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a  b  s  t  r  a  c  t

Yeast  enolase  is  stabilized  by  its natural  cofactor  Mg2+. This  stabilization  is  ascribed  to the  reduced  subunit
dissociation  of the holoprotein.  Nevertheless,  how  Mg2+ alters  the  unfolding  mechanism  has  yet  to  be
fully  characterized.  Here,  we  investigate  the  role  of Mg2+ in  the  denaturation  mechanism  and  unfolding
kinetics  of  yeast  enolase.  Apo-enolase  unfolds  through  a  three-state  process  (N2↔ 2I  →  2D).  The  inter-
mediate  species  is described  as  a monomeric  molten  globule-like  conformation  that  becomes  noticeable
in the  presence  of  phosphate  and  is  able  to recover  its native  secondary  structure  when cooled  down.
Kinetic  studies  confirmed  the  presence  of  the  intermediate  species,  even  though  it  was not  noticeable
in  the  thermal  scans.  The  cofactor  increases  the  cooperativity  of  the  unfolding  transitions,  while the
onomer
imer
ircular dichroism

rreversibility
olten globule

ofactor

intermediate  species  becomes  less  noticeable  or nonexistent.  Thus,  holo-enolase  follows  a  simple  two-
state  mechanism  (N2→  2D).  Our  results  indicate  smaller  unfolding  rate-constants  in the  presence  of
Mg2+,  thus  favoring  the  native  state.  The  temperature  dependence  of the  unfolding  rates  allowed  us to
calculate  the  activation  enthalpies  of  denaturation.  Interestingly,  despite  the  different  unfolding  mech-
anisms  of  the  apo  and  holo  forms  of  enolase,  they  both  have  similar  activation  barriers  of denaturation

−1
(185–190  kJ  mol ).

. Introduction

Enolase (2-phosphoglycerate hydrolyase, E.C. 4.2.1.11) is a mul-
ifunctional (moonlighting) protein that plays important roles in
everal biological and pathophysiological processes. It has been
dentified as a heat-shock protein [1] and as a plasminogen recep-
or on the cell surface of a variety of hematopoietic, endothelial and
pithelial cells [2,3]. It can also bind to cytoskeletal and chromatin
tructures, and some studies have detected anti-enolase antibod-
es in a variety of autoimmune diseases [4].  Thus, its expression
aries according to the pathophysiological, metabolic or develop-
ental conditions of the cell [5]. In addition, enolase catalyzes the

eversible dehydration of 2-phosphoglycerate to form phospho-
nol pyruvate, requiring two moles of divalent metal cations per

ubunit for this task [6,7]. Mg2+ is the physiological cofactor of eno-
ase and promotes its highest activity, but some other metals like

n2+ and Zn2+ can also bind and activate the enzyme, whereas

Abbreviations: CD, circular dichroism; tris, tris(hydroxy-methyl)
minomethane; Gdn-HCl, guanidine hydrochloride; PGA, 2-phosphoglycerate;
EP, phosphoenolpyruvate.
∗ Corresponding author at: Laboratorio de Investigación Bioquímica, Sección de

studios de Posgrado, ENMyH-IPN, Guillermo Massieu Helguera No. 239, La Escalera
icoman, D.F. 07320, Mexico. Tel.: +52 55 57296300x55562.

E-mail address: beni1972uk@gmail.com (C.G. Benítez-Cardoza).

141-8130/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijbiomac.2011.07.021
© 2011 Elsevier B.V. All rights reserved.

Ca2+, Ba2+, Sr2+, Hg2+, Pb2+, and Be2+ can bind enolase but are not
capable of activating the enzyme. When Mg2+ first binds to a sub-
unit, it facilitates the binding of a substrate/product that in turn
enables a second Mg2+ to bind, and catalysis can thus proceed [8].
One Mg2+ atom interacts with the carboxylate-oxygen atoms of
Asp246, Asp320, and Glu295, as well as the carboxylate of the sub-
strate/product. The second Mg2+ atom forms a bridge with the
oxygen atoms of Ser39 as well as with the oxygen atoms from
the carboxylate and phosphate groups of the substrate/product
[9–15]. Some reports indicate that Mg2+ concentrations over 1 mM
inhibit catalysis, probably due to a reduction in the rate of product
release [16]. Structurally, enolase is a dimeric protein where each
monomer has a large domain (C-terminal) with an ˛˛ˇ  ̌ (˛ˇ)6 bar-
rel folding-type and a small domain (N-terminal) with 3 ˛-helices
and 4 ˇ-sheets. Both domains include loops that fold over the active
site when the substrate is bound. Most of the intersubunit con-
tacts are between the small domain of one monomer and the large
domain of the other [11,17–20].

Some reports indicate that heat induces the dissociation of
yeast enolase [21]. Others suggest that the binding of substrate or
analogs, as well as di- or trivalent cations, increases its thermal sta-
bility, probably by inducing the closure of the loops near the active

site, which could result in a more highly packed protein. It has also
been suggested that the binding of divalent cations increases ther-
mal  stability by reducing subunit dissociation. This could imply that
dissociation might occur before denaturation without a divalent

dx.doi.org/10.1016/j.ijbiomac.2011.07.021
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
mailto:beni1972uk@gmail.com
dx.doi.org/10.1016/j.ijbiomac.2011.07.021
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ation, but there is no clear experimental evidence to support this
tatement [22]. Some other studies have analyzed the effect of sev-
ral mutations in yeast enolase. In most cases, mutations decrease
he temperature stability, as well as the susceptibility to proteolytic
igestion [9,15,23]. For these reasons, the aim of this study was
o analyze the thermal stability, as well as the folding/unfolding

echanism of yeast enolase, and particularly the role of Mg2+ in the
olding pathway, which remains to be thoroughly understood. We
tudied the temperature–induced denaturation of enolase under

 wide range of experimental conditions, using circular dichroism
CD), as well as fluorescence spectroscopy, to monitor the thermo-
ynamics and kinetics of enolase structural transitions. Our results

ndicate that the apo and holo forms of yeast enolase unfold through
ifferent mechanisms with similar kinetic barriers.

. Materials and methods

.1. Materials

Yeast enolase was purchased from Sigma and was  used without
ny further purification. Homogeneity of the sample was  verified
y SDS-PAGE. Protein concentrations were estimated spectropho-
ometrically at 280 nm,  with an extinction coefficient reported for
nolase of ε = 0.895 mg  mL−1 [42]. Most experiments were car-
ied out using enolase solutions prepared at a concentration of
.010 mg  mL−1, but some were performed using concentrations
anging from 0.010 to 0.100 mg  mL−1, as stated. In addition, studies
ere carried out in three different buffers: tris–acetate, tris–HCl, or
otassium phosphate (each at 50 mM,  pH 7.4), as stated. In some
xperiments, solutions were complemented with 2 mM MgSO4,

 mM MgCl2, or 1 mM EDTA as indicated. All reagents were of ana-
ytical grade, and the water used was distilled and deionized. In all
ases, curves are reported as the average of at least two  indepen-
ent experiments. All assays were made using the same protein
atch, but to verify the data, experiments were repeated using a
ifferent protein batch.

.2. Enolase activity assays

The enolase activity was measured by coupling its reaction
o pyruvate kinase and lactate dehydrogenase and following the
ecrease of NADH absorbance at 340 nm using a Beckman DU-
50 spectrophotometer. This assay was performed at 25 ◦C in a
.1 mL  reaction mixture containing 0.05 M of potassium phosphate,
ris–acetate, or tris–HCl buffer, pH 7.4, 1.9 mM PGA, 1.3 mM  ADP,
.12 mM NADH, 25 �M MgSO4, and 10 mM KCl. Auxiliary enzymes
ere used at final activities of 2.3 and 3.3 U mL−1. One activity unit

s defined as the conversion of 1.0 �mol  of PGA to PEP per minute
24].

.3. Fluorescence

Fluorescence experiments were carried out using the JASCO J-
15 CD spectropolarimeter equipped with a FMO-427 emission
onochromator for fluorescence detection accessory, and a PFD-

25S Peltier temperature controller. The sample was contained in
 1.0-cm quartz cuvette. All experiments were obtained using 1.0-
m path length cells. The excitation wavelength was 280 nm, and
he emission spectra were collected from 320 to 400 nm.

.4. Thermal transitions monitored by circular dichroism

pectroscopy

CD measurements were performed in a JASCO J-815 spec-
ropolarimeter (Jasco Inc., Easton, MD), equipped with a PFD-425S
iological Macromolecules 49 (2011) 871– 878

Peltier-type cell holder for temperature control and magnetic stir-
ring. CD spectra were recorded from 200 to 250 nm,  using 1.0-cm
path-length cells. Ellipticities are reported as the mean residue
ellipticity [�]. Thermal denaturation transitions were followed by
continuously monitoring ellipticity changes at a fixed wavelength
of 220 nm,  while the temperature of the sample was  increased
at a constant heating rate, usually 2 ◦C min−1, or as stated in the
text. Actual temperatures within the cell were registered with the
external cell holder probe. Cooling profiles were recorded after
denaturation transitions had been completed. Both heating and
cooling profiles were controlled through the Peltier accessory.

2.5. Denaturation kinetics

The kinetic curves of yeast enolase denaturation were obtained
by monitoring changes in ellipticity at 220 nm or fluorescence emis-
sion (excitation and emission wavelengths were 280 and 340 nm,
respectively). The 1.0 cm-path length cells were filled up to 98% of
their total volume (3.0 mL)  with tris–acetate buffer for equilibration
at the temperature of the experiment, which was measured with
the external probe of the Peltier accessory. After this, we injected
the necessary amount of concentrated enolase solution to complete
the cell volume. Samples were vigorously stirred to promote rapid
mixing and temperature equilibration. Under these conditions, the
setup time of the experiments was less than 10 s. Kinetic data were
adjusted to single (�t = �f + A exp[−kt]) or double exponential decay
equations (�t = �f + A1 exp[−k1t] + A2 exp[−k2t]), accordingly; where
�t is the signal measured at time t, �f is the final signal value, A, A1
and A2 represent amplitudes of each phase, and, k, k1 and k2 are the
unfolding rate constants for each reaction.

2.6. 1-Anilino-8-naphthalene sulfonate (ANS) fluorescence

Binding of the hydrophobic dye ANS was  measured by fluores-
cence spectroscopy. The excitation wavelength was 380 nm, and
emission was  collected at 497 nm.  ANS was used under saturating
concentrations (100 �M).  The procedure to start the kinetic exper-
iments was  similar to the one described for circular dichroism and
intrinsic fluorescence.

3. Results

We  have previously demonstrated that the secondary and ter-
tiary structures of native yeast enolase do not undergo important
modifications due to a change in buffers, as judged by superposable
circular dichroism and fluorescence spectra. Furthermore, activ-
ity assays indicated the same specific activity (110 U mg−1) for
enolase in tris–acetate or tris–HCl buffers, whereas it decreased
(70 U mg−1) when using phosphate buffer, which was as expected
because phosphate is a competitive inhibitor of enolase [24].

3.1. Yeast enolase thermal denaturation transitions

Yeast enolase temperature-induced denaturation profiles in
potassium phosphate, tris–HCl or tris–acetate buffers, containing
1 mM EDTA, were followed by monitoring ellipticity at 220 nm,
with constant heating-rates (2 ◦C min−1), shown in Fig. 1. We
observed that transitions obtained in tris–acetate and tris–HCl
without Mg2+ appear as single sigmoidal curves, being more coop-

erative in tris–acetate, whereas the transition in phosphate buffer
without Mg2+ appears as a bimodal sigmoidal curve, indicating the
presence of at least one possible intermediate species between 52
and 56 ◦C.
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Fig. 1. Temperature-induced denaturation profiles of yeast enolase monitored by
circular dichroism spectroscopy in (A) tris–acetate, (B) tris–HCl, and (C) potassium
phosphate buffers, all at pH 7.4. Profiles obtained using protein solutions without
magnesium (1 mM EDTA present) are presented in dashed lines. Continuous lines
c
w
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After the completion of the thermal denaturation transitions,
orrespond to the experiments performed with 2 mM MgSO4. Protein concentration
as  10 �g mL−1.

.2. The effect of magnesium on thermal denaturation transitions
f yeast enolase

When protein solutions were complemented with MgSO4 or
gCl2 (2 mM),  the yeast enolase thermal denaturation process

ccurred at higher temperatures compared to those without

gSO4 or MgCl2 (Fig. 1). We  also observed that the transition

n tris–HCl becomes more cooperative, while the possible inter-
ediate species in phosphate buffer becomes less noticeable. It
Fig. 2. Yeast enolase thermal denaturation curves in phosphate buffer 50 mM,  at
pH  7.4. The denaturation process was followed by recording ellipticity at 220 nm.
Numbers indicate enolase concentrations in �g mL−1.

is worth mentioning that the thermal stability of yeast enolase
was equivalent with MgSO4 or MgCl2, as judged from the thermal
denaturation profiles (data not shown), meaning that the observed
changes in these denaturation profiles can be attributed to the
presence of Mg2+ ions alone.

3.3. The effect of protein concentration on the denaturation
profiles

Yeast enolase denaturation curves in phosphate buffer (with-
out Mg2+) were measured using different protein concentrations,
ranging from 10 to 100 �g mL−1. Results of these experiments
are shown in Fig. 2 (data were normalized for ease of compari-
son). We  expected higher midpoints in the unfolding transitions
of these curves with increasing protein concentration, as is com-
monly observed for dimeric proteins [25]. Instead, we observed
denaturation profiles that began at slightly higher temperatures
as the protein concentration was  increased, but the unfolding pro-
files corresponding to higher concentrations (50 and 100 �g mL−1)
ended more sharply at lower temperatures. There are two fac-
tors contributing concomitantly to this observation. One is that
cooperativity of denaturation transitions is increased with protein
concentration. In addition, we observed that samples showed tur-
bidity upon heating, almost certainly due to the aggregation of the
unfolded species, which is favored when increasing the protein con-
centration. Therefore, we  believe that aggregation might shift the
completion of the unfolding reaction toward lower temperatures.

The most relevant features of these results are that a bipha-
sic profile becomes apparent at the lowest enolase concentrations
studied and that the possible intermediate becomes less noticeable
at higher protein concentrations. As a general trend for dimeric
proteins, a monomeric intermediate becomes more populated as
protein concentrations decrease, whereas a dimeric intermediate
becomes more populated as protein concentrations increase [26].
According to this, the yeast enolase thermal denaturation occurs
via a three-state model, involving a monomeric intermediate that
is more stable and noticeable in the presence of phosphate.

3.4. Reversibility of the unfolding reaction
protein solutions were cooled down to 25 ◦C either at a scan speed
of 4 ◦C min−1 or by quickly reducing the temperature of the sam-
ple. As judged from the CD signal, the enzyme was utterly unable
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nfolded enolase (dotted line), cooled down enolase upon thermal denaturation (d
otted  line). (B) Heating and cooling profiles (4 ◦C min−1). Continuous line, thermal 

rofile, after heat treatment at 55 ◦C for 2 min. Experiments were conducted in pota

o refold under these experimental conditions. In other assays, the
ample was heated for 1 min  at 70 ◦C. Under this treatment, the sec-
ndary structure of the native protein disappeared as revealed by
he CD signal. Immediately after heating, the sample was cooled
o 25 ◦C at a scan speed of 4 ◦C min−1, while the CD signal was

onitored. These experiments revealed that the secondary struc-
ure of the native protein was not recovered, indicating that the
nfolded conformation of yeast enolase is not capable of recover-

ng its secondary structure when cooled down (Fig. 3). Commonly,
rreversibility is attributed to unspecific aggregation of the dena-
ured conformations with exposed hydrophobic surfaces. In our
xperiments (10 �g mL−1 of protein concentration), aggregation
as confirmed spectrophotometrically by light scattering at wave-

engths higher than 300 nm (data not shown).
Furthermore, to test whether the intermediate conformation of

nolase was capable of recovering its native secondary structure,
he sample was diluted in phosphate buffer and heated for 2 min
t 55 ◦C. Under these conditions, the CD signal reached the value of
he intermediate species. Immediately after the sample was cooled
own at 4 ◦C min−1, a partial recovery of the secondary structure
as observed (Fig. 3). We  conclude that the intermediate species

f enolase recovers about 70–75% of its secondary native structure
nd about 60% of its glycolytic activity (data not shown) when it
s rapidly cooled down, which might indicate that irreversibility
esults from the aggregation of extensively unfolded species.

.5. Effect of the heating rate on the denaturation profiles

Thermal scannings of the protein at different heating rates were
lso made using tris–acetate buffer. Fig. 4A shows the denatura-
ion profiles obtained at 0.5, 1.0, 2.0, and 4.0 ◦C min−1. It can be
bserved that the unfolding transition is strongly dependent on the
eating rate. This is a common finding for denaturation processes
hat are kinetically controlled, due to the presence of an irreversible
eaction [27–31].  In view of the irreversibility of the thermal denat-
ration transitions of yeast enolase evaluated in tris–acetate buffer
nd because they do not exhibit any noticeable intermediates, we

rst analyzed these transition-curves in terms of a two-state irre-
ersible process represented as:

2
k−→2D (1)
 line), denatured protein at 55 ◦C for 2 min and cooled down to 25 ◦C (dashed and
uration transition; dotted line, cooling profile of yeast enolase; dashed line, cooling

 phosphate buffer 50 mM,  pH 7.4. Protein concentration was 10 �g mL−1.

where N2 is the native dimeric state, D the irreversibly unfolded
monomeric state, and k is a first-order kinetic constant. The tran-
sition curve is assumed to start at a temperature low enough to
make the reaction rate negligible, and hence, the concentration of
the native state is equal to the total protein concentration. Sánchez-
Ruiz has derived a set of mathematical relations to estimate the
activation energy, Ea, of the process [30]. One of the mathematical
relationships relates the melting temperature, Tm, to the heating
rate, v:

ln
�

T2
m

= ln
AEa

R
− Ea

RTm
(2)

where A is the frequency or pre-exponential factor in the Arrhenius
equation. The data profiles from Fig. 4A were used to construct
the plot of ln(�/T2

m) versus l/Tm shown in the inset of this figure.
This plot shows a curvature, suggesting that the thermal denatu-
ration of yeast enolase without Mg2+ might not be an elementary
reaction occurring in a single step with a single transition state.
Instead, it might occur through a three-state mechanism, i.e.,  pop-
ulating an intermediate conformation not stable enough to become
noticeable under some conditions. The thermal scannings were
repeated under similar experimental conditions, except the buffer
was complemented with 2 mM MgSO4. In these cases, the unfold-
ing reaction is also strongly dependent on the heating rate (Fig. 4B),
but the plot of ln(�/T2

m) versus l/Tm (inset of Fig. 4B) resulted in a
straight line. These results suggest that the thermal unfolding of
yeast enolase without Mg2+ occurs through a three-state mecha-
nism, although the intermediate species is undetectable in some
of the denaturation transitions. The presence of Mg2+ not only
shifts the thermal transitions toward higher temperatures, but it
also might destabilize any partially folded conformations, making
any intermediate less noticeable or nonexistent. In the coming sec-
tions, these statements will be confirmed by studying the unfolding
kinetics of yeast enolase.

3.6. Denaturation kinetics

The time course of yeast enolase denaturation at a constant

temperature was  examined by changes in far UV-CD at 220 nm
at different temperatures in tris–acetate buffer. Fig. 5 (panel A)
shows three of the kinetic curves obtained (48.2, 56.3 and 59.3 ◦C).
In all cases, double exponential decay curves fitted well to the
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Additional characterization of the time course of yeast enolase
hermal denaturation was achieved by fluorescence experiments.
inetic curves were constructed from the intensities of the emis-
ion measured at 340 nm.  Fig. 6 shows one representative curve
56.0 ◦C). This plot shows an initial increment of the fluorescence
mission signal, followed by a reduction in the emission inten-
ity. A similar behavior was observed at the other temperatures.

itting these curves to double decay equations enabled the rate con-
tants to be calculated. In addition, emission spectra were obtained
o explore the changes in fluorescence signal during the thermal
nfolding of yeast enolase, using the same procedure as with the
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kinetic curves, but instead of continuously monitoring a single
emission wavelength, spectra were recorded at a constant tem-
perature every 3 min, immediately after the temperature jump.
The inset in Fig. 6 shows spectra recorded in this way  at 56.0 ◦C.
Unfortunately, it was  not possible to detect any initial increase
in fluorescence emission as was observed for the kinetic curves.
The simplest explanation for this behavior is that it is not possible
to obtain fluorescence spectra any faster than 100 nm per 3 min
with our equipment. The second emission spectra started after
about 3 min  and reached 340 nm about 4.2 min after the tempera-
ture jump. However, the kinetic curve from the same temperature
displays a fluorescence emission increase within the first 215 s
(3.58 min), with the fluorescence emission decreasing afterwards.
This indicates that the first phase would not be noticeable in the
time course of the second spectrum. In addition to this fluores-

cence intensity reduction, a red-shift to larger wavelengths of the
spectra was  detected, indicating an increase in the accessibility
of the tryptophanyl fluorophores to solvent during the unfolding
process.
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Fig. 8. Eyring plots for the rate constants of unfolding of yeast enolase. The data
correspond to k, k1, and k2 as indicated. Denaturation data were obtained by far-UV
iately after the temperature jump, at 56 ◦C every 3 min. Experiments were carried
ut in tris–acetate buffer 50 mM,  at pH 7.4, and the protein concentration was
0  �g mL−1.

.7. Binding of a hydrophobic dye

The time course denaturation of yeast enolase was  also explored
n the presence of ANS. One representative kinetic curve obtained
n tris–acetate buffer complemented with 100 �M ANS at 56.0 ◦C is
hown in Fig. 7. First, an increase in the ANS-fluorescence emission
s observed, followed by a larger decrease in signal. This observation
s consistent with the formation of a molten globule-like species.
hus, the kinetic intermediate observed in the thermal denatura-
ion of yeast enolase might be described as such a state. Molten
lobule-like intermediates have been observed in proteins of the
nolase superfamily, such as N-succinylamino acid racemase [32],
s well as many other proteins [29]
.8. Effect of magnesium on yeast enolase denaturation kinetics

The time course of yeast enolase denaturation at a constant
emperature was also studied in tris–acetate buffer complemented
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ig. 7. ANS-Fluorescence emission kinetics at 56 ◦C. Enolase solutions were at a
oncentration of 10 �g mL−1 in tris–acetate buffer complemented with ANS 100 �M.
ata points were fitted to a biphasic exponential decay equation (smooth line).
CD  (k: �, k1: © and k2: �), intrinsic fluorescence (k: �, k1: � and k2: �) and ANS
fluorescence (k1: � and k2: �). Lines shown are least-squares regressions according
to  equation 3.

with MgCl2. Fig. 5 (panel B) shows three of the kinetic curves
obtained by evaluating the changes in ellipticity at 220 nm at three
different temperatures (55.3, 59.0, and 63.5 ◦C). In this case, all
kinetic curves are single exponential decay curves, in contrast to
what was  observed without Mg2+. Therefore, experimental data
were fitted to a single exponential equation to obtain rate con-
stants. This behavior might indicate the absence of any detectable
kinetic intermediates under these experimental conditions. Clearly,
the unfolding rate constants calculated for these experimental con-
ditions are lower than those obtained without Mg2+ at similar
temperatures, which might contribute to the commonly observed
stabilizing effect of Mg2+ on enolase [22].

3.9. 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 during
the denaturation of yeast enolase (k, k1, and k2), is illustrated in
Fig. 8. The ln(k/T) versus 1/T  plot employs Eyring’s equation:

ln
k

T
= ln

kB

h̄
+ �S /=

R
− �H /=

RT
(3)

where k is the rate constant of an elementary reaction; kB and �

are Boltzman’s and Planck’s constants, respectively; and �H /= and
�S /= are the activation enthalpy and entropy, respectively. There
are three sets of data in Fig. 8; data on the highest and lowest lines
belong to the first (k1) and second (k2) kinetic constants from exper-
iments without Mg2+. Points forming the middle line are from the
unique rate constants (k) calculated from experiments with Mg2+.
The data describe linear ln(k/T) versus 1/T  plots. Linearity of Eyring’s
plot is a common finding when the variation of �H /= with tem-
perature (�Cp /= ) is practically negligible (�Cp /= ≈ 0), indicating
small changes in solvent accessibility to reach the transition state
[27,29]. Interestingly, data from experiments with (k) and without
(k1) Mg2+ exhibit almost identical slopes, suggesting that �H /= and
�Cp /= are similar under both conditions. Fitting of unfolding data

from circular dichroism, intrinsic and ANS fluorescence emission to
the Eyring’s equation produces the �H /= values shown in Table 1.
Clearly, the activation enthalpy values obtained from the experi-
ments with magnesium (�H /= ) and the first reaction observed in
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Table 1
Activation enthalpies that characterize yeast enolase thermal unfolding.a,.b

Condition Proposed mechanism �H /= (kJ mol−1) �H /=
1 (kJ mol−1) �H /=

2 (kJ mol−1)

−Mg2+ N2
k1↔

k−1

2I
k2→2D 185 (20) 25 (8)

+Mg2+ N
k→2D 190 (30)
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a Activation parameters were calculated from the least-squares regressions of da
b Standard deviations are indicated in parentheses.

xperiments without the cation (�H /=
1 ) are almost identical, where

he difference is within the error of the measurements.

. Discussion

Enolase is involved in a variety of cellular processes includ-
ng glycolysis and gluconeogenesis and can act as a plasminogen
eceptor on the cell surface of several organisms, among other
unctions. Despite its multifunctionality, its stability and the fold-
ng/unfolding reaction have yet to be fully explored. Here, we
eport the yeast enolase thermal denaturation unfolding profile
nd kinetic experiments, with or without Mg2+, its natural cofac-
or. Possible models of the unfolding reaction in each experimental
ondition are proposed.

.1. Unfolding of apo-enolase occurs via a monomeric
ntermediate

The yeast enolase thermal denaturation profiles were obtained
sing far-UV CD over a wide range of experimental conditions.
hen using phosphate buffer and no Mg2+ (1 mM EDTA present),

he unfolding transition was shown to be biphasic with the pop-
lation of an intermediate species, which became more apparent
s protein concentration decreased, as expected for a monomeric
ntermediate [33–35].  Some studies report the ability of the
hosphate group to stabilize native enzyme conformations with
ubstrates that include a phosphate group [29]. This could be
ttributed to the interaction of the phosphate group with catalytic
ite residues. The phosphate group does not have an important
ffect on the stability of the native form of yeast enolase, as the
nfolding temperature was not significantly modified. Instead, it
ainly stabilizes a monomeric intermediate species, enough to

ecome visible in the transition curve.
Some reports indicate that enolase is stabilized after substrate

r substrate-analog binding [22]. However, we  did not observe
ny native conformation stabilization, probably because phos-
hate does not bind strongly enough to enolase, as substrate or
nalogs do. However, the rest of the experimental conditions stud-
ed here produced highly irreversible-monophasic profiles without
ny noticeable intermediates. The denaturation transitions were
btained at different heating rates, and we were able to establish
hat the unfolding reaction of yeast enolase is kinetically controlled.
aving determined the kinetic control of the process, we con-

tructed the plots of ln(�/T2
m) versus l/Tm (insets of Fig. 4A and B). An

lementary reaction proceeds through a single reaction step with a
ingle transition state; therefore, we would expect a linear behavior
f the plot ln(�/T2

m) versus l/Tm.
The plot without Mg2+ displays a large curvature (inset of

ig. 4A), indicating that the yeast enolase unfolding reaction might
onsist of more than one step, populating an intermediate state
ith more than one transition state. Kinetic experiments confirmed

his, indicating that the unfolding reaction of yeast enolase without

g2+ happens in at least two steps. Furthermore, we were able to

etect the interaction of the intermediate species with ANS. Thus,
he intermediate state can be described as a monomeric molten
lobule-like conformation, which preserves part of its secondary
ig. 8 according to Eq. (3).

structure, and the region nearby the catalytic site might be partially
structured. In addition, this intermediate species recovers part of
its secondary structure if immediately cooled down.

Rate-constants of each kinetic curve were calculated from
kinetic experiments and were used to build the Eyring plot. It is
worth mentioning that the rate constants calculated from kinetic
experiments following different spectroscopic techniques are simi-
lar at the same temperatures, and their dependence on temperature
is similar implying that they all correspond to the same reac-
tion. We  propose that the simplest model of protein denaturation
should include two steps: reversible unfolding and dissociation and
irreversible alteration of the unfolded state to produce a final dena-
tured state, unable to fold back to the native protein. This scheme
is known as the Lumry Eyring model [36]:

N2
k1←→

k−1

2I
k2−→2D (4)

where N2 is the native dimer, I is the monomeric molten
globule-like intermediate monomer, D is the irreversibly denatured
monomer, k1 and k−1 are the rate constants for the forward and
reverse unfolding process with concomitant dissociation, and k2 is
the rate constant for the denaturation of the monomers.

4.2. The effect of magnesium on the denaturation mechanism of
yeast enolase

In general, di- and trivalent cations, such as Mg2+, Mn2+, Ca2+

and Tb3+, among others, stabilize enolase by reducing subunit
dissociation [15,22,23,37–41]. However, there are several ways
to increase the overall stability of the native state. For example,
metal binding could decrease the value of the equilibrium con-
stant of denaturation or increase the rate constant of renaturation.
Alternatively, metal binding could also stabilize the native state
by reducing the rate constant of denaturation. All these possi-
bilities or a combination of them would favor the native state.
In our case, we  were not able to find reversibility of the dena-
tured state; therefore, we  could not calculate the rate constant
of renaturation or the equilibrium constant. However, our results
indicate that the unfolding rate-constants are smaller when Mg2+

is present in the protein solution, which means that the unfolding
reaction occurs much more slowly with Mg2+, thus favoring the
native state.

In addition, the presence of Mg2+ modifies the folding pathway
of yeast enolase. With Mg2+, the monomeric intermediate species
becomes less noticeable or even nonexistent. There are several
experimental findings supporting this statement: first, the denat-
uration transitions obtained in the presence of Mg2+ did not show
any intermediate species; and second, the plot of ln (v/T2

m) versus
l/Tm (inset of Fig. 4B) resulted in a straight line, as expected for an
elementary reaction proceeding through a single reaction step with
a single transition state. Further evidence of a single step reaction
was obtained from monophasic kinetic curves. Therefore, in this

case, an irreversible two-state model is more suitable to describe
the denaturation of yeast enolase:

N2
k−→2D (5)
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. Conclusions

Previous studies of enolase thermal denaturation have sug-
ested that this multifunctional protein might follow different
olding/unfolding mechanisms, with or without Mg2+ [22] but with
imilar calorimetric enthalpy changes. Here, we detected differ-
nt mechanisms, with similar activation enthalpies. These results
mprove our understanding of the thermal unfolding of yeast eno-
ase and its stabilization by Mg2+.

The effects of a variety of metallic and nonmetallic cofactors
n the folding/unfolding pathways of several enzymes have been
eported. In most cases, cofactors stabilize their corresponding
roteins, but they usually do not perturb folding mechanisms,
uggesting that cofactors mainly bind to native proteins. In
he case of enolase, binding of Mg2+ modifies the unfolding
athway.
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