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ABSTRACT: The folding of staphylococcal nuclease (SNase)
is known to proceed via a major intermediate in which the
central OB subdomain is folded and the C-terminal helical
subdomain is disordered. To identify the structural and energetic
determinants of this folding free energy landscape, we have
examined in detail, using high-pressure NMR, the consequences of cavity creating mutations in each of the two subdomains of an ultrastable SNase, Δ+PHS. The stabilizing
mutations of Δ+PHS enhanced the population of the major folding intermediate. Cavity creation in two diﬀerent regions of the
Δ+PHS reference protein, despite equivalent eﬀects on global stability, had very distinct consequences on the complexity of the
folding free energy landscape. The L125A substitution in the C-terminal helix of Δ+PHS slightly suppressed the major
intermediate and promoted an additional excited state involving disorder in the N-terminus, but otherwise decreased landscape
heterogeneity with respect to the Δ+PHS background protein. The I92A substitution, located in the hydrophobic OB-fold core,
had a much more profound eﬀect, resulting in a signiﬁcant increase in the number of intermediate states and implicating the
entire protein structure. Denaturant (GuHCl) had very subtle and speciﬁc eﬀects on the landscape, suppressing some states and
favoring others, depending upon the mutational context. These results demonstrate that disrupting interactions in a region of the
protein with highly cooperative, unfrustrated folding has very profound eﬀects on the roughness of the folding landscape,
whereas the eﬀects are less pronounced for an energetically equivalent substitution in an already frustrated region.

S

The question posed here is, how do the sequence and the
structure of SNase fashion its folding free energy landscape?
In proteins such as T4 lysozyme,9,10 multistep unfolding
reﬂects the hierarchy of local stabilities encoded in the protein
structure; i.e., the least stable region unfolds ﬁrst. Even singledomain proteins that appear to fold in a two-state manner can
exhibit clear deviations from the ideal two-state behavior when
analyzed with the appropriate probes.11−14 It has been proposed that the unfolding of most globular proteins proceeds
through the formation of a dry molten globule intermediate,
consisting of compact and dehydrated states with unlocked side
chains and without disruption of secondary structures.15 Folding intermediates are also important for the information they
may provide about functionally important excited states. In
general, understanding the structural and physical properties of
folding intermediates and how their stability is encoded in the
protein sequence is crucial for understanding protein folding

taphylococcal nuclease (SNase) has long served as a model
system for protein folding.1,2 It is a globular protein of
moderate complexity, consisting of three structural subdomains
(Figure 1A). The major N-terminal subdomain (SubD1) belongs
to the OB-fold family of folds,3 subdomain 2 (SubD2) corresponds
to the C-terminal helix, and these domains are linked by an
interfacial domain between the two subdomains (IntD). An
alternative, more energetically based classiﬁcation of the SNase
architecture resulting from pH-dependent H/D exchange experiments using a more stable double mutant H124L+P117G4
describes SNase in terms of three main foldons (Figure 1B).
Rapid mixing ﬂuorescence experiments5,6 have revealed a major
intermediate in SNase folding consisting of an ordered OBsubdomain and a disordered C-terminal α-helix. Similar structural properties for the SNase transition state ensemble were
suggested by pressure-jump kinetics experiments.7 In a recent
study8 of cavity containing variants of a highly stable form of
staphylococcal nuclease (SNase) known as Δ+PHS, a comparison of the multiple observables provided by residue speciﬁc
high-pressure NMR spectroscopy revealed signiﬁcant departure
from two-state behavior at equilibrium for some of the variants.
© 2012 American Chemical Society
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P117G, H124L, and S128A), and a deletion of the mobile Ω
loop (residues 44−49), which is part of the active site. We note
that the energetic foldon description of SNase4 is likely to be
similar but not exactly the same for Δ+PHS, which is more
stable than the WT SNase by ∼7 kcal/mol.36
WT SNase exhibited nearly ideal two-state pressure-induced
unfolding. Nonetheless, the multiple NMR observables combined
with pressure denaturation allowed the detection at equilibrium of
a small population of the major unfolding intermediate of SNase
exhibiting a folded central core and disorder in the C-terminal
helix. A combination of pressure-dependent H/D exchange and
NMR-detected high-pressure unfolding showed that the mutations
used to engineer Δ+PHS accentuate the inherent subdomain
organization of SNase, signiﬁcantly stabilizing this major intermediate relative to the WT.
As reported recently,36 the structural, energetic, and dynamic
consequences on the native state ensemble of the two alanine
substitutions, I92A and L125A, in the reference Δ+PHS
protein diﬀer markedly despite equivalent folding stabilities
(ΔGf = 7.9 ± 0.3 and 8.1 ± 0.1 kcal/mol for I92A and L125A,
respectively).36 While the L125A substitution, in the C-terminal
helix (foldon 3 or SubD2), leads to a local structural rearrangement of the folded state in solution, the I92A substitution, in β5
(foldon 2 or SubD1), mainly increases the probability of
populating higher energy conformers36 in the folded state basin.
Here we demonstrate that these two cavity-creating substitutions have profoundly contrasted consequences on the folding
free energy landscape as well. The L125A substitution retained
the major intermediate and promoted the appearance of an
additional excited state with disorder in the N-terminus, but
otherwise decreased landscape heterogeneity with respect to
the Δ+PHS background protein. In contrast, the I92A variant
exhibited signiﬁcant disruption of the energetic hierarchy of
states on its folding landscape and the population of a large
number of intermediates involving disorder in regions across
the entire structure of the protein. Nondenaturing concentrations of guanidinium hydrochloride (GuHCl) led to suppression of the major intermediate in pressure unfolding for
Δ+PHS and L125A. However, whereas in the case of Δ+PHS
denaturant led to a general stabilization of other intermediates
involving the rest of the protein, the destabilization of the interactions between subdomains in L125A resulted in a GuHCldependent smoothing of the folding landscape. Denaturant
modiﬁed the relative stabilities of the multiple intermediates in
I92A but did not signiﬁcantly alter the degree of complexity of
the landscape. Hence, the cooperativity of folding is relatively
robust to a substitution in a region of SNase already implicated
in a partially folded intermediate, but an energetically equivalent
substitution in a highly unfrustrated region leads to a breakdown
in cooperative folding.

Figure 1. (A) Crystal structure of Δ+PHS SNase (3BDC) with the
secondary elements labeled. The subdomain organization in Δ+PHS34
is indicated as follows: SubD1 consisting of the ﬁrst 96 residues that
form a 5-stranded β-barrel (β1−β5) and an abutting α-helix (α1)
(blue), IntD (cyan) (α helix 2, residues 99−105, and a mini-β-sheet,
residues 39−40 and 110−111), and SubD2 (α helix 3), spanning
residues 122−134 (green). The location of Ile 92 and Leu 125 is
indicated with red spheres. (B) Foldon organization according to25
foldon I (orange, β1−β4 + α1), foldon II (red, β5 + α2),
and foldon III (yellow, α3). The location of Ile 92 and Leu 125 is
indicated with green spheres.

and misfolding.16−18 However, direct experimental detection of
these states remains extremely challenging.
Some of the most useful experimental approaches for detecting and characterizing folding intermediates in detail are based
on NMR spectroscopy. For example, relaxation dispersion
techniques have aﬀorded detailed structural descriptions of
excited states in exchange with the native state with a probability of 1% or greater.19−21 Hydrogen/deuterium (H/D)
exchange experiments can bring to light excited states that are
populated with less than 0.1% probability and have allowed
detection of early H-bond disruption in unfolding.22−24 Coupling
NMR to high pressure has provided additional insight. For
example, pressure-dependent H/D exchange revealed the subdomain organization of proteins such as apocytochrome b562,
where diﬀerent pressure sensitivities were detected for the three
folding units.25 Low-lying conformational substates in the
folded state manifold of several globular proteins26−31 have
been detected by measurement of HSQC spectra at subdenaturing
pressures. Indeed, pressure perturbation can reveal conformational
states on the (un)folding landscape of proteins that are obscured
by heating or chemical denaturation. This is because pressure
eﬀects depend upon the presence and magnitude of solventexcluded voids heterogeneously distributed throughout the folded
conformations of proteins,8 in contrast to temperature or chemical
denaturants, which act globally in proportion to the change in the
degree of exposure of surface area upon unfolding. Finally, sitespeciﬁc mutational studies have long been used to establish the
relationships between sequence, structure, stability, and folding
mechanisms. In particular, substitution with Ala has been used
to decipher the role of side-chain packing on global protein
stability32−34 as well as structural properties of the transition
state and folding pathways.35
In the present work we combined pressure and cavity creation mutational perturbations with NMR spectroscopy to probe
the structural determinants of the folding free energy landscape
of SNase. In particular, we carried out high-pressure NMR experiments as a function of denaturant concentration on the
Δ+PHS+I92A (I92A) and Δ+PHS+L125A (L125A) cavity containing variants relative to the Δ+PHS protein and to the true
wild-type (WT) SNase. The highly stable Δ+PHS variant bears
stabilizing substitutions in the C-terminal helix (G50F, V51N,

■

MATERIALS AND METHODS
Protein Puriﬁcation. The highly stable Δ+PHS form of
SNase and the cavity-creating variants were expressed and
puriﬁed as described previously.37 Uniform 15N labeling was
obtained from overexpression of recombinant protein in E. coli
grown in M9 medium containing 15NH4Cl as the sole nitrogen
source, as described for SNase previously.38
High-Pressure Unfolding. Uniformly 15N-labeled protein
samples were dissolved at 1 mM concentration in 10 mM Tris
buﬀer at pH 7. 10% of D2O was added for the lock procedure.
In all experiments, the 1H carrier was centered on the water
resonance and a WATERGATE sequence39,40 was incorporated
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to suppress solvent resonances. All NMR spectra were processed and analyzed with GIFA.41 High-pressure heteronuclear
2D 15N−1H HQSC spectra42 were recorded at 293 K on a
600 MHz Bruker Avance III spectrometer equipped with a 5 mm
Z-gradient 1H−X double-resonance broadband inverse (BBI)
probe. Commercial ceramic high-pressure NMR cell and an
automatic pump system (Daedalus Innovations, Philadelphia, PA)
were used to vary the pressure in the 1 bar−2.5 kbar range.
Under equilibrium conditions, native cross-peak intensities
were integrated from the corresponding HSQC spectrum, and
the resulting intensity versus pressure data points were individually ﬁtted for each resonance, assuming a two-state transition and a linear change of the folding free energy with pressure.8
The Go model simulations, constrained by the equilibrium
unfolding data, were performed as previously described.8
High-Pressure H/D Exchange. H/D exchange experiments were performed as previously described43 with freshly
lyophilized samples dissolved in D2O at a concentration of
1 mM. Time series of 15N−1H HQSC spectra were recorded at
600 MHz with a common dead time of 15 min and a time limit
of 66 h (Δ+PHS), 86 h (I92A), and 48 h (L125A). Protection
factors44 were calculated from the exchange rate constants
deduced from the time dependence of peak intensities ﬁtted to
a monoexponential decay model. The acid, base, and water
hydrogen exchange rate constants were corrected for the pressure eﬀects as described by Fuentes and Wand.25 ΔVx values
were estimated from the linear decrease of the free energy of
exchange with pressure.
Go Model Simulations. Full-length structures of Δ+PHS
and the cavity variants were constructed from crystallographic reference structures 3BDC and 3OSO, respectively, and MODELER
software. A Cα model of these proteins and the corresponding
Go model parameters were generated using the SMOG@ctbp
Web server.45 A complete thermodynamic integration of the
Δ+PHS protein using a WHAM algorithm46,47 was performed to
determine the folding temperature of this model. A temperature
of 0.85Tf was then used. The pressure dependence was introduced
through the experimentally derived fractional contact maps with a
simple three-step procedure:
1 Based on the HSQC spectra recorded at each pressure,
the probability to ﬁnd a residue i in a folded states at a
pressure p: p(i)p is given by the corresponding normalized
resonance intensity.
2 The probability to form a speciﬁc native contact between
residues i and j is then simply calculated as p(i,j)p =
p(i)p·p(j)p.
3 A list of native contacts is established through a random
number generator by individually testing each native
contact (i.e., a native contact is accepted in the list if:
rand() < p(i,j)p). For example, if the random number
between 0 and 1 is 0.4 and the contact probability is 0.6,
then this contact is counted in the list. If, however, the
random number generated for that contact in that list is
0.8, then the contact is not counted. This procedure was
repeated 100 times, generating 100 diﬀerent lists of
native contacts for both models. A 100 ns long Cα Go
model simulation was ﬁnally performed independently
from each list of native contacts, and the resulting conformations (400 000) were collectively analyzed based on
the fraction of native contact (Q). Free energy proﬁles at
several pressures were therefore reconstructed from these
simulations.

Article

RESULTS

High-Pressure Unfolding Monitored with NMR Spectroscopy. Pressure-induced unfolding was monitored by recording 15N−1H HSQC spectra at 20 °C, at pressures ranging
from 1 to 2500 bar and at various concentrations of GuHCl and at
pH 5.5 or 7, respectively, for WT or Δ+PHS SNase variants.48
Intensity proﬁles of all resolvable amide group cross-peaks as a
function of pressure for all four proteins were well-described
individually by a two-state unfolding model (Figure S1), yielding residue-speciﬁc estimates of the apparent free energy diﬀerences (ΔGu) and volume changes (ΔVu = −ΔVf) between the
folded and pressure-unfolded states (Figure 2A and Figure 3A,C,E).8
WT SNase exhibits moderate global stability (ΔGu(wt) ∼ 3.5 ±
0.5 kcal/mol at pH 5.5), in good agreement with previous
measurements (4.0 ± 0.25 kcal/mol) made under similar
conditions, excepting the presence of 100 mM KCl.49 Given
this moderate stability, complete unfolding was observed below
2.5 kbar in the absence of any chemical denaturant. The average
magnitude of the site speciﬁc apparent ΔVf (= −ΔVu) values
obtained from ﬁts of the HSQC intensities vs pressure for WT
SNase was 65 ± 7 mL/mol, in good agreement with previously
reported of 65 mL/mol.50 The distribution of the residuespeciﬁc apparent ΔVf values was fairly narrow and symmetric
(Figure 2A,B), consistent with a highly cooperative unfolding
transition.
Contact maps at each pressure were constructed as previously described8 (see also legend to Figure S2) from the
product of the fractional intensities of the HSQC peaks of the
two residues involved in each contact. The unfolding intermediate with a partially disrupted C-terminal helix that was
identiﬁed previously for the Δ+PHS form of SNase8 was less
apparent, yet still detectable in WT SNase (Figure 2C,D). We
note also that the standard deviation for the distribution of the
apparent ΔVf values for the WT (∼6.2 mL/mol) is slightly larger
than the average uncertainty in each of their values (±4.3 mL/mol),
indicating a persistent, low level of heterogeneity.
The pressure unfolding of the Δ+PHS variant exhibited
values of ΔVf similar to those obtained for the WT SNase
(Figure 3A,B). However, unlike that for WT SNase, and as reported previously8 and presented here for comparison, the
distribution of apparent ΔVf values for Δ+PHS at 1.5 M
GuHCl is highly asymmetric, indicative of signiﬁcant deviation
from two-state behavior, and enhanced population of the major
unfolding intermediate with a partially disrupted C-terminus
and an intact central core. Increasing GuHCl to 2 M led to a
more symmetric and broad distribution of ΔVf values and
shifted it to higher average values. As can be seen in the fractional contact maps obtained for this concentration of GuHCl
at several pressures (Figure 4A−C), the contact heterogeneity
becomes apparent in several other regions of the protein and is
diminished for the major intermediate. As previously,8 we used
the fractional contacts to randomly generate contact lists and
then ran Go model folding/unfolding simulations using these
lists. While at low GuHCl, as previously reported, the intermediate is apparent in the free energy proﬁle, it is nearly completely suppressed by 2 M GuHCl (Figure S2). The standard
deviation for the distribution of ΔVf values (∼14.2 mL/mol) at
high denaturant remains larger than the average uncertainty in
their measurement (±9.8 mL/mol).
As previously reported,8 cavity-creating substitutions in the
Δ+PHS protein led to larger values for the average apparent
ΔVf (Figure 3C−F). The L125A variant, which contains an
9537
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Figure 2. Pressure-induced unfolding of wild-type SNase recorded at 20 °C and pH 5.5. (A) Apparent volume change upon folding (ΔVf) as a
function of the protein sequence. (B) Distribution of the ΔVf values obtained WT SNase. (C, D) Fractional contact maps computed from the
pressure-unfolding proﬁles of the WT-SNase at 900 and 1100 bar. The color scale is dark blue, >90% probability of contact; light blue, 80−90%;
green, 70−80%; yellow, 60−70%; orange, 50−60%; and red, <50%. The circle (in D) indicates contacts that are more destabilized at these pressures
than the rest of the protein.

GuHCl concentration, and then narrowed slightly and became
more symmetric at the highest denaturant concentration, with a
large spread in standard deviation for the distribution of ΔVf
values (∼22 mL/mol), about 2-fold the average experimental
uncertainty (±13.7 mL/mol).
The residue speciﬁc diﬀerence in the apparent ΔVf, ΔΔVf,
was calculated for each of the two changes in denaturant
concentration for Δ+PHS and the two cavity creating variants
(Figure S3). The ΔΔVf values for Δ+PHS were largest in the
ﬁrst step for residues at the interface between SubD1 and
SubD2 (β5 and helix 2) and correspond to the denaturantdependent suppression of the major intermediate. However,
signiﬁcant changes are observed throughout the protein in both
steps, some of which are negative, and attest to residual underlying heterogeneity that is more apparent in SubD1 (β1−3) in
the second step. The ΔΔVf distributions for L125A were
smaller on average and more evenly distributed than for Δ+PHS.
For I92A, the ΔΔVf values were much more heterogeneous and
generally larger than for the other two variants. One residue
increased by nearly 100 mL/mol in the ﬁrst step, and another
decreased by 40 mL/mol in the second.
High-Pressure H/D Exchange. The pressure dependence
of H/D exchange for Δ+PHS and for its L125A and I92A
variants was investigated in the absence of chemical denaturant
at 20 °C, pH 7, and pressures ranging from 1 to 2400 bar. Because
of the high stability of the Δ+PHS protein, many residues did not
exchange over the observation time of the experiment at any
pressure. For those that did exchange, a systematic increase in the
rate of exchange (decrease in the calculated protection factors

additional cavity at the interface between the two subdomains,
exhibited an asymmetric distribution of apparent ΔVf values at
the lowest concentration (0.6 M) of GuHCl, reminiscent of
that observed for the reference protein. The fractional contact
maps computed for this variant from 1000 to 1400 bar at 0.6 M
GuHCl (Figure 4D−F) revealed two main regions with lower
probability of contact, both located in the interface between the
IntD and SubD2. Disruption of contacts in these regions is
consistent with the population of the major unfolding intermediate (or a very similar ensemble) observed for WT SNase
and Δ+PHS. Increasing denaturant resulted (as noted above)
in an increase in the average apparent ΔVf for L125A and a
signiﬁcant narrowing of the distribution. Indeed at the highest
concentration of GuHCl (0.85 M) the previously reported
distribution of ΔVf values for this variant,8 reproduced here for
comparison, is much narrower and highly symmetric. Nonetheless, the standard deviation of the distribution of ΔVf values
(∼9 mL/mol), as observed for WT SNase, remains slightly larger
than the average experimental uncertainty (±6.7 mL/mol).
In contrast to the reference protein and the L125A variant, a
very broad, but symmetric, distribution of apparent ΔVf values
was observed at the lowest GuHCl concentration (0.5 M) for
the I92A variant (Figure 3E,F). This substitution located in β5
creates an extension of the naturally occurring cavity in the
β-barrel in SubD1. The observed broad ΔVf distribution
implicated regions over the entire protein structure for this
variant. A global increase of the average ΔVf was observed with
increasing GuHCl for I92A, and the distribution ﬁrst broadened
perceptibly, becoming more asymmetric at the intermediate
9538
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Figure 3. Pressure-induced unfolding of Δ+PHS, L125A, and I92A monitored at 20 °C, pH 7, and various GuHCl concentrations. (A) Apparent
volume changes for folding ΔVf values for Δ+PHS as a function of the protein sequence at 1.5 M (red), 1.8 M (blue), and 2.0 M (green) GuHCl.
(B) Distributions of apparent ΔVf values for Δ+PHS at 1.5 M (top), 1.8 M (middle), and 2.0 M GuHCl. The data at 1.5 M GuHCl are reproduced
from ref 8 for purposes of comparison. (C) Apparent volume changes for folding ΔVf values for L125A as a function of the protein sequence at
0.6 M (red), 0.75 M (blue), and 0.85 M (green) GuHCl. (D) Distributions of apparent ΔVf values for L125A at 0.6 M (top), 0.75 M (middle), and
0.85 M GuHCl. The data at 0.85 M GuHCl are reproduced from ref 8 for purposes of comparison. (E) Apparent volume changes for folding ΔVf
values for Δ+PHS as a function of the protein sequence at 0.5 M (red), 0.65 M (blue), and 0.85 M (green) GuHCl. (F) Distributions of apparent
ΔVf values for I92A at 0.5 M (top), 0.65 M (middle), and 0.85 M GuHCl. The data at 0.85 M GuHCl are reproduced from ref 8 for purposes of
comparison. Also for the sake of comparison, we use the same amino acid sequence length than for the WT SNase (149 residues). The gray bar
indicates the location of the deletion in the Δ+PHS background protein (residues 44−49).

SubD1 (residues 19, 24−26, 30−34, and 37) and residues in
the SubD2 (residues 129, 132, 133, and 139), well beyond the
experimental uncertainty, whereas the ΔVx values for residues
55−110 in the center of the protein sequence were found to be
highly homogeneous, near 50 mL/mol. In addition to the backbone H-bond network around Trp-140, large ΔVx values were
also measured for several amide groups in β1−β2−β3 (Figure 5D).
For the I92A variant (Figure 5E,F), a very broad distribution of
ΔVx values was observed over the entire protein sequence, with
the largest apparent ΔVx values measured in SubD1 (residues
24−25, 34, and 67−68), in the IntD (residues 104, 112, and 115),
and in SubD2 (residues 131−132 and 136). In contrast to the
Δ+PHS variant, signiﬁcant correlation between ΔVx and ΔGx was
observed for the two cavity-containing variants (Figure 6). Strong
correlations were also observed for the ΔVu and ΔGu values

(PF)) was observed with increasing pressure (Figure S4). Apparent volume changes for exchange (ΔVx) were estimated
from the linear dependence of the apparent free energy of
exchange with pressure. Only a few residues in Δ+PHS in the
IntD (residues 98, 107, 109, and 110) and in SubD2 (residue
130) exhibited ΔVx values above 50 mL/mol (Figure 5A). It is
noteworthy that these residues are involved in a network of
H-bonds bonds around Trp 140 (Figure 5B). In contrast, H/D
exchange at most of the exchangeable residues showed homogeneous ΔVx values around 30−40 mL/mol that were totally
uncorrelated with the free energy of exchange, ΔGx (Figure 6).
None of the ΔGx values reached the global folding stability of
the protein (ΔGu = 11.9 ± 0.1 kcal/mol).
H/D exchange experiments with the L125A variant (Figure 5C)
yielded very broadly distributed ΔVx values for several residues in
9539
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Figure 4. Fractional contact maps. (A−C) Δ+PHS SNase at 2 M GuHCl and 200 (A), 400 (B), and 600 bar (C) and (D−F) L125A variant at 0.6 M
GuHCl and 1000 (D), 1200 (E), and 1400 bar (F). The complete set of native contacts is represented by dark dots on the bottom half of the contact
maps. The probabilities of contact, calculated as the product of the cross-peak fractional intensities of the implied pair of residues,8 are indicated by
color dots on the upper half of the contact maps. The color scale is dark blue, >90% probability of contact; light blue, 80−90%; green, 70−80%;
yellow, 60−70%; orange, 50−60%; and red, <50%. (G) The network of native contacts of the L125A variant at 0.6 M and 1400 bar aﬀected with a
low probability of contact (<50%) are represented on the protein structure.

state; hence, the intensity of the folded state peak decreases,
whereas others remain in totally folded-like environments.
Analysis of the individual pressure-unfolding proﬁles, according
to a two-state model, yields very diﬀerent absolute values of the
apparent ΔVu for those residues exhibiting premature loss of
peak intensity. The curves can spread over a larger pressure
range, leading to a smaller absolute value for ΔVu, or alternately, local adjustments to pressure involving local increased
solvation can lead to decreases in peak intensity over very small
pressure ranges that then appear as anomalously large apparent
volume changes. The degree of heterogeneity in the ΔVu
distributions is indicative of the population of conformational
excited states and unfolding intermediates, and the structural
mapping of this heterogeneity allows the identiﬁcation of the
regions that are disrupted in these conformers. Moreover, the
ΔVu distributions can be symmetric or asymmetric, depending
upon the degree to which diﬀerent intermediates are populated
at diﬀerent pressures and sampled by speciﬁc amide groups.
Interpretation of Apparent Volume Changes for
Exchange. The heterogeneity in ΔVx values reported by H/D
exchange is interpreted as a manifestation of local unfolding
and hence of the probability of populating more open partially
folded excited states. This has been explained in previous
studies as evidence for diﬀering pressure sensitivities of speciﬁc
regions of the proteins due to local packing diﬀerences and to
the population of conformers of lower volume in which these
regions are opened.25 In denaturant-dependent H/D exchange

obtained from the high-pressure unfolding proﬁles for the three
variants at all three denaturant concentrations.

■

DISCUSSION
Interpretation of Apparent Volume Changes for
Unfolding. The analysis of the plots of the loss of native
state HSQC peak intensities as a function of pressure for nearly
100 amide groups, according to a two-state model, gives rise to
distributions of apparent ΔVf (= −ΔVu) values for each of the
protein variants and under each solution condition studied here
and previously.8 These distributions are more or less asymmetric and broad, and their average values change as well,
depending upon the variant and denaturant concentration. In
all cases, the standard deviation in the distribution of values was
larger than the average experimental uncertainty. Strong correlation was expected and observed between ΔVu and ΔGu in the
high-pressure unfolding of the variants and the reference
protein at the three concentrations of denaturant. Of course, for
a pure two-state unfolding transition, these curves should show
a convergence of the ΔVu and ΔGu correlations for all residues
toward a single value, within experimental uncertainty. The
ΔVu and ΔGu values are clearly much more heterogeneous than
experimental uncertainty for all variants, but this is particularly
true for I92A. We interpret this heterogeneity in the values of
the ΔVu and ΔGu as follows. At pressures below the unfolding
midpoint, certain residues sample environments in which their
amide group chemical shift is equivalent to that of the unfolded
9540
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Figure 5. High-pressure H/D exchange results for (A) Δ+PHS SNase, (C) L125A variant, and (E) I92A variant. ΔVx values are indicated with blue
points and ΔGx values with gray bars. The dashed line indicates the global folding stability of this protein (8.1 ± 0.1 kcal/mol for L125A and 7.9 ±
0.3 kcal/mol for I92A). We use the same amino acid sequence length than for the WT SNase (149 residues). The dashed blue lines indicate the
location of the deletion in the Δ+PHS background protein (residues 44−49). The outlier values of ΔVx are represented on the protein structure for
(B) Δ+PHS, (D) L125A variant, and (E) I92A variant centered on the Cα atom of each residue. The largest ΔVx values (more than 1 standard
deviation) are indicated in dark blue, while the smallest ΔVx values (1 standard deviation) are colored in light blue.

of RNase A and cytochrome c, strong correlation was observed
between the denaturant m values and ΔGx,51,52 consistent with
the idea that the exposure of more surface area involves the
disruption of more interactions. A corollary relationship between
ΔVx and ΔGx was observed here for the cavity-containing variants,
suggesting that the amount of volume lost in partial unfolding
depends upon the extent, but also surely the region and location of
the structural disruption. Indeed, for the I92A variant, the cavity
that exists in the central OB-fold core in the WT SNase and in
Δ+PHS has been extended by the I92A substitution. More drastic
opening of the core to solvent should result in the disappearance
of corresponding more solvent-excluded void volume. For L125A
the correlation is signiﬁcantly lower but nonetheless apparent.

For residues in the C-terminus, opening will lead to occupation of
signiﬁcantly more internal void volume, since the L125A
substitution leads to the creation of an additional cavity between
SubD2 and the IntD. H/D exchange also brought to light the
population of excited states involving opening in the N-terminus,
of L125A which should expose the central “WT” cavity to solvent.
The larger these excursions, the more probable it is that solvent
molecules enter the protein and occupy previously solvent-excluded
void volume. For these proteins, higher energy locally unfolded
states are energetically accessible under native conditions, leading to
signiﬁcant correlations between ΔVx and ΔGx. The correlation is
higher for I92A than for L125A since the former accesses a larger
number of excited states under native conditions.
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exchangeable residues of the reference protein may reﬂect the
compressibility of the folded state, rather than a true volume
diﬀerence between two well-deﬁned states upon local unfolding.
This response to pressure for Δ+PHS in the absence of denaturant, conditions under which it is extremely stable, with few
open conformers energetically accessible, is consistent with the
notion of a general pressure-dependent increase in hydration of
the folded state. This could result in a homogeneous pressure
dependence of the access of the attacking hydroxide group to
amide protons in all of the locally open structures, which would be
more pronounced than with the model peptides used to correct
the protection factors.25,51 Consistent with the notion of pressureinduced increased hydration of the folded state, we previously
reported a pressure dependent red-shift of the ﬂuorescence of
Trp140 at pressure where the backbone and indole amide
resonances remained clearly in the folded state.8
Pressure-induced hydration of cavities has been reported for
T4 lysozyme based on high-pressure crystallographic data as
well as computation,53 indicating that pressure (and low
temperature) can act to drive water inside folded proteins.54,55
However, as shown here, the conformational states with low
volume that are energetically accessible to a protein under pressure depend on experimental conditions and on the individual
protein. Single site mutants can exhibit very distinct behaviors.
Hence, the pressure response of one protein in a crystal under
cryogenic conditions is not necessarily equivalent to the
response of another protein in solution or in the presence of
denaturant. Nonetheless, in all these situations pressure acts to
increase protein hydration and diminish the amount of solvent
excluded void volume.
Eﬀects of Mutations on the Folding Landscape. The
most signiﬁcant insight provided by the present results is how
ﬁne the line is between complexity of folding landscapes and
stability in natural proteins. Increased complexity relative to the
folding landscape of WT SNase was observed for both stabilizing Δ+PHS and destabilizing alanine substitution mutations.
Although the native structure of SNase encompasses two distinct
structural elements, WT SNase has evolved such that the folding
of these units is fairly cooperative. The equilibrium intermediate in
WT SNase, which we could detect here with high pressure NMR,
has only previously been detected kinetically in rapid mixing
experiments.5,6 The stabilizing mutations used to engineer the
highly stable Δ+PHS protein reinforce the population of this intermediate relative to the situation in the WT SNase (Figure S6).
The engineering of cavities in diﬀerent subdomains of Δ+PHS,
despite having equivalent eﬀects on global thermodynamic
stability, had very diﬀerent consequences on the ruggedness of
the folding landscape. The consequences were relatively minor
for a cavity introduced into an already frustrated region (L125A).
The same intermediate, with a disrupted C-terminus, is populated as for the reference protein. While the folded state is
destabilized for this variant relative to the reference protein, the
intermediate is likely to be of similar free energy since the
C-terminus where the mutation occurs is disordered in this
intermediate (Figure S6). In addition, L125A exhibits another
excited state involving the N-terminus, the relative stability of
which, as judged by the ΔGx values, was not signiﬁcantly diﬀerent
from the main intermediate.
In contrast, placing a cavity in a minimally frustrated region
(the OB-fold core) with the I92A substitution led to signiﬁcant
reordering of the energetics of accessible states (Figures S5
and S6),56 increasing signiﬁcantly the population of multiple
intermediates involving a partially unfolded central core.

Figure 6. Correlations between ΔVx or ΔV0 and ΔG0 values obtained
under various conditions for Δ+PHS: 2 M GuHCl (green), 1.8 M
(cyan), 1.5 M (red), H/D exchange (blue), L125A variant: 0.85 M
GuHCl (green), 0.75 M (cyan), 0.6 M (red), H/D exchange (blue)
and I92A variant: 0.85 M GuHCl (green), 0.65 M (cyan), 0.5 M (red),
and H/D exchange (blue). The dashed line indicates the global folding
stability of the protein. Data for Δ+PHS at 1.8 M GuHCl and L125A
and I92A at 0.85 M GuHCl were reproduced from ref 8.

In contrast to these strong correlations between ΔVx and
ΔGx for the cavity-containing variants, there is a clear lack of a
corollary relationship between ΔVx and ΔGx for the Δ+PHS
reference protein. The homogeneous and small pressure
dependence of the H/D exchange observed for most of the
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exposed residues.70 The denaturant-dependent increase in
average ΔVf observed here is highly site speciﬁc; some residues
shift signiﬁcantly to higher values with increasing GuHCl, while
others hardly at all, and a few even shift to lower values.
Moreover, ΔVf does not depend upon the absolute GuHCl
concentration; equivalent values are found for WT SNase and
Δ+PHS at 0 and 1.5 M GuHCl. These observations are inconsistent with an eﬀect of denaturant on the true volume
diﬀerence between folded and unfolded states. However, they
can be rationalized considering the eﬀect of denaturant on the
relative stabilities of all of the possible states on the folding
landscapes of the diﬀerent variants and how the population of
these states in an unfolding proﬁle aﬀects steepness of the curves
and hence the apparent ΔVf value obtained from their ﬁts to a
two-state model. Eﬀects of GuHCl on the complexity of folded
state ensembles have been noted previously by comparing multiple
observables.71
Denaturant Eﬀects on Δ+PHS. We have shown previously by p-jump kinetics and site-directed mutagenesis7 that
the transition state ensemble (TSE) of SNase and its Δ+PHS
variant is rather similar to the major partially folded intermediate, with a disrupted SubD2 and a concomitant loss of interfacial contacts between the two subdomains. Its higher
energy relative to the intermediate can be understood in terms
of a loss of tertiary interactions in a collapsed and still solvent
excluded SubD1. Moreover, it is likely to represent a somewhat
more solvent exposed ensemble of conformers. Hence,
denaturant would be expected to have a larger stabilizing eﬀect
on the TSE, relative to the folded state, than it would for the
major intermediate, the latter eventually melting into the conformations at the folding barrier and disappearing as a folding
intermediate, per se, at high denaturant concentrations. At the
same time, other higher energy partially folded states involving
SubD1, which are sparsely populated in absence of GuHCl,
would also be stabilized by denaturant since they involve solvent
exposure. This would increase the conformational heterogeneity
on the folded side of the barrier and would result in a broad and
much more symmetric ΔVf distribution. Since folding proceeds via
a TSE bearing a largely compact SubD1, these additional partially
folded states are oﬀ-pathway (with corresponding TSE’s that are
much higher in energy).
Denaturant Eﬀects on L125A. The situation concerning
the suppression of the intermediate is quite similar for the L125A
variant. In contrast, while the free energy diﬀerence between the
folded state and the intermediate, and the free energy diﬀerence
between the folded state and the TSE, are much smaller for
L125A, since the mutation perturbs interactions at the interface
between SubD1 and SubD2, this is not the case for the other
partially folded states on the folding landscape, which involve
disruption of interactions in SubD1. Hence, the suppression of
the main intermediate by GuHCl results in a much more symmetric distribution of ΔVf values, as noted above for Δ+PHS,
but the relative stability changes brought on by the mutation
preclude the GuHCl-dependent population of other intermediates and give rise, at the highest concentration of GuHCl,
to a signiﬁcantly narrower distribution of ΔVf values compared
to Δ+PHS.
Denaturant Eﬀects on I92A. Because of the fact that the
destabilizing mutation of I92A is located in the most deeply
buried, stable region of the protein (SubD1, foldon 2), the free
energy diﬀerence between the folded state and multiple excited
states on the folded side of the barrier is diminished, and these
latter are much more ready populated. It is also likely that this

The main intermediate with the disrupted C-terminus and
intact OB-core domain, as for the folded state, should be
signiﬁcantly destabilized by the I92A substitution, since the
core of the protein is folded in these two conformers. In
contrast, we observed multiple intermediates exhibiting partial
opening of the core. These conformers should have free
energies that are higher than the WT folding barrier and thus
should be inaccessible in the context of Δ+PHS and L125A.
However, they should not be signiﬁcantly destabilized by the
I92A mutation, and hence in this context they become
accessible. We have shown that the conformations at the folding
barrier for WT and Δ+PHS resemble the main intermediate,
with a collapsed and solvent excluded central core and a
disrupted C-terminal helix.7 This TSE must also be destabilized
in I92A, and thus I92A likely folds through multiple alternate
pathways involving the intermediates detected here.
The dramatic eﬀect of the single point mutation at I92A on
the roughness of the free-energy landscape illustrates the
delicate balance of the native contact energetics that dictate the
degree of frustration in protein folding.57,58 Nevertheless, in
spite of the disruption of the energetic hierarchy and the complexity of its folding pathways, the I92A variant is stably folded.
Its chemical denaturation proﬁle remains apparently as cooperative as the Δ+PHS reference protein.36 This underscores
the fact that polypeptides need not have perfect funnel characteristics to be able to adopt stable structures. Indeed, selection
against frustration may not always occur for proteins, depending
upon their functional requirements for adaptability and dynamics.
Eﬀects of Denaturant on the Folding Landscapes.
Denaturants, crowders, and osmolytes have been reported to
have contradictory and strong59−61 or negligible62 eﬀects on
pressure-induced protein unfolding. With only tryptophan
ﬂuorescence as the observable, we previously reported no eﬀect
of GuHCl on the value of the volume change for unfolding of
the SNase variants studied here.8 Using over 100 observables
throughout the protein sequence available with high-pressure
NMR, we ﬁnd that the situation is much more complex. The
average apparent ΔVf increases with increasing denaturant for
the reference Δ+PHS protein and the two cavity variants.
Beyond this general trend, the variants exhibit three distinct
responses of their pressure unfolding proﬁles to denaturant. In
the case of Δ+PHS, denaturant suppresses the main intermediate yet increases the width of the distribution due to
stabilization of alternative intermediates. Denaturant suppresses
the intermediate for L125A as well but does not lead to increased heterogeneity. For I92A, multiple intermediates involving
all regions of the protein are populated at all concentrations of
GuHCl, which modulates their relative stability but not the overall
degree of heterogeneity.
Although the detailed mechanism of action of denaturants
like urea or GuHCl is controversial and still a matter of debate,63−67
they are known to modify protein folding by preferentially
partitioning to proteins surfaces,68 diﬀerentially stabilizing extended conformational states. Such states are destabilized by
molecular crowding agents and osmolytes via preferential
exclusion.69 The eﬀects of cosolvents on the magnitude of ΔVf,
where they occur, have been interpreted generally as a true
change in the diﬀerence in volume between the folded and
unfolded states. However, this explanation is unlikely, as we
demonstrated recently that pressure unfolding of proteins is
governed primarily by the existence of internal, solvent-excluded
voids8 and that unlike the denaturant m value, ΔVf is independent
of the size of the protein or the polar or hydrophobic nature of the
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Notes

mutation results in multiple unfolding pathways. Denaturant
reshuﬄes all of the states on this complex landscape, stabilizing
some with respect to others, such that ΔVf values increase
dramatically with denaturants for some residues, whereas for
others there is little change or even a decrease.
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CONCLUSION

The consequences of stabilizing or cavity-creating mutations
and chemical denaturant on the folding free energy landscape
of SNase were characterized in exquisite detail by combining
pressure perturbation with the site-speciﬁc information aﬀorded
by NMR spectroscopy. Signiﬁcant deviation from simple twostate unfolding was revealed via the determination of apparent
volume diﬀerences between folded, partially folded, and
unfolded states at over 100 residues in each protein variant
and under many conditions. Excited-state populations were also
probed by pressure-dependent NMR H/D exchange measurements. Mutations strongly aﬀected the ruggedness of the
folding free energy landscape. That of the true wild-type form
of SNase was nearly entirely smooth, while the major intermediate, involving a disrupted C-terminus, was signiﬁcantly
enhanced by the stabilizing mutations of Δ+PHS. We observed
very distinct eﬀects of the two alanine substitutions on the free
energy landscape, despite their equivalent eﬀects on global
stability. Speciﬁcally, the L125A substitution led to the population of excited states involving disruption of the N-terminus
as well as the major folding intermediate. However, because of
the local energetic consequences of the mutation, the folding
landscape of this variant became nearly perfectly smooth upon
increasing denaturant. In contrast, the I92A substitution signiﬁcantly increased the roughness of the folding free energy
landscape, leading to multiple partially folded states involving
the core of the protein. The detailed insights about folding pathways obtained from these pressure perturbation experiments stem
from the fact that pressure is a fairly mild perturbation since its
eﬀects originate from the heterogeneously distributed packing
properties of the folded protein and not from a general eﬀect
of exposed surface area. Coupling pressure perturbation with
site-speciﬁc NMR measurements has provided unprecedented
descriptions of these folding free energy landscapes, with
implications for adaptive evolution, folding-based diseases, and
protein design.
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