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’ INTRODUCTION

The success of NMR spectroscopy in biological science is
closely coupled to the invention of multidimensional spectros-
copy. The combination of different RF and gradient pulses in
appropriate acquisition schemes allows for the correlation of
properties of nuclear spins of the system such as J-couplings and
dipolar couplings and for one to deduce structural information of
the macromolecule under consideration of their analysis. An
interesting concept that expands the possibilities of the pure RF-
and magnetic gradient-based multidimensional NMR spectros-
copy is the introduction of additional pulsed perturbations in the
sequence creating new physical dimensions. In principle, any
physical perturbation such as light, heat, and pressure can be used
that initiates chemical reactions or primarily influences the
structural states and thus indirectly the spin system under
consideration. However, for protein structural studies, the appli-
cation of high hydrostatic pressures inside anNMR spectrometer
has distinct advantages: it leads to a reversible perturbation of the
corresponding thermodynamic equilibria and can be used for the
study of excited conformational states of proteins, protein
folding, protein aggregation, and ligand interaction at atomic
resolution.1 Rare “excited” conformational states can be stabi-
lized by pressure; an example is the detection of an intermediate

on the pathway of fibril formation of human prion protein that
has a relative population of 0.0005 at ambient pressure.2

A time-dependent pressure perturbation can be introduced in
NMR spectroscopy by manually changing the static pressure of
the system. Here, only slow processes in the time range of
minutes to days can be observed, and the pressure jump cannot
be inserted in a pulse sequence.3 The only method to obtain a
better time resolution is the use of a spectrometer-controlled fast
pressure�jump system. Most recently, Heuert et al.4 have
presented a home-built probe-head that is able to perform under
computer-control a pressure step from high pressure to ambient
pressure in themillisecond-time scale. They followed the spectral
changes after a step from 10 MPa to ambient pressure by 1D
NMR spectroscopy. For protein NMR, much higher pressure
steps and the design of more involved NMR experiments are
required.5

’EXPERIMENTAL SECTION

NMR Samples. Uniformly 15N enriched histidine-containing phos-
phocarrier protein (HPr) from S. aureus was produced according to
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ABSTRACT: The introduction of multidimensional NMR
spectroscopy was a breakthrough in biological NMR methodo-
logy because it allowed the unequivocal correlation of different
spin states of the system. The introduction of large pressure
perturbations in the corresponding radio frequency (RF) pulse
sequences adds an extra structural dimension into these experi-
ments. We have developed a microprocessor-controlled pres-
sure jump unit that is able to introduce fast, strong pressure
changes at any point in the pulse sequences. Repetitive pressure
changes of 80 MPa in the sample tube are thus feasible in less
than 30 ms. Two general forms of these experiments are proposed here, the pressure perturbation transient state spectroscopy
(PPTSS) and the pressure perturbation state correlation spectroscopy (PPSCS). PPTSS can be used to measure the rate constants
and the activation energies and activation volumes for the transition between different conformational states including the folded
and unfolded state of proteins, for polymerization�depolymerization processes, and for ligand binding at atomic resolution. PPSCS
spectroscopy correlates the NMR parameters of different pressure-induced states of the system, thus allowing the measurement of
properties of a given pressure induced state such as a folding intermediate in a different state, for example, the folded state. Selected
examples for PPTSS and PPSCS spectroscopy are presented in this Article.
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Maurer et al.6 The sample contained 3 mM HPr, 0.1 mM DSS in 90%
H2O/10% D2O, pH 7.0. Data were measured at T = 295 K. HPr(I14A)
from S. carnosus was obtained as described by M€oglich et al.7 The NMR
sample contained approximately 1.5 mMHPr(I14A) in 10 mMTris-d11
pH 7.0, 0.5 mM EDTA-d6, 0.5 mM NaN3, 99.8% D2O. Data were
measured at T = 285 K. The three-dimensional structures of the two
proteins were solved by NMR6,7 and are deposited in the Protein Data
Base, accession numbers 1KA5 and 1TXE.
NMRSpectroscopy.All NMR spectra were recorded with a Bruker

Avance-500 NMR spectrometer operating at a proton 1H NMR
frequency of 500.1 MHz. Measurements were performed in a 5 mm
triple resonance probe (TXI) using a homemade borosilicate sample cell
(PPTSS-experiments) or a ceramic cell (Daedalus Innovations, Phila-
delphia, PA) (PPSCS-experiments). The borosilicate cell was connected
to the system by a homemade titanium autoclave, and the pressure was
transduced to the sample by a capped Teflon tube.8 For the ceramic
tube, the autoclave provided by the manufacturer was used that was
slightly modified by separating the pressurized methylcyclohexane from
the aqueous sample by a thin polyethylene membrane.

Pressure inside the NMR cell was measured by using the pressure-
dependent chemical shift changes of histidine Hε1 protons, and pressure
jump induced temperature changes were measured by the chemical shift
difference of the hydroxyl and methylene protons of ethylene glycol
calibrated for different pressures.9

15N chemical shifts were indirectly referenced to DSS.10 PPTSS-
experiments were performed using a pressure jump followed after
varying times t by a 1D NOESY pulse sequence including a WATER-
GATE W5 solvent suppression.11,12 The repetition time used was 15 s,
the spectral width was 12.0161 ppm, and 16 384 time domain data points
were recorded. 128 scans were used per time point leading to a total
experimental time of 32 min. The pulse sequence is given in Figure 2B.

The 2D 1H,15N HSQC (heteronuclear single quantum coherence)
spectrum was recorded with a pulse sequence described by Bax et al.13

modified by a set of two π/2 pulses separated by 100 ms with phases ϕ
and�ϕ. During this time, a pressure step was performed. The repetition
time used was 7 s, the spectral widths were 16.0214 and 36 ppm, and the
size of the time domain data was 4096 � 256 points in the 1H and 15N
dimension, respectively. 40 FIDs were summed per time increment,
leading to a total experimental time of 4 h 30 min. The water
presaturation was set to 1 s, the interval Δ for the INEPT transfer was
set to 1/4J (2.6 ms), the interval for the pressure jump was set to 100ms,
the optional additional water saturation pulse was switched off, the delay
d4 was set to 0.5 ms, the gradients G had a duration of 1 ms, and the
strengths G1, G2, and G3 were 10%, 34%, and 22% of the maximum
values. 15N decoupling was performed with the Garp sequence.14 This
sequence is given in Figure 2D.

Data Evaluation. The relative concentrations cU/cT and cN/cT as a
function of the time t after the pressure perturbation were fitted as a
function of the waiting time t to the function:

cNðtÞ=cT ¼ τekUN � ðτekUN � cNðt0Þ=cTÞ exp �t � t0
τe

� �

¼ τekUN � a exp � t
τe

� �

with the exchange correlation τe defined by (1/(τe)) = kNU + kUN. cN, cU,
and cT are the concentrations of the natively folded protein (N), the
unfolded protein (U), and the total concentration of the protein, t0 is the
time offset, and a comprises the pre-exponential factor that is not time
dependent. kNU and kUN are the rate constants for transitions from N to
U and U to N, respectively.

’RESULTS AND DISCUSSION

We have developed a microprocessor-controlled pressure
jump unit that is able to perform short rapid pressure steps with
a slope of more than 25 GPa/s at the sample that can be fully
integrated in the NMR pulse programs (Figure 1). A similar
system was used earlier for small-angle X-ray scattering (SAXS)
measurements.15 Our system consists of a high pressure cell
inserted into the NMR probe that is connected via high pressure
tubes to the high pressure pump. A pressurized liquid (in our case
methylcyclohexane) is transmitted via a separator (the Teflon
tube and the polyethylene membrane, respectively) to the
sample that in structural biology is usually an aqueous solution
of a protein. Valve 3 is a safety valve that is closed automatically
when the high pressure cell is exploding (a case that happens
sometimes because the maximum pressure used for proteins is
close to the limit of currently available materials) or can be closed
by the operator in the case of emergency. When valve 1 is opened
and valve 2 is closed, the pressure created by the pump is
transmitted to the sample, while closing of valve 1 and opening
of valve 2 resets the pressure to atmospheric pressure (for more
details, see the Supporting Information).

Because the opening and closing of the valves is micro-
processor controlled, it can be inserted at any point in the
standard NMR pulse programs. The pressure response measured
with sensor 1 (Figure 1B) is mainly limited by the switching time
of the high pressure valves; for a pressure step of 80 MPa, about
30 ms is required. The separators used in our system were shown
to have no influence on the pressure response measured in the

Figure 1. Schematic view and performance of the pressure jump apparatus. (A) The microprocessor-controlled pressure jump system; (B) the pressure
response measured at sensor 1.
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sample.9 Compression of liquids leads to an increase of tempera-
ture in the sample during the compression. The temperature
increase during a pressure jump of 80MPa is < l K as determined
with an NMR sample (see the Experimental Section). Because
the subsequent pressure decrease leads to an expansion and thus
to a corresponding cooling of the sample, in first approximation
during a repetitive experiment, no net warming occurs in a full
pressure cycle. Several materials can be used for the production
of high pressure cells; for static high pressure experiments
initially quartz capillaries16 were used, while other cells were
made of sapphire single crystals17,18 or ceramics.19,20 Because the
small inner diameters of the quartz capillaries add an additional
friction to the system (and thus increase the switching time by
10�20 ms), ceramic cells are best suited for pressure jump
experiments. Sapphire cells cannot be used because they are
usually destroyed after several thousand pressure jumps by the
high pressure gradients. In general, two different types of
dynamic pressure perturbation experiments can be performed.
In the first type, the pressure change is performed before starting
the pulse sequence (pressure perturbation transient state spec-
troscopy, PPTSS); in the second type, the pressure change is
performed during the NMR-pulse sequence (pressure perturba-
tion state correlation spectroscopy, PPSCS) (Figure 2). The
PPTSS experiment measures the time-dependent pressure re-
sponse of a biological system after a periodic perturbation. In

contrast to normal NMR experiments, a nonequilibrium system
is established here. Possible applications of PPTSS are the deter-
mination of rate constants in folding/unfolding experiments, of
free activation energies and activation volumes for conforma-
tional changes, ligand binding, and polymerization reactions.
Another possibility we propose here is the use of more general
perturbations such as the reversible destruction of the order of
the solvent: lipid bicelles are often used as alignment medium in
themeasurements of residual dipolar couplings (RDCs); because
the ordered liquid crystalline bicellar structure is pressure and
temperature dependent,4,21 it could be destroyed by a rapid
pressure change.

The incorporation of a pressure change into the NMR pulse
sequence in the PPSCS experiment allows the correlation of
structure-dependent NMR parameters at different pressures. A
problem here is that the time needed for a pressure step or pulse
is significantly larger than the typical transverse relaxation time
T2 of a few milliseconds found in proteins (for very small
molecules this is different). Therefore, after the pressure jump
the coherence of the system is completely lost. However, the
longitudinal relaxation time T1 of proteins in solution is of the
order of seconds, giving the opportunity to store the transverse
magnetization for some time as longitudinal magnetization
and recreating it after the pressure step. A practical implementa-
tion is the addition of a pair of π/2-pulses with opposite phases

Figure 2. Dynamic pressure perturbation spectroscopy. General pulse sequences (A) for pressure perturbation transient state spectroscopy (PPTSS)
and (C and E) for pressure perturbation correlation spectroscopy (PPSCS). The light and dark gray rectangles symbolize a series of RF and magnetic
gradient pulses, the triangle the free induction decay (FID), the black rectanglesπ/2�RF pulses with phases ϕ, and the black bordered white rectangle a
water suppression pulse sequence. The times t and t1 are varied from experiment to experiment; the interval τ is the time required for performing the
pressure step or pulse. During this time, also a magnetic gradient pulse is applied for destroying transversal magnetization. During the time t2, the signal is
recorded. (B) Pulse sequences for a 1D 1H PPTSS experiment and a 2D-1H-NOESY-PPSCS-experiment. G, magnetic field gradients, P, pressure, (thin
line) for PPTSS, (thick line) for PPSCS. Phase cycling ϕ1 = (x,�x), ϕ2 = (x), ϕ3 = (x), ϕ4 = (x, x, y, y,�x,�x,�y,�y), ϕ5 = (8(x), 8(y), 8(�x), 8(�y),
receiver phase (2(x,�x,�x, x), 2(�x, x, x,�x), phase ϕ1 is incremented for phase-sensitive detection with TPPI by 90� for every time increment. For
the 1D experiment, t1 is set to a constant value (3 μs), while for a 2D experiment, t1 is incremented. The low power pulse (x) for water saturation is
omitted for PPTSS. The delay d8 is 10ms for PPTSS, larger than the time needed for the pressure jump (typically 50ms) for PPSCS. Gradient durations
1 ms, gradient strengthsG1 = 34%,G2 = 22% of the maximum strength. The delay d3 was set to 0.5 ms in Figure 3 but could be reduced to 0.1 ms. Delay
d4 determines the excitation spectrum and was set to 0.25 ms in the experiment shown in Figure 3. (D) PPSCS-HSQC pulse sequence,G, magnetic field
gradient, Garp, 15N broadband decoupling. Phases cycling ϕ1 = (y,�y), ϕ2 = (4(x), 4(�x)), ϕ3 = (�y, y, y,�y), ϕ4 = (y, y,�y,�y,�x,�x, x, x), ϕ5 =
(8(y), 8(�x), 8(�y), 8(x)), ϕ6 = (x, x, �x, �x), ϕ7 = (x, x, �x, �x), receiver phase (x, �x, �x, x, x, x, x, �x, �x, x, x, �x, x, �x, �x, x), phase ϕ6 is
incremented for phase-sensitive detection with TPPI by 90� for every time increment. (E) PPSCS-NOESY.
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separated by a time τ , T1, during which the pressure step is
performed (Figure 2C and E).

Typical applications would be the transfer of spectral assign-
ments performed in one state (e.g., the well-folded ground state
of a protein at ambient pressure) to the spectrum obtained from a
different pressure-induced state (e.g., the denatured state or an
excited conformational state in slow exchange). Under slow
exchange conditions, this allows the recognition (assignment)
of the resonances of the second state, but in general it is also
helpful in crowded protein spectra under fast exchange condi-
tions. Instead of using a pressure step, a pressure pulse
(Figure 2E) could allow one to measure NMR parameters of a
perturbed state under conditions where the protein is folded, for
example, the interatomic distances in the denatured form of a
protein by the intensity of the NOESY cross peaks in the
ground state.

For demonstrating that both types of experiments work with
the system presented here, a typical PPTSS and a typical PPSCS

experiment are presented exemplarily in this Article. The time
course of the pressure-induced denaturation/refolding of an
active center mutant of HPr protein from S. carnosus7 was
observed by one-dimensional NMR spectroscopy after increas-
ing the pressure from ambient pressure to 80MPa and vice versa.
The used pulse sequence is given in Figure 2B. Exemplarily, the
resonance lines of the Hε-resonance of Tyr64 in the folded
state and of the Hε-resonances of all three tyrosine residues of
HPr in the unfolded state are shown. Three different spectra are
presented in Figure 3A: a spectrum of HPr in its thermodynamic
equilibrium at 0.1 MPa, a spectrum at 80 MPa, and a spectrum
obtained 100 ms after decreasing the pressure from 80 to 0.1
MPa. The complete spectra are depicted in the Supporting
Information (Figure S2). The relative concentrations of HPr in
the folded and unfolded states N and U at a time t after stepping
the pressure from p1 to p2 can be calculated from the integral of
the Hε-resonance of Tyr64 divided by the integral of the
resonances of the three tyrosine residues of HPr (Tyr6, Tyr37,
Tyr64) in the unfolded state.

In the unfolded state, the latter resonances have the same
chemical shift, the random-coil chemical shift. When the time
step is much faster than the folding/unfolding transition, the
reaction can be described by a four-state model (Figure 3B). In
the absence of folding intermediates, the transitions N(p1) T
N(p2) and U(p1) T U(p2) after the pressure jump should be
very fast because they include only local effects such as slight
changes of hydrogen-bond lengths. Experimentally, this assump-
tion can be verified directly, because the chemical shifts after the
shortest time tmeasured correspond already to the chemical shift
of HPr in states N and U at the final pressure. The rate constants
can be calculated by a fit of the data as (1.29 ( 0.03) and
(0.165 ( 0.006) s�1 for kUN and kNU at 0.1 MPa (Figure 3C).

Instead of performing a pressure jump from 80 to 0.1 MPa,
one can also perform a pressure jump from 0.1 to 80 MPa. From
these data, kUN and kNU at 80 MPa can be derived as (0.49 (
0.05) and (0.20 ( 0.02) s�1, respectively. Pressure influences
folding and unfolding kinetics simultaneously, but mainly folding
is slowed by pressure. As long as the time required for the pulse
sequence itself is shorter than the time scale of the structural
rearrangement, more sophisticated 2D-pulse sequences can be
used in a PPTSS experiment. For example, the 1D pulse
sequence (Figure 2B) can be substituted by any two-dimensional
experiment (Figure 2D) such as two-dimensional SOFAST
1H,15N-HMQC experiments22 where all amide groups of the
protein can be detected separately. This would more or less
correspond to the experiments performed manually by the
Akasaka group for slow aggregation processes.3 However, the
automation also allows one to perform these experiments in a
different way that would still grant a time resolution in the
millisecond range (acquisition time for a single low resolution
FID; in fact, when only integrals are concerned, the time
resolution is even better because the first point of an FID
determines the integral): the necessary signal-to-noise ratio can
be obtained by repeating the experiment at a given t1-value N-
times and adding the FIDs. A problem could be differences
caused by evolution during t1, an effect that can be avoided by
using constant time experiments.23 Concerning chemical shifts,
the time resolution can be further increased by segmental linear
prediction of the FIDs.24

Rapid pressure changes inside the pulse sequence can be used
to correlate spin states at different pressures. An example for such
an PPSCS experiment is the application of a pressure jump in a

Figure 3. Time dependence of the spectral changes after a pressure
perturbation. The sample contained approximately 1.5 mM HPr(I14A)
from S. carnosus in 10 mM Tris-d11, 0.5 mM EDTA-d6, 0.5 mM NaN3,
pH 7.0, 99.8% D2O. Data were measured at T = 285 K. (A) Part of a 1H
NMR spectrum measured at 500.1 MHz showing the Hε-resonance line
of Tyr64 in the folded state N and the Hε resonances of all three tyrosine
residues of HPr in the unfolded state U. (red) Spectrum at 0.1 MPa,
(green) transient after a pressure jump from 80 to 0.1 MPa, (blue)
spectrum at 80 MPa. (B) 4-state model used for the description of the
experiment. (C) The ratio of the relative concentrations cU/cT and cN/cT
as a function of the time t after the pressure perturbation is plotted as a
function of t. cN, cU, and cT are the concentrations of the natively folded
protein, the unfolded protein, and the total concentration of the protein.
The data were fitted as described in the Experimental Section. Broken
lines refer to the equilibrium values.
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1H,15N HSQC at the interface between t1 and t2 time evolution
(Figure 2D). It allows the correlation of chemical shifts of all
protein amide groups at one pressure with the corresponding
chemical shifts at another pressure. As an example for such
correlation peaks, a small part of such a spectrum is shown in
Figure 4 with the correlation peaks (blue) that connect the
resonances of Gly54 and Thr87 of the HPr protein from
S. aureus25 at low (green) and high pressures (red). Note that
the actual pressure used for recording the correlation spectrum
was slightly lower than 88 MPa used in the static experiments
leading to somewhat smaller 1H chemical shifts changes. Note
also the absence of virtually any t1-noise that would occur when
the pressure pulse synchronization with the pulse program and
the reproducibility of the pressure slope would not be perfect
enough. In addition, the pulse sequences designed here are rather
robust against small synchronization errors because the pressure
change occurs in a window (typically 100 ms) that is larger than
required for the 30 ms pulse step where only z-magnetization is
relevant. The example shown here is the result observed when
fast exchange conditions prevail and assignment of resonances is
rather straightforward. Of course, the experiment should also
work under slow exchange conditions where assignment is often
complicated, for example, when the amide cross peaks of
denatured protein have to be assigned to the native state or
when the natively folded protein exists in two pressure-sensitive
conformational states.

This experiment has similarities to the SCOTCH experi-
ment used by Rubenstenn et al.26 for the correlation of -
amide resonances of photo intermediates of the yellow protein
PYP with its ground state. By replacing the laser irradiation
by a pressure step, this elegant experiment could give the same

information as the experiment described in Figure 4, illustrating
also that pressure perturbations can be introduced in many
different ways in nD pulse sequences. It should be noted that
conceptually the same fundamental classes of experiments were
discussed for light-induced transitions23 that are introduced here
for pressure effects.

Rapid temperature changes represent another possibility to
increase the dimensionality of the NMR experiments27 and to
perturb the thermodynamic equilibrium. Microwave-induced
heating of the sample28 was used to perform state correlation
spectroscopy on liquid crystals as well as on proteins. However,
whereas heating by 30 K can be performed in the same milli-
second time scale as the pressure changes of 0.08 GPa presented
here, cooling of the sample is slow and implies that experiments
can be repeated only every 15 min, thus being almost prohibitive
for protein work. In addition, repeated heat denaturation usually
leads to irreversible aggregation of denatured proteins. In con-
trast, pressure application can be usually performed many times,
because pressure usually enforces dissociation of protein com-
plexes. A complementary method to pressure perturbation is the
identification of exchange processes in thermodynamic ensem-
bles by Carr�Purcell like relaxation measurements.29,30 If mea-
sured as a function of the magnetic field, the exchange rates can
be fitted with a two-state model: the population of the two states,
the exchange correlation times, and the absolute value of the
chemical shift difference can be obtained. However, the time
scale of the observable dynamics is limited by the transverse
relaxation times to values lower than 10 ms, and more complex
data including direct 3D structural information cannot be
obtained.

In conclusion, we have shown that PPTSS as well as PPSCS
can be performed at conditions relevant in protein science. This
opens the possibility to perform a wealth of new nD-NMR
experiments that provide detailed dynamic and structural infor-
mation on proteins that is difficult or impossible to obtain with
other methods.
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Figure 4. Pressure perturbation state correlation spectroscopy
(PPSCS). The sample contained 3 mM of uniformly 15N labeled HPr
from S. aureus in 90% H2O/10% D2O with 0.1 mM DSS as internal
standard. The pHwas adjusted to 7.0. Small part of the fingerprint region
of the PPSCS-1H, 15N HSQC spectrum. (green) Cross peaks at 0.1
MPa, (red) cross peaks at 88 MPa, (blue) correlation peaks with the 1H
chemical shifts corresponding to 88 MPa and the 15N chemical shifts
corresponding to 0.1 MPa.
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