
www.manaraa.com

How internal cavities destabilize a protein
Mengjun Xuea,b,1, Takuro Wakamotoc, Camilla Kejlberga,b, Yuichi Yoshimuraa,b,2, Tania Aaquist Nielsena,b,
Michael Wulff Risøra,d, Kristian Wejse Sanggaardd,3, Ryo Kitaharac,e,4, and Frans A. A. Muldera,b,4

aInterdisciplinary Nanoscience Center, University of Aarhus, 8000 Aarhus C, Denmark; bDepartment of Chemistry, University of Aarhus, 8000 Aarhus C,
Denmark; cGraduate School of Life Sciences, Ritsumeikan University, Shiga 525-8577, Japan; dDepartment of Molecular Biology and Genetics, University of
Aarhus, 8000 Aarhus C, Denmark; and eCollege of Pharmaceutical Sciences, Ritsumeikan University, Shiga 525-8577, Japan

Edited by Lewis E. Kay, University of Toronto, Toronto, ON, Canada, and accepted by Editorial Board Member Alan R. Fersht September 10, 2019 (received for
review June 28, 2019)

Although many proteins possess a distinct folded structure lying at
a minimum in a funneled free energy landscape, thermal energy
causes any protein to continuously access lowly populated excited
states. The existence of excited states is an integral part of
biological function. Although transitions into the excited states
may lead to protein misfolding and aggregation, little structural
information is currently available for them. Here, we show how
NMR spectroscopy, coupled with pressure perturbation, brings
these elusive species to light. As pressure acts to favor states with
lower partial molar volume, NMR follows the ensuing change in
the equilibrium spectroscopically, with residue-specific resolution.
For T4 lysozyme L99A, relaxation dispersion NMR was used to
follow the increase in population of a previously identified “in-
visible” folded state with pressure, as this is driven by the reduc-
tion in cavity volume by the flipping-in of a surface aromatic group.
Furthermore, multiple partly disordered excited states were de-
tected at equilibrium using pressure-dependent H/D exchange
NMR spectroscopy. Here, unfolding reduced partial molar volume
by the removal of empty internal cavities and packing imperfections
through subglobal and global unfolding. A close correspondence
was found for the distinct pressure sensitivities of various parts of
the protein and the amount of internal cavity volume that was lost
in each unfolding event. The free energies and populations of ex-
cited states allowed us to determine the energetic penalty of empty
internal protein cavities to be 36 cal·Å−3.
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Protein stability and structural transitions are fundamental to
all of biology, from the regulation of normal cellular activity

to the onset of neurodegenerative diseases (1–4). The detailed
investigation of the energetics and conformational dynamics is
thus pivotal to detect labile states and bolster our understanding
of protein stability and function in various contexts. However,
the characterization of alternate states coexisting with the native
state remains a challenge, as these are only marginally populated
and transiently formed and therefore cannot be adequately
studied by most experimental approaches (5). Propitiously, re-
cent developments in NMR spectroscopy allow for the detection
and structural investigation of “excited” and partially unfolded
states of proteins at atomic resolution (5–12). In these so-called
Carr–Purcell–Meiboom–Gill (CPMG) relaxation dispersion
NMR experiments, minor conformations are not directly ob-
served spectroscopically, but can be inferred from the line
broadening they cause on the signals of the observed ground
state (5, 6, 13). By experimental variation of NMR pulse spacing,
this exchange contribution shows a dispersion from which pop-
ulations, exchange kinetics, and chemical shift information of the
partaking states is extracted (5, 6, 13). In this way, populations
and lifetimes of “invisible” states can be obtained, even if their
occupancy is as low as 1%. Furthermore, alternative states may
be elicited by pressure perturbation and studied by NMR spec-
troscopy (14, 15). Relative populations of excited states are
shifted under pressure as a result of associated volume differ-
ences, which includes the loss of cavities or packing defects in the

protein interior (16), cavity hydration (17–19), local and global
unfolding (20–22), and structure relaxation from side-chain
rearrangement (23). As internal cavities make a major contri-
bution to the total volume change upon protein structural tran-
sition, hydrostatic pressure emerges as a key variable to the study
of protein excited states (16). High-pressure (HP) NMR has
already profoundly increased our understanding of protein sta-
bility, structure, dynamics, and function (24–32). This relative
wealth of information has not, however, led to a consensus picture
of the relation of protein thermodynamic stability and structural
transitions and its origin, leading to apparently enigmatic de-
scriptions (31–34). Here, we investigate a well-characterized var-
iant of the protein lysozyme from phage T4 (T4L). A collection of
invisible folded and partially unfolded states was identified by
relaxation dispersion NMR spectroscopy and equilibrium hydro-
gen exchange (HX) measured at multiple pressures up to 2,500
bar. From the pressure-induced destabilization energies, the
penalty of generating empty cavities or defects inside a tightly
packed protein core could be determined. Our results are in ex-
cellent agreement with earlier reports of the energetic and struc-
tural consequences of cavity formation for the same protein (35).

Significance

Proteins exist as ensembles of microstates governed by a free
energy landscape, with multiple “excited” states coexisting
with the minimum energy structure. These alternate folded
and partially disordered states are continuously being accessed
through protein dynamics and are key elements required for a
comprehensive understanding of protein function and stability.
Unfortunately, their low abundance makes these “invisible”
states hard to characterize experimentally. A unique view of the
hierarchy of unfolding states on the protein energy landscape
was obtained here using pressure perturbation. Furthermore,
pressure perturbation can directly identify empty protein cavi-
ties and determine the energetic penalty of filling these with
water.
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Our results shed a clear light on the energetics of cavities in
protein stability and their consequences on structural transitions.

T4 Lysozyme: An Archetype of Protein Folding and Stability
A wealth of data exists on the stability, folding, dynamics, and
structure of T4L and of multiple sequence variants in the sci-
entific literature (36–45). Structurally, T4L has a well-defined 2-
domain structure, with the N-terminal domain (NTD) (residues
13–65) packing against the C-terminal domain (CTD) (residues
1–12 and 66–164) (36). The domain boundary is somewhat ill
defined but lies in the long helix C (comprising residues 63–80)
that connects the 2 lobes (37). The 2 subdomains have distinct
thermodynamic stabilities, giving rise to the possibility for T4L
unfolding to initiate from at least 2 origins. Although T4L dis-
played apparent 2-state folding in bulk kinetic experiments (37,
38), an intermediate was identified when following folding ki-
netics in the presence of denaturant (43, 44). Intriguingly, Leu-
to-Ala substitutions in T4L destabilize the protein to an extent
that correlates with the size of the cavity introduced in the
structure (35). Substitution of Leu for Ala at position 99 (L99A)
in the sequence is highly destabilizing for T4L (35, 39), and the
L99A variant contains 2 internal hydrophobic cavities of ∼150 Å3

(cavity 4) and 26 Å3 (cavity 3) in the CTD of the protein struc-
ture (Fig. 1A) (46).

Pressure-Driven Protein Destabilization and Unfolding
Measured by HX
To investigate the role of cavities to protein stability, we used
native-state HX to report on the thermodynamic stability to
exchange with solvent for individual backbone amide hydrogens
(7). The rate of exchange of amide protons with solvent deu-
terons occurs via rare events in which the peptide group becomes
exchange competent as follows (47–50):

ClosedðNHÞ⇄
kop

kcl
OpenðNHÞ →kint ExchangedðNDÞ.

Here, kcl and kop are the closing and opening rates for the struc-
tural transition that leads to a competent conformation, and kint
is the intrinsic rate for amide exchange with solvent (i.e., the rate
expected for an unprotected, solvent-exposed peptide), esti-
mated from empirical relations (51, 52). When exchange is
rate-limited by structural opening (i.e., kcl >> kint, known as
the EX2 condition) (49, 50), the observed amide exchange rates
kex depend on the structural equilibrium that makes the ex-
changeable hydrogens solvent accessible, such that kex = Kopkint,
where Kop = kop/kcl. Kop is thus determined via measurement of
kex. In this manner, the free energy for the opening reaction,
ΔGop = –RTlnKop, is accessible for each residue in the protein
(49, 50). HX is ideally suited to detect states that have very low
occurrence. For example, a residue with ΔGop = 40 kJ/mol has
an equilibrium probability of unfolding equal to 10−7, which can
be accurately determined from the strong retardation effect on
amide exchange.
For L99A, we followed the decay of individual amide protons

by 2D 1H–
15N heteronuclear single-quantum coherence (HSQC)

spectra, which were occasionally recorded in a period from hours
to months exchange after a protein sample was exchanged from
protonated to deuterated buffer. H/D exchange rates were
measured in the range of 1 to 2,500 bar at 500-bar intervals, from
exponential decay curves (SI Appendix, Fig. S1). In this range,
pressure-induced structural changes, as measured by 1H–

15N
HSQC cross-peak position changes, were completely reversible,
in agreement with previous high-pressure NMR (31, 32), fluo-
rescence (40), electron paramagnetic resonance (EPR), and
circular dichroism (CD) data for L99A (23). HX rates were
subsequently converted to residue-specific stabilities, ΔGop, at
each pressure. Because unfolding lowers the molar volumes of
proteins, unfolded states are promoted by the application of
hydrostatic pressure. Consequently, the dependence of the Gibbs
free energy for protein unfolding (ΔG) follows Eq. 1:

ΔG=ΔG°+ΔV °ðp – p0Þ, [1]

where ΔG° is the free energy of unfolding at p0 = 1 bar. Eq. 1 is a
good approximation if the isothermal compressibility difference
between the folded and unfolded protein states is negligible over
a moderate pressure range as applied here (53, 54). ΔG° and
ΔV° can be obtained straightforwardly by fitting Eq. 1 to data of
ΔG versus p. In this way, ΔG° values for L99A were determined
from backbone amide HX rates recorded at multiple pressures,
and examples are shown in Fig. 1B. A subset of residues shows a
strong linear dependence of stability on pressure, indicative of an
unfolding reaction that liberates significant volume. For exam-
ple, the stability probed by Ala63 (α-helix 3) follows a straight
line with pressure and can be fitted by a straight line with slope
ΔV° = −86 mL/mol, which is equal to 144 Å3 when expressed per
molecule. A strong pressure-dependent stability is also observed
at Tyr88 (α-helix 4), with slope ΔV° = −71 mL/mol (118 Å3),
again indicating a significant volume change associated with
unfolding for regions in the C domain. The pressure-dependent
stability for Val131 (α-helix 8) decreases much more gradually,
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Fig. 1. Pressure-dependent protein stability from NMR measurements. (A)
Backbone ribbon representation of L99A T4L (PDB ID code 1L90). The gray
space-filling shapes represent the hydrated, hydrophilic (1 and 2), and
empty, hydrophobic cavities (3 and 4) in the structure. (B) Residue-specific
stabilities determined as a function of pressure with native-state HX, shown
for selected amide hydrogens (colored symbols). The lines represent fits to
Eqs. 1 and 2 in the text.
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suggesting that unfolding at this site is possible with less volume
loss. SI Appendix, Fig. S2 shows that residues in the CTD show
linear pressure responses, albeit with different slopes. The sta-
bility data fit into straight isotherms, indicative of a simple
2-state mechanism that exposes the amides to solvent. A range
of values for ΔG° and ΔV ° were obtained, and the 2 parameters
showed to be very strongly correlated. This stratification demon-
strates that the CTD consists of multiple segments that possess
different stabilities and that liberate different amounts of volume
in the process of domain unfolding. Convergently, residues in
α-helix 1 show the same behavior (SI Appendix, Fig. S2A), in
agreement with the documented structural and energetic integra-
tion of α-helix 1 in the CTD of T4L (37).
In contrast to the CTD, exchange for amide hydrogen atoms

belonging to the NTD follow a completely different trend: As
exemplified by Lys48 (α-helix 2) and Thr59 (turn before α-helix
3) in Fig. 1B, HX is pressure insensitive at low pressure but
converts to become strongly pressure dependent at elevated
pressure. This behavior can be rationalized as follows: Exchange
can occur through multiple, simultaneous events where local,
subglobal, and/or global unfolding reactions—with equilibrium
constants Kop(local), Kop(subglobal), and Kop(global), respectively—
all contribute, such that (7, 26):

kex =
�
KopðlocalÞ + KopðsubglobalÞ + KopðglobalÞ

�
× kint. [2]

Whereas local opening reactions may possess the largest Kop
(smallest ΔGop) and dominate HX at ambient pressure, “latent”
subglobal and global unfolding processes with large associated
ΔV ° may eventually come to prevail upon increasing the pressure
(26). As Fig. 1B and SI Appendix, Figs. S3 and S4 show, such
behavior is observed throughout the NTD. Local opening events
remain poorly understood (37, 49). It has been suggested that
local exchange may occur through “coughing” events in the na-
tive structure (55, 56), which transiently develop channels allow-
ing temporary H2O association with the protein interior (57, 58),
much like the diffusion of dioxygen through protein matrices (46,
59, 60). Once penetrated into the structure, exchange may occur
through a relayed imidic exchange process (61). The observed
lack of denaturant dependence for the NTD suggests that hydro-
phobic surface area is not exposed to solvent (SI Appendix, Figs.
S3 and S4), in agreement with this interpretation (55, 56).
Astonishingly, the large pressure-dependent destabilization of the
CTD drives NTD unfolding at high pressure. This observation is
in line with the known fact that the NTD is not stable in isolation
(42). As cavities and packing defects are differentially distributed
throughout protein structures, pressure provides a unique oppor-
tunity to delineate local and subglobal unfolding processes.

Domain Stability and Partially Unfolded States
Fig. 2 shows a comparison of the extrapolated ΔG° as a function
of sequence for L99A and wild-type (WT) T4L (all data recor-
ded here is for the cysteine-free variant C54T/C97A, also known
as WT*, and the L99A mutation is made in the WT* back-
ground) (37). Although fewer data points are available for L99A
as a consequence of more residues exchanging in the dead time
of buffer exchange compared to WT, the plot clearly shows that
the cavity-creating mutation strongly and selectively affects the
stability of the CTD. Whereas the CTD is more stable than the
NTD for the WT protein (37), the Leu-to-Ala mutation inverts
this situation.
The fitted values for ΔG° and ΔV ° for the secondary-structure

elements of L99A are given in Table 1 and SI Appendix, Tables
S1 and S2. At ambient pressure, the most stable region of the
protein encompasses the β-strands of the NTD, α-helix 2 and the
N-terminal part of α-helix 3 (Table 1), with a communal stability
of ∼41 kJ/mol. The remainder of the protein shows lower stabilities.

The associated volume changes ΔV ° for pressure-induced unfold-
ing of this most stable core of L99A are similar and amount to
approximately −100 mL/mol. As this is the largest value obtained
for the protein, it is expected to reflect the consequence of global
unfolding. Fitted volume changes and extrapolated free energies of
stability for other regions of the protein are smaller, indicative of
the fact that these involve only parts of the protein. The detection
of partially unfolded forms (PUFs) by the pressure-dependent
native-state HX data presented here is fully consistent with anal-
ogous observations made in denaturant-induced HX (7). Fig. 1
and SI Appendix, Figs. S2–S4 show a close correspondence with
the data obtained by Englander for guanidinium-induced unfold-
ing of cytochrome c (7). The important distinction being that in
the present case protein unfolding is driven by the expulsion
of void volume, rather than by more complex factors, such as
differences in side-chain and backbone hydration that result
from chaotropic agents (62) or the convoluted response from
entropy and heat capacity differences that result from tem-
perature variation. Furthermore, pressure and denaturant-
induced unfolding of apocytochrome b562 has shown that the
3 regions of cooperative stability were the same, independent
of the perturbation (26).
Based on the similar ΔG° and ΔV ° values, secondary-structure

elements that might belong to cooperative units of structure are
grouped in Table 1. Using this further stratification, 3 PUFs were
identified (Fig. 3A). Starting closest to the fully folded state,
PUF1 shows an average stability of 20 kJ/mol and the smallest
ΔV °, −35 mL/mol. This suggest that the unfolding probed by
residues 129 and 131 (SI Appendix, Fig. S2E) involves the loss of
α-helix 8. Based on the structure of L99A, the dissolution of
α-helix 8 presumably leads to the concomitant exposure of cavity
3 to solvent. The observed volume difference, corresponding to
58 Å3, is larger than the size of cavity 3 (26 Å3). Reasons to
explain this difference include neglect of the role of solvation
volume differences and structural reorganization in PUF1, and
the difficulty of accurately estimating small cavities and packing
defects. Next, residues in α-helices 1, 4, and 10 show an average
ΔG° of 26 kJ/mol and a larger ΔV° (−70 mL/mol), which results
from partial CTD unfolding to produce PUF2. The volume
change of 116 Å3 does not account for the loss of the total cavity
volume in L99A, indicating that packing defects still remain in
this PUF. Third, α-helix 5 constitutes the most stable region in
the CTD and displays the largest observed ΔV° (−86 mL/mol),
which is only very slightly lower than the volume change ob-
served for residues in the NTD (Table 1). The unfolding of
α-helix 5 produces PUF3, which is composed of a folded NTD
and a partly folded CTD with a stability ΔG° of 34 kJ/mol (Fig.
3A). Finally, the unfolding of the NTD, comprising α-helix 2, the
N-terminal part of α-helix 3 and the β-strands (Fig. 3A), produces
the completely unfolded state U.
It is important to note that none of the PUFs discussed here

reach detectable concentrations under hydrostatic pressure.
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Fig. 2. Effect of mutating Leu99 to Ala on the local stability to unfolding
ΔG° for T4L as determined by native-state HX. Black, WT* T4L (37); blue,
L99A T4L.
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Notwithstanding their smaller free energy separation from the
native state (Fig. 3A), pressure acts more strongly to increase the
population of the fully unfolded state, such that it is predicted to
be the dominant state to cross ΔG = 0 at elevated pressures (SI
Appendix, Fig. S6), rendering the high-pressure unfolding tran-
sition effectively 2 state to bulk observations like CD and fluores-
cence spectroscopy. In addition, the apparent stability determined
in bulk experiments for L99A is essentially that of the NTD. It is
important to stress that the subregions detected by equilibrium
native-state HX cannot define a folding pathway (63), but only
identify the existence of states that are partially unfolded in
equilibrium with the native state. However, as the PUFs demon-
strate cooperative loss of structure and since proteins are hierar-
chic in their assembly (64), it is tempting to speculate that the PUFs
identified in this study are synonymous with intermediate struc-
tures in a sequential loss of cooperative units and which poten-
tially might be synonymous to foldons in the unfolding process (7,
65). At this point, this is speculation, but recent kinetic folding
experiments have shown that equilibrium PUFs may indeed be
congruent with the sequence of events in protein folding (7, 65,
66). Indeed, examples for the proteins Ubiquitin (67) and outer
surface protein A (OspA) (21) have shown close identity of
pressure-stabilized intermediates with kinetic intermediates in
protein folding. The likelihood of hierarchic unfolding via PUFs
identified in equilibrium experiments may be supported by the
presence of a hierarchy of the 3D structure. In this view, the indi-
vidual parts of a protein’s structure do not contain sufficient inter-
actions to be stable in isolation, and the process of folding is driven
by sequestration in the direction of lower total free energy (64).

The Energetic Cost of Protein Cavities
For L99A T4L, the NTD has a higher stability, requires at least
part of the CTD to be folded, and contains structure that
becomes exposed only upon global unfolding. The average volume
change in the NTD (−100 mL/mol) is very similar to that de-
termined for α-helix 5 of the CTD (−86 mL/mol) corroborating
that the NTD does not contribute much to the volume difference,
consistent with the fact that the hydrophilic cavities in the NTD
are hydrated at ambient pressure (17). The value of −100 mL/mol
translates to a loss of 166 Å3. This number is slightly lower than
the volume of the hydrophobic cavities in the CTD in the X-ray
structure (176 Å3). The large volume difference is, nonetheless, in
agreement with at least the larger hydrophobic cavity being empty
at ambient pressure, a result that is meanwhile supported by
several lines of experimental evidence (17–19).
Fig. 3B and SI Appendix, Fig. S5 shows that ΔG° is strongly

correlated with ΔV °, clearly attesting that unfilled (hydrophobic)
cavities are net destabilizing. The stability loss for the CTD
calculated from the slope in this plot is −0.25 kJ/mL, equivalent
to a loss of 36 cal·Å−3. This value is at the high end of the 24–33
cal·Å−3 obtained from the pioneering study by Matthews and
coworkers (35). However, as these authors note, estimating in-
ternal cavity volume from 3D crystal structures is highly non-
trivial (35, 68), and many packing defects go undetected, such
that 24 cal·Å−3 must be considered a lower limit. Our pressure-
dependent protein stability data thus recapitulate the exis-
tence of empty internal cavities inside a protein core, and also

establishes the energetic cost of creating such hydrophobic
cavities in a folded protein.

Structure Relaxation
Finally, we turn to the question how pressure might promote
alternate folded protein states through structure relaxation. L99A
has previously been subject to intensive investigation, which has
shown that the protein exists in 2 folded conformations that in-
terconvert on the millisecond timescale (5, 6). At ambient pres-
sure and temperature, the minor species is populated to ∼3% (i.e.,
8.6 kJ/mol at 24 °C) and is coined an excited (E) state (5, 6). The
structure of the E state has been determined, and shows that the
ring of Phe114 is flipped inward, thereby partly filling the major
cavity (5). It may thus be expected that structure relaxation will
occur for L99A. Using pressure-dependent intensity changes in
1H–

13C HSQC NMR, Maeno et al. (32) suggested that the excited
state would indeed become increasingly populated under high
pressure, whereas Nucci et al. (31) reached an alternative expla-
nation from intensity changes in 1H–

15N HSQC spectra, where the
C domain would unfold. Addressing this controversy (33, 34),
Hubbell and coworkers used CD spectroscopy to demonstrate
that L99A does not undergo unfolding up to 2,500 bar, and
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Fig. 3. Residue-specific pressure-dependent stability data for L99A T4L. (A)
Relative stabilities ΔG° for the native, partially and fully unfolded confor-
mations of L99A T4L identified in this study. To the sides, protein structures
are shown for a hierarchic model of protein unfolding. (B) Correlation of
residue-specific ΔG° and ΔV° defines a broad range of stabilities for the CTD
from which the cost of cavity formation was determined from a linear fit
through the data.

Table 1. Calculated ΔVo and ΔGo for structural elements in
L99A T4L

Element ΔGo, kJ/mol ΔVo, mL/mol

α8 20 ± 2 −35 ± 3
α1, α4, and α10 26 ± 3 −70 ± 9
α5 34 ± 1 −86 ± 10
α2, α3, and β-strands 41 ± 2 −100 ± 8
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deduced by electron–electron double-resonance EPR (DEER)
of spin-labeled protein that the excited state of L99A becomes
increasingly populated with pressure, with a partial molar vol-
ume difference equal to −36 mL/mol (23). We therefore mea-
sured relaxation dispersion NMR of backbone 15N nuclei (69,
70) to follow the ground (G)/excited (E) state equilibrium with
pressure. The relaxation dispersion profiles were collectively fit
to a single kinetic process, allowing the 15N chemical shift dif-
ferences for each residue to be obtained. These agree well with
published values (5), and similar values were obtained at all
pressures (SI Appendix, Table S5). To ensure good fitting sta-
bility of the rate constants and populations, a single value for the
chemical shift difference for each residue was subsequently used
as a global parameter at all pressures. The pressure dependence
of the free energy for the G↔E equilibrium is shown in Fig. 4A
(SI Appendix, Table S3). The free energy separation follows a
straight line with pressure, with a slope of –37 mL/mol, indis-
tinguishable from the DEER result (23). Thus, there is collective
evidence that increasing hydrostatic pressure causes a volume
reduction of 60 Å3 through structure relaxation (23), and this
process occurs in parallel with partial and complete unfolding, as
detected by HX. This estimate of 60 Å3 is somewhat lower than

the calculated van der Waals volume of a benzene ring (80 Å3)
(71), but this is not unreasonable, as flipping the Phe114 side
chain induces further local adjustments of the protein structure.
Finally, it is worth mentioning that applying pressure results in a
reduction in the rates for the G↔E conversion (Fig. 4B), as
earlier proposed in the literature to explain the NMR signal loss
with pressure observed in experiment (32).

Conclusion
We show that pressure perturbation, coupled to CPMG relaxa-
tion dispersion and HX NMR spectroscopy presents a powerful
approach to study the protein energy landscape. We are able to
show that partial molar volume changes specifically drive structural
transitions, which can involve alternatively folded as well as partly
unfolded forms. Multiple PUFs were detected at all pressures, but
these remain “hidden” states, refractory to direct observation
due to their low occupancies. Complete unfolding was shown
to involve a volume change of −100 mL/mol, coincident with the
large volume of hydrophobic cavities in the CTD. These hydro-
phobic cavities are empty at ambient pressure, and, in solution,
water does not occupy these spaces below 2.5-kbar pressure,
attesting to the unfavorable character of hydrophobic hydration.
The stabilities of the partially unfolded states show a continuum
with pressure, from which the energetic penalty of hydrophobic
cavities was computed to equal 36 cal·Å−3. As partial unfolding
of labile protein regions is a major issue for industrial enzymes
and biologicals as well as protein deposition diseases, the approach
demonstrated here forms a powerful avenue to gain control to
protein stability and unfolding at the atomic level.

Materials and Methods
Protein Sample Preparation. The L99A T4L mutant was based on a cysteine-
free background T4 lysozyme (C54T/C97A; WT*). The 15N-labeled L99A T4L
samples were prepared at 0.4 mM in 50 mM phosphate buffer and 25 mM
NaCl at pH 5.5.

Native-State HX. The protein sample was buffer exchanged into 50 mM
phosphate/D2O buffer, 25 mM NaCl (pH* 5.5, meter reading) using a 10-kDa
MWCO Amicon centrifugal filter (Merck Millipore). The protein sample was
measured at 24 °C on a 600-MHz spectrometer (Bruker BioSpin; AVANCE)
under constant hydrostatic pressures of 1, 500, 1,000, 1,500, 2,000, and
2,500 bar.

15N Relaxation Dispersion Experiments. 15N-CPMG NMR relaxation dispersion
data were measured on a 1 mM 15N-labeled L99A T4L sample at 25 °C under
6 different pressures (1, 200, 500, 700, 1,000, and 1,500 bar) using AVANCE
500- and 700-MHz spectrometers (Bruker BioSpin).

A detailed description of materials and methods is provided in SI Ap-
pendix, Materials and Methods.
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