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ABSTRACT Although the structure, function, conformational dynamics, and controlled thermodynamics of proteins are mani-
fested by their corresponding amino acid sequences, the natural rules for molecular design and their corresponding interplay
remain obscure. In this study, we focused on the role of internal cavities of proteins in conformational dynamics. We investigated
the pressure-induced responses from the cavity-enlarged L99Amutant of T4 lysozyme, using high-pressure NMR spectroscopy.
Thesignal intensitiesof themethyl groups in the 1H/13Cheteronuclear singlequantumcorrelationspectra, particularly thosearound
the enlarged cavity, decreased with the increasing pressure, and disappeared at 200 MPa, without the appearance of new reso-
nances, thus indicating the presence of heterogeneous conformations around the cavity within the ground state ensemble. Above
200MPa, the signal intensities of>20methyl groups gradually decreasedwith the increasing pressure, without the appearance of
new resonances. Interestingly, these residues closelymatched those sensing a large conformational change between the ground-
andhigh-energystates, at atmosphericpressure. 13Cand1HNMRline-shapesimulations showed that thepressure-induced loss in
thepeak intensity couldbeexplainedby the increase in thehigh-energy statepopulation. In thishigh-energystate, thearomaticside
chain of F114 gets flipped into the enlarged cavity. The accommodation of the phenylalanine ring into the efficiently packed cavity
may decrease the partial molar volume of the high-energy state, relative to the ground state.We suggest that the enlarged cavity is
involved in the conformational transition to high-energy states and in the volume fluctuation of the ground state.
INTRODUCTION
During the state of equilibrium, proteins in solution fluctuate
over a broad spectrum of structural states, ranging from
folded to unfolded conformations (1–3). Structural adapt-
ability and the ability to facilitate transitions from the basic
folded state (i.e., the ground state) to higher Gibbs free en-
ergy states are both necessary for various protein functions,
including signal transduction (4) and enzymatic reactions
(5). Multiple NMR techniques, such as R2 dispersion (5,6)
and 1H/2H exchange NMR spectroscopy (7,8) have been
widely used to study the intrinsic conformational fluctuation
in proteins. Our group and several other groups have previ-
ously shown that multidimensional NMR spectroscopy com-
bined with a pressure perturbation (i.e., high-pressure NMR
spectroscopy) is a powerful tool that allows us to study the
conformational fluctuations of a protein over a wide spatial
and temporal range (9–19). High-pressure NMR spectros-
copy has demonstrated that pressure-stabilized states are
similar in structure and dynamics to the intrinsically popu-
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lated states at atmospheric pressure (20,21), and that
high-energy states are evolutionarily conserved among ho-
mologous proteins (22,23). Although the three-dimensional
(3D) structure, conformational dynamics, controlled ther-
modynamics, and functions of proteins should be manifested
by their particular amino acid sequences, the natural rules for
molecular design remain largely unknown.

Internal cavities are important structural elements that
produce conformational fluctuations in proteins. We have
recently shown that cavities are conserved at similar posi-
tions in lysozymes derived from a variety of biological spe-
cies, and that they are responsible for producing certain
types of selective disorder in proteins (24). Moreover,
from a thermodynamic viewpoint, it was demonstrated
that cavity volume in a folded protein represents a major
contribution on the volume changes upon protein unfolding
(25). To gain further insights into the role of internal cavities
of proteins, we investigated the conformational fluctuations
in the cavity mutant L99A of T4 lysozyme, using
high-pressure NMR spectroscopy. In particular, we focused
our attention on the NMR resonances from the methyl
groups that line the hydrophobic cavities of this protein.
http://dx.doi.org/10.1016/j.bpj.2014.11.012
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Wild-type T4 lysozyme is a small hydrolytic enzyme,
comprising two domains (N-terminal domain and C-terminal
domain), connected by a long central helix, designated as the
C-helix (Fig. S1 a in the Supporting Material). The protein
contains hydrophobic and hydrophilic cavities. An L99A
(Leu-99 to Ala-99) mutation increases the size of the preex-
isting hydrophobic cavity to ~150 Å3 in the core of the C-ter-
minal region (26) (Fig. S1 b). TheL99Amutant has been used
as a model system for understanding protein dynamics in the
ligand binding process, as the enlarged cavity allows the
ligand binding of substituted benzenes (27) as well as xenon
(28).Manyphysicochemical studies and structure determina-
tions have been performed using x-ray crystallography and
NMR spectroscopy (6,27–32). X-ray crystallography
showed that the designed hydrophobic cavity in the L99A
mutant is sterically inaccessible to the incoming ligands,
yet the protein is able to rapidly bind to benzene and to other
similar ligands in solution (29). In contrast, theR2 dispersion-
basedNMRanalysis of L99A identified a slow timescalemo-
tion around the cavity, which is a conformational transition
between the ground state (native state) and an excited state
(i.e., high free-energy state) (6,30,31). Structural modeling
based on chemical shifts (CS-Rosetta) identified a conforma-
tion for the transiently formed state of the protein, in which
the aromatic side chain of phenylalanine 114 (F114) was flip-
ped into the enlarged cavitywith a simultaneous reorientation
of the F-helix (32) (Fig. S1 c). Similarly, in the case of the
L121A/L133A cavity mutant of T4 lysozyme, enlargement
of the cavity led to a more prominent population of an alter-
natively packed conformation, in which the cavity was filled,
or partially filled, with an engineered side chain (i.e., nitro-
xide) (33). In this work we show that the application of
high pressure to T4 lysozyme L99A leads to a redistribution
of enzymes in the stable conformation, resulting in a higher
occupancy of enzymes in the excited state.
MATERIALS AND METHODS

NMR sample preparations

Recombinant cysteine-free T4 lysozyme L99A as a cavity mutant of pseudo

wild-type (C54T/C97A; WT*) was expressed and purified by the methods

described previously (34). Uniformly labeled 15N- and 13C-T4 lysozyme

was expressed in the M9 media with 15NH4Cl and
13C-glucose as the

sole sources of nitrogen and carbon, respectively. The protein sample for

the NMR measurements was dissolved in 50 mM phosphate buffer (pH

6.0, 10% 2H2O), containing 25 mM sodium chloride at a concentration of

1 mM. DSS (2, 2-dimethyl-2-silapentane-5-sulfonate) was used as an inter-

nal reference for the 1H chemical shifts.
High-pressure NMR measurements and
simulation of the NMR spectra

High-pressure NMR experiments were performed using a home-made pres-

sure-resistive quartz cell with an outer diameter of z3.5 mm and an inner

diameter ofz1 mm in the pressure range 3–300 MPa, on a DRX 800 spec-

trometer (Bruker Biospin) (9). To avoid bubbling, we maintained the lowest
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pressure at 3 MPa, instead of at 0.1 MPa. The one-dimensional (1D) NMR

experiments were performed at a 1H frequency of 800.16 MHz, using a 3-9-

19 pulsed field gradient for water suppression. In addition, the 1H/13C

heteronuclear single quantum correlation (HSQC) measurements were re-

corded at a proton frequency of 800.16 MHz and a 13C frequency of

201.20 MHz, with 128 increments. At all pressures, the 1H chemical shifts

were referenced to the methyl signal of DSS, and the 13C chemical shift was

indirectly referenced to DSS (0 ppm for 1H). The data points were extended

to 2048 � 256, and 90� shifted sine-bell window functions were applied to

each dimension. All the data were processed using the programs NMRPipe

(35) and NMRview (36). Crosspeak intensities (volumes) and chemical

shifts were obtained by NMRview. When crosspeaks overlap seriously,

the intensity data are not analyzed.

The simulations of the 13C NMR spectra were performed using

WINDNMR-Pro (37). The NMR spectra were simulated as a function of

the population of the high-energy state, assuming a two-state exchange

model. The exchange rate constant, kex, and the chemical shift difference

(Du) between the ground- and high-energy states of T4 lysozyme L99A

were used in the simulation (31).
3D-RISM calculations

The 3D reference interaction site model (3D-RISM) is a computational sol-

vent representation that is based on the statistical liquid theory (38,39) (see

the Supporting Material). 3D-RISM and the prerequisite 1D-RISM solvent

susceptibility calculations were performed using AmberTools 12 (40). The

solvent was prepared as purewater using the SPC/ewater model (withmodi-

fied hydrogen radii), using 1D-RISMwithin the rism1dprogram.The solvent

density was modified to meet the experimental water densities at each pres-

sure. Three solutes (the ambient pressurex-ray, highpressurex-ray, aswell as

the excited state NMR modeled structures of the T4 lysozyme L99A) are

2B6Y, 2B6X, and 2LCB, respectively, in the Protein Data Bank (PDB).

The solvent was completely removed, and the protonation states were set

at a pH of 7.0, using PROPKA (41–43) in the PDB2PQR program (44,45).

The NMR modeled structure included two more C-terminal residues (Asn

and Leu), which were removed to allow a fair comparison. An optimized

multiple-minimization approachwas used to find the lowest local free energy

structure (generalized born solvent with conjugate gradient minimization,

generalized born solvent with L-BFGS minimization, and 3D-RISM with

L-BFGSminimization) using the nab program in AmberTools 12. All the re-

ported data were obtained from the final 3D-RISM distribution functions for

the free energy minimized structures.

Cavity occupancies were calculated at the appropriate pressure by inte-

grating the population function, P, within a sphere encapsulating the cavity,

P ¼ r

Z
VðcavityÞ

gOð~rÞ , d~r; (1)

where r is the average density of solvent species, gO is the 3D-RISM dis-

tribution function of water oxygen (see the Supporting Material). Excess
translational entropies were taken into account by simply integrating the

expression for the solvent-water excess translational entropy, S, over the

appropriate volume (46),

S ¼ � 1

2
rkB

Z

VðcavityÞ

gOð~rÞ , ln gOð~rÞ , d~r: (2)

RESULTS AND DISCUSSION

Pressure-induced chemical shift changes

Recombinant cysteine-free T4 lysozyme (C54T/C97A)
(pseudo wild-type; WT*) and its cavity mutant L99A
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(C54T/C97A/L99A) were created previously to study the
role of the hydrophobic cavity of the protein (26). The basic
folded conformation (the ground state) of L99A obtained by
x-ray crystallography was closely similar to that of the
WT*, as shown in Fig. S1.

1D 1H NMR and 2D 1H/13C HSQC spectra of uniformly
double-labeled (13C/15N) L99A were collected at different
pressures up to 300 MPa. 1D 1H NMR spectra at various
pressures from 3 to 300MPa indicated that the protein main-
tains its folded conformation even at 300 MPa (Fig. S2).
Fig. 1 a shows a superposition of the 1H/13C HSQC spectra
at different pressures, up to 300 MPa. The chemical shift
changes and the signal intensities are observed as a function
of increasing pressure, and the spectral changes are fully
reversible. The 1H and 13C chemical shifts varied linearly
with pressure, up to a pressure of 100 MPa. Fig. 1 b shows
the chemical shift changes of the side-chain methyl groups
at a pressure of 100 MPa (1HC, 13CH). The averages and the
root mean-square deviations of the pressure-induced shifts
in 1HC and 13CH were �0.029 5 0.017 ppm and 0.19 5
0.14 ppm, respectively. These linear pressure-induced shifts
generally occur because of a small linear compression of the
tertiary protein structure, in the ground state ensemble of the
protein (47). However, pressure-induced chemical shifts
were largely different at different sites (Fig. 1 b). Below
100 MPa, the methyl groups showing large deviations
from the average behavior were located around the enlarged
cavity for L99A (e.g., I78g2, L79d2, L84d2, V94g1, V94g2,
A98b, I100g, M102ε, V103g1 V103g2, M106ε on the C- to
E-helices, L121d2 on the G-helix, L133d2, and A134b on the
H-helix, and I150d1 as well as I150g2 on the J-helix), as
indicated by the green spheres in Fig. 1 c. These results indi-
cate that mechanical compression is much more significant
around the cavities than in the rest of the protein.
Pressure-induced changes in the signal intensity

Fig. 2 a shows changes in peak intensities (i.e., maximum
peak height) of the 1H/13C HSQC spectra of L99A, as a
function of pressure. Errors in intensity estimation are
shown in Fig. S3. Several crosspeaks of the side-chain
methyl groups displayed a reduced intensity with increasing
pressure, up to 200 MPa. Above 200 MPa, several of the
other crosspeaks also decreased in intensity, however, new
signals corresponding to a disordered polypeptide chain
were not observed in the HSQC spectra (Fig. 1 a). The
change in peak intensity, namely a broadening or absence
of crosspeaks, presumably indicates a heterogeneity of con-
formations and/or fluctuation among the conformations
within the NMR chemical shift timescale (zms). The loss
of total crosspeak volumes (i.e., integrated peak intensity)
in the HSQC at 300 MPa equated to a 26% reduction of
the original volumes (the sum of the integrated crosspeak in-
tensities in Fig. 2 a). In the case of conventional 1H/13C
HSQC, increases in 13C spin-spin relaxation in the t1 evolu-
tion period (i.e., 0–9.6 ms), as well as 1H spin-spin relaxa-
tion in t2 period (i.e., 98.4 ms) are likely responsible for
the observed crosspeak broadening and loss of crosspeak in-
tensities. In addition, transfer amplitudes of the two INEPT
steps, in total 7.5 ms, may decrease with pressure if 1H spin-
spin relaxation increases.

The crosspeaks of the methyl groups can be classified into
three groups: 1), a rapidly decaying group (red lines); 2), an
intermediate decaying group (yellow lines); and 3), a slowly
decaying or unaffected group (black lines). The methyl
groups belonging to classes (1) and (2) are shown as red
and yellow spheres, respectively, in the structure of L99A
(Fig. 2 b). All of the rapidly decaying signals from group
(1) (I78d1, I78g2, L84d1, A99b, M102ε, L118d2, L121d1,
and L133d2) involved the methyl groups lining the enlarged
hydrophobic cavity. Members of the intermediate group
(2) (I3d1, I3g2, M6ε, L7d1, I29d1, I29g2, L46d1, L66d1,
V71g2, V75g2, L84d2, V87g2, A98b, I100g2, M106ε,
A129b, A130b, I150d1, and I150g2) were located around
the enlarged cavity, as well as other cavities of the protein
(Fig. 2 b).
Conformational fluctuations within the ground
state ensemble

The partial molar volume of a protein fluctuates with ther-
mal agitation in two different ways: A fluctuation either oc-
curs within the same subensemble of conformers, or occurs
because of a transition into a different subensemble of con-
formers possessing a higher Gibbs free energy (referred to
as an excited state). Thus, a protein biomolecule adopts a
smaller partial molar volume using either or both of the
aforementioned adaptations.

Fluctuations occurring within the same subensemble of
conformers can be studied by observing the pressure-
induced changes in the chemical shifts and peak intensities.
The 13C chemical shifts reflect site-specific structural
changes at the side chains of the protein, whereas the amide
1H and 15N chemical shifts generally indicate the response
of the hydrogen-bond distance and torsion angles to pres-
sure (47). Furthermore, the methyl 13C chemical shifts are
more sensitive to atomic packing. Regardless of the under-
lying dynamics, any change in the measured chemical shifts
corresponds to the average of all the structural changes
occurring rapidly on the NMR chemical shift time scale
(zms). We interpret the linear chemical-shift change
observed in the lower pressure region (up to z100 MPa)
to be the result of a linear change in the average internuclear
distances and torsion angles (11), the combination of which
determines the compressibility coefficient (bT) of the
protein.

Larger deviations from the average pressure-induced
shifts are observed for the 13C nuclei of methyl groups lin-
ing internal cavities, particularly those at the enlarged cavity
of L99A. These variations indicated that larger structural
Biophysical Journal 108(1) 133–145



FIGURE 1 Effects of pressure on L99AT4 lysozyme. (a) 1H/13C HSQC

spectra at different pressures: 3 MPa (black), 100 MPa (blue), 200 MPa

(green), and 300MPa (red) for a 1 mM uniformly 13C- and 15N-labeled pro-

tein at 25�C in 50 mM phosphate buffer (pH 6.0, 10% 2H2O/90%
1H2O

mixture (v/v)) containing 25 mMNaCl. (b) Pressure-induced chemical shift

changes in the low-pressure region (Dd ¼ d100MPa – d3MPa). Chemical shift

changes of the methyl proton 1HC and the methyl carbon 13CH are plotted

along with the residue number. The average values of the pressure shift

are�0.03 for 1HC and 0.19 for 13CH, as shown by the dotted lines. Residues

showing large pressure-induced chemical shift changes are represented by

the residue numbers. The a-helix and b-strand regions are indicated by

rings and arrows, respectively, at the top of the panel. (c) Methyl groups

showing large pressure-induced shifts (Dd > j0.05j ppm for 1HC and/or

Dd> j0.3j ppm for 13CH) are depicted by green spheres on the tertiary struc-

ture of the L99A mutant (PDB ID: 1L90), whereas the less pressure-sensi-
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changes, including the compression of interatomic dis-
tances, take place around the cavities, rather than elsewhere
inside the protein structure. As the macroscopic compress-
ibility (which is the net sum of the microscopic compress-
ibilities) is statistically correlated with the volume
fluctuation of the system consisting of the solute and the sol-
vent (48), the larger volume fluctuations occurring rapidly
on the chemical shift timescale could be attributed to the
enlarged cavity of the protein. Similar large pressure-
induced changes in the chemical shifts were also observed
around the internal cavities of BPTI (49) and hen egg white
lysozyme (50). Our past and present results both indicate
that volume fluctuations are greater at the residues closer
to the internal cavities (at atmospheric pressure), as these re-
gions presumably have a larger structural adaptability to
pressure.

In the same pressure range as above (up to 100 MPa), the
crosspeaks of the side-chain methyl moieties involved in the
rapidly decaying group (1) (e.g., I78d1, I78g2, L84d1, A99b,
M102ε, L118d2, L121d1, and L133d2) significantly lose
their intensities with increasing pressure. The losses in
peak intensities in 2D HSQC spectra at varying external pa-
rameters, such as pressure and temperature, are generally
attributed to an increase in peak widths (i.e., spin-spin relax-
ation rates, R2, of the nuclei) in both dimensions, which
might result from heterogeneous conformations within the
basic folded ensemble, or from conformational exchange
among different stable conformational states of the protein
on the microsecond to millisecond timescale. As discussed
below, the significant decrease in the peak intensities for
some of the methyl groups cannot be explained only with
the conformational exchange between the ground state and
the particular high-energy state of the protein. It is presum-
ably caused by heterogeneous configurations of the corre-
sponding methyl groups resulting from the compression
and modified hydration of the enlarged cavity.

In contrast, we observed increases in the crosspeak inten-
sities for many of the intermediate and slow decaying
methyl groups, up to 100 MPa. The same was observed
for signals of the backbone in the 1H/15N HSQC data (not
shown) for L99A. Of importance, we did not observe this ef-
fect for WT*. At the moment we have no explanation for
this effect, other than the possibility that it results from
the formation of the cavity in the C-terminal domain.
The effect of increasing pressure on the high-
energy excited state of L99A

Recently, the structure of the transiently formed high-energy
state of T4 lysozyme L99Awas characterized by employing
a combined strategy comprising R2 dispersion NMR and
tive methyl groups are depicted by gray spheres. The internal cavities are

drawn with a black wire frame cage calculated using a 1.4 Å probe and

the program MOLMOL (54). To see this figure in color, go online.



FIGURE 2 (a) Plots of maximum height (normalized at 3 MPa) of the

crosspeaks in 1H/13C HSQC for L99A, obtained at various pressures,

from 3 to 300 MPa. Changes in the protein concentration as a function of

pressure are corrected, based on the pressure-induced compaction of the

solvent water (byz9% at 300 MPa) (63). The crosspeaks of the side-chain

methyl groups can be classified mainly into three groups: 1) the rapidly de-

caying group (red lines); 2) the intermediate decaying group (yellow lines);

and 3) the slow decaying group (black lines). The rapid and the intermediate

decaying groups comprise 1), I78d1, I78g2, L84d1, A99b, M102ε, L118d2,

L121d1, and L133d2 and 2), I3d1, I3g2, M6ε, L7d1, I29d1, I29g2, L46d1,

L66d1, V71g2, V75g2, L84d2, V87g2, A98b, I100g2, M106ε, A129b,

A130b, I150d1, and I150g2, respectively. Errors in height estimation are

presented in Fig. S3. (b) The observable side-chain methyl groups in the

HSQC spectrum at 3 MPa (Fig. 1 A) are depicted with spheres. Those

belonging to the rapid and intermediate decaying groups are represented

by red and yellow spheres, respectively, on the tertiary structure, and resi-

dues located around the internal cavities are designated by their residue

number. The picture was prepared using MOLMOL (54). To see this figure

in color, go online.
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CS-Rosetta model building (32). Clear structural differences
between the ground- and high-energy states were observed,
particularly in the vicinity of the enlarged cavity of the pro-
tein. In the high-energy state, the side chain of F114 was
accommodated inside the cavity, together with a simulta-
neous reorientation of the F-helix, which required fluctua-
tions outside the ground state ensemble of the protein.
15N-R2 dispersion NMR experiments showed that the
high-energy state was populated to ~3% at 25�C and atmo-
spheric pressure, and was in equilibrium with the ground
state (97% populated). The corresponding interconversion
occurred on the millisecond timescale, leading to pervasive
resonance broadening.

In this high-pressure NMR study, we observed severe
line-broadening and missing HSQC crosspeaks, particularly
for the residues around the enlarged cavity, at pressures
below 200 MPa. Fig. 3 shows a representation of the methyl
groups exhibiting a relatively large chemical shift difference
(Du) for the 13C nuclei (Fig. 3 a) between the ground and
high-energy states, based on the 13C-R2 dispersion measure-
ments (31), along with the resonance showing severe line-
broadening with increasing pressure (Fig. 3 b). Interestingly,
the latter group of residues matches closely with the group
showing larger chemical shift changes upon conformational
transition to the transiently formed high-energy state at at-
mospheric pressure.
Unfortunately, similar data for the methyl protons of T4
lysozyme L99A are not available. However, the closely
similar mutant L99A/G113A was studied previously, and
was shown to undergo a very similar exchange between
ground and excited states, albeit at a slower rate. We were
thus able to use the 1H Du values of L99A/G113A, which
were measured by ZZ-exchange NMR at 1�C (32). Ex-
change crosspeaks in the ZZ-exchange NMR spectrum
were observed for at least 13 methyl groups (including
I3Hg2, I27Hg2, I29Hd1, L66Hd1, V71Hg2, A74Hb,
I78Hg2, A98Hb, A99Hb, M102Hε, I118Hd2, L121Hd1,
and A146Hb). Fig. 3 c shows the distribution of these
methyl groups based on the chemical shift difference (Du)
for the 1H nuclei. The group showing severe line-broadening
with increasing pressure again matches closely with the
group showing larger Du for the 1H nuclei.

These imply that the broadening of the HSQC crosspeaks
with increased pressure, and the corresponding increase in
the exchange contribution to the 13C and 1H transverse
spin relaxation rates, can likely be explained by an increase
in the high-energy state population and/or a decrease in the
exchange rate constant kex, at high pressure.
Line-shape simulation

To test the hypothesis that the broadening of the HSQC
crosspeak intensities with increased pressure can be ex-
plained by an increase in the high-energy state population
and/or a decrease in the exchange rate constant kex, we
simulated the changes in the 13C and 1H spectra using the
WINDNMR-Pro program (37). The kex and 13C chemical
shift difference (Du) between the ground- and the tran-
siently formed high-energy states of L99A are available in
the literature (31). Because Du values for the methyl pro-
tons of L99A have not been reported, we used the Du values
for the L99A/G113A mutant of T4 lysozyme (32), which
were measured by ZZ-exchange NMR at 1�C.

Although, in reality, both the population of the high-en-
ergy state and the exchange rate constant kex could change
simultaneously with increasing pressure, we first simulated
13C spectral changes as a function of the population of the
transiently formed high-energy state. Fig. 4 a shows the
simulated 13C spectra for L121Cd1, which is a representative
carbon nucleus showing a rapid decrease in the HSQC peak
intensity as a function of pressure (group (1)). When the
global exchange rate is 1449 s�1, Du is 1.88 ppm (1.88 �
201.2 � 2p rad s�1) (31), which corresponds to a slow-to-
intermediate exchange condition (kex/Du ¼ 0.61). Fig. 4 b
shows a simulation for L84Cd2, which belongs to the inter-
mediate decaying group (2). Its Du value is 0.37 ppm
(0.37 � 201.2 � 2p rad s�1) (31), which correlates with
an intermediate-to-fast exchange condition (kex/Du ¼
3.1). The line-shape simulations clearly show that for
both of the residues mentioned previously, the peak width
of the ground state rapidly increases with increasing
Biophysical Journal 108(1) 133–145



FIGURE 3 Distribution of residues based on (a)
13C chemical shift differences (jDuj) for side-

chain methyl groups between exchanging sites, as

estimated by the R2 dispersion NMR experiments

for L99A (31). The amplitude of jDuj is repre-

sented by a color scale from yellow to red. (b)

Side-chain methyl groups showing significant

loss of their crosspeak intensities at a high pres-

sure. The pressure at which the relative peak inten-

sity is reduced to <0.6 from the original is

represented by colors: <200 MPa; red, 250 MPa;

orange, and 300 MPa; yellow. (c) Distribution of

residues based on the 1H chemical shift differences

(jDuj) for side-chain methyl groups between

exchanging sites, as estimated by the ZZ-exchange

NMR experiments for L99A/G113A (32). The pic-

ture was prepared using MOLMOL (54). To see

this figure in color, go online.
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high-energy state population, and that the peak almost dis-
appears when the populations become similar. A new
peak, corresponding to the high-energy state, then starts to
appear. Other examples of groups that decay at a rapid or in-
termediate pace are presented in Fig. S4.

Second, we simulated the 13C spectra at variable kex
values, assuming the population of the high-energy state
to be constant (i.e., 3.4%) (Fig. 4, c and d). Changes in
peak widths corresponding to the ground and high-energy
states are not substantial as long as the high-energy state
population is low. However, the peak widths may show
larger changes with increased high-energy state populations.
The kex usually decrease under high pressure because the
positive activation volume for folding is larger than negative
activation volume for unfolding (51–53). Thus, in the case
of both slow and intermediate exchange conditions, peak
widths would be expected to be sharper under high pressure.

Third, we simulated 1H spectra as a function of the high-
energy state population and varying kex values (Fig. 4, e and
f). In the case of L121 Hd1, the Du was 0.43 ppm (0.43 �
800.13 � 2p rad s�1), which corresponds to a slow-to-inter-
mediate exchange condition (kex/Du ¼ 0.68). When the
population of the high-energy state rises, the 1H peak width
rapidly increases in a manner similar to the 13C peak width
(Fig. 4 a). (see Fig. S5 for other examples of methyl protons
involved in the rapid and intermediately decaying groups).
Therefore, peak broadening in 1H/13C HSQC spectra would
occur due to both 1H and 13C spin relaxation, dependent on
the chemical shift difference (Du). These 13C and 1H spec-
tral simulations strongly suggest that an increase in the high-
energy state population is responsible for the selective peak
broadening observed with increasing pressure. In the case of
the conventional HSQC, peak broadening would occur dur-
ing the t1-evolution period (i.e., 0–9.6 ms) due to 13C spin-
spin relaxation, and during the t2-ditection period (i.e.,
98.4 ms) due to 1H spin-spin relaxation. In addition, transfer
amplitudes of the two INEPT steps (i.e., 7.5 ms) may
decrease with pressure if 1H spin-spin relaxation increases.
Biophysical Journal 108(1) 133–145
Because dipolar relaxation on spin-spin relaxation rates (R2)
may not alter much with pressure, exchange contribution on
R2 of both nuclei could be responsible for the broadening
and missing of the signals.

We noticed that signals corresponding to the high-energy
state are not observed in the spectra under high pressure.
Two explanations for this could be that, in general, a popu-
lation of the minor state is low and NMR peaks of the minor
state have larger peak widths than those of the major state
(see Fig. 4), and thus, they exhibit a relatively lower
signal/noise ratio. It is also possible that the high-energy
state corresponds to much larger peak widths than the
ground state because of conformational heterogeneity;
note that intrinsic peak width for the high-energy state
was assumed to be same as that for the ground state in the
spectral simulation.

For some of the signals in the intermediate decaying
groups, the peaks showed sigmoidal chemical shift changes,
as well as intensity losses, as a function of the high-energy
state population (M6ε, I29g2, and A130b, Fig. S4 b). It is
not surprising that, as a function of the high-energy state
population, the chemical shifts and the line broadening,
depend strongly on the magnitudes of kex and Du. Our sim-
ulations show that the line broadening caused by pressure
changes could be explained by an increase in the high-
energy state population. A substantial correlation between
the line broadening (large R2) at ambient pressure and the
peak-intensity reductions (for the same probes) at higher
pressures strongly suggests that both methods are probing
the same conformational equilibrium, albeit with different
populations of the associated states.

Next, we consider the differences in the peak intensity re-
ductions between the intermediately and rapidly decaying
groups. When an increase in line width (i.e., R2) occurs in
both 1H and 13C dimensions, peak intensities may decrease
rapidly with an increase in the high-energy state population.
This applies to L121d1 (the rapidly decaying group), but not
to I3g2 (intermediate decaying group), although each of



FIGURE 4 Line-shape simulation for the methyl carbon and proton peaks of L99A, in accordance with the two-state exchange model. (a and b) 13C line-

shape spectral simulation for the L121Cd1 carbon (A) and for the L84Cd2 carbon (b), as a function of the excited state population. (c and d) 13C line-shape

spectral simulation for the L121Cd1 carbon (c) and the L84Cd2 carbon (d), as a function of kex. The
13C chemical shift difference DuGE between the ground

(G) and the transiently populated high-energy state (E), the rate constant kex (1449 s
�1) for a chemical exchange between the two states, and a population of

the high-energy state pE (3.4%) were all obtained from the literature (31). (e and f) 1H line shape spectral simulation for L121Hd1 proton, as a function of the

high-energy state population (e), and as a function of kex (f). The
1H chemical shift values of the ground and high-energy states of L99A/G113A, measured by

ZZ-exchange NMR experiments at 1�C (32), are used in the simulations. The program WINDNMR-Pro was used for the simulations (37).
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these has relatively large Du values for both the 13C and the
1H chemical shifts. We did not find clear differences in the
peak intensity reductions between the intermediately and
rapidly decaying groups. In other words, the significant
loss in the peak intensities for the rapidly decaying methyl
groups could not be explained solely based on the confor-
mational exchange between the ground state and the partic-
ular high-energy state of the protein.

As a comparison, we studied pressure effects on the WT*
protein, and found that rapid signal losses were observed for
the methyl groups of M102ε, L121d1, and L133d2 (data not
shown), all of which are located around the same (but
smaller) cavity in the C-terminal region. The rapid signal
loss in the WT* protein cannot be attributed to the transition
into the high-energy state, because the volume of the cavity
in the WT* protein is too small (39 Å3) to bind the F114 side
chain. Indeed, 15N spin-spin relaxation NMR analysis did
not detect a high-energy state for the WT* protein (30).
Therefore, we conclude that the rapid loss of the peak inten-
sities at lower pressure observed for L99A should be attrib-
uted to changes in the native state subensemble, namely
heterogeneous configurations of the corresponding methyl
groups.
FIGURE 5 (a, top) A part of the tertiary structure of the ground state

(left) and the transiently populated high-energy state (right), as modeled

by CS-ROSETTA (32). (A, bottom) The hydrophobic side chains around

the enlarged cavity are represented by sticks. F114 is colored in red,

whereas the other aromatic side chains near the cavity are depicted in yel-

low. The hydrophobic side chains facing the aromatic rings are shown in

blue. (b, top) The relative intensities of the 1H/13C HSQC crosspeaks at

300 MPa (normalized by the values at 3 MPa) for the methyl groups in

the vicinity of the enlarged cavity. Methyl groups showing no intensity at

300 MPa are marked with an asterisk. (b, middle and bottom) The differ-

ences in ring current shifts for the methyl groups between the ground-

and high-energy states (Ddrc) for the
1H (b, middle) and 13C (b, bottom),

as estimated by the program MOLMOL (54). The residues facing the

F114 side-chain ring in the high-energy state are denoted by red numbers.

The attributes for the side-chain methyl groups are denoted with d and g,

respectively. When the residue has two methyl groups, the group indicated

at the bottom shows a larger absolute value than that of the group on the top.

To see this figure in color, go online.
Origins of chemical shift changes between the
ground and high-energy states

Next, we tried to delineate the origins of chemical shift
changes by comparing the structures of the ground state
(Fig. 5 a, left panel) and the high-energy state (Fig. 5 a, right
panel) of the protein. According to the high-energy state
structure of L99A (modeled using CS-Rosetta), the F114 ar-
omatic ring is accommodated in the enlarged cavity. There-
fore, due to the transition, changes in the ring current shifts
are expected. Fig. 5 b, shows the differences in the ring cur-
rent shifts between the ground- and high-energy states of the
1H and 13C nuclei, respectively, as calculated by the
MOLMOL program, which uses the Johnson-Bovey model
(54). The methyl groups showing large changes due to ring
current shifts for at least one of the two nuclei are I78g2,
L84d2, L91d1, V94g1, A98b, A99b, M102ε, M106ε,
T109g, V111g2, L118d2, and L121d1. All of them are
located adjacent to F114, W138, F153, and W158 (Fig. 5
a). It is obvious that larger differences in the ring current
shifts between the ground and high-energy states are
observed for the groups located in close proximity to the ar-
omatic rings than those located elsewhere in the protein
structure. Moreover, the chemical shifts of the methyl pro-
tons and the carbons could be used as sensitive probes for
detecting the changes in the orientation of the aromatic
rings. Interestingly, a substantial loss in the signal was
observed, due to an increased pressure, for the methyl
groups lying at the cavity (e.g., I78d1, I78g2, L84d1,
A99b, M102ε, L118d2, and L121d1 indicated with asterisks
in Fig. 5 b, respectively), where the F114 aromatic ring is
Biophysical Journal 108(1) 133–145
expected to flip-in. The corresponding data for all observed
residues is shown in Fig. S6. These results strongly support
the idea that the high-energy state, in which the F114 aro-
matic ring flips into the cavity, is indeed stabilized by higher
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pressures. It is clear that an increase in the population of the
high-energy state would result in the increase in exchange
contribution on R2 under high pressure, as the high-energy
state exhibits different 13C and/or 1H chemical shifts around
the enlarged cavity. The accommodation of the F114 side
chain in the cavity would confer the high-energy state a
smaller partial molar volume than the ground state, because
of improved packing, and because of an alteration in the hy-
dration structure on the molecular surface.

Conformational transitions could also be monitored by
nonlinear responses in the pressure-induced chemical shifts,
when Du is much smaller than kex (Du << kex) (11).
Indeed, we observed nonlinear responses for the pressure-
induced chemical shifts of several methyl groups for
L99A above 100 MPa (e.g., for I9, I17, I29, and L79, shown
in Fig. S7). These pressure-induced nonlinear changes may
be a part of the sigmoidal changes seen when the high-en-
ergy state population is increased. However, we limited
our analysis to the pressure-induced line broadening, as it
can be easily monitored to delineate the structural motions
in the microsecond to millisecond timescale.
Pressure-induced denaturation

Above 200 MPa, the intensities of all crosspeaks decreased
in a concerted manner (Fig. 2 a). As predicted by spectral
simulation, the peak width for the ground state increased
substantially with the increasing population of the high-en-
ergy conformation, even in the slow exchange condition.
We therefore suggest that the concerted decrease in the
crosspeak intensities above 200 MPa marks the onset of
an unfolded conformer U, which will not give sharp
NMR signals. Because the peaks of the slow decaying
group still retain ~80% of their original integrated inten-
sities at 300 MPa, the population of U should account for
<20% of the conformational ensemble. Keep in mind that
NMR peaks of the minor state may not give enough
signal/noise ratio to be detected (see Fig. 4). An increase
in the unfolded state population is expected under high
pressure, because L99A is only marginally stable and the
unfolded conformation has smaller partial molar volume
than the folded one (9,25,55). According to high-pressure
fluorescence studies, the unfolded state of L99A should
make up ~82% of the population at 300 MPa and 24�C
(e.g., DG0¼13.3 kJ/mol, DV0¼ �56 mL/mol at pH 7.0
and 20 mM NaCl condition) (55). Although this is inconsis-
tent with the present high-pressure NMR data, it is not sur-
prising because tryptophan fluorescence is sensitive to the
polarity of its local environment, and the thermodynamic
quantities were calculated from a two-state unfolding
model. Moreover, because all three tryptophans (W126,
W138, and W158) in the protein are located in the C-termi-
nal domain, the pressure-induced changes in fluorescence
quenching may report both on transitions into the excited
folded and unfolded states.
Water occupancy in the hydrophobic cavity
predicted from 3D-RISM

Although x-ray crystallography suggested that the enlarged
hydrophobic cavity in L99A mutant was sterically inacces-
sible to incoming ligands, spin relaxation NMR studies indi-
cated the presence of conformational fluctuations around the
cavity. This fluctuation was much more amplified in the
L99A mutant than in WT*, in solution (6,27–29). It is chal-
lenging to understand how the hydration of the cavity corre-
lates with the conformational fluctuation of the protein, and
how the conformational fluctuations correlate with the
ligand-cavity interaction.

Collins et al. (56) demonstrated an increase in the elec-
tron density in the enlarged cavity in the L99A mutant
with increasing pressure, using high-pressure x-ray crystal-
lography and molecular dynamics simulations. The number
of water molecules existing in the cavity was predicted to be
0 at 0.1 MPa and was predicted to increase to about two at
200 MPa, whereas the protein structure remained intact.
However, a recent high-resolution x-ray crystallographic
analysis found that the diffuse electron density equivalent
to ~1.5 water molecules was present in the cavity of the
crystallized protein, even at a pressure of 0.1 MPa (57).

Clearly, it is desirable to have a general and comprehen-
sive method for predicting the water occupancy in protein
cavities. Hence, we employed the 3D reference interaction
site model (3D-RISM), which describes molecular solvation
based on a rigorous statistical liquid theory (38). 3D-RISM
is suited for analyzing the water occupancy at molecular sur-
faces, including the internal cavities in proteins (see Mate-
rials and Methods) (58–60). 3D-RISM analysis was
carried out for three different structures; namely, the x-ray
structure at 0.1 MPa (blue) (2B6Y), the x-ray structure at
200 MPa (red) (2B6X), and the NMR data-based ROSETTA
model of the transiently populated high-energy conformer at
0.1 MPa (green) (2LCB). Free-energy minimized structures
were obtained (for the three structures), using 3D-RISM at
pressures, 0.1 MPa, 100 MPa, 200 MPa, and 300 MPa,
respectively. The partial molar volumes were calculated
for the two x-ray structures (2B6Y and 2B6X) at different
pressures. The compressed volumes reached ~1.3% for
both the proteins, at 200 MPa (isothermal compressibility,
bT z 7 Mbar�1), as shown in Table 1. This is consistent
with the observation of the macroscopic compressibility of
proteins (4–15 Mbar�1), obtained using sound velocity mea-
surements (61). Fig. 6, a–c, show the enlarged cavities for
the three structures (a: 2B6Y, b: 2B6X, c: 2LCB) at each
experimental pressure, as estimated by the conventional
sphere rotation method. Fig. 6 d shows the water occupancy
in the enlarged cavity for the x-ray structures at 0.1 MPa
(blue; 2B6Y), 200 MPa (red; 2B6X), and for the NMR
model of the transiently populated high-energy conformer,
at 0.1 MPa (green; 2LCB). The water occupancy was
increased from 3.37 at 0.1 MPa (2B6Y) to 3.71 (2B6X) at
Biophysical Journal 108(1) 133–145



TABLE 1 3D-RISM analysis

Pressure

Partial molar

volume

Water

occupancy

Excess translational

entropy

2B6Y 2B6X 2B6Y 2B6X 2B6Y 2B6X

Å3 Å3 a a J/mol K J/mol K

0.1 MPa 21310 21272 3.37 3.41 �42.8 �42.9

100 MPa 21141 21141 3.60 3.58 �46.0 �46.2

200 MPa 21062 20988 3.84 3.71 �49.5 �48.4

300 MPa 20865 20824 3.79 3.82 �50.1 �51.1

aNumber of water molecules equivalent to the water occupancy in the hy-

drophobic cavity.
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200 MPa, as shown in Table 1. These data indicate that

water occupancy does not increase substantially with
increasing pressure, when the basic folded conformation is
maintained at the elevated pressure. These 3D-RISM ana-
lyses qualitatively support the recent high-resolution x-ray
crystallographic analysis, showing the presence of diffuse
water in the enlarged cavity of the L99A protein, even at
a pressure of 0.1 MPa. However, the number of water mol-
ecules theoretically present in the enlarged cavity was two
times larger than that predicted by high-resolution x-ray
crystallography (57). The diffuse electron density detected
using high-resolution x-ray crystallography may correspond
to the lower limit of detection, which in turn depends on the
data quality and refinement method.
FIGURE 6 (a–c) A part of the backbone structure of L99A with the

enlarged cavities estimated by the conventional sphere rotation method:

(a) the x-ray structure at 0.1 MPa (2B6Y), (b) the x-ray structure at

200 MPa (2B6X), and (c) the NMR model of the transiently populated

high-energy conformer at 0.1 MPa (2LCB). (d) The water occupancy in

the enlarged cavity of L99A for these three structures: blue for x-ray struc-

ture at 0.1 MPa, red for x-ray structure at 200 MPa, and green for NMR

model at 0.1 MPa. The F114 side chain is shown in stick representation

in all panels. To see this figure in color, go online.
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Interestingly, the excess translational entropy of the water
molecules inside the cavity, as calculated by 3D-RISM,
decreased at higher pressures (Table 1, see Materials and
Methods). The excess entropy values are negative because
they are relative to bulk (bulk excess entropy being zero).
Because the values get more negative with increasing pres-
sure suggests that, at higher pressures, the molecular posi-
tions are more confined, and therefore would be more
easily resolved by x-ray crystallography.

As the 3D-RISM analyses described previously were car-
ried out only on the energy-minimized structure of the pro-
tein at each pressure, they did not take into account the
conformational heterogeneity of the protein as seen in solu-
tion. As compared to the crystallized protein, the protein in
solution may exist as a more varied ensemble of structures,
with different levels of hydration. Compression, expansion,
and hinge-type motions in proteins at different pressures
could bring about changes in the shape and hydration of
the cavities in the protein structure. Thus, rotational and
diffusive motions of water molecules in the cavities could
be altered under high pressure. These dynamic motions of
the water molecules and the heterogeneous conformations
of the cavities would cause the chemical shifts to disperse.
Such an effect could be partly involved in the pressure-
induced line broadening of the NMR resonances, observed
in the low-pressure region (z100 MPa), as well as in an in-
crease in the population of the high-energy states.

In the case of the transiently populated high-energy state,
the aromatic side chain of F114 is flipped into the enlarged
cavity, resulting in the displacement of water molecules
(Fig. 6 c). The bulky aromatic ring causes an increase in
the atomic occupancy of the enlarged cavity, which may
be partly responsible for the small partial molar volume of
the high-energy state. Note that the partial molar volume
analysis performed using 3D-RISM was not performed on
the structural models constructed by CS-Rosetta, as these
models have a relatively large uncertainty for the side-chain
orientations.
Cavity as a source of conformational fluctuations

The present high-pressure NMR experiments and RISM
analysis for the T4 lysozyme L99A indicate that the
water-containing cavity can serve as a source of conforma-
tional fluctuations. Fig. 7 shows a schematic representation
of the pressure-induced conformational fluctuations of the
protein along with the free-energy landscape. The ground
state of the protein has larger volume fluctuations around
the cavities as compared to the rest of the protein, as is
evident from the chemical shift changes. The ground state
of L99A seems to consist of an ensemble of conformations
in which the orientation of the methyl groups and the ac-
commodation of water molecules in the cavity are both
different. Elevated pressure stabilized the lower volume
conformers in the ground state ensemble, resulting in the



FIGURE 7 Schematic representation of the conformational equilibria in

the T4 lysozyme L99A mutant along with the free-energy landscape. N,

HE, and U represent the ground state ensemble, the high Gibbs free-energy

state, and the unfolded state, respectively. The methyl groups expected to

display a large volume fluctuation within the ground state ensemble are rep-

resented by green spheres (see Fig. 1 c). Side-chain methyl groups classified

into the rapid and intermediate decaying groups are represented by red and

yellow spheres, respectively (see Fig. 2 b). To see this figure in color, go

online.
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formation of a heterogeneous ensemble of differently sol-
vated conformers. As the pressure-induced changes cause
a chemical shift, as well as a chemical shift-dependent
line broadening, the volume fluctuations within the ground
state ensemble would occur with rate constants similar to
or faster than that of the NMR time scale (t << ms).

In addition, the ground state ensemble is in equilibrium
with a high-energy state (Fig. 7). We found that the struc-
tural characteristics of the pressure-stabilized state of
L99A closely resemble those of the transiently formed
high-energy state seen at atmospheric pressure, in which
the F114 aromatic ring is accommodated in the enlarged hy-
drophobic cavity. This coincidence validates the argument
that an elevated pressure stabilizes the intrinsically existing
high-energy conformations of proteins at atmospheric pres-
sure. Under high pressure conditions, the protein uses cav-
ities to adopt a smaller partial molar volume, using either
or both of the fluctuations.

A similar loss of the HSQC crosspeaks was also observed
around the water-containing cavities in hen egg white lyso-
zyme, when the temperature decreases at high pressure. The
disappearance of NMR signals suggests the formation of a
heterogeneous ensemble of partially solvated conforma-
tions, facilitated by the penetration of more water molecules
into cavities of the protein (24). As the water-containing
cavity is conserved among lysozymes across a variety of
biological species, it seems that water-containing cavities
play an important role in biological functions (e.g., allo-
cating a certain degree of mobility to the active site and
providing water molecules for hydrolysis reactions). After
the atomic occupancy of the cavities becomes substantial
because of the hydration or ligand binding under high pres-
sure, proteins usually collapse their cavities and unfold
partially or completely, as seen in the case of ubiquitin
(21), b-lactoglobulin (62), RalGDS-RBD (15), staphylo-
coccal nuclease (25), and OspA (20). As structural changes
are necessary for diverse functions such as ligand binding
and signal transduction, the internal cavities of proteins
could serve as an important structural element for a variety
of biological events.
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