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a In the 2.0–6.0 pH range, the thermal
unfolding of onconase takes place via,
at least, one equilibrium intermediate.

a This intermediate implies exposure of
hydrophobic surface and changes
around Trp3.

a 25% of the total enthalpy change upon
unfolding takes place in the native to
intermediate transition.

a The stability of the intermediate is close
to that of the native state.
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Onconase is amember of the ribonuclease A superfamily currently in phase IIIb clinical trials as a treatment for
malign mesothelioma due to its cytotoxic activity selective against tumor-cells. In this work, we have studied
the equilibrium thermal unfolding of onconase using a combination of several structural and biophysical
techniques. Our results indicate that at least one significantly populated intermediate, which implies the
exposure of hydrophobic surface and significant changes in the environment around Trp3, occurs during the
equilibrium unfolding process of this protein. The intermediate begins to populate at about 30° below the
global unfolding temperature, reaching a maximum population of nearly 60%, 10° below the global unfolding
temperature.
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1. Introduction

Onconase is a ribonuclease originally obtained from Rana pipiens
that belongs to the ribonuclease A superfamily. It displays a high in
vivo cytotoxic activity, and this activity is selective against tumor-cells
[1–3]. For this reason, it is currently in advanced phase IIIb clinical
trials as a treatment for malign mesothelioma [4,5]. Moreover,
onconase has also been shown to possess antiviral activity, i.e.
inhibits the replication of HIV-1 in chronically infected human cells
[6–8]. During clinical trials, the main side effect associated to its
delivery was reversible renal toxicity [9,10], which is probably caused
by the unusually high stability of onconase [11].

It is broadly believed that single domain proteins have evolved in
order to disfavor the population of intermediate states [12]. However,
partially folded states, or folding intermediates, may be of biological
relevance. As an example, we can consider the case of the structural
proteins actin as well as alpha and beta tubulins, which fold via
intermediates exposing a high proportion of hydrophobic surface. These
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Table 1
X-ray data collection and refinement statistics.

Onconase WT

Space group P212121
Unit cell dimensions a b c 32.516 39.799 68.536 90.000 90.000 90.000
Resolution range (Å) 20–1.7
Number of observations 543678
Unique reflections 9807 (838)
Data completeness (%) 95.5 (83.6)
Rmerge

a (%) 12.8 (49.8)
I/σ(I) 15.4 (3.8)

Refinement
Protein residues 104
Solvent 97
Rwork (%) 18.7 (30.8)
Rfree (%) 24.39 (42.5)

rms deviations from ideal geometry
Bonds (Å) 0.020
Angles (degrees) 2.165
Mean B (protein) (Å2) 15.08
Residues in allowed regions of
the Ramachandran plot (%)b

100

The values in parentheses are for the highest resolution bin.
a Rsym=ΣhΣl|Ihl−b IhN |/ΣhΣlb IhN, where Il is the lth observation of reflection h

andb IhN is the weighted average intensity for all observations l of reflection h.
b From program PROCHECK statistics.
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intermediates constitute the building blocks co-assembling into the long
polymeric structures present in the cytoskeleton [13]. Nevertheless,
intermediates are normally observed as something undesirable, since
their presencemaybe relatedwith irreversible processes suchas protein
aggregation or amyloid formation [14–16]. On the other hand, when
designing the activity or stability of a protein, it is very important to
consider the intermediate species, because they define the “operative”
stability of the protein [17]. Usually, the intermediate lacks protein
activity, and thus, the transition between the native-state and the
intermediate is the one that is biologically relevant, even if it is observed
as a smaller transition in the stability profile of the protein. Therefore, for
proteins of industrial or pharmaceutical interest, as onconase, it is very
important to gain a deep knowledge of their unfolding mechanisms. In
onconase's case, this knowledge is even more important, since the side
effects associated to its delivery to patients might be related with the
global stability of the protein [10]. In other words, if onconase has an
intermediate, its beneficial activity could be lost in the transition from
thenative protein to the intermediate, but the harmful effectswould not
disappear until the protein totally unfolds.

To distinguish two-state from other types of equilibria, it is well
established that a good strategy is to investigate protein folding using
several techniques, probing different structural features [18–21]. In this
work we have studied the thermal unfolding of onconase using a broad
range of different techniques: circular dichroism (CD), intrinsic
fluorescence, nuclear magnetic resonance (NMR), differential scanning
calorimetry (DSC) and 8-anilino-1-naphtalenesulfonate (ANS) binding.
We have found that onconase seems to unfold via one significantly
populated equilibrium intermediate, which implies the exposure of
hydrophobic surface and significant changes in the environment around
Trp3 and whose stability is close to that of the native protein.

2. Materials and methods

2.1. Materials

The pET-22b(+) plasmid carrying the sequence of onconase was a
kind gift of Alfacell Corp. (Somerset, NJ, USA). Vector pET-26b(+) was
purchased from Novagen (Madison, WI, USA). Cell strains were
acquired from Stratagene (La Jolla, CA, USA) and growth media from
Difco (Kansas City, MO, USA). All other chemicals were bought from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Protein expression, purification and sample preparation

Wild-type onconase was cloned into pET-26b(+) by Top Gene
Technologies (Montreal, Canada). Onconase was grown in terrific broth,
overexpressed overnight in Escherichia coli BL21(DE3), purified as
previously described [22] and later shock frozen, stored at −80 °C
and/or lyophilized. The purity andmolecular weight of the samples were
checked by mass spectroscopy. The correct folding of the protein was
verified by native electrophoresis and by means of x-ray diffraction.
Besides, the crystallographic structure shows the presence of the
pyroglutamic acid at the N-terminal of our samples. Buffers showing
lowprotonation enthalpies aswell as lowdependence of their pKa-values
with temperature were chosen to carry out the experiments. Thus,
glycine/HCl20 mMbufferwasused forpH2.0 and3.0, andsodiumacetate
20 mM for pH 4.0 and 5.0. Experiments at pH 6.0 and 7.0were performed
in, both, sodium cacodylate 20 mM, as well as in sodium phosphate
20 mM, to rule out stabilization of onconase by phosphate anions.
Samples forDSCwerepreparedbyexhaustive dialysis for at least 24hours
against the working buffer. For the other techniques, samples were
prepared passing the protein through a PD MidiTrap column (GE
Healthcare, Chalfont St. Giles, UK). The concentration of the protein was
determined using an absorption coefficient [11] of 10,400 M−1 cm−1 at
280 nm.
2.3. Crystallization and data collection

The purified recombinant onconase was concentrated to approxi-
mately 10 mg·mL−1 using a Microcon YM-3 (Millipore, Billerica, MA,
USA). Crystals were grown using the counter-diffusion technique as
described in Camara-Artigas et al. [23]. The best crystals were obtained
in 4 M Ammonium sulphate and 0.1 M sodium acetate at pH 4. For data
collection, crystals were soaked in 20% glycerol inside the capillary and
placed in a cold nitrogen stream maintained at 110 K. X-ray diffraction
data collection was performed at the beamline BM-16 station of the
European Synchrotron Radiation Facility (ESRF) using a 0.97 Å
wavelength in a Mar CCD-165 detector. Data were indexed, integrated
and scaledwith theHKL2000 suite [24]. The crystallographic parameters
and statistics of the data collection are listed in Table 1.

2.4. Structure resolution and refinement

Initial phasing was performed using Molrep [25]. The Matthews
coefficient [26] was 1.97 with a solvent content of 37.63% for one
molecule at the asymmetric unit. The coordinates of natural onconase,
without ligand andwatermolecules, were used as a searchmodel (PDB
code 1onc). A clear peak was obtained with an initial R factor of 43.7%.
Initial refinement using 10 cycles of restrained positional refinement
with the program REFMAC5 quickly dropped the R factor to 26.86%.
Manual building was performed using the resulting σA-weighted (2Fo
−Fc) and (Fo−Fc) electron density maps and the program COOT [27].
In addition to water molecules, several solvent molecules were clearly
identified in the electron density difference maps: four sulfate ions and
one glycerol. Structure superposition and rmsd calculations were
performed using the CCP4 modules LSQKAB and TOP [28]. Before
deposition, the quality of the structure was checked using the
MolProbity web server [29] and PROCHECK [30]. Refinement statistics
are collected in Table 1. The coordinates and structure factors were
deposited at the RCSB PDB with entry code 3hg6.

2.5. Circular dichroism and fluorescence experiments

Thermal unfolding transitions of onconase weremonitored by CD at
291 nm using a JASCO J600A spectropolarimeter (Jasco Inc.) equipped



Fig. 1. Root mean square deviation (rmsd) representation of the difference in backbone
(black) and side chains (gray) between the recombinant onconase (PDB code 3hg6)
and the protein purified from Rana pipiens (PDB code 1onc).
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with a peltier element and by fluorescence emission at 330 nm using a
Cary Eclipse spectrofluorimeter (Varian Inc.) exciting the samples at
298 nm. Protein concentration ranged from 1.5 to 75.0 μM in Gly/HCl
20 mM (pH 2.0). The thermal dependence of ANS (8-anilino-1-
naphtalenesulfonate) binding to onconase was also studied using a
Cary Eclipse spectrofluorimeter at 480 nm after excitation at 370 nm.
Protein and ANS concentrations were 5 and 250 μM respectively, as in
previous studies with onconase [31], at pH 2.0.

Measurements were taken introducing a temperature probe in the
measuring cuvette (CD) during the experiment, or, alternatively, the
spectrometer was calibrated the same day the experiments were
carried out using an external temperature probe, the same cuvette
and the same buffer volume as throughout the experiment with
onconase (intrinsic fluorescence and ANS binding experiments). All
experiments were carried out at a heating rate of 1 K min−1.

The transitions were analyzed on the basis of the two-state model
using SigmaPlot (SPSS Inc.) as previously described [32] with a fixed
heat capacity change value of 5 kJ mol−1 K−1, the expected value for
a protein with the amino acidic composition of onconase [33,34].

2.6. Fluorescence quenching experiments

Acrylamide and cesium chloride intrinsic fluorescence quenching
of the only tryptophan residue of onconase, Trp3, was monitored by
the loss of fluorescence emission at 330 nm using a Cary Eclipse
spectrofluorimeter (Varian Inc.) exciting the samples at 298 nm.
Intrinsic fluorescence emission spectra were recorded from 310 to
450 nm using a 1 cm path length cuvette at 25 °C and 60 °C, using
10 nm for both excitation and emission slits. Experimentswere carried
out in Gly/HCl 20 mM, pH 2.0. Protein concentration of the samples
was 5 μM and quencher concentration ranged from 0 to 1 M. Samples
were incubated for 15 min at the desired temperature to ensureproper
equilibration.

2.7. Nuclear magnetic resonance

1
H-1D spectra were acquired on a Bruker Avance II 600

spectrometer. The sample contained 500 μM onconase in Gly/HCl
20 mM, D2O 10%, pH 2.0. The spectra were recorded between 30 and
80 °C in steps of two degrees. Prior to data acquisition, the probe was
allowed to equilibrate for 5 min after the desired temperature was
reached. Temperature was calibrated using a sample of 100% ethylene
glycol the same day the thermal transition was measured. All spectra
were processed and analyzed using Felix 2000. Since the intensity of
exchangeable protons (amide tryptophan indol) is affected by faster
exchange with the solvent at higher temperatures, these probes could
not be used. Therefore, we focused on non-exchangeable protons of
two upfield shifted methyl groups of the native state that do not
interfere with signals from the unfolded state as well as the signals
corresponding to methyl groups in the unfolded state.

2.8. Differential scanning calorimetry experiments

DSC experiments were carried out with a VP-DSC or a VP-Capillary
DSC microcalorimeter from MicroCal (Northampton, MA). Experi-
ments were performed at a scan rate of 0.5 K min−1 or 1.5 K min−1.
Protein concentration was kept between 0.3 and 1.2 mg mL−1. The
buffer of the last dialysis step was used for baselines and to fill the
reference cell of the calorimeter. Several buffer-buffer baselines were
completed to establish the proper equilibration of the calorimeter. In
all cases, a reheating run was done to check the reversibility of the
process. The transitions were analyzed on the basis of the two-state
and the three-state models using SigmaPlot (SPSS Inc.). The two-state
analysis was carried out as previously described [35]. For the three-
state analysis we used the model we have previously described [18]
with little modifications. In brief, our three-state model considers the
heat capacity of the intermediate to be a linear combination of the
heat capacity of both, native and unfolded states:

CpðIÞ = ð1−FÞ·CpðNÞ + F·CpðUÞ ð1Þ

where F is a parameter that can take values between 0 and 1. When
F=0, the heat capacity of the intermediate is equal to the heat
capacity of the native protein and when F=1, the heat capacity of the
intermediate is equal to the heat capacity of the unfolded state. The
value of F was kept fixed in each fitting, and then the fittings were
repeated changing the value of F. The fits were found to be excellent
for F values between 0 and 0.4.

To reduce the number of floating parameters during the fittings,
we have considered for, both, the two-state as well as the three-state
model that the unfolded baseline could be fitted to a quadratic
equation [36] whose curvature was fixed to the expected values given
by the Privalov and Makhatadze's set of parameters [34]. The two-
state analysis was carried out twice: letting the slope of the
dependence of the native heat capacity with temperature float and
fixing it to the calculated value according to data in the literature [33].
For the three-state analysis the slope of the native baseline was
always fixed to the value calculated for native onconase [33]. Errors in
the different thermodynamic variables have been calculated as three
times the fitting standard error or by propagation of errors [37,38].

3. Results and discussion

3.1. Structure of recombinant wild-type onconase by x-ray crystallography

Prior to the thermodynamic study of onconase, protein purity and
integrity has been checked by SDS-page, native electrophoresis and
mass spectroscopy: wild-type onconase monomers were the only
species present in the samples. We have also crystallized and solved
the structure of our recombinant onconase by x-ray crystallography
(RCSB PDB with entry code 3hg6, Fig. S1, panel A, see Supplementary
Material). Onconase shows a kidney-shaped fold with its active site
located at the cleft between the two lobes. The N-terminal α-helix
makes contact with both lobes and contains three residues implicated
in the catalytic activity of onconase: the N-terminal pyroglutamic acid
(Pca1), Lys9 and His10. The hydrogen bond between Pca1 and Lys9
stabilizes the rate-limiting transition state during catalysis [3]. We
have compared our structure with the structure of onconase directly
purified from Rana pipiens oocytes (PDB entry 1onc) and found no
remarkable differences between them (Fig. 1). Both proteins
crystallize in the same space group with nearly the same cell
parameters. The pyroglutamate group present in the active site of
natural onconase, that generates spontaneously upon cyclization of
Gln1, can be easily identified in the electron difference maps of our
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recombinant protein as well (Fig. S1, panel B, Supplementary
Material) The backbone structures of both, natural and recombinant
proteins, are basically identical, as indicated by a rms deviation of only
0.191 when the backbone atoms are compared. Moreover, most of
the side-chains also display the same orientation (Fig. 1) and the only
significant differences are found in residues placed on the surface of
the protein that participate in crystal contacts. Therefore, the
unfolding behaviour of recombinant onconase cannot be attributed
to the bacterial expression.

3.2. Equilibrium thermal denaturation experiments with onconase, in the
2.0–6.0 pH range cannot be interpreted using the two-state model

To study the unfolding mechanism of onconase, we have carried
out the so-called superposition test [20] using several spectroscopic
techniques and differential scanning calorimetry. Since each one of
the techniques follows different physical properties and, therefore,
structural probes, if a protein unfolds via a two-state mechanism, the
model should fit well to all traces and, at the same time, the
dependences of the native/unfolded protein population with temper-
ature should superimpose for all techniques.

The main handicap to use spectroscopic techniques to study the
thermal unfolding of onconase is its unusual stability. Around the
physiological pH value, onconase is too stable and it is not possible to
obtain complete transitions with unfolded baseline by spectroscopy.
However, the shape of the temperature scans measured using
differential scanning calorimetry (DSC) is very similar in the whole
pH range we have studied (see Fig. 2). There are no apparent
differences in the folding mechanism between acidic and neutral pH
values. Thus, we have decided to carry out the spectroscopic
measurements at pH 2.0, where the protein is destabilized and the
transitions can be better evaluated.

We have compared the thermal unfolding of onconase measuring
circular dichroism (CD) in the near-UV region (291 nm), tryptophan
intrinsic fluorescence and nuclear magnetic resonance chemical shift
perturbations in

1
H-1D spectra. Out of the full collection of signals of the

protein displayed in the NMR spectra, only 3 sets could be clearly
followed through the entire transition with a reasonable signal to noise
ratio and without solvent exchange or overlapping problems. Two of
them correspond to protons of upfield-shifted methyl groups of the
native protein and the other one corresponds to protons of a methyl
group of the unfolded state of the protein (methyl groups are virtually
non-exchangeable). Based on the assignment of onconase C87A/C104A
[39] (BMRB entry 16040), these methyl groups belong to Val17 and
Ile37, which are localized in the hydrophobic core of the protein. Their
upfield proton shift is caused by neighbouring phenylalanines.
Fig. 2. DSC profiles of onconase in the pH 2.0–6.0 range. Experimental data (continuous
lines), absolute heat capacity predicted for native onconase [33] (black dashed line) and
predicted heat capacity values for unfolded onconase calculated using Privalov and
Makhatadze's set of parameters [34] (black dotted line).
Unfortunately, the isolated signal belonging to the indol proton of
Trp3, could not be used for this analysis since it converges to overlap
with the signal corresponding to Asn92 amide proton as the
temperature increases.

The two-state model could be very well fitted to the near UV-CD,
intrinsic fluorescence and the three different sets of NMR signals that
have been studied. But, even if the two-state model would fit very
nicely to each one of the individual experimental transitions obtained
using all three spectroscopic methods, once we plotted the results for
the different techniques together (Fig. 3), it became clear that near-
UV CD and fluorescence curves are superimposable, but are shifted
about 7° below the curves corresponding to the NMR data. Such
behaviour is incompatible with a two-state unfolding mechanism.

We have also studied the thermal unfolding of wild-type onconase
at several pH-values, between 2.0 and 7.0, using DSC (Fig. 2). The
transitions were reversible from pH 2.0 to pH 6.0. Above pH 6.0, the
unfolding of onconase was found to be irreversible, even if the scans
were stopped immediately after the transition peak. As expected,
onconase resulted to be very stable, increasing its stability as pH
increases. In the 5–6 pH range, the maximum of the DSC transition
appears over 90 °C (Fig. 2).

The absolute heat capacity of unfolded onconase does not depend
on the pH and agrees with the predicted values, as calculated using
the Privalov and Makhatadze's set of parameters [34] for a protein
with the sequence of onconase, in all the measured temperature
range. However, the absolute heat capacity of the native state agrees
with the predicted values for a globular protein of onconase's size [33]
only at low temperatures. As temperature rises, a systematic increase
of the native heat capacity (relative to the predicted values) is found
at all the studied pH values (see Fig. 2).

The analysis of the DSC traces using the two-state model results in
fittings that, at the first sight, can be acceptable (Fig. 4, upper panel).
The ratio between the calorimetric and the van't Hoff enthalpy is close
to 1, something that is usually interpreted as a marker of the goodness
of the two-state model. The Tm calculated using this model coincides
with the Tm values obtained from the analysis of the NMR data (see
Fig. 3).

Nevertheless, in the pH range where the unfolding of onconase is
reversible (2.0–6.0), the fitting of the two-state model to the
experimental data resulted, in all cases, in systematic small deviations
at the beginning of the transition. As a consequence, the obtained heat
capacity functions for the native and unfolded protein cross at too low
temperatures causing the calculated heat capacity changes upon
unfolding to be negative. This fact would mean that, as onconase
unfolds, there is an exposure of predominantly polar surface instead
of apolar surface, something unrealistic for a soluble globular protein.
Fig. 3. Superposition test for onconase. Thermal unfolding at pH 2.0 monitored by near-
UV CD (open triangles), emission fluorescence (closed squares), NMR (closed triangles:
0.56–0.63 ppm, closed circles: 0.64–0.89 ppm and open squares: −0.03 to 0.10 ppm)
and DSC (dotted line). Data are shown as apparent unfolded fractions. On the right axis
of the plot, the fluorescence of ANS in the presence of onconase is represented
(continuous line).

image of Fig.�2
image of Fig.�3


Fig. 4. Two-state analysis of DSC profiles of onconase 1.06 mg·mL−1 in Gly 20 mM, pH
2.0. Upper panel: experimental data (grey full circles), best fit of the two-state model
letting the baselines float (continuous line), heat capacity of the native state calculated
from the best fit of two-state model (dashed line), heat capacity of the unfolded state
calculated from the best fit of the two-state model (open squares), absolute heat
capacity predicted for native onconase [33] (open triangles) and predicted heat
capacity values for unfolded onconase calculated using Privalov and Makhatadze's set
of parameters [34] (dotted line). Lower panel: continuous line is the best fit of the two-
state model fixing the baselines to the predicted values for native [33] and unfolded
[34] onconase.

Fig. 5. Three-state analysis of DSC traces of onconase at different pH values.
Experimental data (open circles), best fit of the three-state sequential model,
considering a native-like heat capacity for the intermediate (continuous lines), heat
capacity of the native and unfolded states of onconase resulting from the best fit of the
three-state model (dashed and dotted lines).
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As an illustration, in the upper panel of Fig. 4, the absolute heat
capacity, the predicted baselines for onconase, the two-state fitting
and the baselines resulting from the two-state fitting to the thermal
denaturation of the wild-type protein at pH 2.0 are represented. The
slope of the native baseline given by the two-state fitting is too high
and the baselines cross at 65 °C, very far away from the 140 °C at
which calculations say this should happen [40]. When we repeated
the fittings fixing the native and unfolded baseline to the expected
values they should have according to Freire [33] and to the Privalov
and Makhatadze's [34] set of parameters, we found, at all pH values,
very clear deviations at the beginning of the peak that are usually
considered to be indications of the non validity of the two-statemodel
[41] (Fig. 4, lower panel).

To discard that the observed deviations from the two-sate
behaviour could be due to kinetically controlled processes, DSC
experiments at different scan rates (0.5 and 1.5 K·min−1, data not
shown) were carried out. In all cases, the traces at lower and higher
scan rates are superimposable. Therefore, our DSC experiments are
only showing processes occurring in equilibrium. In a similar way,
oligomerization equilibria were discarded as the reason for the non-
two-sate behaviour since no dependence of the transitions with the
protein concentration was found in the circular dichroism or
differential scanning calorimetry experiments (data not shown).

3.3. Equilibrium thermal denaturation experiments with onconase, in
the 2.0–6.0 pH range, indicate the existence of a thermal equilibrium
intermediate

Using, both, far-UV CD and tryptophan intrinsic fluorescence, we
can follow the dependence with temperature of the changes in the
environment around the only tryptophan of onconase (Trp3). Since
the Tm values obtained from the analysis of far-UV CD and tryptophan
fluorescence are lower than those obtained for DSC andNMR, thismay
indicate that onconase unfolds via at least one intermediate, as there
seem to be changes around Trp3 happening before the global
unfolding of the protein takes place.

We have studied, as well, the thermal dependence of ANS (8-
anilino-1-naphtalenesulfonate) binding to onconase at pH 2.0. We
found that the thermal dependence of ANS emission fluorescence in
the presence of onconase displays a maximum at 63 °C (Fig. 3). A peak
in ANS fluorescence in the presence of a protein is generally
interpreted as a confirmation of the existence of an intermediate
[42], since ANS fluorescence dramatically increases in a hydrophobic
environment and, therefore, as it binds to hydrophobic patches. Thus,
it is usually considered that binding of ANS should be stronger to
molten globule-like intermediates than to the native and unfolded
states of a protein. Therefore, the fact that ANS binds to onconase
during unfolding suggests that the protein does unfold via an
intermediate, and that the intermediate formation implies the
exposure of some hydrophobic patches.

This result is also supported by intrinsic fluorescence quenching of
Trp3 experiments at pH 2.0. Intrinsic fluorescence quenching of
tryptophan residues has been extensively used to study protein
folding intermediates in equilibrium [43,44] as well as in kinetic
studies[43,45,46]. Using this technique, we have compared the
solvent accessibility of Trp3 at 25 °C, where we expect the protein
to be native, and 60 °C, in the region where the ANS binding
experiments show a maximum. We have used two different
quenchers: acrylamide (non polar) and Cs+ (polar). We have found
that Cs+ does not promote fluorescence quenching at either of the
two temperatures whereas the presence of acrylamide clearly reduces
the intensity of Trp3 fluorescence at both temperatures (see
Supplementary Material, Fig. S2). This result indicates that Trp3 is
not solvent exposed, and the protein is not unfolded, at either
temperature as only a non-polar quencher like acrylamide can

image of Fig.�4
image of Fig.�5


Fig. 6. Temperature dependence of the population of native (dashed lines),
intermediate (dotted lines) and unfolded states (continuous lines), as calculated
from the best fit of the three-state model.
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interact with it. On the other hand, the quenching induced by
acrylamide is dramatically enhanced when the protein samples are
incubated at 60 °C compared with 25 °C, as indicated by the
remarkable increase in the slope of the fluorescence intensity ratios,
which is indicative of a higher accessibility of the region surrounding
Trp3. This suggests that, at 60 °C, another species, different from the
native or the unfolded states, should be populated. The region around
Trp3 in this species should be, at least, partially loosen.

Based on all these evidence, we decided to use the three-state
sequential model [17,18] to analyze our DSC experiments. Contrary to
the two-state model, the fitting of the three-state model could
reproduce very accurately the experimental data at all pH values
(Fig. 5), and the resulting thermodynamic parameters, including heat
capacity changes upon unfolding, are reasonable (Table 2). This model
predicts the existence of a significantly populated equilibrium folding
intermediate for onconase. For example, at pH 2.0, up to 60% of the
molecules appear to be in the intermediate state at 61 °C (Fig. 6).
Moreover, the temperature at which we expect the intermediate
population to be maximal according to the DSC analysis is in very
reasonable agreement with the maximum found in the ANS experi-
ments (63 °C). Therefore, these data also indicate that there is an
intermediate in the unfolding of onconase.

This possible intermediate even seems to be the most populated
species within a narrow temperature range just before the transition
to the unfolded state (Fig. 6). Our analysis does not find a strong
dependence of the maximum intermediate population with the pH.
The best fits are obtained when parameter F (the parameter
measuring the similitude of the intermediate's heat capacity with
those of native and unfolded state, see materials and methods) has
values in the 0–0.4 range. This indicates that the heat capacity of the
intermediate is more similar to the heat capacity of the native state
than to the heat capacity of the unfolded state. The three-state
sequential model also predicts the transition from the native to the
intermediate state to involve about 25% of the total enthalpy change
upon unfolding (Table 2). Thatmeans that the intermediate formation
must imply the loss or weakening of some interactions in the protein.

Our results also point out that the intermediate formation during
thermal-induced unfolding transitions is accompanied by some local
unfolding and exposure of additional hydrophobicity in part of the
protein, sensed by Trp3 (near UV-CD, intrinsic fluorescence and
fluorescence quenching), ANS binding and a slight increase in the heat
capacity compared to the native state, but without major changes in
the overall tertiary structure of the rest of protein according to the
NMR resonances (Val17 and Ile37), which could be analyzed so far.

This behaviour of onconase is very similar, for example, to the one
of apoflavodoxin from anabaena [18,47]. Apoflavodoxin unfolds via an
intermediate in which a considerable part of the protein remains close
to the native fold and a 40 residue region is unfolded. In the case of
Table 2
Thermodynamic parameters resulting from the best fit of the three-state sequential
model, considering a native-like heat capacity for the intermediate, to the DSC traces.

pH TmN–I

(K)
ΔHmN–I

(kJ·mol−1)
TmI–U

(K)
ΔHmI–D

(kJ·mol−1)
ΔCp

N–D

(kJ·K−1·mol−1)

2.0 327.3±1.2 112±3 339.42±0.08 333±3 6.1±0.3
3.0 339.1±0.5 131.5±1.5 350.74±0.03 371.3±1.6 5.4±0.3
4.0 348.6±1.6 142±4 358.53±0.13 395±6 6.2±0.4
5.0 350.3±1.5 137±4 360.76±0.10 432±5 5.4±0.4
6.0 350.5±2.0 148±5 361.39±0.14 437±7 5.6±0.5

TmN-I represents the temperature where the populations of native protein and
intermediate are equal. At TmI-U the populations of intermediate species and unfolded
protein are identical. ΔHmN-I stands for the change in enthalpy at TmN-I and ΔHmN-I for
the change in enthalpy at TmI-U. ΔCp

N-U is the global capacity change upon unfolding.
Errors in ΔHm and Tm correspond to 3 times the fitting standard error. Errors in ΔCp

have been calculated by propagation.
apoflavodoxin, the intermediate only becomes apparent by the
superposition test and by the cross of the baselines of DSC at low
temperature, as it is the case of onconase.

In addition, onconase is not the only member of the ribonuclease A
superfamily showing deviations from the two-state mechanism by
thermal unfolding. For example, in the differential scanning calorim-
etry traces of the eosinophil cationic protein (ECP) there are two
differentiated peaks [48]. Even ribonuclease A is known to unfold via
an equilibrium intermediate, although this intermediate is a minor
species (about 6% population) [49]. Other well known examples of
ribonucleases of a similar size of onconase, albeit not from the
ribonuclease A superfamily, not to unfold via a two-state mechanism
are barnase [50] and ribonuclease H (at low pH values) [21].

Recently, we have studied the kinetics of onconase's folding
process using guanidine as denaturant agent [51] and found an on-
pathway kinetic folding intermediate. The data extrapolation to 0 M
denaturant predicts that the energy barrier corresponding to the
transition from the intermediate to the unfolded state is higher than
the energy barrier of the native to intermediate transition. That would
mean that the intermediate species should accumulate in the
unfolding process in absence of denaturant agent and, therefore, it
should be detected as an equilibrium intermediate. Clearly, our
experimental data agree with these results.

It has also been reported that bovine pancreatic ribonuclease A,
another member of the onconase superfamily (Fig. 7, panels A and B),
associates in dimeric forms, after swapping of helix1, between two
protein monomers (Fig. 7, panel C), under certain experimental
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Fig. 7. Panel A: Amino acid sequence alignment of onconase and pancreatic
ribonuclease A where a significantly shorter hinge loop for onconase can be
appreciated. Panel B: comparison of the structures of onconase (dark grey) and
ribonuclease A (light grey, PDB code 7rsa). Panel C: Comparison of onconase (dark
grey) and ribonuclease A swapped structure (light grey, PDB code 1r5d) where the α1
helix is interchanged between monomers A and B to form an intertwined dimmer (for
clarity, only chain A is shown).
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conditions [52]. However, this does not seem to be the case for
onconase's behaviour, since we do not see concentration dependence
on thermal transitions. Also, helix1 swapping would be significantly
more complicated for onconase, given that the hinge loop in onconase
is shorter than that of ribonuclease A (Fig. 7, panels A and B).
However, the “opening” of the hinge loop and subsequent detach-
ment of helix1, which contains catalytic critical residues, could be a
plausible explanation for our experimental results, as this movement
would imply the exposure of hydrophobic patches, and the observed
loss of Trp3 fluorescence. A better understanding of this folding
intermediate and its biological implications requires a deeper study
and thus, a detailed directed mutagenesis analysis of onconase is
currently undergoing. Several single point mutations in different
regions of the protein are currently being tested, especially focusing
on the critical hinge loop and helix1 region.
4. Conclusions

The equilibrium thermal denaturation of onconase shows different
denaturation temperatures depending on the spectroscopic probe
that is being followed. Moreover, the DSC experiments are fully
compatible with a three-state unfolding mechanism. Thus, the three-
state sequential model can reproduce the experimental data very
accurately. Therefore, the unfolding of onconase seems to take place
through, at least, one equilibrium intermediate, whose stability is
close to the stability of the native protein and that implies the loss of
about 25% of the interaction energy and some structural changes
around Trp3.
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