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Abstract Enolase is a multifunctional protein that partic-
ipates in glycolysis and gluconeogenesis and can act as a
plasminogen receptor on the cell surface of several organ-
isms, among other functions. Despite its participation in a
variety of biological and pathophysiological processes, its
stability and folding/unfolding reaction have not been fully
explored. In this paper we present, the urea and GdnHCl-
induced denaturation of enolase studied by means of fluo-
rescence and circular dichroism spectroscopies. We found
that enolase unfolds through a highly reversible pathway,
populating a stable intermediate species in a range of
experimental conditions. The refolding reaction also exhibits
an intermediate state that might have a slightly more compact
conformation compared to the unfolding intermediate. The
thermodynamic parameters associated with the unfolding
reaction are presented and discussed.
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1 Introduction

Enolase catalyses the reversible dehydration of D-2-phos-
phoglycerate (PGA) to phosphoenolpyruvate (PEP) in gly-
colysis, and the reverse reaction in gluconeogenesis. In
addition to its innate glycolytic function, enolase plays an
important role in several biological and pathophysiological
processes. It has been identified as a heat-shock protein, and
that it can bind to cytoskeletal and chromatin structures,
indicating its possible participation in transcription [29].
Moreover, anti-enolase antibodies have been detected in a
variety of autoimmune diseases [1-3, 12, 19, 23, 26, 30,
32-34]. Enolase has been observed on the cell surface of a
variety of hematopoietic, epithelial and endothelial cells,
serving as a plasminogen receptor, suggesting that this
enzyme participates in the intravascular and pericellular
fibrinolytic system as well [29 and references therein]. Also,
this molecule has been considered to be a diagnostic tumor
marker [13]. A recent work revealed the existence of a reg-
ulatory circuit between c-myc, MBP-1 and enolase, which
connects cellular energy metabolism and proliferation [38].
What’s more, the enolase differential expression in mam-
malian tissues suggests that enolase could play an important
sensor or regulator role in multiple stress situations [31].
Structurally, enolase is the archetypal member of the
enolase superfamily. As is the case with the rest of the
members, this enzyme shows an N-terminal o+ capping
domain and a C-terminal (o/f)s modified TIM-barrel
domain [41]. The active site cavity is at the C-terminal end
of the barrel. Both domains include loops that fold over the
active site when the substrate is bound. For most of the
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species, enolase has been described as a homodimeric pro-
tein, with the exception of enolases from some thermophilic
bacteria [8, 37, 40] and from Streptococcus pneumoniae [15]
that have been described as homo-octameric.

The unfolding reaction of enolase had been studied in
the past using heat, pressure, urea or guanidine chloride,
changes of pH or a combination of these. Most of these
studies have been centered on yeast enolase. In general, it
has been found that divalent cations such as magnesium
and manganese are capable of stabilizing the enzyme, as
well as substrate, substrate analogs, and some other ions
such as acetate [6, 7, 11, 14, 16, 17, 35, 45, 46]. Some
studies have suggested that unfolding might populate at
least one intermediate species, or should be accompanied
by dissociation of dimers into monomers [42]. However, in
several cases, these intermediates have not been demon-
strated under the experimental conditions tested.

We report here further analysis of the urea- and GdnHCI
-induced unfolding of yeast enolase using probes for sec-
ondary and tertiary structure. Results demonstrate that
unfolding of yeast enolase occurs by a three-step process
that comprises a stable intermediate under a wide range of
experimental conditions. The thermodynamic parameters
associated with the unfolding process, at different experi-
mental conditions, are presented.

2 Materials and Methods
2.1 Materials

Yeast enolase was purchased from Sigma and was used
without any further purification. Concentrations of protein
solutions were determined from their absorbencies at
280 nm, using the absorption coefficient reported for eno-
lase (¢ = 0.895 mg mL_l) [5]. The studies were carried
out in three different buffers: potassium phosphate, TRIS—
acetate, or TRIS-HCI; all of them at a 50 mM concentra-
tion and pH 7.4 (at 25 °C). Some experiments were com-
plemented with 2 mM MgSO, as indicated. All reactants
were 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. Addition-
ally, in order to verify the data, the experiments were
repeated using a different protein lot.

2.2 Activity Assays
The enolase activity was measured by coupling its reaction
to pyruvate kinase and lactate dehydrogenase by following

the decrease of NADH absorbance at 340 nm using a
Beckman DU-650 spectrophotometer. This assay was
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performed at 25 °C in a 0.1 mL reaction mixture contain-
ing 0.05 M potassium phosphate or TRIS-acetate, or
TRIS-HCI buffer, pH 7.4, 1.9 mM PGA, 1.3 mM ADP,
0.12 mM NADH, and 25 pM MgSO,4 and 100 mM KCl.
The auxiliary enzymes were used at final activities of 2.3
and 3.3 U mL™", respectively. One activity unit is defined
as the conversion of 1.0 pmol of PGA to PEP per minute.

2.3 CD Spectra

CD measurements were performed using a JASCO J-715
spectropolarimeter (Jasco Inc., Easton, MD) equipped with a
PTC-348WI Peltier-type cell holder for temperature control
and magnetic stirring. CD spectra were recorded using
1.0 cm path-length cells from 200 to 250 nm at 25 °C.
Ellipticities are reported as mean residue ellipticity [6].

2.4 Fluorescence

Fluorescence spectra were obtained using an LS-55 Spec-
trofluorometer (Perkin—Elmer), equipped with a water-
jacketed cell holder for temperature control. All the
experiments were performed using cells with a path-length
of 1.0 cm, at 25 °C. The excitation wavelength was
280 nm and the emission spectra were collected from 320
to 400 nm. The fluorescence spectral centre of mass (SCM)
was calculated from the fluorescence intensity data (1),
obtained at different wavelengths (4) from 320 to 400 nm,
using the equation [25]:

SCM = " (Ax 1)/ Y L. (1)

2.5 Urea and GdnHCI Induced Unfolding/Refolding of
Enolase

Stock solutions of protein were prepared by diluting
lyophilized enolase in each of the three buffers. After-
wards, these solutions were used to prepare 10 pg mL™"'
enolase solutions at different urea and GdnHCI concen-
trations, ranging from 0 to 7.5 M and from 0 to 6 M,
respectively, with 0.1 M intervals. The samples were
incubated at 25 °C for 24, 48, 72, 96 and 164 h. A similar
procedure was employed in preparing the solution for
refolding experiments, with the exception that the protein
was first denatured by adding a 10 M urea or 8.0 M
GdnHCI solutions, incubated for 24 h, and then diluted up
to 10 pgmL™"' with the appropriate buffer. Urea and
GdnHCI concentrations were determined by refractive
index and the following equations:

[urea] = 117.66(AN) + 29.753(AN)* — 185.56(AN)’
(2)

or
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Scheme 1 Three-state dimer model involving a dimeric intermediate
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Scheme 2 Three-state dimer model involving a monomeric inter-
mediate

[GdnHCI] = 57.147(AN) + 36.68(AN)* — 91.60(AN)’
(3)

respectively, where AN is the difference between the
refractive index of a urea or GdnHCI solution and that of
the respective buffer [27, 44].

2.6 Data Analysis

Three-state dimer models involving either a dimeric
(Scheme 1) or a monomeric (Scheme 2) intermediate were
applied to the enolase unfolding data, where N,, I, I, and D
are native, monomeric intermediate, dimeric intermediate
and unfolded protein, respectively [20, 36].

For a three-state model involving a dimeric intermediate
(Scheme 1) the equilibrium constants for the first (Kp ;) and
second (Kp») transitions can be defined, respectively, as:

Kp) = [K’zz]] (4)
IDJ?
Kpy = Tl (5)

The total protein concentration in terms of monomer is
P, =2[N;] +2[,] + [D], and the sum of the fractions of
individual species is equal to fy, +fi, +fp =1, where
f,.f1, and fp are the molar fractions of the protein present
in native, intermediate and denatured states, respectively.
Combining these relationships we obtain:

Koy = J{:’V (6)
2
Kpa = 21;? (7)

fa,, and f;,can be defined only in terms of fp, Kp 1, Kp > and
Pt. fp can be expressed as a function of Kp ;, Kp, and P,

~ —KpiKpo+ \/(KD,IKDQ)Z“'S(I +Kp1) (Kp,1Kp2) Py
N 4P,(1+Kp,) '
(8)

In a three-state model the relative spectroscopic signal
(), becomes:

Y = ymfn, + /1, + Y0fp 9)

where yy,, y;, and yp are the spectroscopic signals for the
native, intermediate and denatured states. The fitting
equation is obtained by substituting Eqgs. (6) and (7) in
the Eq. (9):

2P f3 >+ (ZPJDZ
Kp1Kpp 2\ Kp,

B

y:yN2< ) + yo/p. (10)
Free energy of unfolding and dissociation can be
estimated using:

~AGp,, = —RTInKp, (11)
~AG,,, = —RTInKp. (12)

Considering the linear free energy model, which states
that the free energy of unfolding varies linearly with
concentration of denaturant [28, 39]:

—AGp,; = AG,I;Z]O — m;[denaturant] (13)
—AGp, = AGE;O — my[denaturant] (14)

where AGgﬂo AGH0 are the free energy of unfolding and
dissociation in the absence of denaturant, 7, and m, are the
constants of proportionality relating to the solvent exposure
difference between native and intermediate or intermediate
and denatured states respectively.

The total Gibbs free energy of folding (AGg?gt) is the

difference in free energy between the unfolded monomers

and the native dimer and can be calculated from AGE?IC) and

(0]
AGgfz :
AGI, = AGYY + AGRY. (15)

The my,; can be calculated from m; and m,:
My = My + My, (16)

For a three state model involving a monomeric
intermediate (Scheme 2), the equilibrium constants Kp
and Kp, for the dissociation and unfolding steps, and are
defined as:

2

_

Kni = - (17)
_[D]

Koz = (18)

The total protein concentration in terms of monomer is
P, =2[N;] + [I] + [D], and again fy, +fi +fp = 1. Com-
bining these relationships results in:
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2
Kp1 = 2]1;{1 (19)
Koa :f]; (20)

fwn,and fp can be defined in terms of f;, Kp,1, Kp,» and P,. f;
can be obtained using:

—Kpi(1 = Kpo) +/Kp, (1 + Kp2)® +8PKp,

fi = 4P,

(21)

The observed value of measured “y” parameter is
assumed to be additive, according to the following
equation:

Yy =ynmfn, +yifi +ypfp (22)

where yy,, y; and yp are the characteristic values for the
native, intermediate and denatured states. The fitting
equation is obtained by substituting Egs. (19) and (20) in
the Eq. (21):

2P,f}
Yy =N, (K 1> +y1(f1) + yp(Kpafi). (23)
D,
In this case, the total Gibbs free energy of folding
(AGIP\EE)D) can be calculated as:

AGRC, = AGRY +2AGyY. (24)

The my, can be calculated from m; and m, :

Myor = My + 2my. (25)

2.7 Solvent-Accessible Surface Area and m-Value
Calculations

The solvent-accessible surface area (SASA) of native
dimeric enolase was calculated from the coordinates of its X-
ray crystal structure (1ONE, [18]), using the web-based
program GETAREA version 1.1 [10]. The SASA of the
unfolded enolase was estimated using values for individual
residues obtained from tripeptide studies [21]. These studies
used Gly-X-Gly tripeptides as model compounds for the
SASA of side chains in the unfolded state. It has been shown
that the m-value of a protein is highly correlated with the
ASASA between native and denatured states, and the fol-
lowing relationships have been observed for proteins [24]:

urea — m = 374 + (0.11) ASASA (26)
GdnHCI — m = 859 + (0.22) ASASA (27)

These relationships, along with the ASASA calculated for
the yeast-enolase unfolding transition, were used to estimate
the m-value associated with complete yeast-enolase
unfolding from native dimer to two unfolded monomers.
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3 Results

Firstly, enzymatic activity, secondary and tertiary struc-
tures, of native enolase diluted in each of the buffers used
here were analyzed. Figure 1 shows emission fluorescence
and CD spectra of native enolase. The spectra are super-
posable reflecting that neither tyrosine nor tryptophan
environments nor secondary structure suffer important
modifications due to the change of buffer.

Furthermore, activity assays indicated that enolase
shows the same specific activity (110 U mg™") in TRIS-
acetate or TRIS-HCI buffers, whereas the specific activity
was diminished (70 Umg™'") in phosphate buffer as
expected, because phosphate group is a competitive
inhibitor of enolase [43].

The unfolding of yeast enolase was investigated by
monitoring the changes in the intrinsic fluorescence and
circular dichroism, using GdnHCI or urea as denaturants in
three different buffers. Figure 1a shows the fluorescence
emission spectra of native (in 0.0 M denaturant), and
denatured yeast enolase (in 7.0 M urea) in potassium
phosphate, after 164 h of incubation time. This figure
clearly shows a red-shift of the SCM values from 350 to
approximately 357 nm, which indicates that there is an
increase in the accessibility of tryptophanyl fluorophores to
the solvent. Similar results were observed in the other
buffers and when GdnHCl was used as denaturant. The far-
UV CD spectrum of native enolase in potassium phosphate
buffer displayed a double minimum around 210 and
222 nm, (Fig. 1b), consistent with the known three-
dimensional structure, and with other CD spectra reported
previously in the literature for enolases from different
biological species. Upon complete denaturation in 7 M
urea, there was a large decrease in CD signal intensity,
indicating disruption of secondary structure.

3.1 Urea Induced Denaturation

The urea-induced denaturation profiles of enolase monitored
by fluorescence spectroscopy either in potassium phosphate,
TRIS—acetate or TRIS-HCI buffers, at different incubation
times are shown in Fig. 2 (panels a, b and c respectively). The
most important feature is that none of the profiles appear as
single sigmoid curves. Bimodal denaturation curves are
indicative of at least one intermediate. In our results the
intermediate species appears in all the tested conditions, and
the initial transition seems very cooperative, especially
compared with the subsequent one. It is also noticeable that
at concentrations between 1.0 and 4 M urea the denaturation
process does not reach equilibrium or completion even at
very long incubation times (almost 7 days of incubation).
Particularly, fluorescence spectral-changes with time were
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Fig. 1 Fluorescence emission (panel A; excitation wavelength
280 nm.) and far-UV circular dichroism (panel B) spectra of yeast
enolase. Native yeast enolase at 25 °C was diluted (10 pg mL™") in
three different buffers; potassium phosphate (filled squre), TRIS—
acetate (open circle) or TRIS-HCI (open triangle), all of them at pH
7.4. Alternatively, it was incubated for 24 h (open square), or 164 h

detected between the first transition and the intermediate
species zones (in all buffer solutions). From the transition
curves, it is interesting to observe that the intermediate
species that appears at shorter incubation times goes through
structural changes that results in a conformation with dif-
ferent tryptophanyl environment. At higher denaturant
concentrations (above 4 M urea), the fluorescence signal
converges for all incubation times, with no further confor-
mational changes, meaning that the unfolding process has
reached equilibrium. For sake of comparison, the enolase
unfolding transitions obtained in each of the buffers, after
164 h of incubation are shown in Fig. 3. Here, it is clear that
enolase denaturation-transition profiles obtained with TRIS—
HCI buffer appears at lower urea concentrations than those
observed for the other two buffers. This might indicate that
although the secondary and tertiary structure of enolase
under all the tested conditions seem to be almost identical,
the native contacts of the protein in the presence of phosphate
or acetate ions, are more stabile than those in TRIS-HCI.
This is confirmed by the AGE;?D values (Gibbs free energy
changes, associated with the unfolding reaction in water)
reported in Table 1 (see below).

Regarding the urea-induced denaturation profiles
obtained in potassium phosphate and TRIS—acetate buffers,
we can observe how both start at very similar urea con-
centrations (around 1 M), but reach different SCM values
at higher urea concentrations. More precisely, the enolase-
denatured state in TRIS—acetate shows a less polar tryp-
tophan environment, compared to those obtained in the
other buffers. There are at least two ways to explain this
observation; a first alternative would be that the enolase-
denatured states from the different buffered-solutions are
indeed structurally different. A second one, would be that
all the unfolded states are structurally similar, but with the
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(filled circle), 25 °C, phosphate buffer containing 2.3 M urea, or for
164 h with 6 M urea (star). In order to evaluate the refolding of yeast
enolase, firstly the enzyme was incubated for 24 h in potassium
phosphate buffer with 10 M urea and the diluted in potassium
phosphate buffer (filled inverted triangle)

tryptophan residues having a different hydration level. The
CD spectra of the denatured species in the different buffers
used were almost indistinguishable, reinforcing our second
alternative.

3.2 GdnHCI Induced Denaturation

The unfolding curves for yeast enolase in potassium
phosphate or TRIS-HCI buffers using GdnHCI as dena-
turant at different incubation times are shown in Fig. 4
(panels a and b respectively). These denaturation transi-
tions also appear as two step profiles, indicating that an
intermediate species could also be present in GdnHCI-
induced denaturation. In this case, completion of the
reaction was reached, around 96 h of incubation time.
Above 1.0 M GdnHCI the fluorescence signal converges
for all incubation times. The comparison of the transition
curves obtained in the two buffers is shown in Fig. 5.
Similar to the results for urea-induced unfolding, yeast
enolase seems to be more stable in potassium phosphate
buffer than in TRIS-HCI. Also, it can be seen that the
denatured state achieved in potassium phosphate buffer
shows a less polar tryptophan environment, compared to
that obtained in the TRIS-HCI solution. As we mentioned
above, we propose that the unfolded states in both buffer
solutions are structurally similar, but with the tryptophan
residues having a different hydration level.

3.3 The Intermediate Species
The fluorescence emission and CD spectra of the inter-
mediate species (in phosphate buffer, 2.3 M urea, after 24

and 164 h of incubation time) are shown in Fig. la, b
respectively. The fluorescence emission spectrum of the
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Fig. 2 Urea-induced denaturation profiles of yeast enolase monitored
by fluorescence spectroscopy (samples were excited at 280 nm) in a
potassium phosphate, b TRIS—acetate and ¢ TRIS-HCI buffers, all of
them at pH 7.4, and 25 °C. Samples were incubated for 24 (open
inverted triangle), 72 (filled squre) and 164 (open circle) h Protein
concentration was 10 pg mL™"

intermediate is red shifted to longer wavelengths (Fig. 1a)
than native enolase. As mentioned before, the shifting is
increased at longer incubation times. This result indicates
that tryptophan residues are indeed, on average, in a more
polar environment in the intermediate state than in the
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Fig. 3 Urea-induced unfolding and refolding profiles of yeast enolase
monitored by fluorescence spectroscopy. Samples were incubated for
164 h in potassium phosphate (star), TRIS—acetate (open circle) and
TRIS-HCI (filled squre) buffers, all of them at pH 7.4 and 25 °C. The
refolding (filled inverted triangle) transition was obtained as
described in “Materials and Methods” section. The continuous lines
represent the best fit of the unfolding curves to a three-state dimer
denaturation model with a dimeric intermediate (Eq. 10)

native enzyme. Also the intermediate species shows
decreased secondary structure compared to the native
protein, as judged from CD spectral amplitude at 222 nm.
The secondary structure is further diminished at longer
incubation times. The denatured state shows a larger dis-
ruption of secondary structure with its tryptophans exten-
sively exposed to solvent. The fluorescence emission and
CD spectra in the other buffers or with GdnHCI as dena-
turant were not significantly different (data not shown).

3.4 Effect of Magnesium in GdnHCI Unfolding
of Yeast Enolase

In previous works, it has been shown that enolase gains
considerable stability in the presence of divalent cations
such as Mg®" or Mn?>* [7, 17, 46]. This was also investi-
gated under our experimental conditions. Figure 5 shows
the denaturation profiles of enolase induced by GdnHCI in
phosphate buffer complemented with 2 mM MgSQOy,, in the
same plot, the unfolding transition, at the same experi-
mental conditions, but lacking Mg”" is shown. From these
figures, it is clear that the three-state denaturation mecha-
nism prevails in the presence of the dimeric cation. Also, it
is manifest that the unfolding curve shifts slightly to higher
GdnHCI concentrations (about 0.2 M). The main differ-
ence observed between the curves with or without mag-
nesium is that the denatured state in the presence of the
divalent cation shows a less polar tryptophan environment,
compared to the obtained in the absence of magnesium. CD
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Table 1 Thermodynamic parameters for yeast enolase chemical denaturation
Buffer Denaturant  AGp,; m AGp,» my *AGptor bmm

(kcal mol™")  (kcal mol™' M)  (kcal mol™")  (kcal mol™! M)  (kcal mol™!)  (kcal mol~! M)
Model: Ny«I,<-2U
Phosphate Urea 8.1 (0.3) 6.5 (0.2) 19.1 (1.0) 2.1 (0.2) 27.2 8.6
TRIS-HCI Urea 3.1 (0.1) 4.2 (0.2) 17.2 (0.8) 1.5 (0.2) 20.3 5.7
TRIS—Acetate Urea 6.6 (0.3) 5.5(0.2) 21.2 (4.1) 2.2 (0.7) 27.8 7.7
Phosphate GdnHCI 5.3(0.2) 14.6 (0.2) 16.9 (0.4) 2.8 (0.2) 22.2 17.4
TRIS-HCI GdnHCI 4.9 (0.4) 25.2 (2.0) 16.1 (0.7) 2.6 (0.3) 21.0 27.8
Phosphate + MgSO,  GdnHCl 6.8 (0.1) 12.7 (0.1) 23.2 (1.8) 3.7 (0.7) 30.0 16.4
Buffer Denaturant  AG, my AG, my “AGptor dmlol

(kcal mol™")  (kcal mol™' M)  (kcal mol™")  (kcal mol™' M)  (kcal mol™!)  (kcal mol~! M)
Model: Ny«—2I<—2U
Phosphate Urea 11.0 (1.8) 8.2 (0.8) 13.2 (0.5) 3.0 (0.1) 374 14.2
TRIS-HCI Urea 4.4 (0.2) 5.4 (0.3) 8.7 (0.4) 2.0 (0.1) 21.8 9.4
TRIS—Acetate Urea 8.9 (0.3) 6.8 (0.3) 12.6 (0.3) 2.8 (1.4) 34.1 12.4
Phosphate GdnHCl 5.7 (0.7) 17.8 (2.3) 7.2 (0.4) 3.4 (0.2) 20.1 24.6
TRIS-HCI GdnHCl 6.9 (0.8) 36.3 (4.3) 7.4 (0.8) 1.6 (0.3) 21.7 39.5
Phosphate + MgSO,  GdnHCl 8.8 (0.1) 13.2 (0.1) 15.2 (1.8) 4.2 (0.7) 39.2 21.6

Measurements were made at 25 °C and pH 7.4. Global analysis was performed with the non-linear, least-squares fitting program Origin, version

7.0. Standard deviations are indicated in parentheses

a

Calculated according to Eq. 15

® Estimated using Eq. 16

c

Calculated according to Eq. 24

4 Estimated using Eq. 25

spectra analysis revealed that the denatured state obtained
in the presence of the divalent cation seems to be more
ordered than in the absence of Mg2+ (data not shown).

3.5 Reversibility of the Unfolding Reaction

The fluorescence-emission and CD spectra upon renatur-
ation are shown in Fig. 1 and the refolding profiles are
shown in Figs. 3 and 5, respectively, both in potassium
phosphate buffer. From these figures, and from the recov-
ery of enzyme activity, we conclude that enolase is capable
of recovering about 80-85% of its native structure after the
urea or GdnHCl-induced unfolding. This reveals that the
reactions leading to irreversibility are not so significant,
even at very long exposure times to 10 M urea. Commonly,
irreversibility is attributed to unspecific aggregation of the
denatured conformations that expose hydrophobic surfaces.
In our studies, no aggregation was detected, probably
because urea or GdnHCl and low protein concentrations
could have prevented it. Nonetheless, the unfolding/
refolding curves of yeast enolase were not identical. This
result suggests that the unfolding/refolding process is out of
equilibrium or kinetically controlled. It is interesting that
the refolding intermediate state shows slightly lower SCM
values than the unfolding intermediate state, suggesting

that it might be a more compact conformation. Another
interesting observation is that the refolding reaction occurs
faster (24 h incubation) than the unfolding process. This
might imply that the refolding reaction might have smaller
kinetic barriers than the unfolding process.

3.6 Thermodynamic Parameters of the Unfolding/
Refolding Reaction of Enolase

In order to obtain the AG%;?D values associated with the
unfolding/refolding reaction of yeast enolase, we assumed
that the reaction was near the equilibrium. This assumption
was supported on two experimental observations. One is
the high reversibility observed in the denaturation reaction
(about 80-85%). The other one was that fluorescence
emission and CD signals changed less significantly when
increasing incubation times, indicating that the unfolding
reaction was close to completion. Therefore, we selected
the transition curves obtained at 164 and 96 h (urea and
GdnHCI experiments, respectively) to calculate the ther-
modynamic parameters. It should be considered that the
parameters presented here are apparent and must be taken
as estimations. According to the experimental data, the
unfolding transitions appeared as two-step processes.
Thus, three-state dimer models involving either a dimeric
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358 | e} i Fig. 5 GdnHCl-induced unfolding and refolding profiles of yeast
g enolase monitored by fluorescence spectroscopy. Samples were
g incubated for 96 h in potassium phosphate (open circle), potassium
€ 856 e phosphate complemented with 2 mM MgSO, (open triangle) and
£ TRIS-HCI (filled squre) buffers, all of them at pH 7.4 and 25 °C. The
g refolding (filled inverted triangle) transition was obtained as
@ waf & - ] 7 explained in Materials and Methods section. Data points were fitted
u £ o : to a three-state dimer denaturation model involving a dimeric
5o g gm intermediate (Eq. 10, smooth lines)
350 e values after evaluating ASASA, using Eqgs. 26 and 27
S TS Y S SR respectively (Table 2; urea-m = 9.1 kcal mol™' M~ and
0 ! 2 s ¢ ° ° GdnHCl-m = 19.2 kcal mol~! M™"). They are roughly in
[GdnHCI] (M)

Fig. 4 GdnHCl-induced denaturation profiles of yeast enolase mon-
itored by fluorescence spectroscopy (samples were excited at 280 nm)
in a potassium phosphate, and b TRIS-HCI buffers, at pH 7.4, and
25 °C. Samples were incubated for 2(open inverted triangle), 24
(filled squre), 48 (diamond) and 96 (open circle) h. The insets
represent the same set of data, for the first transition and intermediate
zones. Protein concentration was 10 pg mL™"

(Scheme 1) or a monomeric (Scheme 2) intermediate were
applied to the enolase unfolding data. Both models could fit
the data; however, the better fit to the data, in all experi-
mental conditions, was achieved using a three-state dimer
denaturation model with a dimeric intermediate. The
thermodynamic parameters obtained with both models are
shown in Table 1. The parameters in this Table confirm that
enolase seems to be more stable when diluted in TRIS-
acetate or potassium phosphate buffer, compared to TRIS—
HCI buffer, as presumed from the unfolding profiles.

3.7 Relating m-Values and the Change in Solvent
Accessible Surface Area

The change in solvent-accessible surface area (ASASA)

upon unfolding is strongly correlated with the m-value of a
protein. We were able to estimate urea-m and GdnHCl-m

@ Springer

good agreement with the m,,, values shown in Table 1 (urea:
5.7-8.6 kcal mol ™! M_l; 17.4-31.9 kcal mol™! M_l; assum-
ing a dimeric intermediate denaturation model).

4 Discussion
4.1 Unfolding Mechanism of Yeast Enolase

For dimeric proteins, the overall unfolding reaction must
start with the folded dimer (&) and end with two unfolded
monomers (2D). When the unfolding reaction involves at
least one intermediate, it could be either dimeric
(Scheme 1) or monomeric (Scheme 2). In these instances,
one expects biphasic unfolding curves and/or non-super-
imposable transitions if the spectral probes used are dif-
ferentially sensitive to the various species. As a general
trend, for dimeric proteins a monomeric intermediate
becomes more populated as protein concentration is
decreased whereas a dimeric intermediate becomes more
populated as protein concentration is increased [20, 36].
In the case of enolase, previous studies have reported
that the folding/unfolding pathway of enolase might be a
multistep process. For example, Huang and Dong [14]
presented the enolase GdnHCl-induced unfolding in the
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Table 2 Changes in SASA for yeast enolase upon unfolding, along with estimated m-values

*Native dimer (N,) SASA (A?) ®SASA estimate . ASASA for 9m-value estimate for
for unfolded protein (Az) unfolding unfolding N,«<2D (kcal mol™' M1
28433 107655 79221 Urea-m=9.1

GdnHCl-m=19.2

 Calculated using the web-based program GETAREA, version 1.1 [10]

® Calculated using values from tripeptide studies [21]

¢ ASASA for unfolding = (SASA unfolded protein, 2D)-(SASA folded protein, N,)

d

absence of divalent cations. Most of the experimental
conditions they used were similar to some of those used by
us (50 mM potassium phosphate buffer, pH 7.2, 25 °C),
except for the protein concentration. They used
20 mg mL ™", whereas we used only 10 ug mL ™" i.e. 2000
times more than us. Huang and Dong [14] detected the first
changes on the infrared spectra of enolase from a 0.4 M
GdnHCI concentration, evidenced by the loss of the a-helix
and f-sheet structures. They observed that the fully
unfolded state was reached at 1.6 M. They also observed a
significant amount of intermolecular f-sheet aggregate
between 0.6 and 1.0 M GdnHCI concentrations, which
disappeared as the denaturant concentration increased.
They described the GdnHCl-unfolded state as a heteroge-
neous ensemble of turns, helix/loops, and random struc-
tures, which continues to change at higher denaturant
concentrations. Although they were not able to detect any
intermediate species, they concluded that GdnHCl-induced
equilibrium unfolding of yeast enolase is a multi-state
event due to the lack of a clearly defined isosbestic point in
the overlaid spectra of unfolding. Also, the thermal dena-
turation of yeast enolase studied by differential scanning
calorimetry was described as a multi-step process where
the enzyme dissociates before denaturing [7]. Furthermore,
the GdnHCl-induced denaturation of enolase from Plas-
modium falciparum was described as a three-state model,
with dissociation of the dimer into monomers occurring
previously to the opening of the molecule [42].

In this work, we were able to detect an intermediate
species at all experimental conditions tested. Some
attempts to investigate the oligomeric state of the inter-
mediate species were carried out, but unfortunately, the
interpretation of the data was difficult because, as was
noted before, the spectroscopic signals vary significantly
with incubation time. Therefore, we were not able to
acquire convincing evidence of the oligomeric state of the
intermediate species. Nevertheless, considering that
experimental data were better fit with a dimeric-interme-
diate model, we can assume that the three-state model
involving a dimeric intermediate could be the most reliable
(assuming that the denaturation pathway does not change
with buffer).

Estimated using Eqs. (26 and 27), correlation equations given by Myers et al. [24]

According to the literature, dimeric intermediates tend
to be formed by proteins that have large subunits (chain
lengths >250 amino acids) compared to those that form
monomeric intermediates (chain lengths between 100 and
250 amino acids) [36]. Proteins forming dimeric interme-
diates generally have dimer interface areas that are larger
than 1,500 AZ, and may consist of two or more domains per
monomer [9]. Enolase fulfils all of these characteristics,
supporting our conclusion. However, more detailed studies
are necessary in order to verify the oligomeric state of the
intermediate species.

4.2 Overall Stability of Yeast Enolase

Assuming that yeast enolase unfolds via a three-state
model involving dimeric intermediate species, AG%;?D
varies from 20.3 to 27.8 kcal mol™'. Differences in eno-
lase stability are observed in different buffer solutions,
being more stable in phosphate or TRIS-acetate buffers
than in TRIS-HCI solution. Previous studies have dem-
onstrated that enzymes that interact with phosphate con-
taining substrates are stabilized by this ion [22]. Also
calorimetric studies have demonstrated that acetate ion
stabilizes yeast enolase [7], whereas potassium chloride
has been demonstrated to destabilize the enolase confor-
mation [4, 11].

The total Gibbs free energy of unfolding for dimers
ranges from 16 to 80 kcal (mol monomer)fl. This means
that the total Gibbs free energy of unfolding of yeast
enolase is within the average for dimeric proteins. Never-
theless, considering a per residue value (0.05-0.06 kcal mol
residue '), yeast enolase is a less stable protein when
compared with other dimeric proteins with o/f structure
and that unfold through monomeric or dimeric intermedi-
ates (0.07-0.25 kcal mol residue_l) at the conditions tes-
ted here [36 and references cited therein].

We have established conditions that allow a more
extensive investigation of the conformational stability of
enolase. The existence of a stable intermediate under a
wide range of conditions brings about the necessity to
further investigate the stability and kinetics of the folding/
unfolding mechanism of this enzyme.

@ Springer
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