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Circular dichroism and site-directed spin labeling
reveal structural and dynamical features of
high-pressure states of myoglobin
Michael T. Lercha,b, Joseph Horwitza,1, John McCoya,2, and Wayne L. Hubbella,b,1

aJules Stein Eye Institute and bDepartment of Chemistry and Biochemistry, University of California, Los Angeles, CA 90095

Contributed by Wayne L. Hubbell, October 26, 2013 (sent for review September 5, 2013)

Excited states of proteins may play important roles in function, yet
are difficult to study spectroscopically because of their sparse
population. High hydrostatic pressure increases the equilibrium
population of excited states, enabling their characterization [Aka-
saka K (2003) Biochemistry 42:10875–85]. High-pressure site-directed
spin-labeling EPR (SDSL-EPR) was developed recently to map the
site-specific structure and dynamics of excited states populated by
pressure. To monitor global secondary structure content by circu-
lar dichroism (CD) at high pressure, a modified optical cell using
a custom MgF2 window with a reduced aperture is introduced.
Here, a combination of SDSL-EPR and CD is used to map reversible
structural transitions in holomyoglobin and apomyoglobin (apoMb)
as a function of applied pressure up to 2 kbar. CD shows that the
high-pressure excited state of apoMb at pH 6 has helical content
identical to that of native apoMb, but reversible changes reflecting
the appearance of a conformational ensemble are observed by
SDSL-EPR, suggesting a helical topology that fluctuates slowly
on the EPR time scale. Although the high-pressure state of apoMb
at pH 6 has been referred to as a molten globule, the data pre-
sented here reveal significant differences from the well-character-
ized pH 4.1 molten globule of apoMb. Pressure-populated states of
both holomyoglobin and apoMb at pH 4.1 have significantly less
helical structure, and for the latter, that may correspond to a tran-
sient folding intermediate.

Proteins in solution are dynamic molecules, exhibiting con-
formational flexibility across a range of time and length scales

(1). In addition to a well-ordered native state, conformational
excursions to low-lying “excited states” may be required in pro-
tein function (2). For example, on a funnel-shaped energy land-
scape (3, 4), excited states have increased configurational entropy
that may give rise to the promiscuous protein–protein interactions
that define a protein interactome (5, 6). Structural changes in-
volved in formation of the excited state may take a variety of
forms, from rigid body motions of helices (7) to local unfolding
of secondary structural elements (8). Despite their functional
relevance, excited states are sparsely populated and may escape
detection by standard spectroscopic techniques. Hydrostatic pres-
sure apparently offers a solution to this problem by reversibly
populating excited states of proteins, allowing for spectroscopic
characterization (9–14). Pressure application is particularly useful
because it shifts the relative population of preexisting confor-
mational states while minimally affecting the conformational
landscape itself (15).
Assuming that pressure can populate excited states for study,

the increased configurational entropy of such states presents a
challenge to spectroscopic methods that aim to describe struc-
ture; depending on the intrinsic time scale of the method, either
a population-weighted average structure or a heterogeneous
ensemble is observed. The intrinsic time scale of continuous-
wave EPR spectroscopy (0.1–100 ns) is fast compared with
protein conformational fluctuations (typically microseconds to
milliseconds), and site-directed spin-labeling EPR (SDSL-EPR)
may provide a snapshot of a conformational equilibrium frozen
in time (16–18). In the most common implementation of SDSL,

a nitroxide side chain (designated R1) is attached to a site-spe-
cifically introduced cysteine using a methanethiosulfonate re-
agent (19), although other side chains and strategies are possible
(20). The EPR spectrum of R1 in a protein encodes information
on local structure (21–23), topology (24), and picosecond-to-
nanosecond backbone dynamics (18, 25), and thereby may serve
to identify conformational heterogeneity in equilibrium states
(18), including those populated by pressure. Recently, an EPR
system capable of pressures up to 4 kbar and optimized for SDSL
was reported, making it possible to explore the structure and
dynamics of high-pressure states of proteins using SDSL-EPR
(26). An improved system with a programmable pressure in-
tensifier and ceramic sample cell is introduced here.
Although SDSL-EPR provides site-specific information on

tertiary contact sites and topology in a protein, it does not pro-
vide the global information on secondary structure that is needed
to reliably interpret SDSL-EPR data in terms of conformational
changes due to pressure application. Far-UV circular dichroism
(CD) spectroscopy may provide the required information on
secondary structure (27, 28), but high-pressure CD spectroscopy
has not been developed because of the lack of a viable window
material for a high-pressure sample cell (29); materials used in
other optical spectroscopies for high-pressure experiments (quartz
and sapphire) are unsuitable for use with circularly polarized
light (Supporting Information). As a result, CD studies have
been limited to low pressures (0.2 kbar) (30), or for measuring
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pressure-populated changes after pressure has been released
(31–36). Here, we introduce a high-pressure optical cell for CD
studies up to 2.4 kbar, using a custom MgF2 window with a re-
duced aperture. Design and evaluation of the modified optical cell
are presented in Supporting Information. This development sets the
stage for combined application of SDSL-EPR and CD to explore
the structure of pressure-populated excited states of proteins.
An example of an excited protein state is the molten globule

(MG), a compact but dynamic state with native-like secondary
structure but without the close side-chain packing in the core
that is typical of the native state (37). MGs typically are stabilized
at low pH or in the presence of denaturants and are believed to
represent intermediates in protein folding (38, 39) and, in some
cases, may mediate protein function (40). The MG of apomyo-
globin (apoMb) stabilized at pH 4.1 is an ideal subject for ex-
ploring the structure and dynamics of such states because it can
be populated under conditions suitable for study by high-reso-
lution NMR (41). At pH 4.1, NMR 13Cα chemical shift data
showed that the native A, G, and H helices are largely retained in
the MG state, but reduced values of the chemical shift relative to
the native state of apoMb suggest that nonhelical states are
sampled. Moreover, heteronuclear NOE data reveal gradients of
fast backbone fluctuations in these helices not observed in native
apoMb (42). Relaxation dispersion NMR showed the MG to be
in pH-dependent equilibrium with other partially folded forms,
indicating that the MG state also will be present in an equilib-
rium mixture at neutral pH, although with a small population
relative to the native structure (i.e., an excited state) (39). Fur-
thermore, this equilibrium MG was found to be structurally sim-
ilar to the second of two intermediates identified during kinetic
refolding by ultrafast hydrogen/deuterium (H/D) exchange cou-
pled with 2D NMR (43).
Application of pressure is expected to increase the equilibrium

population of an MG state at neutral pH to levels that can be
observed spectroscopically (15). Indeed, a state of apoMb,
populated at 2 kbar, pH 6, was designated as an MG based on
the similarity of its intrinsic fluorescence properties with that of
the pH 4.1 state of apoMb (44), although it does not bind the dye
1-anilino-8-naphthalenesulfonic acid, as is typical of MG states
in general (45, 46). This pressure-populated state has been ex-
amined with high-resolution NMR (47, 48), in which the integral
intensities of most cross-peaks in the 1H-15N heteronuclear
single quantum coherence (HSQC) spectrum disappear as a result
of broadening, suggesting that the entire polypeptide chain is
transformed into a heterogeneously disordered conformation
fluctuating on the millisecond time scale (48). Based on this
behavior, the high-pressure state also was designated as an MG,
but the lack of spectral information precluded any information
regarding details of the structures present. Clearly, this high-
pressure MG state differs in detail from the pH 4.1 MG, for
which high-resolution information was obtained (42). Limited
proteolysis and H/D exchange experiments in the same pressure
range also reported increased flexibility, particularly in the B and
E helices (49), and fluorescence and absorption spectroscopy
revealed pressure-dependent changes in both apoMb and hol-
omyoglobin (holoMb) at pH 4.1, but again without specific in-
formation regarding the structures present (44–46, 50).
Thus, there is little information on the secondary or tertiary

structure of the pressure-populated MG and how it compares
with the well-characterized pH 4.1 MG. In the present study,
high-pressure CD and SDSL-EPR are used to explore the sec-
ondary structure and tertiary fold of high-pressure states of both
apo- and holoMb. Results show that unlike the pH 4.1 MG of
apoMb, the high-pressure state formed at pH 6 at 2 kbar retains
the full secondary structure content of native apoMb, despite
a heterogeneous tertiary fold revealed by SDSL-EPR. At pH 4.1,
an MG-like state of holoMb is reversibly populated at 2 kbar but
with a reduced helical content. Finally, at pH 4.1 and 2 kbar,

a state of apoMb is formed that retains a significant population
of secondary structure and may correspond to a transient folding
intermediate. In each case, EPR provides site-specific information
regarding the location and local dynamics associated with the
transition to these states.

Results
At pH 6.0 and atmospheric pressure, apoMb retains a structure
largely similar to the holo protein, except for local unfolding in
the region of helix F that caps the heme pocket (51, 52); at pH
4.1, the well-characterized MG state is populated (42). In con-
trast, holoMb retains the WT structure under the same con-
ditions (53). In the present study, far-UV CD spectra were
acquired on holoMb and apoMb at pH 6.0 and pH 4.1 in the
pressure range 0–2.4 kbar (Figs. 1 and 2). These data were an-
alyzed to determine the changes in secondary structural content
as a function of pressure in each state (Table 1), and the ap-
parent change in partial molar volume (ΔV 0) and free energy
(ΔG0) for transitions observed in the low pH states (Figs. 1 and
2, Insets). UV-visible (UV-Vis) spectra were acquired on holoMb
at pH 6.0 and pH 4.1 to monitor the Soret band as an indicator
of structural changes in the heme-binding pocket in the pressure
range 0–2 kbar (Fig. S1). The reversibility of all pressure-populated
changes in CD and UV-Vis spectra was verified by acquiring
spectra at 0 bar after maximum pressurization; these were universally

Fig. 1. Variable-pressure CD spectra of holoMb. Each spectrum is the av-
erage of nine scans. (A) Far-UV CD spectra of 14.1 μM holoMb in 5 mM MES
at pH 6.0, without salts, from 0 to 2 kbar in 0.5-kbar increments. (B) Far-UV
CD spectra of 11.2 μM holoMb in 5 mM sodium acetate at pH 4.1, without
salts. (Inset) Plot of ellipticity vs. pressure and the best fit to a two-state
model (red trace) to give the indicated ΔG0 and ΔV0 of transition (Methods).
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superimposable upon prepressurization spectra taken at 0 bar
and, for clarity of presentation, are not included.
To monitor site-specific changes in structure and dynamics due

to pressure in holoMb and apoMb, a single R1 residue was in-
troduced in each of the eight native helices, one at a time, at the

sites shown in Fig. 3, and the EPR spectra were recorded for
each state investigated at 0 and 2 kbar (Fig. 4A). Although this is
a sparse sampling of the structure, the data serve to illustrate the
capability of the combined CD/SDSL approach and to identify
salient features of each of the myoglobin states under pressure;
a more extensive SDSL-EPR dataset as a function of pressure
will be published elsewhere. Atmospheric-pressure EPR spectra
for each of these mutants were reported previously for holoMb
and apoMb at pH 6.0 and for apoMb at pH 4.1 (18); these spectra
are reproduced here for comparative purposes. The atmospheric-
pressure EPR spectra of holoMb at pH 4.1 are not previously
reported, as are the high-pressure EPR spectra for all states. As
for the CD and UV-Vis data, EPR spectral changes at high pres-
sure are reversible (Fig. S2), ensuring thermodynamic equilibrium
between the conformational states observed over the pressure
range investigated.

HoloMb at pH 6.0 Is Rigid and Relatively Pressure Insensitive to
2 kbar. Analysis of the far-UV CD spectrum of holoMb (Fig. 1A)
using the Contin algorithm (27) estimates 67% helical content at
0 bar (gauge pressure; equivalent to atmospheric pressure),
consistent with previously reported CD measurements of holoMb
under similar conditions (54). Upon pressurization, there is little
change in the fractional helicity, with a final value of 68% at
2.4 kbar. The Soret band intensity remains constant from 0 to 2 kbar,
with only a small shift in the wavelength of maximum intensity,
from 408 to 409 nm (Fig. S1), suggesting little change in the struc-
ture surrounding the heme-binding pocket.
Most of the EPR spectra for holoMb at 0 bar (black traces,

column 1, Fig. 4A) have a single component reflecting a weakly
anisotropic motion of the nitroxide, typical of noninteracting
helix surface residues (55). The lineshape variation among these
spectra reflects, in part, residue-to-residue differences in the
nanosecond time scale dynamics of the backbone (18). Excep-
tions are residues 87R1 and 106R1, which have two resolved
components, one of which corresponds to a small population of
an immobilized state of the nitroxide (arrows, column 1, Fig.
4A). In the case of 87R1, it was shown previously that the origin
of the immobile state was flexibility of the F helix, in which the
residue is located, where some conformations allow contact of
the nitroxide with the nearby protein environment (18). Flexi-
bility in the adjacent C helix (18, 56) similarly may account for
the immobile state in residue 106R1, although this remains to
be established.

Fig. 2. Variable-pressure CD spectra of apoMb. Each spectrum is the aver-
age of nine scans. (A) Far-UV CD spectra of 24 μM apoMb in 5 mM MES at pH
6.0, without salts, from 0 to 2 kbar in 0.5-kbar increments. (B) Far-UV CD
spectra of 24 μM apoMb in 5 mM MES at pH 4.1, without salts. (Inset) Plot of
ellipticity vs. pressure and the best fit (red trace) to a two-state model of the
transition to give the indicated ΔG0 and ΔV0 (Methods).

Table 1. Pressure-dependent secondary structure content
estimation from far-UV CD

Protein pH Pressure* α-Helix† β-Sheet Turn Unordered

HoloMb 6.0 0 0.67 0.02 0.13 0.18
2 0.67 0.02 0.10 0.21
2.4 0.68 0.01 0.11 0.20

4.1 0 0.72 0.01 0.10 0.17
2 0.43 0.05 0.22 0.30
2.4 0.42 0.06 0.22 0.30

ApoMb 6.0 0 0.57 0.02 0.20 0.21
2 0.56 0.02 0.19 0.23
2.4 0.56 0.02 0.19 0.23

4.1 0 0.48 0.08 0.22 0.22
2 0.28 0.19 0.22 0.31
2.4 0.26 0.23 0.22 0.29

*in kilobars.
†The content of secondary structure calculated using the Contin algorithm
(27, 28) is given as fractional populations.

Fig. 3. Ribbon model of the holoMb structure (Protein Data Bank ID code
2MBW) (79). The green spheres at the Cα positions identify the residues
where the R1 side chain was introduced, one at a time, for EPR experiments.
The heme group is shown in stick representation. (Inset) Structure of R1.
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Upon pressurization, two classes of behavior are observed. In
most residues, there are only small lineshape changes arising
from a decrease in the nitroxide mobility; this is evidenced by the
reduction in intensity of the central line (compare black and
green traces, column 1, Fig. 4A). A similar effect was observed
for R1 at sites in T4 lysozyme under pressure and was inter-
preted in terms of an activation volume for rotational diffusion
of the nitroxide (26). The second behavior exhibited is a shift in
the relative population of spectral components toward the more
immobile component, illustrated in Fig. 4B (center panel), and
observed on a smaller scale for 87R1 and 106R1. This pressure-
dependent shift in population for 87R1 and 106R1 presumably is
a reflection of local compressibility of the protein. For 87R1, this
interpretation is consistent with crystallographic and near-IR/
Raman spectroscopic studies of holoMb at high pressure, which
revealed flexibility in helix F (57, 58).

ApoMb at pH 6.0 Retains the Full Complement of Helical Structure to
2 kbar but Adopts a Heterogeneous Tertiary Fold. ApoMb is 57%
helical at 0 bar, according to the far-UV CD spectrum. This is
∼10% less than that for holoMb at pH 6.0 and 0 bar (Table 1),
in agreement with previously published values from CD (52, 54).

13Cα and 1H-15N HSQC NMR has shown this loss is the result
of conformational exchange involving nonhelical states, primar-
ily in the F helix, the N-terminal end of the G helix, and the
C-terminal end of helix H (51). Upon pressurization of apoMb,
there is very little change in the far-UV CD spectrum (Fig. 2).
Remarkably, at 2 kbar, where apoMb is known to form an MG-
like state, the total helicity is 56%, essentially the same as that
at 0 bar.
EPR spectra of spin-labeled residues 12R1, 54R1, and 132R1

in apoMb at pH 6.0 and 0 bar are identical to their holoMb
counterparts, indicating that the structure and backbone dy-
namics are unchanged at these locations upon removal of the
heme group (compare black traces, columns 1 and 3, Fig. 4A).
The spectrum of 66R1 is single component, and the change in
the lineshape between the holo- and apoMb states reflects dif-
ferences in the local dynamics of helix E. On the other hand,
residues 35R1, 42R1, 87R1, and 106R1 have well-resolved two-
component spectra. For residues 42R1, 87R1, and 106R1, the
two-component spectra previously were shown to arise from
conformational exchange involving helices C, F, and G, re-
spectively; conformational exchange also was identified at the
N-terminus of E and the C-terminal of H (18).

Fig. 4. EPR spectra of R1 in the various states of myoglobin as a function of pressure. (A) EPR spectra at 0 bar (black trace) and 2 kbar (colored trace) are
shown for R1 at the indicated sites and states of myoglobin. The arrows highlight examples of spectral components corresponding to immobilization of the
nitroxide in the holoMb pH 6.0 state, and to rapid isotropic motion of the nitroxide in the holo pH 4.1 state. (B) The different classes of pressure-dependent
spectral change are illustrated using enlargements of the low-field regions of the spectra identified by the dotted boxes. Shaded areas indicate the portions
of the spectra that display intensity corresponding to mobile (m, gray) and immobile (i, yellow) motional states of the nitroxide. In response to an increase in
pressure, the spectrum of residue 54R1 (Top) exhibits only subtle changes in the single spectral component; the spectrum of 42R1 (Middle) exhibits a shift in
the population toward the component corresponding to an immobilized state, whereas that for 66R1 (Bottom) exhibits a shift toward a spectral component
representing rapid isotropic motion of the nitroxide. The 0-bar spectrum of 66R1 (black trace) illustrates the characteristic lineshape for a nitroxide un-
dergoing rapid anisotropic motion, where parallel and perpendicular hyperfine components are resolved (25), as indicated. This feature may be recognized in
several of the spectra for holoMb in column 1 in A. The component corresponding to the more mobile state of 54R1 and 42R1 (black traces) also reflects
anisotropic motion, but the order is too weak to resolve the parallel and perpendicular components.
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Pressurization to 2 kbar, at which the putative MG state es-
sentially is completely populated (44, 48), results in well-resolved
spectral changes in most residues, unlike the holoMb samples at
pH 6.0 (Fig. 4A). For 54R1 and 66R1 in the D and E helices,
respectively, the single-component spectra at 0 bar give rise to
two-component spectra signaling the presence of alternative
conformations of the protein; one component closely resembles
that of the 0-bar state, and the other reflects immobilization due
to tertiary contact with the protein. For 12R1, 35R1, 42R1, and
106R1 in the A, B, C, and G helices, respectively, pressure
induces a strong shift toward a more immobile state. For 87R1
and 132R1, the changes are relatively small and indicate a gen-
eral decrease in mobility, as would be expected from local com-
pression. The two-component EPR spectra found throughout the
protein at 2 kbar are consistent with widespread conformational
exchange, slow compared with the intrinsic time scale of EPR,
involving at least two states (Discussion). Based on the CD data,
the conformational substates must differ in the relative positions
of helical segments.

HoloMb Reversibly Loses Helicity upon Pressurization at pH 4.1.
HoloMb has 72% helical content at 0 bar (Table 1), and the
Soret band intensity is similar to that at pH 6.0 and atmospheric
pressure (Fig. S1). This agrees with previously reported data and
indicates a native-like conformation at pH 4.1 and 0 bar (50, 53,
59). The helical content drops as a function of pressure, begin-
ning at 0.5 kbar and leveling off at 43% at 2 kbar. The Soret band
intensity showed significant pressure dependence as well, in agree-
ment with previous high-pressure UV-Vis absorbance measure-
ments (50). The ellipticity at 222 nm was used to monitor the
fractional helicity during the pressure-populated transition ob-
served in this state. The sigmoidal character of the pressure
dependence of the ellipticity is well-fit using a two-state model to
give a ΔG0 and ΔV 0 of 3.9 ± 0.2 kcal/mol and −131 ± 7 mL/mol,
respectively, for the pressure-populated transition (Fig. 1B).
At 0 bar, all holoMb EPR spectra at pH 4.1 are similar to their

pH 6.0 counterparts, indicating that the backbone dynamics are
largely unchanged, and no new spectral components are detected
(compare black traces, columns 1 and 2, Fig. 4A). Specifically,
residues 12R1, 42R1, 54R1, 66R1, 106R1, and 132R1 have EPR
spectra that are nearly superimposable on the pH 6.0 spectra,
whereas 35R1 contains an additional small population of a com-
ponent corresponding to an immobilized state of the nitroxide.
Both 35R1 and 87R1 exhibit slight sharpening of the mobile
spectral components, indicating a small increase in the rate of
motion at these sites. These results are consistent with the CD
and Soret band data at 0 bar, which indicate the protein has
a similar global secondary structure composition and local ter-
tiary structure in the heme pocket, respectively.
Pressure application causes changes in the EPR spectra of

most residues, unlike the case for the pH 6.0 state. For 12R1,
35R1, 42R1, 54R1, and 106R1, the spectra transition from single
to two component at 2 kbar, consistent with the presence of al-
ternative conformations involving helices A, B, C, D, and G. For
132R1, the small lineshape change with pressure results from
changes in nitroxide mobility, and is similar to that observed for
most residues at pH 6.0; such small changes indicate rigidity
(incompressibility) of the protein at the corresponding sites. The
most interesting responses are for 66R1 and 87R1, where pres-
sure produces a well-resolved component with a sharp resonance
line corresponding to a rapid isotropic motion of the nitroxide
(arrows, column 2, Fig. 4A and shown in expanded view at the
bottom of Fig. 4B). Such lineshapes are characteristic of dy-
namically disordered states (18, 60, 61), suggesting that the loss
of helicity detected by CD under pressure may be attributed in
part to regions involving helices E and F. This is in contrast to
apoMb at pH 4.1, 2 kbar (see below), where sharp isotropic
resonance lines are observed for residues 42R1 and 54R1 as well,

indicating loss of helical content in the C and D helices (compare
colored spectra in columns 2 and 4, Fig. 4A).

The High-Pressure “Unfolded” State of apoMb at pH 4.1 Retains
Significant Secondary Structure. At pH 4.1 and 0 bar, apoMb
forms an MG state that is 48% helical according to the far-UV
CD spectrum (Table 1). In relation to native apoMb and holoMb
at pH 6.0, this is roughly a 10% and 20% reduction of helicity,
respectively. A combination of 13Cα, 1H-15N HSQC, {1H}-15N
heteronuclear NOE, and H/D exchange NMR experiments have
shown that the “core” helices A, G, and H remain intact in the
pH 4.1 MG state, whereas helices C, D, E, and F are partially or
completely unfolded; the N-terminal half of helix B is largely
disordered, whereas the C-terminal half is helical (42, 43, 52).
Pressurization of apoMb to 2 kbar at pH 4.1 reduces the he-

lical content from 48% to 28%, at which point the drop in hel-
icity levels off, for a final helical content of 26% at 2.4 kbar.
Additionally, there is an increase in β-sheet population to ∼23%
at 2.4 kbar, although the relative uncertainty in β-sheet estima-
tion is higher than that for helical content. The ellipticity at 222
nm was used to obtain a ΔG0 of 1.1 ± 0.2 kcal/mol and ΔV 0 of
−63 ± 9 mL/mol for the transition (Fig. 2B), in good agreement
with earlier tryptophan fluorescence measurements (44). The
pressure dependence of ellipticity at low pressures (0–0.75 kbar)
is nonsigmoidal, indicating that a mixture of states is present at
0 bar, perhaps including a small population of a partially folded
state distinct from the MG state known to be predominant at pH
4.1 and 0 bar (39, 42). However, the MG state is approximated
to be fully populated at 0 bar for the purpose of fitting the data,
as described in Methods. As a result, the estimates for ΔG0 and
ΔV 0 are a rough approximation and provide an upper limit for
the transition.
All spin-labeled residues in the pH 4.1 MG state of apoMb

exhibit two-component EPR spectra at 0 bar (Fig. 4A), consis-
tent with the widespread conformational exchange known to
exist in this state. Detailed interpretations of the 0 bar spectra in
terms of structure and dynamics recently were published (18).
Briefly, the sharp spectral components of residues 54R1, 66R1,
and 87R1 reflect essentially isotropic motion of the nitroxide,
consistent with dynamically disordered states in the D, E, and F
helices, respectively. Residues 12R1, 35R1, 42R1, 106R1, and
132R1 have two-component spectra consistent with conforma-
tional exchange in a partially folded state. Upon pressurization,
the dominant spectral change observed is an increase in the
relative population of sharp spectral components reflecting dy-
namically disordered conformational states (column 4, Fig. 4A).
This is most prominent in residues 54R1, 66R1, and 87R1, which
already exhibit isotropic mobile components at 0 bar; a small
population of a component corresponding to high mobility ap-
pears at high pressure for 42R1. Residues 12R1, 35R1, 106R1,
and 132R1 show only minor changes in mobility due to pressure.
Based on these results, the loss of helicity detected by CD ap-
parently has significant contributions from unfolding in the he-
lical sequences around residues 54R1, 66R1, and 87R1 in helices
D, E, and F.

Horse Heart Myoglobin Is Less Stable than Sperm Whale Myoglobin.
All the CD and EPR results presented above are for sperm
whale myoglobin. Identical high-pressure CD experiments were
performed on horse heart myoglobin in the same four states, and
the results are qualitatively similar to those for sperm whale
myoglobin (Table S1). In agreement with previous comparisons
of these two variants (62, 63), horse heart myoglobin is slightly
less stable. This is particularly apparent in horse heart apoMb at
pH 6.0, in which there is a 17% drop in helicity upon pressuri-
zation to 2 kbar (from 60% to 43%; Table S1), compared with
almost no change for sperm whale myoglobin under the same
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conditions (Table 1). SDSL-EPR studies were not done on the
horse heart protein.

Discussion
One aim of this study was methodology development, i.e., to use
myoglobin as a well-studied model system to provide an empir-
ical foundation for interpretation of high-pressure SDSL-EPR
and CD data in terms of structure and dynamics. To the extent
they can be compared, the data obtained in this study are con-
sistent with existing information from other established methods
(44–48, 50, 64), an outcome that provides some level of valida-
tion for the approach. Additionally, because the time scale of the
SDSL-EPR experiment provides an instantaneous sampling of an
ensemble of structures fluctuating in the time scale of micro-
seconds to milliseconds, the data offer a unique view of the con-
formationally flexible states populated by pressure, the highlights of
which are summarized below.

The Pressure Response of holo- and apoMb at pH 6.0: The High-
Pressure MG State of apoMb. HoloMb at pH 6.0 was explored as
a well-ordered reference state. At neutral pH and atmospheric
pressure in solution, the protein is well ordered and devoid of
high-amplitude conformational fluctuations (42, 65). The UV-
Vis (Soret band), CD, and EPR data generally are consistent
with this picture of a rigid, relatively incompressible structure at
pH 6.0 in the pressure range investigated. However, the EPR
spectrum of residue 87R1 in the F helix shows the appearance of
an immobile component at 2 kbar, reflecting the onset of lo-
calized conformational exchange. This result is consistent with
previous studies that identified rearrangements in the heme
group upon pressurization that are transmitted to the F helix
through the coordinating His93 (57, 58). In addition, the pressure
sensitivity of 106R1 in helix G reveals a small and highly localized
compressibility that may occur in an otherwise rigid structure.
In contrast to the relatively pressure-insensitive holoMb,

apoMb at pH 6.0 undergoes a transition to a pressure-populated
MG state around 1.5 kbar with a ΔV 0 ∼−70 mL/mol detected by
both tryptophan fluorescence (44) and NMR (48). In principle,
NMR can provide atomic level information on the pressure-
populated MG structure, but the loss of nearly all cross-peak
intensity in the HSQC spectrum was observed at 2 kbar, with less
than 20% of the atmospheric pressure signal intensity remaining
at random coil positions. The significant loss of signal intensity
due to line broadening allowed only the conclusion that the
entire polypeptide chain had lost the native fold and was disor-
dered to form a heterogeneous state exchanging just slowly
enough to cause the observed broadening (48). The EPR spectra
of apoMb at 2 kbar clearly reveal the heterogeneity via multi-
component EPR spectra, one component of which is very similar
to apoMb at atmospheric pressure. Taken alone, the EPR data
do not define the structures present, except that the heteroge-
neous population includes a conformation much like native
apoMb. However, together with CD data that show no change in
secondary structure in the MG relative to native apoMb, and the
NMR data that reveal millisecond exchange between populations,
a working model can be constructed. With the assumption that
a defined thermodynamic state is present at 2 kbar, as concluded
from the intrinsic fluorescence and NMR studies (44, 48), we
propose that the high-pressure MG state consists of a native-like
population with the helical segments fluctuating on the millisec-
ond time scale. In some positions of the helices, the R1 side chain
makes contact with neighboring structures, giving rise to the im-
mobile component. The resolution of X-band EPR to discern
different motions in the slow-motion regime is not high enough
to conclude that the immobile state is a single dynamic mode of
the nitroxide, so the immobile state itself might be heterogeneous
and represent an ensemble. In future studies, this might be re-
solved by high-field EPR (66).

It is interesting to compare the high-pressure MG of apoMb
with that produced at pH 4.1, atmospheric pressure. The HSQC
spectrum of the pH-populated MG did not show the extensive
cross-peak broadening observed at 2 kbar, pH 6.0; the difference
was attributed to a presumed sensitivity of the MG state to
details of experimental conditions, which included a difference in
temperature (48). The results from the current work suggest that
the discrepancies in the NMR spectra may instead be the result
of structural and dynamical differences between the two states.
In the present study, the MG states were compared with respect
to helical content and EPR spectral signatures at the same
temperature. The data reveal a difference in helical content of
∼10%, lower in the pH 4.1 MG, and the presence of sharp iso-
tropic components in the spectra of R1 in helices D, E, and F
(18) that are not observed in the pressure-populated MG state.
Together, these results suggest local unfolding in these helices in
the pH-populated MG but not in the pressure-populated MG. A
working model summarizing the main features of the high-
pressure MG in comparison with the pH 4.1 MG and native
apoMb is shown in Fig. 5.
Specific details of the pressure-dependent changes in apoMb

warrant comment. At first glance, the lack of change in 87R1 in
helix F upon pressurization is perhaps unexpected. Numerous
solution NMR studies have shown helix F to be conformationally

Fig. 5. Models for the structure and dynamics of partially folded states of
myoglobin. Each model is based on the crystal structure of holoMb;
sequences that retain helical content are shown as cylinders; segments that
have some fraction unfolded are shown in wire representation. (A and B)
Models of native apoMb and the pH 4.1 MG state, respectively, based on
solution NMR (42, 51). Regions undergoing conformational exchange are
colored red, and more rigid regions are colored blue. The structure of native
apoMb is similar to that of holoMb, but with localized unfolding in the F
helix and portions of the G and H helices. In B, the conformational exchange
implied by the gradient of color in the helices represents a gradient in the
population of nonhelical states, increasing toward the helix termini, as
inferred from 13Cα chemical shifts (42). (C and D) Models of the high-pressure
MG of apoMb and holoMb, based on SDSL, CD, and NMR. Helices with
a fluctuating tertiary structure are colored magenta. (C) The pressure-pop-
ulated MG of apoMb at pH 6.0, 2 kbar, contains the full complement of
native-state secondary structure according to CD, but line broadening in
NMR and the spectral shifts in EPR indicate a fluctuating tertiary fold. (D)
The pressure-populated MG of holoMb at pH 4.1 and 2 kbar experiences
dynamic disorder in some fraction of the E and F helices, and a fluctuating
tertiary fold in the remaining helices.
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disordered in the native state of apoMb (39, 42, 51); therefore,
one might anticipate 87R1 to be mobile and malleable under
pressure. However, the spectrum reveals a dominant immobile
state in apoMb with only a minor change at 2 kbar. The differ-
ence may be attributed to the different time scales of EPR and
NMR. For NMR, high flexibility would correspond to micro-
second–millisecond motions, which are frozen on the EPR time
scale. Earlier SDSL-EPR (18) and NMR (39) studies suggested
that helix F sequence might be tucked into the heme pocket in
native apoMb, where it could undergo motions on the NMR but
not EPR time scales.

The Pressure Response of holoMb at pH 4.1: A holoMb MG State.
HoloMb was investigated at pH 4.1 at high pressure. Earlier
crystallographic (53), UV-Vis absorbance (50), and CD (59)
measurements all indicate that the secondary and tertiary struc-
ture of holoMb is invariant between pH 4.1 and 6.0 at atmospheric
pressure, and the data presented here support this view (Fig. 4,
Table 1). However, at pH 4.1, increasing pressure from 0 to 2
kbar results in a reversible loss of the Soret band and reversible
loss of ∼29% helical content (Table 1) that accompany a struc-
tural transition with ΔV 0 of −131 ± 7 mL/mol and ΔG0 of 3.9 ±
0.2 kcal/mol (Fig. 1B). This implies an atmospheric pressure
population of ∼0.1% for the excited state, illustrating the ability
of pressure to make extremely rare states accessible for study.
Small-angle X-ray scattering studies at pH 4.5 identified a com-
pact state at 2 kbar that was attributed to an MG state (64), and
the large ΔV 0 and pattern of EPR spectral changes (appearance
of two-component spectra at most sites) generally is consistent
with this idea (Fig. 4A). However, there are clear differences
between the pressure-populated MGs of holoMb at pH 4.1 and
apoMb at pH 6.0. In the holoMb MG, EPR spectral components
corresponding to dynamically disordered states appear for R1
residues in the E and F helices; in the apoMb MG state, R1
residues in these helices become more immobilized. As sug-
gested above, the F helix may occupy the empty heme pocket in
the apoMb MG state. If so, this pocket is not available in the
holo protein, and the response to pressure instead is unfolding,
which apparently involves at least part of the contiguous E helix,
contributing to the observed loss in helicity. In addition, an
unfolding of helices E and F would move the heme ligands His64
and His93, resulting in the loss of the Soret band under pressure.
A schematic representation comparing the proposed model for
the holoMb MG state and other states of apoMb is given in
Fig. 5.
Recently, it was reported that MG states can retain the ability

to bind native ligands, implying that close packing is not a re-
quirement for this function (37). A comparison of the high-
pressure EPR spectra of holoMb at pH 4.1 with that of apoMb
under the same conditions reveals partial stabilization of the C
and D helices by the heme group (Fig. 5). Furthermore, the rapid
reversibility of all pressure-related changes in this state implies
that the heme ligand remains bound to the protein. Thus, this
system adds to existing examples of MG states that retain ligand-
binding capability, albeit not in the native binding conformation.

The Pressure Response of apoMb at pH 4.1: The Pressure “Unfolded”
State. Earlier tryptophan fluorescence studies of the pH-popu-
lated MG state of apoMb at high pressure reported that the
protein undergoes a transition to an unfolded state, with a ΔV 0

of −61 mL/mol (44). A similar value for ΔV 0 was found in this
study, using CD as a monitor (Fig. 2B). However, the CD data
also show that pressure causes only a partial loss of helical
structure, resulting in a final value of 28% at 2 kbar with a con-
current appearance of ∼19% β-sheet. Although it cannot be
ruled out that the reversible formation of β-sheet is the result of
intermolecular interactions in small soluble aggregates, large-
scale aggregation would cause scattering not detected in the CD

data. Thus, the population existing at 2 kbar is not unfolded in
the literal sense, and certainly retains a higher fraction of sec-
ondary structure than that produced by chemical perturbation
techniques, including GdnHCl (∼5%), urea (∼7%), and pH
(∼13%) (67, 68). Although EPR spectral changes at high pres-
sure confirm the appearance of a dynamically disordered pop-
ulation in the noncore helices C, D, E, and F, the spectra at all
sites retain two components, indicating the retention of a ter-
tiary fold.
Kinetic studies of apoMb folding near neutral pH suggested

the mechanism U ↔ Ia ↔ Ib ↔ N, where U is the unfolded state
and Ia and Ib are transient intermediates (43, 69). The in-
termediate Ia is formed within 0.4 ms after initiation of folding
from an acid denatured state, and relaxes to form Ib within 6 ms
(43). In principle, these states are in equilibrium under all con-
ditions, but at pH 4.1 and atmospheric pressure, at which the
acid MG is formed, the dominant species is Ib (39, 69). In-
terestingly, the equilibrium CD and EPR data collected at pH
4.1 and 2 kbar are consistent with the Ia rather than the Ib in-
termediate. For example, the Ia intermediate has a stable core
consisting of helices A, G, and H, giving a total helical content of
about 30%, the same as that found by CD for the pH 4.1, 2-kbar
state within experimental error. Moreover, the EPR results un-
der these conditions reveal an increase in the population of
disordered states for R1 residues in noncore helices, consistent
with the lower protection factors for hydrogen exchange in these
helices in Ia compared with Ib (43). Note that the Ib inter-
mediate is distinct from Ia in having greater helical content
(48%) due to partial folding of the noncore B, C, and E helices
(42). Thus, pressure may cause a shift in the Ia ↔ Ib equilibrium
toward the Ia state. The ability to populate a transiently formed
kinetic intermediate under equilibrium conditions highlights the
utility of the application of pressure for exploring the confor-
mational ensemble of proteins.

Physical Origins of the Pressure Response. Pressure reversibly shifts
protein conformational equilibria in a direction to lower the total
volume of the system (Le Chatelier’s principle), and excited
states populated by pressure apparently have a smaller partial
molar volume than the ground (native) state (9). The major
contribution to the smaller molar volume for excited states is
believed to be hydration of internal cavities (packing defects)
enabled by conformational changes relative to the native state
(70, 71). In the case of apoMb, the data presented here argue
that at high pressure, hydration of internal cavities, either native
or resulting from heme removal, occurs via population of an
ensemble of conformations in which there is a global disruption
of close packing without secondary structure change, perhaps in-
volving solvent-separated hydrophobic interactions (72) that ef-
fectively lubricate transitions between members of the ensemble.
An alternative to the cavity hydration model is a structure-

relaxation model in which excited states represent alternative
packing modes of higher energy that reduce the size of internal
cavities, with concomitant reduction in the overall protein mo-
lecular volume. Indeed, it is observed in crystal structures of cavity-
creating mutants that the protein generally responds by shifts in
atomic positions in a direction to reduce the cavity volume sub-
stantially (73, 74). Recent NMR and modeling studies of the T4
lysozyme L99A cavity-creating mutation showed that the protein
responds to the mutation with a backbone structural rearrange-
ment that allows Phe114 to move into and fill the cavity; this
alternative structure is poorly populated because of strain (7).
High pressure is expected to favor alternative packing modes of
lower volume, and the fluctuating helix model for the pressure-
populated MG state of apoMb can be understood in terms of an
ensemble of alternative packing modes that reduce cavity volumes
at the expense of strain. It remains to be elucidated whether one
of these models dominates or whether both play a role.
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Methods
Myoglobin Cloning, Expression, Purification, and Spin Labeling. All single-cys-
teinemutants of spermwhalemyoglobin and their spin-labeled derivatives in
both the apo and holo states were reported previously and prepared fol-
lowing the procedures described (18). The purified protein was transferred
to the appropriate buffer and concentrated to ∼500 μM for EPR experiments
or ∼10 μM for CD experiments using an Amicon Ultra concentrator (10 kDa
molecular weight cut-off; Millipore). ApoMb and holoMb samples were
prepared in either 20 mM MES buffer at pH 6.0 or 10 mM sodium acetate at
pH 4.1 for EPR experiments. For CD experiments, the same conditions were
used, except the concentration of MES or sodium acetate was reduced to
5 mM. HoloMb samples prepared as described in ref. 18 were auto-oxidized to
the aquomet form (Fe3+-H2O), confirmed by the ratio of the Soret band
maxima at 409 nm to the absorption at 280 nm (e280 = 31,000 L·mol−1·cm−1,
e409 = 157,000 L·mol−1·cm−1) (75). Protein concentration was measured via
absorption spectroscopy at 280 nm for apoMb (e280 = 15,400 L·mol−1·cm−1)
and 409 nm for holoMb. Samples for EPR were diluted in a 1:1 ratio with
50%wt/wt Ficoll-70 (Sigma) in the appropriate buffer to reduce the effect of
protein rotational diffusion on the EPR spectral lineshape (17, 26, 66); the
final protein concentrations for EPR were ∼250 μM.

Horse heart holoMb (Sigma) was solubilized in buffer and used without
further purification. ApoMb was prepared by the standard butanone ex-
traction method (76). Briefly, 100 mg of holoMb was dissolved in water. The
pH of the solution was adjusted to 1.5 with concentrated HCl over ice. The
solution then was mixed with two volumes of 2-butanone, and the upper
organic layer was decanted. The extraction procedure was repeated twice.
The aqueous phase than was dialyzed at 4 °C for 2 d against 10 mM Tris
buffer at pH 8, and then concentrated at 4 °C to ∼10 μM for CD experi-
ments. Protein concentration was measured via absorption at 280 nm for
apoMb (e280 = 14,300 L·mol−1·cm−1) and 408 nm for holoMb (e408 = 188,000
L·mol−1·cm−1) (77).

High-Pressure EPR Spectroscopy. A computer-controlled pressure intensifier
rated at 3.79 kbar and ceramic sample cells rated to 3 kbar were developed
jointly with Pressure Biosciences, Inc. (PBI). The intensifier, now commercially
available from PBI (model HUB440), is feedback regulated to maintain
constant pressure, even in the presence of small leaks, and can be pro-
grammed to provide automated changes in pressure with various profiles in
time. The ceramic cells, also now commercially available (HUB440-Cer), were
fabricated for use in a five-loop four-gap resonator operating at X-band
microwave frequency (78). The ceramic cell has a pressure-independent
EPR signal that was subtracted from all spectra after data acquisition. The
pressurization fluid was either water or buffer, and pressure was moni-
tored with two separate transducers (Kistler model 6229A and Precise
Sensors model 5550) connected inline with the sample cell. Pressure values
given in this article are gauge pressure, i.e., 0 bar is equivalent to
atmospheric pressure.

EPR spectra were acquired on either a Bruker ELEXSYS 580 or Varian E-109
spectrometer fitted with the abovementioned five-loop four-gap resonator
operating with 5 mW incident power and at a temperature of 298 K. The
sweep width for all spectra was 100 G. Atmospheric pressure spectra were
acquired before and after pressurization to ensure reversibility; all reported
pressure effects were reversible (Fig. S2).

High-Pressure CD and UV-Vis Spectroscopy. Far-UV CD was performed on
a Jasco 810 spectropolarimeter using amodified high-pressure optical cell (ISS
model HP-200). Briefly, the standard windows were replaced with MgF2
windows (Karl Lambrecht Corporation), and the unsupported aperture was
reduced to 3 mm, resulting in a cell capable of withstanding pressures up
to 2.5 kbar. Details of the modifications to the high-pressure cell (Fig. S3)
and evaluation of performance (Figs. S4 and S5) are provided in Supporting

Information. Pressure was produced with a manually operated piston screw
pump generator (High Pressure Equipment Company model 37–5.75–60)
rated at 4.14 kbar and monitored with a pressure gauge (Enerpac Model
T6010L) mounted inline with the sample cell. Each far-UV CD spectrum is the
average of nine scans, acquired after a 3-min equilibration at each pressure.
The pressure was increased in steps of 0.5 kbar from 0 to 2 kbar, and then in
0.2-kbar steps up to 2.4 kbar. For the thermodynamic analysis, the pressure
was increased in steps of 0.2 kbar from 0 to 2.4 kbar. UV-Vis spectra were
acquired using the same high-pressure cell with the absorption channel of
the spectrometer. Reversibility was verified for each sample by collecting
a spectrum at 0 bar before and after pressurization. For all experiments, the
sample cell optical path length was 0.5 mm. The secondary structure
parameters were estimated using the Contin algorithm (27, 28).

Thermodynamic Analysis of CD Spectra. CD experiments detected a significant
loss of helicity in the pH 4.1 states of both apoMb and holoMb due to
pressure. In both cases presented here, the data were fit using a two-state
model, 1↔2, where the equilibrium constant is given by Eq. 1 and the fi are
the fractions of the respective states:

K ¼ f2=f1: [1]

Structural changes were followed using CD ellipticity (θ) at 222 nm, which is
related to the fraction of protein in state 2 (f2) by Eq. 2:

f2,p ¼ �
θp − θ1

��ðθ2 − θ1Þ [2]

In Eq. 2, θ1 and θ2 are the ellipticity of states 1 and 2, respectively, and θp is
the ellipticity at pressure p. The free energy difference (ΔG) in a two-state
system at equilibrium is given by Eq. 3, and Eq. 4 is a first-order approxi-
mation of the pressure dependence of ΔG:

ΔG ¼ −RTlnðf2=f1Þ [3]

ΔG ¼ ΔG0 þ ΔV0
�
p−p0�: [4]

Combining Eqs. 2, 3, and 4 and solving for θp yields

θp ¼ θ1 þ ðθ2 − θ1Þ
.�

1þ exp
h�
ΔG0 þ ΔV0

�
p−p0���

RT
i	

: [5]

Plots of θp vs. p were fit using Eq. 5 to solve for free energy and partial molar
volume differences at atmospheric pressure (ΔG0 and ΔV0, respectively). In
the pressure-populated transition of holoMb at pH 4.1, the fitted values for
θ1 and θ2 were very similar to the θ at 0 and 2 kbar, respectively. This sup-
ports the two-state model for this transition and indicates that state 1 is fully
populated at 0 bar and state 2 is fully populated at 2 kbar. The data for
apoMb at pH 4.1 suggest that a mixture of states is populated at 0 bar, as
reported previously (44), and as such, the two-state model for this transition
is an approximation. The low-pH MG of apoMb is known to be populated at
pH 4.1 and 0 bar; therefore, state 1 is taken to be the low-pH MG and θ1 was
set to equal θ at 0 bar to generate a reasonable fit.
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