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Multidimensional NMR spectroscopy has been developed for
correlating anisotropic interactions of different spins in solids ro-
tating at the magic angle. Anisotropic interactions, such as hetero-
nuclear dipolar couplings and chemical-shift anisotropies, are re-
covered in the evolution periods by newly designed RF pulse se-
quences. Calculated spectra for this correlation experiment
depended on the mutual orientation of tensorial interactions. Thus,
this method can provide structural information, e.g., dihedral
angles, for spin pairs distinguished by isotropic chemical shift.
Experimental and numerically simulated results are presented for

L-alanine fully labeled with **C nuclei. © 1997 Academic Press

INTRODUCTION

Two-dimensional correlation NMR spectra between ani-
sotropic interactions in powdered solids contain information
on relative orientations of tensorial interactions, e.g., the
direction of a CH vector in the principal-axis system for a
shielding tensor of the carbon (1, 2). Mutual orientations of
such anisotropic interactions for different spins are relevant
to three-dimensional structures of molecules. Two-dimen-
sional correlation for different spins has been employed to
eval uate relative directions of chemical bonds and functional
groups in crystals and polymers (3—8). If such an orientation
for carbons connected by a covalent bond is determined,
information on the dihedral angle can be obtained (9). How-
ever, those 2D correlation experiments for different spins
have been made under static or slow sample-spinning condi-
tions, which entails low spectral resolution. This is a draw-
back for the analysis of molecules isotope-labeled at a num-
ber of sites.

We have shown that the spectral resolution for organic
solids fully labeled with **C and **N can be improved by
using another isotropic-shift axisin 2D experiments (10). In
this work, we have added an isotropic-shift evolution period
to a 2D experiment for correlating anisotropic interactions.
This improvement in resolution extends the applicability of
these correlation experiments to more complex molecules,
for which signal overlap makes the measurement of the 2D
correlation spectra for anisotropic interactions difficult.
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The multidimensional experiment which includes iso-
tropic-shift evolutions for resolving signals requires the evo-
lution periods, each of which isdominated by a single type of
anisotropic interaction under MAS (magic-angle spinning)
conditions. In this study, we have developed RF multipulses
for recovering chemical-shift anisotropy and CH dipolar in-
teraction under MAS. These pulse sequences were applied
to uniformly **C-labeled L-alanine. Experimental results for
the correlation experiments with the multipulses are com-
pared with numerical calculationsto analyze the dependence
on a dihedral angle.

THEORY AND RESULTS

Recovery of Chemical-Shift Anisotropy under MAS
Conditions

The constant-time evolution period for *3C shielding an-
isotropy under MAS includes only three = pulses as shown
in Fig. 1la. Similar pulse sequences have been used to en-
hance and manipulate spinning sidebands due to shielding
anisotropy (11, 12). Heteronuclear dipolar interactions are
decoupled by an RF field for *H. Homonuclear dipolar cou-
plings for **C are averaged by MAS during the constant-
time period independently of t, (13), if the effects combined
with chemical shifts are disregarded. The time-dependent
shielding Hamiltonian Hc(t) for a spin under a MAS condi-
tion is expressed by (14)

Hc(t)

=[A+ > {Concos(mugt) + SrSiN(Mwgt)}]S,.  [1]

m=1

Here A is the isotropic shift, Ce,, and S, depend on the
molecular orientation relative to the static fields, S, is the z
component of the **C spin operator, and wg = 27/Tx. Coher-
ent averaging of Hc(t) in the toggling frame driven by RF
pulses (15) gives the propagator for this period, exp(i7S)
exp(—iLg) and
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FIG.1. (a) Constant-time evolution period for **C chemical-shift anisot-
ropies under MAS conditions. The = pulses are separated by a sample-
rotation period 7 at t; = 0. The bar on the = pulse denotes a 180° phase
shift. (b) Constant-time evolution period for CH dipolar couplings under
MAS conditions. The pulse width of a BLEW12 sequence is 7r/6. The
phases for 7/2 pulses in BLEW12+ are xyxyxyyxyxyx, and those in
BLEW12— are yXyxyxxyxyxy. (c) Pulse sequence for correlating anisotropic
interactions under MAS. The initial z magnetization for *3C is prepared by
cross polarization (CP) and the following /2 pulse is represented by a
narrow dark pulse. Residual transverse magnetization dephases during the
delay 75 = 2 ms. The DANTE #/2 pulses at C* (f,) and C” (f,) frequencies
cancel the C* and C? magnetizations with their phase cycling. The t; and
t, periods are the same as in (a) and (b), respectively. The RF phases are
¢dcp = 16X16X, dp = YYYY, b1 = YWYV, b2 = 454X, Pz = 8R8X, and dacq =
16x16x. Three = pulses in the t, period are cycled synchronously with ¢..
The other pulses have constant phases.

Le(ty)

/4 TR 2TR7I1/4 270
+ f - f + f - f Hc(t)dt
0 t1/4 TR 2rr—t1/4

- TR {28;1<1 — cos thl) + &2<1 — cos thl)}Sp
T 4

2

The 7 pulses determine the signs before the integrals. The
isotropic shift is canceled. Only the terms which oscillate as
sin wgt and sin 2wgt are recovered. The interval between the
beginning of this period and the first = pulse is defined as
t2/4, so that the anisotropy having the time dependence of
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sin wgt over an interval of 27y is recovered at t; = 27x.
An effective Hamiltonian for this period, L(ty)/ty, is time
dependent. As the 7 pulses move in the directions indicated
in Fig. lafromt; = 0 to 2 7R, the factor for the first term
[1 — cos(wgti/4)] increases monotonically.

When this pulse sequenceis applied to uniformly **C-labeled
aanine at a**C resonance frequency of 100 MHz, thet, depen-
dence of the magnetization is dominated by the shielding an-
isotropy, not by the **C homonuclear dipolar interactions. This
is verified by the experimenta results shown in Fig. 2a. The
carboxyl signa reached zero intensity at t; = 150 us, whereas
the 3C? signa stayed almost constant under the dipolar cou-
pling with **C*. Although the **C homonuclear dipolar splitting
of about 3.2 kHz for a spin pair connected with a covaent
bond is comparable to the shidding anisotropy of *C®, |0
— oy| = 3.4 kHz, thet, dependence of the **C* magnetization
calculated without the carbon dipolar couplings is cons stent
with the experimenta dependence (Fig. 2b). The agreement
between the experimenta and calculated t; dependence for the
carboxyl carbon is aso shown in Fig. 2b. A 7 pulse train
synchronized with sample rotation is known to recover °C
homonuclear dipolar interactions when the chemical-shift dif-
ferences are comparable to a sample-spinning frequency (16),
but such effect on the t; dependence was smal under our
experimental conditions. The *C dipolar interactions would
influence the evolution, however, when those dipolar interac-
tions are larger than the shielding anisotropies.

Recovery of Heteronuclear Dipolar Interaction under
MAS Conditions
The constant-time evolution period for recovering CH di-
polar couplings under MAS is given in Fig. 1b. Another

T
0.1 0.2 0.3
t(ms)

FIG. 2.

(a) Experimental spectraof *C-labeled danine, and (b) experimen-
tal and smulated signal intensities of the « and carboxyl carbons as a function
of t; for the period shown in Fig. 1a In (b), the experimenta intensities of
the @ and carboxy! carbons are indicated by open and solid circles, respectively.
The carboxyl signal intensities include the contribution of spinning sidebands.
The dotted and solid lines connect the x components of the magnetization
calculated for the *C* and *CO single-spin systems with (011, 02, o) =
(63, 72, 97) and (—114, —55, 22) ppm (22), respectively.
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constant-time evolution period without dipolar recoupling
has been used to measure heteronuclear dipolar couplings
from spinning sidebands (17). When t; = 0, a continuous
wave field decouples CH dipolar couplings throughout the
period. Ast; increases, the CW decoupling is replaced with
the homonuclear dipolar decoupling by BLEW12, during
which the **C magnetization evolves under scaled CH dipo-
lar interactions (18). To recover the CH dipolar couplings
under MAS, the effective CH dipolar interaction is reversed
synchronously with the sample rotation by BLEW12+ and
—; the CH dipolar couplings during BLEW+ are different
from those during BLEW— by a factor of —1. When the
cycle time of BLEW is much shorter than 7, the time-
dependent CH dipolar Hamiltonian under BLEW+/— can
be expressed as

Ho(t)

= 2 {Concos(Mwrt) + Somsin(mwgt)} [sk(t)n-1]S.. [3]

Here s is the scaling factor for BLEW, | [=(l, |, |,)] isthe
vectorial spin operator for *H, n isthe unit vector specifying
the direction of the spin operator resulting from the |, opera-
tor averaged under BLEW, and k(t) = 1 and —1 are deter-
mined by BLEW+ and —, respectively.

An application of coherent-averaging theory to the period
shown in Fig. 1b gives the propagator for a carbon spin
exp(iTS)exp(—iLp), where

Loty = {+ f o 27R}H(t1 COHodt,  [4]

the Heaviside unit function H(t; — t) = 1 (t < ty), H(0) =
LHt, —t)=0(, <t),andk(t) =10 <t =< 7r/2, 37x/
2<t=< 27g), k(t) = —1 (7r/2 < t < 37x/2) for Hp(t). The
effect of the heteronuclear dipolar interaction is cumulative
even under MAS by this pulse sequence. When t; = jrgr/2
(j=0,1,2,3,4), Ly isproportional tot; as Lp(ty) = 2t:(Soa/
m)sn-1S,. Only the dipolar term oscillating as sin wgt is
restored. The anisotropic shift is reduced to zero by MAS.
The **C 7 pulse cancels the isotropic shift. The effects of the
13C homonuclear dipolar interactions on the t, dependence of
magnetization are much smaller than those of the **C*'H*
dipolar coupling as seen in the spectra of labeled aanine in
Fig. 3a. The *C* transverse magnetization decayed much
faster than the carboxyl magnetization that is under the in-
fluence of itslarge shielding anisotropy and **C homonuclear
dipolar couplings. The transverse magnetization calculated
for the 3C**H~ spin system without **C homonuclear cou-
plings agrees with experimental signal intensity as shown in
Fig. 3b.
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FIG. 3.
tal and simulated signal intensities of **C* (b) as a function of t, for the
period shown in Fig. 1b. The magnetization calculated is connected by solid
lines.

Experimental spectra of **C-labeled alanine (a), and experimen-

Correlation of Anisotropic Interactions

Pulse sequences for the correlation experiments have two
evolution periods for anisotropic interactions, which are con-
nected by a mixing period. Specific spin pairs relevant to
the correlation of the anisotropic interactions are selected by
isotropic-shift evolutions. Figure 1c shows the pulse se-
guence used for the correlation between the carboxyl
shielding anisotropy and the C*H* dipolar interaction in *3C-
labeled alanine. Thetransverse carboxyl **C magnetizationis
selectively prepared with DANTE pulses (19) and precesses
under the shielding anisotropy during the t; period. This
magnetization is transferred to C* by the *C homonuclear
dipolar coupling with the mixing pulse USEME (20) during
Tmix 1N Fig. 1c. The C* magnetization evolves under the
C*H* dipolar interaction during the t, period. Findly, the
FIDs are acquired during the t; period for isotropic chemical
shifts. The experimental spectrum obtained with this se-
guence is shown in Fig. 4a. The 2D cross section F./F, at
the *C* resonance in F3 is shown. The spectrum is symmet-
ric with respect to the lines F, = 0 and F, = 0, because
only real components were observed for the t; and t, dimen-
sions and the imaginary parts having almost zero intensities
were disregarded.

The spectra obtained with this correl ation method are ana-
lyzed by numerical simulation. For static solids, time-inde-
pendent eigenvalues of the Hamiltonian for evolution peri-
ods are correlated by the mixing of magnetization. In our
experiment for rotating solids, sample spinning makes the
spin Hamiltonian time dependent, so that the analysis of the
2D correlation spectrais not straightforward compared with
that of the static spectra. However, the spectra for rotating
solids are predictable through numerical calculation. The
time dependence of magnetization during the evolution peri-
ods agreed with the numerical results as shown in Figs. 2
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FIG. 4. Experimental (a) and simulated (b—g) 2D spectra for the corre-
lation between the carboxyl **C shielding anisotropy (F,) and the *C**H~
dipolar coupling (F,) for alanine. The cross sections were taken along the
F, axisat F; = 0 kHz. The spectra (b—g) were calculated for the dihedral
angles ¢ described in the figures. The principal-axis system of the shielding
anisotropy relative to the carboxyl local structure was assumed to be inde-
pendent of . The successive contour levels are different by a constant
interval.

o—

and 3. The mixing time of 1.2 ms for Fig. 4 is too short to
reach a quasi-equilibrium state by the RF-driven spin diffu-
sion (6, 20). This coherence of magnetization transfer was
also taken into account by the numerical simulation. The
simulated 2D spectra are shown in Figs. 4 and 6.

Figures 4b to 4g show the 2D spectra calculated for the
dihedral angle ¢y from —60° to 30°. Here, ¢ is the rotation
angle about the OC—C* bond that is defined according to
IUPAC conventions (21). The rotation by ¢ changes the
direction of the C*H* vector relative to the o,, and o33 axes
but not to the o1, axis, because the o, axisis amost parallel
to the OC—-C* bond (22) as shown in Fig. 5, where the
orientations of the C*H* vector are indicated. The experi-
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mental spectrum is similar to the spectra simulated for ¢ =
—30° and —18.5° in that they have minima at about (F1, F>)
= (0, +2.5) kHz as seen in the cross sectionsin Fig. 4. The
other simulated spectra have no or very shallow minima
This leads to —40° < ¢ < 0° and denying —60° < ¢ <
—40° and 0° < ¢ < 30°. The single-crystal analysis revealed
that & = —18.5° (21). Although we cannot determine the
angle precisely, we can restrict the range of the dihedral
angle.

The C*H“ vector relative to the o, axisis altered for Figs.
6a and 6b, the C*H* vectors for which are shown in Fig. 5.
The CH vector for A istilted from the vector for y = —18.5°
to the o4, axis by 17°. The vector for B is pardlel to the
C*—CO bond. These simulated spectrain Figs. 4 and 6 indi-
cate that the spectrum depends on the orientation of the C*H*
vector and is sensitive to the orientation with respect to the
o1 aXis. Alternatively, if the molecular structure is known,
information for the orientation of the principal axes of the
shielding anisotropy with respect to the molecular structure
can be obtained.

Fully labeled molecules can be analyzed with this method,
because the 2D correlation spectra were insensitive to the
presence of an additional **C—*3C dipolar coupling at a short
mixing time. Figure 6¢ shows the spectrum simulated at s
= —18.5° for the four-spin system including the *C” nucleus
that covalently bonds to *C*. This 2D spectrum is very
similar to the spectrum for the three-spin system at ¢ =
—18.5° (Fig. 4€). Since no cross peak for a spin pair sepa-
rated by more than two covalent bonds was observed for a
fully **C-labeled organic solid, adenosine, at a mixing time
of 1.2 ms (10), *C—"3C spin interactions at longer distances
have negligible effects at that mixing time. The evolution
periods used are governed by the carboxyl shielding anisot-
ropy and the C*H® dipolar coupling as stated in the previous
sections, so that the other *3C spins in labeled molecules
would not affect the evolutions.

DISCUSSION

The multidimensional correlation experiment proposed
aims to improve spectral resolution and signal sensitivity
by using isotropic-shift evolution under MAS. Under static
conditions, it would not be easy to obtain the correlation
between the carboxyl shielding anisotropy and the C*H“
dipolar coupling even from fully labeled alanine in powder,
since its C* and C” signals overlap and the carboxyl signal
is broadened by the shielding anisotropy (22) and carbon
homonuclear dipolar couplings. As shown for alaninein this
paper, as long as signals are resolved by MAS, multiply
labeled molecules can be analyzed with this method. This
is especialy beneficial to biological samples, since the prep-
aration of uniformly labeled molecules has been established
(10, 23).

In the simulation, we have shown that, even if the number
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FIG. 5. Orientations of the C*H* unit vectors relative to the principal axes of the carboxyl chemical-shift tensor for Figs. 4b to 4h and 6ato 6¢c. The
points on the unit sphere indicate the vectors, and are projected onto the 01,033 and 0,033 planes in (a) and (b), respectively. The solid and open circles
denote positive and negative values, respectively, for the coordinates perpendicular to the planes. The trgjectory of the CH vector for the dihedral angle
—180° < ¢ < 180° is represented by solid and dashed lines for positive and negative values. Dihedral angles for the points are shown on the figures.

See the legend to Fig. 6 for points A and B.

of time points was 10 for each of the t; and t, dimensions,
the spectra were sensitive to the rel ative orientation of aniso-
tropic interactions. Such a small number of time points leads
to a short experimental time, and is useful for improving the
resolution by increasing the dimensionality of NMR. The
selective pulses in the preparation period of the sequence
(Fig. 1c) can be replaced with an isotropic-shift evolution
period to obtain information for more spin pairs. Such a
4D experiment requires a longer experimental time for the
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FIG. 6. Simulated 2D spectra for the correlation between the carboxy!

13C shielding anisotropy and the **C**H* dipolar coupling. For (a) and (b),
the relative orientations are indicated by points A and B in Fig. 5, respec-
tively. Spectrum (c) was calculated at s = —18.5° for the four-spin system.

isotropic-shift evolution, and limits the number of time
points for the periods of the anisotropic interactions.

Mechanical switching of the sample-spinning axis (2, 24)
can be utilized to recover anisotropic interactions as well as
RF pulses synchronized with sample spinning. We have,
however, employed the method using the RF pulses, because
such pulse experiments can be performed with a conven-
tional MAS probe. Some pulse sequences for the evolution
of anisotropic interactions have a dwell time of sample rota-
tion period 7 (25, 26). When these pulse sequences are
applied to anisotropic interactions much larger than the sam-
ple-spinning frequency, the pulse sequences must also re-
duce the interactions to less than the spectral width that is
equa to U7k Such a reduction needs a longer evolution
period which is generally vulnerable to other effects due to
interactions such as *C homonuclear coupling and RF field
inhomogeneity. Under our experimental conditions, the car-
boxyl shielding anisotropy and the CH dipolar interaction
under the BLEW sequence are about 14 and 11 kHz, respec-
tively, and are larger than the spinning frequency of 5 kHz.
We have, therefore, used other types of evolution periods
which have dwell times of lessthan 7 and do not necessitate
the reduction.

Several NMR phenomena under rotational resonance con-
ditions have been shown to depend on dihedral angles as
results of the correlation between two shielding anisotropies
(9, 27). Multidimensional NMR allows us to make different
correlations of anisotropic interactions (1) which are sensi-
tiveto the structural parameters. One exampleisacorrelation
experiment having two CH dipolar evolution periods shown
in Fig. 1b. The principal axes of the dipolar interaction are
specified by the direction of the CH bond, while those of
the carboxyl shielding anisotropy are not completely deter-
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mined by the directions of the C*—CO and C-O bonds
and are dightly ambiguous owing to their dependence on
hydrogen bonds and dihedral angles (28). Thisis an advan-
tage of the CH—CH correlation over the correlation includ-
ing the shielding anisotropy in obtaining dihedral angle in-
formation.

We have shown the applicability of this method to an
amino acid, aanine, in this paper. This method can be used
for obtaining the information of ¢ aso for peptides, since
the relative orientations of the anisotropic interactions in
peptides depend on ¢ similarly to that in alanine (22, 29).

High-precision information on the dihedral angle s would
be obtained from the correlation spectra having higher reso-
lution in the frequency axes for the anisotropic interactions,
although the measurement needs more experimental time to
increase the number of time points for those dimensions.
Additional correlation experiments can also be made to re-
duce the range of . An experiment for correlating the 3C*
shielding anisotropy with the carbonyl *3C anisotropy would
also give information on . Spectra for the correlation be-
tween carbonyl **C shielding anisotropies of the neighboring
amino acid residues in peptides were recently shown to be
sensitive to ¢ (8).

In the structural determination of molecules by solution
NMR, constraints on dihedral angles derived from three-
bond J coupling constants complement internuclear dis-
tances estimated from NOE intensities (23). Similarly in
solids, dihedral angle information obtained by the method
presented in this paper will contribute to the determination
together with internuclear distances measured for isotope-
labeled molecules under MAS conditions (30).

EXPERIMENTAL

Experiments were performed on an Otsuka Electronics
CMX 400 spectrometer with a probe for a5 mm rotor at a
static magnetic field of 9.4 T. Initial *C magnetization was
prepared by cross polarization with a contact time of 1 ms.
The °C 7 pulse widths were 5.0 us. The MAS frequency
was about 4950 Hz. The 7/2 pulse width for the homonuclear
decoupling pulse BLEW was 2.8 ps. Proton CW decoupling
strength was 65 kHz during the observation and 95 kHz
during the *C—"3C mixing period. The experimental time
was about four hours for the 3D experiment (Fig. 1c). A
data matrix 10(t;) X 10(t,) X 512(t;) acquired was zero-
filled to @ 128 X 128 X 512 matrix and Fourier transformed
with M S| Felix950. The powdered sample consisted of fully
3C-labeled L-alanine and natural-abundance L-alanine in the
ratio 1:9. Crystals of the alanine were grown from a saturated
aqueous solution.

The structural and NMR parameters for defining spin sys-
tems for calculations were determined according to Refs.
(21, 22) for single-crystal aanine. The evolution of the spin
systems was calculated by the numerical integration of a
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time-dependent Hamiltonian, including terms for isotropic
and anisotropic chemical shifts, and dipolar and J interac-
tions (20, 31). A time evolution period was divided into
piecewise sections, and its Hamiltonian was assumed to be
time independent during each section. The sections began
at intervals of about 1.7 us and also at every RF phase shift,
and gate-on and -off timings. Thus, a propagator for a 27
sample rotation was expressed as a product of about 130
propagators. Finite RF amplitudes were used. In the simula-
tion of 2D cross sections, the propagators from the 7/2 pulse
at the beginning of the t; period to the end of the t, period
were calculated, and they transformed the initial state of the
carboxyl longitudinal spin operator. The final density matrix
was projected onto the *C* transverse spin operator to obtain
the time-domain signal. A two-step phase cycle different
only in ¢, = (X, —X) in Fig. 1c was employed. The signals
with 10(t;) X 10(t,) points for about 1400 orientations were
added with a constant weight factor to generate a powder
pattern (2). Further increases in the numbers of the time
sections and orientations have negligible effects. The three-
spin system for simulating 2D cross sections consisted of
carboxyl *3C, 3C*, and *H®, and the four-spin system in-
cluded additional *C”. The computational time for a spec-
trum was about 5 hours for the three-spin system and 30
hours for the four-spin system with a SGI Indigo2 worksta-
tion having an R4400 processor. To reduce the computa-
tional time, parts of the propagators calculated for the initial
t; and t, values were stored, and were reused to calculate
the propagators for the other t; and t, values.

CONCLUSIONS

The constant-time evolution periods were designed for
recovering **C shielding anisotropy and CH dipolar cou-
plings under MAS conditions. The recovery was verified by
the experiments. These evolution periods were used in the
pulse sequence for the 3D correlation experiment.

The experimental spectrum of alanine for the correlation
between the carboxyl shielding anisotropy and the C*H®
dipolar interaction qualitatively agreed with the spectra sim-
ulated for the dihedral angle s approximately equal to that
of the single-crystal structure. We have shown that the multi-
dimensional NMR experiment with rotation-synchronized
multipulses can provide information on the mutual orienta-
tion of anisotropic interactions and the dihedral angle as
long as signals are resolved by the isotropic shift under MAS
conditions.
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