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It is well known that high hydrostatic pressures can induce the
unfolding of proteins. The physical underpinnings of this phenomenon have been investigated extensively but remain controversial.
Changes in solvation energetics have been commonly proposed as
a driving force for pressure-induced unfolding. Recently, the elimination of void volumes in the native folded state has been argued
to be the principal determinant. Here we use the cavity-containing
L99A mutant of T4 lysozyme to examine the pressure-induced destabilization of this multidomain protein by using solution NMR
spectroscopy. The cavity-containing C-terminal domain completely
unfolds at moderate pressures, whereas the N-terminal domain
remains largely structured to pressures as high as 2.5 kbar. The
sensitivity to pressure is suppressed by the binding of benzene to
the hydrophobic cavity. These results contrast to the pseudo-WT
protein, which has a residual cavity volume very similar to that of
the L99A–benzene complex but shows extensive subglobal reorganizations with pressure. Encapsulation of the L99A mutant in
the aqueous nanoscale core of a reverse micelle is used to examine
the hydration of the hydrophobic cavity. The confined space effect
of encapsulation suppresses the pressure-induced unfolding transition and allows observation of the filling of the cavity with water at
elevated pressures. This indicates that hydration of the hydrophobic
cavity is more energetically unfavorable than global unfolding.
Overall, these observations point to a range of cooperativity and
energetics within the T4 lysozyme molecule and illuminate the fact
that small changes in physical parameters can significantly alter the
pressure sensitivity of proteins.
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that even large cavities are typically not hydrated, whereas
hydrophilic cavities generally are occupied by water (19, 20).
Many of the key studies impacting this question used the L99A
single-point mutant of the model enzyme T4 lysozyme (20).
The L99A mutation creates an internal cavity with an estimated
volume of ∼150–160 Å3, large enough to accommodate three or
four water molecules (21) (Fig. 1). Crystallographic investigation
found no electron density within this pocket at ambient pressure
(22, 23). In contrast, solution NMR and molecular-dynamics
simulations suggest that the region of the protein around the hydrophobic pocket is highly dynamic, possibly to the extent that the
pocket may be transiently accessible to solvent (22, 24–27). Crystallographic studies conducted at high pressure conversely suggested that the region around the pocket is rigid and exhibits
increasing rigidity with increased pressure (23). Electron density
also increased within the cavity as the hydrostatic pressure was
increased (22), consistent with a pressure-induced filling of the
hydrophobic cavity with water molecules. In contrast, fluorescence
and small-angle X-ray scattering studies in bulk solution demonstrated that the protein is unfolded at these elevated pressures (2),
suggesting that the crystal packing effects stabilize the protein.
The hydrophobic cavity also provides a general, moderate-affinity
binding site for small, relatively nonpolar ligands (28).
T4 lysozyme is one of the smallest known proteins to contain
more than one cooperative folding unit. The folding of WT T4
lysozyme has been examined in detail by using hydrogen–deuterium exchange approaches and has been shown to contain two
domains that fold cooperatively and with distinct free energy
profiles (29–32). The N-terminal domain is ∼6 kcal/mol less stable
Significance

T

he destabilization of proteins by pressure is a fundamental
and highly informative probe of their structural free energy
landscape but remains inadequately understood (1). The underlying determinants of pressure-induced unfolding have recently been a subject of several detailed investigations (2–10).
Fundamentally, pressure-induced unfolding of proteins results
from the population of nonnative conformations having a lower
total system volume than the native structure seen at ambient
pressure. Various mechanisms for pressure-induced unfolding
have been proposed including changes in water structure that
weaken the hydrophobic effect at high pressure (11, 12), increases in solvent density at the protein surface that contribute to
a reduction in the total volume of the protein–water system (13,
14), and the elimination of cavities in the protein interior
through exposure to solvent (3). With the development of highpressure sample cells compatible with modern solution NMR
probes (15), detailed measurements of proteins unfolding under
pressure with atomic resolution have now become possible (5,
16–18). Recent studies of staphylococcal nuclease (SNase)
compellingly argue that the filling of void volumes present in the
native state is the primary determinant of pressure-induced unfolding (4–6). A critical aspect of a “destruction of voids” mechanism for pressure-induced unfolding of proteins is whether the
voids or cavities are occupied with water in the folded state.
Early investigations of buried hydrophobic pockets indicated
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Pressure unfolding of proteins is a fundamental aspect of their
thermodynamic response, the origins of which remain controversial. Here, we use high-pressure solution NMR to investigate
the pressure response of a model protein, T4 lysozyme, under
various conditions. Our data resolve longstanding controversies regarding the pressure response of this protein and the
hydration of the internal hydrophobic cavity. It is shown that
local packing (cavities) and the availability of conformational
space have important and nonlocal impacts on the protein
pressure response. Overall, the findings presented here reveal
a previously unappreciated complexity in the pressure response of protein structure.
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than the C-terminal domain. The cavity created by the L99A
mutation is in the center of the C-terminal domain. The thermal
stability of the L99A mutant is reduced compared with the WT
protein by 16 °C (5 kcal/mol) (33), an effect that is partially abrogated by binding hydrophobic ligands to the cavity (28, 34).
The L99A mutant of T4 lysozyme provides a unique system to
examine the hydration of internal pockets and the details of
pressure-induced unfolding. In principle, protein–water interactions can be characterized by solution NMR methods (35), but
severe artifacts often render the approach quite limited (36).
Recently, it has been shown that various advantageous properties of proteins and water encapsulated within reverse micelles
largely overcome these artifacts (37, 38). Here, we use this approach to directly measure the hydration of the internal cavity.
High-pressure NMR is used to examine the pressure-induced
response of the protein in bulk solution and under confinement
by the reverse micelle. We demonstrate that the hydrophobic
pocket appears to be essentially dehydrated at ambient pressure
(∼1 bar) and that the pressure response of the protein is an
unfolding of the C-terminal domain only, representing an inversion
of the relative stability of the domains as a result of the cavitycreating mutation. This result is in contrast to the unfolding of the
cysteine-free WT (WT*) protein, which shows only the earliest
stages of pressure-induced subglobal unfolding. Furthermore, the
L99A mutant with benzene occupying the cavity shows no evidence
of pressure unfolding. Nanoscale confinement of the protein also
suppresses the L99A pressure-induced unfolding transition (Pu) as
a result of the restriction of conformational space imposed by the
reverse micelle. In lieu of the pressure unfolding transition, the
volume reduction imposed by increasing pressure is compensated
for in the reverse micelle by progressively increasing incorporation
of water into the cavity interior, essentially recapitulating the observations from high-pressure crystallography in a solution measurement. These findings have important implications with respect
to the nature of pressure-induced unfolding, the roles of cavities in
protein structural stability, and the effects of confinement, a critical
parameter when considering the intracellular milieu, in which proteins must fold and carry out their functions.
Results
Reverse Micelle Encapsulation of T4 L99A and Absence of Hydration of
the Hydrophobic Cavity at Ambient Pressure. T4 lysozyme L99A was

encapsulated in reverse micelles with high structural fidelity
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Site-Resolved Analysis of the Pressure-Induced Unfolding. Nitrogen15 HSQC spectra were recorded as a function of hydrostatic
pressure to investigate the pressure-induced unfolding of L99A
in bulk aqueous solution (Fig. S2). A significant fraction of the
protein molecule unfolds with increasing pressure, as is evident
from the collapse of the amide N-H chemical shift correlation
spectrum. The pressure response of the WT* mutant and the
L99A mutant with benzene bound in the hydrophobic pocket were
also examined (Figs. S3 and S4, respectively). The WT* protein
showed only a few sites that locally unfold over the pressure range
examined here, whereas the binding of benzene to the hydrophobic pocket of the L99A mutant completely suppressed pressure-induced unfolding. Amide cross-peaks of the folded state of
the L99A mutant (all resolved sites) and WT* (23 residues) that
decreased in intensity by at least 25% over the pressure range
were used to determine the thermodynamics of unfolding across
the protein structure as described in Materials and Methods and
illustrated in Fig. S5 and compiled in Tables S1 and S2. The
midpoint of the Pu for each amide resonance in the protein is illustrated in Fig. 2. It should be emphasized that the responses
observed here are indicative of subglobal and local unfolding
events and largely correspond to the cooperative unfolding of secondary structural units and domains. Localized pressure-induced
perturbations of the protein structure, resulting in chemical shift
changes, were quite similar under all conditions examined, including
reverse micelle encapsulation (Figs. S2–S4 and S6). For simplicity,
we refer later to all conformational changes as unfolding events
based on a simplified two-state modeling of the pressure response.
For the L99A mutant, sites with the lowest Pu are those corresponding to the points of primary contact between the two
domains and involve helix 1, the C-terminal end of helix 5, and
the middle of helix 3. The ends of the helices surrounding the
hydrophobic pocket exhibit end-fraying at these lower pressures
and result in essentially complete unfolding of the C-terminal
domain within the measured pressure range. Helices 4 and 7
seem to retain some residual contact at pressures beyond those
required to unfold the remainder of the C-terminal domain. In
distinct contrast to the behavior of the C-terminal domain, the
N-terminal domain remains largely structured up to 2.5 kbar.
These results are in general agreement with the internal cooperative substructure of T4 lysozyme determined by native-state
hydrogen exchange methods (30). The binding of benzene to the
hydrophobic pocket of the L99A mutant stabilizes the protein to
pressure such that not a single residue (locally) unfolds at less
than 2.5 kbar. In contrast, the WT* protein shows pressure destabilization at several sites in the C-terminal domain in the vicinity of the cavity. The WT* mutant also exhibits unfolding of
a pair of loops in the N-terminal domain that is not observed in
the L99A mutant with or without benzene bound.
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Fig. 1. Hydration of T4 lysozyme L99A at ambient pressure (∼1 bar). A
backbone ribbon representation of L99A [Protein Data Bank (PDB) ID code
1L90 (63)] is shown with the N-terminal domain (residues 13–65) illustrated
in blue, and the C-terminal domain (residues 1–12 and 66–164) is colored
green. The hydrophobic pocket created by the L99A mutation is shown as
orange mesh, and the three tryptophan side chains are shown as stick representations. The helices are numbered as a reference for discussion in the
text. Cyan spheres are shown at the positions of amide hydrogens where an
NOE to the water resonance was detected. Yellow spheres indicate the
positions of amide hydrogens within NOE distance (5 Å) of the interior of the
hydrophobic pocket, but outside NOE distance to the protein surface. These
are the sites where detection of NOEs to the water resonance would indicate
hydration of the pocket. No NOE cross-peaks from these sites to the water
resonance were observed, suggesting that the pocket is not hydrated at
ambient pressure.

based on analysis of 15N heteronuclear single quantum coherence
(HSQC) spectra of free and encapsulated protein (Fig. S1). To
assess the hydration of the internal cavity of encapsulated L99A,
nuclear Overhauser effects (NOEs) between protein hydrogens
and water were resolved using a three-dimensional 15N NOESYHSCQ spectrum recorded at ambient pressure. Encapsulation
suppresses hydrogen exchange artifacts that generally prevent the
use of this simple approach in free aqueous solution (37). There
are many amide hydrogens within NOE distance (∼5 Å) of the
interior of the hydrophobic pocket, but only a handful of these
are sufficiently buried to avoid the possibility of NOE contacts to
water at the surface of the protein (Fig. 1). None of these sites
showed cross-relaxation to the water resonance, indicating that
the pocket is unlikely to be hydrated in the reverse micelle at
ambient pressure. These data do not preclude the possibility of
very transient water access to the cavity interior, but they do establish the absence of long-lived (greater than ∼100 ps) water
residing in the cavity.

One new NOE between the amide hydrogen of I100 and the water
resonance was observed at 1 kbar, which increased in intensity at
2 kbar. An additional protein–water cross peak appeared at 2 kbar
and was assigned to the amide hydrogen of residue N101. These
two residues are at the center of the most deeply buried helix in the
C-terminal domain of the protein (Fig. 3). Only six hydrogens of
the 164 resolved amide NH correlations are spatially located in the
protein such that NOE cross peaks between them and any water
molecules in the hydrophobic pocket would not be contaminated
by similar interactions with surface water. Residues 100 and 101
have amide hydrogens that are among the closest to the interior
surface of the pocket while also being deeply buried from the outer
surface of the protein. Unfortunately, the slow reorientation of the
reverse micelle at high-pressure results in transverse relaxation
times that are too short to permit acquisition of high-quality rotating frame NOESY spectra. This precludes measurement of the
time scale of the protein–water interactions in the pocket (35, 37).
Nevertheless, the occupancy of the cavity by water at increased
pressure is unequivocally demonstrated by the detection of NOE
cross-peaks between the water resonance and the amide hydrogens
of I100 and N101.
Discussion
15

Fig. 2. The intensities of cross-peaks in the N HSQC spectra shown in Figs.
S2 and S3 were fitted to a two-state pressure unfolding model to extract
thermodynamic parameters of the unfolding process. The Pu is mapped to
the backbone structures of (A) T4 lysozyme L99A [PDB ID code 1L90 (63)], (B)
L99A with benzene bound [PDB ID code 1L84 (34)], and (C) WT* [PDB ID code
1L63 (64)] with sites linearly color coded as indicated at bottom right. To
further illustrate these data, the thickness of the backbone cartoon is scaled
with the color code such that the thickest sites are those that unfold at the
lowest pressures. Sites at which data could not be quantitatively analyzed
are colored gray and are shown at the minimal thickness.

The Effect of Confinement on the Pressure Response of L99A. The
application of high hydrostatic pressure to a free solution of
the L99A cavity mutant of T4 lysozyme results in unfolding of the
protein (2). In principle, confinement of the protein to a nanoscale cavity will favor the more compact folded state of the
protein (39–41). Forced folding of a protein of marginal stability
within the confines of a reverse micelle water core has been
previously demonstrated (42). L99A was most stably encapsulated in reverse micelles at a molar ratio of water to surfactant of
18 (Fig. S1). The radius of the water pool of protein-containing
reverse micelles derived from the rotational correlation time of
the encapsulated protein by using the transverse relaxationoptimized spectroscopy for rotational correlation times (TRACT)
approach (43–45) is estimated to be ∼25 Å. Confinement of L99A
within a reverse micelle stabilizes the protein to pressures as high
as 2 kbar (Fig. S6). The maximal intensity is reduced for many
cross-peaks. This effect arises primarily from line broadening
caused by the slowed tumbling of the reverse micelle particle as
a result of the increase in the viscosity of pentane with increasing
pressure. The viscosity of pentane at 1 bar is one fourth that of
water. As the reverse micelle particle is approximately four times
larger than the protein in free solution, the encapsulated protein
tumbles with approximately the same correlation time as aqueous
protein at ambient pressure (46). The viscosity of pentane at 2 kbar,
however, is approximately the same as that of water, so the tumbling
time of the reverse micelle particle increases by a factor of four over
the pressure range examined here (47). Although substantial linebroadening results, the spectrum at 2 kbar demonstrates that the
pressure unfolding transition is suppressed in the reverse micelle.
Suppression by the reverse micelle of pressure-induced unfolding allows examination of the hydration of the apolar cavity at high
pressures. Nitrogen-15 NOESY-HSQC spectra were collected at
1 kbar and 2 kbar to detect the entrance of water into the cavity.
13848 | www.pnas.org/cgi/doi/10.1073/pnas.1410655111

The Pressure-Induced Unfolding of a Multidomain Protein. T4 lyso-

zyme L99A presents an opportunity to examine the pressure-

Fig. 3. Hydration of T4 lysozyme L99A at elevated pressure. (Upper) Slices of
15
N-resolved NOESY-HSQC spectra of reverse micelle-encapsulated L99A at
the 1H resonance of water (4.875 ppm). Cross-peaks centered at this resonance are labeled according to the amide hydrogen resonance of the residue
from which they arise. Unlabeled cross-peaks are those centered at planes
above and below the water resonance. Planes are shown at 1 bar (red),
1 kbar (purple), and 2 kbar (blue). At 1 kbar, an NOE is seen from the amide
hydrogen of residue 101 to the water resonance. This cross-peak increases in
intensity at 2 kbar and is joined by the appearance of an NOE cross-peak
between the amide hydrogen of residue 100 and the water resonance.
(Lower) The structure of L99A is shown with the ribbon and pocket illustrated as in Fig. 1. Sites where a cross-peak to the water resonance is observed at 1 bar are again shown in cyan. Approximately half of the protein–
water cross-peaks at these sites are broadened into the noise as pressure is
increased as a result of slower macromolecular tumbling caused by increased
viscosity of the alkane solvent. Residues 100 and 101 are highlighted in
magenta. These are the only sites where new protein–water cross-peaks are
observed as pressure is increased, providing conclusive evidence of water
entry into the hydrophobic pocket under solution conditions.
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WT protein and provides a large number of interdomain contacts (Figs. 1 and 2A). The remaining interdomain contacts reside in the center of helix 3 and show a bifurcated response with
pressure that corresponds closely with the division of this helix
between the two domains. The portion of the helix in the Cterminal domain largely unfolds at relatively low pressures,
whereas the N-terminal domain portion remains completely
structured at the highest pressures examined. Indeed, essentially
the entire N-terminal domain remains structured throughout the
pressure perturbation.
The majority of the C-terminal domain unfolds at moderate
pressures. In concert with the loss of tertiary contacts between
the domains, helices 5, 6, 9, and 10 become disordered from the
ends at relatively low pressures. Helices 4 and 7 show only
a slight loss of structure. Interestingly, substantial backbone
conformational exchange has been observed at 1 bar in helices 5,
6, 7, and 9 of L99A (24) but is not present in the WT* protein.
Inclusion of a hydrophobic ligand in the cavity interior quenches
the motion, suggesting that conformational exchange controls
access of the cavity to solvent and ligands. The portions of helices 5, 6, and 9 where conformational exchange was detected
correlate closely with those sites that unfold at relatively low
pressures, further indicating that the pressure-sensitive portions
of the C-terminal domain of the L99A mutant are coupled to
exposure of the cavity to solvent. In this regard, a minor conformation of the L99A mutant is seen at ambient pressure (54)
and involves a rearrangement that allows the aromatic side chain
of phenylalanine 114 to partially fill the hydrophobic cavity (55).
Chemical shift analysis indicates that the pressure response described here does not correspond to an increase in the population
of this minor state (Fig. S2). Simulations have also suggested
coupling of F114 dynamics with gating of solvent access to the
hydrophobic cavity at high pressure (22). Interestingly, F104
(indicated in Fig. 2A) has the lowest unfolding pressure midpoint and the largest ΔVu0 (volume change upon unfolding) in
the L99A protein (Fig. S7), confirming that the pressure sensitivity
and conformational exchange at ambient pressure are distinct.
Comparison of L99A, WT*, and the L99A–benzene complex
reveals further insights. The WT* mutant contains smaller hydrophobic spaces in the C-terminal domain than the L99A protein—33
Å3 vs. ∼150 Å3, respectively—so the comparative pressure stability
of WT* is consistent with the idea that increased void volume
destabilizes the L99A protein. However, the majority of residues in
the WT* protein that unfold at moderate pressures involve interdomain contacts (helices 5 and 10), just as seen in the L99A protein.
The remaining sites, which unfold at moderate pressures, are found
in the N-terminal domain of the WT* protein. This surprising result
clearly indicates the presence of long-range coupling. More striking
is the stabilization of the L99A mutant to pressure perturbation by
the binding of benzene to the hydrophobic cavity. The structure of
L99A with benzene bound contains residual cavity volume of 32 Å3,
nearly identical to that of WT* (34), yet no pressure-induced
unfolding was detected.
The free energy of benzene binding to the L99A hydrophobic
cavity is −5 kcal/mol (28) and improves the thermal stability by
∼1.9 kcal/mol (34). Based on the average free energy of pressure
unfolding for unliganded L99A from the data presented here
(∼2.4 kcal/mol), the complete suppression of pressure-induced
denaturation indicates that the benzene stabilizes the protein
more with respect to pressure than with temperature. Furthermore, the close similarity between the void volume present in the
native state of the benzene-bound L99A and the WT* argues
that the observed stabilization from benzene binding is not
simply a ΔVu-driven effect. Clearly, the presence of a small hydrophobic molecule stabilizes the cavity to pressure denaturation
beyond a simple localized filling of void volume, as the pressure
stability of the benzene-bound complex is higher than that of
WT* not only in the C-terminal domain, but in the N-terminal
PNAS | September 23, 2014 | vol. 111 | no. 38 | 13849
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induced unfolding of a multidomain protein at atomic resolution
without the use of chemical denaturants. Unfolding pressures for
typical proteins are generally substantially higher (4–8 kbar) (48)
than the highest pressures used here, necessitating the use of low
levels of chemical denaturants to destabilize the proteins of interest, thereby lowering their unfolding pressure to a range accessible via NMR (i.e., less than 2.5 kbar in this context). Because the
mechanism of destabilization of the various perturbations (e.g.,
chemical denaturants, pH, temperature, pressure) likely varies, it is
advantageous to use a single denaturing perturbation (although see
ref. 49).
Two explanations for pressure-induced unfolding are most
prevalent in the literature. One is that pressure alters the water–
water hydrogen bonding energetics such that the unfolded state
is favored at high pressure (11, 12, 50). Pressure-driven changes
in the energetics of solvation of hydrophobic surfaces and of
charged side chains have been argued to be significant (11, 12,
14). A more mechanical view is that pressure-induced unfolding
is essentially a result of the relief of packing defects in the native
conformations of proteins (3, 5, 51). Recent studies of cavity
mutants of SNase, in which a correlation between the site-resolved
volume changes upon unfolding and void volumes within the native state was observed, reinforce this interpretation (4, 5, 52). The
SNase results provide compelling evidence that the reflection of
Le Chatelier’s principle in the elimination of void spaces within
the folded state can dominate pressure-induced unfolding. Nevertheless, it remains possible that the destabilization produced by
chemical denaturants may tip the balance between changes in
hydration chemistry and the contribution of void volumes to the
pressure destabilization of proteins.
As previously noted, fluorescence spectroscopy was used to
characterize the pressure sensitivity of several cavity mutants of T4
lysozyme, including L99A, which were found to globally unfold at
unusually low pressures. A correlation between calculated unfolding
volumes and cavity volumes in the native state was also observed
(2). However, all three tryptophan residues are located in the
C-terminal domain (Fig. 1). The side chains of two of these (126
and 158) are largely exposed to solvent in the native state, so their
spectral properties have limited utility. The remaining tryptophan
(W138) is entirely buried in the native state and is therefore likely to
be the primary reporter of the pressure unfolding transition. Thus,
tryptophan fluorescence is likely insensitive to the conformational
behavior of the N-terminal domain. The high-pressure NMR data
presented here demonstrate that the N-terminal domain remains
largely intact at pressures much greater than the unfolding pressure
of the C-terminal domain. Folding studies of WT T4 lysozyme have
shown that the C-terminal domain is typically more stable than the
N-terminal domain by ∼6 kcal/mol (30); thus, the result of the cavity
creating mutation is a large destabilization of the C-terminal domain with respect to pressure. The creation of a pressure-destabilizing cavity in one domain of a small protein with minimal effects
on the other WT domain supports the notion of a critical role for
void volume in determining pressure-induced unfolding.
Closer inspection of the pressure sensitivity of L99A reveals
a cascade of responses. The midpoint pressures of the various
localized structural transitions indicate that interdomain contacts
are the least stable to pressure (Fig. 2). When these tertiary
contacts have been lost, the C-terminal domain unfolds by progressive fraying of the helices with increasing pressure. The
residues along the interdomain interface correlate with previously identified regions of internal motion on the millisecond
to microsecond time scale at ambient pressure where the interdomain motion of T4 lysozyme WT* was characterized as an
interconversion between the “closed” conformation, exemplified
by the crystal structure, and a more “open” conformation of the
protein in which a flexing of helix 3 increases the distance between the domains (53). Of particular note is the N-terminal
helix 1 that cooperatively folds with the C-terminal domain in the

domain as well. We propose that the fluidity of a free ligand vs.
a side chain provides additional pressure stabilization by virtue of
its freedom to dynamically fill void volume, thereby optimizing
hydrophobic interactions, as the structure of the protein adjusts
in response to pressure. This suggests long-range effects on protein
stability from packing interactions beyond the local interactions
implicated in recent studies of the pressure response of SNase (4–6).
As previously stated, the L99A protein is known to undergo considerable conformational exchange at 1 bar. These motions are
quenched by the binding of the hydrophobic ligand xenon to the
cavity at 4 bar (24). This contrast suggests a possible relevance for
motional modes in the millisecond-microsecond time frame in the
pressure response of T4 lysozyme. Overall, the observed pressure
response of T4 lysozyme has revealed a range of subglobal cooperativities.

domain, a mechanism that has been previously suggested (11).
The present data suggest, however, that hydration of the cavity in
a native-like state followed by denaturation is unlikely. Rather, the
exposure of the cavity to solvent appears to occur in concert with
denaturation as pressure is raised in bulk aqueous solution. Previous investigations of the high-pressure hydration of ubiquitin also
failed to detect entrance of water to the hydrophobic core (58).
As a final note, the nature of pressure adaptations in proteins
has attracted considerable attention, and various evolutionary
optimizations of protein structure have been suggested (7–10).
Although there are important distinctions between crowding and
confinement (7–10, 40), the confinement used here is comparable to the spaces in the cytosol (44, 59). The stabilization of T4
lysozyme by confinement suggests that extensive adaptation may
not be necessary for protein stability in piezophilic organisms.

Nanoscale Confinement Suppresses the Pressure-Unfolding of the L99A
Mutant and Promotes Solvation of the Cavity Under High Pressure. The

Materials and Methods
Sample Preparation. Appropriately isotopically labeled cysteine-free T4 lysozyme (i.e., WT*) and the single-point L99A mutant of WT* were purified as
described previously (21, 60). Aqueous samples were composed of 500 μM T4
lysozyme WT* or L99A in 50 mM sodium chloride, 50 mM sodium acetate,
pH 5, with 8% (vol/vol) D2O. For benzene-bound L99A measurements, 20 mM
benzene was dissolved in the buffer, and saturation of benzene binding was
confirmed from chemical shift perturbations. Optimal reverse micelle conditions were determined (details provided in SI Materials and Methods) to be 80
μM T4 lysozyme L99A in 75 mM decanoyl-1-rac-glycerol/lauryldimethylammoniumN-oxide/dodecyltrimethylammonium bromide (52.5 mM/15 mM/7.5 mM) (45)
at a water:surfactant molar ratio of 18 in d-pentane (98% d; Cambridge
Isotopes). Reverse micelle surfactants were purchased from Sigma except
lauryldimethylammonium N-oxide, which was purchased from Affymetrix.

encapsulation of L99A in reverse micelles provides clarity to the
seemingly conflicting results of the high-pressure crystallographic
and solution studies of this protein. The pressure-unfolded state has
nearly twice the radius of the native state (∼32 Å vs. ∼17 Å) (2), and
the absence of pressure-induced unfolding in the crystalline state
was attributed to crystal packing forces. The ∼25-Å radius of protein-containing reverse micelle core is insufficient to contain the
fully extended pressure-unfolded L99A protein. This confinement
completely suppresses the pressure unfolding transition (Fig. S6).
The treatment of confinement by Zhou and Dill (39) suggests
that encapsulation will stabilize the native state by ∼15 kcal/mol.
This is considerably greater than the local stabilities of the protein
to pressure denaturation, which averaged ∼2.4 kcal/mol. It should
be noted that suppression of unfolding in the reverse micelle does
not appear to be related to insufficient solvation of the unfolded
state. Here, each protein-containing reverse micelle contains ∼4,000
water molecules, enough for approximately three or four layers of
water surrounding the protein in its native state. The solvent accessible surface area of the L99A mutant is predicted to increase by
a factor of 2.3 upon complete unfolding (56). The pressures used
here unfold only the C-terminal domain, and thus ample water
needed to solvate this state is available in the reverse micelle core.
Pressure-induced hydration of the hydrophobic cavity was also
observed (Fig. 3), again in agreement with the crystallographic
results (22). These observations provide conclusive evidence that
the pressure unfolding of the L99A mutant is sensitive to spatial
restriction and that high-pressure cavity hydration is energetically more unfavorable than unfolding i.e., is seen only if Pu is
suppressed. The energetic penalty for insertion of water into
a bulk hydrophobic solvent is ∼4.6 kcal/mol (57). Assuming as
many as approximately three water molecules may hydrate the
cavity (22), a maximum of ∼14 kcal/mol is needed, which is less
than the stabilization of the native state as a result of confinement. This estimate is similar in magnitude to the estimated
potential energy of waters in the cavity from high-pressure simulations (22). It is interesting to note that the pressure at which
water apparently enters the hydrophobic pocket in the reverse
micelle coincides closely with that observed by crystallography. It
is tempting to interpret this as indicative that denaturation of the
protein with pressure in aqueous solution occurs as a result of
water being forced into the cavity and destabilizing the C-terminal
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