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The Use of High-Pressure Nuclear Magnetic Resonance
to Study Protein Folding

Michael W. Lassalle and Kazuyuki Akasaka

Summary

Recent development of high-pressure cells for a variety of spectroscopic methods has enabled
the use of pressure as one of the commonly used perturbations along with temperature and chemical
perturbations to study folding/unfolding reactions of proteins. Although various high-pressure spec-
troscopy techniques have their own significance, high-pressure nuclear magnetic resonance (NMR)
is unique in that it allows one to gain residue-specific and atom-detailed information from proteins
under pressure. Furthermore, because of a peculiar volume property of a protein, high-pressure
NMR allows one to obtain structural information of a protein in a wide conformational space from
the bottom to the upper region of the folding funnel, giving structural reality for the “open” state of
a protein proposed from hydrogen exchange. The method allows a link between equilibrium folding
intermediates and the kinetic intermediates, and manifests a new view of proteins as dynamic
entities amply fluctuating among the folded, intermediate, and unfolded sub ensembles. This chapter
briefly summarizes the technique, the principle, and the ways to use high-pressure NMR for studying
protein folding.

Key Words: Pressure; protein folding; thermodynamic stability; volume change; structures of
folding intermediates; high-pressure NMR; pressure-jump.

1. Introduction

Pressure perturbation is increasingly important in studies of protein folding,
stability, conformational flexibility, and aggregation. A keyword search on HighWire
and Medline with keywords: high pressure-protein-nuclear magnetic resonance
(NMR) shows that there has been a dramatic increase in the number of pressure-
related studies of proteins (Fig. 1). The dramatic increase is assisted by technical
developments for high-pressure studies in a variety of spectroscopic measurements
at high pressure including X-ray scattering (1,2), fluorescence (3-6), Fourier-
transform infrared spectroscopy (6—10) and ultraviolet-visible derivative spectroscopy
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Fig. 1. Keyword search in HighWire and Medline as function of publication year.
Circles: key words utilized: high pressure-protein. Triangle: key words utilized: high
pressure-protein-nuclear magnetic resonance.

(11), kinetic processes under pressure (12,13), and pressure-jump techniques
(14-16). In particular, the recent advancement in high-pressure NMR techniques
has renewed interest in high-pressure studies of proteins, it allows to gain residue-
specific or atom-detailed information from proteins under pressure.

2. Materials

Buffers to be used for pressure studies are preferred to have little variation of
pKa with pressure. There is no complete buffer in this sense, but the following
buffers are relatively inert to pressure variation. One must be aware, however,
that those buffers inert to pressure variation tend to be more susceptible to tem-
perature variation. Useful buffers are maleic acid (AV° = -5.1 cm’mol '), MES
(AV° = 3.9 cm®mol ), Tris (AV° = 4.3 cm?mol™), or imidazole buffers (AV° =
1.8 cm®mol™!) (17). As chemical shift standard, the singlet signal of DSS is to
be set at origin (8 = 0). However, this often overlaps with some methyl proton
signals in the 'H NMR spectrum. The authors found that dioxane can be used
as a convenient secondary standard, as it gives a sharp singlet at = 3.75 ppm
downfield from DSS nearly independently of pressure.

3. Methods
3.1. High-Pressure NMR Techniques

Recent contributions to high-pressure NMR study of proteins are mainly
attributable to the groups of Jonas (18) and Akasaka (19), in addition to those
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Fig. 2. A pressure-resisting quartz cell and the protecting Teflon capsule used for the
on-line cell high-pressure nuclear magnetic resonance system.

of Kalbitzer (20), Wand (21), and Markley (22). The heart in designing high-
pressure NMR techniques is how to design a pressure-resistant cell in a small
signal detection space by maintaining the highest possible homogeneity in both
static and radiofrequency magnetic fields without losing sensitivity of detec-
tion. Typically two cell designs have been utilized. The former group (18) pre-
ferred an autoclave design, which has the advantage of larger sample volume
and high attainable pressure (~900 MPa). Here, receiver coils must be self-
designed within the autoclave. The cell contains sufficient volume and applies
very well to recording one-dimensional (1D)'H NMR spectra of proteins. A
major problem lies in the difficulty to obtain well-resolved two- or multidimen-
sional spectra where multiple nuclei must be simultaneously excited within a
highly homogeneous static and radiofrequency magnetic fields spanning the
entire sample space. The latter group (19) developed pressure-resisting cells
(Fig. 2) made up initially of glass, then of quartz (both hand-made) (23), and
used them on a commercial NMR probe. This is the on-line cell high-pressure
NMR system described in some detail in the following section. Although the
inner space of the pressure-resistive cell is so small (typically ~20 uL; Fig. 2)
that the signal intensity is inherently low, the field homogeneity can be extremely
good and allows all two- or multidimensional spectral measurements, giving
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excellent high resolution multidimensional spectra as those obtained with nor-
mal 5-mm tubes at 1 bar. Therefore, the on-line cell high-pressure method has
a higher versatility than the autoclave method for protein studies. Some efforts
have been made to increase the sample volume by utilizing sapphire cells with
limited success (20,21).

The maximum pressure range of the quartz cell method is normally limited
from 200 to approx 400 MPa (because cells break at higher pressure), this rela-
tively mild pressure range has been sufficient in many proteins to a variety of stud-
ies including folding intermediates (24), conformational dynamics (25), local
disordering (26), kinetic intermediates (27), stability (28), energy-landscapes (29),
and dissociation/association of proteins (30). Although many proteins may not
fully unfold below approx 400 MPa, 100% unfolding is actually not required in
high-pressure NMR measurements because the onset of full unfolding is recog-
nized if all the cross peaks begin to lose their intensities, say up to approx 20%, in
a concerted matter in a typical well-resolved two-dimensional (2D) NMR spectra.
The applicability of variable-pressure NMR to studies of folding intermediates is
also assured by recognizing the general tendency for the decreasing order of terti-
ary structure as pressure is increased (31). In this chapter, we will concentrate our
effort solely to highlight the advantages of high-pressure NMR in the study of ther-
modynamic stability and folding, but the concept and the method of analysis are
applicable to results of any high-pressure spectroscopic measurements.

3.1.1. The On-Line Cell High-Pressure NMR System

The heart of the success of the on-line cell high-pressure NMR method relies
on the preparation of pressure-resistive sample cells (23) (Fig. 2). As mentioned,
the starting material generally used is transparent quartz capsules or quartz cap-
sules made by synthetic silica. First a perfect clean surface must be obtained; we
achieved this goal by etching the glass inside and outside with a dilute hydroflu-
oric acid solution and by removing micro cracks with fire polishing. Then the
quartz capsules are opened at scratched points, and the ends are heated to make
a long tail (o0.d. = 0.3—1 mm; length = 400-700 mm), a short sealed tail (o.d. =
0.1-0.5 mm; length = 1-2 mm), and a cell body. The short sealed tail enables a
bottom design with a small tensile force in a small area. Finally, pyroxylin coating
of the short tail, cell body, and long tail is performed. Our final cell has an inside
diameter about 0.8—1.0 mm and an outside diameter of 3.0-3.7 mm.

The high-pressure cell assembly consists of a hand oil-pump, a pressure
intensifier, and a Heise-Bourdon gage. A 6 m-long SUS-316 high-pressure
tube (0.d./ i.d. = 3.0/0.6 mm) transmits the pressure to the top of the high-
pressure cell-separator assembly. This assembly consists of a polytetrafluo-
roethylene (PTFE) safety jacket and the NMR tube described above with a
long flexible tail that was bonded to an SUS-316 nozzle with a thermo hard-
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ening epoxy adhesive (Araldite AT1). The nozzle is connected through a PTFE
connector tube to a PTFE inner tube, which is embedded in a BeCu separator
cylinder. Within the PTFE inner tube, two PTFE pistons with a length of 3—4
mm and with diameter about 0.05 mm smaller than the i.d. of the PTFE inner
tube are seated. The space between upper and lower pistons is filled with per-
fluoro-polyether, as it is insoluble in both organic solvent and water and acts
as separator between the pressure transmitting system and the NMR sample.
An 80:20 mixture of motor oil and kerosene is used as pressure transmitting
fluid. Both the NMR tube with flexible long tail and the PTFE inner tube up
to the lower PTFE piston are filled with the sample solution, whereas the high-
pressure tube up to the upper piston contains the pressure transmitting fluid.

3.2. Methods for Determining Thermodynamic Parameters
From High-Pressure Experiment

3.2.1. Basic Equations for Two-State Transition

The thermodynamic stability of proteins has been much less explored in the
pressure axis than in the temperature or chemical axis. However, if the solution
conditions (chemical compositions) are fixed, the conformational stability of a
protein AG = G ¢ 11ed — Grolgeq 18 @ simultaneous function of both temperature
and pressure; thus defining a three-dimensional Gibbs free energy surface on
the pressure-temperature plane. Several excellent papers (29,32-34) on multi-
dimensional energy landscapes have been published.

The basic equations governing the stability of proteins on the p and/or T axes
are given in the following:

1. By taking the pressure dependence of AG to the first order at constant temperature,
AG = AG{,, + pAV?° (1)
and to the second order,

AG, - AG" = AV (p=p)~ 2 (p-p,
1"
2. By taking the “exact” expression for temperature dependence of AG and the pressure
dependence of AG to the second order,

AG = AG - AS*(T ~T°) - AC, [T(ln%—l)JrT”}

AV p) =R o+ Bop - pXT-T) (@)

Performing a Taylor expansion and neglecting higher order terms with respect to
temperature, this equation equals the following:
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AC ,
G =AG" ~AS(T =T°) = L(T =T} + AV (p = p°) @)

B oy dop - pT T

Utilizing Eq. 1 implies that the isothermal compressibility change (AB) can be
assumed to be zero or negligibly small. If this is not the case, Eq. 1’ must be used.
Employing Eq. 2 or 2’ leads to a multidimensional energy landscape under the
assumption that in the temperature and pressure ranges under investigation, heat
capacity (AC), thermal expansion coefficient (Aa), and isothermal compressibility
coefficient (KB) are constant.

3.2.2. Experiment 1: Simultaneous Change of Pressure and Temperature:
Elucidation of a Multidimensional Energy Landscape Using Eq. 2

Careful measurements of NMR spectra at varying pressure and temperature
is particularly suited to determine the p—T energy landscape of proteins. This is
because the folding and/or the unfolding fraction can be assessed accurately, as
the NMR intensity for a perfect folded protein is intrinsically known for typical
well-isolated NMR signals with no overlaps. As a target protein for our study
to obtain an energy landscape on the p—T plane, we chose Staphylococcal
nuclease (29), which is known to closely obey the two-state transition between
folded (F) and unfolded (U) state (22,34,35), a requirement for the straightfor-
ward application of previously mentioned equations. 1D 'H NMR spectra were
measured in deuterated 20 mM MES buffer, pH 5.3, as a function of pressure
between 3 and 330 MPa at various temperatures (Fig. 3). The well-isolated His8
€ proton signals were used to obtain conformational equilibrium K = [U]/[F],
which, by using the relation AG = —RTInK, allowed us to obtain experimental
AG =G 1qed = Crongea Values as a simultaneous function of pressure and tem-
perature. By least-squares-fitting the experimental AG values to Eq. 2, we
determine all the thermodynamic parameters AGY, AS?, AV°, AC?, AB, and Ao,
giving a three-dimensional energy landscape shown in Fig. 4.

The results demonstrate that combined temperature-pressure-dependent
studies can help delineate the free energy landscape of proteins on p—T axes
and, hence, help elucidate the features and thermodynamic parameters that are
essential for the stability of the native conformational state of proteins.

3.2.3. Experiment 2: Pressure Dependence of 1D "H NMR: Elucidation
of Thermodynamic Stability Using Eq. 1

A more general use of high-pressure NMR for determining thermodynamic
stability of proteins AG® and the associated volume change AV® comes from the
use of Eq. 1. Often small proteins exhibit reasonably good two-state unfolding.



High-Pressure NMR for Protein Folding 27

® His 8
[ J

‘ = His 124

; oHis 121

I' 30 bar after refolding *
3300 bar

3000 bar
2800 bar

2600 bar

2400 bar

S

2200 bar

u]
*

2000 bar

;

o
*

a 1800 bar

1400 bar

/A 1000 bar

S

30 bar

8.75 8.65 8.55 8.45 8.35 ppm 8.1

Fig. 3. An example showing the effect of pressure on the one-dimensional 'H nuclear
magnetic resonance spectrum of a globular protein Staphylococcal nuclease. * Indicates
impurity signals. (Reprinted from ref. 29, with permission from Elsevier.)

In general, pressure effects on folded proteins appear in three major steps (36).
Step 1 is a nearly linear compression of the folded conformer. For example, in
Fig. 3, the effect of compression on the folded conformer can be seen in the
low-field shifts of three His € proton signals. In step 2 a transition takes place
from a folded conformer to an alternate conformer with an abrupt change in
volume AV?. Often, this step is manifested as a decrease of signals from the
folded conformer with concomitant increase of new signals from the alternate
conformer, in the case of Staphylococcal nuclease the unfolded state U. In Fig. 3,
this effect is seen in the gradual loss of the native His € proton signals with con-
comitant appearance of the denatured His € proton signals U as we increase the
pressure. Step 3 is a compression of the unfolded conformer U. A linear plot of
AG against pressure through Eq. 1 gives simultaneously the volume change AV
from the slope and the stability at 1 bar AG® by extrapolation of AG to 1 bar.
The latter gives an alternative general method to the popular one—determining
the stability of a protein structure with guanidium chloride or urea.
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Fig. 4. Three-dimensional free energy landscape of Staphyloccocal nuclease with its
folded structure.

The volume change AV” is an extra parameter we obtain for protein unfold-
ing uniquely from pressure experiment. The origin of the volume change AV*
has been discussed in various literatures (37-39) and is considered to originate
from the loss of atom defects or cavities within the folded conformer, the hydra-
tion of hydrophobic residues upon unfolding and the hydration of charged
residues upon unfolding. A consensus is attained such that, all effects combined,
the resultant AV? is negative for unfolding of globular proteins under closely
physiological conditions (40).

The effect of cavity on the stability AG® and the volume change AV° has
been experimentally examined on the wild-type c-Myb R2 sub-domain and its
cavity-filling mutant (Fig. 5) using '"H 1D NMR as a function of pressure (28).
The cavity of c-Myb R2 was filled by replacing a Val with a Leu and it was
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Fig. 5. A cavity-filling mutation leads to a significant loss of AV in the c-Myb R2
domain, showing the significant cavity contribution to AV. (A) Plot of the unfolded
fractions against pressure for the wild-type (O) and the mutant (A). (B) Plot of the sta-
bility against pressure for the wild-type (O) and the mutant (A). Figures on the right
shows ribbon models of the wild-type (upper) and the cavity-filling mutant (lower) of
the c-Myb R2 domain. (Reproduced with permission from ref. 28.)

confirmed that the tertiary structure is unaltered (41). We obtained AGP is
increased from 5.36 to 7.34 kJ/mol by the cavity-filling mutation, whereas
AV? is changed from —33.9 to —12.6 mL/mol.

Among the three factors that contribute to AV?, the difference in AV,
(hydration term) and AV, (van der Waals volumes of the constitutive atoms)
between the two proteins are small enough to be neglected (41) and, therefore,
high-pressure unfolding of the native and cavity-filling mutation reveals partial
molar volume change (AV?), whereas AAV® . . dareﬂects the size of the
cavity. Comparison of our calculated cavity size 35.3 A with literature values
33.1 A (41) shows a good agreement. The decisive effect of cavity on the vol-
ume change AV has been experimentally verified also in Staphylococcal

nuclease (38).
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Fig. 6. Two-dimensional ""N/"H HSQC spectra of B-lactoglobulin at (A) 3 MPa; (B)
100 MPa; (C) 150 MPa; (D) 200 MPa at pH 2.0 and 36°C, measured at 750 MHz in
95% 'H,0/5% *H,0. (Reprinted from ref. 42, with permission from Elsevier.)

3.2.4. Experiment 3: Pressure Dependence of 2D Heteronuclear NMR
(e.g., "N/TH HSQC): Characterization of Folding Intermediates

Detection of intermediates is often considered to be a key to understanding
protein-folding process. These cannot be, in general, detected easily in 'H NMR
spectra even under variable pressure. We have to proceed to utilize NMR spectra
for residue-specific structural information, which is possible by performing hetero-
nuclear 2D NMR spectra such as ’N-'H HSQC as a function of pressure. By
comparing molar volume changes (AV?) and Gibbs free energy changes (AG®)
for individual amino acid sites based on Eq. 1, we can easily differentiate between
an overall cooperative unfolding from local unfolding. By grouping residues
having similar AG® and AV? values together, structural and thermodynamic
information can be obtained about locally unfolded or intermediate conformers
of the protein (27,42).
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Fig. 7. Plots of (A) AG%-) and AV (O) determined from high-pressure nuclear mag-
netic resonance and (B) the protection factor from 'H/?H exchange, for individual
residues of B-lactoglobulin. (Reprinted from ref. 42, with permission from Elsevier.)

B-Lactoglobulin has a B-barrel structure, inside of which small hydrophobic
molecules are bound for transportation. Kuwata et al. measured "'N/'H HSQC
spectra of ’N-labeled B-lactoglobulin as a function of pressure (Fig. 6). At 3
MPa, the well-dispersed cross peaks show the fully folded protein structure.
Greater than 100 MPa, intensities of these cross peaks decrease and are
replaced by a cluster of cross peaks in the central region of the spectra (the ran-
dom-coil positions), showing an increasing degree of unfolding of the protein
structure. The spectral changes were fully reversible with pressure. By examin-
ing cross peak intensities of YN/'H HSQC spectra of '’N-labeled B-lactoglobulin
as a function of pressure, AG® and AV? values were determined for individual
amino acid sites according to Eq. 1 (Fig. 7) (42). The AG° values vary consid-
erably from site to site, the noncore side of the barrel (BB, BC, BD, and BE)
being comparatively less stable (AG? = 4.6 + 1.3 kcal/mol) than the hydropho-
bic core side (AG® = 6.5 + 2.1 kcal/mol).

The AG° values are compared with the free energy differences between the
“closed” and “open” conformers independently obtained from hydrogen
exchange experiments under the assumption of an EX, mechanism (42). The
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Fig. 8. The conformational equilibrium of B-lactoglobulin revealed by high-pressure
NMR. (Reprinted from ref. 42 with permission from Elsevier.)

good coincidence of AG values from high-pressure NMR (Fig. 6A) and hydro-
gen exchange (Fig. 6B) in Fig. 6 indicates that high-pressure NMR is indeed
useful to predict conformational fluctuations of a protein in a site-specific man-
ner similarly to a hydrogen exchange experiment. However, the real merit of
high-pressure NMR is that it gives not only the information for fluctuation, but
also the information on individual structures of the “open” conformers.

The volume change also varies from site to site, the noncore side having a
smaller volume change (AV® = -57.4 +/- 14.4 mL/mol) than the core side (AV° =
—90.0 +/- 35.2 mL/mol). This gives an approximate picture of conformational
fluctuation such that the noncore side of the barrel fluctuates to produce a group of
intermediates I, whereas the hydrophobic core side of the barrel fluctuates to pro-
duce a group of intermediates I,, which is schematically shown in Fig. 8. In the
kinetic folding experiments at 1 bar using pulse-labeling 'H/2H NMR techniques
(43), a kinetic intermediate analogous to the pressure-stabilized equilibrium inter-
mediate I, has been observed. Thus the equilibrium scheme shown in Fig. 8 is
likely to also represent the kinetic pathway of folding for B-lactoglobulin (42).

Close identity of pressure-stabilized equilibrium intermediates with kinetic
intermediates has also been observed for ubiquitin. Kitahara et al. (27) performed
N/'"H HSQC pressure unfolding measurements at 0°C on '>N-uniformly
labeled ubiquitin. The segment between residues 33 and 42 showed lower stability
(AG°=15.2 = 1.0 kJ/mol, AV° = =58 + 4 mL/mol) than the rest of the protein (AG®
=31.3 +£4.7kJ/mol, AV’ = -85 + 7 mL/mol), showing that the segment (residues
33-42) preferentially melts to produce an intermediate conformer 1.
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Kinetic intermediates for ubiquitin were detected by utilizing pulse-labeling
'H”H NMR techniques combined with GdnHCl-induced refolding (44).
Parallel folding pathways were also suggested for this case, the major pathway
occurring rapidly with a time constant of 10 ms, the other occurring slowly with
a time constant of approx 10 s. In the latter case, the authors suggested an inter-
mediate with Pro-37 and/or Pro 38 in a cis conformer is formed, which slowly
(~10 s) converts into a frans conformer. The structure of conformer I is closely
identical to that predicted for the slow folding intermediate (~10 s) in the kinetic
folding experiment (44). The close identity between the pressure-stabilized equi-
librium intermediate with the kinetic intermediate is considered to be general
rather than exceptional (27).

3.2.5. Experiment 4: Pressure-Jump 1D and 2D NMR

Pressure-jump NMR measurements can be performed for slow folding proteins
using the high-pressure NMR system primarily designed for equilibrium studies.
This is because very often the folding or unfolding rate becomes extremely slow
under pressure. In the case of P13MCTP! (14), just manually changing pressure
within minutes is sufficient to observe pressure-jump kinetics intermediates in 1D
or even in 2D NMR spectroscopy. For P13MCTP1 it was shown from pressure-jump
2D '>N/'H HSQC measurements that the pressure-stabilized intermediate N,
is closely related to the folding intermediate N, revealed by pressure jump to
300 MPa (14). The authors concluded that prior to global unfolding the native
structure of P13MCTP! converts into a partially hydrated conformer N,, which is
still part of the folded ensemble.

Pressure-jump NMR measurements were recently performed on amyloid
protofibrils, in which a slow dissociation of the fibrils into monomeric species
and reassociation into fibrils were observed upon pressure-jump from 3 to 200
MPa (45). The work symbolizes the utility of pressure in highly associating sys-
tems, which may be considered to be an extension of folding.

One of the merits of performing a pressure-jump experiment is that, when
carried out as a function of pressure, it can give the activation volume for the
reaction, crucial information concerning the structure of the transition state.

3.2.6. Experiment 5: Pressure-Dependent NOESY Experiment: Expressing
Folding Intermediates in Atomic Coordinates

Recently, the technology of high-pressure NMR to gain structural informa-
tion of an intermediate conformer has come to still a higher level of attainment.
Kitahara et al. succeeded in obtaining a sufficient numbers of NOESY-based
distance constraints along with torsion angle constraints to express the time-
averaged structure of ubiquitin at 300 MPa, as well as that at 3 MPa in atomic
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Fig. 9. Stereoview of the superposition of the two ubiquitin structures at 30 bar
(black) and 3 kbar (gray) between which the protein fluctuates. (Reprinted from ref. 46,
with permission from Elsevier.)

coordinates using the program CYANA (46). The two structures of ubiquitin
determined at 20°C at 3 and 300 MPa (Fig. 9) show globally similar folded
structures, but large differences are found in average coordinates, particu-
larly in the C-terminal segment 7076 and in the helix. At least 3 A differ-
ences are found in C atoms of the C-terminal side of the helix between the
two structures, predicting large amplitude fluctuation of the molecule close
to the C-terminal segment carrying the reactive site at its end. From the inde-
pendent shift analysis, the two structures are considered to closely represent
the two extreme structures (N, and N,) between which the protein fluctuates
at ambient pressure. The result of this fluctuation is a production of an “open”
form of ubiquitin near its C-terminal end, whereas N, is considered suitable for
interaction with enzymes covalently linking ubiquitin with a substrate protein.
Conformer N, is too close to N, to be considered as a folding intermediate,
careful analysis of 1SN longitudinal and transverse relaxation rates along with
nuclear Overhauser effect gives the lifetime of N, to be on the order of 10 us
and only 1.2 kcal/mol energetically higher than N, at ambient pressure, thus,
it is part of the native ensemble. So far, structure analysis by X-ray or by con-
ventional NMR revealed only conformer N, but not the structure of N,,. But the
method shown here can be extended to any intermediate conformers having
partially folded segments for which distance constraints may be obtained from
NOESY and J-couplings to determine time-averaged atomic coordinates. It is
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one of the highlights of high-pressure NMR that it can experimentally determine
atomic coordinates of folding intermediates and reveal the biologic important
structure.

4. Conclusion

The high-pressure NMR method has a great future for protein folding study.
In applying it, one must keep in mind the following:

1. Among the two basic techniques of high-pressure NMR, the on-line cell technique
is the method of choice for protein folding study. However, the technique is still
in its infancy. More versatile cells must be developed before it is used widely.

2. There are basically two categories of use of high-pressure NMR to protein folding
studies. One is the determination of thermodynamic stability (namely AG’) of
folded conformer over unfolding along with AV?. For two-state transitions, this
work can be best studied with 1D 'H NMR. The method may be considered to be
alternative to the guadinium chloride or urea denaturation techniques to determine
the thermodynamic stability.

3. The second category of the use of high-pressure NMR is to obtain structural
information about folding intermediates. This is quite difficult to perform with
'H NMR. Usually, heteronuclear 2D or multidimensional NMR spectroscopy is
to be used.

4. Information on the rate of conformational transition or folding can be obtained
using NMR relaxation methods at different pressures or directly by using
pressure-jump.
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