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and Wayne L. Hubbella,b,3
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Angeles, CA 90095

Contributed by Wayne L. Hubbell, April 2, 2015 (sent for review March 12, 2015; reviewed by Frederick W. Dahlquist, Dmitri Davydov, and Frans A. A. Mulder)

Application of hydrostatic pressure shifts protein conformational
equilibria in a direction to reduce the volume of the system. A
current view is that the volume reduction is dominated by elimina-
tion of voids or cavities in the protein interior via cavity hydration,
although an alternative mechanism wherein cavities are filled with
protein side chains resulting from a structure relaxation has been
suggested [López CJ, Yang Z, Altenbach C, Hubbell WL (2013) Proc
Natl Acad Sci USA 110(46):E4306–E4315]. In the present study, mech-
anisms for elimination of cavities under high pressure are investigated
in the L99A cavity mutant of T4 lysozyme and derivatives thereof
using site-directed spin labeling, pressure-resolved double electron–
electron resonance, and high-pressure circular dichroism spectroscopy.
In the L99A mutant, the ground state is in equilibriumwith an excited
state of only ∼3% of the population in which the cavity is filled by a
protein side chain [Bouvignies et al. (2011) Nature 477(7362):111–114].
The results of the present study show that in L99A the native ground
state is the dominant conformation to pressures of 3 kbar, with cavity
hydration apparently taking place in the range of 2–3 kbar. However,
in the presence of additional mutations that lower the free energy of
the excited state, pressure strongly populates the excited state,
thereby eliminating the cavity with a native side chain rather than
solvent. Thus, both cavity hydration and structure relaxation are
mechanisms for cavity elimination under pressure, and which is dom-
inant is determined by details of the energy landscape.

DEER | EPR | conformational exchange | protein structural dynamics

Proteins in solution exist in conformational equilibria that can-
not be appreciated from structures observed in crystal lattices

(1–5). The members of a folded conformational ensemble may
have distinct functions and hence are of interest in elucidating
mechanisms of protein action (5–7). The free-energy differences
between the conformations can range from zero to a few kilocal-
ories per mole; the higher free-energy states are referred to as
“invisible” or “excited” (E) states owing to their low equilib-
rium populations. The structural transition between the native
ground state (G) and the E state may involve rigid body motion of
the peptide backbone (5, 8) or local unfolding (9).
For a complete understanding of molecular mechanisms un-

derlying function, characterization of functionally relevant con-
formational substates is required. However, in the case of E states,
low populations and short lifetimes present a challenge for bio-
physical characterization. The elegant high-resolution NMR
studies from Akasaka (10, 11) and coworkers suggest that appli-
cation of hydrostatic pressure on the order of a few kilobars may
solve this problem by reversibly populating functional E states,
making them amenable for study by spectroscopic methods. For
example, high-pressure NMR has been used to identify and
characterize E states crucial to ligand binding in ubiquitin (12) and
dihydrofolate reductase (13). As a result, high-pressure biophysics
is currently of mainstream interest in protein science.
Application of sufficiently high pressure leads to population of a

“pressure-denatured” state. For many proteins this state retains
a relatively compact fold, at least near neutral pH and in the
absence of denaturants, and is thus distinct from the unfolded

states produced thermally or by chemical denaturants wherein
both secondary and tertiary structures are largely lost (14–20). The
pressure-denatured state is often labeled as the “unfolded state”
(10), but here we reserve the term “unfolded” to describe a state
with little tertiary or secondary structure. In this paper attention is
focused on moderate pressures (<4 kbar) that shift conforma-
tional equilibria rather than leading to a pressure-denatured state.
Pressure shifts equilibria in a direction to reduce the total vol-

ume of the system. The current view is that the volume reduction
that accompanies pressure-modulated transitions in proteins, in-
cluding formation of the denatured state, is dominated by the
elimination of voids or cavities in the protein’s interior (14, 21–24)
via hydration, although other factors contribute (15, 25–28). In the
equilibrium between two folded conformations, G ↔ E for ex-
ample, an alternative “structure-relaxation” mechanism may play
a role in the pressure response. In this model, voids are eliminated
by pressure owing to an increase in the population of an alter-
native packing arrangement of the core in which cavities are filled
with native side chains rather than solvent. This model has been
suggested to play a role in certain proteins at high pressure (1, 29–
31), although to our knowledge direct observation of structure
relaxation under pressure has not been reported.
That a structure-relaxation mechanism may play a role in the

pressure response is suggested by recent studies of cavity-creating
mutants in T4 lysozyme (T4L) at atmospheric pressure (1). Al-
though the crystal structures of the cavity mutants are nearly
identical to those of the WT protein (32–35), in solution there are
multiple conformations in equilibrium (1, 4). For example, in the
T4L cavity mutants L121A/L133A, L133G, and W138A, two
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conformations of similar free energy were identified in solution
(1). Perhaps the most extensively investigated cavity-forming mu-
tation is T4L L99A that enlarges a preexisting cavity in the rigid
four-helix bundle of the protein. In this mutant, a minor confor-
mation (E) in equilibrium with the ground state (G) was detected
that accounted for ∼3% of the population (4, 36). Remarkably, in
each of the above cavity-creating mutants, one member of the
conformational ensemble corresponds to a structural rearrange-
ment that fills the cavity with a side chain; for L99A it is Phe114
that occupies the engineered cavity (5). Such conformations in
which cavities are absent or reduced are expected to have a lower
molar volume, and thus may be populated by pressure.
The pressure dependence of the L99A mutant was recently

studied with NMRmethods by Nucci et al. (27) and independently
by Maeno et al. (31). In the study of Maeno et al. (31), the dis-
appearance of cross-peaks in a 1H-13C heteronuclear single-
quantum coherence (HSQC) NMR experiment at pressures up to
3 kbar was interpreted to reflect an increase in population of the E
conformation with Phe114 occupying the cavity, consistent with a
structure-relaxation mechanism rather than cavity hydration or
unfolding. However, based on 1H-15N HSQC NMR studies on the
same protein, Nucci et al. (27) concluded that cavity hydration and
unfolding occurred at pressures less than 2.5 kbar rather than
populating the E conformation. Commentaries on these conflict-
ing interpretations were recently published (37, 38).
In the present study, we investigate the pressure dependence of

T4L WT*, L99A, and L99A containing the additional mutations
G113A and G113A/R119P, both of which have been shown to
lower the free energy of the E conformation and hence increase
the equilibrium population (5). The experimental approach is
based on site-directed spin labeling EPR (SDSL-EPR) and the
recently developed technologies of high-pressure continuous wave
(CW) EPR spectroscopy for SDSL (30, 39), pressure-resolved
double electron–electron resonance (PR DEER) spectroscopy
(40), and high-pressure circular dichroism (HP-CD) (30). HP-CD
reveals the global secondary structure of the protein at pressures
up to 2.4 kbar. CW EPR line shapes of spin-labeled proteins are
sensitive to backbone fluctuations on the nanosecond time scale
(41, 42) and can unambiguously identify site-specific unfolding
under pressure to 4 kbar, as well as identify sequences in slow
conformational exchange on the microsecond–millisecond time
scale (30, 39). The intrinsic time scale of SDSL-EPR is much
shorter than NMR, such that spectral averaging of microsecond–
millisecond protein conformational exchange does not occur.
Hence, EPR spectra of a spin-labeled protein provide a “snap-
shot” of conformational equilibria frozen in time. Although the
CW spectra can reveal conformational equilibria with exquisite
sensitivity, they do not provide quantitative information on the
structures involved or resolve the true heterogeneity of a confor-
mational manifold. This information is uniquely provided by dis-
tance mapping using pairs of spin labels and DEER spectroscopy.
At the present state of development, PR DEER allows direct
structure mapping of the states populated by pressure to 6 kbar.
The results reported below indicate that at pressures up to

2.4 kbar the secondary structure content of T4L L99A is unchanged,
eliminating the possibility of global or subglobal unfolding of the
helical C domain, in agreement with the results of Maeno et al. (31).
Collectively, the data do not support a large-scale shift to the E
conformation of T4L L99A under high pressure, but rather cavity
hydration and finally transition to a partially disordered state at
pressures of 4 kbar. However, pressure strongly shifts the G ↔ E
equilibrium toward E in the presence of the additional G113A and
R119P mutations that lower the energy of the E conformation,
thus demonstrating a structure-relaxation mechanism for the
pressure response. Moreover, ligand binding to the engineered
cavity strongly stabilizes the G conformation. Taken together,
the results show that both cavity hydration and structure relaxation

are valid models for the pressure dependence in proteins, and
which prevails depends on the details of the energy landscape.

Results
Experimental Strategy. An objective of this study is to monitor the
structure and dynamics of T4L cavity mutants under pressure
using SDSL-EPR methods, and to determine whether the E con-
formation is populated as opposed to local or global unfolding.
The structure of the E state of T4L L99A at atmospheric pressure
and pH 5.5 determined by NMR and Rosetta modeling is shown
in Fig. 1A, where it is compared with the WT* or G state (5). In
the context of these models, the major structural rearrangement in
the G-to-E transition involves dramatic rigid body motions of
helices F and G to form a single helix, with only minor changes
elsewhere in the structure. The motion of helices F and G place
Phe114 in the cavity created by the L99A mutation. An R1
nitroxide side chain (43, 44) placed at position 109 in helix F
(T109R1) is well-suited to monitor changes in the position of the F
helix, and hence to identify the E conformation. For example, the
change in environment that accompanies helix F movement would
in general lead to changes in the mobility of T109R1, and hence
the EPR spectral line shape. More importantly, T109R1 would
move toward helices I and J, but further from helices C and D.
These changes can be monitored experimentally using DEER
spectroscopy to measure the distance between T109R1 and a
second R1 residue placed at a reference site in a helix that shows
comparably little or no movement. For this purpose, residues
D72R1 (helix C), D89R1 (helix D), N140R1 (helix I), and I150R1
(helix J) were selected (Fig. 1 A and B). Residues D72R1, D89R1,
and I150R1 are in helices for which NMR showed essentially no
change in structure between G and E; residue N140R1 in helix I is
displaced in E relative to G, but the magnitude is relatively small
(∼2 Å) compared with that involving helix F. Thus, these sites are
suitable for monitoring the position of T109R1 in the structure
and consequently for identifying the E conformation. This simple
strategy assumes the veracity of the NMR-based model of E, an
assumption that can be checked by a quantitative comparison
between measured and modeled distances, including distances
between the references themselves, which should remain relatively
constant independent of the position of T109R1.
To evaluate these ideas, and confirm the structure of the E

conformation, we use additional mutants G113A and G113A/
R119P in the L99A background. These mutations were shown to
strongly shift the G ↔ E equilibrium toward E, resulting in large
equilibrium populations of E (34% and 96%, respectively, at 274 K)
(5). Thus, these additional mutations enable a direct characteriza-
tion of the E conformation at atmospheric pressure using SDSL
technology. Armed with SDSL-based metrics for identifying the E
conformation, it is then possible to ask whether or not this confor-
mation is populated by pressure in L99A, and to study the pressure
dependence of the G ↔ E equilibrium in the G113A and G113A/
R119P variants. The results, described below, provide new insight
into mechanisms regarding the response of proteins to pressure.

Characterization of the G and E States of T4 Lysozyme with SDSL. To
quantitatively characterize the G and E conformations at atmo-
spheric pressure, interspin distance distributions were measured
between seven pairs of R1 residues in the WT*, L99A, and/or
L99A/G113A/R119P backgrounds using DEER spectroscopy.
Additionally, one of the pairs was also engineered in the L99A/
G113A background. Four of the R1 pairs measure interspin dis-
tances between residue T109R1 in helix F and a reference at
D72R1, D89R1, N140R1, or I150R1 (Fig. 1A), and three pairs
measure distances between the reference sites themselves (Fig. 1B).
Fig. 1C, Left, shows the dipolar evolution functions (DEFs), the

model free fits to the DEFs, and the corresponding distance dis-
tributions for T109R1 paired with each of the reference R1 resi-
dues in the WT*, L99A, and L99A/G113A/R119P backgrounds.
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The distance measurements in the WT* background provide a
means for assigning distances corresponding to the pure G state for
each spin pair. The distance distributions in the WT* and L99A
backgrounds are nearly identical for the sites investigated, as ex-
pected owing to the low population of the E state in the L99A
background. Addition of the G113A/R119P mutations drives the
G ↔ E equilibrium strongly toward the E state; therefore, the dis-
tances corresponding to the E state for each spin pair may be easily
identified in the L99A/G113A/R119P background. Indeed, changes
in the most probable distance are observed for all pairs involving
residue T109R1 in L99A/G113A/R119P relative to WT* and/or
L99A (Fig. 1C). Distributions for these pairs reveal that in the
E state, residue T109R1 moves away from residues D72R1 and
D89R1, and closer to N140R1 and I150R1. The direction and
magnitude of changes are in reasonable agreement with the rotation
and translation of helix F reported by NMR for the G-to-E transi-
tion (Table S1). The T109R1/I150R1 pair that measures the posi-
tion of helix F relative to J was also engineered in the L99A/G113A
background. Compared with the same pair in L99A/G113A/R119P,
the population of the G conformation is substantially increased,
further demonstrating qualitative consistency with NMR relaxation
dispersion measurements (Fig. S1A) (5). Interestingly, for the
T109R1/I150R1 pair in the L99A/G113A/R119P and L99A/G113A
backgrounds, there is a minor population at ∼18 Å that does not
correspond to theG or E states (Fig. 1C and Fig. S1A). The possible
origins of this minor population will be discussed below.

Previous DEER studies have shown that analysis of complex
distance distributions using a multiple-Gaussian model provides a
means to estimate equilibrium constants and relative energies be-
tween states in equilibrium (45). To obtain the fractional populations
of the G and E states from the distance distributions, the DEFs were
fit to a multiple-Gaussian model for the distance distribution, which
was found to be equivalent to the model-free analysis in reproducing
the details of the distance distributions (Figs. S2 and S3). Based on
this metric, the energy difference at 295 K between the G and E
(ΔGG↔E) for D89R1/T109R1 and T109R1/I150R1 in the L99A/
G113A/R119P background is ∼1 kcal/mol. For D72R1/T109R1 and
T109R1/N140R1 the states are nearly isoenergetic (Fig. S2, Left).
The differences in the equilibrium constant and derived free energy
among the four doubles investigated likely arises from a population
bias due to site-specific attractive or repulsive interactions of the spin
label with the local protein environment. This inevitable conse-
quence of labeling methodology has been previously discussed in
detail and does not influence the overall conclusions regarding shifts
in the equilibrium due to other factors (1).
The interspin distance distributions between reference pairs

D72R1/D89R1, D89R1/I150R1, and D89R1/N140R1 in the WT*
and L99A/G113A/R119P backgrounds are shown in Fig. 1C, Right.
For D72R1/D89R1and D89R1/I150R1 the distance distributions
characteristic of the G conformation are preserved in E, but with
the appearance of small new populations at ∼27 Å that are not
observed inG (arrows, Fig. 1C, Right), suggesting the presence of a

Fig. 1. Distance mapping of the G and E conformations at atmospheric pressure and pH 5.5 with DEER spectroscopy. (A) An overlay in cylinder representation
of the G (PDB ID code 3DMV) and E (PDB ID code 2LC9) (5) conformations of L99A in blue and magenta, respectively. Models of the R1 side chain are shown in
stick representation; helix H is rendered in ribbon form to show the 150R1 side chain and its parent helix J. The direction of movement of helix F in the G→E
structural transition is indicated by a red arrow. The dashed lines show the distances measured involving residue T109R1 with respect to an R1 reference for
the G state (blue) and E state (magenta). (B) Ribbon diagram showing the interspin distances measured between the indicated reference sites in the G and E
conformations. (C) DEFs, model-free fits of the DEFs (dashed yellow traces), and corresponding distance distributions for the indicated spin-labeled mutants in the
WT* (black), L99A (gray), and L99A/G113A/R119P (blue) backgrounds in buffer consisting of 50 mM phosphate, 25 mMNaCl, and 20% (vol/vol) glycerol at pH 5.5. The
DEFs and distance distributions after addition of benzene to mutants in the L99A/G113A/R119P background are shown in orange. The blue arrows identify distances
only observed in the E conformation. The range of distances corresponding to the G and E conformations are indicated by brackets above the distributions.
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conformational substate in the cavity mutant that is not repre-
sented in the structural model of Fig. 1. The potential significance
of this population will be discussed below. As anticipated from the
models, there are small differences in the interspin distance dis-
tributions between the G and E conformations for reference pair
D89R1/N140R1, corresponding to the small displacement of helix
I (N140R1) in the structural models of Fig. 1. Under any condi-
tion, the differences in the distance distributions between the ref-
erence residues are small compared with those involving T109R1
and a reference residue, validating their use as reference sites. The
origin of the strongly bimodal distribution in D89R1/N140R1
could arise from positional heterogeneity of the flexible helix I or
rotamers of R1, as discussed previously (1).
CW EPR spectra of residue T109R1 in the WT*, L99A, and

L99A/G113A/R119P backgrounds (Fig. 2) support the changes of
helix F position documented by PR DEER. For example, the CW
spectra are essentially identical for WT* and L99A and show two
relatively mobile components, the possible origins of which have
been previously discussed (46). However, in the L99A/G113A/
R119P background in which the E state is stabilized, the spectrum
becomes highly ordered, showing restricted mobility of the R1 side
chain, which confirms a change in the environment around R1
when helix F rotates and translates to a new position. Modeling
suggests that an interaction of the nitroxide with a nearby car-
boxylate (residue E108) may be responsible for the ordering (Fig.
S1B). Interaction of nitroxides with carboxylates has been pre-
viously identified (47, 48).

Shifting the G ↔ E Equilibrium at Atmospheric Pressure with Ligand
Binding and pH Change. The L99A cavity mutant binds benzene with
submillimolar affinity (32, 49–51). Structurally, the ligand-bound
state is similar to the G state (4, 32, 49), and thus addition of
benzene to the E-stabilized mutant (L99A/G113A/R119P) should
shift the equilibrium population toward the G state. Indeed, CW
spectra of T109R1/L99A/G113A/R119P and DEER distance dis-
tributions for all doubles involving T109R1 show shifts in population
toward the G state upon addition of benzene (Figs. 1C and 2 and
Figs. S1A and S2), demonstrating that the distances assigned as G
and E states represent states in equilibrium. Interestingly, benzene
binding to the reference pair D72R1/D89R1 in the L99A/G113A/
R119P background essentially eliminates the population of the new
minor state (27 Å) observed in the apo-protein (Fig. 1C), suggesting
a possible role of this minor state in ligand binding (Discussion).

The equilibrium populations of G and E are not only shifted by
ligand binding, but by pH as well. The data in Fig. 1 were collected
at pH 5.5, the same as in the NMR experiments that modeled the
G and E states (5). At this pH, the population is strongly biased
toward E in the L99A/G113A/R119P background (Fig. 1C). As
will be shown below, pressure further populates the E state in this
mutant, and to quantitatively investigate the pressure dependence
of the G ↔ E equilibrium, experimental conditions are desired
where the populations of G and E are similar so that shifts in
equilibrium are readily detectable. The equilibrium population of
the G state can be conveniently increased in the L99A/G113A/
R119P background by an increase in the pH from 5.5 to 6.8, as
assayed by the changes in distance distributions for all doubly la-
beled mutants involving T109R1 (Fig. S2). For D72R1/T109R1,
D89R1/T109R1, and T109R1/N140R1 the G population is in-
creased by 16 ± 4% at pH 6.8 relative to pH 5.5. For T109R1/
I150R1, the equilibrium is still biased toward E (E 61%, G 21%)
even at pH 6.8. The population of G is increased to 48% in the
L99A/G113A background (without the R119P mutation), as
qualitatively expected from Bouvignies et al. (5).
In the following sections, experiments designed to monitor

pressure-dependent shifts in the G ↔ E equilibrium for L99A/
G113A/R119P or L99A/G113A were carried out at pH 6.8 for
the reason outlined above. Experiments designed to monitor the
pressure dependence of WT* or L99A alone were done under
the same conditions used in the NMR studies that led to the
models of Fig. 1 (i.e., pH 5.5).

Far-UV CD Measurements of Global Secondary Structure at High
Pressure. Recent development of a modified high-pressure opti-
cal cell suitable for use in far-UV CD allowed for monitoring
global secondary structure in the range of 0–2.4 kbar (gauge
pressure; 0 bar is equal to atmospheric pressure) (30). The
pressure dependence for L99A and L99A/G113A/R119P was
investigated to assess whether pressure affects the global sec-
ondary structure. CD spectra and secondary structure composi-
tion are shown in Fig. 3 A and B and Table S2, respectively. Both
mutants exhibited expected levels of helical content (∼60%) and
β-sheet content (∼6%) at atmospheric pressure, corresponding
to the WT* protein. The HP-CD data for both indicate little
change in the secondary structure content up to 2.4 kbar (∼1%),
showing that for L99A at pH 5.5 the protein does not unfold in
the pressure range investigated. The same conclusion applies to
L99A/G113A/R119P at pH 6.8, with the addition that there is
also little difference in secondary structure between the G and E
conformations, in agreement with the models of Fig. 1.

Pressure Effects on Conformational Equilibria in WT*, L99A, L99A/
G113A, and L99A/G113A/R119P. CW EPR spectra were collected at
0 and 2 kbar at pH 5.5 for the single R1-containing mutants
D72R1, D89R1, and T109R1 in the WT* and L99A backgrounds
(Fig. 3C). Spectra of R1 at the selected sites serve to sample local
backbone dynamics and conformational substates involving the
interdomain helix C and helices D and F in the C-terminal domain,
respectively. This pressure range corresponds to that where NMR
studies reported either enhancement of fluctuations within a G
state ensemble and an increase in the population of E (31) or
unfolding of the C domain of T4L L99A (27). In the WT* back-
ground, application of pressure to 2 kbar results in a slight re-
duction in nanosecond nitroxide motion as evidenced by a minor
line broadening in the spectra of R1 at each site. Such effects have
been previously reported and interpreted to reflect a limited
compressibility of the protein in the region of the label site (30, 39).
In the L99A background, the pressure-dependent changes are of
substantially larger magnitude. Indeed, for D72R1 and T109R1,
pressure produces an increase in spectral intensity corresponding
to partially immobilized states of the nitroxide (arrows, Fig. 3C),
clearly evident at 2 kbar, that signals a corresponding increase in

Fig. 2. CW EPR spectra of T109R1 in the indicated genetic background.
Spectra were recorded in 30% (wt/wt) sucrose at pH 6.8.
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the population of conformational substates not detected in the
WT*. Consistent with HP-CD data, the CW spectra in L99A
unequivocally show that the C-terminal domain is not globally
unfolded at 2 kbar; in that case the CW resonance line shape
would consist of sharp resonance lines rather than the reversible
appearance of components corresponding to immobile states of
R1 (Fig. S1C) (30, 39). As shown below, the new conformational
substates sensed by R1 in L99A at 2 kbar are not related to the E
conformation, but likely reflect low-amplitude structural fluctua-
tions within the ground state ensemble of L99A (but see Discus-
sion). Within the context of this model, the enhanced pressure
dependence of L99A relative to WT* is interpreted to arise from
an increased compressibility owing to the presence of the cavity, in
agreement with Maeno et al. (31).
Although the CW spectra qualitatively identify protein com-

pression, they do not directly reveal the magnitude of structural
changes with pressure. For this purpose, PR DEER is required. In
this method, high-pressure states of a protein are trapped by rapid
freezing in dry ice/ethanol (200 K) (Materials and Methods) and the
distance and distance distributions between pairs of R1 residues
introduced into the protein are measured with DEER after de-
pressurization to atmospheric pressure. In agreement with pre-
vious work (40), freezing in dry ice/ethanol and the more
conventional liquid nitrogen results in similar distance distributions
for T4L doubly labeled mutants in the WT*, L99A, and L99A/
G113A/R119P backgrounds at atmospheric pressure (Fig. S4A).
For reference, the effect of pressure on the WT* protein was

investigated to 3 or 4 kbar with PR DEER and four pairs of R1
residues that sampled distances between a reference pair
(D89R1/N140R1) and distances that monitored the position of
T109R1 in helix F (D72R1/T109R1, T109R1/N140R1, and
D89R1/T109R1). Remarkably, the distance distributions at 3

or 4 kbar were essentially identical to those at atmospheric pressure
(Fig. S5), showing that the tertiary fold of the WT* protein
throughout the broad domain sampled by the above sites (Fig. 1 A
and B) is unchanged. Therefore, any pressure dependence
observed in the L99A, L99A/G113A, and L99A/G113A/R119P
backgrounds can be attributed to conformational changes in the
protein due to the presence of the cavity.
The effect of pressure on L99A was explored with DEER

using R1 pairs T109R1/N140R1 and D89R1/T109R1 (Fig. 4 and
Fig. S6A). As shown above (Fig. 1C) distances between R1 res-
idues in these pairs monitor the position of helix F and are di-
agnostic for the formation of the E state. In the range of 0–3 kbar
(Fig. 4), only subtle shifts in the relative population of individual
distances are observed for the two mutants. Although this sparse
dataset is insufficient to draw global conclusions about the protein
conformation, it serves to demonstrate that the E conformation
characterized by NMR is not substantially populated with pressure
up to 3 kbar. At 4 kbar, the distance distributions begin to broaden
in L99A (full width >30 Å), but not in WT*, suggesting a transi-
tion to a nonnative state for L99A in the regions sampled by the
R1 sites. The 4-kbar conformation is not fully unfolded, because in
this case the distance distribution would be far broader, as illus-
trated by that for the doubly labeled T4 lysozyme mutants in the
guanidine hydrochloride-unfolded state (Fig. S1C). Additional PR
DEER data will be needed to draw conclusions regarding the
global fold, but for the spin pairs investigated, discrete distances
corresponding to a highly populated E conformation (as illustrated
in Fig. 1C) are not observed in the L99A background at any
pressure, in agreement with Nucci et al. (27). The pressure response
for the two mutants in the L99A was fully reversible (Fig. S4B).
Of particular interest is the effect of pressure on L99A/G113A/

R119P, the mutant that lowers the free energy of the E state. In
this mutant, the position of helix F is again monitored using spin
pairs involving T109R1 and one of the reference sites D72R1,

Fig. 3. High-pressure CD and CW EPR of T4L mutants. (A) High-pressure far-
UV CD of L99A and (B) L99A/G113A/R119P. Both proteins contained spin labels
D89R1/T109R1. CD Spectra were recorded in 5 mMMES and 2.5 mMNaCl at pH
5.5 for L99A and 10 mMMES and 25 mMNaCl at pH 6.8 for L99A/G113A/R119P
at the indicated pressure. The typical protein concentration was ∼15 μM.
(C) CW EPR spectra of the indicated protein at 0 and 2 kbar are shown in blue
and red traces, respectively. For clarity, the low field lines in the spectra of
D72R1/L99A and T109R1/L99A are amplified. Arrows identify a new component
observed at 2 kbar. Spectra were recorded in 25% (wt/wt) Ficoll-70 at pH 5.5.

Fig. 4. Effect of pressure on L99A monitored with DEER using spin pairs
(A) T109R1/N140R1 and (B) D89R1/T109R1. DEFs and model-free fits (dashed
yellow traces) (Left) and corresponding distance distributions (Right) are
shown from 0 to 4 kbar. The DEFs and distance distributions are color-coded as
indicated. The approximated distances corresponding to the G and E states are
indicated with brackets above the distributions. PR DEER experiments were
conducted in buffer consisting of 50 mM MES, 25 mM NaCl, and 20% (vol/vol)
glycerol at pH 5.5. The red and black bars indicate the upper limit of reliable
shape and distance of the distribution, respectively (Materials and Methods).
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D89R1, N140R1, or I150R1 at pH 6.8. Distances between refer-
ence pairs D72R1/D89R1 and D89R1/N140R1 are rather weakly
dependent on pressure to 3 kbar, although there are small shifts in
populations (Fig. 5A) in the latter; in D72R1/D89R1 a minor
population at ∼27 Å, also observed at atmospheric pressure and
pH 5.5 (Fig. 1C), is increased by pressure (arrows, Fig. 5A). For
D89R1/I150R1 populations at short distances (∼22 and 27 Å),
also observed at atmospheric pressure and pH 5.5 (Fig. 1C), are
substantially enhanced (Fig. 5A, arrows); the significance of states
identified by these distances will be considered below.
The PR DEER data for D89R1/T109R1, T109R1/N140R1, and

D72R1/T109R1 that define the position of helix F in the L99A/
G113A/R119P background are shown in Fig. 5B and Fig. S6B. The
primary effect of pressure on the distance distributions of these
mutants is to shift the two-state G ↔ E equilibrium toward the E
conformation, as can be seen by comparison with the data in Fig. 1C
(note that the data in Fig. 1 were obtained at pH 5.5, whereas those

in Fig. 5 are for pH 6.8 at which the population of the G confor-
mation is increased). For the three R1 pairs, the population of the E
state is already substantially increased at 1 kbar. In all cases, pres-
sures up to 3 kbar shift the equilibrium without populating new
states, and the widths of individual populations in the distributions
do not increase. A similar result was observed for T109R1/I150R1 in
the L99A/G113A background, where the distance distribution shows
a nearly complete shift to the E conformation at 2 kbar (Fig. S6C).
For D72R1/T109R1, D89R1/T109R1, and T109R1/N140R1,

the distance distributions remain narrow up to 4 kbar, showing
that introduction of the G113A/R119P mutations in L99A dra-
matically stabilizes the protein against the pressure-dependent
structure changes seen in L99A alone. Remarkably, distributions
for D72R1/T109R1 and D89R1/T109R1 remain narrow even to
6 kbar, with only T109R1/N140R1 showing an increased breadth,
likely due to local structural changes in the short helix I in which
N140R1 resides (Fig. S6) (Discussion).

Fig. 5. The effect of pressure on the G ↔ E equilibrium in L99A/G113A/R119P. PR DEER was used to map distance changes (A) between indicated reference
sites and (B) between T109R1 and selected references to monitor the position of helix F. DEFs, model-free fits of the DEFs (dashed yellow traces), and cor-
responding distance distributions are shown at various pressures between 0 and 4 kbar. DEFs and distance distributions are color-coded as indicated. The
black arrows identify populations in reference pairs increased by pressure. The approximate distance ranges corresponding to G and E are indicated by
brackets above the distributions. PR DEER data were collected for the protein in buffer consisting of 50 mM MOPS, 25 mM NaCl, and 20% (vol/vol) glycerol at
pH 6.8. The red and black bars indicate the upper limit of reliable shape and distance of the distribution, respectively (Materials and Methods). (C) Plots of ln
(K/Ko) vs. pressure for the indicated mutants, and fits (red trace) using a two-state model to measure ΔVo for the G → E transition.
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The pressure dependence of the G ↔ E equilibrium constant
(K) was determined using fits of the DEF to multiple-Gaussian
distance distributions as described in Supporting Information. Fig.
S7 A and B contains a subset of the fits and associated multiple-
Gaussian distance distributions along with their model-free
counterparts, highlighting the similar goodness of fit for the two
methods. Plots of ln(K/Ko) vs. pressure (p) for T109R1/N140R1
and D89R1/T109R1 in the L99A/G113A/R119P background
(Fig. 5C) and T109R1/I150R1 in the L99A/G113A background
(Fig. S7C) were fit to determine the change in partial molar
volume (ΔVo) for the G-to-E transition as described in Materials
and Methods. Values of ΔVo were −31, −40, and −29 mL/mol,
respectively. It is noted that for this analysis the dataset was fit in
the low pressure range (≤1.5 kbar) to eliminate contributions
from compressibility of the individual states.

Discussion
The present study was undertaken to elucidate the response of
T4L cavity mutants to hydrostatic pressure, with the expectation
that the results will have general applicability to proteins with
native cavities or packing imperfections. In particular, we are
interested in the structural origins of the volume changes that
underlie the shift in equilibrium between folded conformations
at moderate pressures, rather than those that lead to a pressure-
denatured state (14–20), or to an unfolded state formed at high
pressure in the presence of a chemical denaturant (21, 52). In the
present study unfolding will refer to a process in which loss of
tertiary and secondary structure occurs.
The interpretations of the pressure-dependent EPR data rely

on the NMR/Rosetta models of the G and E conformations of
T4L L99A. Collectively, all SDSL and CD data for WT*, L99A,
and L99A with G113A or G113A/R119P at atmospheric pres-
sure are in good agreement with these models (Figs. 1–3, Fig. S1,
and Tables S1 and S2). In particular, the essentially identical CD
spectra as a function of pressure for the L99A and L99A/G113A/
R119P mutants, which differ greatly in the populations of the G
and E states, indicate that the global secondary structure of the
two states is the same, as expected from the models, and any
changes in intramolecular distances measured by DEER must
arise from changes in tertiary structure. The distinctive distance
changes involving movement in the F helix detected by DEER
distance mapping are in good agreement with the models. Thus, we
assume that the models of Fig. 1 reliably reflect the salient features
of theG and E conformations, and that the SDSL-EPR data can be
interpreted in the context of these models. The structural change
involving the F helix, readily identified by DEER distance map-
ping, is used as a “fingerprint” to identify the E state population
upon pressure application. In addition, the overall breadth of dis-
tance distributions reflects structural heterogeneity, whereas CW
EPR spectra of single R1 residues monitor backbone dynamics and
identify regions in conformational exchange on a time scale long
compared with nanoseconds (41, 42). The main conclusions using
this strategy are discussed in relationship to the earlier NMR re-
sults of Maeno et al. (31) and Nucci et al. (27) in the sections to
follow. It is noted that the conclusions refer only to the C-terminal
domain of T4L that contains the engineered L99A cavity.

Pressurization of L99A Drives Cavity Hydration and an Increase in
Structural Heterogeneity. Distance distributions in L99A that
monitor the position of helix F show only subtle changes between
0 bar and 3 kbar (Fig. 4) and HP-CD reveals no secondary
structure changes up to 2.4 kbar (Fig. 3A and Table S2). These
data unambiguously show that the folded conformation of T4L
L99A is maintained to 2.4 kbar, without loss of global secondary
structure or tertiary structure in the regions sampled. This con-
clusion is strongly supported by the CW EPR data, which reveal
no detectable dynamic disorder in the form of sharp resonance
line shapes (Fig. S1C), but instead indicate structural fluctua-

tions of the tertiary fold within the ground state ensemble of
L99A at pressures in the range of 0–2 kbar (Fig. 3C). These
fluctuations correspond to an increased compressibility in L99A
relative to WT*, possibly resulting from hydration of the L99A
cavity (discussed below). Interestingly, the structural fluctuations
inferred from the line shapes of T109R1 and D72R1 must be of
small amplitude because the DEER distance distributions in-
volving these sites show only small changes in the same pressure
range. This reinforces a previous conclusion that the line shapes
of single R1 residues with multiple components are exquisitely
sensitive to very small changes in structure owing to the r−6/r−12

dependence of attractive/repulsive interactions of the nitroxide
with the local environment (41).
The above results are in general agreement with Maeno et al.

(31) but apparently at odds with the conclusions of Nucci et al.
(27), who interpret the responses observed for the C domain of
L99A under pressure in the range of 1–2.5 kbar in terms of local
unfolding of secondary structural elements. The HP-CD data
obtained in the present study show no significant loss of sec-
ondary structure up to 2.4 kbar, and the PR DEER data show
the tertiary fold to be intact.
Interestingly, large changes in tryptophan fluorescence were

reported in the pressure range of 1–3 kbar at neutral pH with a
midpoint at 2.4 kbar. As discussed by Ando et al. (14), these
changes apparently correspond to cavity hydration. The fact that
PR DEER detects no rearrangements in the tertiary fold in this
pressure range shows that the putative hydrated cavity ground
state (GH) has essentially the same conformation as that for the
empty cavity (G), at least in the domains sampled by the spin
labels. This is in accord with the previous high-pressure crystal-
lography of L99A (22) and NMR studies of the same mutant
contained in inverse micelles (27), although this result might not
be anticipated considering that the available conformational
space in a crystal lattice and trapped in an inverse micelle is
highly limited. Overall, the fluorescence, HP-CD, CW EPR, and
PR DEER data are consistent with a model wherein the L99A
cavity becomes hydrated in the range of 2–3 kbar, concomitant
with the onset of conformational flexibility involving small-
amplitude tertiary structure fluctuations without unfolding.
The PR DEER data do not show discrete distances corre-

sponding to the E conformation in L99A within the detection limit
of the experiment (∼10%) in the pressure range of 0–3 kbar, ap-
parently at odds with the conclusions of Maeno et al. (31). How-
ever, the E state is an established member of the conformational
ensemble (5) and is surely present at some level, so the differences
may be quantitative rather than qualitative. Maeno et al. (31) note
that, in addition to an increase in the E state population, pressure
dependence of the G ↔ E exchange rates could also account for
their data and this would be consistent with the PR DEER data
presented here. At pressures above ca. 3 kbar, the distance dis-
tributions for D89R1/T109R1 and T109R1/N140R1 in the L99A
background become markedly broadened, with a full distribution
width of ∼30–35 Å at 4 kbar, reflecting the onset of significant
structural heterogeneity. The relatively broad distance distribu-
tions may arise from local/global unfolding driven by internal hy-
dration and the formation of a “wet” molten globule state, as was
recently observed for apomyoglobin by PR DEER (40).

Distance Mapping in L99A/G113A and L99A/G113A/R119P Supports a
Structure-Relaxation Mechanism Rather Than Cavity Hydration for
the Pressure Response. In the G113A and G113A/R119P muta-
tions in L99A, the energy of the E state is lowered relative to G (5)
and the G ↔ E equilibrium is readily resolved at atmospheric
pressure using DEER distance mapping (Fig. 1). Remarkably, the
equilibrium is shifted toward the E conformation with increasing
pressure in the range of 0–3 kbar (Fig. 5B), with no new states
appearing as judged by the shift in position of helix F, the con-
stancy of the CD spectra (to 2.4 kbar) (Fig. 3B), and the lack of
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substantial distance change between reference sites (Fig. 5A) (but
see below). Thus, we tentatively conclude that the G and E
structures are essentially pressure-independent at low pressures,
and that the primary effect of pressure is to shift the G ↔ E
equilibrium. In the context of this model, the data show that the E
conformation has a lower partial molar volume compared with G
and they provide direct experimental evidence for a structure-
relaxation mechanism as the basis for the volume reduction.
Interestingly, the ΔVo estimated for the G-to-E transition is

∼−36 mL/mol, close to the molar volume of the Phe114 side
chain that occupies the cavity in the E state (42 mL/mol). The
ΔVo for the G-to-E transition is similar in the presence and
absence of R119P (Fig. 5C and Fig. S7C), further reinforcing
that the G113A and R119P mutations shift the relative energies
of G and E without significantly altering their structures. More-
over, the widths of the distance distributions for peaks corre-
sponding to the G and E conformations are essentially pressure-
independent (Fig. 5B), suggesting that the two states have similar
flexibility in the structural elements sampled by the distance
measurements. Viewed in combination with the results from HP-
CD, this indicates that, in the case of equilibria involving nearly
isoenergetic states, pressure may populate a conformational state
with backbone configurational entropy similar to the G state. For
truly excited states with substantially higher energy than the
ground state, a large body of evidence suggests that the excited
state has higher configurational entropy [the “volume rule” (53)].
A remaining question regarding ligand binding to L99A is the

ingress/egress pathway for ligand exchange (5). The structure of the
T4L L99A G state shows the cavity to be completely solvent-
inaccessible, and in the E state the ligand binding site is occupied
by Phe114. Access to the empty cavity must then be via an as-yet-
unresolved conformation, distinct from both the G and E states, as
suggested by Bouvignies et al. (5). Interestingly, three of the R1
pairs (D72R1/D89R1, D89R1/I150R1, and T109R1/I150R1) show
populations at distances not corresponding to the E or G states in
the L99A/G113A/R119P background (Fig. 1C), and the size of
those populations increases with pressure (Fig. 5A and Fig. S6C).
This suggests that both pressure and the additional G113A and
R119P mutations populate not only the E state, but also the putative
ligand binding state to a small extent. For the one case investigated
involving reference sites (D72R1/D89R1), the new additional dis-
tance disappears upon ligand binding. Although the data are too
sparse draw conclusions regarding possible structures, the third state
observed may correspond to the ligand accessible conformation that
must exist to enable rapid (approximately millisecond) binding of
ligands to the otherwise buried cavity (51). Because D89R1 is
common to the two reference pairs that reveal the new populations
and it is located at a helix (helix D) closest to the engineered cavity,
we tentatively suggest that it is helix D that moves in the new state,
closer to I150R1 and further from D72R1. Such a motion could
open a direct path to the cavity. Interestingly, structural analysis
using Caver (54, 55) reveals putative tunnels in the interface be-
tween helices D and G that could enable ligand entry (Fig. S1D).
This pathway is different from that identified by MD simulations for
water penetration and escape from the L99A cavity (22).

The Thermodynamic Basis for Hydration vs. Structure Relaxation.
Collectively, the above data suggest that pressure hydrates the
enlarged cavity in the L99A mutant but shifts the conformation
fromG to E in L99A/G113A/R119P and L99A/G113A. Why is the
cavity not hydrated by pressure in these latter mutants? A likely
explanation for this difference lies in details of the energy land-
scape. The combination of atmospheric and high-pressure data
from NMR, fluorescence, X-ray crystallography, and EPR suggest
an equilibrium model for L99A and L99A/G113A/R119P with at
least four states in the pressure range of 0–3 kbar, namely E, G,
GH, and L, where L is a proposed conformation where the ligand
has access to the cavity, and GH is a state wherein the L99A cavity

is hydrated. At higher pressures, the putative molten globule state
would be included. To illustrate a simple model that can account
qualitatively for structure relaxation vs. cavity hydration, consider
a three-state equilibrium excluding a minor L state:

E⇔G⇔GH .

Although thermodynamically distinct, the protein is structurally
similar in GH and G based on high-pressure crystallography (22),
HP-CD (Fig. 3 A and B), and PR DEER at 2 kbar (Fig. 4B). To
compute pressure-dependent free-energy changes, values for free-
energy differences between states at atmospheric pressure (ΔGo)
and corresponding volume changes (ΔVo) are needed. ΔGo can
be estimated from NMR (4, 5), fluorescence (14), and the
DEER data presented above. ΔVo values corresponding to
the transitions are obtained from the pressure dependence of
the corresponding equilibria. For the G → GH transition, a value
of −75 mL/mol was taken because it generates landscapes that
illustrate the main features of the experimental results presented
above. This value is intermediate between that for complete
cavity elimination (−100 mL/mol) and a value of −56 mL/mol
measured from fluorescence at pH 7. The ΔVo for the G → E
transition identified by PR DEER is ∼−36 mL/mol, and because
the G and E states are expected to be structurally similar in
L99A, L99A/G113A/R119P, and L99A/G113A based on the ev-
idence presented above, we assume this ΔVo to be the same for
all three genetic backgrounds. With these values, free-energy
profiles as a function of pressure can be generated and are shown
in Fig. 6 for 0–2 kbar. These landscapes are not intended to
reproduce the experimental data in detail because of the neglect
of other conformations and compressibility effects, but only to
illustrate a concept with realistic values of ΔGo and ΔVo.
The volumetric contribution to stabilization of the E state under

pressure is less than that for hydration, and pressure will drive
hydration instead of repacking unless the ΔGo for repacking is
markedly smaller than ΔGo for hydration. This is not the case for
the L99A mutant, so pressure populates the GH state. The addition
of G113A and R119P mutations lowers ΔGo for formation of the E
conformation (5) sufficiently that pressure drives the equilibrium to
the E state in the L99A/G113A and L99A/G113A/R119P mutants.
The preference for repacking in L99A/G113A/R119P rather

than hydration has important implications regarding the stability
of proteins under pressure. For example, the spin pairs T109R1/
N140R1 and D89R1/T109R1 have narrower distance distribu-
tions in L99A/G113A/R119P backgrounds (Fig. 5B) compared
with the L99A background at 4 kbar (Fig. 4), suggesting increased
disorder in L99A but not in L99A/G113A/R119P. Thus, hydration
of the cavity in L99A at intermediate pressures leads to de-
stabilization compared with L99A/G113A/R119P, because in the
E conformation that dominates L99A/G113A/R119P, the side
chain of Phe114 occupies the cavity and must be displaced before
water can penetrate the protein. Similarly, both cavity-filling mu-
tations and ligand binding have been found to stabilize proteins
against denaturation at high pressure (24, 56, 57). In the context of
this model, cavities in flexible proteins that can repack are ex-
pected to be more stable to pressure than a corresponding rigid
protein in which the cavity will hydrate with pressure. Indeed,
repacking has been proposed to explain the stabilizing effect of
proline-to-glycine mutations against pressure denaturation ob-
served in staphylococcal nuclease (58). In that study, the authors
speculated that the increased flexibility caused by the mutations
could have allowed the protein to sample alternative, more stable,
packing modes. Evolutionarily, mutations such as G113A and
R119P that modify the energy landscape to stabilize or expand the
number of accessible conformations that the protein can sample
within the native state ensemble may prove advantageous for ad-
aptation to various environmental stresses such as pressure and
temperature and give rise to new functionality.
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Summary and Conclusions
Collectively, the data presented here show that a protein can re-
spond to pressure by structure relaxation to fill a cavity or by the
established mechanism of cavity solvation. In principle, any cavity-
containing protein can have conformational substates in equilib-
rium in which the core is rearranged to fill or partially fill the
cavity with protein atoms, thus reducing the partial molar volume.
If the strain energy involved in forming such a conformation is
high, cavity hydration will be of lower energy. This seems to be the
case for L99A in solution. If the strain energy is lower than hy-
dration, structure relaxation will be favored over hydration. The
strain energy will be low in proteins that have nearly isoenergetic
conformational substates, at least one of which has an alternative
packing mode that fills the cavity. This is the case with L99A con-
taining the additional mutations G113A and G113A/R119P that
relieve steric hindrance for forming the cavity-filled conformation
(the E conformation) (5). Although the principles were elucidated
with cavity-creating mutants, they are expected to apply to proteins
with naturally occurring packing imperfections.

Materials and Methods
Construction, Expression, and Purification of T4L Mutants. All of the mutations
designed for this studywere introduced to the T4L gene (pET11a vector) using
the QuikChange site-directed mutagenesis method. All of the mutants
contain the pseudo-WT (WT*) mutations C54T and C97A. Mutations were
verified by sequencing. Expression, purification, and spin labeling of cysteine
mutants in the WT* background was done as previously described (44). All of
the cysteine mutants in the L99A background were purified from inclusion
bodies as described in López et al. (1).

EPR Spectroscopy. CW EPR spectra of spin-labeled proteins were recorded at
X-band in a Bruker ELEXSYS 580 spectrometer at room temperature in buffer at
pH 5.5 (50 mMMES and 25 mMNaCl) or pH 6.8 (50 mMMOPS and 25 mMNaCl)
containing 30% (wt/wt) sucrose or 25% (wt/wt) Ficoll-70 (Sigma). These con-
centrations of sucrose and Ficoll-70 cause an equivalent increase in the effective
viscosity of the solution, and are thus equally effective in reducing the contri-
bution of rotational diffusion of the protein to the spectral lineshape (39, 59, 60).
Protein concentrations were in the range of 100–500 μM. Atmospheric pressure
CW EPR samples were loaded into glass capillaries (0.60 i.d. × 0.84 o.d.; VitroCom

Inc.). High-pressure CW EPR spectra were recorded at room temperature using
ceramic sample cells and a computer-controlled pressure intensifier (HUB440-Cer
and HUB440; Pressure BioSciences, Inc.) as described previously (30). Four-pulse
DEER data at 80 K were obtained on a Bruker ELEXSYS 580 operated at Q-band.
The protein concentration was at or below 200 μM. For DEER measurements at
atmospheric pressure, samples of 12–20 μL in 50 mM phosphate and 25 mM
NaCl at pH 5.5 or buffer at pH 6.8 containing 20% (vol/vol) glycerol were loaded
in a glass capillary (1.4 i.d. × 1.7 o.d.; VitroCom Inc.) and flash-frozen in liquid
nitrogen. A glycerol solution in the appropriate buffer was used as a stock in all
cases. A π–pump pulse was set at the maximum peak of the absorption spec-
trum and the π/2 (16 ns) and π (32 ns) observe pulses were positioned 50 MHz
(17.8 Gauss) upfield, which corresponds to the absorption maxima of the center-
field line. Model-free and model-based (SI Materials and Methods) distance
distributions were obtained from the raw dipolar evolution data using the
program LongDistances available at http://www.chemistry.ucla.edu/directory/
hubbell-wayne-l. The materials and detailed protocol for PR DEER experiments
up to 3 kbar are described in Lerch et al. (40). For PR DEER above 3 kbar, a
Barocycler HUB880 pressure intensifier (Pressure BioSciences, Inc.) was used with
100,000 psi-rated pressure tubing and connectors (Maxpro Technologies)
according to the same protocol. Pressures specified in this article are gauge
pressure, i.e., 0 bar is equal to atmospheric pressure. All pressure-resolved DEER
experiments were done in buffer at pH 6.8 containing 20% (vol/vol) glycerol,
except for mutants in the L99A background, for which the buffer used consists
of 50 mM MES, 25 mM NaCl, and 20% glycerol at pH 5.5. For ligand binding
studies, benzene was added via vapor diffusion as described in López et al. (1).
The upper limit of reliable distance (r) and width determination (σ) for each
mutant in nanometers was calculated using the following equations (61):

rmax,Æræ ≈ 5 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tmax=2μs

3
p

rmax,Æσæ ≈ 4 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tmax=2μs

3
p

,

where tmax is the maximum time domain recorded for each sample.

High-Pressure Far-UV CD Spectroscopy. High-pressure far-UV CD was done as
previously described (30); details can be found in SI Materials and Methods.

Thermodynamic Analysis of the G ↔ E Equilibrium. The use of multiple Gaussians
to represent DEER distance distributions and relative populations of states has
been previously described (45). Fits presented here were performed using
LongDistances (SI Materials and Methods) for D89R1/T109R1 and T109R1/
N140R1 in the L99A/G113A/R119P background and for T109R1/I150R1 in the
L99A/G113A background in the range of 0–1.5 kbar. The data were fit as a
function of pressure according to a two-state equilibrium, G ↔ E, where one
or two individual Gaussians were used to account for each state at each pres-
sure. The fractional populations of G and E (fG and fE) were calculated using the
sum of the integrated areas for the individual Gaussians corresponding to the
given state, normalized to the total area for all Gaussians. Errors reported by
LongDistances for the areas of individual Gaussians were propagated
throughout the analysis. The equilibrium constant (K) is given by Eq. 1:

K = fE=fG. [1]

A first-order approximation for the pressure dependence of the Gibbs free
energy (ΔG), Eqs. 2 and 3, was used due to the relatively low pressures used
in this analysis:

ΔG=ΔG°+ΔV°ðp−p°Þ [2]

ΔG=−RT lnðKÞ. [3]

Combining Eqs. 2 and 3 yields Eq. 4, where R is the gas constant and T is
temperature. The temperature was set to 298 K, which was the holding
temperature for all samples before rapid freezing for DEER.

ln
�
K
K°

�
=
−ΔV°
RT

ðp−p°Þ [4]

Plots of ln(K/Ko) vs. pressure (p) were fit to Eq. 4 using OriginPro 8.1 (Ori-
ginLab) to solve for the change in partial molar volume (ΔVo) associated
with the pressure-populated transition from G to E.
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Fig. 6. Effect of pressure on the equilibrium between the GH, G, and E
states of T4L mutants L99A (Left) and L99A/G113A/R119P (Right). Relative
configurational free energies (ΔGo) are shown for 0 and 2 kbar; values for
the GH and E states are relative to G. Values for ΔVo and ΔGo are −36 mL/mol
and −0.2 kcal/mol, respectively, for the G-to-E transition (based on PR DEER
of L99A/G113A/R119P), and −75 mL/mol and 2.5 kcal/mol, respectively, for
the G-to-GH transition [based on high-pressure tryptophan fluorescence of
L99A (14) and the total L99A cavity volume]. Populations of each state are
indicated in the local minima of the landscape. Structural models for the C
domain are shown below the corresponding energy minima. Helix F is shown
in red. The location of Phe114 (red spheres) in the G and E states are in-
dicated. The empty cavity is shown in gray surface representation. A blue
surface is used to represent pressure-populated hydration of the cavity in the
L99A mutant. Green spheres at the Cα are used to indicate the position of
G113A and R119P mutants in the E state structure (PDB ID code 2LC9) (5).
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