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ABSTRACT: The way in which the network of intramolecular
interactions determines the cooperative folding and conforma-
tional dynamics of a protein remains poorly understood. High-
pressure NMR spectroscopy is uniquely suited to examine this
problem because it combines the site-specific resolution of the
NMR experiments with the local character of pressure
perturbations. Here we report on the temperature dependence
of the site-specific volumetric properties of various forms of
staphylococcal nuclease (SNase), including three variants with
engineered internal cavities, as measured with high-pressure
NMR spectroscopy. The strong temperature dependence of pressure-induced unfolding arises from poorly understood
differences in thermal expansion between the folded and unfolded states. A significant inverse correlation was observed between
the global thermal expansion of the folded proteins and the number of strong intramolecular hydrogen bonds, as determined by
the temperature coefficient of the backbone amide chemical shifts. Comparison of the identity of these strong H-bonds with the
co-evolution of pairs of residues in the SNase protein family suggests that the architecture of the interactions detected in the
NMR experiments could be linked to a functional aspect of the protein. Moreover, the temperature dependence of the residue-
specific volume changes of unfolding yielded residue-specific differences in expansivity and revealed how mutations impact
intramolecular interaction patterns. These results show that intramolecular interactions in the folded states of proteins impose
constraints against thermal expansion and that, hence, knowledge of site-specific thermal expansivity offers insight into the
patterns of strong intramolecular interactions and other local determinants of protein stability, cooperativity, and potentially also
of function.

■ INTRODUCTION

The folded states of proteins are marginally stable relative to
their unfolded states. The stability and conformational
landscape of each protein has evolved to enable function
appropriate to the organism and environment in which the
protein functions. A fundamental understanding of how the
sequence of amino acids determines the folding and functional
properties of a protein requires detailed characterization of
conformational landscapes and the effects of mutations thereon.
This usually involves perturbation of the protein in a controlled
fashion to attempt to identify the conformational states that
constitute the ensemble under a variety of conditions.
Folding equilibria can be perturbed by changing the

fundamental thermodynamic variables, temperature and
pressure, by changing a fundamental physiological variable,
pH, or by the addition of chemical compounds known to either
destabilize or stabilize the folded state. Temperature, pH, and
chemical denaturants have been widely used to probe the
physical mechanism and sequence determinants of protein
folding and stability. The mechanism of action of temperature
and of chemical denaturants is governed by the amount of

surface area that is exposed to either solvent or denaturant
upon unfolding.1 pH effects are governed by differences in pKa
values of ionizable groups in the different conformational states
in the ensemble.2

Pressure has been used also to unfold proteins, although to a
much lesser extent, and until recently its mechanism of action
was not well-understood. Differences in solvent density related
to the hydration of surface area exposed by unfolding were
thought to contribute significantly to the volume change upon
unfolding. Such effects, like those of denaturants, should scale
with the size of the protein. In contrast to this expectation, the
deletion of 3 out of 7 repeats of the ankyrin repeat domain of
the Notch receptor did not decrease the magnitude of the
volume change for folding, ΔVf. Indeed, deletion of the first
two repeats actually increased ΔVf.

3 These studies demonstrate
the lack of significant contribution of hydration effects to ΔVf.
This may arise from compensation of effects of different sign
from the polar backbone and hydrophobic moieties. In contrast
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to the lack of effect of the size of the protein, single amino acid
substitutions that created cavities in the interior of a globular
protein, staphylococcal nuclease (SNase), could double ΔVf.

4

Together our results led to the conclusion that the internal
solvent-excluded void volume or packing defects in the folded
state is the major contributing factor to the magnitude of
pressure effects on thermodynamic stability.3,4

Packing defects are local features, specific to the structure of
each protein. Thus, the effects of pressure on stability are
exerted locally, and hence, the extent to which pressure disrupts
the structure globally depends on the internal network of
interactions unique to the fold of the individual protein.
Characterization of the volumetric properties of proteins with
the site-specific resolution afforded by NMR spectroscopy
should provide insight into the structural basis and sequence
determinants of stability and folding cooperativity.
Since Bridgman first reported on the effects of pressure on a

protein,5 it has been known that volume changes for unfolding
are strongly dependent on temperature. Protein stability
diagrams in the pressure−temperature plane, assuming
cooperative two-state equilibrium between folded and unfolded
states and energetically equivalent unfolded states, can be
described by an ellipse,6−9 where the first- and second-order
parameters, ΔH, ΔS, ΔCp, ΔV, Δκ′, and Δε correspond to the
differences in molar enthalpy, entropy, heat capacity, volume,
compressibility (dΔV/dp) and thermal expansivity (dΔV/dT)
between folded and unfolded states, and where To and po are
the chosen reference points in temperature and pressure (298
K and 1 bar).
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In contrast to the rather small differences in compressibility,
Δκ′ (more than 10-fold smaller than the ΔV and within the
uncertainty of our measurement),8 the differences in thermal
expansivity, Δε, between folded and unfolded states of proteins
are significant relative to ΔV and are the cause of the strong
temperature dependence of pressure effects. Indeed, the
magnitude of ΔV for unfolding of proteins decreases
significantly with increasing temperature and can even change
sign. The molar thermal expansivity of the unfolded states of
proteins can be modeled empirically based on sequence alone,
assuming additivity of the expansivity values of the individual
amino acid residues.10,11 On the other hand, the molecular
contributions to the thermal expansion of folded states are not
known. Substitution of a single amino acid in the core of a
protein can change the molar expansivity of their folded state
significantly (up to 3-fold), whereas significant changes to the
polarity at the protein−water interface make very little
difference.12,13 Earlier studies using the temperature depend-
ence of the intrinsic tryptophan fluorescence anisotropy14−16

suggest that the intramolecular interactions in the folded state
may act as constraints against thermal expansion. Hence,
characterization of thermal expansivity with site-specific
resolution could yield significant insight into the organization
of intramolecular interactions of the folded protein and how
they depend on sequence.
To probe systematically the molecular determinants of the

thermal expansion of a protein, we examined the temperature

dependence of the volumetric properties SNase using the
highly stable form of this protein known as Δ+PHS, and
variants of Δ+PHS in which cavities were engineered by
substitution of core residues by alanine. Some of these variants
were used previously to demonstrate the importance of packing
defects in the magnitude of the pressure effect.4 In these prior
studies, the three-dimensional (3-D) structures of the single
substitution cavity variants were determined by X-ray
crystallography, and the existence of the expected cavities was
confirmed. The structure of a double variant (I92A/L125A)
can be found in Supporting Information. Negligible rearrange-
ments in the structures of the cavity containing variants were
observed relative to the reference protein. Moreover, no
penetration of water molecules into these cavities could be
inferred from the electron densities, although this does not rule
out penetration and the presence of transient or disordered
water molecules in the cavities. Likewise, NMR chemical shift
perturbations by the mutations were minimal,17 particularly for
the variants bearing cavities in the OB-fold region of the
protein.
In the present work, the temperature response of the folded

states of several of these cavity containing variants and the
pressure-induced unfolding at different temperatures was
monitored using 2-D NMR spectroscopy. Results from these
experiments were compared with volume changes at the folding
transition temperature, Tm, and with the expansivity values of
their folded states at low temperature, measured previously by
pressure perturbation calorimetry (PPC).12 The temperature
dependence of the amide proton chemical shifts revealed a
strong inverse correlation between the number of amide
resonances exhibiting particularly small temperature coeffi-
cients, which are equated with strong intramolecular hydrogen
bonds (H-bonds),18 and the thermal expansion of the folded
states determined by PPC. The specific patterns of H-bonds
and the perturbations affected by mutations compared with the
co-evolution of pairs of residues in the SNase family suggest
how the protein’s sequence evolved with respect to function.

■ MATERIALS AND METHODS
NMR. All proteins were produced as described earlier.4 Uniform

15N labeling was obtained from overexpression of recombinant protein
in Escherichia coli grown in M9 medium containing 15NH4Cl as the
sole nitrogen source, as described for SNase previously.19 Uniformly
15N-labeled Δ+PHS SNase and its variants with either I92A, L125A, or
I92A/L125A substitutions were dissolved at approximately 1 mM
concentration in 300 μL 50 mM Tris buffer at pH7. True wild-type
SNase was dissolved at a similar concentration but in 50 mM Bis-Tris
buffer at pH5.5. 10% of D2O was added for the lock procedure. In all
experiments the 1H carrier was centered on the water resonance, and a
WATERGATE sequence20,21 was incorporated to suppress solvent
resonances. All NMR spectra were processed and analyzed with
GIFA.22 1H and 15N resonance assignments were available for the
wild-type SNase and for the Δ+PHS protein and its variants with
either I92A or L125A.4 Amide resonances of the I92A/L125A variant
were assigned at atmospheric pressure from 3D [1H,15N] NOESY-
HSQC (mixing time 150 ms) and 3D [1H,15N] TOCSY-HSQC
(isotropic mixing 60 ms) double-resonance experiments23,24 recorded
on a Bruker Avance III 700 MHz spectrometer equipped with a 5 mm
Z-gradient 1H−13C−15N cryogenic probe, using the standard
sequential procedure. 1H chemical shifts were directly referenced to
the methyl resonance of DSS, and 15N chemical shifts were referenced
indirectly to the absolute frequency ratios 15N/1H = 0.101329118.

Variable pressure experiments were recorded at four different
temperatures (288, 293, 298, and 303 K) on a 600 MHz Bruker
Advance III spectrometer equipped with a 5 mm Z-gradient 1H-X
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double-resonance broadband inverse (BBI) probe. Commercial
zirconia ceramic high-pressure NMR tubes connected to an Xtreme
60 syringe automatic pump (Daedalus Innovations, Philadelphia, PA)
were used to vary the pressure in the 1−2500 bar range. Fourteen 2D
[1H,15N] HSQC spectra were recorded at variable pressure to monitor
protein unfolding. Subdenaturing 1.8, 0.5, and 0.75 M guanidinium
chloride concentrations were added to the NMR sample to achieve the
complete denaturation of Δ+PHS and variants with L125A and I92A,
respectively, in the pressure range accessible by the instrumentation.
The 15N/ 1H cross-peak maximal intensities were used to construct
the fractional intensity vs pressure plots for each residue. Cross peaks
were picked using a box size of 0.3/0.03 ppm (15N/1H) with the
PARIS algorithm25 included in the GIFA software. Cross peak line
width changes were minimal and uniform. Thermal coefficients were
calculated as the slope of linear regression fits of 1H chemical shifts
recorded as a function of temperature at 1 bar.18 Only residues with
thermal coefficients calculated from linear regressions with R2 >0.95

were considered (a total of 622 amides). Apparent residue-specific ΔV
were obtained as described previously.4,26 Briefly, the HSQC peak
intensity pressure profiles were fit to a two-state model, for the ΔG°
and ΔV° values for unfolding (and the asymptotic intensity values) at
each temperature, assuming that the difference in compressibility
between folded and unfolded states was negligible. The residue-
specific apparent folded-state expansion corresponds to the slope of
the thermal dependence of residue-specific apparent ΔV calculated
from linear regression fits. For more detail on our previously published
data analysis procedures see Supporting Information. Only residues
with ΔV for more than three temperatures and with linear regression
coefficients, R2, >0.7 were considered (a total of 477 amides with an R2

median of 0.94 ± 0.13). The magnitude distribution of the residue-
specific apparent folded-state expansion was independently normalized
among variants and reported on the corresponding crystal structures
via an in-house Python tool. Experimental data were analyzed using

Figure 1. Intramolecular H-bonds variations among SNase proteins. (A) Amide proton temperature coefficients of WT, Δ+PHS SNase, and of
cavity enlarging variants with L125A, I92A, and I92A/L125A substitutions. Values above the solid line (−4.5 ppb/K−1) are represented with filled
symbols. (B) Histogram of ΔδNH/ΔT for each protein. The solid line corresponds to −4.5 ppb/K−1; see Materials and Methods. (C) Structures of
WT, ΔPHS, and variants with substitutions L125A, I92A or I92A/L125A. Locations of amides with ΔδNH/ΔT values above −4.5 ppb/K−1 are red
spheres. Residues that were deleted or mutated from WT to engineer ΔPHS SNase are colored black. Residues L125 and I92 in Δ+PHS are colored
blue. The molecular surface of the internal void volumes is shown in (light blue) and highlighted in dark blue when additional void is present due to
mutation.
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ProFit (QuantumSoft) and Prism (Graphpad) software packages and
plotted using ProFit (QuantumSoft).
Equilibrium Thermodynamics. Differential scanning calorimetry

(DSC), PPC, and high-pressure fluorescence experiments were
performed as described earlier.12,27 Refer to Figures S4 and S5 for
details.
Sequence Analysis. Sequences of 3872 staphylococcal nuclease

homologues obtained from the NCBI PFAM database (PF00565)28

were reduced to 3196 nonredundant sequences using Duplicate Finder
Java standalone application. A subgroup of 1976 homologues
sequences of amino acid length equal or higher than 100 were
selected using Jalview v 15.0 to discard partial and or incomplete
sequences. The selected subgroup was aligned using the online
multiple sequence alignment (MSA) tool kalign.29 Residual co-
evolution among the MSA was estimated using mutual information
(MI) using MISTIC online source.30 The network of co-evolved pairs
having MI score >9 were represented on 1SNC pdb structure using
MISTIC interactive network view tool.30 Refer to Figure S7 for MI
statistical analysis details.

■ RESULTS
Temperature Dependence of Amide Proton Chemical

Shifts. HSQC spectra were collected over a range of
temperatures for wild-type (WT) and Δ+PHS SNase and for
the Δ+PHS L125A, Δ+PHS I92A, and Δ+PHS L125A/I92A
variants. The crystal structures of these proteins are nearly
identical except for size and location of the internal cavities4

and Table S1. The differences between the structures of WT
and the Δ+PHS protein are limited to the substitutions (G50F,
F51N, P117G, H124L, S128A) and the deletion of the Ω-loop
(44−49) used to engineer the Δ+PHS variants. The structure
of SNase consists of an OB-fold domain (5 stranded β-barrel
and α-helix 1), a C-terminal α-helical domain (helix 3), and an
interfacial domain with several loops and α-helix 2.
HSQC peak assignments of the backbone amides for all the

variants have been previously reported,4 except for the double
variant (Figure S1).
As noted by Baxter and Williamson,18 amide proton chemical

shifts depend linearly upon temperature below the temperature
of unfolding, and different amide protons in protein structures
shift to different extents upon heating. This is the result of
increased thermal motions. Small temperature coefficients
(ΔδNH/ΔT) for the chemical shifts of particular amide protons
(more positive than −4.5 ppb/K) were interpreted by these
authors as arising from constraints against expansion due to
strong intramolecular hydrogen bonding for those residues. We
used the histogram of ΔδNH/ΔT for all the residues of the
SNase variants to establish the strong H-bond cutoff (Figure
S2) at −4.5 ppb/K, as was done by Baxter and Williamson.18

The temperature coefficients of the amide proton chemical
shifts for the SNase variants (Figure 1A,B) revealed an increase
in the number of the presumably strong intramolecular H-
bonds in the Δ+PHS variant, compared to WT SNase.
Interactions were reinforced particularly in the region linking
the C-terminal helix to the core of the protein, where the Ω-
loop was deleted in the Δ+PHS variant (Figure 1C). The
destabilizing cavity creating substitutions I92A and L125A in
the Δ+PHS protein lead to a nearly identical loss in global
stability relative to the Δ+PHS reference protein,4 yet they
exhibited very different perturbations to their H-bond pattern.
Interestingly, the I92A substitution, deep in the core of the
protein, had only a moderate effect on the number and
distribution of strong H-bonds. In fact, the H-bonds in the core
β-barrel region appear to have been reinforced by the
enlargement of the cavity (Figure 1C). In contrast, the

L125A substitution leads to a much larger decrease in the
number of strong intramolecular H-bonds compared to the
Δ+PHS reference protein, with a pattern resembling that of
WT SNase. These observations are consistent with the
previously reported chemical shift perturbations between the
reference protein and its I92A and L125A variants.17 In those
studies, very small chemical shift perturbations were observed
for the I92A mutation, whereas considerable and long-range
perturbations were apparent in the HSQC spectra of the L125A
variant, relative to the reference protein. The I92A/L125A
variant exhibits only a few residual amide protons with small
temperature coefficients, indicating only a few residual strong
H-bonds remain in the structure of this highly destabilized
variant.

Temperature Dependence of Pressure-Induced Un-
folding. The pressure-induced unfolding of WT SNase was
characterized at four temperatures by observing the pressure
dependent decrease in the intensity of the folded-state HSQC
resonances (Figure 2). Each of the over 100 residue-specific
pressure unfolding profiles at each temperature was fit to a two-
state unfolding model to recover residue-specific apparent
values for ΔGf

o(T) and ΔVf
o(T), the free energy and volume

changes for folding, respectively. The distributions for the

Figure 2. Temperature dependence of pressure induced unfolding of
WT SNase monitored by HSQC peak intensity. (A) Representative
HSQC spectra recorded at 1 bar, 1.5 kbar, and 2.5 kbar and 293 K. (B)
Normalized intensity profiles and fitted ΔVf values of individual
amides as a function of pressure recorded at 288, 293, 298, and 303 K.
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apparent ΔVf
o(T) values (Figure 3) were fairly narrow for the

WT protein, close to the uncertainty of the measurement,

although a few outliers are apparent in the distributions, and
some broadening occurred at low temperature. This indicates
that equilibrium pressure unfolding of WT SNase can be
modeled accurately as a two-state transition. It is known that
the SNase WT folding mechanism follows a “foldon” type
scheme, with the β-strand 5 and α-helix 2 of the OB-fold
representing the most stable and first folding unit.31 A kinetic
intermediate after the major folding barrier involves an ordered
OB-fold region and disorder in the interface and much of the
C-terminal helix.32 We have observed both the foldon behavior
and the population of this intermediate in p-jump NMR33 and
in pressure-dependent hydrogen-exchange experiments.26

However, the equilibrium population of these intermediates
under pressure is negligible for WT SNase, leading to the
narrow distribution of the over 100 apparent volume changes
obtained from the high-pressure NMR curves and allowing
analysis according to a two-state model.

NMR-detected pressure-induced unfolding of the Δ+PHS
variant (Figure S3A) yielded site-specific unfolding profiles and
site specific apparent values of ΔGf

o(T) and ΔVf
o(T) at each

temperature (Figure 3). The distributions of the residue-
specific apparent ΔVf

o(T) for the Δ+PHS variant (Figure 3)
were somewhat broader than for the WT SNase. At the higher
temperatures they were rather asymmetric. This heterogeneity
in the recovered parameters is consistent with some departure
from a two-state transition for the highly stable Δ+PHS variant,
as previously reported.4 Small apparent values for ΔVf

o

obtained from the fits of the pressure dependence of the
HSQC peak intensity of a given residue are indicative of partial
unfolding involving that residue. Nonetheless, the distributions
of apparent volume changes remain reasonably narrow,
allowing us to consider the peak of the distribution to be a
reasonable estimation of the thermodynamic ΔVf

o(T). For both
proteins the average value of ΔVf

o(T) decreased as a function
of increasing temperature (Table 1). This is a general
phenomenon observed for all proteins and is due to the
smaller thermal expansivity of the folded state relative to that of
the unfolded state, although deviations from two-state behavior
can contribute as well to the temperature-dependent decrease
in ΔVf

o(T); thermal expansion of the folded state of the
Δ+PHS variant is smaller than that of the WT SNase, as
previously observed directly by PPC.12

The difference in apparent expansivity between the folded
and unfolded states, Δε, calculated from the pressure
dependence of the average volume change of unfolding, was
twice as large for the Δ+PHS variant than for WT SNase.
Because the differences in sequence are relatively modest, the
unfolded-state expansivities are expected to be very similar for
these two proteins. Hence the differences in Δε derived from
the HSQC experiments must arise from a much smaller average
folded-state expansivity for the Δ+PHS variant.
The pressure-induced unfolding of the three cavity-

containing variants of the Δ+PHS reference protein was also
monitored by 2D-NMR HSQC (Figures S3B−D) and Trp
fluorescence (Figure S4) at four temperatures. The profiles
were fit for apparent values of ΔGf

o(T) and ΔVf
o(T) at each

temperature. The distributions of the NMR-detected site-
specific ΔVf

o values at each temperature (Figure 3) all shifted to
lower values as a function of increasing temperature. The ΔVf

o

distributions for the L125A variant were relatively narrow and
symmetric, although some broadening indicates minor
deviation from two-state behavior. Nonetheless it was not
unreasonable in this case to assume that the peak of the

Figure 3. Temperature dependence of the distribution of ΔVf values
among SNase protein and cavity enlarging mutants. Bins of ΔVf values
of SNase WT, the highly stable Δ+PHS, and the corresponding cavity
enlarging variants L125A, I92A, and I92A/L125A from all 2D 15N−1H
HSQC fitted peaks recorded at 288, 293, 298, and 300 K. The line is a
fit to a Gaussian function.

Table 1. Volume Changes upon Folding ΔVf at Different Temperatures and Their Temperature Dependence, Δεa

temperature (K)

protein parameter 288 293 298 303

SNase WT
ΔVf (ml/mol) 70 (12) 65 (11) 60 (7) 58 (7)
Δε (ml/mol/K) −0.86 (0.67)

ΔPHS
ΔVf (ml/mol) 93 (18) 87 (13) 76 (14) 68 (16)
Δε (ml/mol/K) −1.98 (0.95)

I92A
ΔVf (ml/mol) 126 (16) 109 (20) 100 (17) 86 (18)
Δε (ml/mol/K) −2.37 (1.76)

L125A
ΔVf (ml/mol) 109 (15) 99 (11) 95 (12) 84 (11)
Δε (ml/mol/K) −1.52 (0.93)

I92A/L125A
ΔVf (ml/mol) 195 (27) 186 (22) 158 (20) 142 (19)
Δε (ml/mol/K) −4.47 (2.11)

aA linear temperature dependence of the ΔVf over the range probed is assumed. Uncertainties are given in parentheses for each parameter value.
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distribution represents a reasonable approximation of the true
thermodynamic volume change. The average apparent differ-
ence in expansivity, Δε, calculated from the temperature
dependence of the average ΔVf

o (Table 1) was intermediate
between that observed for the WT and the Δ+PHS reference
protein, indicating that the folded-state expansivity of L125A is
larger than that of Δ+PHS, yet smaller than that of WT SNase.
In contrast to the near two-state behavior of WT SNase, the

L125A variant, and Δ+PHS, the variants with I92A and I92A/
L125A substitutions both exhibited very broad ΔVf

o distribu-
tions, with those for the I92A variant at intermediate
temperatures exhibiting bimodal character. Small apparent
values for ΔVf

o obtained from the fits of the pressure
dependence of the HSQC peak intensity of a given residue
are indicative of partial unfolding involving that residue. The
positions of these residues in the I92A structure (Figure S5)
show that partial unfolding occurs in the C-terminal helix and
its interface to the OB-fold domain, in addition to some
disruption in the vicinity of the I92A substitution. This folding
intermediate of SNase and several of its variants, disrupted in
the C-terminal helix, has been reported previously.26,34−36

Thermal Expansion and Volumetric Profiles. Complete
volumetric profiles of the folded and unfolded states of the
SNase variants can be derived from the temperature depend-
ence of the averages of the NMR based ΔVf

o values (Figure 4),
as done previously for WT SNase based on ΔVf

o(T) values
obtained from fluorescence detected unfolding.13 This was
possible only for those variants with quasi-two-state behavior
(WT, Δ+PHS, and L125A), for which the peaks of the ΔVf

o(T)
distributions are assumed to approximate the thermodynamic
values reasonably well. The black triangles in Figure 4 with
dispersed points represent the distribution of values of ΔVf

o(T)
obtained from the present NMR experiments. The values of the
volume of the folded WT SNase, Vf, were measured directly by
densitometry as a function of temperature and reported
previously.37 The values for the volume of the unfolded WT
SNase, Vu, below 320 K were calculated by subtracting the
average value of ΔVf

o(T) from Vf. The values of the molar
volume of unfolded WT SNase above 320 K were measured
previously directly by densitometry,37 since WT SNase unfolds
at ∼325 K. The pink triangle represents the value of ΔVf(Tm),

the volume change for folding at the transition temperature,
obtained directly from PPC measurements12,38 and Figure S6.
Similar plots were constructed for Δ+PHS and its L125A
variant, assuming by convention that the unfolded-state volume
is the same for all proteins. Different unfolded-state volumes
would simply shift both curves up or down on the y-axis relative
to WT SNase. We exclude the possibility of residual volume in
the unfolded states of the variants obtained by pressure
denaturation because pressure, by nature, favors the state of
least volume.
Over the limited temperature range for which pressure-

induced unfolding profiles were measured by NMR, the
temperature dependence of ΔVf

o(T) (=Δε) is approximately
linear for all three variants. However, taking into account the
volume change obtained from PPC, the temperature depend-
ence of ΔVf

o deviates from linearity over a broader temperature
range for WT and the L125A variant, although not for the
Δ+PHS protein. Deviation from linearity for ΔVf

o(T) is not
surprising since the expansivities for the folded states of WT
and L125A decrease significantly with increasing temperature.
In contrast, the expansivity of the folded state of Δ+PHS is
rather low and constant over a broad temperature range,13 and
given that the expansivities of unfolded states are not strongly
temperature dependent,39 the linearity observed for ΔVf

o(T) of
the hyper-stable variant is expected. The apparent expansivity
of the unfolded states of the Δ+PHS protein and of its L125A
variant was considered to be the same as for the WT protein.
This assumption is supported by several lines of evidence. First,
identical expansivities of the unfolded states of these variants
were measured directly by pressure perturbation calorimetry at
temperatures above the unfolding transition.12 Second, the zero
point temperature for the ΔVf

o(T) plots for the three variants
corresponds well to the crossover temperature of the Vf and Vu
curves. That is the point above which pressure would favor
folding rather than unfolding (dotted lines in Figure 4). Finally,
the expansivity values for the folded state (slope of the red lines
in Figure 4) deduced based on the assumption of equivalent
unfolded-state expansivities and the ΔVf

o(T) values from the
high-pressure NMR experiments (∼6 mL/(mol·K) for Δ+PHS
and between ∼8 mL/(mol·K) at low temperature and 4 mL/
(mol·K) at high temperature for the L125A variant) are in

Figure 4. Temperature dependence of volumetric properties of SNase variants. Left axis, partial molar volumes of folded (red line) and unfolded
(green line) states of SNase variants folded (black circles). For WT Snase, Vu (black closed squares) is taken from densitometry measurements of
WT SNase37 at high temperature and extrapolates to the Vu values (black open squares) obtained from subtracting ΔVf (NMR) from Vf (filled black
circles), measured also previously by densitometry at low temperatures. The Vf value for WT SNase at Tm (pink open circle) was obtained by adding
ΔVf (pink open triangle) obtained at Tm by PPC to the Vu value (pink open square) obtained at Tm by interpolation of the Vu values from
densitometry at high temperature. For Δ+PHS and L125A, Vu is assumed to be identical to WT and Vf is calculated by adding to that the present
ΔVNMR values. Right axis: ΔVNMR (black open triangles) and ΔVPPC (pink open triangles) of WT, Δ+PHS, and L125A. Blue line is a quadratic fit to
Vf − Vu for WT or L125A, and a linear fit of ΔV values for Δ+PHS. Vertical shadows correspond to the distributions of site specific ΔVNMR values.
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reasonable agreement with the expansivities of the folded state
measured for the Δ+PHS and L125A variants directly by
pressure perturbation calorimetry (5 mL/(mol·K) for Δ+PHS
and between 11 and 7 mL/(mol·K) for L125A.12

■ DISCUSSION

Pressure-dependent NMR spectroscopy has the potential to
contribute unprecedented site-specific structural insight con-
cerning folding mechanisms and structural origins of stability
and cooperativity under a variety of solution conditions
(temperature, denaturant, pH). Assuming quasi-two-state
behavior and that the expansion of the unfolded form is the
same across all variants, one can interpret the temperature
dependence of the site specific ΔVf

o (which provide residue
specific values for Δε) as a reflection of the local apparent
thermal expansivity (Δε) in the folded state. High values for
dif ferences in expansion between the folded and unfolded states
correspond to low values of expansion of the folded state.
We showed previously by PPC that the global thermal

expansivity of WT SNase in the folded state at 283 K is rather
high, 16 mL/mol·K, approximately 3-fold higher than that of
the Δ+PHS variant, 5.8 mL/mol·K. The L125A and I92A
variants have intermediate expansivity at 283, 12.2, and 11.5
mL/mol·K, respectively,12 while the double mutant increases to
13.8 mL/mol·K (Figure S6), nearly that of WT SNase.
From the present high-pressure NMR data (Figure 5A) we

observe that locally, WT SNase exhibits the highest thermal
expansion values for residues at the interface between the C-

terminal helix 3 and the core of the protein and the nearby helix
1, all in the vicinity of the flexible Ω-loop. The deletions and
substitutions used to engineer the highly stable Δ+PHS variant
not only lower the overall thermal expansion 3-fold but they
also disrupt the interfacial pattern of residues with the highest
expansivity. For the L125A variant, the pattern of residues with
the highest expansivity resembles that of WT SNase, with the
exception of helix-1, indicating that creation of a cavity at the
interface between helix-3 and the core by the L-to-A
substitution disrupts interactions that constrain the Δ+PHS
protein against expansion. The strong deviation from two-state
behavior of the I92A and I92A/L125A variants precluded
establishing this type of correlation between structure and
thermodynamics. However, the pattern of “apparent expansiv-
ity” for these variants, which is distributed throughout the
structure, is consistent with temperature-dependent population
of multiple intermediate states and a complex folding
landscape, as previously shown for the I92A variant.4

The difference in thermal expansion between 285 and 308 K
(5−35 °C), Δε10−35, provides another good global measure of
folded-state expansivity for all the SNase variants.12,13 (Figure
S6). We find a strong inverse correlation between the
thermodynamic expansivity of the folded state of the variants
and the number of strong intramolecular H-bonds in their
structure, as deduced from the temperature dependence of the
amide proton chemical shifts (Figure 5B). Including results for
a T62P variant of WT SNase, which is constitutively unfolded
in water, assuming it contains no strong H-bonds, reinforces

Figure 5. Correlation of native expansion with intramolecular interactions. (A) Cartoon representation of the thermal dependence of site specific
folded-state expansivity values, see Materials and Methods, of WT and ΔPHS SNase and of cavity enlarging variants with I92A, L125A and I92A/
L125A substitutions. (B) Negative correlation between folded-state expansivity12 obtained from PPC12 and the number of strong intramolecular H-
bonds derived from Figure 1. Gray and black lines are linear regression fits including or excluding SNase WT T62P data, respectively. Cartoons
highlight in red spheres the backbone amide positions of residues implicated in strong intramolecular H-bonds. The molecular surface of the internal
void volumes is shown in light blue and highlighted in dark blue when the size is altered by the mutation. (C) Mutual information interaction
network of SNase family with MI values >6.5 (significant) (low = 9; high = 26.5) represented as straight yellow sticks and colored according to their
score. PDB codes for SNase, ΔPHS, I92A, L125A, and I92A/L125A proteins correspond to 1SNC, 3BDC, 3MEH, 3NXW, and 4DGZ, respectively.
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this negative correlation. These observations support the notion
that these strong intramolecular H-bonds impose local
constraints against thermal volumetric expansion; the stronger
the interactions, the lower the expansivity.
Multiple sequence alignment of the SNase family of proteins

and extraction of the mutual information (MI) network
(Figures 5C and S7) revealed a large number of co-evolving
residues at the interface between the core OB-fold domain and
the C-terminal helix, whereas co-evolution within the OB fold
domain was more limited. The strongest MI scores linked
residues in the three interfacial loops to each other and to the
N-terminus of helix-1. Interestingly, these are the same regions
for which the stabilizing deletions and substitutions used to
engineer the Δ+PHS protein reinforce H-bonding, compared
to WT SNase. These inverse correlations between H-bonding
and co-evolution suggest that SNase has evolved to retain
considerable flexibility in and around its active site (near the Ω-
loop). This flexibility is evident as significant local thermal
expansion in these regions, measured by high-pressure NMR
spectroscopy.
Data about co-evolving residues are often used to infer

physical contact between two residues. In this case, the mutual
information informs on a more complex requirement for the
appropriate balance of interaction and dynamics. Indeed, in
addition to flexibility, certain key interactions such as the active
site clamp between D77-T120 have been conserved,40 although
here D77 only exhibits low native-state expansivity in the
context of the Δ+PHS variant. The notion that these patterns
of conserved flexibility levels are key to tuning the functional
properties of the protein is supported by the fact that the
mutual information is strongest in and around the substrate
binding site at the interface between the two subdomains
(Figure S6).

■ CONCLUSIONS
Two-dimensional NMR spectroscopy was used to examine
structural origins of the temperature dependence of the
volumetric properties of some proteins. The thermal
expansivity of the protein appears to be anticorrelated with
the presence of strong intramolecular H-bonds. Stabilizing
substitutions that locally reinforce H-bonding impose con-
straints against thermal expansion, whereas local disruption of
interactions via cavity creating mutations increases the thermal
expansion of the native state in a site-specific manner. The
effects of these perturbations to the hydrogen-bonding patterns
of protein correlate well with the network of mutual
information obtained from examination of the co-evolution of
sequence within this protein family. This analysis revealed a link
between the high thermal expansivity near the active site of this
enzyme, with the known functional requirements for conforma-
tional flexibility in this region. This study shows how the
characterization of volume and volumetric expansion with the
site-specific resolution afforded by NMR spectroscopy can yield
detailed information about intramolecular interactions essential
for folding and function.
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