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ABSTRACT Folding studies have been focused mainly on small, single-domain proteins or isolated single domains of larger
proteins. However, most of the proteins present in biological systems are composed of multiple domains, and to date, the
principles that underlie its folding remain elusive. The unfolding of Pfk-2 induced by GdnHCl has been described by highly
cooperative three-state equilibrium (N242I42U). This is characterized by a strong coupling between the subunits’ tertiary
structure and the integrity of the dimer interface because ‘‘I’’ represents an unstructured and expanded monomeric intermediate.
Here we report that cold and heat unfolding of Pfk-2 resembles the N242I step of chemically induced unfolding. Moreover, cold
unfolding appears to be as cooperative as that induced chemically and even more so than its heat-unfolding counterpart.
Because Pfk-2 is a large homodimer of 66 kDa with a complex topology consisting of well-defined domains, these results are
somewhat unexpected considering that cold unfolding has been described as a special kind of perturbation that decouples
the cooperative unfolding of several proteins.
INTRODUCTION
The folding of small proteins has proven to be very informa-
tive for understanding the folding code of single-domain
proteins. However, large and multidomain proteins with
molecular masses >20 kDa are much more representative
in typical biological systems (1). Phosphofructokinase-2
(Pfk-2) from Escherichia coli, a member of the ribokinase
family of enzymes (2), is a medium-sized homodimer, com-
posed of 33-kDa subunits, which show a complex topology.
Each subunit is composed of a large domain based on the
architecture of a a/b/a sandwich and a four-stranded b-sheet
that covers the active site as a lid. The two lids of the dimer
are packed together to form an orthogonal b-barrel—an
intertwined structure, stabilized by a single hydrophobic
core that includes residues from both subunits, called a
‘‘b-clasp’’ (3). Thus, the overall architecture of Pfk-2 and
its close homologs can best be described as a homodimer
composed of two a/b/a domains and one bimolecular
domain (the b-clasp) that unites them (see Fig. 1). The
complexity of the fold is further enhanced by the fact that
the large domain is discontinuous, i.e., it is not formed by
a contiguous stretch of polypeptide chain, but instead has
a small four-stranded b-sheet inserted within it.

We have studied how the folding and subunit association
of Pfk-2 occurs, looking for equilibrium or transient inter-
mediates accumulated during guanidine hydrochloride
(GdnHCl)-induced unfolding or folding experiments. No
compact monomers were detected under equilibrium condi-
tions (4) or during folding (5), supporting the fact that the
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b-clasp and an important portion of the a/b/a domain do
not seem to behave independently with respect to their
conformational stability and structural integrity. However,
global unfolding transitions induced by chaotropic agents
can hide intermediates or low-energy structures populated
under native conditions, as has been shown by hydrogen-
exchange experiments (6).

Given a large and positive DCp value, usually observed
for the overall unfolding of a polypeptide chain (7,8), the
thermal stability of proteins is dominated by concave free-
energy dependence with temperature. Accordingly, the
Gibbs-Helmholtz equation for a two-state system predicts
two thermal unfolding transitions for a protein—cold un-
folding and heat unfolding (9). Nevertheless, protein unfold-
ing induced by cold has been documented for only a few
proteins because nonnative species induced by cold are pre-
dicted to be populated below the freezing point of water.

Interestingly, some studies have shown that cold and heat
unfolding might occur by different mechanisms because equi-
librium intermediates are frequently found along the cold- but
not the heat-induced transition pathway (10–15), although
some proteins seem to unfold by a two-state mechanism at
both temperature extremes (16–18). Freire et al. (19) have
rationalized the different mechanism for both events as a
natural consequence of the thermodynamics associated with
exposing hydrophobic surfaces upon partial unfolding of a
given structure. Within this framework, cold unfolding is pro-
posed to be a special kind of perturbation able to probe the
presence of low-energy substructures populated under native
conditions but hidden upon heat or chemical perturbation.

In this work, the reversible thermal unfolding of Pfk-2 was
characterized under equilibrium conditions. Strikingly, in
addition to the typical heat-induced transition, Pfk-2 shows
a clear cold-induced transition which is completed at
http://dx.doi.org/10.1016/j.bpj.2012.09.043
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FIGURE 1 (Ribbon representation) Homodimeric structure of Pfk-2

(PDB:3CQD). For a single subunit, the five b-strands are located in the

b-clasp interface (red); large domain (gray). (Sticks) Side chain of a single

tryptophan residue (W88) on the interface between subunits, used for

intrinsic fluorescence measurements. Figure was prepared with the software

PyMol (www.pymol.org).
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~3�C. Different from several other proteins, the direct obser-
vation of a cold-induced transition in Pfk-2 did not require
such additional perturbations as chaotropic agents (11,20),
high pressure (21), extreme pH (22), or point mutations
(16), typically used to decrease the protein stability to allow
us to observe cold unfolding transitions above the freezing
point of water. Cold-induced unfolding of Pfk-2 seems to
be a highly cooperative process significantly disrupting the
dimer structure without generating additional intermediates,
as was also found to be the case in chemical unfolding.
MATERIALS AND METHODS

Purification and storage of Pfk-2

Pfk-2 was purified and stored as described by Babul (23). At least four inde-

pendent preparations of Pfk-2were used in this work. The specific activity of

Pfk-2 (80–100 U/mg) was used to check the quality of the protein pre-

parations. Previous to the unfolding or refolding experiments, the storage

buffer was changed to standard buffer (50 mM Tris pH 8.2, 5 mM MgCl2,

and 2 mM dithreitol) by using a HiTrap desalting column (Amersham

Biosciences, Uppsala, Sweden). The enzyme was concentrated using a

Centricon-60 concentrator (Amicon, Beverly, MA) and further concentra-

tion was achieved using a Microcon Ultracel YM-10 unit (Millipore,

Billerica, MA). Protein concentration was determined by the Bradford assay

(24) using bovine serum albumin as the standard and is expressed in terms of

themonomer concentration. Pipette tips, cuvettes, and all material necessary

for the manipulation of the enzyme were equilibrated at the working

temperature before withdrawing the protein from the Eppendorf tube.
Circular dichroism measurements

Circular dichroism (CD) spectroscopy was performed using a model No.

J-810 instrument (JASCO, Essex, UK). The spectra were measured in the

far ultraviolet region, from 260 to 190 nm. Cuvettes with optical paths of

0.1, 1, and 10 mm were employed depending on the protein concentration

used. Each spectrum was obtained from the accumulation of at least three

scans at the working temperature.
Intrinsic and extrinsic fluorescence
measurements

Measurements were made using a model No. PC-5031 spectrofluorimeter

(Shimadzu, Kyoto, Japan). Protein samples at several different GdnHCl
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concentrations or temperatures were excited at 295 nm and emission spectra

were recorded from 300 to 480 nm. The concentration of the stock 8-anilino-

1-naphthalene sulfonic acid (ANS) solution (Molecular Probes, Eugene,

OR) was determined using a ε ¼ 7800 M�1 cm�1 at 372 nm in methanol.

Pfk-2 samples unfolded at different GdnHCl concentrations were incubated

in 100 mMANS for 3 h in the dark at 3 or 20�C. The mixture was excited at

380 nm and the emission spectra recorded from 400 to 580 nm.
Sedimentation experiments

Sedimentation velocity experiments were conducted on an Optima

XL-I analytical ultracentrifuge (Beckman-Coulter, Palo Alto, CA)

equipped with an An-60 Ti rotor. Experiments were performed at 25 and

4�C using a rotor speed of 41,000 rpm and a protein concentration

of ~40 mM. Pfk-2 was incubated at 3�C for 24 h in standard buffer (using

tris(2-carboxyethyl)phosphine instead of dithreitol as the reducing agent)

and the centrifuge, rotor, and centerpieces were cooled down to 4�C before

centrifugation. The moving boundary was monitored by absorbance optics

at 280 nm. Sedimentation velocity data were analyzed using the software

program SEDFIT (25) and the continuous size-distribution model was

chosen to generate the sedimentation coefficient distribution plots (25). It

is worth noting that this model can be applied to interacting molecules if

the reaction is slow on the timescale of sedimentation and if the species

are stable during sedimentation.
Dynamic light scattering measurements

Dynamic light scattering (DLS) measurements were performed on a

DynaPro-MS800 instrument (Protein Solutions, Chicago, IL). Before

starting the experiment, the solution was centrifuged for 10 min at

14,000 rpm in an Eppendorf microfuge to remove any particulate matter.

Cold-induced transitions were obtained by increasing the temperature of

the sample, previously unfolded at 3�C, using a protein concentration of

30 mM. The hydrodynamic radius was calculated via the Stokes-Einstein

equation from the diffusion coefficient, which was obtained from the

measured autocorrelation function, using the DYNAMICS software

supplied with the instrument (Protein Solutions).
Unfolding induced by GdnHCl and low
temperatures

Cold unfolded Pfk-2 was diluted at various GdnHCl concentrations and left

for 24 h to reach equilibrium at 3�C. Each property, intrinsic and extrinsic

fluorescence, circular dichroism (CD), and dynamic light scattering (DLS),

was measured at 3�C in the presence of different GdnHCl concentrations.

Then, the sample temperature was increased to 20�C, until reaching a

stable signal for the measured properties (at least 6 h) to get equilibrium

conditions.
Model analysis of the transitions obtained by
varying the GdnHCl concentration or temperature

The stability curves obtained in the presence of GdnHCl were analyzed

according to a two-state I4U or three-state N242I42U model (4).

The dependence of DG on the temperature is given by the Gibbs-

Helmholtz equation,

DGðTÞ¼ DH
�
Tg

��
1� T

Tg

�
þDCp

�
T�Tg�T ln

�
T

Tg

��
;

where DH(Tg) is the enthalpy of the reaction at Tg (the temperature for

which DG(T) is zero) and T is the measured temperature. DCp is the change
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of specific heat of the reaction assumed to be constant in the temperature

interval studied (9). For each temperature, DG(T) was calculated using

a bimolecular two-state model of unfolding N242I. Additional relation-

ships between the observed dichroic signal at 220 nm and DG(T) were

derived as indicated in several publications (18,26).
RESULTS

Thermal unfolding of Pfk-2

Fig. 2 shows the temperature dependence of the CD signal
of Pfk-2 at 222 nm. Clearly, the enzyme undergoes two
thermal transitions at low (cold-unfolding) and elevated
(heat-unfolding) temperatures within a short temperature
interval (3–53�C). These transitions were reversible and
were obtained under equilibrium conditions (see section
S1 in the Supporting Material). As should be noted, cold
and heat unfolding of Pfk-2 were captured completely
because both transitions end with a substantial decrease of
the CD signal at 222 nm defined by a clear nonnative plateau
below 4�C. The observation of this behavior is uncommon
in the absence of additional perturbations such as chaotropic
agents (11,20), high pressure (21), extreme pH (22), or point
mutations (16).

As shown in Fig. 3 A, the CD spectra taken between 3 and
23�C show a clear isosbestic point at ~207 nm, suggesting
that cold unfolding of Pfk-2 is a two-state process. However,
the CD spectra taken during the heat-induced transition did
not show a clear isosbestic point (Fig. 3 B), which could be
due to irreversible reactions. The refolding yield after heat-
ing the protein to 53�C was 80% (see section S2 in the
Supporting Material), after which temperature, the thermal
unfolding becomes completely irreversible (Fig. 2, shaded
symbols; Fig. 3 B, shaded lines).
FIGURE 2 Cold and heat transitions of Pfk-2. The mean-residue molar

ellipticity obtained at 220 nm is plotted as a function of the temperature.

Above 53�C, heat unfolding becomes irreversible (shaded symbols). To

reach equilibrium conditions, spectra were taken by increasing the temper-

ature from 3�C at a velocity of 2�C/h. Representative results of three inde-
pendent experiments are presented.
GdnHCl-induced dissociation of Pfk-2 is coupled with an
extensive unfolding of the subunits (4,28) so the effect of the
protein concentration on both cold and heat transitions was
determined. As indicated in Fig. 4, increasing the protein
concentration shifts the cold-induced transition toward
lower temperatures and the heat-induced transition toward
elevated temperatures (inset, Fig. 4). This behavior is ex-
pected for a dissociative equilibrium and has been reported
for other dimeric proteins (18,29) supporting the fact that
both transitions involve subunits dissociation.

Analytical ultracentrifugation measurements performed
at 4�C confirm that Pfk-2 is dissociated at lower tempera-
tures. As shown in Fig. 5, the sedimentation coefficient of
Pfk-2 at this temperature is nearly half that observed at
25�C, although there is no complete dissociation. This can
be seen from the presence of a small peak that matches
the sedimentation coefficient for the dimer and accounts
for 18% of the total signal (Table 1).

To gain further insight into the hydrodynamic changes
that occur on cold treatment, the hydrodynamic radius of
Pfk-2 was measured by DLS at several temperatures using
a protein concentration of 30 mM (Fig. 4). As can be seen,
the cold-induced transition revealed by CD was accompa-
nied by a substantial increase to the hydrodynamic radius
(Rh) reaching values of 4.6 5 0.3 nm at 3�C.
Thermodynamic analysis

Taking into account the isosbestic point of the cold-
induced unfolding together with the protein concentration
dependence of the observed thermal transitions, the Gibbs-
Helmholtz equation for a dissociative two-state system
(see Materials and Methods) was used to fit both the heat-
and cold-induced transitions. The continuous line in Fig. 2
represents the best fit for a dissociative two-state mechanism
of unfolding operating at low and high temperatures. Never-
theless, there is a deviation at high temperatures, suggesting
that a two-state model could be too simple.

The thermodynamic parameters are shown in Table 2
and were used to build the stability curve of Pfk-2
(Fig. 6). It is worth noting that the stability of Pfk-2 at
20�C predicted by the adjustment (~11 kcal/mol) is similar
to previous estimates calculated from the dissociation
and unfolding step N242I obtained in the presence of
GdnHCl (12 5 0.6 kcal/mol (4)). As expected from the
large curvature of the stability curve (Fig. 6), thermal
unfolding of Pfk-2 is dominated by a large DCp value
(~7.8 kcal/mol/�K), one of the largest reported in literature
to date for a protein (30).
GdnHCl-induced unfolding of the cold denatured
state of Pfk-2

Further insights about the structural properties of the cold
unfolded state of Pfk-2 were obtained by comparing the
Biophysical Journal 103(10) 2187–2194



FIGURE 3 Cold and heat denaturation of Pfk-2

followed by circular dichroism (CD). CD spectra

obtained from 3 to 23�C (A) and from 23 to 80�C
(B). In panel B, the CD spectra obtained above

53�C are shown (shaded representation) where

heat denaturation of Pfk-2 becomes irreversible.
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GdnHCl-induced unfolding transitions starting from the
native dimer at 20�C (Fig. 7, solid symbols) or from the
cold unfolded state at 3�C (Fig. 7, open symbols).
GdnHCl-induced transitions obtained from the heat-
unfolded state were not pursued, due to the presence of
aggregates that formed during the large incubation times
required to perform these experiments.

Under equilibrium conditions, GdnHCl-induced unfold-
ing of the native dimer has been described by a three-state
FIGURE 4 Effect of the protein concentration on heat- and cold-induced

transitions and variation of Rh as measured by DLS. (Main graph) Fraction

of unfolded protein within the cold temperature regime as estimated from

the CD signal at 220 nm for several protein concentrations: 0.36 mM

(C), 3.6 mM (B), and 45 mM (;). (Inset) Effect of protein concentration

on the heat denaturation transition of Pfk-2 obtained at 0.36 mM (C),

3.6 mM (B), and 30 mM (;). The presence of visible aggregates prevented

the evaluation of the entire heat transition using 30 mMof protein (;, inset).

(Main graph, ,) Hydrodynamic radius estimated by DLS as a function of

the temperature. Rh values were taken by increasing the temperature in

2�C steps after equilibration for 1 h of a 30 mM sample previously unfolded

at 3�C.
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equilibrium process (N2 4 2I 4 2U) characterized by
a poorly structured and expanded monomeric intermediate,
‘‘I.’’ The presence of a monomeric intermediate can be
deduced from the two transitions separated by a wide
plateau when the secondary structure change is monitored
by CD at 222 nm (Fig. 7 A, solid symbols). The sharper
CD transition observed at low GdnHCl concentrations
represents the N242I step whereas the second one repre-
sents the I4U step of unfolding (4). This intermediate
was not observed during the GdnHCl-induced unfolding
at 3�C, which shows a unique transition whose amplitude
and shape resemble that of the I4U step measured at
20�C. Indeed, the native baseline measured by CD at 3�C
was coincident with the plateau that separates both transi-
tions at 20�C (Fig. 7 A), suggesting that the cold-induced
species may be similar or identical to the intermediate ‘‘I.’’
FIGURE 5 Dissociation of Pfk-2 induced by cold. Sedimentation

velocity experiments were performed at 4�C (continuous line) and 25�C
(dotted line) and protein samples were spun at 41,000 rpm. Pfk-2 was

incubated on ice for 24 h before centrifugation. Sedimentation coefficient

distributions were generated using a continuous size-distribution model.



TABLE 1 Fractional population of the species observed by

sedimentation velocity

Monomer (%) Dimer (%) Other signals (%)

25�C - 85 5 2 15 5 2

4�C 74 5 2 18 5 3 8 5 2

Relative amounts of all species were calculated by integration of the area

under each peak. The errors represent the standard deviation calculated

from three independent experiments.

FIGURE 6 Stability curve of Pfk-2. (Curved continuous line) Free-

energy dependence for bimolecular equilibrium calculated from variation

of the enthalpies (dotted line) and entropy (dashed line) with the tempera-

ture using the thermodynamic parameters of Table 2.
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The similarity of the intermediate I to the cold-
induced state is also supported by the GdnHCl-induced
changes of the Trp-88 fluorescence and extrinsic fluores-
cence of ANS measured at 3�C. The monomeric interme-
diate of Pfk-2 must have a nonnative environment of
its single Trp similar to that of the fully unfolded state
(4) because the equilibrium transition observed by in-
trinsic fluorescence at 20�C fails to reproduce the I4U
step but describes quite well the sharp N242I transition
(Fig. 7 B, solid symbols). In agreement with this behavior,
the intrinsic fluorescence of Pfk-2 measured at 3�C did
not show major changes as a function of the GdnHCl
concentration (Fig. 7 B, open symbols) suggesting that the
intermediate induced by cold also lacks the native environ-
ment of Trp-88.

Another feature of the monomeric intermediate is
the presence of solvent-exposed hydrophobic regions (4).
The extrinsic fluorescence of the hydrophobic probe
ANS (31) shows an asymmetrical bell-shape curve that
follows the fractional population variation of the monomeric
intermediate deduced from the three-state equilibrium
(N242I42U) at 20�C (Fig. 7 C, inset, solid symbols).
Conversely, the ANS intensity measured at 3�C shows
a decrease as the GdnHCl concentration increases, suggest-
ing that the cold-induced intermediate has solvent-exposed
hydrophobic regions in the absence of GdnHCl (Fig. 7 C,
open symbols). The fractional population change of Pfk-2,
extracted upon fitting the single CD transition observed
at 3�C to a two-state mechanism (Table 3), is in good agree-
ment with this observation and matches quite well with the
decrease of the ANS intensity induced by GdnHCl at 3�C
(Fig. 7 C, open symbols).
TABLE 2 Thermodynamic parameters for the thermal

unfolding of Pfk-2

DH at Tg ¼ 57�C* 247 5 10 kcal/mol

DH at Tg ¼ 0�Cy �206 5 10 kcal/mol

DCp
z 7.8 5 0.5 kcal/mol

DASA 56,021 Å2

DCp
x 7.8–10.0 kcal/mol

*Values where the DG is zero at high temperatures.
yValues where the DG is zero at low temperatures.
zMeasured from the experimental data.
xExpected values calculated from the literature parameterization of DASA.

Standard errors were obtained from the fit procedure.
DISCUSSION

Cold- and heat-induced unfolding of Pfk-2
resembles the GdnHCl-induced unfolding/
dissociation step

As indicated in Fig. 2, the amplitudes of both transitions
(cold and heat-induced) are similar in terms of the molar
ellipticity, suggesting that the cold- and heat-denatured
states of Pfk-2 share some properties in terms of their
secondary structure content. Moreover, both transitions are
sensitive to the protein concentration, indicating that unfold-
ing occurs concomitantly with dimer dissociation. Sedimen-
tation measurements confirm this fact by demonstrating the
presence of a monomer at low temperature with an Rh value
of 4.6 5 0.3 nm as measured by DLS. Taking into account
that a fully unfolded chain of 33 kDa is expected to have an
Rh value of ~5.3 nm (32), we conclude that the cold-induced
transition produces largely unfolded subunits. Rh values of
several proteins obtained by NMR measurements have
shown that cold-induced unfolding can be accompanied
by an expansion of the polypeptide chain reaching values
close to the fully unfolded polypeptide in GdnHCl (33).

However, cold unfolding of Pfk-2 does not lead to full
unfolding. Treatment of the cold-unfolded state of Pfk-2
with GdnHCl generates an additional sigmoidal transition
when monitored by CD (Fig. 7 A) whose amplitude was
similar to that which describes the I4U equilibrium
observed at 20�C. The CD transition induced by GdnHCl
at 3�C was also accompanied by a large decrease of the
ANS fluorescence without changes to the intrinsic fluores-
cence of Pfk-2. These characteristics match those described
for the expanded intermediate ‘‘I’’ characterized under
equilibrium conditions in the presence of GdnHCl at 20�C
Biophysical Journal 103(10) 2187–2194



FIGURE 7 Unfolding of Pfk-2 induced by GdnHCl. Protein samples

were incubated at 3�C (B) or at 20�C (C) at several GdnHCl concentra-

tions: CD measurements (A), intrinsic fluorescence intensity (B), and fluo-

rescence intensity of the hydrophobic probe ANS (C). (Continuous lines in

TABLE 3 Thermodynamic parameters for the chemical

unfolding of Pfk-2 at 20 and 3�C

20�C 3�C

N242I I4U I4U

DG 12.1 5 2.1 1.7 5 1.5 2.7 5 0.8

m 18 5 7 1.3 5 0.4 2.6 5 0.7

Values of DG in kcal/mol and m-values in kcal/mol/�K. Standard errors

were obtained from the fit procedure.
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(4), but there are some differences with respect to the fluo-
rescence obtained upon ANS binding. The amplitude of the
ANS fluorescence at 3�C was larger than the amplitude of
the I4U step measured at 20�C. These changes cannot be
attributed to the temperature dependence of the ANS fluo-
rescence because, in absence of protein, the quantum yield
and maximum of emission of the probe remained unaltered
(data not shown). Hence, because the overall properties of
the monomeric state observed at 3�C seem similar to those
of the intermediate ‘‘I’’ measured at 20�C, it is proposed that
the affinity of the probe for hydrophobic regions of the
protein is increased at lower temperatures.

From a thermodynamic point of view, the two-state fit
to the thermal unfolding curves of Pfk-2 predicts free
energy values of ~11 kcal/mol at 20�C, which is similar
to that calculated from the dissociation and unfolding
step N242I obtained in the presence of GdnHCl
(12 kcal/mol 5 0.6 (4)). Nevertheless, this analysis should
be taken with caution because the unfolding transition
induced by heat shows deviations from a two-state mecha-
nism. Although we cannot discard the presence of in-
termediates upon heat denaturation, it is plausible that
side reactions leading to irreversible aggregates could
account for the absence of an isosbestic point during the
heat transition. Therefore, from a thermodynamic and struc-
tural point of view, cold-induced unfolding of Pfk-2 resem-
bles the cooperative dissociation and unfolding represented
by the N242I equilibrium characteristic of the effect of
GdnHCl.
Why is Pfk-2 unfolded upon cold treatment?

From the classic thermodynamic point of view, cold dena-
turation of proteins results as a natural consequence of
a large DCp value arising from the hydrophobic surfaces
exposed to the solvent upon protein unfolding (7,8). This
value has been parameterized in terms of the polar and
hydrophobic contributions for a particular solvent-exposed
panel A) Fit to a N242I42U mechanism at 20�C and to a I4U mecha-

nism at 3�C. (Continuous lines in panel C) Variation of the intermediate

species population predicted at 3�C (main graph) and 20�C (inset) using

the thermodynamic values obtained by CD (see Table 3). The protein

concentration was 3.6 mM. For comparison purposes, the sign of the CD

signal was inverted.
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protein surface (see Spolar et al. (30), Myers et al. (34), and
Whitten et al. (35), and references therein). The Pfk-2 dimer
hides a surface area of 56,021 Å2 upon folding (see
Materials and Methods), which corresponds to a DCp value
between 7.8 and 10 kcal depending on the parameterization
used (see Spolar et al. (30), Myers et al. (34), and Whitten
et al. (35), and references therein). Parameterized values
are in agreement with the observed DCp of 7.8 kcal/mol/�K
obtained with the assumption of a two-state mechanism for
the thermal unfolding of Pfk-2 (Table 2). Also, there are no
unusual thermodynamic values obtained from the cold- and
heat-denaturation processes, as the enthalpies calculated
at some temperatures (e.g., 110�C, 650 kcal/mol) can be
predicted adequately using the parameterization of Freire
(110�C, 760 kcal/mol; see Whitten et al. (35) and references
therein). Therefore, the simplest explanation for the ob-
served cold unfolding of Pfk-2 is the large size of the coop-
erative unit, i.e., almost the entire dimeric structure.

The large size of the cooperative unit of Pfk-2 can be
rationalized from within the framework of the hierarchic
model (see Freire et al. (19) and Whitten et al. (35), and
references therein). As pointed out by Freire et al. (19),
cold denaturation can be seen as a special kind of perturba-
tion simply because the intrinsic stabilities of different
domains or parts of the protein structure and their coupling
energy of interaction vary in such a way as a function of
temperature. Interaction among their cooperative units
is favorable at high temperatures yet unfavorable at low
temperatures. Thus, to show unbiased cold unfolding, the
unfolding coupling energy among several parts of the
Pfk-2 structure should remain larger than their intrinsic
stabilities either at low or high temperatures. In the absence
of quantitative knowledge about the energies of coupling
and intrinsic stability, an unbiased cold-unfolding mecha-
nism can be best explained by a mutual constraint imposed
between the b-clasp and the a/b/a domain. Such domain is
created by an interrupted chain connectivity of both
domains (discontinuous domains) together with the inter-
twined nature of the b-clasp that stabilizes both subunits
(see Fig. 1).
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