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The potential of heteronuclear MAS NMR spectroscopy for the
characterization of 15N chemical shift (CS) tensors in multiply
abeled systems has been illustrated, in one of the first studies of
his type, by a measurement of the chemical shift tensor magni-
ude and orientation in the molecular frame for the two 15N sites

of uracil. Employing polycrystalline samples of 15N2 and
2-13C,15N2-labeled uracil, we have measured, via 15N–13C REDOR
and 15N–1H dipolar-shift experiments, the polar and azimuthal
angles (u, c) of orientation of the 15N–13C and 15N–1H dipolar
ectors in the 15N CS tensor frame. The (uNC, cNC) angles are

determined to be (92 6 10°, 100 6 5°) and (132 6 3°, 88 6 10°) for
he N1 and N3 sites, respectively. Similarly, (uNH, cNH) are found
o be (15 6 5°, 280 6 10°) and (15 6 5°, 90 6 10°) for the N1 and

N3 sites, respectively. These results obtained based only on MAS
NMR measurements have been compared with the data reported
in the literature. © 2000 Academic Press

Key Words: chemical shift tensors; dipolar couplings; MAS;
olid-state NMR; REDOR.

INTRODUCTION

An accurate knowledge of the magnitude and orientatio
CS tensors has been found to be invaluable in the char
ization of biomolecular structure and dynamics via NMR s
troscopy (1–9). Motivated by this, there have been exten
experimental investigations dealing with the study of, e.g.15N
CS tensors of the amide fragment of peptides (10). Quantum
hemical calculations are also being increasingly used t
ionalize the relationship between chemical shift tensors
olypeptide structure (11). The importance of the knowled
f 15N chemical shift tensors has also been pointed out rec

in the context of the study of nucleic acids (12–14). From the
tudies reported in the literature it is seen that the15N CS tenso

magnitude and orientation in the molecular frame may
from site to site as well as for the same site within a clas
similar compounds (10, 15). Hence, for reliable structural a

ynamical investigations that require an accurate knowled
he chemical shift tensors it may be necessary to deter
hese for each site of interest. In the characterization of c
cal shift tensors, solid-state NMR has emerged as a pow
ool (16).
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NMR measurements on single crystals allow the com
haracterization of chemical shift tensors. However, due t
ifficulties in growing large single crystals needed in th
tudies, techniques based on powder specimens are be
reasingly used. In static solid-state NMR experiments
rincipal values of the15N CS tensor are obtained directly fro

1H decoupled static powder spectra and the orientationa
formation is traditionally obtained from a study of the mu
orientation of the chemical shift and dipolar tensors (17). Due
to severe spectral overlaps that one encounters in static
state NMR studies, such methods have limited utility in
study of multiply labeled systems. Several MAS NMR stu
have been reported recently (18–21) for the characterization
chemical shift tensors in systems containing dipolar cou
homonuclear spin-1/2 pairs. In this work, we deal with syst
containing three heteronuclear spin-1/2 nuclei (13C, 15N, 1H). It
is shown below that in multiply15N-labeled systems wi
resolved isotropic15N shifts, thanks to the improved spec
resolution and sensitivity obtainable, heteronuclear magi
gle spinning solid-state NMR spectroscopy can be co
niently employed to fully characterize the chemical shift
sors. As part of our ongoing efforts on the characterizatio
CS tensor magnitude and orientations in nucleic acids, we
employed REDOR (22–24) and dipolar-shift (25–27) experi-

ents in a study of [1,3–15N2 and 1,3-15N2,2-13C]uracil, which
is one of the four bases in RNA. The magnitudes of
chemical shift tensor principal values have been obtaine
an analysis of the spectral sideband amplitudes of conven
1H decoupled CPMAS spectra (16). While the 15N chemica
shift tensor orientations with respect to the N–C bond ve
have been obtained via15N–13C REDOR, the orientations
the N–H bond vector in the15N CSA frame have been obtain
from MAS 15N–1H dipolar-shift experiments.

NUMERICAL AND EXPERIMENTAL PROCEDURES

We have employed standard pulse sequences for the re
ing of 15N CPMAS and15N–1H dipolar-shift data. In genera
iterative fittings of the experimental 1D data, to obtain bes
values of the parameters of interest, were carried out as i
earlier study (28) using the software package “SPINME
1090-7807/00 $35.00
Copyright © 2000 by Academic Press
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which is being developed in-house. In the REDOR study o
isolated and directly coupled15N–13C spin system a simple o
rotor period REDOR sequence with a 180° pulse on the u
served channel at the center of the rotor period would suffi
obtain orientational information (28, 29). However, in multiply
labeled systems, one would typically need a two rotor pe
REDOR sequence (Fig. 1) to eliminate evolution of the
served spins due to isotropic chemical shifts during the
DOR mixing time. Depending upon the spinning speed
ployed and the heteronuclear dipolar coupling strength in
system under investigation, the two rotor period REDOR
periment can be carried out to achieve significant RED
dephasing either with one or two rotor periods of dip
recoupling by executing the REDOR sequence with or wit
the 180° pulse on the unobserved nuclei during the se
rotor period. In this work, REDOR experiments have b
carried out with two rotor periods of dipolar recoupling. C
sidering an isolated I-S spin-1/2 pair, it is seen via stan
density matrix calculations that the NMR signal acquired f
single crystallite with two rotor periods of dipolar recoupl
as shown in Fig. 1 is given by

^I 1& 5 @cos 2A z cosB 1 sin 2A z sin B#exp~iC!, [1]

here

A 5 2DSv IS

v r
Dsin aD, [2]

B 5
v IS

4v r
@2D sin~v rt 2 aD! 1 G sin 2~v rt 2 aD!

1 2D sin aD 1 G sin 2aD#, [3]

FIG. 1. A two rotor period REDOR pulse sequence with dephasing
F pulses at the center of the rotor periods on the unobserved S chann
0° RF pulse on the S channel is employed to purge the signal from c
utions from antiphase operator terms which may be present at the star
ata acquisition. Depending on the spinning speed employed the expe
an be carried out with one or two periods of dipolar recoupling by
pplying or applying the second 180° pulse on the S spin channel.
n

b-
to

d
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e
-

R
r
t

nd
n
-
rd
a

and

C 5
v

2v r
z @~2g1sin f1 1 g2sin f2! 2 ~2g1sin~v rt 1 f1!

1 g2sin~2v rt 1 f2!!#. [4]

In the above equations we have

D 5 2Î2 z sin bD z cosbD

and

G 5 sin2bD,

with v, g1, g2, f 1, andf2 defined as before (30). v IS is the
dipolar coupling strength and (bD, aD) are the polar and az-
muthal angles of the dipolar tensor in the rotor frame. T
are given by

cosbD 5 cosuD z cosb 2 sin uD z sin b z cos~g 1 cD!,

cos~aD 2 a! 5
cosuD 2 cosb z cosbD

sin b z sin bD
.

(a, b, g) are the Euler angles of the CSA in the rotor fra
and (uD, cD) are the polar and azimuthal angles of the dip
tensor in the CSA frame. A weighted averaging of the resp
over all possible crystallite orientations gives the final si
observed. The second term in Eq. [1] arises from an antip
operator term of the typeI YSZ present at the start of the d
acquisition. Under slow spinning conditions and when on
dealing with significant heteronuclear15N–13C dipolar cou-
plings comparable to the spinning speed employed, the
tiphase operator term can refocus to an observableI X term
during the data acquisition time and can contribute sig
cantly to the observed signal (29). The 90°13C pulse at the sta
of the data acquisition period shown in Fig. 1 is neede
eliminate the contributions from such terms. The RED
experiments reported here have been carried out with
application of the 90° purging pulse on the unobserved nu
Considering the heteronuclear spins in the system under i
tigation as two isolated15N–13C pairs, we have analyzed t
REDOR spectra as described earlier (28). To assess the err
margin in the Euler angles (uexp, cexp) obtained from REDOR
spectra we have also carried out an RMSD calculation bas
established procedures (31). Thus, we calculate and plot t

MSD between the simulated spectrum obtained emplo
he optimal solution (uexp, cexp) and simulated spectra genera
for various values of the angles (u, c) from

°
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30915N CS TENSOR OF URACIL VIA MAS NMR
RMSD~u, c!

5 $1/N O
i

N

@Si
exp~u exp, c exp! 2 Si

sim~u, c!# 2% 1/ 2. [5]

Si
exp(uexp, cexp) is the normalizedi th sideband intensity of th

spectrum obtained from simulations employing the opt
solution (uexp, cexp) derived from the experimental data.Si

sim(u,
c) is the sideband intensity obtained from simulations emp
ing the angles (u, c). N is the total number of sideban
employed in the calculation. From the measured experim
RMS noise, the uncertainty in the evaluated angles (uexp, cexp)
has been estimated.

All experiments were performed at room temperature
500-MHz wide-bore VarianUNITYINOVA solid-state NMR
spectrometer equipped with a 5-mm DOTY supersonic tr
resonance probe. Cross-polarization under Hartmann–
matching conditions was applied and typical1H, 15N, and 13C
90° pulse widths of 3.8, 9.0, and 4.25ms were used, respe
tively. Homonuclear1H decoupling in the dipolar-shift expe-
iments was achieved by employing a semi-window
MREV8 sequence (32); all other spectra were collected un

igh-power 1H TPPM decoupling (33). Standard pulse s-
quences were employed for obtaining the15N CPMAS,15N–1H
dipolar-shift, and15N–13C REDOR spectra. For an estimat
of the 13C–15N dipolar coupling, a purged two rotor cyc
REDOR sequence was employed at several spinning spe
obtain REDOR data with different durations of heteronuc
dipolar recoupling.15N spectra were referenced indirectly r-
ative to DSS (34). Other relevant experimental parameters
given in the figure legends. Labeled15N2 and 2-13C, 15N2 uracil
samples were obtained from Isotec, Inc. The samples
packed into spherical inserts at the center of the rotor vo
to provide goodH 1 homogeneity throughout the sample v-
ume. The total amount of sample was approx. 10 mg.

FIG. 2. Experimental (middle row)15N CPMAS spectra of15N uracil at
4 (730 Hz) and 32 scans (1500, 2000 Hz), respectively, 64 s of recycle
3 and N1 generated with the optimized CSA parameters given in Tab
re indicated with an asterisk in the experimental spectra.
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RESULTS AND DISCUSSION

Figure 2 shows the 1D15N CPMAS data obtained employi
a 15N-labeled sample of uracil and the corresponding simu
plots generated employing optimized values of the chem
shift tensor parameters (Table 1) estimated via an iter
fitting of the experimental data. Resonances were assign
the two sites as in the literature (12). In Fig. 3, experimenta
15N–13C REDOR data obtained at different spinning spe
using the sequence given in Fig. 1 are shown. Iterative fi
of the REDOR data, keeping the N–C dipolar coupling als
a variable, leads to a best-fit dipolar coupling of 960
together with the (uNC, cNC) angles given in Table 1. Emplo-
ng these values and the15N CS tensor values given in Table
we have obtained the simulated REDOR spectra also sho
Fig. 3. The N–C dipolar coupling value employed in
REDOR simulations is smaller than the value of;1225 Hz
eported earlier (12). However, a measurement of the dipo
oupling strength from a plot of the ratio of the RED
ifference to full echo intensity,DS/S0 (22), as a function o

he REDOR dephasing time, Fig. 4, gives a N–C dip
oupling strength of approximately 1020 Hz and this is
easonable agreement with the value employed in our sim
ions. To obtain a measure of the uncertainty in the estim
ngles, we have carried out an RMSD calculation as desc
efore. From the RMSD plots shown in Fig. 5, we find
olar and azimuthal angles of orientation of the15N–13C dipolar

vectors in the15N CSA frame to be in the range of (926 10°,
006 5°) and (1326 3°, 886 10°) for the N1 and N3 site
espectively. It is worth mentioning that even if we fix the N
ipolar coupling used in the iterative fitting routine to a va
f 1020 Hz, the (uNC, cNC) angles thus estimated do not dif

significantly from the above values and are well within
error range given above (however, the quality of the fit
tween the experimental data and that obtained from simula
employing a N–C dipolar coupling of 1020 Hz is not as g

nning speeds of 730 (left), 1500 (middle), and 2000 Hz (right), recorde
e, and 1 ms of cross-polarization time. The corresponding simulated psites
are given above and below the experimental spectra. The signals from
spi
tim

le 1
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310 LEPPERT, HEISE, AND RAMACHANDRAN
as obtained with 960 Hz). We have also carried out pu
REDOR experiments at a spinning speed of 730 Hz with
rotor period of dipolar recoupling (data not shown) and
though the spectral quality is poor the REDOR pattern
reasonably well with the angles obtained at higher spin
speeds with two rotor periods of dipolar recoupling.

TAB
Experimentally Obtained 15N

CPMAS

nr [Hz] s11 [ppm] s22 [ppm] s33 [ppm]

N3
730 93.9 155.8 223.7
1500 94.0 154.4 224.9
1600 — — —
1615 93.8 154.4 225.2
1700 — — —
1800 93.8 155.1 224.5
2000 94.3 154.1 225.0
Meane 94.06 0.2 154.86 0.8 2246 0.7

N1
730 49.7 141.7 216.0
1500 47.5 142.0 217.9
1600 — — —
1615 47.9 142.7 216.8
1700 — — —
1800 47.2 143.1 217.1
2000 47.8 141.2 218.4
Meane 48.06 1.2 142.16 0.9 217.26 1.1

a (180 2 uNC), (1802 uNH), 2cNC, 6(180 2 cNC), 2cNH, and6(180 2 c
b Determined from 2D DIPSHIFT spectrum.
c Error range estimated from REDOR RMSD plots.
d Possible error range seen from 2D DIPSHIFT simulations.
e Mean values are given for all parameters except foruNH, which is based

FIG. 3. Experimental (middle row)15N–13C REDOR spectra of uracil a
ptimal (uNC, cNC) values given in Table 1 at spinning speeds of 1500 (left
oupling of 960 Hz were used in the simulations. Experiments were ca
d
e

l-
s
g

To obtain the orientation of the15N–1H vector in the15N
SA frame, we have carried out both 1D and 2D dipolar-
xperiments. In Fig. 6, representative 1D experimental dip
hift data obtained at 1800 Hz (data at 1500, 1600, and
z not shown) employing the15N-labeled sample of uracil a

given. From an iterative analysis of the 1D dipolar-shift da

1
Tensor Parameters of Uracil

REDOR Dipolar-shift

uNC [°] a cNC [°] a uNH [°] a cNH [°] a

— — — —
132 90 0 —

133 90 15b 90b

— — 0 —
132 82 — —

— — 0 —
— — 0 —

1326 3c 88 6 10c 15 6 5d 90 6 10d

— — — —
95 102 0 —

90 102 15b 280b

— — 0 —
90 96 — —
— — 0 —
— — 0 —

926 10c 100 6 5c 15 6 5d 280 6 10d

are also allowed solutions.

ly on the 2D DIPSHIFT data (see text).

he corresponding simulated spectra for sites N3 and N1, obtained by e
600 (middle), and 1700 Hz (right). Mean CSA values given in Table 1 an
d out using 1200 scans and 64 s of recycle time.
LE
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31115N CS TENSOR OF URACIL VIA MAS NMR
scaled N–H dipolar coupling of 4800 Hz and auNH value of 0°
are obtained. In Fig. 6 we have shown 1D simulated dip
shift spectra obtained with auNH value of 0°. For comparison
we have also shown the simulated spectra obtained for a c
of different values ofuNH. For auNH value of 0° the simulate
plot has no dependence on the value ofcNH and foruNH values

FIG. 4. Example of experimental REDOR spectra atnr 5 2000 Hz obta
unobserved channel employing a purged two rotor period REDOR sequ
Different durations of dipolar recoupling were achieved by varying the spi
he dipolar couplings indicated.DS/S0 showed virtually no difference betw

FIG. 5. Plots of the RMSD between the simulated REDOR spectrum
N3 and N1 sites, respectively, and simulated spectra generated for var
Hz were used in the simulations carried out at the spinning frequencie
estimated experimental RMS noise, provides a measure of the uncerta
r-

ple

greater than zero the simulated plots shown have been ob
employing thecNH values obtained from the 2D DIPSHIF
experiment discussed below. It is seen from the simulated
that the quality of fit between the experimental 1D spec
and the simulated spectra generated with auNH value of 0° is
not perfect. To obtain a more reliable estimate of theuNH

without (A) and with (B) the application of the 180° dephasing pulses
e. (C) Experimentally measuredDS/S0 as a function of the dipolar recoupling tim

ng frequencynr. The simulated continuous REDOR curves were generated ass
N3 and N1, therefore only data points for N3 are shown.

btained employing the angles (uNC, cNC) of (130, 90) and (90, 100) degrees for
values of (u, c). Mean CSA values given in Table 1 and a dipolar coupling of

ndicated. The area enclosed by the thicker contour line, which corresthe
in (C, cNC).
ined
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o
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312 LEPPERT, HEISE, AND RAMACHANDRAN
values, we have carried out a 2D DIPSHIFT experiment
the corresponding spectrum at a spinning speed of 1600
given in Fig. 7. The optimal values for the N–H vector ori

FIG. 7. Two-dimensional phase-sensitive15N–1H DIPSHIFT spectrum o
15N-labeled uracil at a spinning speed of 1600 Hz. The data were obtain
er the method of Munowitz and Griffin (27), which permits the collection o
D data sets with normal and reversed dipolar evolution in thet 1 dimension

Data acquisition after CP was begun after 16 rotor periods.

FIG. 6. Experimental MREV8 decoupled15N CPMAS shift-dipolar spec-
ra at a spinning speed of 1800 Hz and the corresponding simulated pl
ites N3 and N1 as a function of the dipolar vector orientationuNH assuming

cNH value of190° (N3) and280° (N1). The simulated plots were obtain
employing a scaled dipolar coupling of 4800 Hz (obtained from the fi
procedure) and mean CSA values given in Table 1. Experiments were c
out using 32 scans and 64 s of recycle time.
d
is

-

tation were estimated from the 2D DIPSHIFT spectra by
erating several simulated 2D spectra with different value
uNH andcNH. The dipolar coupling strengths were also varie
these simulations and an optimal scaled N–H dipolar cou
of 4800 Hz was found together with the (uNH, cNH) values given
in Table 1. The best fitting values for (uNH, cNH) were obtaine
from that spectrum in which all the cross sections mat
reasonably well with the experimental ones, as seen by v
inspection. At this stage of our work, the error range given
the (uNH, cNH) values in Table 1 is only an approximate m-
sure of the accuracy to which the angles could be estimat
the visual comparison of the simulated and experimenta
dipolar cross sections. In Fig. 8, we give the experimental c
sections (marked in Fig. 7, N3: 0, N1:21) together with
simulated plots obtained with differentuNH values, for thecNH

values indicated. It is seen that the fit between the experim
and simulated plots is reasonably good withuNH 5 15° and this
value is also consistent with theuNC values given in Table 1 a
the N–C and N–H vectors, which are in the molecular pl
include an angle of;115° (35). In view of this we did no
onsider the 1D data in the final estimation ofuNH and cNH

values (Table 1). For (uNC, cNC) values of N1:(92, 100) an
N3:(132, 88) degrees and making use of the H–N–C ang
;115° given in the literature (35), one finds the correspondi
uNH, cNH) values to be (15, 90) and (15,280) degrees. Fo
hese values of the angles, the orientation of the15N CS tenso
in uracil is seen to be as depicted in Fig. 9 with thes11 axis
essentially perpendicular to the molecular plane. Our re

as

for

g
ied

FIG. 8. 2D experimental (top) DIPSHIFT cross sections parallel tov1

running through the centerband and sideband resonances inv2, as indicated i
Fig. 7, of N3 and N1, respectively. The corresponding simulated 2D
sections as a function ofuNH are given below. The simulated plots w

enerated assuming acNH value of190° (N3) and280° (N1) and a best-fittin
scaled dipolar coupling of 4800 Hz.
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31315N CS TENSOR OF URACIL VIA MAS NMR
are in reasonable agreement with the values reported i
literature (12).

This work clearly shows that MAS NMR can possibly
mployed for such studies even in multiply labeled polyc

alline specimens. When extensive sideband overlaps m
D data analysis difficult, one can possibly take recourse t
ethods to obtain isotropic chemical shift resolved anisotr
ata (16). In favorable situations it may be possible to ob

15N isotropic shift resolved anisotropic data by the very sim
2D rotational spin-echo NMR procedure (36). In this the rotor
ynchronized sampling of the transverse magnetization g
ted after CP is followed by data acquisition under high-po
eteronuclear or homonuclear1H decoupling; Figure 10shows

two examples of such spectra in uracil. To obtain isotr
chemical shift resolved REDOR data, the REDOR mixing t
can be preceded by the rotor-synchronized sampling o
transverse magnetization in thet 1 dimension. Although th
rotor-synchronized sampling restricts the bandwidth in thv1

dimension to the spinning speed employed, it is advantag
to keep the spinning speed to the minimum required so

FIG. 9. Orientation of the15N CSA tensors in the molecular frame
racil.

FIG. 10. 2D phase-sensitive isotropic chemical shift resolved CSA (l
of 1500 Hz using the rotational spin echo NMR technique (36).
he
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retain a sufficient number of spinning sidebands in the resu
spectra, as these carry the information of interest. It is w
noting that the isotropic chemical shift dispersions seen
backbone amide nitrogens in proteins and for imino nitro
in nucleic acid bases are only in the typical range of 30
ppm. Hence, even at Zeeman field strengths of 11.74 T, w
are routinely available now, it may be possible to ob
satisfactory rotational spin-echo NMR data even with mode
or low spinning speeds. Although collection of two-dim
sional isotropic resolved anisotropic data is time consum
one can reduce data collection time by acquiring only a lim
number of t 1 increments and then take recourse to lin
prediction int 1 to improve spectral resolution. The possibi
of extracting data from multiply labeled systems demonstr
here would also help in avoiding synthesis of multiple syst
with different specific labeling.

In conclusion, it is seen that a combined measurement o
orientation of multiple dipolar vectors in the CSA frame of
nuclei of interest can permit, without any other suppor
information from other studies, an accurate characterizati
the CS tensor orientation in the molecular frame. From
RMSD plots shown in Fig. 5 it is seen that for the sa
magnitude of experimental RMS noise the uncertainty in
estimated parameters is larger at higher than at lower spi
speeds. In general, it is necessary for accurate estimat
orientational parameters to have spectra with good sign
noise ratio, although collection of REDOR data may be
consuming in situations where one is dealing with sys
needing long recycle times. We believe that the rather
error range seen for the angles obtained from the REDOR
can be considerably reduced by data collection with m
better signal-to-noise ratio per scan. The need to restric
sample size to a small, central volume of the rotor to avoidH 1

inhomogeneity effects is one of the main reasons for the
signal-to-noise ratio seen in the REDOR data. Developme
suitable procedures for overcomingH 1 inhomogeneity effec

and dipolar-shift (right) spectra of15N2-labeled uracil obtained at a spinning sp
eft)
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314 LEPPERT, HEISE, AND RAMACHANDRAN
would certainly permit the usage of larger sample volumes
thereby facilitate the extraction of orientational parame
with higher precision. Work in this direction is in progress
our laboratory.

It is generally assumed that for the characterization o
tensors at several sites in a given system one needs m
compounds with specific labeling at the sites of interest37).

his was indeed the approach employed in the previous i
igation on uracil via static solid-state NMR methods (12).
owever, this work clearly shows that in favorable situatio
ay be possible to simultaneously characterize the CS te

or several sites employing multiply labeled compounds. S
lar to the N–C REDOR, one can also carry out a C–N RED
o obtain the orientation in the molecular frame of the13C CS
tensor. Such works in uracil and other systems are in pro
and the results of these studies will be reported elsewhe
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