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Abstract High-pressure NMR spectroscopy has emerged
as a complementary approach for investigating various
structural and thermodynamic properties of macromole-
cules. Noticeably absent from the array of experimental
restraints that have been employed to characterize protein
structures at high hydrostatic pressure is the residual
dipolar coupling, which requires the partial alignment of
the macromolecule of interest. Here we examine five
alignment media that are commonly used at ambient
pressure for this purpose. We find that the spontaneous
alignment of Pfl phage, d(GpG) and a C12E5/n-hexnanol
mixture in a magnetic field is preserved under high
hydrostatic pressure. However, DMPC/DHPC bicelles and
collagen gel are found to be unsuitable. Evidence is pre-
sented to demonstrate that pressure-induced structural
changes can be identified using the residual dipolar
coupling.

Keywords Residual dipolar coupling - High hydrostatic
pressure - Alignment media - NMR spectroscopy -
Structure calculation

As a fundamental thermodynamic variable, pressure can be
used to modify the free energy landscape of biological
macromolecules such as proteins (Weber and Drickamer
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1983; Akasaka 2006). Recent developments in high-pres-
sure NMR spectroscopy have allowed for the investigation
of fundamental properties involving local protein structure,
dynamics, cooperativity and thermodynamics (Fu et al.
2012; Kamatari et al. 2004; Kitahara et al. 2005; Fuentes
and Wand 1998; Roche et al. 2012). Indeed, high-resolu-
tion protein structure determination under high hydrostatic
pressure has been undertaken (Kitahara et al. 2005).
However, residual dipolar couplings (RDCs), which argu-
ably form the basis for obtaining structural models of the
highest precision and accuracy, have not been employed.
Introduction of weak partial alignment in solution NMR
recovers dipolar couplings that are normally averaged to
zero by macromolecular tumbling (Tjandra and Bax 1997,
Tolman et al. 1995). The resulting residual dipolar cou-
pling provides important global orientational information
that significantly complements classical short-range
restraints obtained from the chemical shift, the scalar
coupling constant and the nuclear Overhauser effect in the
determination of macromolecular structure (Prestegard
et al. 2000; Prestegard et al. 2004; Bax and Grishaev 2005).
RDCs can also provide valuable information regarding
internal dynamics over a wide range of timescales (Tolman
and Ruan 2006; Meirovitch et al. 2012; Lange et al. 2008).
The requisite partial alignment can be achieved by several
means such as by taking advantage of intrinsic or attached
paramagnetic centers (Prestegard et al. 2004; Barbieri et al.
2002), or by introduction of an external alignment medium
that most often acts through anisotropic excluded volume
effects (Tjandra et al. 1997). Different types of partial
alignment media have been developed to serve this purpose.
In some cases, more than one alignment media are preferred
in order to generate multiple alignment tensors. Selection of
a suitable weak alignment medium for RDC measurement is
molecule specific. Many factors influence the efficiency and

@ Springer


http://dx.doi.org/10.1007/s10858-013-9754-6

354

J Biomol NMR (2013) 56:353-357

properties of this weak alignment, including temperature,
pH, charge, concentration, detergent compatibility, ionic-
strength tolerance and potentially, pressure (Prestegard
et al. 2004; Prestegard and Kishore 2001).

In an attempt to extend the application of high-pressure
NMR to the measurement of RDCs, we examined the
viability of five commonly used alignment media under
various pressures up to 2.5 kbar, including Pf1 filamentous
bacteriophage (Hansen et al. 1998), the dinucleotide
2'-deoxyguanylyl-(3',5')-2'-deoxyguanosine (d(GpG))
(Lorieau et al. 2008), a C12E5/n-hexanol mixture (Ruckert
and Otting 2000), DMPC/DHPC bicelles (Ottiger and Bax
1999) and collagen gel (Ma et al. 2008). The pressure
response of the alignment was monitored by deuterium
quadrupolar splittings induced by partially aligning D,O.
Human ubiquitin and B-cyclodextrin bound E. coli maltose
binding protein (MBP) were used as model proteins to
demonstrate the feasibility of obtaining RDCs under pres-
sure. Our results show that Pf1 phage, d(GpG) and C12ES5/
n-hexanol are largely pressure tolerant, making them good
candidates for RDC measurement under high hydrostatic
pressure. They provide a starting point for developing
suitable weak alignment media covering a broad range of
experimental conditions under pressure for macromole-
cules with diverse properties.

Pfl phage is one of the most commonly used liquid
crystalline alignment media. It is a rod-shaped, negatively
charged particle that can be used to weakly align negatively
charged proteins and nucleic acids with its long axis aligned
parallel to the magnetic field (Hansen et al. 1998). It is
effective over ranges of temperatures between 5 and 45 °C
and pH values between 6.5 and 8.0. Pfl phage (ASLA
Biotech Ltd., Riga, Latvia) was prepared in 10 mM potas-
sium phosphate, 0.02 % NaNj3, 10 % D,0, pH 7.6 at a con-
centration of 24 mg/ml. A modest decrease in *H quadrupolar
splitting with increasing pressure up to 1,000 bar was
observed, which remained essentially unchanged from 1,000
to 2,500 bar (Fig. la). The decrease in “H splitting with
elevated pressure could arise from a number of sources
including a reduction in the degree of Pfl alignment and
changes in the properties of Pfl hydration water at high
pressure (Zweckstetter and Bax 2001).

The liquid crystalline phase of d(GpG) provides an
alternative negatively charged alignment medium and can
be used around and below neutral pH and at temperatures
up to 40 °C (Lorieau et al. 2008). Two samples of d(GpG)
(Rasayan Inc., Encinitas, CA) were prepared at concen-
trations of 14.7 and 9.3 mg/ml in 10 mM imidazole,
0.02 % NaN3, 10 % D,0 at pH 7.2, containing 23 mM and
15 mM KClI, respectively. In contrast to Pfl phage, pres-
sure caused a significant increase in the residual *H
quadrupolar splitting (Figs. 1c and 1d). Indeed, the lower
concentration sample displayed isotropic behavior at
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Fig. 1 Pressure response of the effective alignment of Pfl phage,
C12E5/n-hexanol and d(GpG). a One dimensional “H spectra of a
solution of 24 mg/ml Pfl phage at 25 °C under various pressures.
b ’H spectra of a solution of 5 % (w/w) C12E5/n-hexanol (r = 0.87)
at 30 °C under various pressures. ¢ and d H spectra of solutions of
14.7 and 9.3 mg/ml d(GpG) at 37 °C under various pressures,
respectively. Spectra were obtained using a 3.0 mm i.d. high-pressure
NMR cell rated to 2.5 kbar and an Xtreme 60 high-pressure generator
(Daedalus Innovations, Aston, Pennsylvania). Spectra were acquired
with a Bruker Avance 111 600 MHz NMR spectrometer equipped with
a triple resonance cryoprobe

ambient pressure that was replaced by an effective align-
ment at higher pressures. It should be noted that, although
d(GpG) and Pf1 phage have similar shape and charge, their
long axes are aligned differently with Pfl phage aligned
parallel and with d(GpG) orthogonal to the applied mag-
netic field (Lorieau et al. 2008). This difference in the
alignment, in turn, results in different orientations of the
hydration water relative to the axes of the alignment media.
This may be the origin of the different pressure response of
these two alignment media.

Mixtures of n-alkyl-poly (ethylene glycol) and n-alkyl
alcohol or glucopone and n-hexanol also form dilute liquid
crystalline phases in aqueous solution (Ruckert and Otting
2000). They are uncharged, insensitive to pH, have little
sensitivity to salt and can be used at temperatures ranging
up to ~40 °C. A 5 % (w/w) C12E5/n-hexanol mixture
with a C12E5/n-hexanol molar ratio (r) of 0.87 was pre-
pared in 10 mM imidazole, 100 mM KCI, 20 mM CaCl,,
0.02 % NaNj3, 10 % D,O at pH 6.5 (Ruckert and Otting
2000). *H spectra collected from 1 bar to 2.5 kbar at 30 °C
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Fig. 2 Sensitivity of DMPC/DHPC bicelles induced partial alignment
to elevated pressure. Serial one dimensional >H spectra were collected
at 37 °C on a 13.3 % bicelle solution with a DMPC/DHPC molar ratio
of 3:1 in 10 mM imidazole, 0.02 % NaNj3, 10 % D,0 at pH 7.15

indicate that this alignment medium has only a modest
sensitivity to elevated pressure (Fig. 1b).

DMPC/DHPC bicelles are perhaps the most popular
liquid crystalline alignment medium (Tjandra and Bax
1997). Unfortunately, as might be expected for a large
assembly of lipids stabilized by weak interactions, the bi-
celle-induced alignment showed acute sensitivity to ele-
vated pressure. The effective alignment was abolished as
the pressure was increased to 500 bar (Fig. 2). Collagen gel
was another alignment medium that we tested. Although it
appeared to be pressure resistant, in our hands, the quality
of the alignment seemed to be largely compromised by the
difficulty in preparing homogeneous samples using com-
mercial rat-tail collagen. Hence, its applicability for high-
pressure studies was not investigated in detail.

To further illustrate the utility of d(GpG) and C12E5/n-
hexanol as suitable weak alignment media for high-pres-
sure studies of proteins, 'H-'>N RDCs of B- cyclodextrin
bound E. coli MBP and human ubiquitin were measured at
elevated pressures (Fig. 3). Comparing the experimental
RDCs with those back calculated from a structural model is
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often used to quantify the quality of the model and vice
versa (Bax and Grishaev 2005; Valafar and Prestegard
2004). We used this approach to assess the structural dis-
tortions of ubiquitin due to pressure perturbation. 'H-""N
RDCs collected at 1, 1,200 and 2,500 bar are plotted
against those back calculated from the ambient-pressure
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Fig. 4 Correspondence between 'H-'>N RDCs of ubiquitin measured
at various pressures with those predicted by the reference structure
(1D3Z) (Cornilescu et al. 1998) obtained at 1, 1,200 and 2,500 bar.
Highly disordered residues 72—-76 were excluded from the analysis

(a) '

Fig. 5 Pressure-induced
structural change in ubiquitin
detected by 'H-'>N RDCs. The
sites that show the largest
deviations between the observed
RDCs and those calculated
using the ambient pressure
solution structure (1D3Z)
(Cornilescu et al. 1998) are
highlighted in yellow for a 1,
b 1,200 and ¢ 2,500 bar
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ubiquitin solution structure (PDB 1D3Z) (Cornilescu et al.
1998) (Fig. 4 and Table S2). They correspond to Q factors
(Cornilescu et al. 1998) of 0.09, 0.13 and 0.18, respec-
tively, indicating that the agreement between the observed
RDCs and the ambient structure decreases as the pressure
increases. At ambient pressure, as previously noted (Cor-
nilescu et al. 1998), the largest deviations between the
observed and the calculated RDCs are associated with
residues that are located in or next to the flexible loop
regions (Fig. 5a), underlining the sensitivity of RDC to
motion. At elevated pressures, residues sandwiched
between the a-helix and B-sheet in the structural core of the
protein display the largest deviations (Figs. 5b and 5c).
These regions of ubiquitin correspond to those previously
highlighted as pressure-induced structural changes in a
solution structure determined using classical NMR
restraints at 3 kbar (Kitahara et al. 2005).

In conclusion, we have examined five widely used
alignment media for their suitability for solution NMR
spectroscopy under elevated pressure. Pf1 phage, d(GpG)
and CI12E5/n-hexanol are largely pressure tolerant. The
alignment of these three alignment media is stable under
pressure for at least 12 h, as seen by the unchanged *H
splitting observed at 2.5 kbar overnight. The *H lineshape
is unaffected by high pressure indicating that the homo-
geneity of the weak alignment is preserved. They cover a
wide range of experimental conditions and sample char-
acteristics and thus should be generally useful for high-
pressure NMR studies of proteins and nucleic acids.
Although pressure-induced RDC changes can be used to
identify regions of pressure sensitivity within a protein
molecule, whether they are due to changes in protein
structure or dynamics needs to be carefully examined. In
addition, the application of a significant perturbation such
as high hydrostatic pressure also requires consideration of
the potential for a change in the character of the interaction
with the alignment medium. Nevertheless, with these
qualifications in mind, the addition of residual dipolar
couplings to the library of restraints that are available for
characterization of macromolecular structure at elevated
pressure is anticipated to have the same impact on the
quality of structural models that can be obtained as they
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have for structures determined at ambient pressure (Bax
and Grishaev 2005).
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