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1. Introduction

Protein molecules, linear polymers of amino acids con-
nected by peptide bonds, have through tiieéindy 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.

*To whom correspondence should be addressed. Telephone: 81-736-77- Thi_s mo_tility is E_i I_(ey to protein func_tion, Qnd to unders_tand
0345, ext. 4110. Fax: 81-736-77-4754. E-mail: akasaka8@spring8.or.jp. the biological activity of proteins, their static structure given
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by X-ray crystallographic coordinates must be augmented became a subject of interest, and the f#dt phase diagram

by the dynamic structure evident from biochemical and on protein denaturation was presented by Keizo Suzuki in
spectroscopic measurements in solution. Beside other tech-1960# followed by determination of more rigorol®—T
niques, circular dichroism (CD), fluorescence, Fourier trans- diagrams in 1970s by various workers in the U.S.A. using
form infrared spectroscopy (FTIR), nuclear magnetic reso- UV difference spectroscopy, fluorescence,, in 1980s, also
nance (NMR) spectroscopy, and molecular dynamics vibrational spectroscopy, and, more recently, small angle
calculation are favored by protein researchers to elucidate X-ray scattering (SAXS) and NMR. In addition to thermo-
protein dynamics in solution, often with external perturba- dynamic interest, the use of pressure perturbation to study
tions or jump methods. Among these, NMR is unique in that conformational dynamics in proteins has gradually increased
it can give residue-specific or atomic-detailed information during the past decades using site-specific probes such as
under favorable conditions where modern multidimensional Trp fluorescencé, NMR spectroscop¥,1° and FTIR spec-
techniques are applicable. NMR spin relaxation is employed troscopy*' Within the past decade, in particular, there has
frequently for assessing rapid fluctuations in protein structure. been a dramatic increase in the literature reporting high-
However, it is limited in applicable time range and usually pressure studies of proteins. This is due not only to advances
lacks structural information associated with fluctuation. in recombinant techniques for producing proteins and to

Apart from rapid fluctuations of atoms anticipated in any increased interest in the dynamic aspects of the protein
molecules in solution, proteins are also endowed with slow Structure and function but also to the development of new
conformational fluctuations involving concerted motions of techniques such as high-pressure. NMR and molecular
some atoms. Slow fluctuations or rare events in protein dynamics. Following the pioneering but limited range of
conformational dynamics are much less studied but could Works by Wagner and Morishinfd, Jonas et al. extended
be decisively important in protein function, because they are the use of high-pressure NMR to a wider range of targets
more likely to be evolutionally designed. In other words, including protein denaturation, |ntermed|ate structures, and
the information is presumably encoded in the sequence 0]c_cold _denaturf_;m_oﬁ? In recent years, interest has increased
the DNA and therefore of the protein. Although evidence N using multidimensional NMR spectroscopy for pressure
for slow fluctuations of proteins has been obtained in solution Studies, because of its exceptionally high content in structural
from experiments such as NMR-detected hydrogen exchangdhformation: 02 _ _
rate measurements, they do not directly give structural This review focuses on recent developments in protein
information on rare conformers, i.e., how the average dynamics using NMR spectroscopy along with pressure
structure is “deformed” in the fluctuation. To gain direct Perturbation. The basic dynamic concept of proteins dis-
information on the conformational excursions associated with CUssed here shares much with that by Frauenfelder &t al.,
internal motions, one must amplify the fluctuations in such Which is primarily based on experiments on myoglobin using
a way that the “deformed” structure is sufficiently populated @bsorption and FTIR spectroscopy, along with pressure and
to be detected by spectroscopic means. Temperature andéMmperature perturbations. The recent development of high-
chemical perturbations, including pH, ionic strength, denatur- esolution, multidimensional, variable-pressure NMR spec-
ing agent, etc., are commonly employed for this purpose. roscopy with pressure-resistive cell techniqtfédhowever,
Thermodynamic aspects of temperature perturbation to has expanded the target proteins, the conformational space,
protein structures are well-establisiediving a basis for ~ and the frequency of motion to be studied by pressure
understanding how and why temperature affects global _perturbatlon to mugh wider ranges. Sections 2 and 3 are
conformational equilibria of proteins. Chemical perturbations intended to acquaint the reader with the methodology.
such as pH and denaturants are also used frequentlySections 46 explore a broad range of applications of
However, many fluctuation “deformations” separated by Pressure perturbation, with specific examples rather than
small energy differences will be too strongly affected by €xhaustive iterations. For earlier reviews on protein structure
temperature or chemical perturbation and are likely to be @nd dynamics reported from high- or variable-pressure NMR
overlooked. studies, the reader is referred to Jdfamd Akasaka®

Pressure is a fundamental thermodynamic variable for . For the pressure unit, either MPa or bar is used, whichever

defining protein conformational staté# protein in solution is convenient (1 bar= 10> Pa= 0.9869 atm).
enerally equilibrates among multiple conformational sub- . . .
gtates, éliff(gring in partial m%lar vc?lume. Pressure affects 2. Basic Rules Governing Pressure and Proteins
conformational equilibria through volume differences, in )
contrast to temperature and chemical changes, which pertur2-1. Response of a Protein to Pressure
conformational equilibria through heat capacity differences.  Tne effective volume of a protein molecule in an aqueous
Molar volume differences associated with conformation are enyironment (including the contribution from hydration) is
relatively large for macromolecules, including proteins. yepresented by the partial specific or partial molar volume,
Pressure provides a simple, clean, and efficient means ofyecause the volume of the protein and that of water is
shifting the population distribution among fluctuating con- jnseparable. A greatly simplified view of the fluctuation of
formers of a protein and increasing the population of an g partial molar volume of a protein shown in Figure 1 may
otherwise rare conformer (by a few orders of magnitude in help understand qualitatively what is expected to happen to
favorable cases). The conformer may then be amenable tqyotein structures under pressitaie may consider two
spectroscopic observation and gnaly3|s within the relatively categories of volume fluctuation for a protein system in
mild pressure range of a few kilobars. solution: category (A), the fluctuation within a subensemble
The recognition of a strong effect of pressure on the protein of the conformer (e.g., the folded conformer); and category
conformation dates back to the early 20th century when (B), the fluctuation between different subensembles of
Bridgman showed that egg albumen coagulates completelyconformers characterized with different free-energy levels.
at pressures of 700 MP&ressure denaturation of proteins Under pressure, the partial molar volume of the protein
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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.
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—

Akasaka

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 lysozyfrend then
to myoglobin?® 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
spectroscopyt-??Compression of the secondary and tertiary
structures is manifested in pressure-induéeldchemical
shifts of the amide and side-chain protdAsyhich are
converted to interproton distance changfes’ or in pressure-
induced changes ifH NOE?¢ directly giving changes in
interproton distances. Again, the results give heterogeneous

system may become smaller through the combination of thesecompression involving local expansion. Because NMR

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

measurement takes time (minutes, hours, or days), pressure-
induced shifts should in practice include contributions from
all slow equilibrium responses of the protein structure.

Frauenfelder et al. discussed earlier as elastic and confor-

mational pressure effects, respectively.

2.2. General Compression within a Subensemble
of Conformers

In a simple case where fluctuation takes place within a

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

single subensemble, e.g., the basic folded subensemble Nsubensemble N and an intermediately folded subensemble

(Figure 1A), the mean-square fluctuation of the volume of a
protein [[6V)2] is intimately related to the isothermal
compressibility V) of the protein through the relation

[QOV)*0= VKT (1)
Br = —(AN)(0VIdp)r
Br = Bs+ *TVIC, 2)

where V is the partial volume of the proteir is the
isothermal compressibility coefficienfis is the adiabatic
compressibility coefficiento is the thermal expansivityk

is Boltzmann's constant, anidis the absolute temperatute.
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 18 For many globular proteins, root-
mean-square (rms) fluctuations of the volume obtained in
this way are on the order 6£0.3% of the total volumé/.
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-ofegahertz
or higher because of the ultrasonic frequeneynegahertz)
used for measurements.

(designated by I, cf. Figure 1B), in thermodynamic stability
(AG = G, — Gy) as well as in partial molar volume\{ =

Vi — W). In this situation, the equilibrium constatt
between conformers N and | may change with pressure
according to the relation

K=TlJ/[N] = exp(~AG/RT)
AG = G, — Gy = AG(py) + AV°(p — pg) —
(L2)ABV°(p — p)* (4)

3)

Here,AG andAG(po) are the Gibbs energy changes from N

to | at pressurgp andpo (1 bar), respectivelyAV® is the

partial molar volume change p§ (1 bar);Aj is the change

in compressibility coefficientR is the gas constant; and
—RTIn K

A'G '
ot [

— Slope :4(}

® o

1]

AG =

AG, + pAV

kecal l

AV = —80 mL/mol ‘\“
-5 1 1 1 1
0 500 1000 1500 2000 2500 bar
Pressure

Figure 2. Schematic expression of eq 4 by neglecting the second-
order term. A specific case withV = —80 mL/mol andAG®
~4 kcal/mol is drawn.



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

AG
[kJ/mol]

His# H 15 f———
o - -

-10 -
-15 -
220 -
-25
30 T

20002

pbar] (%0 TG

Figure 3. Stability of Staphylococcahuclease against the temperature and pressure. Parameters determined by fitting NMR data to eq 5
aretc (°C) = —8.1 (£0.4),t, (°C) = 42.7 &2.1), AC, [kI/(mol K)] = 13.12 ¢2), AS’ [kJ/(mol K)] (at 51.2°C) = 1.51 0.23),AV°

(mL/mol) (at 1 bar and 24C) = —41.9 6.3), Aa. [mL/(mol K)] = 1.33 @0.2), AS [mL/(mol bar)] = 0.02 @0.003). Reprinted with
permission from ref 32. Copyright 2000 Elsevier, The Netherlands.

is the absolute temperature. Often, the third term of eq 4, temperaturesAG is normally a single-valued function of
1/2ABV°(p — po)?, is not significant below~2 kbar, resulting pressure, whereas at constant presé\@&is a double-valued

in an approximately linear dependence/f® on p with a function of temperature with transitions t@gt(heat denatur-
slope AV closely represented bjVe (Figure 2). Under ation) andtc (cold denaturation). Th@—T phase diagram
physiological conditionsAG® is normally positive (i.e., N gives the basis for understanding thermodynamic stability
is more stable than 1), and then the population of conformer of globular proteins on thB—T plane, but the reader should

| is too low to be detected. EvenAXG®° is as small as-1—2 note that eqs 5 and 6 apply only to the case of a two-state
kcal/mol, the equilibrium population of | is on the order of transition. While a strict two-state transition is rare for a
~10%, making the NMR detection of conformer | quite globular protein, the equations may generally apply to a
difficult. Molecular interaction depends upon energy, while transition between any two distinct states of a protein.

spectroscopic detection depends upon populatidere, In the early 1970s, Brand# Hawley?® and Kauzmani?
pressure works its magic. For a typieaV° value from—20 explored the temperaturgressure phase behavior of ribo-
to —100 mL/mol for a globular protei, the AV°(p — po) nuclease A, chymotrypsinogen, and metmyoglobin unfolding,

term amounts to-1 to —5 kcal/mol at 2 kbar, sufficiently  respectively, by optical absorption, and more recently, Royer
large to compensate a marginaG° (a few kcal/mol) and and Wintef! by fluorescence, FTIR, and SAXS and Lassalle
to change the sign oAG (Figure 2). The population et al®? by proton NMR studied the stability @taphylococcal
enhancement of the rare conformer | by a few orders of nuclease onP—T axes and determined thermodynamic
magnitude may be attainetiVhen 1 is stably trapped as a parameters in eq 5 or 6.

major conformer under pressure, the NMR measurement may

be done continuously for hours or even days. 3. Experimental Techniques To Explore Pressure
When both temperature and pressure are varied Effects on Proteins
AG=G —Gy=AG"~ AS(T = Tg) — 3.1. Established Techniques for General
ACIT{In(T/Tg) — 1] + Tgl + AV*(p — pg) — Compression and Global Conformational

(LI2)ABVE(p — po? + Aap — p)(T— T, (5)  Changes
Methods used to monitor the fluctuation in category A

or by using Taylor expansion are rather limited. Most information has been obtained from
ultrasonic velocity measuremefit®Although there are only
AG=G -G =AGC - AS(T-Ty) — two crystal structures at high pressift&they give important
(1/2)AC/TH(T — To)z + AV°(p — pg) — site-specific information on conformational fluctuation through

eq 1. High-pressure NMR using two-dimensional spectros-
(2/2)ABVe(p — po)2 + Aa(p — p)(T — Ty) (6) copy also gives microscopic compressibility information.
This subject will be described in more detail later.
must be used. In the temperature range under investigation, A global change of conformation with pressure can be
the heat capacityCp), thermal expansion coefficieni), studied with a number of different techniques, including high-
and isothermal compressibility chang®3) are assumed to  pressure fluorescenté®and FTIR®3” and, more recently,
be constant and independent of the temperature and pressurayith SAXS 383°0One-dimensionalH NMR spectroscopy can
although recent results using pressure perturbation calorim-also be used for quantitative evaluation of conformational
etry depict a significant temperature dependence oiNive equilibrium as a function of the pressure combined with
value. Equation 6 gives an ellipsoid (or more correctly half- qualitative information about the structures of the conformers
ellipsoid like that in Figure 3, left, forStaphylococcal as already described. CD measurements at high pressure have
nucleas®). It is to be noted that at physiological or lower been hampered because of the effect of distortion of windows
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Figure 4. One-line cell high-pressure NMR system with a pressure-resisting quartz cell. See ref 43 for more details.

under pressure. Except for X-ray scattering and high-pressurepressure off line, and the two-dimensional NMR measure-
NMR using pressure-resistive cells, pressures are the samenents can be carried out after bringing the pressure back to
in the inside and outside of the sample cell so that very high 1 bar to determine the site and degree of hydrogen/deuterium
pressure in the range of 460000 MPa can be applied. It exchange reactions proceeded. However, our limited under-
is to be emphasized that, to determine thermodynamic standing of the mechanism of pressure effect on hydrogen
parameters in eqsb using the above techniques, the system exchange rate precludes its use as a general method for
must behave in a two-state manner. Most proteins, however,conformational fluctuatioi!

do not behave strictly two-state under pressure. High-pressure NMR (or variable-pressure NMR) has
become a major source of information in delineating site-

3.2. High-Pressure NMR Technique for specific details of pressure effects on protein structifé&s.

Site-Specific Conformational Changes Technically, two different approaches have been taken: one

pressurizing the entire NMR probe in an autoclave and the

Measurements using intrinsic Trp fluorescence report other pressurizing the sample cell, only leaving the probe
specifically environmental changes of Trp residues and coulditself at 1 bar. The former has the advantage of a larger
be site-specific for a protein with only one Trp. (see Royer sample volume and high working pressure even up %00
on this issue). In general, however, in a multitryptophan MPa but has thus far failed to attain sufficiently high
protein, it is difficult to assign observed changes in fluores- magnetic field homogeneity and versatility in the pulse
cence to global versus local changes of conformation or to sequence necessary to perform heteronuclear two- or multi-
local environmental changes of specific Trp residues. With dimensional measurements at high resolution. The latter
limited success, one can also use one-dimensithalMR approach has the disadvantage of a smaller sample volume
spectroscopy to study site-specific changes of conformationand limited working pressure<@ kbar in the quartz cell
with pressure, for example, by monitoring Trp side-chain design) but has a sufficiently high resolution for performing
signals, which often appear as mutually separate peaks inheteronuclear two- or multidimensional measurements with
the lowest field part of the spectrum. Special lines of versatile pulse sequences. By now, pressurizing the sample
absorption in infrared spectroscopy can also be used to reportell has proven to be the method of choice for protein NMR
specific conformational states and conformational dynamics studies under pressure. Various materials have been tested
in selected protein®¥. for the cell, including glass, sapphité*and quartZ3 Thus

Site-specific fluctuations and changes in conformation can far, the handmade quartz cell has been most succeggul.
be more generally studied with two- or multidimensional detailed description of the design of the quartz cell and its
NMR spectroscopy combined with pressure. Hydrogen/ handling is found in ref 40, the typical experimental
deuterium exchange for amide protons is carried out at high procedure with which is the following.



Probing Conformational Fluctuation of Proteins Chemical Reviews, 2006, Vol. 106, No. 5 1819

“/w}kw

U meﬂ

150 MPa
M A
50 Mpa
AN A
M 3 Mpa
__

|l b ) Al LMt ! v ! v I Lt | b | b | v Al v 1 M LAt U T M T v

T
12 1 10 9 8 7 1 0.S [} 0.5 -1 -5 Ppm

Figure 5. Example showing the effect of pressure on the one-dimensith&lMR spectrum of a globular protein (P1%P1). 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 20C. Several methyl proton signals at the high-field sig® ppm) at 3 MPa are identified as Leu103K; (—0.08 ppm),

Leul3 GH;3 (—0.27 ppm), Leul3 6H3 (—0.54 ppm), and Leu101dH3 (—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.

The protein solution is contained in a quartz tube, the body is adjusted with a remotely located hand pump to a desired
part of which, consisting of an inner diameter less than 1 value between 1 aneé-3000 bar (measured with a Heise
mm and an outer diameter 6f3 mm protected by a Teflon = Bourdon gauge) and is transmitted through a stainless steel
jacket, is inserted into a commercial NMR proldfeads mm tube containing kerosene to the sample solution in the quartz
sample tube (Figure 4). The protein solution is separated fromtube. An excellent spectral resolution is normally attained,
the pressure mediator (kerosene) by a frictionless piston madepractically limited by intrinsic line widths. Figure 5 gives
of Teflon in a separator cylinder made of BeCu. The pressurean example of one-dimensiondH NMR spectra for a
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- . effects on the protein structure at kilobar ranges using two-
we’ 77 -105 or multidimensional NMR spectroscofy?***have revo-
s f lutionalized the study of pressure effects on protein structure
e Ry -110 and dynamics to the full versatility of modern heteronuclear
. }' 7 g :_115§ NMR spectroscopy.
- _
- =z ’; s w | 120§ 4.1. Backbone Dynamics from Spin Relaxation
({' ’f w:r i 15N. spin relaxation analysis on ‘BN-uniformly labeled
-‘,M _ S00par 1-125 protein is a frequently used tgchnlque to prope rapid (pico
1500 bar [ nanosecond) internal dynamics of a polypeptide backfbne.
5500 by [- 130 Because protein dynamics is generally sensitive to pressure,
S0 par ¢ there arises naturally a questiontiN spin relaxation may
. |f . . : : : 135 be useful to examine the effect of pressure on protein
10 9 8 7 6 dynamics. A few proteirf$-5° have thus far been studied
1H (ppm) with this technique to probe effects of pressure on spin

Figure 6. Example showing the effect of pressure on the two- requatlon dynamics. . .
dimensional NMR spectrum of a protei\-uniformly labeled Figure 7 shows the superposition 6N relaxation rates
ubiquitin). Superimpose#N/*H HSQC spectra from 30 to 3500  (Ri andRy) measured at 30 bar and 2 kbar for 41 protonated
bar at 20°C (black, 30 bar; light green, 500 bar; blue, 1000 bar; backbon€e">NH of 1*N-uniformly labeled bovine pancreatic
pink, 1500 bar; brown, 2000 bar; green, 2500 bar; red, 3000 bar; trypsin inhibitor (BPTI) in aqueous solution at pH 4.6 and
and purple, 3500 bar). Spectra were measured at a proteingg °c 47 BPT| remains fully folded at 2 kbar, and the

Sg”ge””a“"” of 2.0 mM in 30 mM acetate buffer (93060/5% _ \;iqcqsity of water also remains similar between 30 bar and
20 at pH 4.5). The spectral change is fully reversible with 2 kbar. Figure 7C shows that under this condition the Lipari
ressure. :

P and Szabo order paramet€nemain unchanged in the range

b P avcrious pressies Up 16 2000 1 otions of individual NH vectors-{nanoseconds) are not
ar, and Figure 6 gives an example of two-dimensi SEC

'H heteronuclear single-quantum correlation spectrpscopya“er?d at all by pressure at 2 kbar. Similar results were

(HSQC) for 5N-uniformly labeled ubiquitin at various obtained for an isolated helix from bacteriorhodopsin in

pressures up to 3500 bar. an organic solvent, although at 2 kbar, the overall rotational
diffusion of the molecule slows down by 3-fold because of
4. Probing Fluctuations within the Folded the increase of viscosit{f.The result simply means that the

rapid internal motions<knanoseconds) of NH vectors exhibit
Subensemble of Conformers no significant activation volumes.

The use of pressure-coupled NMR experiments to probe If the compressibility also depends upon similar rapid
the folded ensemble of proteins has been pioneered with one-motions, the lack of change in the amplitude of fluctuation
dimensional proton NMR by Wagner and Morishifi¥alhe as represented by the order parameters, through eq 1, would
recently developed NMR techniques to monitor pressure predict that compressibility coefficienjs should also be

R,(s") 30 A
2.5
Pk 1 4 T‘l‘i l N g
1.5
1.0
10 20 30 40 50 Residue
-1
Ra(s ) 12 B
10
|
8
6 a3 o i\ g y i /L
4 4 \1
10 20 30 40 50 Residue
2 1.2
s ,4 | . C
PO T SIS SRS VPP P N LT B = S N
Yo\
0.4
helix sgheet sheet helix
0.0 + N
10 20 30 40 50 Residue

Figure 7. Effect of pressure on rapid (nanpicosecond) dynamics 88N-uniformly labeled BPTI at a proton frequency of 750.13 MHz
at 36°C and pH 4.6. A, B, and C represéfi longitudinal ;) and transverseR,) relaxation rates and order paramet®) or individual
amide groups, respectively, at 30 bar)(and 2 kbar {-+).4"
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Figure 8. Effect of pressure on hydrogen bonds of BPT(A) Fingerprint (NH--C,H) regions of the NOESY spectra of BPTI at 1 bar
(green) and 2000 bar (red), measured at 750 MHz &tG36The sample of BPTI was dissolved to a concentration of 10 mM in 200 mM
acetateds buffer in 90%'H,0/10%2H,0 at pH 4.6. (B) Histograms of pressure-induéedchemical shifts for individual peptide NH (a)

and G, (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.

constant with the pressure at all sites. As we shall see below,eq 117 which predicts that a protein with a larger compress-
this prediction is supported by the linear pressure dependencebility is associated with a larger volume fluctuation. In
of amide'H and!*N chemical shifts with pressure for BPTI  principle, macroscopic compressibility is expected to be
and the bacteriorhodopsin helix. expressed in terms of microscopic compressibility, i.e.,
Rapid internal dynamics€nanoseconds) do not vary by atom—atom distance changes per unit pressure, which may
pressure in globular proteins such as hamster ftiand be manifested in chemical-shift changes. Despite the fact that

ubiquitin® either. However, the slow dynamics>fiano- spin relaxation shows minimal pressure-dependent changes
seconds) are affected by pressure, showing that they involveof rapid internal dynamics on pressure, chemical shifts are
transition states with nonzero activation volumes. quite sensitive to pressufgFigure 8). The low-field shifts

) . of amide!®N and*H signals are attributable to the shortening
4.2. Fluctuation from Pressure-Induced Shifts of N—H bond distances with increasing pressure, and the

available information indicates that the NH proton shift of a
few hertz at the'H resonance frequency of 750 MHz

Macroscopically, the isothermal compressibility coefficient corresponds to an average linear compression of the hydrogen
B of a protein is related to the volume fluctuation through bond by as little as 0.001 &

4.2.1. Fluctuation in Hydrogen Bonds
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Figure 9. (Bottom) Experimental (black) and simulated (colored) ring proton signals of Tyr6. Line shapes of;theddonance(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 frd®n carnosusAll of the aromatic rings are shown, with NOE contacts of the hydroxyl
proton of Tyr6. See ref 58 for more details.

Surprisingly, the shifts are remarkably linear for all of the that buried water molecules are the sites of preferred internal
amide protons of BPTI, indicating pressure-independent motions of a globular protein.
compressibility at individual amide sites. This means from o )
eq 1 that the amplitude of volume fluctuation remains the 4.2.2. Fluctuation in Tertiary Structure

same for BPTI at 2 kbar as at 1 bar. The observed low-field  pregsure-induced shifts of side-chain protons are sensitive

shifts correspond to a shortening of-M distances by 0.1 propes for the general compression of the tertiary structure
Aor 1% averaged over all of the NHO hydrogen bonds  of g globular proteiri! Williamson et al. developed a method
at 2 kbar?* The linear pressure dependence is not necessarilyys calculate changes of coordinates under pressure based on
typical for globular proteins, as we shall see later. On the eyperimentatH pressure-induced shifts of amide and side-
other hand, the pressure-induced shifts are quite heteroge¢hain protons and successfully applied it to hen lysoAme
neous over the molecule in Figure 8, indicating heteroge- ang BPTI® The changes of coordinates, although subtle,
neous compress_lblhty of the |nd|V|du§1I hydrogen bonds- For represent microscopic structural and volume fluctuations of
example, it predicts that the fluctuation is larger in the turn thege proteins taking place within the folded states of these
region and in the peripheral regions of thesheet and the  proteins. The results indicate that the compression is quite
helix than in the interior parts of thg sheet and the  heterogeneous over the folded molecule. In lysozyme at 2
helix 22 kbar, thea. domain is compressed but tjgedomain is not,

5N and**C chemical shifts are more sensitive to pressure in perfect agreement with the crystallographic study reported
than those of théH in terms of relative shifts expressed in earlier’®
parts per million. Thé>N pressure shift of the amide group Interestingly, the result arising from examining the loca-
is expected to provide additional information, namely, the tions of residues that have the largest changes in volume
fluctuation of torsion angles of the polypeptide backbone, shows that they occur close to the buried water molecules,
although the information is qualitativé. An interesting as predicted from®N pressure shift® The volume changes
application of'>N pressure shifts is that reported f&iN- are both positive and negative depending upon the location,
labeled hen lysozyme, which showed abnormally large demonstrating the heterogeneous fluctuation of the tertiary
pressure shifts for amide groups in regions surrounding structure?*?> One of the most important implications from
internal water molecule®. This qualitatively indicates that  the above results is that the buried water molecules are
conformational fluctuation of the backbone is exceptionally preferred sites of conformational fluctuations in a folded
large in the vicinity of internal water molecules, suggesting globular protein.
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4.2.3. Time Range of Fluctuations Sensed by
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A

B

Pressure-Induced Shifts o8 86 /w*
The range of frequency involved in the volume fluctuation E
is also a question of interest. The time range of pressure- O - gad T
dependent fluctuations can be slow, as long as seconds or ) "
even minutes, because the shift measurements are done in B —:/
minutes and hours. However, NMR signals for folded BPTI 8 I
showed sharp homogeneous Lorentzian lines at all pressures g 94 82
investigated, as if all of the interatomic distances were fixed. @
This is not true. The sharp lines only mean that any chemical- 8 /H
shift dispersion corresponding to intreratomic distance § o2 8.0
distributions are time-averaged nearly completely by con- S Ty
formational fluctuations. How rapid can the fluctuations be? % -
The lower limit of the fluctuation rates is the minimum 90 28] S ses - oo
frequency required to average out chemical-shift dispersion; / s i
for example, if the chemical-shift dispersion 4€0.05-1
ppm, fluctuations should occur well within micro
milliseconds for the sharp peak to be observed. 8.8 ?’//v’f‘ 76 e
o = /
4.3. Infrequent Fluctuation of the Core Revealed T Fob = ot
from Ring-Flip Motions 86 Lo ooy 74
500 10001500 2000 500 100015002000
There are cases, however, that fluctuations are much more Pressure (bar) Pressure (bar)
infrequent than described above. The presence of infrequent
(~10'—1C° s fluctuations was demonstrated within the c D
core of a globular protein first by one-dimensional NMR by 130
Wagner in BPT$53°55 and later by two-dimensional NMR | e—e—x i;f_ir{:—i:

118

gatt

by Li et al?® 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, cytochrorog®5” and
HPr 58

HPr from Staphylococcus carnosus 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 98 The ring of Tyr6 is buried, sandwiched
between & sheet andx helices (the water-accessible area
is less than 0.26 nfjy with its hydroxyl proton being
involved in an internal hydrogen bond with several sur-
rounding residues. The ring flip rates on the ordera0O'—
10° s 1 were determined from the NMR line-shape analysis
of H01,02 and H1,2 of Tyr6, giving an activation volume
AV of 0.0444 0.008 nnd (27 & 3 mL mol™1), an activation
enthalpyAH* of 89 4 10 kJ mof?, and an activation entropy
AS of 16 + 2 J K1 mol~L. The AV* 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 aroundwater or the phenomena of fluorescence quenching of an
the ring. This extra space must be created as a result ofinternal Trp residue by external ions.
cooperative thermal fluctuations of atoms surrounding the

ring, occurring infrequently (£6-10° s™%) at ambient pres- 4 4, Flyctuation Involving Low-Lying Excited
sure. This model appears to be consistent with the dynamicStates (from Nonlinear Pressure Shifts)
nature of cavity formatioti or a long-cherished mobile defect

model such that water occasionally penetrates into the core The chemical shift is one of the most sensitive probes for
of the proteirf®®! used to interpret the phenomena of pressure-induced conformational changes within the folded
hydrogen exchange of an internal amide group with the bulk manifold for which'H and*N shifts can be followed for

—8— G24 B N25
—A— 534 ¥ Q35
<% 566 —=— D6B
~=- TB6 —=— N8B

15N Chemical shift (ppm)

MAANRARAS LaEs asey
500 10001500 2000 500 10001500 2000
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Figure 10. Plot of chemical shifts of selected amide proton&)H
(A and B) and amide nitrogen®°l) (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 pressuf®.The experimental conditions are as follows: 1.2
mM N-labeled RalGDS-RBD, 15 mM Tris-HCI buffer, 150 mM
NaCl, and 10 mM DTE at pH 7.3 and 2%&.
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Figure 11. Nonlinearity—cavity relationshi? (A) Histograms of the mean of the absolute values of the second-order coefticféied
columns) and the first-order coefficieht(dotted columns) in eq 7 fdH N in eight globular proteins. (B) Plot of the mean absolute values
of the second-order coefficient of 'H 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 20 A2 are employed (calculated by GRASP using PDB coordinates). Note
that the vertical scale fog, is corrected from that of Figure 3 in ref 62.

individual amide groups (Figure 10). One of the interesting chemical shift$? In Figure 11A, averaged values bfand
points here is that chemical shifts are quite linear for some ¢; are plotted for eight individual proteins. It shows that
proteins but distinctly nonlinear for other proteftdsAn averaged absolute valuestpf(representing linear response
estimation of linearity and nonlinearity of chemical-shift to pressure, gray columns) do not vary much among different
changes with pressure is derived from least-squares fits ofproteins but averaged absolute valuescof{representing
experimental data for individuaH and*°N signals to the nonlinear response to pressure, black columns) vary enor-

following equation mously among proteins.
) In Figure 11B, the averaged absolute values of the second-
o=a+bptcp (7) order coefficient; of 'H N pressure shifts are plotted against

the density of cavities (larger than 20%)Afor the eight
wherep is the pressure (bars); is the chemical shift (parts  different proteins with a varying function from the protease
per million) for theith residueg (parts per million) is the inhibitor to signal-transaction protein. The excellent correla-
chemical shift at 1 bar, and, (parts per million per bar) tion seems to suggest that cavities large enough to hold water
andc (parts per million per square bars) are the first- and molecules are the major cause of nonlinearity with increasing
second-order coefficients in the pressure dependence ofpressure. The likely interpretation is that many proteins have
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Figure 12. lllustration of the reversible conformational change of apomyoglobin with pressure. (a) Nearly reversible ch&géHof

HSQC spectra of>N-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.

low-lying excited states with partially hydrated cavities close 5.1. Probing Fluctuations in a Wider

to the level of the basic folded state and that these states are€onformational Space —The Underlying Principle
increasingly populated with increasing pressure because of

their smaller partial molar volumes compared to that of the | many globular proteins, we find that as we apply
basic folded (ground) state. The limit of pressure to 2 kbar pressure to the basic folded conformer, #i8/'H two-

in Figure 10 fails to tell us whether the low-lying excited  gimensional NMR spectrum undergoes a series of changes,
states form continuum or discrete levels for individual cases, showing that some intermediately folded conformers appear
although both cases are likely. One example for the presenceyrior to full unfolding (Figure 12a). The analysis indicates
of a discrete excited state conformer will be shown in section that the protein undergoes conformational changes through

5.5. a series of conformers, for example,~N-MG—U in
apomyoglobin, with increasing presstiréFigure 12b). The

5. Probing Fluctuations Involving Transitions to N—I-MG—U sequence shows the decreasing order of

Higher Energy Conformers conformation (i.e., tertiary structure). Through eq 4, the result

suggests the notion thtte partial molarvolume of a protein

Larger conformational fluctuations leading to unfolding decreases in parallel with the decrease of the conformational
take place coupled with pressure and the negativVen eq order. The generality of this notion has been confirmed
4. The use of pressure-coupled NMR experiments to probeexperimentally in many globular proteins, leading us to call
protein unfolding has been pioneered with one-dimensional it the “volume theorem of proteirf® The theorem provides
proton NMR by Jona&? The recently developed NMR  a guiding principle to experimentalists when exploring the
techniques, however, to monitor pressure effects on proteinmultiple conformational nature of a globular protein with
structure at kilobar ranges using two- or multidimensional variable-pressure perturbation.
NMR spectroscopyt?2424Shave revolutionalized the study The decrease in volume upon a loss of conformational
of pressure effects on protein structure and dynamics to theorder may occur either by releasing intramolecular voids (i.e.,
full versatility of modern heteronuclear NMR spectroscopy. cavities) or by contraction of the solvent near the newly
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Figure 13. Conformational fluctuation in hamster priéh(Upper left)15N/*H 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).

exposed protein surface. Both contributions are important, 5,2, Application to Globular Proteins
but the contribution of the latter is highly temperature-
dependent and may change sign at high temperature. On th%
other hand, the former contribution is consistent over the
temperature range of interest and is likely to play_ a significant sional spectra such a3\/!H HSQC. In this case, elucidation
part in the volume change\) of globular proteins® The = ¢ onformational stability can be made on the basis of the
experimentally determined volume changes of unfolding for gjgna| intensities of individual cross-peaks as a function of
the mutants oStaphylococcahuclease suggest that the loss pressure, giving residue-specifiG values by application

of internal void volume upon unfolding represents the major of eqs 3 and 4. Often, a group of peaks decrease their
contribution to the volume chang@V). A clear example  intensities concertedly in a relatively low-pressure range,
was for the ¢c-Myb R2 domain, in which filing a cavity by  while the rest of the peaks remain intact, showing local
mutation dramatically decreased the volume change upondenaturation or local unfolding.In general, the pressure
unfolding®® The significance of cavity contribution to the stabilities may differ among the individual cross-peaks,
volume change AV) has also been shown by statistical giving heterogeneouG° values along the polypeptide
mechanical calculation of volume changes associated withchain. The resultanAG® values extrapolated to 1 bar for
the helix—coil transition® Thus, the loss of the secondary individual residues depict residue-specific stabilities at 1 bar.
and tertiary structures may both contribute to the loss of the  An example is shown for hamster prion protein in Figure
volume of a globular protein. 1358 The lower stabilities of cross-peaks for selected regions

In many cases, excursion to a largely different conformer
cated higher in the energy landscape is slow on the NMR
time scale, giving separate cross-peaks in the two-dimen-
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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 of) Nalternately folded conformer @)\ intermediate conformer (1), molten globule (MG),

and totally unfolded conformer (U). Note that the structures gfINMG, 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 stimulatéf(B) -Lactoglobulin® (C) Syrian hamster prion protein rPrP{9R31)%8 (D) Ubiquitin.”* (E) Sperm

whale apomyoglobi? (F) Hen lysozyme. Reprinted with permission from ref 73. Copyright 2004 Elsevier, The Netherlands.

of the molecule (red curves) are apparent, which correspond Variable-pressure NMR experiments have been performed
to the b and c helices. The result suggests that an intermediatén many proteins including hamster priét3-lactoglobulin®
conformer with local disorder in the b and ¢ helices coexists apomyoglobhirf2 P13TCP170 ybiquitin,’* and dihydrofolate

at a population of~1% with the dominant folded conformer reductasé? most of which exhibit transitions to intermediate
under physiological conditions (at 1 bar). Furthermore, the conformers (I, N, and/or MG) and further to totally unfolded
onset of complete unfolding at all residue sites is recognized conformers (U), some results of which are shown in Figure
at the extreme pressure (2.5 kbar), suggesting a coexistencd4.”® Note that all of the non-N structures depicted in Figure
of a much lower fraction of the fully unfolded conformer at 14 are qualitative in that coordinates of N are used in which
1 bar. This example shows that one can “scan” the entire the unordered parts are colored. It is important to note that
allowed energy landscape of the hamster prion protein with all of the transitions are reversible, implying that all of the
high-pressure NMR by varying pressure within a relatively structures are in equilibrium not only at high pressure but
small range (from~1 to a few kbar). also at ambient pressure. These non-N conformers are hidden
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organic solvent® with a purpose of extending the NMR

} // _— study to higher molecular-weight proteins, which tend to

Emm?y tumble slowly. In this approach, a protein is encapsulated
S 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 thé?l
°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”

Y
Ucis

e 5'3*‘( |" 5.3. Kinetic Studies Using Pressure

AVA [ Information on transition states associated with confor-
' mational changes can only be obtained from kinetic experi-
\ f ments. In particulamctivation zolumeis crucially important
AJW 7 |' \ in assess_ing the conform_ation of a pr(_)tein in t_he transition
AU state, which can be obtained by kinetic experiments under
: JP \ A ’{{;C" variable pressure. To study the pressure effect on rapid

N2V - j] folding kinetics (in ~milli—seconds), one can perform
v N1 stopped-flow measurements under variable pressure with
Figure 15. Conformational fluctuations of ubiqution among fluorescence, infrared absorption, and X-ray scattering as
conformers N, I, MG, and U (revealed by variable-pressure monitor’®7° Folding or unfolding initiated by the pressure
NMR™) expressed on the hypothetical energy landscape. The jump is another way to study the kinetic process of folding
conformers detected by variable-pressure NMR are arranged in thegng unfolding.

order of decreasing conformational order as well as in partial molar
volume: N > N, > | > U. Ribbon model (in gray) for the folded One should note that a momentary temperature change

part, ribbon model (in purple) for the distorted part, and wire model €sults in a pressure jump because of adiabatic compression
(in red) for the unfolded part. or expansion. For a two-state transition, however, this is
avoided by carrying out small pressure jumps required to

] ) o remain in the relaxation limit, giving only a small instanta-
at ambient pressure, but their presence is disclosed undeheoys change in temperature. Moreover, a common observa-
variable pressure. They constitute an important componentijon s that, while the unfolding and refolding transitions are
among substates differing in free energy. The uniqueness ofihe relaxation profiles at high pressure often span time scales
their structures along with their populations suggests that of minutes to hours. This is due to positive activation
they are likely the result of evolutionary pressure. If this yolumes for folding and/or unfolding reactions and allows
hypothesis is correct, it should be crucially important to for the use of NMR to monitor the pressure-induced folding
disclose their presence and characterize in detail their or ynfolding reaction with real time. Pressure-jump one- and
structures and populations under physiological conditions. +yo-dimensional NMR spectroscopy has been applied to
Hergin resides the utility of experiments on the pressure aXiS-study the unfolding of P18CP! (Figure 16)7° which allows
particularly, that of variable-pressure NMR. one to monitor the conformational transition at individual

The conformational fluctuation involving different con-  gmino acid sites.

formational order and energy can be best described using

an energy landscagéthe vertical axis of which is parallel 5 4 Close ldentity of Kinetic Intermediates with

to the conformational order. In ubiquitin, Kitahara et al. Equilibrium Intermediates Stabilized by Pressure
studied structures and populations of all of the subensembles

of conformers, N, N Ny, I, and U, by variable-pressure Our understanding of the result of high-pressure NMR like
NMR. These conformers are placed in decreasing confor-that given in Figure 14 is that a protein exists in solution
mational order on the vertical axis of the hypothetical energy fluctuating among different conformers from the basic folded
landscape in Figure 15, drawn for the condition (pH 4.5 and conformer (frequently called N) and the totally unfolded
0 °C). From the volume theorem, the vertical axis is conformer (U). In other words, the protein is undergoing
considered parallel also to the partial molar volume of the folding and unfolding repeatedly even under physiological
protein. conditions at 1 bar. This concept immediately leads to the
The simultaneous use of pressure and temperature perhotion that the experiment with decreasing pressure mimics
turbations is often useful to extend the conformational space the folding process from U to N. The conformers appearing
covered by the experiment. Because the freezing point of on the way from U to N may be considered to be folding
water is—21 °C at 2 kbar, pressure can be used to observe intermediates.
cold denaturation of most proteins relatively easily if the low  Figure 17 shows schematically a folding funnel represent-
temperature range is utilized simultaneously with pressure ing the entire available conformational space with ubiquitin
perturbation. After the initiation by Jonas in hen lysozyfhe, at pH 4.5 and 20C as an example. The vertical axis of the
cold-induced denaturation has been used in several proteinsfunnel represents the free energy of a solvated single
including prion?® HPr% and ubiquitin?* to widen the  ubiquitin molecule (increasing upward), which also repre-
conformational space covered. sents the conformational order of the polypeptide chain
A modest range of pressure (within a few tens of bars) (increasing downward), whereas the horizontal scale repre-
has been used to prepare reverse micelles in low-viscositysents the conformational entropy of ubiquitinA kinetic

Energy
Volume
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Figure 16. Pressure-jump unfolding of PL3MTCP1 monitored by one-dimensithéiop) and two-dimensiondPN/*H HSQC (bottom)
NMR spectral changes. Pressure was jumped from 30 bar to 3 kbar. Reproduced from ref 70.
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Figure 17. Concept of the equilibrium pressure experiment (a) versus the concept of the kinetic-folding experiment (b), carried out under
closely identical solution conditiorf$.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.

folding experiment is initiated by suddenly placing the entire days), thereby allowing two- or multidimensional NMR data
ensemble of protein molecules close to the top of the folding acquisition necessary for detailed structural analysis of the
funnel under the condition for folding (Figure 17b, far left). trapped intermediates. It is to be emphasized that, in contrast
Then, the folding process is essentially a process of to temperature and chemical perturbations such as pH or
redistributing the ensemble over this basically funnel-shapeddenaturants, which may completely alter the energy land-
energy landscape. On average, molecules go downward orscape and could even reverse the bottom against the top,
the funnel until an equilibrium population distribution is perturbation by pressure is much more subtle energetically.
reached under the chosen condition. During this process,This would leave the energy landscape much less altered,
some molecules may be trapped transiently in a trough as schematically depicted in Figure 17a, in the variable-
forming transient intermediates (Figure 17b, second from the pressure experiment as long as we work in a relatively low-
left). pressure range within a few kilobars. This makes the
On the other hand, a variable-pressure experiment startsvariable-pressure NMR a particularly useful technique to
where the equilibrium population distribution is reached on study structures of kinetic intermediates in protein folding
the same landscape (Figure 17a, far right). Applying pressurein detail. The effect of pressure on the energy landscape of
under isothermal conditions is to redistribute the ensemble the protein, however, is still an open issue to be examined
on the funnel until it reaches a new equilibrium of population in detail, particularly with respect to the effect of hydration.
defined by eq 3. A new equilibrium is reached at the applied
pressure in favor of lower volume conformers mainly through 55 NMR “Snapshots” of a Fluctuating Protein
the PAV° term of eq 4 under isothermal conditions. Because Strycture
of the proposed parallelism between the volume and con-
formational order (the vertical axis of Figure 17), the new  In Figure 14, only qualitative structures are shown for all
equilibrium would have a new population distribution on the Of the non-N structures in dynamic equilibrium with the basic
funnel such that more populations are found on the upperfolded conformer N, while the structures of N are expressed
part of the funnel, Figure 17a (middle), than in Figure 17a in the atomic coordinate by X-ray crystallography or NMR
(right). In the limiting high pressure, the distribution may in solution. Is it ppssible to express the structures of non-N
reach Figure 17a (left). In contrast to the kinetic experiment, conformers also in atomic coordinates?
in the equilibrium pressure experiment, intermediates can The high-pressurN/*H (HSQC) two-dimensional NMR
be trapped stably for any length of time (hours and even experiments carried out for ubiquitin at pH 4.6 and°20in
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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 A. Reprinted with permission

from ref 80. Copyright 2005 Elsevier, The Netherlands.
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Figure 20. Experimentally determined rate constakis(®) and

ko1 (O) for the conformational transition between &hd N, (eq 8)

as a function of the pressure. The symbalandk, represent the
rate constantky, or kp;) at 30 bar k2 = 0.72 x 10° s71 kar =
4.12 x 1° s™11) and the rate constant at presspreespectively.
Figure 18. NMR snapshots (stereopairs) of fluctuating ubiquitin  The slopes give activation volume.\s\/iz (—4.2 £ 3.2 mL/mol)

(pH 4.6 and 20C). (A) Snapshot at 30 bar (PDB accession number and AV}, (18.5+ 3.0 mL/mol) for the transition from Nto N,
1V80). (B) Snapshot at 3 kbar (PDB accession number 1V81). Both and from N to N; (defined in the inset), respectively. (Insat),

are shown in 10 energyminimized structuresg( helices, reds V., and V* represent partial molar volumes of;,NN,, and the
strands, yellow; others, blue). (C) Superposition of the snapshotsransition-state conformer, respectively. Reprinted with permission

at 30 bar (blue) and 3 kbar (red), each represented by an averagerom ref 80. Copyright 2005 Elsevier, The Netherlands.
of 10 convergent structures. Reprinted with permission from ref

80. Copyright 2005 Elsevier, The Netherlands. populated at 3 kbar<77%) because of the smaller partial

a wide pressure range from 30 bar to 3.5 kbar showed largeMolar volume AV® of —24 mL/mol). This demonstrates the
and reversible nonlinedH andN pressure shifts for several  ¢ase that a protein undergoes a large-scale motion between
backbone amide groups (Figure®)A number of signals 2-folded conformers with distinctly different partial molar
exhibit sigmoidal changes with pressure, depicting an overall Volumes and free energies (cf. Figure 15). _
two-state character of the transition. We have concluded that Can the structure of Nbe described in average coordi-

the protein exists in rapick(s ko1 > 10° s1) equilibrium nates? NMR experiments were performed for ubiquitin (10
between two major conformers;Mnd N, namely mM at pH 4.6 and 20C) under pressure at 3 kbar as well
as at 30 bar, and more than 1000 NOE distance constraints
ki and more than 40 torsion angle constraints were obtained,
Nl? N, (8) which were used to calculate average coordinates at both

pressures. The result reveals clearly a large difference in
in which N; is dominant at 1 bar~«85% calculated from  structures of ubiquitin at two pressures, with the helix
the stability differenceAG® of 4.2 kJ/mol), but N is more swinging in and out by>3 A with a simultaneous reorienta-
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Figure 21. Self-assembly and pressure dissociation of disulfide-deficient hen lysozyme (0SS) monit&iedhy1SQC 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 associatio8308 + 0.8 kJ mof?! (in a monomer unit) and a

positive volume change of 524# 11.3 mL mol (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 A
at 3 kbar are considered to closely represent two structures
N; and N of ubiquitin. The stereopairs shown in Figure 18 0.0h _J
represent the first “NMR snapshots” of a fluctuating protein U—JLU\ .
structure at atomic resolution. T a1 10 09 8 7 6 S|l 3 3 1 Oppe
Figure 19 shows the molecular surface of the protein at
30 bar (A) and at 3 kbar (B), as calculated by GRASP with 0.4h
a probe radius of 1.4 A, and shows a partial opening of the Pttt .
core part and the increase of the molecular surface of the “Th 009 8 7 6 Spje 3 3 1 opm
protein by about 5% at 3 kbar-{\,) relative to that at 30
bar (~N,). The previous observation of a significant decrease 1.5h
in partial molar volumeAV® = —24 mL/mol) in going from A in /
the low-pressure conformer;No the high-pressure con- YRIFYRR S S-S SR S S T e
former N, is totally consistent with the structural change
depicted in Figure 18. 5 4h
Although conformational fluctuations have been consid- ‘ A, )
ered to be essential for protein function, visualization of LNPVR S S-S S R T S
actual shape changes for these fluctuations has seldom been |
performed experimentally. As seen above, pressure perturba-
tion combined with NMR structure determination can achieve 20.2h A i J
this goal. The method is general and can, in principle, be R 3R T N R T
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 40.0h A o /
from a higher volume (more ordered) conformer to a lower e e e . —
11 110 9 8 7 6 S 4 3 2 1 0 ppm

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, B
pressure is used to amplify and trap the fluctuating conformer T T 1
and NMR is used to analyze its structure in atomic detail.
How fast is the fluctuation between; ldnd N? Transverse
spin relaxation analysis showed that this fluctuation occurs
in the 10us 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 differense\{y*
= AV;, — AVj, = —22.7 mL/mol) is consistent with the
partial molar volume difference between thg Bnd N
conformersAV;, (= —24 mL/mol) determined previously
from equilibrium experiments. The result shows that the
transition state has a volume closer tg Whereas a relatively
large volume increaseAl{;, = 18.5 = 3.0 mL/mol) is
required to reach the transition state from Whis is totally
consistent with the open, hydrated character of the N
conformer as depicted in Figure 19. The open surface;in N
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-

Intensity

| 1 | l |

arily selected property crucial for the function of ubiquitin. 0 10 20 30 40 50
Time (h)
6. Fluctuations Involving Self-Association Figure 22. Time-dependent dissociation of disulfide-deficient hen

lysozyme (0SS) by pressure at 2 kbar. (&) NMR spectra as a
It has long been known that pressure leads to the function of the time elapsed after application of 2 kbar of pressure.
dissociation of folded protein oligomers, with one good (B) Plot of the intensity of the methyH peak at~0.9 ppm against

example being F acti®!. More recently, the technique has the time elapsed at 2 kbar of pressure. Reprinted with permission
been extended to the study of the self-assembly of denaturedrom ref 83. Copyright 2005 Elsevier, The Netherlands.
proteins, which are subjects of great interest in light of their into long fibrils over several months. Interestingly, this
relevance to aggregation of denatured proteins in general antassembly is found to undergo complete dissociation by
specifically in amyloid fibril formation. pressure in the range of a few kilobars but reassociates at
An intrinsically unfolded protein (U), represented by a ambient pressure (Figure 21), showing that the self-assembly
disulfide-deficient variant (0SS) of hen lysozyme with no is in equilibrium with monomeric species and, therefore, that
tertiary structure, self-assembles to a form riclf istructure in a wide sense the associatiodissociation phenomenon
under a mildly acidic condition containing Na&lIThe self- may also be considered to be part of the conformational
assembly turns out to be amyloid protofibrils, which grow fluctuation of this protein. For the assembly formed in a time
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span of a day, the equilibrium is characterized with a negative

Gibbs energy for association 6f23.3+ 0.8 kJ mof? (in a
monomer unit) and a positive volume change of 52.71.3
mL mol™! (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

Akasaka
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be studied relatively easily using pressure. Figure 22 show:
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the time-dependent dissociation process of the amyloid (26) Li, H.; Yamada, H.; Akasaka, KBiophys. J.1999 77, 2801.

protofibrils of 0SS on théH NMR spectrum upon a pressure
jump from 30 bar to 2 kba# The reassociation process upon

a pressure jump down can also be followed with the same

technique.

7. Conclusion
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Pressure represents an energetically mild perturbation (34) Pin, S.; Royer, C. AMethods Enzymoll994 232, 42.

compared to temperature and chemical changes and is quite

effective in “amplifying” the intrinsic fluctuations in proteins
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by acting on the volumes of component conformers. Pressure (37) Meersman, F.; Smeller, L.; HeremansBiophys. J2002 82, 2635.

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-
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attainable with modern multidimensional instrumentation and (43) Yamada, H.; Nishikawa, K.; Honda, M.; Shimura, T.; Akasaka, K.;
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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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