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1. Introduction

Protein molecules, linear polymers of amino acids con-
nected by peptide bonds, have through theirφ andψ angles
a freedom of rotation that endows their polypeptide chains
with intrinsic conformational flexibility. The three-dimen-
sional, folded structure of a native protein is determined by
countless numbers of molecular interactions, a large number
of which involve solvent water. The functional conformation
of a protein is basically labile and dependent upon environ-
mental parameters. As a consequence, a biologically active
protein is a dynamic entity that can respond quickly to
changes in the environment.

This motility is a key to protein function, and to understand
the biological activity of proteins, their static structure given
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by X-ray crystallographic coordinates must be augmented
by the dynamic structure evident from biochemical and
spectroscopic measurements in solution. Beside other tech-
niques, circular dichroism (CD), fluorescence, Fourier trans-
form infrared spectroscopy (FTIR), nuclear magnetic reso-
nance (NMR) spectroscopy, and molecular dynamics
calculation are favored by protein researchers to elucidate
protein dynamics in solution, often with external perturba-
tions or jump methods. Among these, NMR is unique in that
it can give residue-specific or atomic-detailed information
under favorable conditions where modern multidimensional
techniques are applicable. NMR spin relaxation is employed
frequently for assessing rapid fluctuations in protein structure.
However, it is limited in applicable time range and usually
lacks structural information associated with fluctuation.

Apart from rapid fluctuations of atoms anticipated in any
molecules in solution, proteins are also endowed with slow
conformational fluctuations involving concerted motions of
some atoms. Slow fluctuations or rare events in protein
conformational dynamics are much less studied but could
be decisively important in protein function, because they are
more likely to be evolutionally designed. In other words,
the information is presumably encoded in the sequence of
the DNA and therefore of the protein. Although evidence
for slow fluctuations of proteins has been obtained in solution
from experiments such as NMR-detected hydrogen exchange
rate measurements, they do not directly give structural
information on rare conformers, i.e., how the average
structure is “deformed” in the fluctuation. To gain direct
information on the conformational excursions associated with
internal motions, one must amplify the fluctuations in such
a way that the “deformed” structure is sufficiently populated
to be detected by spectroscopic means. Temperature and
chemical perturbations, including pH, ionic strength, denatur-
ing agent, etc., are commonly employed for this purpose.
Thermodynamic aspects of temperature perturbation to
protein structures are well-established,1 giving a basis for
understanding how and why temperature affects global
conformational equilibria of proteins. Chemical perturbations
such as pH and denaturants are also used frequently.
However, many fluctuation “deformations” separated by
small energy differences will be too strongly affected by
temperature or chemical perturbation and are likely to be
overlooked.

Pressure is a fundamental thermodynamic variable for
defining protein conformational states.2 A protein in solution
generally equilibrates among multiple conformational sub-
states, differing in partial molar volume. Pressure affects
conformational equilibria through volume differences, in
contrast to temperature and chemical changes, which perturb
conformational equilibria through heat capacity differences.
Molar volume differences associated with conformation are
relatively large for macromolecules, including proteins.
Pressure provides a simple, clean, and efficient means of
shifting the population distribution among fluctuating con-
formers of a protein and increasing the population of an
otherwise rare conformer (by a few orders of magnitude in
favorable cases). The conformer may then be amenable to
spectroscopic observation and analysis within the relatively
mild pressure range of a few kilobars.

The recognition of a strong effect of pressure on the protein
conformation dates back to the early 20th century when
Bridgman showed that egg albumen coagulates completely
at pressures of 700 MPa.3 Pressure denaturation of proteins

became a subject of interest, and the firstP,T phase diagram
on protein denaturation was presented by Keizo Suzuki in
1960,4 followed by determination of more rigorousP-T
diagrams in 1970s by various workers in the U.S.A. using
UV difference spectroscopy, fluorescence,, in 1980s, also
vibrational spectroscopy, and, more recently, small angle
X-ray scattering (SAXS) and NMR. In addition to thermo-
dynamic interest, the use of pressure perturbation to study
conformational dynamics in proteins has gradually increased
during the past decades using site-specific probes such as
Trp fluorescence,5 NMR spectroscopy,6-10 and FTIR spec-
troscopy.11 Within the past decade, in particular, there has
been a dramatic increase in the literature reporting high-
pressure studies of proteins. This is due not only to advances
in recombinant techniques for producing proteins and to
increased interest in the dynamic aspects of the protein
structure and function but also to the development of new
techniques such as high-pressure NMR and molecular
dynamics. Following the pioneering but limited range of
works by Wagner and Morishima,6,7 Jonas et al. extended
the use of high-pressure NMR to a wider range of targets
including protein denaturation, intermediate structures, and
cold denaturation.12 In recent years, interest has increased
in using multidimensional NMR spectroscopy for pressure
studies, because of its exceptionally high content in structural
information.10,13

This review focuses on recent developments in protein
dynamics using NMR spectroscopy along with pressure
perturbation. The basic dynamic concept of proteins dis-
cussed here shares much with that by Frauenfelder et al.,11

which is primarily based on experiments on myoglobin using
absorption and FTIR spectroscopy, along with pressure and
temperature perturbations. The recent development of high-
resolution, multidimensional, variable-pressure NMR spec-
troscopy with pressure-resistive cell techniques,10,13however,
has expanded the target proteins, the conformational space,
and the frequency of motion to be studied by pressure
perturbation to much wider ranges. Sections 2 and 3 are
intended to acquaint the reader with the methodology.
Sections 4-6 explore a broad range of applications of
pressure perturbation, with specific examples rather than
exhaustive iterations. For earlier reviews on protein structure
and dynamics reported from high- or variable-pressure NMR
studies, the reader is referred to Jonas14 and Akasaka.15

For the pressure unit, either MPa or bar is used, whichever
is convenient (1 bar) 105 Pa) 0.9869 atm).

2. Basic Rules Governing Pressure and Proteins

2.1. Response of a Protein to Pressure
The effective volume of a protein molecule in an aqueous

environment (including the contribution from hydration) is
represented by the partial specific or partial molar volume,
because the volume of the protein and that of water is
inseparable. A greatly simplified view of the fluctuation of
a partial molar volume of a protein shown in Figure 1 may
help understand qualitatively what is expected to happen to
protein structures under pressure.16 We may consider two
categories of volume fluctuation for a protein system in
solution: category (A), the fluctuation within a subensemble
of the conformer (e.g., the folded conformer); and category
(B), the fluctuation between different subensembles of
conformers characterized with different free-energy levels.
Under pressure, the partial molar volume of the protein
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system may become smaller through the combination of these
two categories of fluctuations, although in reality, clear
distinction between the two cases may not always be
possible. The categories A and B are close to those that
Frauenfelder et al. discussed earlier as elastic and confor-
mational pressure effects, respectively.11

2.2. General Compression within a Subensemble
of Conformers

In a simple case where fluctuation takes place within a
single subensemble, e.g., the basic folded subensemble N
(Figure 1A), the mean-square fluctuation of the volume of a
protein [〈(δV)2〉] is intimately related to the isothermal
compressibility (âTV) of the protein through the relation

where V is the partial volume of the protein,âT is the
isothermal compressibility coefficient,âS is the adiabatic
compressibility coefficient,R is the thermal expansivity,k
is Boltzmann’s constant, andT is the absolute temperature.17

Equation 1 indicates that we acquire information on the
amplitude of volume fluctuation from the value of the
isothermal compressibility, i.e., compression per unit pressure
under equilibrium condition. Microscopically, the compres-
sion of the partial volume is attained by a shift of the
population among microscopic substates within the basic
folded state in favor of microscopic substates having lower
volumes.

Classically, adiabatic compressibility has been measured
as macroscopic values for proteins in solution using ultra-
sonic velocity measurements, from which isothermal com-
pressibility is calculated using eq 2 and then the volume
fluctuation using eq 1.18 For many globular proteins, root-
mean-square (rms) fluctuations of the volume obtained in
this way are on the order of∼0.3% of the total volumeV.
One should note, however, that eq 1 should hold only
approximately for proteins and that the rms fluctuations
deduced should refer to those in a frequency of∼megahertz
or higher because of the ultrasonic frequency (∼megahertz)
used for measurements.

Nonetheless, macroscopic compressibility must have its
origin in changes in average interatomic distances (micro-
scopic compressibility). Crystallographic experiments at high
pressure can give information on microscopic or site-specific
compression of a protein molecule, with the first successful
example being the application to hen lysozyme19 and then
to myoglobin.20 It was revealed that compression is hetero-
geneous, involving local expansion. Thus far, the technical
difficulty of getting stable crystals under pressure has
hampered a wide application, although this situation is being
rapidly improved. Measurement of microscopic compress-
ibility has become an experimental feasibility also in solution
since the introduction of high-resolution high-pressure NMR
spectroscopy.21,22Compression of the secondary and tertiary
structures is manifested in pressure-induced1H chemical
shifts of the amide and side-chain protons,22 which are
converted to interproton distance changes,23-25 or in pressure-
induced changes in1H NOE,26 directly giving changes in
interproton distances. Again, the results give heterogeneous
compression involving local expansion. Because NMR
measurement takes time (minutes, hours, or days), pressure-
induced shifts should in practice include contributions from
all slow equilibrium responses of the protein structure.

2.3. Shift of Equilibrium between Different
Subensembles of Conformers

In general, a protein molecule in solution may exist as an
equilibrium mixture of subensembles of conformers differing,
in general, in folding topology (e.g., between the native
subensemble N and an intermediately folded subensemble
(designated by I, cf. Figure 1B), in thermodynamic stability
(∆G ) GI - GN) as well as in partial molar volume (∆V )
VI - VN). In this situation, the equilibrium constantK
between conformers N and I may change with pressure
according to the relation

Here,∆G and∆G(p0) are the Gibbs energy changes from N
to I at pressurep and p0 (1 bar), respectively;∆V° is the
partial molar volume change atp0 (1 bar);∆â is the change
in compressibility coefficient;R is the gas constant; andT

Figure 1. Schematic representation showing two categories of
volume changes by pressure for a protein system in solution:
category (A), the general compression within a subensemble of the
conformer (e.g., the basic folded conformer N); and category (B),
the shift of conformational equilibrium between different sub-
ensembles of conformers (N and I) characterized with different free-
energy levels.

〈(δV)2〉 ) âTVkT (1)

âT ) -(1/V)(∂V/∂p)T

âT ) âS + R2TV/Cp (2)

Figure 2. Schematic expression of eq 4 by neglecting the second-
order term. A specific case with∆V ) -80 mL/mol and∆G° )
∼4 kcal/mol is drawn.

K ) [I]/[N] ) exp(-∆G/RT) (3)

∆G ) GI - GN ) ∆G(p0) + ∆V°(p - p0) -

(1/2)∆âV°(p - p0)
2 (4)
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is the absolute temperature. Often, the third term of eq 4,-
1/2∆âV°(p - p0)2, is not significant below∼2 kbar, resulting
in an approximately linear dependence of∆G on p with a
slope ∆V closely represented by∆V° (Figure 2). Under
physiological conditions,∆G° is normally positive (i.e., N
is more stable than I), and then the population of conformer
I is too low to be detected. Even if∆G° is as small as∼1-2
kcal/mol, the equilibrium population of I is on the order of
∼10%, making the NMR detection of conformer I quite
difficult. Molecular interaction depends upon energy, while
spectroscopic detection depends upon population.Here,
pressure works its magic. For a typical∆V° value from-20
to -100 mL/mol for a globular protein,27 the ∆V°(p - p0)
term amounts to-1 to -5 kcal/mol at 2 kbar, sufficiently
large to compensate a marginal∆G° (a few kcal/mol) and
to change the sign of∆G (Figure 2). The population
enhancement of the rare conformer I by a few orders of
magnitude may be attained. When I is stably trapped as a
major conformer under pressure, the NMR measurement may
be done continuously for hours or even days.

When both temperature and pressure are varied

or by using Taylor expansion

must be used. In the temperature range under investigation,
the heat capacity (∆Cp), thermal expansion coefficient (∆R),
and isothermal compressibility change (∆â) are assumed to
be constant and independent of the temperature and pressure,
although recent results using pressure perturbation calorim-
etry depict a significant temperature dependence of the∆R
value. Equation 6 gives an ellipsoid (or more correctly half-
ellipsoid like that in Figure 3, left, forStaphylococcal
nuclease32). It is to be noted that at physiological or lower

temperatures∆G is normally a single-valued function of
pressure, whereas at constant pressure,∆G is a double-valued
function of temperature with transitions atth (heat denatur-
ation) andtC (cold denaturation). TheP-T phase diagram
gives the basis for understanding thermodynamic stability
of globular proteins on theP-T plane, but the reader should
note that eqs 5 and 6 apply only to the case of a two-state
transition. While a strict two-state transition is rare for a
globular protein, the equations may generally apply to a
transition between any two distinct states of a protein.

In the early 1970s, Brandts,28 Hawley,29 and Kauzmann30

explored the temperature-pressure phase behavior of ribo-
nuclease A, chymotrypsinogen, and metmyoglobin unfolding,
respectively, by optical absorption, and more recently, Royer
and Winter31 by fluorescence, FTIR, and SAXS and Lassalle
et al.32 by proton NMR studied the stability ofStaphylococcal
nuclease onP-T axes and determined thermodynamic
parameters in eq 5 or 6.

3. Experimental Techniques To Explore Pressure
Effects on Proteins

3.1. Established Techniques for General
Compression and Global Conformational
Changes

Methods used to monitor the fluctuation in category A
are rather limited. Most information has been obtained from
ultrasonic velocity measurement.18,33Although there are only
two crystal structures at high pressure,19,20they give important
site-specific information on conformational fluctuation through
eq 1. High-pressure NMR using two-dimensional spectros-
copy also gives microscopic compressibility information.
This subject will be described in more detail later.

A global change of conformation with pressure can be
studied with a number of different techniques, including high-
pressure fluorescence34,35 and FTIR36,37 and, more recently,
with SAXS.38,39One-dimensional1H NMR spectroscopy can
also be used for quantitative evaluation of conformational
equilibrium as a function of the pressure combined with
qualitative information about the structures of the conformers
as already described. CD measurements at high pressure have
been hampered because of the effect of distortion of windows

Figure 3. Stability of Staphylococcalnuclease against the temperature and pressure. Parameters determined by fitting NMR data to eq 5
are tC (°C) ) -8.1 ((0.4), th (°C) ) 42.7 ((2.1), ∆Cp [kJ/(mol K)] ) 13.12 ((2), ∆S° [kJ/(mol K)] (at 51.2°C) ) 1.51 ((0.23),∆V°
(mL/mol) (at 1 bar and 24°C) ) -41.9 ((6.3), ∆R [mL/(mol K)] ) 1.33 ((0.2), ∆â [mL/(mol bar)] ) 0.02 ((0.003). Reprinted with
permission from ref 32. Copyright 2000 Elsevier, The Netherlands.

∆G ) GI - GN ) ∆G° - ∆S°(T - T0) -
∆Cp[T{ln(T/T0) - 1] + T0] + ∆V°(p - p0) -

(1/2)∆âV°(p - p0)
2 + ∆R(p - p0)(T - T0) (5)

∆G ) GI - GN ) ∆G° - ∆S°(T - T0) -

(1/2)(∆Cp/T0)(T - T0)
2 + ∆V°(p - p0) -

(1/2)∆âV°(p - p0)
2 + ∆R(p - p0)(T - T0) (6)

Probing Conformational Fluctuation of Proteins Chemical Reviews, 2006, Vol. 106, No. 5 1817



under pressure. Except for X-ray scattering and high-pressure
NMR using pressure-resistive cells, pressures are the same
in the inside and outside of the sample cell so that very high
pressure in the range of 400-1000 MPa can be applied. It
is to be emphasized that, to determine thermodynamic
parameters in eqs 4-6 using the above techniques, the system
must behave in a two-state manner. Most proteins, however,
do not behave strictly two-state under pressure.

3.2. High-Pressure NMR Technique for
Site-Specific Conformational Changes

Measurements using intrinsic Trp fluorescence report
specifically environmental changes of Trp residues and could
be site-specific for a protein with only one Trp. (see Royer
on this issue). In general, however, in a multitryptophan
protein, it is difficult to assign observed changes in fluores-
cence to global versus local changes of conformation or to
local environmental changes of specific Trp residues. With
limited success, one can also use one-dimensional1H NMR
spectroscopy to study site-specific changes of conformation
with pressure, for example, by monitoring Trp side-chain
signals, which often appear as mutually separate peaks in
the lowest field part of the spectrum. Special lines of
absorption in infrared spectroscopy can also be used to report
specific conformational states and conformational dynamics
in selected proteins.40

Site-specific fluctuations and changes in conformation can
be more generally studied with two- or multidimensional
NMR spectroscopy combined with pressure. Hydrogen/
deuterium exchange for amide protons is carried out at high

pressure off line, and the two-dimensional NMR measure-
ments can be carried out after bringing the pressure back to
1 bar to determine the site and degree of hydrogen/deuterium
exchange reactions proceeded. However, our limited under-
standing of the mechanism of pressure effect on hydrogen
exchange rate precludes its use as a general method for
conformational fluctuation.41

High-pressure NMR (or variable-pressure NMR) has
become a major source of information in delineating site-
specific details of pressure effects on protein structures.14,15

Technically, two different approaches have been taken: one
pressurizing the entire NMR probe in an autoclave and the
other pressurizing the sample cell, only leaving the probe
itself at 1 bar. The former has the advantage of a larger
sample volume and high working pressure even up to∼900
MPa but has thus far failed to attain sufficiently high
magnetic field homogeneity and versatility in the pulse
sequence necessary to perform heteronuclear two- or multi-
dimensional measurements at high resolution. The latter
approach has the disadvantage of a smaller sample volume
and limited working pressure (<3 kbar in the quartz cell
design) but has a sufficiently high resolution for performing
heteronuclear two- or multidimensional measurements with
versatile pulse sequences. By now, pressurizing the sample
cell has proven to be the method of choice for protein NMR
studies under pressure. Various materials have been tested
for the cell, including glass, sapphire,42,44and quartz.43 Thus
far, the handmade quartz cell has been most successful.43 A
detailed description of the design of the quartz cell and its
handling is found in ref 40, the typical experimental
procedure with which is the following.

Figure 4. One-line cell high-pressure NMR system with a pressure-resisting quartz cell. See ref 43 for more details.
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The protein solution is contained in a quartz tube, the body
part of which, consisting of an inner diameter less than 1
mm and an outer diameter of∼3 mm protected by a Teflon
jacket, is inserted into a commercial NMR probe of a 5 mm
sample tube (Figure 4). The protein solution is separated from
the pressure mediator (kerosene) by a frictionless piston made
of Teflon in a separator cylinder made of BeCu. The pressure

is adjusted with a remotely located hand pump to a desired
value between 1 and∼3000 bar (measured with a Heise
Bourdon gauge) and is transmitted through a stainless steel
tube containing kerosene to the sample solution in the quartz
tube. An excellent spectral resolution is normally attained,
practically limited by intrinsic line widths. Figure 5 gives
an example of one-dimensional1H NMR spectra for a

Figure 5. Example showing the effect of pressure on the one-dimensional1H NMR spectrum of a globular protein (P13MTCP1). Each
spectrum results from the co-addition of 2000 transients. Spectra were measured at a protein concentration of 1 mM in 10 mM Tris buffer
at pH 7.0 and 20°C. Several methyl proton signals at the high-field side (>0 ppm) at 3 MPa are identified as Leu103 CδH3 (-0.08 ppm),
Leu13 CδH3 (-0.27 ppm), Leu13 CδH3 (-0.54 ppm), and Leu101 CδH3 (-1.19 ppm). The tryptophan side-chain signals are at the extreme
low-field edge of the spectrum. The shift of these methyl signals further to the high field with increasing pressure shows the compression
of the core part of the folded protein (general compression), whereas their intensity decrease with pressure shows that some fraction of the
folded protein undergoes unfolding (shift of equilibrium) with increasing pressure. Both effects are clearly distinguished but take place
simultaneously. The spectral change (both the shift and the intensity change) is fully reversible with pressure. Reprinted with permission
from ref 70. Copyright 2002 Elsevier, The Netherlands.
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globular protein P13MTCP1 at various pressures up to 3000
bar, and Figure 6 gives an example of two-dimensional15N/
1H heteronuclear single-quantum correlation spectroscopy
(HSQC) for 15N-uniformly labeled ubiquitin at various
pressures up to 3500 bar.

4. Probing Fluctuations within the Folded
Subensemble of Conformers

The use of pressure-coupled NMR experiments to probe
the folded ensemble of proteins has been pioneered with one-
dimensional proton NMR by Wagner and Morishima.6,7 The
recently developed NMR techniques to monitor pressure

effects on the protein structure at kilobar ranges using two-
or multidimensional NMR spectroscopy21,22,41,45have revo-
lutionalized the study of pressure effects on protein structure
and dynamics to the full versatility of modern heteronuclear
NMR spectroscopy.

4.1. Backbone Dynamics from Spin Relaxation
15N spin relaxation analysis on a15N-uniformly labeled

protein is a frequently used technique to probe rapid (pico-
nanosecond) internal dynamics of a polypeptide backbone.46

Because protein dynamics is generally sensitive to pressure,
there arises naturally a question if15N spin relaxation may
be useful to examine the effect of pressure on protein
dynamics. A few proteins47-50 have thus far been studied
with this technique to probe effects of pressure on spin
relaxation dynamics.

Figure 7 shows the superposition of15N relaxation rates
(R1 andR2) measured at 30 bar and 2 kbar for 41 protonated
backbone15NH of 15N-uniformly labeled bovine pancreatic
trypsin inhibitor (BPTI) in aqueous solution at pH 4.6 and
36 °C.47 BPTI remains fully folded at 2 kbar, and the
viscosity of water also remains similar between 30 bar and
2 kbar. Figure 7C shows that under this condition the Lipari
and Szabo order parameters46 remain unchanged in the range
of 0.8-1 at both pressures. This indicates that rapid internal
motions of individual NH vectors (,nanoseconds) are not
altered at all by pressure at 2 kbar. Similar results were
obtained for an isolatedR helix from bacteriorhodopsin in
an organic solvent, although at 2 kbar, the overall rotational
diffusion of the molecule slows down by 3-fold because of
the increase of viscosity.48 The result simply means that the
rapid internal motions (,nanoseconds) of NH vectors exhibit
no significant activation volumes.

If the compressibility also depends upon similar rapid
motions, the lack of change in the amplitude of fluctuation
as represented by the order parameters, through eq 1, would
predict that compressibility coefficientsâ should also be

Figure 6. Example showing the effect of pressure on the two-
dimensional NMR spectrum of a protein (15N-uniformly labeled
ubiquitin). Superimposed15N/1H HSQC spectra from 30 to 3500
bar at 20°C (black, 30 bar; light green, 500 bar; blue, 1000 bar;
pink, 1500 bar; brown, 2000 bar; green, 2500 bar; red, 3000 bar;
and purple, 3500 bar). Spectra were measured at a protein
concentration of 2.0 mM in 30 mM acetate buffer (95%1H2O/5%
2H2O at pH 4.5). The spectral change is fully reversible with
pressure.

Figure 7. Effect of pressure on rapid (nano-picosecond) dynamics of15N-uniformly labeled BPTI at a proton frequency of 750.13 MHz
at 36°C and pH 4.6. A, B, and C represent15N longitudinal (R1) and transverse (R2) relaxation rates and order parameter (S2) for individual
amide groups, respectively, at 30 bar (s) and 2 kbar (‚‚‚).47
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constant with the pressure at all sites. As we shall see below,
this prediction is supported by the linear pressure dependence
of amide1H and15N chemical shifts with pressure for BPTI
and the bacteriorhodopsin helix.

Rapid internal dynamics (,nanoseconds) do not vary by
pressure in globular proteins such as hamster prion49 and
ubiquitin,50 either. However, the slow dynamics (.nano-
seconds) are affected by pressure, showing that they involve
transition states with nonzero activation volumes.

4.2. Fluctuation from Pressure-Induced Shifts

4.2.1. Fluctuation in Hydrogen Bonds

Macroscopically, the isothermal compressibility coefficient
âT of a protein is related to the volume fluctuation through

eq 1,17 which predicts that a protein with a larger compress-
ibility is associated with a larger volume fluctuation. In
principle, macroscopic compressibility is expected to be
expressed in terms of microscopic compressibility, i.e.,
atom-atom distance changes per unit pressure, which may
be manifested in chemical-shift changes. Despite the fact that
spin relaxation shows minimal pressure-dependent changes
of rapid internal dynamics on pressure, chemical shifts are
quite sensitive to pressure22 (Figure 8). The low-field shifts
of amide15N and1H signals are attributable to the shortening
of N-H bond distances with increasing pressure, and the
available information indicates that the NH proton shift of a
few hertz at the1H resonance frequency of 750 MHz
corresponds to an average linear compression of the hydrogen
bond by as little as 0.001 Å.22

Figure 8. Effect of pressure on hydrogen bonds of BPTI.22 (A) Fingerprint (NH‚‚‚CRH) regions of the NOESY spectra of BPTI at 1 bar
(green) and 2000 bar (red), measured at 750 MHz at 36°C. The sample of BPTI was dissolved to a concentration of 10 mM in 200 mM
acetate-d3 buffer in 90%1H2O/10%2H2O at pH 4.6. (B) Histograms of pressure-induced1H chemical shifts for individual peptide NH (a)
and CR (b) at 36°C. (C) Cross-eyed stereoview of the backbone atoms with positions and directions of the NH bonds, derived from 20
NMR structures and drawn using MOLMOL. The NH bonds with the largest pressure shifts are in red; medium shifts are in yellow; and
very small shifts are in green. For more details, see ref 22.
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Surprisingly, the shifts are remarkably linear for all of the
amide protons of BPTI, indicating pressure-independent
compressibility at individual amide sites. This means from
eq 1 that the amplitude of volume fluctuation remains the
same for BPTI at 2 kbar as at 1 bar. The observed low-field
shifts correspond to a shortening of N-H distances by 0.1
Å or 1% averaged over all of the NH‚‚‚O hydrogen bonds
at 2 kbar.22 The linear pressure dependence is not necessarily
typical for globular proteins, as we shall see later. On the
other hand, the pressure-induced shifts are quite heteroge-
neous over the molecule in Figure 8, indicating heteroge-
neous compressibility of the individual hydrogen bonds. For
example, it predicts that the fluctuation is larger in the turn
region and in the peripheral regions of theâ sheet and the
helix than in the interior parts of theâ sheet and the
helix.22

15N and13C chemical shifts are more sensitive to pressure
than those of the1H in terms of relative shifts expressed in
parts per million. The15N pressure shift of the amide group
is expected to provide additional information, namely, the
fluctuation of torsion angles of the polypeptide backbone,
although the information is qualitative.51 An interesting
application of15N pressure shifts is that reported for15N-
labeled hen lysozyme, which showed abnormally large
pressure shifts for amide groups in regions surrounding
internal water molecules.52 This qualitatively indicates that
conformational fluctuation of the backbone is exceptionally
large in the vicinity of internal water molecules, suggesting

that buried water molecules are the sites of preferred internal
motions of a globular protein.

4.2.2. Fluctuation in Tertiary Structure

Pressure-induced shifts of side-chain protons are sensitive
probes for the general compression of the tertiary structure
of a globular protein.21 Williamson et al. developed a method
to calculate changes of coordinates under pressure based on
experimental1H pressure-induced shifts of amide and side-
chain protons and successfully applied it to hen lysozyme24

and BPTI.25 The changes of coordinates, although subtle,
represent microscopic structural and volume fluctuations of
these proteins taking place within the folded states of these
proteins. The results indicate that the compression is quite
heterogeneous over the folded molecule. In lysozyme at 2
kbar, theR domain is compressed but theâ domain is not,
in perfect agreement with the crystallographic study reported
earlier.19

Interestingly, the result arising from examining the loca-
tions of residues that have the largest changes in volume
shows that they occur close to the buried water molecules,
as predicted from15N pressure shifts.52 The volume changes
are both positive and negative depending upon the location,
demonstrating the heterogeneous fluctuation of the tertiary
structure.24,25 One of the most important implications from
the above results is that the buried water molecules are
preferred sites of conformational fluctuations in a folded
globular protein.

Figure 9. (Bottom) Experimental (black) and simulated (colored) ring proton signals of Tyr6. Line shapes of the Hε1,ε2 resonance(s) of
Tyr6 were fitted with WinDNMR (A) at various temperatures at a constant pressure (30 bar) and (B) at various pressures at a constant
temperature (275 K). (Top) Structure of HPr fromS. carnosus. All of the aromatic rings are shown, with NOE contacts of the hydroxyl
proton of Tyr6. See ref 58 for more details.
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4.2.3. Time Range of Fluctuations Sensed by
Pressure-Induced Shifts

The range of frequency involved in the volume fluctuation
is also a question of interest. The time range of pressure-
dependent fluctuations can be slow, as long as seconds or
even minutes, because the shift measurements are done in
minutes and hours. However, NMR signals for folded BPTI
showed sharp homogeneous Lorentzian lines at all pressures
investigated, as if all of the interatomic distances were fixed.
This is not true. The sharp lines only mean that any chemical-
shift dispersion corresponding to intreratomic distance
distributions are time-averaged nearly completely by con-
formational fluctuations. How rapid can the fluctuations be?
The lower limit of the fluctuation rates is the minimum
frequency required to average out chemical-shift dispersion;
for example, if the chemical-shift dispersion is∼0.05-1
ppm, fluctuations should occur well within micro-
milliseconds for the sharp peak to be observed.

4.3. Infrequent Fluctuation of the Core Revealed
from Ring-Flip Motions

There are cases, however, that fluctuations are much more
infrequent than described above. The presence of infrequent
(∼101-106 s-1) fluctuations was demonstrated within the
core of a globular protein first by one-dimensional NMR by
Wagner in BPTI6,53-55 and later by two-dimensional NMR
by Li et al.26 Slow ring flips of Tyr and Phe residues are
present, and they are significantly retarded by pressure.
Generally, slowly flipping ring systems are seldom observed
in proteins because the flip must be hindered considerably
by the atoms located above and below the ring plane. Since
the first discovery in 1976 up to present, only a few examples
of slow ring flips have been described in the literature and
analyzed in details, including BPTI, cytochromec,56,57 and
HPr.58

HPr from Staphylococcus carnosusis an 88-residue
phosphocarrier protein with no disulfide bonds. One tyrosine
(Tyr6) undergoes a very slow ring flip, the pressure and
temperature dependence of which was studied in detail using
the on-line cell high-pressure NMR technique over a pressure
range from 3 to 200 MPa and a temperature range from 257
to 313 K (Figure 9).58 The ring of Tyr6 is buried, sandwiched
between aâ sheet andR helices (the water-accessible area
is less than 0.26 nm2), with its hydroxyl proton being
involved in an internal hydrogen bond with several sur-
rounding residues. The ring flip rates on the order of∼101-
105 s-1 were determined from the NMR line-shape analysis
of Hδ1,δ2 and Hε1,ε2 of Tyr6, giving an activation volume
∆Vq of 0.044( 0.008 nm3 (27( 3 mL mol-1), an activation
enthalpy∆Hq of 89( 10 kJ mol-1, and an activation entropy
∆Sq of 16 ( 2 J K-1 mol-1. The ∆Vq value found for HPr
(27 ( 3 mL/mol) falls within the relatively small range of
28-51 mL/mol found for the aromatic residues of BPTI.
This observation fits well with the notion that the flip requires
a minimum common space or cavity to be created around
the ring. This extra space must be created as a result of
cooperative thermal fluctuations of atoms surrounding the
ring, occurring infrequently (103-105 s-1) at ambient pres-
sure. This model appears to be consistent with the dynamic
nature of cavity formation59 or a long-cherished mobile defect
model such that water occasionally penetrates into the core
of the protein,60,61 used to interpret the phenomena of
hydrogen exchange of an internal amide group with the bulk

water or the phenomena of fluorescence quenching of an
internal Trp residue by external ions.

4.4. Fluctuation Involving Low-Lying Excited
States (from Nonlinear Pressure Shifts)

The chemical shift is one of the most sensitive probes for
pressure-induced conformational changes within the folded
manifold for which1H and 15N shifts can be followed for

Figure 10. Plot of chemical shifts of selected amide protons (HN)
(A and B) and amide nitrogens (15N) (C and D) of the Ras-binding
domain of the Ral guanine nucleotide dissociation stimulator (Ral
GDS) as a function of the pressure, showing distinct nonlinearity
against pressure.62 The experimental conditions are as follows: 1.2
mM 15N-labeled RalGDS-RBD, 15 mM Tris-HCl buffer, 150 mM
NaCl, and 10 mM DTE at pH 7.3 and 25°C.

Probing Conformational Fluctuation of Proteins Chemical Reviews, 2006, Vol. 106, No. 5 1823



individual amide groups (Figure 10). One of the interesting
points here is that chemical shifts are quite linear for some
proteins but distinctly nonlinear for other proteins.62 An
estimation of linearity and nonlinearity of chemical-shift
changes with pressure is derived from least-squares fits of
experimental data for individual1H and 15N signals to the
following equation

wherep is the pressure (bars),δi is the chemical shift (parts
per million) for theith residue,ai (parts per million) is the
chemical shift at 1 bar, andbi (parts per million per bar)
andci (parts per million per square bars) are the first- and
second-order coefficients in the pressure dependence of

chemical shifts.62 In Figure 11A, averaged values ofbi and
ci are plotted for eight individual proteins. It shows that
averaged absolute values ofbi (representing linear response
to pressure, gray columns) do not vary much among different
proteins but averaged absolute values ofci (representing
nonlinear response to pressure, black columns) vary enor-
mously among proteins.

In Figure 11B, the averaged absolute values of the second-
order coefficientci of 1H N pressure shifts are plotted against
the density of cavities (larger than 20 Å3) for the eight
different proteins with a varying function from the protease
inhibitor to signal-transaction protein. The excellent correla-
tion seems to suggest that cavities large enough to hold water
molecules are the major cause of nonlinearity with increasing
pressure. The likely interpretation is that many proteins have

Figure 11. Nonlinearity-cavity relationship.62 (A) Histograms of the mean of the absolute values of the second-order coefficientci (filled
columns) and the first-order coefficientbi (dotted columns) in eq 7 for1H N in eight globular proteins. (B) Plot of the mean absolute values
of the second-order coefficientci of 1H N pressure shifts versus the density of cavities (the total cavity volume divided by the number of
amino acid residues) for the eight proteins. Cavity volumes of>20 Å3 are employed (calculated by GRASP using PDB coordinates). Note
that the vertical scale forci is corrected from that of Figure 3 in ref 62.

δi ) ai + bi p + ci p2 (7)
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low-lying excited states with partially hydrated cavities close
to the level of the basic folded state and that these states are
increasingly populated with increasing pressure because of
their smaller partial molar volumes compared to that of the
basic folded (ground) state. The limit of pressure to 2 kbar
in Figure 10 fails to tell us whether the low-lying excited
states form continuum or discrete levels for individual cases,
although both cases are likely. One example for the presence
of a discrete excited state conformer will be shown in section
5.5.

5. Probing Fluctuations Involving Transitions to
Higher Energy Conformers

Larger conformational fluctuations leading to unfolding
take place coupled with pressure and the negative∆V in eq
4. The use of pressure-coupled NMR experiments to probe
protein unfolding has been pioneered with one-dimensional
proton NMR by Jonas.8,9 The recently developed NMR
techniques, however, to monitor pressure effects on protein
structure at kilobar ranges using two- or multidimensional
NMR spectroscopy21,22,42,45have revolutionalized the study
of pressure effects on protein structure and dynamics to the
full versatility of modern heteronuclear NMR spectroscopy.

5.1. Probing Fluctuations in a Wider
Conformational Space sThe Underlying Principle

In many globular proteins, we find that as we apply
pressure to the basic folded conformer, the15N/1H two-
dimensional NMR spectrum undergoes a series of changes,
showing that some intermediately folded conformers appear
prior to full unfolding (Figure 12a). The analysis indicates
that the protein undergoes conformational changes through
a series of conformers, for example, N-I-MG-U in
apomyoglobin, with increasing pressure63 (Figure 12b). The
N-I-MG-U sequence shows the decreasing order of
conformation (i.e., tertiary structure). Through eq 4, the result
suggests the notion thatthe partial molarVolume of a protein
decreases in parallel with the decrease of the conformational
order. The generality of this notion has been confirmed
experimentally in many globular proteins, leading us to call
it the “volume theorem of protein”.63 The theorem provides
a guiding principle to experimentalists when exploring the
multiple conformational nature of a globular protein with
variable-pressure perturbation.

The decrease in volume upon a loss of conformational
order may occur either by releasing intramolecular voids (i.e.,
cavities) or by contraction of the solvent near the newly

Figure 12. Illustration of the reversible conformational change of apomyoglobin with pressure. (a) Nearly reversible change of15N/1H
HSQC spectra of15N-uniformly labeled apomyoglobin. (b) Schematic representation of representative conformers dominant at various
pressures. The thin lines represent disordered or unfolded regions of the polypeptide chain, while the ribbons represent the folded parts.
Reprinted with permission from ref 63. Copyright 2002 Elsevier, The Netherlands.
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exposed protein surface. Both contributions are important,
but the contribution of the latter is highly temperature-
dependent and may change sign at high temperature. On the
other hand, the former contribution is consistent over the
temperature range of interest and is likely to play a significant
part in the volume change (∆V) of globular proteins.64 The
experimentally determined volume changes of unfolding for
the mutants ofStaphylococcalnuclease suggest that the loss
of internal void volume upon unfolding represents the major
contribution to the volume change (∆V). A clear example
was for the c-Myb R2 domain, in which filing a cavity by
mutation dramatically decreased the volume change upon
unfolding.65 The significance of cavity contribution to the
volume change (∆V) has also been shown by statistical
mechanical calculation of volume changes associated with
the helix-coil transition.66 Thus, the loss of the secondary
and tertiary structures may both contribute to the loss of the
volume of a globular protein.

5.2. Application to Globular Proteins
In many cases, excursion to a largely different conformer

located higher in the energy landscape is slow on the NMR
time scale, giving separate cross-peaks in the two-dimen-
sional spectra such as15N/1H HSQC. In this case, elucidation
of conformational stability can be made on the basis of the
signal intensities of individual cross-peaks as a function of
pressure, giving residue-specific∆G values by application
of eqs 3 and 4. Often, a group of peaks decrease their
intensities concertedly in a relatively low-pressure range,
while the rest of the peaks remain intact, showing local
denaturation or local unfolding.67 In general, the pressure
stabilities may differ among the individual cross-peaks,
giving heterogeneous∆G° values along the polypeptide
chain. The resultant∆G° values extrapolated to 1 bar for
individual residues depict residue-specific stabilities at 1 bar.

An example is shown for hamster prion protein in Figure
13.68 The lower stabilities of cross-peaks for selected regions

Figure 13. Conformational fluctuation in hamster prion.68 (Upper left)15N/1H HSQC spectra as functions of the pressure and temperature.
(Upper right) Stability of individual amide groups as a function of the pressure (a and b) and at 1 bar (c). Sites for causal mutations (d).
(Below) Proposed conformational equilibrium of hamster prion (disordered regions are in red).
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of the molecule (red curves) are apparent, which correspond
to the b and c helices. The result suggests that an intermediate
conformer with local disorder in the b and c helices coexists
at a population of∼1% with the dominant folded conformer
under physiological conditions (at 1 bar). Furthermore, the
onset of complete unfolding at all residue sites is recognized
at the extreme pressure (2.5 kbar), suggesting a coexistence
of a much lower fraction of the fully unfolded conformer at
1 bar. This example shows that one can “scan” the entire
allowed energy landscape of the hamster prion protein with
high-pressure NMR by varying pressure within a relatively
small range (from∼1 to a few kbar).

Variable-pressure NMR experiments have been performed
in many proteins including hamster prion,68 â-lactoglobulin,69

apomyoglobhin,63 P13MTCP1,70 ubiquitin,71 and dihydrofolate
reductase,72 most of which exhibit transitions to intermediate
conformers (I, N2, and/or MG) and further to totally unfolded
conformers (U), some results of which are shown in Figure
14.73 Note that all of the non-N structures depicted in Figure
14 are qualitative in that coordinates of N are used in which
the unordered parts are colored. It is important to note that
all of the transitions are reversible, implying that all of the
structures are in equilibrium not only at high pressure but
also at ambient pressure. These non-N conformers are hidden

Figure 14. Conformational fluctuations in several globular proteins revealed from high-pressure NMR, which extends from N to U.
Abbrevations: the basic folded conformer (N or N1), alternately folded conformer (N2), intermediate conformer (I), molten globule (MG),
and totally unfolded conformer (U). Note that the structures of N2, I, MG, and U are qualitatively drawn by representing the disordered/
unstructured regions in thin red lines on the known basic folded structures (crystal structures). (A) Ras-binding domain of the Ral guanine
nucleotide dissociation stimulator.67 (B) â-Lactoglobulin.69 (C) Syrian hamster prion protein rPrP(90-231).68 (D) Ubiquitin.71 (E) Sperm
whale apomyoglobin.63 (F) Hen lysozyme. Reprinted with permission from ref 73. Copyright 2004 Elsevier, The Netherlands.
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at ambient pressure, but their presence is disclosed under
variable pressure. They constitute an important component
of the structural fluctuations of globular proteins and occur
among substates differing in free energy. The uniqueness of
their structures along with their populations suggests that
they are likely the result of evolutionary pressure. If this
hypothesis is correct, it should be crucially important to
disclose their presence and characterize in detail their
structures and populations under physiological conditions.
Herein resides the utility of experiments on the pressure axis,
particularly, that of variable-pressure NMR.

The conformational fluctuation involving different con-
formational order and energy can be best described using
an energy landscape,74 the vertical axis of which is parallel
to the conformational order. In ubiquitin, Kitahara et al.
studied structures and populations of all of the subensembles
of conformers, N, N1, N2, I, and U, by variable-pressure
NMR. These conformers are placed in decreasing confor-
mational order on the vertical axis of the hypothetical energy
landscape in Figure 15, drawn for the condition (pH 4.5 and
0 °C). From the volume theorem, the vertical axis is
considered parallel also to the partial molar volume of the
protein.

The simultaneous use of pressure and temperature per-
turbations is often useful to extend the conformational space
covered by the experiment. Because the freezing point of
water is-21 °C at 2 kbar, pressure can be used to observe
cold denaturation of most proteins relatively easily if the low
temperature range is utilized simultaneously with pressure
perturbation. After the initiation by Jonas in hen lysozyme,75

cold-induced denaturation has been used in several proteins,
including prion,49 HPr,58 and ubiquitin,71 to widen the
conformational space covered.

A modest range of pressure (within a few tens of bars)
has been used to prepare reverse micelles in low-viscosity

organic solvents,76 with a purpose of extending the NMR
study to higher molecular-weight proteins, which tend to
tumble slowly. In this approach, a protein is encapsulated
into the water cavity formed by a reversed micelle that in
turn can be dissolved in nonpolar low-viscosity solvents such
as propane and ethane. Using the same technique, the
freezing point of water can be made even lower than-21
°C, which may make it even easier to extend the conforma-
tional space of a protein available to spectroscopy, as shown
for ubiquitin by Wand et al.77

5.3. Kinetic Studies Using Pressure
Information on transition states associated with confor-

mational changes can only be obtained from kinetic experi-
ments. In particular,actiVationVolumeis crucially important
in assessing the conformation of a protein in the transition
state, which can be obtained by kinetic experiments under
variable pressure. To study the pressure effect on rapid
folding kinetics (in ∼milli -seconds), one can perform
stopped-flow measurements under variable pressure with
fluorescence, infrared absorption, and X-ray scattering as
monitor.78,79 Folding or unfolding initiated by the pressure
jump is another way to study the kinetic process of folding
and unfolding.

One should note that a momentary temperature change
results in a pressure jump because of adiabatic compression
or expansion. For a two-state transition, however, this is
avoided by carrying out small pressure jumps required to
remain in the relaxation limit, giving only a small instanta-
neous change in temperature. Moreover, a common observa-
tion is that, while the unfolding and refolding transitions are
quite fast (milli-second time scales) at atmospheric pressure,
the relaxation profiles at high pressure often span time scales
of minutes to hours. This is due to positive activation
volumes for folding and/or unfolding reactions and allows
for the use of NMR to monitor the pressure-induced folding
or unfolding reaction with real time. Pressure-jump one- and
two-dimensional NMR spectroscopy has been applied to
study the unfolding of P13MTCP1 (Figure 16),70 which allows
one to monitor the conformational transition at individual
amino acid sites.

5.4. Close Identity of Kinetic Intermediates with
Equilibrium Intermediates Stabilized by Pressure

Our understanding of the result of high-pressure NMR like
that given in Figure 14 is that a protein exists in solution
fluctuating among different conformers from the basic folded
conformer (frequently called N) and the totally unfolded
conformer (U). In other words, the protein is undergoing
folding and unfolding repeatedly even under physiological
conditions at 1 bar. This concept immediately leads to the
notion that the experiment with decreasing pressure mimics
the folding process from U to N. The conformers appearing
on the way from U to N may be considered to be folding
intermediates.

Figure 17 shows schematically a folding funnel represent-
ing the entire available conformational space with ubiquitin
at pH 4.5 and 20°C as an example. The vertical axis of the
funnel represents the free energy of a solvated single
ubiquitin molecule (increasing upward), which also repre-
sents the conformational order of the polypeptide chain
(increasing downward), whereas the horizontal scale repre-
sents the conformational entropy of ubiquitin.15 A kinetic

Figure 15. Conformational fluctuations of ubiqution among
conformers N2, I, MG, and U (revealed by variable-pressure
NMR71) expressed on the hypothetical energy landscape. The
conformers detected by variable-pressure NMR are arranged in the
order of decreasing conformational order as well as in partial molar
volume: N1 > N2 > I > U. Ribbon model (in gray) for the folded
part, ribbon model (in purple) for the distorted part, and wire model
(in red) for the unfolded part.
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Figure 16. Pressure-jump unfolding of P13MTCP1 monitored by one-dimensional1H (top) and two-dimensional15N/1H HSQC (bottom)
NMR spectral changes. Pressure was jumped from 30 bar to 3 kbar. Reproduced from ref 70.
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folding experiment is initiated by suddenly placing the entire
ensemble of protein molecules close to the top of the folding
funnel under the condition for folding (Figure 17b, far left).
Then, the folding process is essentially a process of
redistributing the ensemble over this basically funnel-shaped
energy landscape. On average, molecules go downward on
the funnel until an equilibrium population distribution is
reached under the chosen condition. During this process,
some molecules may be trapped transiently in a trough
forming transient intermediates (Figure 17b, second from the
left).

On the other hand, a variable-pressure experiment starts
where the equilibrium population distribution is reached on
the same landscape (Figure 17a, far right). Applying pressure
under isothermal conditions is to redistribute the ensemble
on the funnel until it reaches a new equilibrium of population
defined by eq 3. A new equilibrium is reached at the applied
pressure in favor of lower volume conformers mainly through
the p∆V° term of eq 4 under isothermal conditions. Because
of the proposed parallelism between the volume and con-
formational order (the vertical axis of Figure 17), the new
equilibrium would have a new population distribution on the
funnel such that more populations are found on the upper
part of the funnel, Figure 17a (middle), than in Figure 17a
(right). In the limiting high pressure, the distribution may
reach Figure 17a (left). In contrast to the kinetic experiment,
in the equilibrium pressure experiment, intermediates can
be trapped stably for any length of time (hours and even

days), thereby allowing two- or multidimensional NMR data
acquisition necessary for detailed structural analysis of the
trapped intermediates. It is to be emphasized that, in contrast
to temperature and chemical perturbations such as pH or
denaturants, which may completely alter the energy land-
scape and could even reverse the bottom against the top,
perturbation by pressure is much more subtle energetically.
This would leave the energy landscape much less altered,
as schematically depicted in Figure 17a, in the variable-
pressure experiment as long as we work in a relatively low-
pressure range within a few kilobars. This makes the
variable-pressure NMR a particularly useful technique to
study structures of kinetic intermediates in protein folding
in detail. The effect of pressure on the energy landscape of
the protein, however, is still an open issue to be examined
in detail, particularly with respect to the effect of hydration.

5.5. NMR “Snapshots” of a Fluctuating Protein
Structure

In Figure 14, only qualitative structures are shown for all
of the non-N structures in dynamic equilibrium with the basic
folded conformer N, while the structures of N are expressed
in the atomic coordinate by X-ray crystallography or NMR
in solution. Is it possible to express the structures of non-N
conformers also in atomic coordinates?

The high-pressure15N/1H (HSQC) two-dimensional NMR
experiments carried out for ubiquitin at pH 4.6 and 20°C in

Figure 17. Concept of the equilibrium pressure experiment (a) versus the concept of the kinetic-folding experiment (b), carried out under
closely identical solution conditions.71 The vertical axis of the funnel represents the internal energy of a hydrated protein molecule (increasing
upward), i.e., a free energy of a single protein molecule, parallel to the conformational order of a polypeptide chain (increasing downward).
The horizontal scale represents conformational entropy. The density of dots at each position in the funnel represents either the equilibrium
population of the protein molecule under pressure (green) or a transiently occupying population at a certain time after commencement of
the folding experiment (red). Protein structures are drawn with WebLab VIEWERLITE 3.2, with the red color representing highly disordered
segments.
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a wide pressure range from 30 bar to 3.5 kbar showed large
and reversible nonlinear1H and15N pressure shifts for several
backbone amide groups (Figure 6).80 A number of signals
exhibit sigmoidal changes with pressure, depicting an overall
two-state character of the transition. We have concluded that
the protein exists in rapid (k12, k21 . 103 s-1) equilibrium
between two major conformers N1 and N2, namely

in which N1 is dominant at 1 bar (∼85% calculated from
the stability difference∆G° of 4.2 kJ/mol), but N2 is more

populated at 3 kbar (∼77%) because of the smaller partial
molar volume (∆V° of -24 mL/mol). This demonstrates the
case that a protein undergoes a large-scale motion between
2-folded conformers with distinctly different partial molar
volumes and free energies (cf. Figure 15).

Can the structure of N2 be described in average coordi-
nates? NMR experiments were performed for ubiquitin (10
mM at pH 4.6 and 20°C) under pressure at 3 kbar as well
as at 30 bar, and more than 1000 NOE distance constraints
and more than 40 torsion angle constraints were obtained,
which were used to calculate average coordinates at both
pressures. The result reveals clearly a large difference in
structures of ubiquitin at two pressures, with the helix
swinging in and out by>3 Å with a simultaneous reorienta-

Figure 18. NMR snapshots (stereopairs) of fluctuating ubiquitin
(pH 4.6 and 20°C). (A) Snapshot at 30 bar (PDB accession number
1V80). (B) Snapshot at 3 kbar (PDB accession number 1V81). Both
are shown in 10 energy-minimized structures (R helices, red;â
strands, yellow; others, blue). (C) Superposition of the snapshots
at 30 bar (blue) and 3 kbar (red), each represented by an average
of 10 convergent structures. Reprinted with permission from ref
80. Copyright 2005 Elsevier, The Netherlands.

N1 {\}
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k21
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Figure 19. Molecular surface of ubiquitin at 30 bar (a) and 3 kbar
(b), calculated for selected energy-minimized structures using
GRASP with a probe radius of 1.4 Å. Reprinted with permission
from ref 80. Copyright 2005 Elsevier, The Netherlands.

Figure 20. Experimentally determined rate constantsk12 (b) and
k21 (O) for the conformational transition between N1 and N2 (eq 8)
as a function of the pressure. The symbolsk0 andkp represent the
rate constant (k12 or k21) at 30 bar (kc12 ) 0.72× 105 s-11, kc21 )
4.12× 105 s-11) and the rate constant at pressurep, respectively.
The slopes give activation volumes∆V12

q (-4.2 ( 3.2 mL/mol)
and ∆V21

q (18.5 ( 3.0 mL/mol) for the transition from N1 to N2
and from N2 to N1 (defined in the inset), respectively. (Inset)V1,
V2, and Vq represent partial molar volumes of N1, N2, and the
transition-state conformer, respectively. Reprinted with permission
from ref 80. Copyright 2005 Elsevier, The Netherlands.
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Figure 21. Self-assembly and pressure dissociation of disulfide-deficient hen lysozyme (0SS) monitored by15N/1H HSQC spectra. Dissociation
and association can be repeated by pressurization at 2 kbar and depressurization at 1 bar. The assembly is formed in a time span of a day,
and the equilibrium is characterized with a negative Gibbs energy for association of-23.3 ( 0.8 kJ mol-1 (in a monomer unit) and a
positive volume change of 52.7( 11.3 mL mol-1 (in a monomer unit) upon association. Reprinted with permission from ref 82. Copyright
2004 Elsevier, The Netherlands.
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tion of the C-terminal segment. The structures at 30 bar and
at 3 kbar are considered to closely represent two structures
N1 and N2 of ubiquitin. The stereopairs shown in Figure 18
represent the first “NMR snapshots” of a fluctuating protein
structure at atomic resolution.

Figure 19 shows the molecular surface of the protein at
30 bar (A) and at 3 kbar (B), as calculated by GRASP with
a probe radius of 1.4 Å, and shows a partial opening of the
core part and the increase of the molecular surface of the
protein by about 5% at 3 kbar (∼N2) relative to that at 30
bar (∼N1). The previous observation of a significant decrease
in partial molar volume (∆V° ) -24 mL/mol) in going from
the low-pressure conformer N1 to the high-pressure con-
former N2 is totally consistent with the structural change
depicted in Figure 18.

Although conformational fluctuations have been consid-
ered to be essential for protein function, visualization of
actual shape changes for these fluctuations has seldom been
performed experimentally. As seen above, pressure perturba-
tion combined with NMR structure determination can achieve
this goal. The method is general and can, in principle, be
applied to any globular proteins, provided that the spectral
resolution and the signal-to-noise ratio are sufficient. In
essence, applying high pressure causes a shift of population
from a higher volume (more ordered) conformer to a lower
volume (less ordered) conformer. Likewise, lowering pres-
sure causes a shift of the population from the lower volume
conformer to the higher volume conformer. In other words,
pressure is used to amplify and trap the fluctuating conformer
and NMR is used to analyze its structure in atomic detail.

How fast is the fluctuation between N1 and N2? Transverse
spin relaxation analysis showed that this fluctuation occurs
in the 10µs time range and is pressure-dependent, with the
activation volumes being-4.2 ( 3.2 and 18.5( 3.0 mL/
mol for the “closed-to-open” and the “open-to-closed”
transitions, respectively (Figure 20). The difference (∆∆Vq

) ∆V12
q - ∆V21

q ) -22.7 mL/mol) is consistent with the
partial molar volume difference between the N1 and N2

conformers∆V°21 () -24 mL/mol) determined previously
from equilibrium experiments. The result shows that the
transition state has a volume closer to N1, whereas a relatively
large volume increase (∆V21

q ) 18.5 ( 3.0 mL/mol) is
required to reach the transition state from N2. This is totally
consistent with the open, hydrated character of the N2

conformer as depicted in Figure 19. The open surface in N2

might facilitate the interaction with enzymes by providing a
binding platform for them. The large amplitude fluctuation
depicted in Figure 18 is likely to be an intrinsic, evolution-
arily selected property crucial for the function of ubiquitin.

6. Fluctuations Involving Self-Association

It has long been known that pressure leads to the
dissociation of folded protein oligomers, with one good
example being F actin.81 More recently, the technique has
been extended to the study of the self-assembly of denatured
proteins, which are subjects of great interest in light of their
relevance to aggregation of denatured proteins in general and
specifically in amyloid fibril formation.

An intrinsically unfolded protein (U), represented by a
disulfide-deficient variant (0SS) of hen lysozyme with no
tertiary structure, self-assembles to a form rich inâ structure
under a mildly acidic condition containing NaCl.82 The self-
assembly turns out to be amyloid protofibrils, which grow

into long fibrils over several months. Interestingly, this
assembly is found to undergo complete dissociation by
pressure in the range of a few kilobars but reassociates at
ambient pressure (Figure 21), showing that the self-assembly
is in equilibrium with monomeric species and, therefore, that
in a wide sense the association-dissociation phenomenon
may also be considered to be part of the conformational
fluctuation of this protein. For the assembly formed in a time

Figure 22. Time-dependent dissociation of disulfide-deficient hen
lysozyme (0SS) by pressure at 2 kbar. (A)1H NMR spectra as a
function of the time elapsed after application of 2 kbar of pressure.
(B) Plot of the intensity of the methyl1H peak at∼0.9 ppm against
the time elapsed at 2 kbar of pressure. Reprinted with permission
from ref 83. Copyright 2005 Elsevier, The Netherlands.
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span of a day, the equilibrium is characterized with a negative
Gibbs energy for association of-23.3( 0.8 kJ mol-1 (in a
monomer unit) and a positive volume change of 52.7( 11.3
mL mol-1 (in a monomer unit) upon association.

This result indicates that a seemingly irreversible aggrega-
tion reaction can be shown to be reversible and the
thermodynamic parameters governing the equilibrium can
be determined by using pressure as perturbation. Even the
kinetics of the dissociation and association reaction can
be studied relatively easily using pressure. Figure 22 shows
the time-dependent dissociation process of the amyloid
protofibrils of 0SS on the1H NMR spectrum upon a pressure
jump from 30 bar to 2 kbar.83 The reassociation process upon
a pressure jump down can also be followed with the same
technique.

7. Conclusion

Pressure represents an energetically mild perturbation
compared to temperature and chemical changes and is quite
effective in “amplifying” the intrinsic fluctuations in proteins
by acting on the volumes of component conformers. Pressure
perturbation reveals new information on protein fluctuations,
including their structure, thermodynamics, and kinetics,
which, collectively, are central to the modern understanding
of protein dynamics. The combination of pressure perturba-
tion with NMR has a special position in pressure studies of
proteins, because of the extremely high spatial resolution
attainable with modern multidimensional instrumentation and
versatile pulse sequences. Pressure perturbation is particularly
useful in sliding the spectroscopic observation window to
reveal slow, rare, and large-amplitude motions that have
hitherto been neglected, undetected, or overlooked in experi-
ments based on other perturbations. Available information
indicates that these rare motions can be crucially important
in protein function and malfunction and are likely to be
evolutionarily selected and encoded in the DNA.
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