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Conformational analysis of organic and biomolecular compounds
are routinely performed by solution- or solid-state NMR spectros-
copy. Each method has its inherent limitations: solution conforma-
tions are typically time-averaged and limited in precision, and are
often inadequate for describing distributions of rapidly equilibrating
structures. Solid-state conformations of polycrystalline materials
can be determined with considerably greater precision, but are
subject to polymorphism and have no reliable correlation with
solution structures. A third approach involves a hybrid of the two
methods in which molecules are trapped in low-energy conforma-
tions by freezing them in a glassy matrix. This should allow for a
quantitative analysis of discrete conformations and their relative
populations within a static ensemble. Frozen-solution conforma-
tional analysis (FrSCA) was first validated by Long and Tycko for
a helix-forming peptide in frozen aqueous solutions using magic-
angle spinning (MAS) exchange spectroscopy.1 Here we show that
FrSCA can be applied to organic compounds by rotational-echo
double resonance (REDOR) spectroscopy, a widely used method
for measuring heteronuclear distances (up to 6 Å for 13C-15N spin
pairs) with resolutions on the order of 0.1 Å or less.2,3 Applications
of REDOR include the conformational analysis of ligand molecules
bound to receptor proteins4 and the global conformational analysis
of proteins and other biopolymers in frozen solution,5 but its use
in statistical conformational analysis has yet to be demonstrated.

Experiments were performed on a 400-MHz CMX spectrometer
with a 9.4-T wide-bore magnet and a 5-mm triple-resonance MAS
probe. Data were acquired using a standard REDOR pulse
sequence,6 enhanced by1H-13C cross-polarization (CP) transfer
and time-proportional phase-modulated (TPPM) decoupling (strength
∼84 kHz).7 Samples of 2-13C,15N-glycine (1)8 and13C-methylâ-D-
15N-acetylglucosamine (2)9 were prepared as 0.7 and 0.4 M solutions
in 95% D2O to ensure good CP transfer without introducing
additionalT2 broadening. These solutions were rapidly frozen in
the sample rotor at-80 °C while spinning at 700 Hz; REDOR
data was then acquired at rotor speeds of 4.5-5.0 kHz over a period
of 30 and 240 rotor cycles for1 and2, respectively. A final REDOR
curve was constructed from the division of the15N-refocused data
set (SR) by the unperturbed data (S0). Solutions of1 and2 showed
negligible changes in13C and1H chemical shifts orT1 relaxation
times as a function of concentration, and could thus be considered
as independent two-spin systems.

Studies were first conducted on frozen aqueous solutions of
conformationally invariant1 to determine the experimental uncer-

tainty in frozen-solution REDOR analysis (see Figure 1). Nonlinear
least-squares analysis using the analytical formulations developed
by Mueller10 based on a single dipolar coupling yielded an
optimized C2-N2 distance of 1.510 Å with a 95% confidence limit
of 0.014 Å. This value is in excellent agreement with those
measured from solid-state glycine powders using related NMR
methods (1.505-1.52 Å)11,12but are longer than that measured by
single-crystal X-ray diffraction ofR-glycine (1.474 Å).13,14

FrSCA of methylâ-aminoglucoside2 was performed to deter-
mine the conformational profile of its glycosidic (C1-O1) bond.
Glycosidic linkages have a defining role in the secondary structures
of carbohydrates, but analysis of their solution conformations has
proven to be nontrivial.15 The C1-O1 bond is considered to prefer
a geometry close to thegt conformer in which the glycosidic
substituent is approximately gauche to the O5 ring oxygen.16 The
“exo-anomeric” conformational preference has been widely assumed
in carbohydrate secondary structures,17 but to the best of our
knowledge it has not been experimentally quantified for simple
O-glycosides. This presented an opportunity to measure confor-
mational distributions using FrSCA.

Frozen-solution REDOR data on2 was acquired as described
above, then fitted against several different models. Least-squares
analysis based on a single C-N dipolar coupling gave a poor fit,
whereas analyses involving two couplings provided a much closer
fit (see Figure 2).18 The two-state model yielded CMe-N2 (dC-N)
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Figure 1. REDOR data for 2-13C,15N-labeled glycine (1) in frozen 95%
D2O at a MAS frequency of 5 kHz (open circles), and best fit of data based
on a single13C-15N coupling (red).

Figure 2. REDOR data for13C-methylâ-D-15N-acetylglucosamine (2) in
frozen 95% D2O at a MAS frequency of 4.5 kHz (open circles), with least-
squares fits based on one or two rigid dipolar couplings. (a) REDOR curves
based on a singledC-N value of 3.55 Å (blue), 4.13 Å (red), and 4.31 Å
(green). (b) REDOR curve based on twodC-N values (3.55 and 4.31 Å).
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distances of 4.31( 0.06 Å and 3.55( 0.08 Å, with fractional
populations of 0.68 and 0.32, respectively. To validate the accuracy
of the two-conformer model, additional fits were performed in
which one C-N distance (d1) was fixed at values between 2.8 and
4.4 Å, the range of possible distances. Two minima were found
which correspond to the results of the least-squares fit using two
couplings (see Figure 3).

The frozen-solution conformational analysis of2 was also
corroborated with an independent study based on computational
methods (see Figure 4).19 Semiempirical AM1 calculations were
used to minimize energies of gas-phase conformations with
torsionally fixed dihedral angles about the glycosidic bond, yielding
two relative minima close to thegt andgg conformers in a 60:40
ratio (2-A: φ ) -75°; 2-B: φ ) +60°), in good agreement with
the experimental observations.18-20 Internuclear CMe-N2 distances
after geometry optimization were found to be 4.10 and 3.45 Å,
respectively, both similar to the values obtained by REDOR. The
computed C-N distances are based on the average bond lengths
derived from X-ray crystallography and thus compare quite
favorably with the slightly longer distances obtained from the
REDOR measurements.

In conclusion, FrSCA offers an attractive alternative to solution-
based NMR methods of conformational analysis, with its superior
resolution and straightforward method of sample preparation. Other
solid-state NMR techniques are also likely to be applicable to the
frozen solution state, such as rotational resonance (13C-13C
distances)21 and angle-dependent correlations of chemical-shift

tensors.22 FrSCA may be especially useful for studying the native
conformations of molecules and materials in highly amorphous
environments, such as gels or biological tissues and matrices.

Acknowledgment. This work was supported by donors of the
Petroleum Research Fund administered by the American Chemical
Society (36069-AC1) and the American Heart Association (30399Z).
We thank Drs. Sarah Pilkenton, Klaas Hallenga, and Alan Ronemus
for their assistance with the CMX-400, and Professor Mark Lipton
for helpful discussions regarding AM1 calculations.

Supporting Information Available: Conditions for REDOR data
analysis, and parameters for AM1 geometry optimizations (PDF). This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Long, H. W.; Tycko, R.J. Am. Chem. Soc. 1998, 120, 7039-48.
(2) McDowell, L. M.; Schaefer, J.Curr. Opin. Struct. Biol. 1996, 6, 624-

29.
(3) Schaefer, J. InEncyclopedia of Nuclear Magnetic Resonance; Grant, E.

M., Harris, R. K., Eds.; John Wiley and Sons: New York, 1996.
(4) (a) Studelska, D. R.; Klug, C. A.; Beusen, D. D.; McDowell, L. M.;

Schaefer, J.J. Am. Chem. Soc. 1996, 118, 5476-77. (b) McDowell, L.
M.; Klug, C. A.; Beusen, D. D.; Schaefer, J.Biochemistry1996, 35, 5395-
403.

(5) Balbach, J. J.; Yang, J.; Weliky, D. P.; Steinbach, P. J.; Tugarinov, V.;
Anglister, J.; Tycko, R.J. Biomol. NMR2000, 16, 313-27.

(6) Gullion, T.; Schaefer, J.J. Magn. Reson.1989, 81, 196-200.
(7) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R.

G. J. Chem. Phys.1995, 103, 6951-98.
(8) Purchased from Cambridge Isotopes with 98% double-isotope purity and

then diluted with natural-abundance glycine to 9.1% enrichment.
(9) Prepared and used at 98% double-isotope purity: Boulineau, F. P.; Wei,

A. Carbohydr. Res. 2001, 334, 271-79.
(10) Mueller, K. T.; Jarvie, T. P.; Aurentz, D. J.; Roberts, B. W.Chem. Phys.

Lett. 1995, 535-42.
(11) (a) Iishi, Y.; Terao, T.J. Magn. Reson. A1995, 115, 116-18. (b) Iishi,

Y.; Terao, T.; Hayashi, S.J. Chem. Phys.1997, 107, 2760-74.
(12) Vogt, F. G.; Gibson, J. M.; Mattingly, S. M.; Mueller, K. T.J. Phys.

Chem. B2003, 107, 1272-83.
(13) Marsh, R. E.Acta Crystallogr.1958, 11, 654-63.
(14) The latter difference has been attributed to motional effects; see ref 12.
(15) Experimental NMR methods include: (a) NOE andT1 analysis: Bock,

K.; Thøgerson, H.Annu. ReV. NMR Spectrosc. 1982, 13, 1-57. (b)1H-
13C coupling constant analysis: Bose, B.; Zhao, S.; Stenutz, R.; Cloran,
F.; Bondo, P. B.; Bondo, G.; Hertz, B.; Carmichael, I.; Serianni, A. S.J.
Am. Chem. Soc. 1998, 120, 11158-73. (c) Conformational analysis of
C-glycosides: Wei, A.; Haudrechy, A.; Audin, C.; Jun, H.-S.; Haudrechy-
Bretel, N.; Kishi, Y.J. Org. Chem.1995, 60, 2160-69.

(16) (a) Lemieux, R. U.; Koto, S.Tetrahedron1974, 30, 1933-44. (b) Lemieux,
R. U.; Koto, S.; Voisin, D.ACS Symp. Ser.1979, 87, 17-29.

(17) (a) Thøgerson, H.; Lemieux, R. U.; Bock, K.; Meyer, B.Can. J. Chem.
1982, 60, 44-57. (b) Lemieux, R. U.; Bock, K.Arch. Biochem. Biophys.
1983, 221, 125-34.

(18) See Supporting Information for details.
(19) Conformational distributions in frozen solution are not expected to be

identical to those in the gas phase; nevertheless, a qualitative comparison
addresses the accuracy of the experimental method.

(20) These values also correlate positively with those obtained from ab initio
conformational studies of 2-methoxytetrahydropyran in equatorial form:
Tvaroska, I.; Carver, J. P.J. Phys. Chem.1994, 98, 11305-13.

(21) (a) Raleigh, D. P.; Creuzet, F.; Das Gupta, S. K.; Levitt, M. H.; Griffin,
R. G.J. Am. Chem. Soc.1989, 111, 4502-03. (b) Griffiths, J. M.; Bennett,
A. E.; Griffin, R. G. In Encyclopedia of Nuclear Magnetic Resonance;
Grant, E. M., Harris, R. K., Eds.; John Wiley and Sons: New York, 1996.

(22) (a) Goetz, J. M.; Schaefer, J.J. Magn. Reson.1997, 129, 222-23. (b)
Heller, J.; Laws, D. D.; Tomaselli, M.; King, D. S.; Wemmer, D. E.;
Pines, A.; Havlin, R. H.; Oldfield, E.J. Am. Chem. Soc.1997, 119,
7827-31.

JA036526B

Figure 3. Contour plot of least-squares fits for two-conformer distributions,
in whichd1 is varied by increments of 0.05 Å. Each contour level represents
a 20% change in variance (σV

2).

Figure 4. AM1 calculations of the relative conformational energies of2
as a function of glycosidic dihedral angle (φ).
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