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Abstract. Equilibrium and kinetic folding pathways of several
homologous proteins have been studied. Early studies concluded that
the folding routes of homologous proteins follow fundamentally simi-
lar pathways, and that the folding of a certain conformation is con-
served throughout evolution. However, there are examples of homol-
ogous proteins that unfold by different routes. Regarding triosephos-
phate isomerase (TIM), unfolding studies with enzymes from differ-
ent sources, have shown: 1) two-state behaviors and 2) more complex
processes (including two equilibrium-unfolding intermediates and
inespecific aggregation), in the transition from de native homodimer
to the denatured monomers. In this work, we studied the changes in
intrinsic fluorescence of TIM from Trypanosoma cruzi after incuba-
tion in guanidinium hydrochloride. Our results show that the reaction
is described by a four state process. Finally we discuss the results in
terms of the heterogeneity observed in TIM denaturation.

Key words: Triosephoshate isomerase, protein folding equi-
librium intermediates.

Resumen. Actualmente existen diversos estudios cinéticos y al equi-
librio de proteinas homdlogas. Los primeros analisis al respecto con-
cluyeron que las rutas de plegamiento siguen caminos similares para
estas proteinas y que ciertas conformaciones se conservan durante la
evolucion. Sin embargo, existen proteinas homdlogas que se pliegan
por vias diferentes. Con respecto a los estudios realizados con la trio-
safosfato isomerasa (TIM) la desnaturalizacion ha mostrado: 1) proce-
sos de dos estados y 2) procesos mas complejos (incluyendo dos inter-
mediarios y agregacion inespecifica), en la transicién del homodimero
nativo a los monémeros desnaturalizados. En este trabajo estudiamos
los cambios de la fluorescencia intrinseca de la TIM de Trypanosoma
cruzi después de la incubacion en hidrocloruro de guanidina. Nuestros
resultados muestran que la reaccion es descrita por un proceso de cua-
tro estados. Finalmente discutimos los resultados en términos de la
heterogeneidad observada en la desnaturalizacion de la TIM.

Palabras clave: Triosafosfato isomerasa, plegamientos inter-
mediarios al equilibrio.

Introduction

Equilibrium and kinetic folding pathways of several homolo-
gous proteins have been characterized. Early studies conclud-
ed that the folding routes of homologous proteins follow fun-
damentally similar paths and that the folding of a certain con-
formation is conserved throughout evolution [1-4]. However,
there are examples of homologous proteins which unfold with
different patterns [5,6]. Regarding triosephosphate isomerase
(TIM) unfolding and refolding from several species has been
studied extensively [7-25]. Thermodynamic data for unfolding
have been reported only for human, rabbit and yeast enzymes
[8,17-19], where a three-state model (N & 2M S 2U) has been
proposed. In human TIM (hTIM), the unfolding of the wild-
type enzyme was modeled as a two-state transition, and infor-
mation on the properties of the monomer was obtained from
the two-state unfolding of monomeric mutants [8,18]. The sta-
bility of the TIM homodimer was calculated for rabbit TIM
from equilibrium and activation energies for the wild-type
enzyme [17]. The same unfolding behavior was found with

yeast TIM (yTIM) [9,10,19], although in yTIM was first evi-
denced the presence of an stable equilibrium intermediate in
the unfolding of the triosephosphate isomerase [9]. For yTIM
the thermodynamic of the process was obtained for the denatu-
ration and renaturation reactions [19]. In the present work we
show that following changes in intrinsic fluorescence parame-
ters of Trypanosoma cruzi TIM (TcTIM) induced by guani-
dinium hydrochoride (Gdn-HCI), the transition between the
homodimeric enzyme and the unfolded monomers follows a
four-state process.

Results and discussion

Changes in tertiary structure of TcTIM
after equilibrium unfolding

To characterize the equilibrium unfolding of the homodimer
of Triosephosphate isomerase from Trypanosoma cruzi
(TcTIM) changes in intrinsic fluorescence spectra was studied
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Fig. 1. Diagram of TcTIM homodimer showing the position of the W residues (A) and WYF residues (B). The W13, W91,
and W171 are located in loop 1, B strand 4, and the catalytic loop (loop 6), respectively. W194 is in o helix 6 and W160 is
located in a short 3, helix before  strand 6. The coordinates for the diagram were taken from the PDB file 1TCD [27].

Table 1. Spectroscopic properties of TcTIM equilibrated in Gdn-HCI. The concentrations shown are representative of the
conformers found for the denaturation model of TcTIM (equation 1). A: excitation 280 nm; B: excitation 295 nm. Spectral
center of mass (SCM) was fitted to Eq. (2) in experimental section; wavelength of maximal emission (Anzsy); maximum fluo-
rescence intensity (Fl); fluorescence intensity at native Amax (Fl-Apy)-

A

280 nm Fl Amax (NM) SMC (nm) Fl-Amax
Native 48334 + 452 317+1 33201 48334 + 235
05M 50025 + 426 318+1 331.7+2 47376 + 248
15M 37909 + 368 325+2 336.8+5 36173 +£ 356
6M 26724 + 251 352+2 350.2+3 13374 £ 159
B

295 nm Fl Amax (NmM) SMC (nm) Fl-Amax
Native 37230 £ 326 323+1 342.2+2 37230 £ 269
05M 39311 + 289 324+1 339.6+3 39247 + 312
15M 29395 + 248 3262 34255 28711 + 298
6M 22340 £ 312 349+ 2 357.7+6 11551 £ 272

at increasing guanidinium hydrochloride (Gdn-HCI) concen-
trations. In an average protein! 8.5 % of the total amino acids
residues are aromatic [26]. In TcTIM every monomer is com-
posed by 251 amino acids residues, 18 of which are aromatics
(7.17 %), 5 are tryptophan (1.99 %), 6 tyrosine (2.39 %) and 7
phenylalanine (2.79 %) residues (Figure 1). This number of
fluorescent residues is enough to adequately study fluores-
cence changes in this enzyme as a function of denaturant con-
centration.

We studied the change in intrinsic fluorescence parame-
ters i.e. spectral center of mass (SCM), wavelength of maxi-
mal emission (Ama), maximum fluorescence intensity (FI) and
fluorescence intensity at native Ay (FI-Amsy) (See below),
after exposition of W, Y and F residues (exciting the samples
at 280 nm) and after the exposition of only W residues (excit-
ing the samples at 295 nm) that occurs during the dissociation
and/or unfolding of the homodimer of TcTIM, we use this evi-
dence as a prove of protein packing.

The equilibrium denaturation of TcTIM (50 pg mL"1) was
induced by the addition of different concentrations of guani-

1 Average occurrence in over 1500 different proteins

dinium hydrochloride (Gdn-HCI) at 25 °C for equilibrium
time (48 h) [20]. After incubation of the homodimer Gdn-HCI
induces a red shift in SCM and A (Table 1). As the Gdn-
HCI concentration increases, the unfolding of TcTIM pro-
duced a nonmonophasic pattern; this behavior is observed
both when following the exposure of WYF residues and when
following only the exposure of W residues. This behavior is
observed for all the spectroscopic characteristics obtained from
fluorescence spectra i.e. SCM, Ay FI and Fl-A4 (Table 1).
This result indicates that the denaturation process of TcTIM is a
non two-state process as suggested previously [20].

Four state model of denaturation of TcTIM

The analysis of the results presented here suggest that the
model that describes de denaturation pattern of TcTIM is a
four state process. This reaction departs with the native
enzyme (N,) which at low Gdn-HCI concentrations (= 0.5 M)
partially unfold to produce a first intermediate (I;). After exci-
tation at both 295 or 280 nm, this conformer show an increase
in FI relative to native enzyme (Table 1). This increase in Fl
has not been no reported for any other TIM denaturation, and
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it may be explained by either the effect of ionic strength on
the fluorescence intensity or by the change in polar surround-
ings of the aromatic residues of the protein at low Gdn-HCI
concentration. At medium denaturant concentrations (1.0 - 2.0
M Gdn-HCI) the first intermediate partially unfolds to pro-
duce a second equilibrium conformer (I,) characterized by a
plateau region in the unfolding pattern. At high denaturant
concentrations |, totally unfolds to produce the unfolded
monomers (2U). From the overall observation in changes in
intrinsic fluorescence, the suggested pattern for TcTIM equi-
librium denaturation in Gdn-HClI is described by:

N,SELSL,52U 1)
The equilibrium denaturation of homologous TIMs

The amino acid sequences and the three dimensional struc-
tures of oligomeric TIM from different species are similar. In
spite of these structural similarities, the equilibrium-unfolding
studies with enzymes from different species show heteroge-
neous behaviour. As we report here for the equilibrium
unfolding of TcTIM, the four state behavior was earlier
described for the denaturation with Gdn-HCI of TIM from
Plasmodium falciparum [11]. In this process one of the states
is described as an aggregate and the process is irreversible.
This fact complicates the study of the thermodynamics of the
unfolding. The equilibrium unfolding of TIM from T. brucei
(TbTIM) is even more complex [21], in this transition the irre-
versible aggregation of both non-native dimer and monomeric
expanded intermediates was detected. Three-state process
with a monomeric intermediate was reported for the enzyme
of yTIM [9,10,19]. Two-state process has been observed for
the enzymes of B. stearothermophilus (BsTIM) [18], rabbit
(rTIM) [17,22,23] and L. mexicana (LmTIM) [12].

In the extensively studied unfolding of TIM, irreversibili-
ty has been often observed [11,21,24,25]; on the other hand,
for TcTIM the renaturation reaction is fully reversible [28].
This observation suggests that in TcTIM unfolding induced by
Gdn-HClI, the observed intermediates are not aggregates. This
conclusion is important because the denaturation pattern of
the triosephosphate isomerase from T. brucei [21] (TbTIM) a
notably similar protein to TcTIM [20] is irreversible. In
TbTIM denaturation induced by Gdn-HCI the intermediates
where characterized as a non native dimer and as expanded
monomer, it was also demonstrated that both intermediates are
prone to aggregate. We are performing experiments in order
to characterize the nature of I, and I,. This information allows
us to construct a model to address the thermodynamic charac-
terization of the process.

Final remarks

Even the final folding and activity are conserved in TIM
enzyme, the changes in the amino acids sequence causes very
heterogeneous unfolding patterns in enzymes from different
species. Even so, and despite the irreversibility and complexi-
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ty often found in the unfolding of oligomeric proteins, the
study of the energetic properties of these biomolecules are
necessary because of the constant participation of oligomers
in metabolism.

Experimental
Overexpression and purification of recombinant protein

E.coli BL21DE3 cells with recombinant TcTIM gene were a
generous gift of Dr. Ruy Pérez-Montfort (Instituto de
Fisiologia Celular, UNAM, México). Overexpression and
purification of TcTIM was performed as described by Ostoa-
Saloma [29]. Purified fractions showed a single band by SDS-
PAGE.

Gdn-HCI unfolding experiments monitored by fluorescence

Denaturation experiments were performed incubating 50 ug
mL-1 of TcTIM at 25 °C in 100 mM TEA /10 mM EDTA /1.0
mM DTT, pH 7.4 for at least 48 h. Gdn-HCI concentration
was increased from 0 to 6.0 M. The fluorescence changes
were performed using an ISS PCI Photon Counting
Spectrofluorometer (ISS, Urbana, IL) at 25 °C using both exci-
tation wavelengths 280 and 295 nm (slit width = 1 mm). The
spectral center of mass (SCM) of each spectrum defined as

SCM= SAI(L)/ZI(L) @

was calculated with the ISS software. In equation (2) I(A) is
the fluorescence intensity at wavelength A. Reference samples
were subtracted from all the experimental measurements.
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