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INTRODUCTION
Most NMR studies of amino acids and

peptides have been done in liquid
phase (1-14). Many of the structural
parameters obtained in these studies are
basically the averaged values of
parameters characterizing molecules in
solid state. It is also known that there
are small differences in the structure
of the molecule in solid and liquid
states (15). Therefore, results of NMR
studies in solid and liquid state give
different type of information.

Complete knowledge of the structure
and dynamical properties of a given
material in solid state allows one to
draw many conclusions as to the
properties of the same material in liquid
state. Therefore studies of solids are
more informative and should be conducted
whenever possible.

There is experimental evidence that
the conformation of proteins is
determined by their amino acid sequence
(16, 17). It is possible to identify the.
secondary structure of proteins based on
sequence data alone (18). Therefore
gathering information on structural and
dynamical parameters of amino acids and
peptides produces a good starting point
for structural studies of more
complicated compounds.

NMR spectroscopy is a very powerful
method for structural and dynamical
studies (19), and 1H, 2H, and 13C
spectroscopies have been used
extensively in the studies of amino acids
and peptides (1-14, 20-22). None the
less, there is a very limited number of
1 70 NMR studies in this field of
research, and this is a serious gap as
oxygen occupies a key position in the
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peptide molecules and plays a major
role in their molecular conformation and
in many physiological processes (23-
26). The importance of a hydrogen bonding
in biological systems (27-29) makes
oxygen a valuable probe for NMR
spectroscopy. Due to a very low natural
abundance (0.037%) of 1 70 and its low NMR
sensitivity (at constant magnetic field
the resonance frequency is about 7.38
times lower than that for protons! the
number of papers published on the 0 NMR
studies of amino acids and peptides is
very limited, and they report results on
liquids or solutions (6-13, 24-26, 30-
35). Analogous studies in solid phase are
virtually non-existent (36-38). However,
studies of amino acids and peptides in
solid state provide structural and
dynamical informations not available from
studies in liquid phase, where many of
the important interactions are averaged
out by Brownian motion. From the solid
state 0 NMR studies complete tensors
of the chemical shift, electric field
gradient, and dipolar interaction can
be determined. The electric field
gradient (at the position of 0) and
chemical shift tensor are very sensitive
to the electronic structure of the
molecule and their knowledge reveals
structural details (39) not available
from X-ray or neutron diffraction
experiments. The energies of irradiation
in these cases are much higher than in
NMR spectroscopy, and the small
energy changes due to the subtle changes
in electronic structure cannot be
detected by these methods alone (40).
This is especially evident, when main
interest is in molecular dynamics and in
such inter- or intramolecular
interactions as hydrogen bonding.

These 0 NMR studies of
polycrystalline 1-leucine have been
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undertaken to gather structural and
dynamical information not available from
other studies.

EXPERIMENTAL METHODS.
17,Chemical aspects. For the i 70 NMR

measurements, 1-leucine enriched to about
20% 0 at the carboxyl site by methods
described previously, (41-44) was used.
Synthesized material was passed through a
chelex column twice, for further
purification. About 1 g of so prepared 1-
leucine was sealed in a glass tube 10 mm
in diameter and 20 mm in length.

Nuclear magnetic resonance
spectroscopy. Oxygen-17 NMR spectra were
obtained on FT NMR Bruker CXP 180 high
power pulse spectrometer operating at
24.4 MHz. Due to very low natural
abundance of 17O nuclei (0.037%) and
low NMR sensitivity, it was necessery to
use isotopically enriched materials.
For the level of enrichment used in our
study (20%), it took about 4 to 5
hours to obtain the 0 NMR spectrum
with the S/N ratio of about 20. We
developed an experimental procedure
facilitating the recording of the '0
NMR spectra from solids (46). Our
procedure has enabled us to obtain the
same spectrum with the same signal to
noise ratio with only 50 to 60 minutes
acquisition time.

The 1 7 0 NMR spectra of the central
transition (m=l/2+-»-l/2) of
polycrystalline 1-leucine were obtain
using the quadrupolar echo sequence (4,
44-46)

90° x - t± - 90" - t? - A. [1]
The x and y subscripts denote the
direction of the Hi field in the rotating
frame, that is the phase of the r.f.
pulses ti and to are the time delays and
A stands for acquisition.

The 1 7 0 solid echo signals of
polycrystalline 1-leucine were recorded
with the delay times ti=60/is and to=50/zs.
Acquisition was done with 0.2(j.s dwell
time and relaxation delay was 200 ms.
Duration of the 90°  pulse was 4.2jus.
20,000 acquisitions were sufficient to
get a spectrum with S/N ratio of about
25. The line shape of the central
transition (m=l/2<—•-1/2) spectrum was

obtained at different temperatures in
the range from 190 K to 358 K, through
Fourier transform of the second half of
the recorded echo signal. The temperature
of the sample was monitored by a Bruker
temperature control unit, with the
copper-constantan thermocouple external
to the sample, to within ±1 K. A minimum
of 20 min. was allowed for a sample to
reach temperature equilibrium. Quadrupole
coupling constants and asymmetry
parameters were obtained by computer
simulation of the experimental spectra
using the numerical procedure developed
in our laboratory (47).

17 r
RESULTS AND DISCUSSION

Variable temperature study of x / 0
NMR central transition in polycrystalline
1-leucine. NMR quadrupolar echo
experiments have been performed on
polycrystalline 1-leucine in order to
gain insight into its crystalline and
molecular structure and molecular
dynamics. Our focus has been on N - H-•-0
hydrogen bond which appears to be an
almost universal feature of amino acid
aggregation in the solid state (48).

The unit cell of leucine contains two
crystallographically nonequivalent
molecules, A and B (49,50). Every
nitrogen atom of molecule A is hydrogen
bonded to oxygen from three different
molecules in nearly tetrahedral
directions. In molecule B every nitrogen
atom also forms three hydrogen bonds with
three different molecules but one of
these hydrogen bonds is the so called
"bifurcated hydrogen bond" (one hydrogen
atom shared between two oxygens of one
molecule). Thus, we can distinguish two
chemically nonequivalent oxygen sites in
the lattice cell of 1-leucine. One of
them represents the oxygen site to which
the proton is hydrogen bonded ( 0-•-H -
N), whereas the other represents the
site to which the proton is bonded
through a bifurcated hydrogen bond. The
difference in the bond length between the
two sites (normal hydrogen bond - 2.8 A)
and bifurcated hydrogen bond - 3.0 A) can
cause differences in the quadrupole
coupling constants and in the asymmetry
parameters. There are deviations from
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TABLE I.
Parameters extracted from 170 NMR spectra of 1-leucine recorded at different

temperatures.

Temperature
[K]

190

297

353

Outer Component
Qcc [MHz] q

8.0±0.2 0.05±0.02

7.65+0.05 0.05±0.01

7.6±0.1 0.05±0.02

Inner Component
Qcc [MHz] •)

8.0+.0.2 0.8+0.05

7.8+0.1 0.65+0.05

6.0±0.2 0.5+0.05

Fig. 1 Fig. 2

EXPERIMENTAL
a

200 150 100 50 0 -50 -100 -150 -200
kHz

120 80 40 0 -40 -80 -120 -160

170Figure 1. ^'0 NMR spectra of polycrystalline 1-leucine recorded at different
temperatures. Spectra were recorded with the following quadrupolar echo sequence:

90° x - tx - 90°  - t2 - A.
Duration of the 90°  pulse was 4.2, tj was 60/is, and t2 was 50/is. A denotes acquisition
and was done with 0.2ps dwell time. Relaxation delay was 200 ms, spectrum reflects
20,000 acquisitions.

Figure 2. Results of the numerical analysis of the 17O NMR spectrum of polycrystalline
1-leucine recorded at 297 K.
a) - experimental spectrum, b) - simulated as a superposition of two components with
relative integral intensities 0.4:1. Component 1 with Q..-7.8 MHz and ^-0 65-
component 2 with Qcc-7.64 MHz and 17-O.O5.
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linearity for N-H-•-0 in leucine, and
as would be expected, the weaker
(bifurcated) bonds are more distorted
than the stronger bonds. The average N -
H-•-0 angle for bifurcated and normal
hydrogen bonds in leucine are 155 and
170 degrees respectively (50).

We show in Figure 1 typical spectra
of 1-leucine at different temperatures,
obtained by the quadrupole-echo Fourier-
transform technique, at an operating
field strength of 4.23 T (corresponding
to a '0 resonance frequency of 24.4
MHz). Quantitative analysis of 1 70 NMR
data involves fitting the theoretical
line-shape to the experimental powder
patterns. The best fit to the
experimental spectra was obtained with
the assumption that the spectrum is the
superposition of two powder patterns with
nearly equal quadrupolar coupling
constants Q c c but different asymmetry
parameters r). Over the temperature range
studied, very little change in the line
width and line shape of the outer
component of the spectrum was observed.
In contrast, the inner part of the
leucine spectrum showed a marked
temperature dependence. An example of
numerical analysis of the 0 NMR
spectrum of 1-leucine, recorded at 297 k,
is given in Fig.2. The calculated
spectrum (Fig.2b) was obtained by
summing (with appropriate weights) two
powder patterns, one with Qcc-7.64 MHz
and IJ=0.05 (component 2) and the other
with Qcc=7.80 MHz and r;=0.65 (component
1). Spectra at three different
temperatures were analyzed by this
method. Results are listed in Table I.

We assign the more temperature
sensitive component of the 1-leucine
spectra to the oxygen involved in
bifurcated hydrogen bonds and the other
one to the oxygen involved in normal
hydrogen bonds. This assignment is
supported by ratio of the integral
intensities of the separate spectrum
components used in the fitting procedure.
This ratio is 5:2, the same as the ratio
of oxygen atoms involved in normal and
bifurcated hydrogen bonds. One can
expect more freedom for motion of the
oxygen involved in bifurcated hydrogen

bonds with increasing temperature, and
this is what we found in our
measurements. The asymmetry parameter for
oxygen in bifurcated hydrogen bond in 1-
leucine has higher value at all of the
temperatures studied. This means larger
deviation of the EFG tensors from axial
symmetry for 0 nuclei involved in
bifurcated hydrogen bonds compared with
the EFG tensor at 0 nuclei in "normal"
hydrogen bonds and is consistent with X-
ray diffraction studies of 1-leucine.

Our 1 7 0 NMR studies of 1-leucine
powder pattern clearly demonstrate the
sensitivity of the electric field
gradient at the 0 nucleus to the
conformations and strengths of the
intermolecular hydrogen bonds involved as
well as to temperature.

CONCLUSION
Results of the 1 70 NMR studies of

polycrystalline 1-leucine demonstrate the
feasibility of oxygen muclei as a probe
for investigating structural and
dynamical parameters of hydrogen bonds of
the X - 0---H type. With higher
isotopical enrichment (about 50%) of 0
and with a better NMR probe, which is now
under construction, we expect to obtain
much higher S/N ratio of the recorded
spectra. This will enable us to perform
more detailed quantitative analysis of
the experimental results. The results
presented here may be encouraging for
other researchers to devote some time to
1 70 NMR studies of solid amino acids. It
is a time consuming, but very rewording
methodology.

ACKNOWLEDGMENT
This work was supported by NIH grant

NO.GM39800 to D.F. The authors would like
to thank personnel of the Research
Resources Center of the University of
Illinois at Chicago for technical
assistance in the course of NMR
measurements.

REFERENCES
1. V.J. Hruby, in Chemistry and

Biochemistry of Amino Acids, Peptides,
and Proteins, B. Weinstein, ed., Marcell
Dekker, New York, N.Y., Vol. 3, 1974,



242 Bulletin of Magnetic Resonance

pp. 1-188.
2. K. Wuthrich, in "NMR in Biological

Research: Peptides and Proteins",
North-Holland Publishing Company,
Amsterdam, 1976.
3. S.J. Opella and L.M. Gierasch, in

The Peptides, V. 7, p. 405, 1985, Ed., V.
J. Hruby, Academic Press.
4. D.A. Torchia, Ann. Rev. Biophys.
Bioeng. 13, 125 (1984).
5. S.J. Opella, Ann. Rev. Phys. Chem.,

33, 533 (1982).
6. A. Steinschneider, M.I. Burgar, B.

Valentine and D. Fiat, Magn. Reson.
Chem. 23, 104 (1985).
7. B. Valentine, T. St. Amour, R.

Walter and D. Fiat, Org. Magn.Reson. 12,
232 (1980).
8. A. Spisni, E.D. Gotsis and D. Fiat,

Biochem. Biophys. Res. Commun. 135. 363
(1986).
9. B. Valentine, T. St. Amour and D.

Fiat, J.Magn. Reson.38.(1980).
10. M.I. Burgar, T.St. Amour and D.
Fiat, J. Phys. Chem. 85, 502 (1981).
11. B. Valentine, T. St. Amour and D.
Fiat, Org. Magn. Reson., 22, 697 (1984).
12. B. Valentine, A. Steinschneider, D.
Dhawan, M.I. Burgar, T. St. Amour and
D. Fiat, Int. J. Peptide Protein Res. 25,
56 (1985).
13. I.P. Gerothanassis and M. Momenteau,
J. Am. Chem. Soc, 109, 6944 (1987).
14. H. Cheon, E. Oldfield, J. Am. Chem.
Soc, 111, 1584 (1989).
15. S. Talluri, G. T. Montelione, G. van
Duyne, L. Piela, J. Clardy, and H.
A. Scheraga, J. Am. Chem. Soc,109, 4473
(1987).
16. C.B. Anfinsen, Science, 181, (1973).
17. C.B. Anfinsen, E. Haber, M. Ssla and
F.H. White Jr., Proc. Natl. Acad. US, 47,
1309 (1961).
18. R.Y. Yada, R.L. Jackman and S. Nakai,
Int. J. Pept. Protein Res., 31, 223
(1989).
19. V.J. Hruby and H.I. Mosberg,
Peptides, 3, 329 (1982).
20. 0. Jardetzky and G.C.K. Roberts, in
"NMR in Molecular Biology", Academic
Press, New York, 1981. 21. J.S. Cohen, in
"Magnetic Resonance in Biology" Wiley &
Sons, Inc., New York, Volume
1, p. 1 - 70, 1980.

22. W. Voelter, E. Bayer, Y. Ovchinnikov
and E. Wunsch in "Chemistry of Peptides
and Proteins", volume 2, Walter de
Gruyter & Co., Berlin, 1984.
23. R. Walter, Fed. Proc 36., 1872
(1977).
24. D. Fiat, M.I. Burgar, D. Dhawan, T.
St. Amour, A. Steinschneider and B.
Valentine. in "Neurohypophyseal Peptide
Hormones and Other biologically
Active Peptides", D.H. Schlesinger, Ed.,
p.249 Elsevier/North Holland, New
York, Amsterdam, Oxford, 1981.
25. D. Fiat, Bull. Magn. Reson. 6, 30
(1984).
26. D. Fiat, and T.St. Amour, Period.
Biol., 81, 641 (1979).
27. K. D. Kopple, Biopolymers 20, 1913
(1981). 28. P. Schuster, G. Zundel,
and C. Sandorfy, " The Hydrogen Bond,"
North-Holland Publishing Company,
Amsterdam, 1976.
29. C. G. Suresh and M. Vijayn, Int. J.
Pept. Protein Res._22, 129 (1983). 30.
E.D. Gotsis and D. Fiat, J. Chem. Phys.,
i5.3701 (1986).
31. E.D. Gotsis and D. Fiat, Polyhedron,
6, 2037 (1987).
32. E.D. Gotsis and D. Fiat, Mag. Reson.
Chem. 25, 407 (1987).
33. J. Tritt-Goc, R. Goc, E. Ponnusamy,
D. Fiat, Int. J. Pept. Protein
Res., 29, 406 (1987).
34. D. Fiat, R. Goc, J. Tritt-Goc, Rom.
J. Phys., 31, 565 (1988).
35. J. Tritt-Goc, R. Goc, E. Ponnusammy,
D. Fiat, Int. J. Pept. Protein Res., 33,
00 (1989).
36. R. Goc, J. Tritt-Goc, D. Fiat, Fizyka
Dielektrykow i Radioskopii, XIV, (1987).
37. R. Goc, J. Tritt-Goc, E. Ponnusammy,
D. Fiat, Int. J. Pept. Protein Res., 31 ,
130 (1988).
38. R. Goc, J. Tritt-Goc, D. Fiat, ISMAR
Conference, France, (1989).
39. K.D. Kopple, Biopolymers 20,1913
(1981).
40. A. Abragam, " The Principles of
Nuclear Magnetism," Oxford Univ. Press,
London, 1961.
41. A. Steinschneider, M.I. Burgar, A.
Buku and D. Fiat, Int. J.Pept. Protein
Res. 18, 324 (1981). 42. E. Ponnusamy
and D. Fiat, J. Labeled Compound



Vol. 11, No. 3/4 243

Radiopharm. 22, 1135 (1985).
43. H. Eckert and D. Fiat, Int. J. Pept.
Protein Res. 22, 613 (1986).
44. R. Goc and D. Fiat, J. Magn. Reson.,
(submitted for publication)
45. T. K. Pratum and M. P. Klein, J.
Magn. Reson. 53, 473 (1983).
46. P. Mansfield, Phys. Rev. 132, A961
(1965).
47. R. Goc and D. Fiat, phys. stat. sol.
(b) 140, 243 (1987).
48. C. G. Suresh and M. Vijayn, Int. J.
Pept. Protein Res., 22, 129 (1983).
49. M.M. Harding and R.M. Howieson, Acta
Cryst.,B32, 633 (1976).
50. M. Coll, Acta Cryst.,C42, 599
(1986).


