes in the far-UV CD

transition, probably indicating aggregation of the sample.

In all cases, aggregation of the protein solutions was con-

firmed spectrofotometrycally by light scattering at

wavelengths higher than 300 nm (data not shown). These

findings strongly suggest that irreversibility of the thermal

denaturation reaction of TcTIM under the experimental

conditions tested could be due to aggregation of the

unfolded conformation.

The thermal transition was also studied at higher protein

concentrations, such as 0.020 mg mL–1 (data not shown).

In that case, larger changes in the far-UV CD spectra and

transition curves, were observed, i.e. the CD signal

approached to cero upon thermal treatment of the samples.

This finding indicates that higher concentrations of protein

might promote sample aggregation.

Values of the apparent enthalpy (DHap) were obtained as

described by Tello-Solı́s and Hernandez-Arana [28]. The

DHap, from four independent experiments, were rather

insensitive to variation of heating rate. The average DHap,

from experiments at 0.5, 1, 2, and 4 �Cmin–1 was

420 ± 30 kJ mol–1, which corresponds to 0.84 kJ mol–1 of

amino acid residue. Even though the thermal unfolding

reaction of TcTIM is highly irreversible the DHap could still

be a trustful thermodynamic parameter, if the exothermic

effects from aggregation were not very large [29, 30]. In

comparison, this value is about a half to the denaturation

enthalpy observed for yTIM 1.5 ± 0.4 kJ mol–1 of amino

acid residue [22]. According to this thermodynamic criterion

TcTIM unfolding process seems to be less cooperative and

suggests that it might include intermediate species or involve

residual structure on the unfolded species.

3.2 Denaturation Kinetics

The time course of TcTIM denaturation at constant tem-

perature was examined by changes in far UV-CD at

220 nm, at different temperatures. Figure 2 shows three of

the kinetic curves obtained (56.0, 58.1 and 63.7 �C). In all

cases, double exponential decay curves fitted well to

experimental data. This might indicate the presence of at

least one kinetic intermediate. The values of ellipticity

were extrapolated to time zero and showed to be very

similar to those expected for the native protein. These

results indicate that if there is a fast kinetic phase (lost

during the dead time of the experiment), it does not involve

significant secondary-structure changes. From the fitting of

the data the rate constants associated to the unfolding

reaction were obtained.

3.3 Fluorescence

Further characterization of the time-course of TcTIM

thermal-denaturation was achieved by fluorescence

experiments. Kinetic curves constructed from the inten-

sities of the emission measured at 320 nm wavelength, at

some of the temperatures studied, are shown in Fig. 3.

Kinetic curves, followed by fluorescence emission, show
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two different behaviours. Plots obtained at the lowest

temperatures (51 (data not shown), 54 and 57 �C, Fig. 3

A) show a monotonic decrease of the emission intensity.

These curves were fitted to biphasic exponential decay

equations. The fittings allowed us to estimate values of the

rate constants at different temperatures. In contrast,

curves obtained at higher temperatures (above 60 �C,

Fig. 3B) showed an initial kinetic phase which implies a

small increment of the fluorescence-emission signal, fol-

lowed by at least two phases that reduce the emission

intensity at 320 nm. Fittings of these curves to double or

triple decay equations were intended; nevertheless, the

kinetic curves obtained at the highest temperatures

showed very large fitting-errors. Therefore, the rate con-

stants are not considered accurate for the discussion.

To further explore the changes in fluorescence signal,

during thermal unfolding of TcTIM, emission spectra were

obtained. The procedure for starting the series of spectra

was the same as described for the kinetic curves, but

instead of continuously monitoring a single emission

wavelength, spectra were recorded at constant temperature

every minute immediately after the temperature-jump.

Figure 4 shows the very first spectrum for each kinetic

experiment recorded in this way. It can be seen that those

emission spectra recorded at the lower temperatures (51,

54 and 57 �C) do not show appreciable changes on the

position of SCM (around 333 nm). On the contrary, the

first spectrum registered at 61 �C clearly shows red-shift-

ing of the SCM to 342 nm, and the spectra obtained at the

higher temperatures (64 and 67 �C) show further red-

shifting to larger wavelengths (349 nm). This indicates that

there is an increment of the accessibility of tryptophanyl

fluorophores to the solvent in the dead time of experiments

[31–34].

3.4 Binding of a Hydrophobic Dye

The time course denaturation of TcTIM was also explored

in the presence of ANS. The kinetic curves obtained at

some of the temperatures studied (from 51 to 67 �C), of

TcTIM solutions of 0.010 mg mL–1 in phosphate buffer,

pH 7.4 and 40 lM concentration of ANS are shown in

Fig. 5. It can be seen that again there are two different

tendencies observed depending on the temperature studied.

On one hand, the kinetic curves obtained at the lower

temperatures (54 and 57 �C) showed an increment of ANS

fluorescence, indicating the binding of ANS. These plots

were fitted to single exponential decay equations, ht =

hf + A1 exp (–ku1t) where ht is the ANS-fluorescence

intensity measured at time t, hf is the final ANS-fluores-

cence value, A1 represents the amplitude of the curve, and
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Fig. 3 Kinetics of thermal denaturation of TcTIM monitored by

recording intrinsic fluorescence emission at 320 nm (excitation

wavelength was 280 nm), at different temperatures. Panel (A) shows

experiments recorded at 54 �C and 57 �C. Panel (B) shows

experiments registered at 64 and 67 �C. Smooth lines in panel A

are fittings of the data points to biphasic exponential decay equations.

Protein concentration was 0.010 mg mL–1
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ku1 is the rate constant associated to the binding of ANS.

On the other hand, those curves registered at the higher

temperatures (61, 64 and 67 �C) show a more complex

mechanism. Firstly, an increment on the ANS-fluorescence

emission is observed, followed by an important decrease of

the signal. This result indicates that at high temperatures,

the conformation that appears at the earliest stages of the

TcTIM thermal-unfolding reaction binds ANS, followed by

a step with species that looses the dye. Fittings of the

curves obtained at the higher temperatures to exponential

decay equations showed very large fitting errors; hence,

kinetic constants are not discussed. Nevertheless, when

comparing changes of intrinsic fluorescence and ANS-

binding, qualitatively, it can be seen that the highest ANS

fluorescence is observed when the intrinsic fluorescence

intensity is already decreasing. This might be interpreted in

terms of a loss of compactness in the molten globule state,

or to aggregation of the sample. This type of molten

globule-like intermediate has been observed before, in the

unfolding of TcTIM caused by Gdn-HCl [6].

3.5 Temperature Dependence of the Unfolding Rate

Constants

The effect of temperature on the rate constants of the

reaction observed by changes in the secondary and tertiary

structure for the denaturation of TcTIM (ku1), as well as

binding of ANS is illustrated in Fig. 6. The plotting of

ln(ku/T) vs. 1/T represents the Eyring’s equation:

lnðku=TÞ ¼ ln KB=hþ DS#=R� ðDH#=RÞð1=TÞ ð1Þ

where, ku is the rate constant of an elementary reaction; KB

and h are the Boltzman’s and Planck’s constants,

respectively; DH= and DS= are the activation enthalpy

and entropy, correspondingly. From Fig. 6 it is clear that

the kinetic constants describe two linear or nearly linear

plots of ln(ku/T) vs. 1/T. The largest rate constants pre-

sented correspond to the fastest reaction detected by

intrinsic fluorescence, whereas the reaction associated with

changes on secondary structure and binding of ANS show

smaller constants. The data obtained by means of far UV-

CD and ANS fluorescence lay over the same linear trend,

implying that these events could occur simultaneously.

Linear or nearly linear plots of ln(ku/T) vs. 1/T have been

reported before for the unfolding reaction of monomeric

proteins in aqueous solution, as well as previous studies on

other TIMs, such as yTIM [22]. That is the case when the

variation of DH= with temperature (DCp
=) is practically

negligible, indicating small changes in solvent accessibility
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to reach the transition state. Fitting of unfolding data

obtained by means of intrinsic fluorescence to Eq. 1 gave a

DH= value of 350 ± 74 kJ mol–1, while fitting of far-UV

CD and ANS binding data resulted in DH= value of

430 ± 25 kJ mol–1. In congruence, it has been reported that

for yTIM, there is an enthalpic barrier of 480 kJ mol–1

[22]. Values of DH= for monomeric proteins are com-

prised in the interval from 100 to 350 kJ mol–1 [35]. It

could be proposed that one of the reasons that explain

dimerization of enzymes might be the kinetic stability

gained. Nevertheless, further cases are necessary for the

generalization of this idea.

3.6 Description of the Mechanism and Comparison

of the Unfolding Mechanism of TIM Barrels

According to the results showed above, the thermal dena-

turation of TcTIM is a complex-irreversible mechanism.

The kinetics of the unfolding reaction might follow a

sequential pathway.

The sequence of events observed at lower temperatures

(below 60 �C), showed that TcTIM goes through changes

in the environment of tryptophan residues (different from

increment of exposure to the solvent) observed by decrease

in the intensity of the fluorescence signal. Changes in the

secondary structure observed by far-UV CD seem to come

as a second step in the sequence of events. These changes

are concomitant with ANS binding indicating the forma-

tion of a molten-globule like intermediate, accompanied by

more changes on the environment of aromatic residues

leading to the formation of the unfolded state. The changes

of the secondary structure are followed by further changes

in the fluorescence and CD signals, probably associated to

aggregation of the sample. At higher temperatures (above

60 �C), the first change observed is the red-shift on the

spectral centre of mass indicating the exposure of the try-

ptophanyl fluorophores to the solvent. These changes are

accompanied by a slight increment of intrinsic fluores-

cence. The enhanced fluorescence might be due to

alterations of the environment of aromatic fluorophores

that decrease quenching. Subsequent reactions lead to the

decrease in fluorescence intensity, binding and subsequent

release of the hydrophobic dye and the loss of considerable

part of the secondary structure of the molecule. It is

important to point out that our results do not necessarily

mean that pathways of TcTIM at different temperature

ranges are dissimilar, but at higher temperatures the

unfolding reaction occurs very rapidly and only the latest

stages of the reaction could be observed. Although it was

not possible to determine if the unfolding reaction is

accompanied by dissociation of the dimer into monomers,

it is very likely that dissociation is going on, based on

previous reports on the thermal denaturation of yTIM and

the Gdn-HCl induced unfolding of TcTIM [6, 22].

The structures of functional homologs are better con-

served than their sequences. For this reason, in recent years

there has been significant interest in investigating whether

the protein folding mechanisms are conserved [5]. There are

some authors that claim that topology is the main contrib-

uting factor in how a protein folds [36, 37]. If folding

mechanisms were conserved, it would significantly simplify

our view of folding and reduce the need to experimentally or

computationally determine a pathway for every single pro-

tein of interest [38]. As it has been mentioned before, it has

been found that yTIM showed a reversible thermal transition

carried out at the same protein concentration as TcTIM. It

was found that the unfolded state returns into native like

TIM through a second-order reaction in which the associa-

tion of the subunits is coupled to the recover of secondary

structure. On the other hand, studies on Gdn-HCl induced

unfolding of TcTIM, was found to be fully reversible

showing the existence of two stable intermediates in the

transition from the homodimeric native enzyme to the

unfolded monomers: one is a slightly more expanded, non-

native dimer, and the other is a partially expanded monomer

that binds ANS [6]. On the opposite, in this work we have

encountered that TcTIM exhibits a highly irreversible

thermal-denaturation transition. The mechanism seems to

be composed of consecutive reactions. Two kinetic (non-

stable) intermediates were identified; nevertheless these

intermediates are not structurally similar to those reported

previously in the folding/unfolding reaction induced by

Gdn-HCl. One of the kinetic intermediates shows altered

environment of tryptophan residues, but maintains its sec-

ondary structure mostly intact, and the other with large

changes on the secondary structure that binds ANS. Further

conformational changes lead the loss of secondary structure

and probably the aggregation of the unfolded conformation.

At the highest temperatures studied, the unfolding reaction

is so fast that the first steps might be lost during the dead

time of experiments.
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