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High pressure (HP) or urea is commonly used to disturb folding
species. Pressure favors the reversible unfolding of proteins by
causing changes in the volumetric properties of the protein–sol-
vent system. However, no mechanistic model has fully elucidated
the effects of urea on structure unfolding, even though protein–
urea interactions are considered to be crucial. Here, we provide
NMR spectroscopy and 3D reconstructions from X-ray scattering to
develop the “push-and-pull” hypothesis, which helps to explain
the initial mechanism of chemical unfolding in light of the physical
events triggered by HP. In studying MpNep2 from Moniliophthora
perniciosa, we tracked two cooperative units using HP-NMR as
MpNep2 moved uphill in the energy landscape; this process con-
trasts with the overall structural unfolding that occurs upon
reaching a threshold concentration of urea. At subdenaturing
concentrations of urea, we were able to trap a state in which urea
is preferentially bound to the protein (as determined by NMR inten-
sities and chemical shifts); this state is still folded and not additionally
exposed to solvent [fluorescence and small-angle X-ray scattering
(SAXS)]. This state has a higher susceptibility to pressure denatur-
ation (lower p1/2 and larger ΔVu); thus, urea and HP share concom-
itant effects of urea binding and pulling andwater-inducing pushing,
respectively. These observations explain the differences between the
molecular mechanisms that control the physical and chemical unfold-
ing of proteins, thus opening up new possibilities for the study of
protein folding and providing an interpretation of the nature of
cooperativity in the folding and unfolding processes.
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It is known that proteins are far from equilibrium during folding
reactions, and they undergo a wide range of conformational

states to reach the global folding minimum. Various physical and
chemical strategies, such as the use of high temperature, high
pressure, protonation, altered ionic strength, and harsh de-
naturants, are commonly used to disturb folding species to
promote the formation of rarely observed folding intermediates.
From the thermodynamic point of view, any perturbing agent af-
fecting protein folding is controlled by Le Chatelier’s principle. For
instance, increasing the concentration of urea shifts the folding
equilibrium toward the unfolded state because of the increased
preferential binding of urea to this state. In the case of pressure,
the smaller volume of the unfolded state is favored at high pressure
because it only affects the volumetric properties of the molecule.
The energy landscape theory of folding assumes that protein

folding is the progressive organization of an ensemble of partially
folded structures through which the protein passes on its way to a
native conformation (1–3). Accordingly, proteins have a rugged
funnel-like landscape that is biased toward their native structure
due to evolution (3). Obtaining structural and dynamic infor-
mation on multiple-stage protein intermediates that follow the
folding trail may increase our knowledge of protein misfolding,
which is associated with amyloidosis, prion formation, and the
occurrence of several diseases, including Parkinson’s disease,
Huntington’s disease, spongiform encephalopathy, and, more
recently, cancer (4–6). In these diseases, proteins tend to traverse
the “wrong side of the funnel” (7, 8).

The effects of pressure on proteins were discovered in early
experiments with egg albumin (9). Currently, pressure is exten-
sively used in various biological and biotechnological applica-
tions (10–13) and is one of the most promising variables enabling
the structural analysis of these protein substates. The application
of pressure to a protein forces the water shell into the protein,
thus shifting the equilibrium of the system from the native state
to an intermediate or to the unfolded state. Pressure appears to
favor water infiltration into the protein and the disassembly of
protein cavities (14), leading to increased hydration and de-
creased partial molar volume. Unlike high temperatures, which
cause systematic changes in the total energy and volume of the
molecule, high pressure affects only the volumetric properties of
the molecule. However, under physiological conditions, water
solvation dictates protein folding (15).
High pressure can be coupled with various spectroscopic tech-

niques, including methods based on the intrinsic fluorescence of
Trp residues (16), Fourier-transform infrared spectroscopy (FTIR)
(17), NMR (13, 18, 19), small-angle X-ray scattering (SAXS)
(20, 21), microsecond pressure-jump coupled to fluorescence
lifetime (22), and, more recently, circular dichroism (CD) (23).
To better understand local changes, high-pressure NMR (HP-NMR)
is adopted as the most informative approach (18, 19). SAXS is
another useful tool for assessing changes in protein folding and
the size and shape of macromolecules in solution (24–26).
Most denaturants affect protein folding through their binding

properties. Urea is one of the most commonly used chemical dena-
turants for the study of protein folding and thermodynamics.

Significance

A comprehensive view of protein folding is crucial for un-
derstanding how misfolding can cause neurodegenerative
diseases and cancer. When using physical or chemical pertur-
bations, NMR spectroscopy is a powerful tool to reveal a shift
in the native conformation toward local intermediates that act
as seeds for misfolding. Using NMR, we show that the en-
semble of dry and wet molten-globule intermediates popu-
lated by high pressure is different from that found when urea
is used. The dissimilar actions of urea and pressure can be
summarized by their “pull” and “push” effects, respectively. By
combining NMR and small-angle X-ray scattering (SAXS), we
demonstrate the action of urea at the initial stages of unfold-
ing and the dominance of a direct interaction mechanism for
urea-induced protein denaturation.
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Two main theories exist to explain why urea induces protein
denaturation (27, 28). The first theory hypothesizes an indirect
mechanism by which urea alters the water structure and leads
to hydrophobic group solvation. The second view is based on
the direct interaction of urea with the protein. Most studies are
based on model compounds and theoretical and modeling ap-
proaches, such as molecular dynamics (29–35).
The binding of urea to proteins is based on the ability of urea

to displace water molecules from the first solvation shell (29),
thus increasing the system entropy and weakening the hydro-
phobic effect (36). Pioneer calorimetric studies on protein–urea
interactions were developed by Makhatadze and Privalov (37).
Urea is also believed to form hydrogen bonds with the amide
unit of peptide bonds, as shown by calorimetric measurements of
cyclic dipeptides (36) and H/D exchange by 1D NMR of an
alanine-based model compound (38). A two-stage kinetic
mechanism for the action of urea has been proposed based on
extensive (microsecond) molecular-dynamics simulations (29).
However, at equilibrium conditions, experimental insights into
the action of urea at the initial stages of denaturation are lacking.
A long-standing controversy in the literature concerns the con-
tribution of nonpolar groups, peptide backbone interactions, or
both as the driving force behind urea-induced protein de-
naturation (32, 33, 39, 40). Experimental efforts were mostly
based on measurements of transfer free energies (41, 42) of
amino acid side chains, peptide backbones, or random-coil
polypeptide chains, in which packing defects and the overall 3D
architecture of a native polypeptide chain were neglected.
Here, we studied Moniliophthora perniciosa necrosis- and

ethylene-inducing protein 2 (MpNep2). We systematically stud-
ied protein folding in response to chemical (urea), physical
(pressure), or both perturbations using HP-NMR spectroscopy
and 3D low-resolution shape reconstructions from SAXS data
to better understand how each of the two disturbing agents
(pressure and urea) affect protein folding and to examine how
urea denatures proteins. The use of these synergistic techniques
(HP-NMR and SAXS) provides reliable structural information
on local/global intermediates within protein energy landscapes.
We provide evidence of a conformational state in which urea
binds to the protein without promoting full denaturation by
populating a dry molten globule (DMG). This state is more sen-
sitive to pressure (lower p1/2) due to the presence of a pulling force
and an increased volume change.

Results
Assessing the Effects of Pressure and Temperature on Protein Unfolding
Based on Trp Fluorescence and NMR Spectroscopy. Steady-state
fluorescence spectroscopy is commonly used to probe confor-
mational transitions in proteins as a function of the perturbing
agent. MpNep2 contains multiple Trp residues (Fig. 1A), thus
enabling the observation of its global conformational changes. A
surface representation of the eight Trp residues in the MpNep2
crystal structure reveals that only two residues (Trp103 and
Trp208) are completely buried in the structure, which is consistent
with its center of spectral mass at ∼28,850 cm−1. We used various
temperatures and increasing pressures to observe complete
unfolding of this protein, which occurred at 37 °C and 2.5 kbar,
yielding a center of spectral mass at ∼28,300 cm−1, which is close
to that of free tryptophan in solution. Titrations at 15 and 25 °C
were not sufficient to shift the equilibrium to the unfolded state,
indicating that transient high-energy substates were formed
(Fig. 1B).
ΔVu values for H–N of Trp residues were obtained from fits of

the 1H–
15N heteronuclear single-quantum coherence (HSQC)

peak intensity vs. pressure increase (Fig. 1 C and D) and revealed
different contributions among them. The transitions were ana-
lyzed as two-state processes. Trp208 showed the biggest ΔVu
contribution (128.8 ± 5.6 mL/mol) compared with the other Trp

residues (Fig. 1E) and to the overall ΔVu obtained from Trp
fluorescence (72.9 ± 3 mL/mol), as expected for a buried residue
upon unfolding.

NMR Spectroscopy Revealing Site-Specific Changes Caused by High
Pressure and the Addition of Urea. Fig. 2 A and B show a set of
merged 1H–

15N HSQC spectra obtained at 25 °C for pressures
ranging from 0.001 to 2.5 kbar and urea concentrations ranging
from 0 to 1.5 M, respectively. Based on a qualitative evaluation
of the HSQC NMR spectra, we were able to study local con-
formational diversity (43) based on two straightforward param-
eters: (i) the measurement of systematic chemical shifts and
(ii) line broadening of the corresponding 1H–

15N cross-peaks.
We observed systematic changes in chemical shifts for all 1H–

15N
cross-peaks with increasing pressure up to 2 kbar, without losing
spectral dispersion (Fig. 2A). In contrast to this observation, less
chemical shift contribution was observed upon urea titration
(Fig. 2B). At 25 °C and 2.5 kbar, most cross-peaks disappeared,
strongly suggesting the occurrence of a greater conformational
change consistent with unfolding. However, a residual population
of low-intensity peaks [37 out of 144 analyzed peaks (25.7%)]
remained visible in this condition. At 15 °C and 2.5 kbar, these
residual peaks represented 45 of the 112 analyzed peaks (40.1%),

Fig. 1. (A) A schematic representation of the secondary structural elements
of MpNep2 (gray). Trp side chains are highlighted as red sticks, and the
corresponding solvent-accessible surfaces of these residues are shown.
(B) Plots of the emission wavelength (λc) obtained from Trp spectra for
pressures ranging from 0.001 to 3.5 kbar at 15, 25, and 37 °C. (C and D) Cross-
peak relative intensity profile vs. pressure obtained from 1H–15N HSQC ex-
periments at 37 °C for H–N Trp145 and 208 resonances. (E) ΔVu values
obtained by fluorescence spectroscopy and NMR.
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but at 37 °C and 2 kbar, these cross-peaks were no longer ob-
served, a condition under which the unfolded species was
obtained. As shown in Fig. 2A, a cluster of peaks is commonly
observed in the central part of the spectrum under these con-
ditions. At 1.5 M urea (Fig. 2B), we observed the following:
(i) some cross-peaks were no longer visible, (ii) most of the
cross-peaks were drastically reduced in intensity, and (iii) some
new cross-peaks were present in the spectrum. At higher urea
concentrations (>2 M), the protein was totally unfolded, as
reflected by intermediate exchanging rate acquisition (i.e.,
NMR peak disappearance).
We also recorded 1H–

15N HSQC spectra at 5 and 10 °C with
increasing pressure up to 2.5 kbar to trap and stabilize an in-
creased residual population of the low-intensity cross-peaks
previously identified at higher temperatures (15 and 25 °C at
2.5 kbar). Under these conditions, we observed a dispersion
profile for the HSQC spectrum at 1 bar that differed from the
results observed at higher temperatures (SI Appendix, Fig. S1).
Under pressures higher than 1 kbar, we observed protein
unfolding at both temperatures. These observations indicate that
highly energetic intermediates of MpNep2 may be trapped and
stabilized at temperatures lower than 15 °C. The observed
spectral changes were totally reversible under all conditions, as
shown by decompression spectra (SI Appendix, Fig. S1). In par-
ticular, at 5 °C, one can clearly deduce that cold denaturation
assisted by pressure is present (SI Appendix, Fig. S1).
The systematic changes in chemical shift resulting from high-

pressure treatment are shown as 1H and 15N chemical shifts (ΔδH
and ΔδN) from the values observed at 1 bar for each temperature
and are plotted as a function of the residue number (SI Appendix,
Fig. S2). Because the changes in peak position were systematic
and almost linear for pressure increases up to 2 kbar, sequential
assignments were straightforward, made by following and ex-
trapolating the earliest assignments (at room temperature and
1 bar) (44). We obtained an average 1H chemical shift of 0.03 ±
0.06 ppm over all residues by comparing the values obtained at
2 kbar to those obtained at 1 bar for 15 and 25 °C. For the av-
erage 15N value under the same conditions, we obtained 0.47 ±
0.33 ppm at 15 °C and 0.46 ± 0.36 ppm at 25 °C. The higher
sensitivity of the ΔδH values to pressure is directly associated
with the shortening of hydrogen bonds between 1H nuclei and
the solvent shell and, to a lesser extent, with the shortening of
those hydrogen bonds participating in secondary and tertiary
contacts. Based on our Δδ analysis at 25 °C, we detected 24 1H
nuclei that underwent chemical shifts at least 100% greater than
the average value for all residues (SI Appendix, Fig. S2A).
Mapping these residues in the MpNep2 structure (SI Appendix,
Fig. S2B) revealed that pressure globally shortens hydrogen
bonds, similar to observations made in other proteins, including
hen lysozyme (45) and basic pancreatic trypsin inhibitor (46). We
observed that significant changes were found in or near loop
regions (residues V22, D24, A33, S34, G35, Y55, S65, A77, A91,

T92, I110, D157, S173, T179, T187, and N212) and within re-
gions of protein secondary structure (residues T40, T81, V100,
A123, Y165, A198, N203, and R205). In addition to aiding in the
identification of hydrogen bond length changes, 15N shifts also
provided insights regarding torsion angle changes in the back-
bone. We detected 18 15N nuclei that underwent significant
changes (SI Appendix, Fig. S2C); of these, 10 out of 18 were
common to those changes observed for the 1H nucleus (A33, S34,
G35, T81, Y165, S173, T179, A198, N203, and R205).
Because chemical shifts are very sensitive to changes in mo-

lecular structure, the chemical shift dependence on pressure was
examined more closely. Of the residual 1H–

15N cross-peaks ob-
served at 25 °C and 2.5 kbar, most exhibited a linear dependence
on pressure for the Δδ 1H and 15N shifts (SI Appendix, Fig. S3 A
and B), indicative of a linear response of hydrogen bond distance
and torsion angles to pressure. Although most 1H–

15N cross-
peaks changed linearly with pressure, we detected several ΔδH
and ΔδN that changed nonlinearly, as shown in SI Appendix, Fig.
S3 C–E. For these nonlinear changes, we used sigmoidal, hy-
perbolical, and polynomial equations to fit the data, revealing
that the behavior of some residues in response to pressure was
complex. Although affected to a lesser extent compared with
pressure, the chemical-shift dependence on urea might provide
clues about the binding sites of urea to the protein surface.
Chemical-shift perturbation (CSP) analysis is extremely pow-

erful and can help map changes in the local environment of a
nuclei due to aromatic ring current effects, peptide bond an-
isotropy, electrostatic interactions, and hydrogen bonding (47).
Using CSP, we mapped the primary (C52, D80, H118, D135,
G143, W145, E192, and I220) and secondary (G35, T40, A91,
G115, D119, W191, and A211) preferential binding sites of urea
to MpNep2 (SI Appendix, Fig. S4 A–C). Notably, excluding C52,
all mapped residues were on the protein surface and presented
labile oxygen and nitrogen atoms from the backbone and side
chains (SI Appendix, Fig. S4 B and C). Finally, the lack of cor-
relation between 1H Δδ obtained with high pressure (δ1,600bar −
δ1bar) and with urea (δ0.75M − δ0M) (Fig. 2C) indicates that phy-
sical and chemical agents affect protein structure through different
mechanisms.

Measuring Pressure Effects Based on Peak Intensities. Another im-
portant parameter that is commonly used to measure the degree
of local changes is the line broadening of 1H–

15N cross-peaks as
a function of increasing pressure. Line broadening reflects dy-
namic effects occurring on different timescales, ranging from
thermal motions to slow-intermediate conformational exchange
(43). Fast-intermediate conformational exchange results in NMR
spectra with broader lines (i.e., peak intensity reduction) may
account for protein–solvent interactions or protein unfolding
events. Using pressure as the perturbing agent, we observed
various intensity changes among the 1H–

15N correlations; these
intensity variations were classified as very sharp, sharp, smooth,

Fig. 2. Pressure and urea perturb MpNep2 through different mechanisms. Representative 1H–15N HSQC spectra of MpNep2 for various pressures (A) and urea
concentrations (B) at 25 °C. (C) Correlation plot of 1H Δδ obtained by high pressure (δ1,600bar − δ1bar) and urea (δ0.75M − δ0M).
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and very smooth, and are represented in Fig. 3 A–C in black,
blue, cyan, and red, respectively. Increasing the temperature
from 15 to 25 °C resulted in an inverse relationship between the
number of residues participating in the smooth and very
smooth decaying groups (from 47 residues at 15 °C to 79 resi-
dues at 25 °C for the smooth decaying group and from 45
residues at 15 °C to 37 residues at 25 °C for the very smooth
decaying group). Several residues participating in the smooth
group at 25 °C presented a mountain-like intensity distribution,
which was not observed at 15 °C. In the very smooth decaying
group, we observed that, at 25 °C, the average intensity decay
among all residues was more pronounced than that observed at
15 °C, reaching 0.47 at 15 °C/2.5 kbar compared with 0.24 at
25 °C/2.5 kbar (Fig. 3 A and B). At 37 °C, most peaks shifted
from the very smooth and smooth groups to the sharp decaying
group (Fig. 3C), and only 14 residual peaks were observed in
the smooth decaying group (Q43, A84, V88, L99, V124, V125,
F126, N155, I156, G183, G193, R199, G221, and S225).
Qualitatively, the sharper the transition, the greater the sen-

sitivity to pressure associated with larger volume changes. Ob-
servation of these groups in the MpNep2 structure yielded
insights about the mechanism by which pressure affects MpNep2
protein folding. We observed that 6 out of 14 side chains (Y55,
A57, Y87, A98, W120, and S140) belonging to the very sharp
decaying group at 15 °C (represented as black spheres in Fig. 3
D–F) were located internally within the protein. A comparison of
the intensity distributions between 15 and 25 °C revealed that
residues participating in the smooth decaying group were pri-
marily located in the main β-sheet region of the MpNep2
structure and that residues in the very smooth decaying group
were mostly located in helical regions. At the structural level, two
cooperative units are revealed by the mapped residues upon the
pressure increase: the two most C-terminal α-helices of the
protein and the main β-sheet in the protein core. The two most
C-terminal α-helices form a hydrophobic bulk sandwiched with
the protein manifold that is not associated with the presence of
solvent-excluded cavities, as theoretically calculated (48) based
on the MpNep2 crystal structure (49) (Fig. 4 A and B). It is
possible that this bulk (containing the side chains of A57, Y87,

and W120) is the region that is most sensitive to compression
effects and might be affected by the penetration of water into a
large cavity that is lined with acidic residues and exposed to the
solvent (Fig. 4C). Of note, the N–H bond between W120 and
S140 is located deep within this exposed cavity. Through this
mechanism, the protein may lose hydrophobic interactions within
the bulk, while maintaining the helical segments within the
cooperative unit. In line with this, several residues located in
this C-terminal cooperative unit, including His207, Trp208,
Ala211, Ala216, and Asp217, shared the highest ΔVu contri-
bution compared with the other residues (Fig. 4 D and E and
SI Appendix, Fig. S5).
Finally, fractional contact maps at 1 kbar and 25 °C displayed a

higher probability of contact formation [p(i, j) > 90%] among
residues located internal to these cooperative units compared
with those located in the N-terminal loop region [50% < p(i, j) <
60%] (Fig. 4 F and G and SI Appendix, Fig. S6). Altogether, we
conclude that the initial steps for pressure-dependent protein
unfolding occur at the most extreme N- and C-terminal regions
of the protein, a process that would convert the protein to a
molten-globule state (50, 51).

Fig. 3. Line-broadening analysis of the response to increasing pressure at
various temperatures. (A–C) Changes in resonance intensities to increasing
pressure are classified as very sharp (black), sharp (blue), smooth (cyan), and
very smooth (red) decaying groups at 15, 25, and 37 °C. Average results for
the very smooth decaying group are shown for 15 and 25 °C, and average
results for the sharp decaying group for 37 °C are shown as solid circles. (D–F)
Mapping of very sharp (spheres), smooth and very smooth decaying groups
onto the MpNep2 crystal structure (PDB ID code 3ST1) for the results
obtained at 15, 25, and 37 °C. The color scheme used is the same as that used
in A, B, and C.

Fig. 4. The proposed mechanism for pressure unfolding mediated by co-
operative units. (A) The crystal structure of MpNep2 highlights the two co-
operative units detected by pressure titration (red and cyan). (B) Surface
distribution of MpNep2 solvent-exposed (violet) and solvent-excluded cavi-
ties (green). The circles shown in A and B represent the hydrophobic cavities.
(C) Electrostatic surface of MpNep2, highlighting the acidic cavern that
mediates water penetration and the initiation of protein unfolding. (D) ΔVu

values among residues for MpNep2 calculated from the loss of 1H–15N HSQC
cross-peak intensities at 37 °C. The highlighted values (red) correspond to
those H–N resonances that are higher than the average ΔVu value plus one
time SD (94.6 ± 33.9 mL/mol). (E) A crystal structure highlighting the residues
that had higher contributions (red labeled in D) to volume change during
pressure-dependent protein unfolding. (F and G) MpNep2 contact maps
(gray) representing the probability of contacts between 50–60% (orange)
and >90% (blue). Contact formation probabilities between 50–60% and
>90% for each pair of residue mapped at 1,000 bar and 25 °C are high-
lighted in the crystal structures as orange and blue solid lines, respectively.
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Measuring Urea Effects Based on NMR Peak Intensities and SAXS.
When urea was the perturbing agent, a similar decay transition
was detected among all analyzed resonances; however, no values
reached zero, even in concentrations of urea as high as 1.5 M
(Fig. 5A) at 25 °C (unlike the results obtained by varying the
pressure). Because NMR data indicate the presence of a unique
cooperative decay upon treatment with urea, we designed single-
point SAXS experiments under equilibrium using subdenaturing
concentrations of urea, which were determined based on Trp
fluorescence spectroscopy experiments (44), to probe confor-
mational states that occur immediately before protein dena-
turation. The distance distribution function P(r) revealed an
overall similar shape in the range of 0–0.75 M urea (Fig. 5B),
with discrete increases in Dmax from 72.6 Å at 0 M to 77 Å at
0.75 M urea, and with a range of Rg from 21 Å at 0 M to 23.5 Å
at 0.75 M. These observations were confirmed by ab initio low-
resolution shape reconstructions using the X-ray scattering profile
as input (Fig. 5C). As revealed by SAXS, the protein architecture
remained firmly packed at urea concentrations of up to 0.75 M
(Fig. 5 B and C); however, a homogenous decrease in peak
intensity was observed by NMR at this urea concentration.
Because SAXS data revealed a packed/folded structure at

0.75 M urea and because NMR line-broadening effects are com-
monly associated with changes in protein dynamics due to a mix-
ture of protein–solvent interactions or unfolding effects, for
MpNep2, the effects observed by NMR urea titrations on peak
intensities exhibit major urea-binding contributions rather than
protein unfolding. Kratky plots obtained from the SAXS data
confirm that MpNep2 is folded at 0.75 M urea (SI Appendix,
Fig. S7). Increasing the urea concentration from 0.75 to 1 M led
to an abrupt increase in the dimensional values, as observed for
Dmax and Rg, and a loss of protein structure; this finding reveals
that urea, unlike pressure, appears to form a global cooperative
ensemble of structures. We previously obtained a U1/2 value of
1.41 M using Trp fluorescence spectroscopy (44). Using NMR

spectroscopy, based on the average intensity of the cross-peaks
in Fig. 5A, we calculated a U1/2 value of 0.5 M, which is quite
different from that calculated by fluorescence. However, the
SAXS data are consistent with our previous fluorescence data
(Rg as a function of urea concentration; Fig. 5B, Inset). Unlike
the SAXS and fluorescence data, the NMR data provide evi-
dence for local specific changes at each N–H bond. This ap-
parent discrepancy between U1/2 values is explained by the
major contribution of preferential binding of urea to the pro-
tein before unfolding (likely due to N–H bonds with the protein
backbone and side chains) as reported by NMR. As discussed
below, the binding of urea is likely to replace water molecules
and result in the formation of a dry globule, which remains
compact (SAXS data), with the Trp protected from solvent
relaxation (fluorescence data) and with urea predominantly
bound to the protein surface at concentrations below 0.75 M
(CSP analysis; SI Appendix, Fig. S4). The H–N from the Trp
indole groups were not affected by urea up to 0.75 M and began
a smooth decrease at higher concentrations that was accom-
panied by structure disruption (Fig. 6). The homogenous effect
on the H–N peptide bond (reported by peak intensities) is
probably due to urea covering the protein surface and slowing
the backbone dynamics and not to the fact that it is the site of
preferential binding (better reported by CSP analysis).

Experimental Evidence for a Push-and-Pull Model. The overall re-
sults presented above indicate that urea preferentially binds to
protein (“pull” effect), whereas pressure favors hydration
(“push” effects). If true, pressure and urea have opposite effects
at the initial stages under equilibrium, i.e., preferential hydration
and preferential urea binding, and the combination of the two
methods should lead to a mixture of these two effects. Fig. 7
shows the effects of pressure on MpNep2 at urea concentrations
of 0.3 and 0.5 M, and SI Appendix, Fig. S8, shows the effects on
the SH2 domain from c-Abl tyrosine kinase at concentrations of

Fig. 5. Mechanism for chemical unfolding. (A) Line-broadening analysis of the response to increasing urea concentrations at 25 °C. The changes in resonance
intensities in response to increasing urea concentrations are uniformly distributed. Average results (solid circles) were used to fit the sigmoidal transition
(Inset). (B) Distance distribution function of MpNep2 for various subdenaturing urea concentrations obtained from X-ray scattering. The Inset shows Rg values
in response to increasing concentrations of urea for MpNep2 calculated using GNOM software (red circles) and superimposed with the denaturation fraction
(blue circles) obtained from fluorescence data (44). (C) Three-dimensional molecular shape reconstructions for various subdenaturing urea concentrations.
Subtracted scattering plots were fitted using the GNOM suite to generate shape restorations.
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4–4.8 M. These urea concentrations were sufficient to lead to
preferential binding, but not unfolding, at atmospheric pressures
as determined by urea titrations (44) (SI Appendix, Fig. S8A).
Increasing the urea concentration shifted the pressure dena-
turation curves to lower pressure, as determined by fluorescence
spectroscopy (Fig. 7A and SI Appendix, Fig. S8B) and NMR
(Fig. 7B). ΔVu increased significantly, and a decrease in the
heterogeneity of the pressure effects on ΔVu was observed, as
determined by the frequency distribution of the averaged res-
idues (Fig. 7 C and D). SI Appendix, Table S1, summarizes the
unanimous ΔVu behavior upon increasing urea concentrations
for three different protein models, including skeletal troponin
C in the apo and holo states, MpNep2, and an SH2 domain.
Additionally, similar behavior has been observed for different
mutants of staphylococcal nuclease (SNAse) with increasing
concentrations of guanidinium chloride (Gdm-Cl) (52, 53).

Discussion
Here, we present the push-and-pull hypothesis to account for the
effects of chemical and physical (pressure) denaturation of the
folded state of a protein. Although both chemical and pressure
denaturation processes are controlled by Le Chatelier’s princi-
ple, the molecular mechanisms are different. We know that
pressure shifts the equilibrium toward the denatured state due to
the negative volume change, which is generally explained by a
combination of several effects: the disruption of water-excluded
cavities in the protein interior, electrostriction of broken salt
bridges, and general water solvation (10–14). Monitoring each
amino acid residue by NMR has permitted us to map the pro-
gressive effects of pressure. At low pressures, linear effects are
observed as pressure is increased due to the shortening of hy-
drogen bonds. The population of these low-lying excited states is
a springboard to partially unfolded states. Thus, pressure leads to a
homogeneous shrinking of the protein, followed by an unfolding
intermediate with part of the hydrophobic core exposed and, ulti-
mately, full denaturation (Fig. 8).
In contrast, urea denaturation does not affect protein con-

formation until cooperative unfolding to the denatured state
occurs. The “push-and-pull” mechanism has a dual character,
explaining the general differences expected after denaturation
with pressure vs. chemical agents. The use of a two-state as-
sumption is the simplest thermodynamic analysis for both urea
and pressure effects, and the analysis would be little affected if
more complex assumptions were used.
Much debate regarding the contributions of cavities and

hydration to the negative volume change upon unfolding, as

well as compressibility effects, exists (10–14). Using NMR, the
“squeezing” of the hydrogen bonds in parallel with the het-
erogeneous release of the water-excluded cavities by hydration
was explored. Because we obtained high-precision data, we now
understand these molecular events in detail.
In contrast to the pushing effects of pressure, we show for the

first time (to our knowledge) how urea acts along a protein,
pulling its structure as it preferentially binds to the protein (Fig. 8).
Our data clearly demonstrate that the most significant contri-
bution is the “direct” urea–protein interaction rather than an
“indirect” mechanism caused by a change in the water structure.
The pressure data at 0.3 and 0.5 M urea (Fig. 7 A–D) are crucial
pieces of evidence supporting the action of the push-and-pull
mechanism in MpNep2 denaturation and other protein models
(SI Appendix, Table S1). At concentrations of 0.3 and 0.5 M, urea
covers the protein surface and is preferentially bound to gener-
ate a hidden intermediate that has increased cavities (larger
ΔVu) in addition to the expected destabilization to pressure
(lower p1/2). In parallel, a “homogenization” of the pressure ef-
fect occurs. Weber and coworkers (54, 55) postulated a similar
mechanism to explain the increased pressure sensitivity and
homogenization caused by subdenaturing concentrations of urea.
How much of the results obtained for MpNep2 can be gen-

eralized to other proteins? In SI Appendix, Table S1, we show
data that are available for pressure and urea denaturation of
different proteins. In the case of apomyoglobin, although sepa-
rate elegant works on pressure denaturation (56) and urea de-
naturation (57) exist, NMR data have been extensively obtained
at 8 M urea and not at intermediate urea concentrations. Con-
siderable fluorescence and NMR data are available for the urea
and pressure denaturation of the N and C domains of troponin C
(24, 58–60). Clearly, MpNep2 is highly sensitive to urea and
pressure. We believe that the separation of the effects of urea
covering and binding to the protein surface (decrease in NMR
signal before unfolding with modest changes in chemical shifts)
and cooperative urea denaturation might vary from protein to
protein. For the studied SH2 domain, we observed that urea
binding most significantly affects chemical shifts rather than line
broadening (SI Appendix, Fig. S8 C and D). Thus, different
protein models may have different susceptibilities to urea-bind-
ing effects, particularly considering the difference in folding
stability investigated herein (MpNep2: ΔGu = 2.41 kcal/mol;
SH2: ΔGu = 7.36 kcal/mol). The NMR spectra might respond
differently depending on the exchange rate of the system upon
binding (fast exchange, implying systematic chemical shifts, and
intermediate exchange, indicating line broadening). The oppos-
ing NMR effects observed during urea binding to MpNep2
(major contribution to peak intensities and less to chemical
shifts) and SH2 (less contribution to peak intensities and more to
chemical shifts) confirm that the effects of urea binding are
protein sensitive. In the fast-exchange regime, CSP analysis is the
most common parameter to define binding sites on proteins (47)
and is most often influenced by through-space and through-bond
interactions of 1H and 15N nuclei. The summation of the inter-
acting effects results in the observed shifts and the primary and
secondary binding sites of urea to MpNep2 and to the SH2
domain (SI Appendix, Figs. S4 A–C and S8 E and F).
We cannot distinguish whether urea is preferentially bound to

the protein backbone or to its side chains. Although we clearly
show that the backbone N–H NMR intensity of MpNep2 de-
creases more than the imine N–H Trp (Fig. 6) and that all pri-
mary and secondary binding sites possess exposed side chains
at the protein surface (SI Appendix, Figs. S4 and S8), the binding
location cannot be determined with certainty. Based on a
“universal-backbone” transfer model and molecular-dynamic
simulations, the backbone and side chains equally contribute
to urea-induced protein denaturation (61). In the slow-intermediate
analysis performed for MpNep2, we believe that the dramatic

Fig. 6. Trp line-broadening analysis of the response to increasing urea for
backbone and indole H–N resonances.
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decrease in resonance intensity is caused by urea covering the
protein surface and slowing its backbone dynamics before
unfolding. During this water exclusion, urea preferentially
binds to specific residues on the protein surface (monitored by
CSP). Our data agree with data from Guinn et al. (31), who
showed that urea accumulates moderately at amide O and
weakly at aliphatic C using model compounds. The pressure
denaturation data at 0.5 M urea that shows that the volume
change has increased and that p1/2 has decreased add evidence
to this theory. An analogy of blowing up a bag with air (urea) in
contrast to a packed bag (without urea) can be generated.

Site-Specific Effects of Pressure. Concerning the effects of pressure
below 1.5 kbar, our data clearly show the effects of pressure on
hydrogen bonds, which are likely due to compressibility effects.
However, the changes in water density around the more hydro-
phobic groups lead to the observed volume changes and pressure
effect heterogeneity. The charged and polar groups on the pro-
tein surface are already electrostricted and suffer smaller pres-
sure effects than the hydrophobic and less polar groups. A new
methodology, pressure perturbation calorimetry (PPC), has
made it possible to evaluate the changes in hydration of the side
chains as a function of temperature (62–64). In PPC, the thermal

expansion coefficient of a peptide or a protein is obtained di-
rectly from the heat absorbed or released after small pressure
jumps. The apparent opposing effects of pushing water into the
protein upon increasing pressure and the thermal expansion
coefficients (α) as a function of temperature, α(T), may be rec-
onciled when the terms participating in the volume change of a
protein are considered separately [i.e., υint, sum of van der Waals
volumes of all atoms and internal cavities; υhyd, volume associ-
ated with the hydration of the solvent-accessible surface of the
protein (relative to the bulk); and υt, the thermal volume related
to the molecular vibrations of the protein and the solvent] (63).
This approach emphasizes the specific contribution of each of
these terms to the overall volume change of a protein, which may
vary depending on whether one uses one physical perturbation
(e.g., high pressure up to 2,500 bar in case of HP-NMR) or two
(e.g., low pressure around 5.5 bar and high temperature in case
of PPC, where the density of the systems is hardly affected, but
the thermal energy changes). Increasing the temperature of a
system at low pressure has a greater contribution to υt than to υint

or υhyd, and consequently leads to the expansion of the solvent
away from the protein surface. The result differs from that
obtained by applying high pressure at room temperature, where

Fig. 7. The push-and-pull model revealed by high-pressure titrations at different subdenaturing concentrations of urea for MpNep2. (A) Pressure-induced
unfolding at 0, 0.3, and 0.5 M urea monitored by Trp fluorescence. (B) Volume changes upon unfolding (ΔVu) as a function of the protein sequence at 0, 0.3,
and 0.5 M urea. (C) ΔVu values obtained by Trp fluorescence and from 1H–15N HSQC NMR spectra fits. (D) Distribution of ΔVu values obtained for MpNep2 at
0, 0.3, and 0.5 M urea.
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υhyd and υint have a greater contribution than υt, thereby ren-
dering the push effect of the solvent predominant.
Using a line-broadening analysis, we observed that pressure

affects MpNep2 folding heterogeneously, leading to the local
unfolding of specific regions of the protein architecture (U`, U``,
. . ., U`n states), as shown in Fig. 3 D–F. Based on this evaluation,
we identified the two most C-terminal α-helices and the core
β-sheet as cooperative folding units. Taking these cooperative
units together with the residues clustered in the very sharp
decaying group and the fractional contact map analysis, we were
able to probe the segments of the protein in which the tertiary
architecture was affected by pressure first. We noted that, in the
initial stage of unfolding, pressure effects are governed by vol-
ume decreases due to hydrophobic solvation. Three residues,
A57, Y87, and W120, located in a hydrophobic pocket, exhibited
very sharp transitions at pressures up to 1.5 kbar, suggesting that
hydrophobic solvation in this compartment might be caused by
water penetration into the nearby acidic exposed cleft. In line
with this, several residues located in this C-terminal cooperative
unit made greater contributions to ΔVu. Cooperative folding
units have been explored in several proteins, including cyto-
chrome c (65) and apocytochrome b562 (66), using different
perturbing agents.
Despite recent evidence that pressure unfolds proteins due to

the disruption of solvent-excluded microcavities in the unfolded
state (14), we did not observe cavities located near this hydro-
phobic bulk suffering from pressure effects, as theoretically cal-
culated from the crystal structure of the studied protein.
Long-lived NOE contacts between water and interior amide

hydrogen contacts in NOESY spectra were not detected at 2.5 kbar
for ubiquitin (67), even though simulations at higher pressures
(3 kbar) were able to detect water penetration (68, 69). This
could be explained by equilibrium shifts from a DMG (at
2.5 kbar) to a wet molten globule (>3 kbar) for ubiquitin (67–70).
For the MpNep2 structure, we believe that protein unfolding
mediated by pressure occurs as the result of mixing events. At
pressures of up to 1.5 kbar, we detected H–N bonds located within
a hydrophobic bulk, suggesting that the volume is reduced due to
hydrophobic solvation in the initial steps. This state is likely a
DMG conformation similar to that found in ubiquitin (67).
However, at higher pressures, we cannot exclude the possibility
that water penetration into solvent-excluded cavities contrib-
utes to this effect because the cooperative β-sheet unit participates

in the formation of these excluded voids together with other
segments of the protein.

The Direct Interaction Mechanism Is Dominant in Chemical Unfolding
and Leads to the Pull Effect. Using NMR spectroscopy, we calcu-
lated a U1/2 value of 0.5 M based on the average intensity of the
residues in Fig. 5A, which is significantly different from that
calculated by fluorescence and SAXS (U1/2 values around 1.4 M).
The apparent discrepancy between the U1/2 values can be
explained by the preferential binding and covering of the protein
by urea at a slow-intermediate exchange rate without a drastic
effect on the structure. Urea binding was also mapped for the
SH2 domain, but in a fast-exchange regime using CSP analysis
(SI Appendix, Fig. S8 E and F). SAXS reconstructions revealed
that the MpNep2 architecture was maintained up to 0.75 M
urea, which is largely consistent with the NMR observations
(relative intensity did not reach zero during urea titration).
The formation of a state with attenuated NMR intensities at

low urea concentration is strong evidence supporting the for-
mation of a DMG at equilibrium conditions. This hypothesis was
further verified by treating this state (at 0.5 M urea) with pres-
sure and observing the dry-globule behavior. As predicted by our
push-and-pull model, the protein is destabilized, exhibits larger
volume changes, and is less heterogeneous. The DMG state has
been postulated previously and observed in some experiments
(71). An early experiment on guanidinium-induced unfolding of
RNase revealed a DMG state as determined by NMR (72).
Stopped-flow NMR spectroscopy also detected a DMG state for
dihydrofolate reductase (73). In these two cases, there was fast
formation of an intermediate that had an expanded form but no
increase in solvent exposure. In a recent kinetic study of mon-
ellin unfolding, FRET revealed a fast expansion of the native
state before unfolding (74). More recently, in the case of villin
headpiece (HP35), the DMG intermediate was characterized by
conformational fluctuations at equilibrium (75). In silico kinetic
studies of lysozyme denaturation by urea (29) have revealed that
urea accumulates around the lysozyme, expelling water mole-
cules from the first hydration shell of the protein. These authors
also found that urea penetrated the hydrophobic core before
water, forming a “dry globule.”
Detection of DMG species is elusive because the tryptophan

residues are still buried in the interior of the protein and there is
not enough exposed hydrophobic surface to be detected by other
fluorescence probes (71). In the case of MpNep2, we detected
the DMG intermediate at low urea concentrations when the
tryptophan environment was not affected (no significant hydra-
tion) and no significant changes in the overall packing (SAXS)
occurred (Fig. 5). Only changes in NMR intensity were detected
as well as some CSPs due to urea binding. Unfortunately, the
long acquisition times required for NMR make it difficult to
detect this intermediate in the unfolding kinetics for MpNep2. It
was peculiar that the DMG state of MpNep2 was populated over
a short range of urea concentrations. In the case of villin head-
piece (HP35), the DMG intermediate could also be observed by
monitoring conformational fluctuations at equilibrium (75).
Taken together, these observations provide us with mecha-

nistic explanations of how urea controls protein unfolding. Our
results clearly establish the direct interaction mechanism as the
dominant mechanism of urea-induced protein denaturation as
shown by the peak intensities and systematic chemical shifts. The
ensemble of conformations populated at low urea concentrations
is consistent with a DMG in which the protein surface is domi-
nated by urea instead of water molecules.
Tracing some parallels with high pressure, we can state that

pressure affects protein structure due to compressibility effects
leading to a shortening of protein–protein and protein–solvent
H bonds; this phenomenon contrasts with the “H-bond shift”
that occurs during urea binding (Fig. 8). Consequently, pressure

Fig. 8. Urea and high pressure results in different local unfolding states.
The ensemble of dry (DM) and wet molten globule (WM) intermediates (I) in
response to high pressure and urea are different according to NMR spec-
troscopy. A schematic of the push-and-pull hypothesis used to explain the
mechanisms of the physical and chemical unfolding of proteins. Water
molecules are indicated by red spheres, and urea molecules are indicated by
yellow spheres. Arrows represent the inhomogeneous effect of pressure in
contrast to that of urea.
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ultimately pushes water molecules against protein atoms, het-
erogeneously affecting the structure, unlike urea, which homo-
genously pulls water molecules away from the solvation shell due
to its binding properties. Water pull would drive the conforma-
tion into an unstable DMG state, thus explaining why small
additional increases in urea concentration result in cooperative
unfolding (Fig. 8). Similarly, pulling the structure would make it
more sensitive to pressure (lower p1/2), with a tendency to have
larger volume changes, as verified in Fig. 7 and SI Appendix,
Table S1. The separate and combined thermodynamic effects of
urea and pressure have allowed us to provide a push-and-pull
molecular interpretation for these effects, taking advantage of
site-specific (NMR) and global (fluorescence and SAXS) meth-
ods. These interpretations provide insights that illuminate the
cumulative effects of using subdenaturing concentrations of urea
and pressure to measure protein folding and stability. In con-
clusion, we present experimental data introducing the push-and-
pull hypothesis, which may explain differences between the
molecular mechanisms involved during the physical and chemical
unfolding of proteins. These observations open up possibilities
for the study of protein folding and provide a new interpretation
to explain the nature of the cooperative behavior of proteins
during folding reactions.

Materials and Methods
Protein Preparation and Assignment. The SH2 domain from c-Abl protein and
MpNep2 were purified and assigned as previously described (25, 44). For the
high-pressure fluorescence and NMR experiments, size exclusion chroma-
tography in Superdex 75 10/300 (GE Life Science) was performed immedi-
ately before each experiment using 20 mM Tris·HCl (pH 7.4) containing
80 mM NaCl.

Fluorescence Spectroscopy. High-pressure fluorescence emission measure-
ments were recorded using an ISSK2 spectrofluorometer (ISS, Inc.) equipped
with a high-pressure cell (ISS, Inc.). Trp emission spectra were collected from
0.001 to 3.5 kbar in 0.345-kbar increments at 15, 25, and 37 °C. Samples (5 μM)
were left for 10 min at each pressure before excitation. Trp residues were
excited at 280 nm using a slit width of 1 mm, and the emission was recorded
from 300 to 400 nm using a slit width of 1 mm. Experiments were performed
three times with different preparations, and the results are expressed as the
mean. Changes in the fluorescence spectra recorded at each pressure were
quantified as the center of spectral mass (per centimeter) as previously de-
scribed (44). Stability measurements were performed using urea, as pre-
viously reported for the MpNep2 protein (44). All of the transitions were
analyzed as two-state processes.

HP-NMR Spectroscopy. High-pressure heteronuclear 1H–15N HSQC NMR
spectra were acquired using a zirconia NMR tube with an internal diameter
of 3 mm and an outer diameter of 5 mm (Daedalus Innovations) at 5, 10, 15,
25, and 37 °C and a Bruker Avance III 800-MHz spectrometer. An Xtreme-60
Syringe pump system (Daedalus Innovations) was used to generate pressures
from 1 to 20, 50, 200, 400, 600, 800, 1,000, 1,200, 1,400, 1,600, 1,800, 2,000,
2,200, 2,400, and 2,500 bar at each of the temperatures listed above.

For thermodynamic analysis, a first-order sigmoidal equation was used to
fit 1H–15N HSQC cross-peak intensity vs. pressure for those resonances that
could be followed throughout the unfolding reaction (more than 70 H–N
fits). Volume changes (ΔVu) were calculated as described previously (59)
assuming two-state transitions.

For the chemical titration, 1H–15N HSQC spectra were recorded at dif-
ferent urea concentrations in a BMS-003 Shigemi NMR tube at 25 °C. The 1H
dimension was acquired in 1,024 increments, and for the 15N dimension, 128
complex points were collected; eight scans were collected at each increment.
CSP analysis was performed at 1, 3, and 5 M urea against 1H–15N HSQC NMR
spectra at 0 M urea for the SH2 domain and at 0.3, 0.5, and 0.75 M urea for
MpNep2 using the following equation:

CSP=
h
ðΔδHÞ2 + 0.1ðΔδNÞ2

i1 =

2

,

where ΔδH and ΔδN represent the chemical shift variations of 1H and 15N,
respectively, between different concentrations of urea to 0 M. At all pres-
sures, chemical shifts were referenced to the methyl signal of DSS. All spectra
were processed using Topspin 3.11. Chemical shift values were measured
using the CARA 1.8.4 suite or CCPN Analysis 2.4.1.

Computational Analysis. We used the Monte Carlo method included in the
McVol (48) program to detect internal cavities and surface clefts in the
MpNep2 crystal structure [Protein Data Bank (PDB) ID code 3ST1]. The al-
gorithm was applied using a probe sphere of 1.1 Å, 250 Monte Carlo steps
per Å3 of the molecule, and 2,500 dots per atom on the dotted surface.
Contact maps were generated using the CMView 1.1 suite implemented in
PyMOL. Pairs of residues (i, j) separated by a distance of 8 Å were considered
among Cα. The MpNep2 crystal structure (3ST1) was used as the template.
The probability of contact formation ρ(i, j) at 1 kbar and 25 °C was calculated
as the product of the relative intensity for the amide resonances of two
residues in contact and classified as shown in SI Appendix, Fig. S6.

Scattering Data Collection and Analysis. SAXS data were collected using the
SAXS1 small-angle scattering beamline of the National Synchrotron Light
Laboratory (Campinas, Brazil), using a 300K Pilatus detector, 84mm × 107mm
(Dectris); a mica sample cell for liquids and a wavelength of 0.155 nm were
used at room temperature. The position of the direct beam in the detector
and the detector inclination were calibrated using silver behenate (76). X-ray
photons elastically scattered from the samples were taken from a single 10-s
frame for each condition. The modulus of the scattering vector q was cal-
culated according to the equation q = (4π/λ) sin 2θ, where λ is the wave-
length used and 2θ is the scattering angle. Scattering from each sample was
corrected by subtracting the contribution from the buffer (20 mM phos-
phate containing 80 mM NaCl at pH 7.4) and the corresponding urea con-
centration, and the resulting data were fitted using autoGNOM (77)
implemented in the PrimusQt suite. The value of Rg was determined using
GNOM; a range of input distances was tested to best fit the experimental
data. The value of Rg was also determined from the angular coefficient (α) of
the low q region (q < 1.3/Rg) in Guinier plots. Fourier transformation of the
scattered particles shows the distribution of the interatomic distances P(r) in
the molecules, enabling a prediction of particle shape. All samples were
measured at 2.5 mg/mL. The sample-detector distance was set to 941.7 mm,
enabling detection over a q range of 0.107–4.07 nm−1. The samples were
centrifuged at 10,000 × g for 10 min at room temperature immediately
before data acquisition. Low-resolution shape restorations were performed
using 10 independent calculation trials, as previously described (44).
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