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Abstract

We demonstrate a novel method to locate hydrogen atoms in amino acids, which involves measuring the CaHa bond vector geometry
through orientationally dependent dipolar coupling frequencies measured by Lee–Goldburg cross polarization (LGCP). A 2D LGCP
experiment is used to measure the polar angle of the CaHa bond vector in a single crystal of the model compound L-alanine. It is also
demonstrated that by coupling the 13Ca

1Ha LGCP experiment to a 13Ca
15N REDOR experiment, one can determine the complete three-

dimensional geometry of the CaHa and CaN vectors in a single crystal. These measurements allow for location of hydrogen atoms in
crystalline biological macromolecules.
� 2007 Published by Elsevier Inc.
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1. Introduction

Solid-state nuclear magnetic resonance (SSNMR) is a
new method for solving protein structures, with the poten-
tial to be a powerful approach to studying certain classes of
membrane proteins and large (>25 kDa) biological macro-
molecular systems. Spectral resolution for complex systems
has been ever improving, due to creative labeling schemes,
advanced pulse sequences, and a new generation of
high-field magnets, thus making SSNMR an increasingly
attractive experimental method for the structural biology
community. In the recent past a small number of protein
structures have been solved [2–4] and deposited in the
Protein Data Bank [5,6], based on SSNMR methods.

This report focuses on the specific problem of locating
hydrogen atoms through orientational constraints, in the
context of structure determination by high resolution
SSNMR. The use of angular or orientational constraints,
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determined for a samples oriented with respect to an external
frame of reference, can facilitate dramatically improved
structure calculations, as compared with those based solely
on distance constraints, and has a significant precedent in
existing solution and static solid-state protein NMR litera-
ture [7–9]. The study of hydrogen, rather than heavier atoms,
illustrates a well-known opportunity for NMR relative to
diffraction methods as it is not generally possible to locate
hydrogen atoms with moderate resolution X-ray diffraction
data; and although neutron diffraction is a good technique
for this purpose, the experimental demands are considerable.
In addition, while X-ray crystallography has contributed tre-
mendously to our understanding of cellular processes and
molecular specificity, and is the benchmark in protein struc-
ture determination, its range of applicability suffers from the
need for single crystals, which can present a formidable chal-
lenge in many cases [1]. As an alternative, SSNMR has the
capacity to locate (in three dimensions) hydrogen atoms in
biological solids by measuring the geometrically dependent
heteronuclear dipolar coupling values (xD) between 1H
nuclei and their neighboring nuclei (typically 13C or 15N),
as illustrated in this report.
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Fig. 1. (a) The spatial frame transformation from the crystal fixed frame
(CFF) defined by the crystallographic axes, and the rotor fixed from
(RFF) defined by the axis of sample rotation, is depicted here in this
representation of the PDMS encased single crystal L-alanine sample in a
MAS sample rotor. (b) The unit cell of L-alanine exhibits P 212121

symmetry
containing four distinct orientations per cell, each of which are measurable
by SSNMR and indistinguishable based on isotropic chemical shifts, but
must be distinguished in these studies of orientational constraints. The
four orientations of the unit cell are related to one another by a 180�
rotation about the crystallographic axis that separates each species in the
x-y plane. This transformation is described by Eq. (6) of Section 3.
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A number of high resolution magic angle spinning
(MAS) SSNMR techniques exist that measure heteronucle-
ar couplings in isotropic samples for the purpose of inter-
nuclear distance determination. Some of these methods,
when applied to aligned samples, can provide orientational
information based on the dipolar tensor. Studies by high
resolution MAS SSNMR, probing the orientation of vec-
tors in a molecular frame using a sample uniaxially orient-
ed with respect to the MAS rotor axis, have also been
reported, although there are relatively few examples to date
[10,11]. MAS SSNMR methods for probing 1H–13C cou-
plings are herein used for the first time to provide angular
constraints for a CH bond vector. In order to measure 1H-
X heteronuclear couplings in the solid state, 1H homonu-
clear decoupling is essential to reduce effects that serve to
convolute heteronuclear dipolar spectra. To this end the
Lee–Goldburg cross polarization (LGCP) experiment can
be used to determine heteronuclear bond geometry while
providing effective 1H homonuclear decoupling [12]. LGCP
is a proven method for measuring internuclear distances in
isotropic solid samples between abundant large-c spins (e.g.
1H) that are strongly coupled to a dilute spin (e.g. 13C,
15N). LGCP is shown herein to be similarly useful for mea-
suring the polar angle of an internuclear vector (hRFF

ij ) in
the frame of reference defined by the MAS sample rotor
axis (i.e. rotor fixed frame—RFF), in samples aligned rela-
tive to the rotor. The sequence need not be rotor synchro-
nized, and the experimental results are not dependent on
the azimuthal orientation (/RFF

ij ) of the internuclear vector.
Additionally the full three-dimensional geometry of the
CaHa vectors can be determined in relation to the neigh-
boring CaN bond vector orientation which can be com-
pletely determined by rotational echo double resonance
(REDOR) when the sample is completely oriented with
respect to the rotor axis (i.e. a single crystal).

We address the particular challenge presented by mole-
cules packed in an environment where several asymmetric
units with identical chemical shifts are disposed differently
in the unit cell. To this end, a crystalline sample of (U–13C,
15N) enriched L-alanine, exhibiting P 212121

symmetry, and
thus having four orientational moieties, was studied, both
as a uniaxially aligned sample, and as a single crystal.
The issue of resolving the angular information for the four
asymmetric units (with identical chemical shifts) was
addressed by combining two independent dipolar measure-
ments in a multidimensional experiment. LGCP experi-
ments provided angular constraints (hRFF

CH values) for the
CaH vectors in each distinct asymmetric unit, while
13Ca

15N REDOR experiments provided complete orienta-
tion of the CaN bonds (hCFF

CN ,/CFF
CN ) in each unit as well as

the crystal orientation relative to the rotor axis. For the
single crystal system the 3D LGCP–REDOR experiments
demonstrated in this work serves to correlate the 13Ca

1Ha

and 13Ca
15N coupling values for each asymmetric unit thus

defining the three dimensional orientation of the CaHa vec-
tors by association with the CaN moieties, and distinguish-
es all four orientations in the single crystal. This approach
is expected to be of use for other more complex biological
macromolecules not amenable to diffraction methods.

2. Experimental

A mixture of 10% (U–13C, 15N) L-alanine diluted with
90% natural abundance L-alanine was recrystallized from
deionized water as described previously [13]. A single crys-
tal, as well as a powder sample, of this mixture was used
throughout this study. The single crystal (shown schemati-
cally in Fig. 1a) was immobilized in the MAS sample rotor
using poly-dimethyl-siloxane (PDMS) from Dow Corning
(Sylgar 184 Elastomer Kit), and the crystal orientation
was verified by X-ray indexing, as described in the same
prior publication.

All NMR experiments were performed on a Varian 400
Infinity Plus spectrometer using a T3 4 mm MAS probe, in
a 1H/13C/15N triple resonance configuration with frequen-
cies of 396.7747, 99.7815, and 40.2065 MHz, respectively.
The pulse sequence for LGCP is given in Fig. 2a. The
powder and single crystal 2D LGCP experiments were
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Fig. 2. (a) The 2D LGCP pulse sequence incrementally lengthens the cross
polarization contact time (t1), under Lee–Goldburg decoupling. The signal
is detected during MAS so that the 13C channel records a 13C chemical
shift spectrum, with peaks that oscillate proportional to the dipolar
coupling xd in the indirect dimension. (b) The 3D LGCP–REDOR pulse
sequence combines the LGCP evolution (t1) for measuring 13C 1H
couplings, with the azimuthally synchronized REDOR experiment for
measuring 13C15N couplings. The timing trigger ($) is followed by an
adjustable delay to select a starting azimuthal orientation (c�) of the
spinning sample, prior to the initial p/2 pulse. The experiment identifies
which bonds share the same carbon species, thus identifying the
appropriate unit cell symmetry operator defining the 13Ca

1Ha coupling
value.
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performed at a spinning speed of 14 kHz (±5 Hz) and a
Lee–Goldburg decoupling field strength (xI

eff ) of 63 kHz
on the 1H channel during cross polarization, with the 13C
channel matched to the (�1) Hartman–Hahn side band
condition. The LGCP contact time of the 2D LGCP exper-
iment was increased in increments of 20 ls to a final dura-
tion of 2.56 and 3.84 ms for the powder and single crystal,
respectively. Two pulse phase modulation decoupling [14]
was employed during detection.

The 2D REDOR experiments performed were based on
the J-decoupled REDOR experiment designed for uni-
formly 13C labeled systems [15]. The Gaussian refocusing
pulse used in that work was replaced, in our experiments,
by a DANTE sequence [16] due to equipment constraints.
A timing trigger signal from the sample spinning speed
controller maintained a constant initial azimuthal orienta-
tion between experiments, identified by the sample rotor’s
tachometer mark. The sample spinning frequency was
maintained at 10 kHz (±5 Hz), resulting in a rotor period
of 100 ls. The REDOR evolution progressed in increments
of four rotor periods per data point to a total acquisition
length of 38 ms. The 15N REDOR p pulses were applied
for a duration of 19.5 ls at half rotor intervals to generate
the dipolar reduced signal (Sr). The REDOR chemical shift
refocusing pulse was replaced with a DANTE pulse train,
which consisted of 20 pulses of 0.5 ls duration separated
by a 211 ls delay for appropriate selection of the 13Ca

chemical shift. In order to occupy an integer number of
rotor periods, delays of appropriate, minimal length were
added before and after the DANTE sequence, the totality
of which occupied approximately 4.8 ms.

The three-dimensional REDOR–LGCP experiment, the
pulse sequence for which is given in Fig. 2b, was performed
on the single crystal L-alanine sample encased in PDMS
spinning at 10 kHz (±5 Hz). A Lee–Goldburg decoupling
field strength (xI

eff ) of 61 kHz on the 1H channel was
applied during cross polarization with the 13C channel
matched to the (n = �1) Hartman–Hahn side band condi-
tion. The LGCP contact time was increased in 60 incre-
ments, with a dwell time of 35 ls, for a final duration of
2.1 ms. The REDOR chemical shift refocusing pulse was
a DANTE series (4.8 ms long), selective of the Ca reso-
nance, while the dipolar refocusing p pulses on the 15N
channel were 10.2 ls in length. The REDOR duration
was increased in steps of 600 ls (6Æsr) 42 times to give a
total duration of 36 ms.

Data analysis and curve fitting were performed using
GNU Octave (2.1.53-1) with the GNU Octave-Forge
(2004.02.12-3) functions pack on an Apple G4 Powerbook
running Mac OS X (10.3) [17].

3. Results and discussion

3.1. Powder sample measurements: internuclear distance

determination

A Fourier transform of the indirect dimension of the 2D
LGCP experiment performed on the L-alanine powder
sample yielded the dipolar spectrum in Fig. 3a, which dis-
plays the 13C1H dipolar coupling values associated with the
Ca resonance. Because Lee–Goldburg decoupling was
employed, the proton homonuclear coupling was ignored,
and the dipolar spectrum was treated as being due to an
isolated two spin system. Thus, the features of the dipolar
spectrum (d) are defined solely by the dipolar coupling con-
stant (D, defined below) and the polar angle of the CaHa

internuclear vectors in the axis system of the sample rotor
(hRFF

CH ).

d ¼ 3
4
D sinð2hmÞ sinð2hRFF

CH Þ sinðhmÞ ð1Þ

where hm ¼ tan�1ð
ffiffiffi
2
p
Þ is the magic angle, and

D ¼ � l0

4p
cCcH�h
2pr3

CH

ð2Þ

where cI is the gyromagnetic ratio for nucleus I, and rCH is
the internuclear distance.

The spectrum in Fig. 3a exhibits line shapes indicative of
an isotropic powder sample (i.e. with all orientations pres-
ent). Therefore in order to interpret these peaks it is not



Fig. 3. (a) The 13C1H dipolar coupling spectrum of the alpha carbon
collected by LGCP of the powdered L-alanine sample referenced to DSS.
(b) The 13C1H dipolar coupling spectrum of the alpha carbon collected
under LGCP of the powdered L-alanine sample. The peak separation (d) is
used to calculate the internuclear distance. (c) The 13C1H dipolar coupling
spectrum of the alpha carbon collected under LGCP of the single crystal
L-alanine sample. The peak separations (dk) are used to calculate the polar
tilt angle of the internuclear bond vectors, with the middle two
overlapping peaks enlarged in the inset to show their visible separation.

Table 1
Bond angular measurements relative to the rotor frame based on these
oriented SSNMR experiments

Neutron X-ray LGCP REDOR

hRFF
CH 1 119.1� 119.2� 119.5� —

hRFF
CH 2 50.2� 50.1� 53.9� —

hRFF
CH 3 67.9� 68.1� 68.2� —

hRFF
CH 4 122.1� 121.7� 119.5� —

hCFF
CN , /CFF

CN 48.8�,165.1� 48.7�,165.0� — 48.8�,164.6�
hCFF

CH , /CFF
CH 95.4�,104.0� 95.4�,103.1� 93.9�,101.8� —

These are compared with the corresponding values from X-ray and neu-
tron diffraction of the L-alanine alpha carbon (interpreted with knowledge
of the crystal orientation). All values listed by bond type and frame of
reference.
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necessary to integrate hRFF
ij over a powder distribution as

the maximum peak intensity coincides with the maximum
value of d, which can be assumed to have an orientational
scaling value of 1. Some considerations regarding the error
in this estimate are discussed below. Thus the separation
between the peak intensity maxima can be defined as

d ¼ 3
4
D sinð2hmÞ sinðhmÞ ð3Þ

which can be rewritten

rCH ¼
a

d1=3
ð4Þ

when hRFF
ij ¼ hRFF

CH ¼ hm. In the case of 13C and 1H nuclei,

a = 25.93 Å Hz1/3. In Ref. [10], this constant was found
to be a = 25.86 Å Hz1/3 when extracted from measure-
ments generated by a simulation of a two spin system. This
difference of 0.3% is small, but measurable. The splitting
value of the data shown in Fig. 3a is 12,683 Hz
(±200 Hz), giving a distance measurement of 1.11 Å. The
accuracy of the distance measurement is ultimately deter-
mined not only by the peak widths, but in a practical sense,
also by the noise in the dipolar spectrum, to be approxi-
mately ±0.01 Å. This determination is in very good agree-
ment with the X-ray estimated value of 1.13 Å [18] and
more importantly with the neutron diffraction value of
1.09 Å [19]. The distance measured by dipolar coupling is
expected to be slightly longer then that measured by dif-
fraction methods [20,21], as is true for the comparison with
the neutron diffraction result.

3.2. Single crystal measurements: orientation constraints

When the 2D LGCP experiment was performed on a
single crystal sample of L-alanine, the dipolar spectrum
exhibited four peaks (2 peaks are nearly indistinguish-
able) due to the aforementioned moieties of the L-alanine
P 212121

unit cell pictured in Fig. 1a. This spectral data is
shown in Fig. 3b. Had any of the unit cell axes been
aligned with the axis of the sample rotor, all four orien-
tations would have shared the same dipolar coupling val-
ue, and so the L-alanine crystal used herein was
intentionally tilted at a fixed angle relative to the rotor
axis (as verified by X-ray measurement). Since the crystal
is tilted it was possible to demonstrate the capability to
measure multiple orientations simultaneously, and to
provide added relevant data since up to four distinct
coupling values (dk—also measured as peak splittings)
were expected. Fitting the dk values shown in Fig. 3b
to Eq. (1), and inserting the rCH value calculated from
the powder measurements, yielded the internuclear orien-
tation vectors in Table 1, which were compared to esti-
mates based on the crystal orientation determined by
X-ray indexing, and literature crystal structures. The
LGCP data interpretation is in good agreement with
the crystal structure in this sense, and are estimated to
be accurate to ±1�, based on the baseline RMS noise.
Two of the orientations have very similar dipolar cou-
pling values, and therefore the corresponding peaks over-
lap in the dipolar spectrum. The overlapping peaks
correspond to two hRFF

CH values which are predicted to
differ by <2.5�. There is, however partial resolution in
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these peaks as seen in the enlarged region of interest in
Fig. 3b. These measurements provide orientational con-
straints, in the form of hRFF

CH values for each of the four
orientations of the CaHa bond vectors for each of the
asymmetric units in the unit cell. Since the LGCP
method by itself does not resolve /RFF

CH , it is possible to
consider this system to be analogous to a uniaxially
aligned sample with numerous orientational species pos-
sessing the same chemical shift. Such a measurement
by itself could provide a useful orientational constraint
in a structure determining calculation of a uniaxially
aligned biological macromolecule.

One limitation of this experiment that deserves attention
is the existence of four degenerate solutions to Eq. (1) for
any measured coupling value. Due to the sin 2hRFF

ij depen-
dence of d and the inability to determine the absolute sign
of the coupling frequency, the four orientations h, p

2
þ h,

p
2
� h, and p � h give the same coupling value. As such,

the four values selected for Table 1 were selected of the four
degeneracies that most closely matched those measured by
X-ray indexing, and predicted by literature X-ray neutron
diffraction structures. This degeneracy is removed in the
3D experiment.

3.3. Correlated dipolar measurements: orientation

determination

To determine the orientation of the CaHa bond vector it
was necessary to relate the four hRFF

CH values with a neigh-
boring vector whose orientation could separately be deter-
mined. For this purpose the LGCP experiment is
supplemented with a series of five 2D rotor synchronized
REDOR experiments that completely determine C–N vec-
tors and the orientation of the crystal relative to the rotor.
This approach takes advantage of the fact that the
REDOR experiment, which is more suited to the lower fre-
quency dipolar coupling frequencies of 13C15N pairs
(unlike the LGCP experiment), is dependent on the azi-
muthal angle of the dipolar coupling vector in the rotor
fixed frame.

The spectral splitting in the REDOR experiment can be
related to the geometric factors of interest.

xD ¼ xD hRFF
CN ;/RFF

CN

� �

¼ cosððp=2ÞuÞ
1� u2

4
ffiffiffi
2
p

D sin hRFF
CN cos hRFF

CN sin /RFF
CN ð5Þ

We include the previously derived term cos((p/2)u)/
(1 � u2) that corrects for long dipolar recoupling pulse
widths at high sample spinning speeds, where u = 2sp/sr,
sp is the p-pulse duration and sr is the rotor period [22].
Since there are four orientations present in the unit cell (de-
fined by the P 212121

symmetry), it is preferable to describe
the data in a frame of reference defined by the crystallo-
graphic axes (i.e. crystal fixed frame—CFF). This simplifies
the data analysis by relating the four orientational moieties
by symmetry operators,
S1 ¼
1 0 0

0 1 0

0 0 1

0
B@

1
CA; S2 ¼

�1 0 0

0 �1 0

0 0 1

0
B@

1
CA;

S3 ¼
�1 0 0

0 1 0

0 0 �1

0
B@

1
CA; S4 ¼

1 0 0

0 �1 0

0 0 �1

0
B@

1
CA

ð6Þ

and a frame transformation operator ~R.
The 2D REDOR data were simulated using a model

based on Eq. (5), where the absolute orientation of the
CaN vectors in the RFF were substituted with the appro-
priate function of the CFF coordinates, the four symmetry
operators Sk, and the three Euler angles of the CFF to
RFF frame transformation operator ~Rða; b; cÞ [13].

sin hRFF
CN k cos /RFF

CN k

sin hRFF
CN k sin /RFF

CN k

cos hRFF
CN k

0
B@

1
CA ¼ ~Rða; b; cÞSk

sin hCFF
CN cos /CFF

CN

sin hCFF
CN sin /CFF

CN

cos hCFF
CN

0
B@

1
CA

ð7Þ

Eq. (7) displays the four sets of RFF coordinates can be ex-
pressed by one set of CFF coordinates and the three Euler
angles. The five REDOR spectra collected from various
initial azimuthal orientations (which relate to the c Euler
angle) shown in Fig. 4, provide enough data to reliably
determine all five variables (Euler angles) defining the
CaN CFF coordinates and the crystal orientation. The de-
tails of this type of analysis are further detailed in a sepa-
rate publication [13].

Finally, in order to relate the CaHa and CaN vectors, a
3D correlated pulse sequence outlined in Fig. 2b was
applied to the single crystal L-alanine sample. The dipolar
2D plane from the 3D LGCP–REDOR experiment, taken
at the Ca chemical shift, is shown in Fig. 5. We focus on
and expand the region of the 13Ca

1Ha–13Ca
15N correlated

frequencies. Other spectral regions can be discarded,
include the area near the center zero line (jxdj < 100 Hz
for the REDOR spectrum, jxdj < 3000 kHz for the LGCP
spectrum) and those much larger than jxdj. The REDOR
spectral center value is dependent on any offsets in the time
domain, but since we utilized a shift of the baseline in the
other indirect dimension (t1, LGCP), the REDOR dimen-
sion is neither resolved nor reliable near zero frequency.
In addition, we are unable to resolve the LGCP dimension
near zero frequency, just as we were for 2D LGCP experi-
ments. Thus there are effectively bleached regions of this
spectrum. We illustrate one of the four identical regions
of the dipolar correlation spectra (where the fourfold repli-
cation of the data resulted from a two dimensional Fourier
transform applied to real data in both dimensions). Clearly
the four 1CaHa–CaN bond pairs’ orientations can be
resolved in this spectrum. Recording the dipolar splittings
in a correlated fashion not only increased the resolution
of each dipolar measurement, but more importantly
allowed us to remove ambiguities in the interpretation.
By correlating the REDOR splittings to the LGCP
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correlation and subsequent assignment of a symmetry operator to each
CaHa polar orientation (in the RFF) allows for global curve fitting
routines described below allowed us to determine the orientation of the
internuclear vectors relative to the crystal frame.
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Fig. 4. 13C15N REDOR dipolar spectra of the alpha carbon of single
crystal L-alanine (solid line). These spectra were recorded at incremental
initial azimuthal angles (c) of the rotor, controlled by the delay (sd)
between the rotational synchronizing trigger and the 1H channel p/2 pulse.
For (a) sd = 0 ls, (b) sd = 10 ls, (c) sd = 20 ls, (d) sd = 30 ls, (e)
sd = 40 ls, with a sample spinning speed of 10,000 ± 5 Hz. The spectra
were simultaneously simulated (dotted line) to an expression based on Eqs.
(5) and (6) where the unknowns are the three Euler angles of the CFF to
RFF frame transformation operator ~Rða;b; cÞ, and the polar and
azimuthal angles of the CN vector in the crystal frame to find the best
fit values of a, b, c0, hCFF

CN ,/CFF
CN .
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splittings, the RFF polar angle hRFF
CH for all CaHa bonds

were associated with a particular symmetry operator Sk,
as determined by the 2D REDOR experiment. The CaHa

coordinate vector can be expressed in spherical polar
notation

sin hRFF
CH k cos /RFF

CH k

sin hRFF
CH k sin /RFF

CH k

cos hRFF
CH k

0
B@

1
CA ¼ ~Rða; b; cÞSk

sin hCFF
CH cos /CFF

CH

sin hCFF
CH sin /CFF

CH

cos hCFF
CH

0
BBB@

1
CCCA

ð8Þ
making it is possible to equate the CaHa cos hRFF

CH k to a
function of the values of (hCFF

CH ,/CFF
CH ), the Euler angles a

and b (also determined by the REDOR experiments), and
Sk. As there are four sets of equations (Equation 8 with
k = 1–4) being fit to only two variables (hCFF

CH ,/CFF
CH ) the

solution is over determined and can be fit by RMS minimi-
zation. Table 1 shows that the results of this analysis are
within excellent agreement with the X-ray and Neutron dif-
fraction structures from the literature.

The dipolar spectra exhibit somewhat broad peak
widths (300–500 Hz fwhm) principally due to a short value
for T1q for the protons for this sample. The resulting preci-
sion in the determination of the frequency for spectra with
favorable signal-to-noise rations is approximately 50 Hz.
The B1 homogeneity in the active volume of the probe used
for the measurement, and pulse missets can also have
important effects on the peak widths and systematic errors,
and therefore there is the possibility that other pulse
sequences that are better compensated for inhomogeneity
[23] could offer more precise determination of the dipolar
frequency for favorable samples. In practice for these stud-
ies the signal-to-noise ratio was a more important factor
determining the ultimate precision for the dipolar frequen-
cies, as mentioned below.

4. Conclusion

This study illustrates that 2D LGCP data can be used to
measure the polar coordinate (hRFF

CH ) describing the CaHa

bond orientations present in the single crystal L-alanine
sample, relative to the rotor frame, and that this measure-
ment could similarly be made in a uniaxially aligned sam-
ple. The 3D LGCP–REDOR experiment, correlating the
dipolar frequencies of the 13Ca

15N and the 13Ca
1Ha cou-

plings, was successfully employed to determine the com-
plete CaHa bond vector orientation in a single crystal.
Along with the internuclear distance measured by the pow-
der 2D LGCP experiment, this gives the absolute location
of the 1Ha nucleus. The key to a reliable calculation of the
total CaHa geometry is being able to associate the hRFF

CHk

measurements of an orientational moiety, with the appro-
priate CFF based symmetry operator (Sk), as determined
for the CaN bond by 2D REDOR, and then use all four
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orientations present in the unit cell to establish a complete
solution. Such results are not readily available through any
widely accessible method.

The work described herein also illustrates the ability to
measure multiple orientations of 13C1H moieties sharing
the same 13C chemical shift in a uniaxially oriented sample,
which could be a useful method of gathering orientational
constraints for determining protein structures. Accurately
confining the possible locations of hydrogen atoms in a pro-
tein has many potential applications, and there are few, read-
ily accessible, alternative techniques. Development of such
techniques will further distinguish SSNMR as a uniquely
useful tool in protein structure determination.
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