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Abstract

High pressure NMR spectroscopy is a most exciting method for studying the structural anisotropy and conformational dynamics

of proteins. The restricted volume of the high pressure glass cells causes a poor signal to noise ratio which up to now renders the

application of most of the multidimensional NMR experiments impossible. The method presented here using high strength single

crystal sapphire cells doubles the signal-to-noise ratio and allows to perform high pressure NMR measurements more easily. As a

first application the difference of partial molar volumes caused by cis–trans-isomerisation of a prolyl peptide bond in the tetrapeptide

Gly-Gly-Pro-Ala could be determined as 0:25mlmol�1 at 305K.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

High pressure NMR-spectroscopy can give a wealth

of important information about protein biochemistry

and biophysics at atomic resolution which cannot or can

only be obtained very difficult by other methods (for a

review see [1,2]). It can give information about me-
chanical and dynamical properties of proteins and can

be used to stabilise folding and unfolding intermediates.

When pressures of 200MPa are applied it allows the

observation of protein denaturation at temperatures

down to 255K. In addition protein aggregation and

association can be influenced by pressure [3].

Two conceptually different methods are at present

applied for high pressure NMR experiments: the first
method uses specifically designed non-magnetic metal

autoclaves [4,5]. The second method is the so called

Yamada glass cell method [6–8]. Although in principle

pressurising of the whole probe head appears to be the

superior method since very high pressures can be ob-

tained, the design of special metallic high pressure probe

heads leads to severe problems. These are mainly due to

the limited space in high resolution high field NMR

spectrometers, perturbations of the magnetic field ho-

mogeneity and the difficulty to construct reliable low

impedance radiofrequency feedthroughs through the

thick metal parts of the autoclaves. Especially the latter

difficulties increase with increasing RF frequency. The
Yamada glass cell method can be applied much easier

since it does not require special probe heads. The main

disadvantage of the glass cell method is the inherent low

sensitivity since the sample volume contained in the

thick-walled sample tubes is rather small. Typically,

borosilicate or quartz glass capillaries with an outer

diameter of 5mm and an inner diameter of 1.0–1.2mm

are required to withstand a pressure up to 200MPa. A
few of these capillaries can be used up to a pressure of

400MPa, a pressure which can be reached routineously

with capillaries with an outer diameter of 1mm [9,10].

The typical active volume in 5mm capillaries is 40 lL,
that of the 1mm capillaries is 0.3 lL. The small amount

of sample material within the NMR-coils causes a too

poor signal-to-noise ratio for useful applications of most

of the multidimensional NMR experiments important
in protein science. Therefore, set ups with larger ac-

tive volumes are needed. The maximum pressure pmax
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obtainable is a function of the tensile strength s of the
material and the quotient of the outer and inner diam-

eters do and di. It can be approximated by

pmax ¼ s lnðd2
o=d

2
i Þ: ð1Þ

In Table 1 mechanical and physical parameters of

different materials used for the production of high

pressure capillaries are listed. The tensile strength of
borosilicate glass is much lower than that of quartz and

sapphire. The effective tensile strength given in Table 1

includes the possible existence of faults in the material.

The occurrence of faults substantially reduces the max-

imum pressure the capillaries can withstand, their

number is also much dependent on the details of fabri-

cation process. As the probability for faults decreases

with size of the piece of material, small capillaries can
withstand much higher forces. The quartz cells tested in

our laboratory generally failed in reaching higher pres-

sures than the borosilicate capillaries, in spite of their

seven times higher tensile strength of quartz. However,

selected quartz capillaries with an outer diameter of

3mm and an inner diameter of 1mm were reported to

withstand pressures up to 400MPa [11–13]. Yamada

reported, that quartz capillaries made out of synthetic
quartz can withstand pressures up to 600MPa [8]. Even

borosilicate glass capillaries can be used up to 400MPa

but the outer diameter is only 1mm and the inner di-

ameter 0.1mm [9,10].

The use of sapphire cells with 5mm outer diameter

and 0.8mm wall was first suggested by Roe [14] for

pressures up to 41.5MPa. Urbauer et al. [15] reported,

that sapphire cells with 5mm outer diameter and 1mm
inner diameter withstand pressures up to 100MPa (US

patent #5977772).

Single crystalline sapphire cells with an inner diame-

ter of 1.73mm and an outer diameter of 3.18mm are

available from Saphikon (Milford, New Hampshire

03055, USA). In contrast to amorphous materials such

as borosilicate and quartz glass, in general sapphire

single crystal should contain only few faults due to the
manufacturing method. However, the commercially

available sapphire cells have still a large spread in their

quality and have to be tested before use. Although most

cells can be used up to 200MPa, some of them burst at

pressures below 70MPa but also pressures above
350MPa were reached. A disadvantage of sapphire rel-

atively to borosilicate glass is its relatively high thermal

expansion coefficient which may lead to mechanical

problems when changing the temperature.

In general, the sapphire cells can be used with a

structure according to the descriptions of Price and

L€uudemann [7] for borosilicate glass cells. Here, the

pressurising fluid (methyl cyclohexane:methyl cyclo-
pentane/50:50) is pressurised externally by a pressure

bench which is connected to the autoclave by a 6m high

strength steel tube with an inner diameter of 100 lm.

The pressure is transmitted onto the NMR-sample by a

Teflon hose closed by a Teflon plug which simulta-

neously serves as separation of the organic solvent from

the biological sample (Fig. 1). For sealing the glass cell

system cone shaped nipples are used. These nipples are
tightly pressed into the cone shaped bore of the auto-

clave. Since the radial forces applied to the capillary

tube increase with its diameter, only small diameters in

the contact area of the capillary with the sealing cone

can be used. This does not present a problem for glass

cell systems because the glass cells can be shaped ap-

propriately in this region. Since the outer diameter of the

sapphire capillary is constant over its length another
type of pressure sealing had to be devised for the sap-

phire cells. To fix the capillaries within the autoclave a

30mm long cylinder shaped TiAl6V4 nipple was used

which was glued around the end of the capillary. The

small gap between bore of the autoclave and nipple

(<10lm) is sealed by an O-ring. The O-ring is forced to

the walls of the autoclave by a cone shaped brass cyl-

inder. A glass rod is used to fill up the inner volume of
the sapphire cell outside the NMR coil, to reduce the

amount of sample fluid needed to fill the sample tube.

To prevent the probe head from damages caused by an

explosion a Teflon burst protection is applied to the

lower end of the capillaries (Fig. 1).

2. Results

To show the improvements achieved by using the new

sapphire cells 1H–15N-HSQC experiments were per-

Table 1

Physical and mechanical properties of the materials used for high pressure NMR capillariesa

Borosilicate glass Quartz glass Sapphire

Producer Schott Qsil Saphikon

Tensile strength ½Nmm�2� 7 50 140

Coeff. of expansion ½10�6 K�1� 3 0.5 8.8 7.9

Temp. of processing [K] 825–1260 1700–2100 >2053

Magn. susceptibility ½10�9 m3 kg�1� )0.86 )0.49 )0.21 )0.25
a The data are taken from the datasheets of the manufacturers [22–24], the magnetic susceptibilities of borosilicate and quartz glass were taken from

Wilmad [25] and Lide [26], respectively. Due to its single crystalline structure, the coefficient of expansion and magnetic susceptibility of sapphire are

tensorial quantities (the left side, values parallel, right side perpendicular to the principal axis of the system).
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formed with a sample of a 0.5mM sample of the cold

shock protein (Csp) from Thermotoga maritima. The

sample was measured in the sapphire cell with an outer

diameter of 3.18mm and an inner diameter of 1.73mm

and then under identical experimental conditions in the
glass cell with 5mm outer diameter and 1.2mm inner

diameter. A part of the spectra measured with this

equipment are shown in Fig. 2. The data were plotted at

the same contour level. It is obvious that the signal-to-

noise ratio is much better using the sapphire cell as to be

expected from the approximately two-times larger active

volume in the probe head. 1D traces through the max-

imum of the HN crosspeaks of K19 in the 2D HSQC
spectra are depicted in the bottom part of Fig. 2. The

signal-to-noise ratio calculated from 1D-traces is in-
creased by a factor of 2, in line with the expectation.

Since the glass cell together with their safety Teflon

tubes does not fit in a 5mm probe head, the 3mm

sapphire cell could also be used in a 5mm probe head

leading to a further improvement in signal-to-noise

ratio.

A first result of the sapphire cells which could not be

obtained before with the glass cell method is presented
in Fig. 3. The peptide bonds in proteins are known to be

almost always in trans-configuration, only for peptide

bonds involving the imino group of a proline a signifi-

cant probability for the cis-configuration exists. The

exchange between both conformations is slow on the

NMR-timescale and therefore can be observed easily by

NMR-spectroscopy. In protein folding, the cis–trans-

isomerisation can be a time-limiting process and is en-
hanced by prolyl peptidyl isomerases in vivo.

Both isomers of the proline peptide bond can be

distinguished by the different chemical shift values of the

prolyl signals in the NMR spectra. For our experiments

we used a 5mM solution of the random-coil peptide

GGPA (glycyl-gycyl-prolyl-alanine). In a recent study

we could not find a significant pressure dependence of

the cis–trans-equilibrium using a glass-cell [16] at the
actual experimental error. This result was in line to

previous reports [17–19] which have stated that con-

formational equilibria in small molecules are affected by

pressure only if it changes local electrical charges of

the concerned conformational states. Examples are

N-acetyl-LL-proline-NH-methylamide and glycylsarco-

sine [20].

The increased signal-to-noise of the sapphire cell al-
lowed a reinvestigation of this phenomenon (Fig. 3).

The conformational equilibrium of the prolyl peptide

bond was studied by integrating the Ha-signals of cis-

and trans-isomer of proline which are well separated in

the 1D-spectra. Integration of the line volume gives the

population of the corresponding isomer. As a result now

a significant shift of the equilibrium constant K ¼
½trans�=½cis� can be observed when the pressure is varied.
At 0.1MPa and 305K the value of K is 3:381� 0:008.
Increasing pressure leads to a higher population of the

cis-isomer of the peptide bond. From the dependence of

K on the pressure p the change of the partial molar

volume DV 0 can be calculated as �0:25mlmol�1 at

305K for the transition from the trans-configuration to

the cis-configuration. A possible explanation for the

effect found is the breakage of two H-bonds which are
forming c-turns [21] in the short peptide GGPA between

the carboxyl C and the amide N of the C-terminal ala-

nine and the second glycine but may also represent

differences of the partial charges of the peptide bond

itself in the two isomers.

In conclusion, the newly developed sapphire cell

system allows a detection of pressure effects in

Fig. 1. Borosilicate glass and sapphire high pressure systems. (Left)

Sapphire cell system with O-ring gasket. The pressurising fluid and

sample are separated by a Teflon shrink hose, which is closed by a

Teflon plug. Outer diameter of the sapphire cell 3.18mm, inner di-

ameter 1.73mm. As burst protection either a Teflon hose with 0.2mm

wall thickness or a especially manufactured closed Teflon tube (outer

diameter 4.8mm, inner diameter 3.5mm) was used. (Right) Glass cell

system with cone shaped metal sealing. The Duran 50 borosilicate glass

capillary is glued into a cone shaped TiAl6V4 nipple. Outer diameter

of the glass capillary 5.0mm, inner diameter 1.2mm.
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peptides and proteins with a much higher sensitivity

than that obtained in conventional systems and

should allow the performance of multidimensional

spectroscopy at high pressure which was not possible

before.
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Fig. 2. Sensitivity obtainable in high pressure borosilicate glass cells and sapphire cells. The sample contained 0.5mM uniformly 15N-enriched cold

shock protein from T. maritima (TmCsp) in 50mM phosphate buffer (pH 6.5), 20mM NaCl, 0.2mM Na–EDTA, 0:1lM NaN3, 10% D2O, and 90%
1H2O. Gradient selected sensitivity enhanced 1H –15N-HSQC spectra were recorded under identical experimental conditions either in a sapphire cell

(left) with an outer diameter 3.18mm, inner diameter 1.73mm or a borosilicate glass capillary (right) with an outer diameter of 5.0mm and an inner

diameter of 1.2mm. Data were recorded with a 8mm inverse triple resonance probe head at 600MHz proton frequency. Total acquisition time

approximately 2.5 h, resolution 2048 points in the direct dimension and 256 points in the indirect dimension. The temperature was adjusted to 303K.

(Top) Only a small part of the spectra are shown and plotted at the same contour levels for the two experiments. (Bottom) 1D-trace through the

maximum of the HN -signal of K19.

Fig. 3. Left: 1D-1H spectra of the Ha protons of proline in the tetrapeptide GGPA. The sample contained 5mM GGPA in 50mM Tris/HCl buffer

(pH 7.0) and 0.1mM DSS in 99% D2O. (Left) Part of 1D 1H-NMR spectra at various pressures showing the Ha-signal of proline in cis- and trans-

conformation, respectively. The pressure was changed from 0.1 to 150MPa in steps of 50MPa at a temperature of 305K. (Right) The logarithm of

the equilibrium constant K (the ratio of the integrals of the signals of the trans- to the cis-conformer) is plotted as function of pressure p. The change

of partial molar volume DV 0 is obtained from equation lnK ¼ �1=RT ðDG0 þ pDV 0Þ.
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