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NMR spectroscopy is now a routine tool for the structural -CDs
elucidation of small molecules of natural isotopic abundance, where a) 40°C
proton chemical shifts and-couplings measured under isotropic
tumbling conditions remain a cornerstone for deduction of their
structure. Direct through-space interactions between nuclei can be -

observed via the nuclear Overhauser effect (NOE) and more recently
through residual dipolar couplingéDj) that require molecules to

be partially aligned with respect to the magnetic field. These
couplings can be observed for water-soluble molecules of large or
intermediate size, weakly oriented using lipid bicelles or bacterio-
phage in aqueous solutidrHowever, a great many molecules of
interest to chemists and biochemists are soluble in organic solvents.
Measurement of residu8l; in this class of molecules has not been
possible as they align too strongly in bicellar systems. Here, a new
procedure for their partial alignment is reported that employs a fully
deuterated, essentially pure liquid crystalline solvahbtve its
liquid-crystalline/isotropic (LC/iso) transition temperature. This
permits more sensitive through-space interactions to be detected
between nuclei via coherence transfer though resiDeabuplings.

The alignment of molecules in a magnetic field results in
additional effects in NMR spectfaThese includeD-couplings
between nuclei, chemical shift anisotropy (CSA), anisotropy of
values$ and anisotropy of intra- and intermolecular relaxation Figure 1. Temperature dependence?f NMR spectra of the orienting
events? A predominant effect results from dipolar couplings. The solvent, PCBP(structure in d). Spectra were recorded with the material in
intensity of these couplings is dependent on the distance betweerfhe liquid state at (@) 4€C, (b) 30°C, and (c) 29°C. A 100-Hz chemical
nuclei,r, and the angled, between the direction of the magnetic shift width and the signals corresponding to th€Ds; group are shown.
field and the vector connecting the nuclei, according to eq 1, where crystalline staté.Even above the LC/iso transition temperature,
&j is a constant made up of other physical constants and is however, a slight ordering of the compound has been reported,

dependent on the type of nuclei involved in the coupfing: which has been examined by measurements of magnetic-field-
3 induced birefringence via the CotteMouton coefficient and
Dy =¢; (3 cog 6 — 1)(14°) (1) quadrupolar splittings of the fully deuterated compo@rithe

In principle, D-couplings offer a more sensitive means to detect témperature dependence?f NMR spectra of PCBP in the liquid
through-space interactions between nuclei than NOESY or RAESY State, above the LC/iso transition temperattieshown in Figure
experiments, as they have @ rather than a~¢ distance depend- 1. Changes occur during the approach to the transition in that
ence. In practice, molecules aligned too strongly hByeup to quadrupolqr splittings increase m_magnltude, chemical shifts c_hgnge,
thousands of hertz that result in complex multiplets with numerous @nd line width at half-height is increased. Quadrupolar splittings
splittings, often larger than chemical shift differences. With weakly incréase up to nearly 20 Hz; the upfieleCD; signal is the best
aligned molecules, multiplets are restricted to narrow spectral for quantitatively monitoring the effect (Figure *a). These
regions. Unique structural information about rigid subunits of SPIittings result from weak anisotropic orientation, as do chemical
molecules and their relative orientation can be derived from residual Shift changes. Line width increases reflect a lowering of the rates
D;. This requires knowledge of at least five angular parameters of molecular reorientation and conformational changes due to slower
(i.e., fromD; measurements) provided by each subunit, which can fluctuations of components of tréf quadrupolar tensor.
be used to constrain the orientations of subunit order tensor flames. ~ Dissolving small protonated molecules in the fully deuterated

The orienting solvent, 4-pentyl-4-cyanobiphenyB;s (PCBP) solvent and recordingH N_MR spectra in the liquid state betvyeen
is shown in Figure 1d and is usually used undiluted. In the liquid 45 and 50°C gave essentially the same results as observed in other
state it induces partial alignment of dissolved molecules, the extent ISOtrOpic solvents, indicating negligible alignment under these
of which can be controlled through a temperature change. The conditions. However, nearer to the LC/iso transition temperature

solvent itself has been the topic of extensive studies in the liquid Modified multiplet patterns were observed in 1D spectra, and
additional cross-peaks were observed in 2D COSY- and TOCSY-

* To whom correspondence should be addressed. E-mail: brad.bendiak@uchsc.edutype experiments. Spectra of the molecule 2-acetylphenanthrene
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Figure 2. H NMR spectré of 2-acetylphenanthrene (structure in c) in
PCBP4dys. (a) Spectra are 1D traces parallel to Eaeaxis from 2DH—1H
gCOSY or NOESY experiments. The; frequency corresponds to the
methyl protons at 2.23 ppm, and tRgregion shown is that of the aromatic
signals. The temperature and type of each 2D spectrum is indicated abov

dependent (correlation C, marked with an arrow). Chemical shifts
also varied with temperature. Caution should be taken in evaluation
of any CSA effects in this system, however, as samples are
intimately associated with the (alignable) solvent.

Partially oriented samples actually contain a great deal more
structural informationinherent in their multiplet patternghan
isotropic samples. However, the contribution of more couplidgs (
andD) to multiplet patterns requires greater demands of methods
for extraction of their coupling constants, as has been pointe# out.
Despite issues of quantification, observing coherent through-space
cross-peaks at sensitivities higher than NOESY experiments is
valuable in itself, as correlations between nuclei at further distances
than observed by NOEwill be useful to detect.

Multiplet patterns are reproducible in this system, provided the
quadrupolar splitting of the solvertCD; group is temperature-
tuned to the same value and the sample quantity is sr@¥4)
compared to the solvent quantity. The transition temperature can
also be modified by adding small quantities of an isotropic solvent
such as dimethylformamidé, which lowers and broadens the
transition zone for tuning the molecular alignment tensor.

In summary, the major advantage of this system is that liquid-
phase NMR spectra of small nonpolar molecules can be conven-
iently compared between the isotropic and weakly aligned states.
This provides access of a large class of small molecules to structural
information via through-space nuclear interactions that are funda-
mentally different and often more sensitive than NOE correlations
and should enable homonuclear and heteronu@eeouplings to
be observed, as reported for water-soluble macromolettighiere
will be advantages to using simple spin systems rather than macro-
molecules to test efficiencies of different magnetization-transfer

ghrocesses between nuclei in molecules in the partially aligned state.

each trace. Peaks A and B either represent the through-space residual Acknowledgment. | thank A. Pardi for reviewing the manu-

D-coupling correlations under weakly aligned conditions (trace 2) or NOE
correlations under isotropic conditions (trace 3) between protons of

2-acetylphenanthrene shown in panel c. Signal-to-noise measurements (S

N) are shown for peak A. (b) The three strips shown are from 2D gCOSY

script and J. W. Emsley for a useful discussion concerning
osolvents. Supported in part by the Mizutani Foundation for
lycosciences, the University of Colorado Health Sciences Center,

spectra accumulated at the temperatures indicated. The cross-peak “c’an NCI supplement to NIH5-P30-CA46934-10, and spectrometers

shown with an arrow corresponds toDw 4 between protons 1 and 10,
indicated in panel c. Other residuaj; 4 are indicated in ¢ betweél that
showed naJ-couplings under isotropic conditions.

(Figure 2) are illustrative of the effects of orientation that were
observed with other small molecules. In Figure 2a, comparisons
are shown between traces of 2D spectra aRhiequency of the
methyl group, parallel to thé, axis in the region containing
aromatic proton signals. Under isotropic conditions {80 trace

1), no cross-peaks were observed in COSY spectra between the

acetyl methyl protons and H-1 or H-3 protons. These protons are
five bonds distant; consequently, through-bdncbuplings would

be expected to be negligible. However, closer to the LCliso
transition temperature (29C, trace 2, shown at the same noise

level as trace 1), intense cross-peaks were observed in COSY

experiments and in purely absorptive in-phase TOCSY spéctra
(not shown) as the sample partially oriented. These resulted from
coherence transfer through-space Biaye and D3 e (labeled as

peaks A and B, interactions shown in Figure 2c). These cross-peaks

were also observed in a NOESY experiment accumulated for the
same time period and optimized under isotropic conditions G0
trace 3), but the signal/noise measured for correlation A, for
example, was about 3.2-fold higher in the COSY experiment,
despite broadening of the signal somewhat alongRhexis due

to additional residudDy . Other cross-peaks appeared among aryl
protons that were n@kcoupled under isotropic tumbling conditions.
For example, in COSY experiments shown in Figure 2b, a new
correlation appeared between H-1 and H-10 that was orientation-

from the Howard Hughes Medical Institute.
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