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ABSTRACT
The effects of cavity-creating mutations on the structural flexibility, local and global stability, and dynamics of the folded
state of staphylococcal nuclease (SNase) were examined with NMR spectroscopy, MD simulations, H/D exchange, and pressure perturbation. Effects on global thermodynamic stability correlated well with the number of heavy atoms in the vicinity
of the mutated residue. Variants with substitutions in the C-terminal domain and the interface between a and b subdomains
showed large amide chemical shift variations relative to the parent protein, moderate, widespread, and compensatory perturbations of the H/D protection factors and increased local dynamics on a nanosecond time scale. The pressure sensitivity of
the folded states of these variants was similar to that of the parent protein. Such observations point to the capacity of the
folded proteins to adjust to packing defects in these regions. In contrast, cavity creation in the b-barrel subdomain led to
minimal perturbation of the structure of the folded state, However, significant pressure dependence of the native state amide
resonances, along with strong effects on native state H/D exchange are consistent with increased probability of population of
excited state(s) for these variants. Such contrasted responses to the creation of cavities could not be anticipated from
global thermodynamic stability or crystal structures; they depend on the local structural and energetic context of the
substitutions.
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INTRODUCTION
The ability of proteins to fluctuate and to sample wide
swaths of conformational space is central to their biological and functional roles.1–6 Volume calculations7,8 and
compressibility measurements9–13 have shown that globular proteins are not uniformly packed. As demonstrated
recently for lysozyme14 and myoglobin,15 the presence
of evolutionary conserved cavities may play a crucial role
in function by modulating structural flexibility,
promoting conformational fluctuations, and enabling
intramolecular communication. Packing defects can be
introduced artificially in proteins by the substitution of
internal hydrophobic side chains with alanine. Systematic
alanine scanning studies have been performed over the
past 20 years to examine the role of packing on thermodynamic properties of proteins.16–18 Detailed X-ray
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crystallographic analyses have shown that, depending on
the location of the mutated side chain, the structural
consequences of alanine substitution range from minor
modifications to significant side chain rearrangements.19
The L99A substitution in T4 lysozyme is a good example
of a substitution in a very rigid environment that has no
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Figure 1
SNase architecture and location of the cavity-creating mutations. A: Putative subdomain organization of SNase: the subD1 is colored in blue, IntD
in cyan, SubD2 in green, and the C-term helical turn in red. Trp-140 is depicted in stick representation in red. B: Foldon organization in SNase
according to:23 foldon I (orange, b1–b4 1 a1), foldon II (red, b5 1 a2), and foldon III (yellow, a3). C: Positions that were substituted with Ala
to create internal cavities (red spheres). The location of L38 and the sites of the four Ala substitutions studied with NMR spectroscopy and MD
simulations are labeled.

observable structural consequence. High-pressure crystallography and MD simulations have shown that under high
pressure the cavity introduced in the L99A variant fills
with water molecules instead of collapsing.20,21 Little is
known about the consequences of cavity creating substitutions on conformational fluctuations. The goal of this
study was to examine in detail how packing defects in different regions of a model protein, Staphylococcal Nuclease
(SNase) affect its flexibility, local stability, and dynamics.
The subdomain organization of SNase [Fig. 1(A)] has
been amply demonstrated by mutagenesis,22 H/D
exchange23,24 and mechanical unfolding experiments.25
Subdomain 1 (SubD1), formed by the b-barrel and helix
1, corresponds to a canonical OB-fold domain.26 The
main hydrophobic core of the protein is defined primarily by this subdomain. Helix-3 constitutes subdomain 2
(SubD2). Helix-2, as well as the mini b sheet composed
of residues 39–40 and 110–111, have been described as
an interface (IntD) between SubD1 and SubD2. The
C-terminal a-helical turn (L137 through S141) where
Trp-140, the single Trp in SNase is found, is known to
stabilize the protein via multiple long-range contacts. An
alternative, more energetically based classification of
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SNase architecture resulting from native state H/D
exchange experiments23 describes SNase in terms of
three main foldons [Fig. 1(B)]. Foldon 2, the most stable,
encompasses elements from both SubD1 and the IntD.
Ten cavity-containing variants of the highly stable
form of SNase known as D 1 PHS SNase were described
previously [Fig. 1(C)].27 Compared with WT SNase, the
D 1 PHS reference protein bears stabilizing substitutions
in the C-terminal helix (G50F, V51N, P117G, H124L,
and S128A), and a deletion of the mobile X loop (residues 44–49), which is part of the active site. Five of these
variants have Leu-to-Ala substitutions, three have Val-toAla substitutions, one has an Ile-to-Ala substitution and
one has a Phe-to-Ala substitution. High-resolution crystal
structures of these variants are already available.27 The
backbone atoms of the variants and of the parent
proteins are almost superimposable and the cavities in
the structures are found at the expected locations. No
electron density that could be ascribed to internal water
molecules was found in any of the cavities.
In this work, we sought to characterize in detail the
consequences of cavity creation. We measured the global
thermodynamic stability of the 10 cavity-containing

Native State Responses to Packing Defects

variants. Four of them (V66A, I92A, L103A, and L125A)
with similar global stability (within 1.2 kcal/mol) were
selected for detailed study. In addition to comparison of
their X-ray structures and global stability measurements,
chemical shift data measured with NMR spectroscopy
under atmospheric and high pressure, H/D exchange and
MD simulations were used to explore in detail how the
introduction of internal cavities into different subdomains affected local stability, flexibility, and dynamics.
Despite similar global thermodynamic effects, the introduction of cavities resulted in two distinct responses. In
the least stable region of the protein and in the interface
between this region and the OB-fold core, the structure
of the folded protein in solution exhibited significant
adjustments to the cavity, and increased dynamics. In
contrast, in the most stable b-barrel subdomain, almost
no structural adjustment was observed. Instead, the creation of the cavity led to a significant increase in the
probability of populating more open, partially unfolded
states involving residues remote from the site of the
mutation. The observation or not of such long-range
consequences points to the importance of intrinsic cooperativity of protein structures and suggests how core
packing could modulate, specifically and locally, protein
function, turnover or aggregation propensity.
MATERIAL AND METHODS
Protein preparation

The highly stable D 1 PHS form of SNase and the cavity-containing variants were expressed and purified as
described previously by Shortle and Meeker.28 Uniform
15
N labeling was obtained from over-expression of
recombinant protein in E. coli grown in M9 medium containing 15NH4Cl as the sole nitrogen source, as described
for SNase previously.29

ments34,35 recorded on a Bruker AVANCE 700 MHz spectrometer equipped with a 5 mm Z-gradient 1H-13C-15N
cryogenic probe, using the standard sequential procedure.
1
H chemical shifts were directly referenced to the methyl
resonance of DSS, while 15N chemical shifts were referenced
indirectly to the absolute frequency ratios 15N/1H 5
0.101329118. The weighted 15N/1H averaged amide chemical shift differences between the D 1 PHS reference protein
and Ala variants were calculated as:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


g 2
Dd ¼ Ddð1 HÞ2 þ Ddð15 NÞ N
gH
where gN and gH represent the gyromagnetic ratio of 15N
and 1H nuclei, respectively.
High-pressure heteronuclear 2D 15N1H HQSC spectra36 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 probe.
Commercial ceramic high-pressure NMR cell and an
automatic pump system (Daedalus Innovations, Philadelphia, PA) were used to vary the pressure in the 0–2.5
kbar range. For each protein, the pressure dependence of
the weighted 15N/1H amide chemical shift differences
from the reference 1 bar HSQC spectra were fitted to a
second order polynomial function: DdðpÞ ¼ a þ bp þ cp2 ,
where P represents the pressure in bar.
H/D exchange experiments were performed as previously described37 with freshly lyophilized samples dissolved in D2O at a concentration of 1 mM. Time series
of 15N1H HQSC spectra were recorded at 600 MHz
(700 MHz when testing the exchange regime on I92A)
with a common dead time of 15 min and a time limit of
4–6 days, depending on the variant. Protection factors
(PF)38 were calculated from the exchange rate constants
deduced from the time dependence of peak intensities
fitted to a monoexponential decay model.

Thermodynamic stability
Molecular dynamics simulations

Stability measurements were performed with guanidine
hydrochloride (GuHCl) titrations using an Aviv Automated
Titration Fluorimeter 105 as described previously.30 All
stability measurements were performed at 208C and pH 7.
NMR experiments

Uniformly, 15N-labeled protein samples were dissolved at
1 mM concentration in 10 mM Tris buffer at pH7. 10% of
D2O was added for the lock procedure. In all experiments,
the 1H carrier was centered on the water resonance and a
WATERGATE sequence31,32 was incorporated to suppress
solvent resonances. All NMR spectra were processed and
analyzed with GIFA.33 Amide resonances were assigned at
atmospheric pressure from 3D [1H,15N] NOESY-HSQC
(mixing time 100 ms) and 3D [1H,15N] TOCSY-HSQC
(isotropic mixing 60 ms) double-resonance experi-

MD simulations were performed as previously
described,39 using the GROMACS 4.4 package40 and
Amber99sb41 protein force field and starting from the
crystal structures: 3BDC for D 1 PHS SNase, 3NXW for
the L125A variant, 3MZ5 for the L103A variant, 3MEH
for the I92A variant, and 3NQT for the V66A variant.
Proteins were inserted in a cubic box with a minimal
distance of 1 nm from any protein atom to the box
boundary. The box was hydrated with TIP3P42 water
molecules: 12547 for D 1 PHS, 12514 for L125A, 11938
for L103A, 12227 for I92A and 11979 for V66A. His residues were assigned to neutral state and all Glu, Asp, Lys,
and Arg were modeled as charged. 6 Cl2 ions were
added in all five-protein boxes to neutralize the system.
After steepest descent energy minimization and 10 ns
equilibration, the resulting conformation was used as
PROTEINS
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Table I
Thermodynamic Consequences of Cavity-Creating Substitutions in
SNase
Variant
D1 PHS
V23A
L25A
F34A
L36A
L38A
V66A
V74A
I92A
L103A
L125A

DGf
11.9
8.7
8.9
8.3
8.6
10.5
9.0
8.5
7.9
7.8
8.1

(0.1)
(0.1)
(0.1)
(0.1)
(0.1)
(0.1)
(0.2)
(0.2)
(0.3)
(0.1)
(0.1)

DDGf
3.2
3.0
3.6
3.3
1.4
2.9
3.4
4.0
4.1
3.8

–
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.3)
(0.3)
(0.4)
(0.2)
(0.2)

DDGfa
2.9
2.7
3.7
3.5
1.7
2.2
3.1
4.0
4.6
4.9

mGuHCl

mGuHCla

4.9
5.2
5.0
5.2
5.4
4.8
4.8
5.0
5.4
5.2
5.5

6.9
8.1
7.7
7.7
7.7
6.4
7.5
7.7
8.1
6.6
4.5

–
(0.1)
(0.1)
(0.1)
(0.1)
(0.1)
(0.1)
(0.1)
(0.1)
(0.1)
(0.1)

mutated Cb (Supporting Information Fig. S1). In addition, for the majority of these variants, the DDGf values
are in good agreement with the original data from
Shortle et al.17 obtained for the same substitutions in
the context of the true wild-type SNase (Table I). We
noted, however that the mGuHCl values reflecting the
slope of the GuHCl dependence of DGf were significantly
smaller for variants of the D 1 PHS proteins than for
those in the wt SNase background (Table I).
Structural consequences of V66A, I92A,
L103A, and L125A substitutions

where a(s) is the orientation of the NH vector and
P2(x) is the second order Legendre polynomial. The internal
correlation
function
converges
if
jCint ð1Þ  Ctail j  0:005, where Ctail represents the tail of
the correlation function averaged over the last 1 ns and
Cint(1) represents the infinite limit of a monoexponential decay fit of the correlation function.

Structural consequences of substitutions on the cavitycontaining variants were examined by comparing
15
N1H chemical shifts under native conditions for a
subset of four Ala variants (L103 and L125A located in the
IntD and SubD2, and V66A and I92A in SubD1) and for
the D 1 PHS reference protein (see Supporting Information Fig. S2 for HSQC assignment of the five proteins).
The weighted 15N1H amide group chemical shift differences between D 1 PHS and the four Ala variants (Fig. 2)
revealed significant long-range perturbations only for the
L125A and L103A variants. For L125A, local chemical shift
perturbations were observed for residues in helix-3 and its
close environment (residues 111–129). These local perturbations were propagated to IntD (residues 102–105) and
to SubD1 (residues 59 and 92). For L103A, located within
the IntD, in addition to the local perturbations (residues
102–104 and 110), the main consequences on chemical
shifts were observed in SubD1, mostly in helix-1 (residues
58–66), including a large perturbation for residue 62
whose side chain faces the L103A mutation site. In contrast, the two Ala variants located in the SubD1, V66A,
and I92A, show only a small number of chemical shift perturbations, which are almost exclusively restricted to the
vicinity of the mutated sites (with the notable exception of
residue L103 in the case of I92A).

RESULTS

Effect of subdenaturing pressures

Compilation of global thermodynamic stability and m values for 10 variants.
DDGf 5 DGf(variant) 2 DGf(D 1 PHS) Global stability was measured with
GuHCl titrations at 208C, pH 5 7.aDDGf values from Shortle et al.17 These
experiments were performed in similar conditions, for the same set of variants
but using the true wt SNase background instead of the D 1 PHS for of SNase.
Errors in m-values are 0.2. DGf and DDGf values are in kcal/mol while mGuHCl
are expressed in kcal/mol/M.

starting point for 100 ns long MD simulation with 2 fs
time step. Simulations were performed at 293 K and 1
bar with system compressibility set to 4.6 3 1025 bar21.
NH bond order parameters were calculated as previously described.43 All sampled conformations were
aligned and superimposed on the reference structure
using backbone heavy atoms. The NH vector autocorrelation function was calculated using:
Cint ðt Þ ¼ hP2 ðaðs  t Þ3aðt ÞÞi

Consequences of cavity-creating
substitutions on global thermodynamic
stability

Thermodynamic stability (DGf ) was measured for the
10 variants [Fig. 1(C)] by guanidine hydrochloride
(GuHCl) denaturation experiments monitored with Trp
fluorescence at 208C and pH 7 (Table I). Of the 10 DDGf
values measured in this study, nine are in the 3–4 kcal/
mol stability difference range with a mean value of 3.3 
0.2 kcal/mol, in good agreement with the average value
(3.15 kcal/mol) obtained from a compilation of previous
studies of 14 different model proteins.44 With one exception, the DDGf values showed significant correlations
with both the volume of the engineered cavities and the
number of heavy atoms within 10 Å radius of the
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The response of the cavity containing variants folded
structure to hydrostatic pressure reveals information
concerning conformational plasticity. The pressure dependence of the native-state amide chemical shifts was measured
for the four Ala variants and the D 1 PHS reference protein at 208C and pH 7 over a pressure range (1–2500 bar).
In this range of pressures, the five proteins remained fully
folded. Large variations in both the magnitude and the linearity of the native state chemical shift changes were
observed over this pressure range, as illustrated for D 1
PHS in Figure 3. For each protein and at each pressure, the
weighted 15N
1H averaged amide chemical shift difference
Dd was calculated relative to the reference 1 bar HSQC
spectra. Following a large body of work by Akasaka and
coworkers,11–13 the pressure dependence of Dd for each

Native State Responses to Packing Defects

Figure 2
Structural consequences of cavity creation assessed by NMR spectroscopy. (Left) Weighted 15N
1H averaged chemical shift differences between the
D 1 PHS background protein and the four Ala-containing variants. For each variant, the values of 1, 2, and 3 standard deviations are indicated
with red dashed lines. For the sake of comparison, the sequence numbering of WT SNase (149 residues) was used on the abscissa axis; the gray bar
indicates the location of the deletion in the D 1 PHS protein (residues 44–49). (Right) Structural mapping of chemical shift differences. Residues
with r < Dd < 2r, 2r < Dd < 3r, and Dd > 3r are colored in yellow, orange, and red, respectively. The location of the mutated side chain is
indicated with a green sphere.
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Local stability measurements

Figure 3
Pressure effects on the reconstituted 15N
1H HSQC spectra of D 1
1H HSQC spectra of D 1 PHS
PHS SNase. Reconstituted 15N
recorded at 208C, pH 7 at hydrostatic pressures ranging from 1 bar
(black) to 2500 bar (green).

cross peak was fitted empirically with a second order polynomial function (see Supporting Information Table S3, and
Supporting Information Figs. S4 and S5). These authors
have interpreted in a number of protein systems the linear
pressure response of the chemical shift as a manifestation
of the local compressibility, and the nonlinear responses as
an indication of pressure induced population of low lying
excited states. Figure 4 highlights the position of residues
with a significantly higher second order factor (more than
1 standard deviation) compared with the D 1 PHS background protein. In the L125A and L103A variants only a
few of the residues exhibited increases of the second order
factor, most of which residues were located in the immediate vicinity of the mutated sites. These include the residues
directly facing the mutated sites (residues 38 and 62 for
L125A and L103A, respectively), with very few remote positions affected by the substitution (Fig. 4). In contrast to the
L125A and L103A mutations, cavities created by the I92A
and V66A substitutions resulted in a broad effect of pressure on the native state conformational plasticity, with
increased second order factors, indicating pressure-induced
population of lower volume excited states for a large number of residues, spanning SubD1 in almost its entirety. The
situation is the same if one examines the linear coefficients
(Supporting Information Fig. S5); significant pressure
effects with respect to the reference protein are measured
throughout the protein’s structure for the I92A variant,
whereas the effects are more subdued and more local to the
mutation for the L125A variant.
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H/D exchange experiments were performed at pH 7,
under native conditions to explore the consequences of
the cavity-creating mutations on the local stability of D
1 PHS. We have shown in a previous study for D 1
PHS and a variant (V66K) under similar conditions, that
the hydrogen exchange rates were strongly pH-dependant, suggesting an EX2 exchange regime.37 Here, we
carefully checked the exchange conditions on the I92A
variant. We chose this variant because it appeared from
the pressure susceptibility of the chemical shifts to be the
most perturbed in terms of the population of local
excited stated states. Moreover it is among the least stable
of the variants studied here (DG5 7.9  0.3 kcal/mol).
We reasoned therefore that this variant, if any, would be
the most likely to exhibit a change in exchange regime.
H/D exchange was measured at 208C and at three different pH values 6.8, 7.15, and 7.4), chosen around the
nominal pH value used for the rest of the NMR study
(pH 7). At 208C, 80 amide cross-peaks were still observable on the first HSQC spectrum recorded at pH 6.8 after the experimental dead time (15 mn), 77 at pH 7.1,
and 73 at pH 7.4. Due to extremely slow H/D exchange
at 208C, peak intensity decreases can be accurately fitted
to an exponential decay only for 35 residues at pH 6.8,
42 residues at pH 7.1, and 51 residues at pH 7.4
(Supporting Information Fig. S6): most of the others residues do not exhibit any significant change in their corresponding amide cross peak intensity, even after 6 days of
experiment. Exchange rate constant ratios were then
measured between two pH: an average ratio of 3.5  1.1
was measured between pH 6.8 and 7.15 (30 residues), of
3.2  1.2 between 7.15 and 7.4 (37 residues), in good
agreement with the theory predicting a 10 fold increase
for the exchange rate constant per pH unit in case of
EX2 regime. This is also in good agreement with results
previously reported by Bedard et al.23 where native-state
hydrogen exchange were measured for 34 residues of a
stabilized double mutant (P117G/H124L) of SNase: EX2to-EX1 transitions were observed at 208C for some residues but only at pH > 8. The stability of this double
mutant (DG 5 7.7 kcal/mol) is lower than that measured
for D 1 PHS, and comparable to that of I92A. From this
along and the present pH dependence studies it is reasonable to assume that EX2 is the prevalent regime for
amide protons in D 1 PHS and the variants reported in
this study at neutral pH.
In the EX2 regime, the hydrogen exchange reaction
occurs in a much slower time scale than the refolding
reaction, such that the measured PF report on the local
stability of the protein.38 For the variants examined here,
cavity creation led to both increases and decreases in PF
factors with respect to the D1PHS reference protein
(Fig. 5). In the case of the L125A and L103A variants,
local destabilization by the cavity was generally moderate,

Native State Responses to Packing Defects

Figure 4
Pressure effects on the 15N
1H chemical shifts for D 1 PHS and four Ala variants. (Left) The absolute value of the second order factors of the
chemical shift pressure dependence (ci) as a function of protein sequence, for D 1 PHS SNase (black) and the four Ala variants: L125A, L103A,
I92A, and V66A (red). For the sake of clarity, the absolute values of the second order factors are reported for the variants on an inverse axis. The
sequence numbering of WT SNase (149 residues) was used on the abscissa axis; the gray bar indicates the location of the deletion in the D 1 PHS
protein (residues 44–49). (Right) Residues with significantly larger second order factor (more than 1 standard deviation), in comparison to D 1
PHS, are indicated in red on the protein structure. The location of the side chains substitutes with Ala is indicated with a green sphere.

with strong affects observed for only a few residues in
the vicinity of the mutation. Interestingly, for both of
these variants, larger PFs were measured for residues
proximal to those that exhibited faster exchange (for
example in helix 3 and the IntD for L125A and helices 1
and 3 for L103A). Such behavior is indicative of compen-

sating local energetic adjustments. The V66A variant
exhibited very different behavior, with significant local
destabilization of many residues throughout the protein;
in SubD1 (residues 10–40 and 64–66), in the IntD
(residues 97–113) and in the C-terminal loop (130–141),
and very limited increases in PF values. Finally, alanine
PROTEINS
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Figure 5
Effects of Ala substitutions on H/D exchange kinetics. (Left) Logarithms of the PF ratios (D 1 PHS/variant) are plotted as a function of the protein
sequence. Positive ratios (red) indicate that the NH bond is more protected in D 1 PHS compared with the variants, while negative ratios (blue)
indicate that the NH bond is less protected in D 1 PHS compared with the variants. Amide protons that are exchanging within the dead time of
the experiments (15 mn) in the variants but that have measurable exchange rates in D 1 PHS are indicated with red dots. Amide protons with the
opposite behavior—i.e., exchanging within the experimental dead time in D 1 PHS but not in the variant—are indicated with blue dots. The
sequence numbering of WT SNase (149 residues) was used on the abscissa axis; the gray bar indicates the location of the deletion in the D 1 PHS
protein (residues 44–49). (Right) Residues are colored as a function of the PF ratios, from red (R > 2), to orange (1 < R < 2), yellow (0 < R <
1), pale blue (21 < R < 0), blue (22 < R < 21), and dark blue (R < 22). For the sake of clarity, residues with positive ratios are reported on
the left structures, those with negative ratios on the right structures. Residues in black correspond to amide protons where exchange rates can be
measured in the variants but not in D 1 PHS (right) or to amide protons where exchange rates can be measured in the D 1 PHS but not in the
variants (left). The location of the mutated side chain is indicated with a green sphere.
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Molecular dynamics simulations

Figure 6
Dynamic consequences of cavity-creating substitutions. A: Full protein
backbone RMSD calculated over the total simulation length for the four
cavity-containing variants and for the D 1 PHS reference protein. B:
Backbone RMSD of helix-3 calculated for the L125A variant (blue) and
D 1 PHS SNase (black). C: Backbone RMSD of helix-1 calculated for
the L103A variant (purple) and the D 1 PHS protein (black).

substitution at position 92 led to drastic local destabilization in the immediate vicinity of the mutation. Amide
protons at and adjacent to position 92 exchanged too
rapidly to be measured. In addition, very strong perturbations to the PF, both stabilizing and destabilizing, were
observed for this variant in the IntD and, surprisingly, in
the C-terminal region, which packs against the IntD.
Moderate perturbations were observed as well for this
variant for a few residues in the b-sheet opposite position 92 in SubD1.

All-atom MD simulations with explicit solvent were
performed on D 1 PHS SNase and on the four Ala
variants to probe the dynamic consequences of the cavities on the nanosecond time scale. Although H/D
exchange experiments probe residue dynamics on time
scales that are related to local stability, nanosecond dynamics offer complementary information about local
structural flexibility. Backbone root mean square deviations (RMSD) relative to the reference crystal structures
were calculated as a function of simulation time
[Fig. 6(A)]. A clear difference was observed between the
reference structure and the L125A and L103A variants. In
contrast, the V66A and I92A variants and the D 1 PHS
protein remain remarkably stable. Independent simulations starting from the same reference structures were
performed twice to confirm these results (Supporting
Information Fig. S7). A reversible perturbation of helix-3
was noticed for the L125A variant (between t 5 25 ns
and t 5 48 ns) [Fig. 6(B)]. Helix-1 exhibited a similar,
large reversible perturbation (between t 5 40 ns and t 5
56 ns) in the L103A variant [Fig. 6(C)]. This perturbation is characterized by a reversible kink of helix-1, illustrated in Figure 7 with snapshots at t 5 53 ns showing
the penetration of Thr-62 into the cavity created by the
L103A substitution. Comparison of simulated B-factors
for the five proteins also show enhanced structural
fluctuations in the vicinity of the site of substitution
L125A and L103A (Supporting Information Fig. S8).
To obtain a more complete picture of nanosecond
dynamics, the NH bond order parameter S2 were
calculated for the reference D 1 PHS protein using the
internal correlation method (see Materials and Methods),
and compared with the experimental values obtained
from Kitahara et al.37 for the reference D 1 PHS protein
under similar conditions (Supporting Information
Fig. S9). The simulated order parameters are in good
agreement with the experimental ones, with an absolute
difference mean value of 0.033 and a standard deviation
of 0.027, indicating that the parameters used in the simulation reproduce reasonably well the intrinsic dynamics
of the protein in solution. As described recently,43,45,46
residues involved in slower motions will show a continuous decrease of the NH bond internal correlation
function because simulations weight equally the motions
that are both faster and slower than the overall protein
tumbling. Such residues are defined as ‘‘nonconverging"
in this calculation (see Material and Methods). Interestingly, for L103A a significantly larger number (63) of
nonconverging residues was found than for D 1 PHS46
or L125A.45 In particular, the N
H vector internal correlation function of residues 10, 59, 64, and 68 converge
within a few ns in the simulations with D 1 PHS SNase,
but exhibit a continuous decrease in the case of L103A
(Supporting Information Fig. S10A). The residues
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Figure 7
Snapshots of L103A simulation at t 5 53 ns illustrating the kink of helix 1. The structure of L103A at t 5 53 ns (blue) is superimposed to the
starting structure (gray). Position of Ala 103A is indicated with vdW spheres and Thr 62 is shown in red stick. The native axis of helix 1 is shown
(black arrow).

possibly involved in slower motions are located primarily
in SubD1, with residues 14–30 (b-barrel) and 59–66
(helix 1), notably affected in the case of L103A (Supporting Information Fig. S10B). This observation
suggests that in addition to the local destabilization of
helix-1, apparent in the reversible kink and in the motion
of Thr-62, the L103A substitution also affects the dynamics of several residues in the b-barrel.

DISCUSSION
For mutations that introduce cavities the correlation
between DDG values and the size of the cavity or the
number of heavy atoms in the vicinity of the mutation,
as observed with the SNase variants, are interpreted
classically as reflecting the additive contribution of a
hydrophobic solvation term ( 2 kcal/mol for a Leu to
Ala substitution) and the loss of van der Waals interactions.16–18,44 Only in the case of the L38A variant was
the DDGf value [1.4 kcal/mol in D 1 PHS, (1.7 kcal/mol
in WT SNase17)] significantly lower than the typical
range of stability differences measured for Ala substitutions44 (3–4 kcal/mol). Considering that L38A is the
only variant located in a loop, it is possible to invoke
additional entropic compensation effects to explain this
discrepancy. A similar conclusion was reached by Bothelo
et al.47 concerning the effects of two substitutions on the
global stability of b-lactoglobulin isoforms A and B. For
7 of the 10 variants, we observed a remarkable agreement
between the present DDGf values and those obtained for
the same variants in the true wild type background.17
The largest discrepancy was observed for the L125A
mutation, which showed a significantly smaller DDGf in
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the D 1 PHS background than in the true wild type
background (3.8 kcal/mol and 4.9 kcal/mol, respectively).
Presumably, this reflects stabilization of helix-3 via three
mutations (P117G, H124L, and S128A) in the D 1 PHS
variant. The lower mGuHCl values observed for the D 1
PHS variants compared to those in WT SNase17 may be
interpreted in terms of a smaller amount of surface area
exposed upon unfolding, or alternatively, in terms of a
lower unfolding cooperativity owing to the population of
intermediate species for variants of the more stable D 1
PHS background.
Various consequences of cavity creating mutations in
the crystal structures of proteins have been reported, from
major rearrangement of the hydrophobic core in the
Sso7d F31A variant,48 limited local rearrangement of side
chains in T4 lysozyme L121A16 or even the absence of
any structural adjustment in the case of T4 lysozyme
L99A.20 The I92A and V66A variants in the b-barrel core
of SNase clearly fall into the last category since no structural rearrangement was observed for these two variants,
even in solution. It is likely that, as for the L99A variant
of T4 lysozyme, topological and steric constraints render
the core in SubD1 of SNase structurally rigid and unable
to adjust to the presence of the engineered cavity. Native
state high-pressure NMR experiments suggest that the
nonoptimal accommodation of the engineered cavities in
the I92A and V66A variants leads to destabilization of the
native states with respect to lower volume, high-energy
conformers that can be populated by application of pressure. Along these lines, a recent relaxation dispersion
NMR study of the L99A variant of T4 lysozyme49 has
revealed the presence of a high-energy conformer that
minimizes the volume of the engineered cavity. A coherent picture emerges for cavity-creating mutations in a

Native State Responses to Packing Defects

rigid environment. Such perturbations do not affect the
native structure, nor do they affect the global stability any
differently than the introduction of cavities in other
regions of the protein. Rather, they alter the local stability
and hence the probability of populating higher energy
states in the folded state ensemble.
The H/D exchange measurements reported here, as
well as the pressure dependence of the amide chemical
shifts reveal that substitutions in the rigid central core
of SNase (I92A and V66A) lead to significant increases
in the probability of populating locally open (partially
unfolded) species at positions far removed from the site
of the mutation. We suggest that these long-range consequences arise from the cooperative disruption of multiple and widespread interactions by the mutation. At
the same time, these cavity creating mutations in the
rigid central core of SNase result in only very limited
changes in the native state HSQC chemical shifts. In
contrast, substitution of large hydrophobic residues by
alanine in more flexible regions of the protein (i.e.,
L125A) has few long-range consequences for partial
unfolding. This is because the folded structure can
adjust locally to accommodate the mutation, and these
structural adjustments of the folded state are apparent
in the significant changes in the amide chemical shifts
of the folded form.
Consistent with the notion of adjustments in their
folded states, all-atom, MD simulations suggested
increased dynamics on a nanosecond time scale for
L125A and L103A variants. In particular, a large concerted motion involving a kink of helix-1 and the penetration of Thr-62 into the protein core was observed
with the L103A variant. Perturbation of Thr-62 because
of the L103A substitution was also noticed in our atmospheric and high-pressure NMR experiments and likely
reflects a local destabilization of helix-1. The OH group
of Thr62 forms an H-bond to a buried backbone amide
in the turn between b1 and b2, Perturbation of this
residue is likely responsible for the increased dynamics in
SubD1 for this variant. We hypothesize that, in comparison to the rigid core of SubD1, the more flexible environments of the IntD and SubD2 allow subtle structural
rearrangements of the native structure and a better
accommodation of the engineered cavity.

CONCLUSION
This study illustrates how, depending on their location,
the introduction of cavities differentially perturb local stability, flexibility, and dynamics. These complex consequences are not predicted by simple DDGf measurements.
Indeed, two variants, L125A and I92A, exhibited highly
distinct behavior in terms of flexibility, local stability and
dynamics, whereas their effects on global thermodynamic
stability were equivalent within experimental uncertainty.

Such distinct effects cannot be predicted by examination
of crystal structures, as no significant rearrangements were
apparent in any of the variants.27 We find two limiting
responses to cavity creating mutations. Cavities engineered
in inherently flexible environments can be accommodated
structurally in solution. This structural accommodation is
reflected by significant changes in the native state NMR
spectra and in the rapid folded state dynamics probed by
MD simulations, but only very subtle changes in slower
higher energy fluctuations as revealed by native state H/D
exchange, and pressure sensitivity of the NMR spectra. In
contrast, in a rigid environment, structural adjustments to
cavities are not possible. Instead, the cavities destabilize
the native state relative to higher energy conformers that
are observed in H/D exchange and pressure perturbation
experiments. Further, we have identified a perturbation
propagation pathway between subdomains of SNase,
which suggests a role for SubD2 as conformational sensor,
perhaps involved in regulating the enzymatic activity of
the protein or its interactions with substrate.50,51 More
generally, this study illustrates how natural mutations to
protein cores could modulate the accessibility of functionally important or detrimental excited states. Our approach
also constitutes a novel strategy for probing structural
plasticity and free energy landscapes of proteins, which
should be useful to gain new perspectives into subtle
aspects of the structural basis of protein function.
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