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The potential of heteronuclear MAS NMR spectroscopy for the
characterization of N chemical shift (CS) tensors in multiply
labeled systems has been illustrated, in one of the first studies of
this type, by a measurement of the chemical shift tensor magni-
tude and orientation in the molecular frame for the two N sites
of uracil. Employing polycrystalline samples of *N, and
2-C,”N,-labeled uracil, we have measured, via ®"N-"*C REDOR
and ®N-'H dipolar-shift experiments, the polar and azimuthal
angles (0, ) of orientation of the *N-"C and “N-'H dipolar
vectors in the N CS tensor frame. The (Oyc, ¥snc) angles are
determined to be (92 = 10°, 100 % 5°) and (132 = 3°, 88 + 10°) for
the N1 and N3 sites, respectively. Similarly, (0., ¥s\,) are found
to be (15 = 5°, —80 = 10°) and (15 = 5°, 90 * 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
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NMR measurements on single crystals allow the comple
characterization of chemical shift tensors. However, due to t
difficulties in growing large single crystals needed in thes
studies, techniques based on powder specimens are being
creasingly used. In static solid-state NMR experiments tr
principal values of thé’N CS tensor are obtained directly from
"H decoupled static powder spectra and the orientational il
formation is traditionally obtained from a study of the mutual
orientation of the chemical shift and dipolar tensdr%)( Due
to severe spectral overlaps that one encounters in static sol
state NMR studies, such methods have limited utility in the
study of multiply labeled systems. Several MAS NMR studie
have been reported recentty8—21 for the characterization of
chemical shift tensors in systems containing dipolar couple
homonuclear spin-1/2 pairs. In this work, we deal with systemnr
containing three heteronuclear spin-1/2 nucle (N, *H). It

solid-state NMR; REDOR. is shown below that in multiply”N-labeled systems with

resolved isotropic®N shifts, thanks to the improved spectral
resolution and sensitivity obtainable, heteronuclear magic a
gle spinning solid-state NMR spectroscopy can be convi
niently employed to fully characterize the chemical shift ten
An accurate knowledge of the magnitude and orientation 8brs. As part of our ongoing efforts on the characterization
CS tensors has been found to be invaluable in the characteB tensor magnitude and orientations in nucleic acids, we ha
ization of biomolecular structure and dynamics via NMR speemployed REDOR 22-24 and dipolar-shift 25-27 experi-
troscopy (-9. Motivated by this, there have been extensivenents in a study of [1,3°N, and 1,3*°N,,2-"*Cluracil, which
experimental investigations dealing with the study of, €, is one of the four bases in RNA. The magnitudes of th
CS tensors of the amide fragment of peptid&8).(Quantum chemical shift tensor principal values have been obtained v
chemical calculations are also being increasingly used to e analysis of the spectral sideband amplitudes of conventior
tionalize the relationship between chemical shift tensors afid decoupled CPMAS spectrd ). While the **N chemical
polypeptide structurel@). The importance of the knowledgeshift tensor orientations with respect to the N-C bond vecic
of **N chemical shift tensors has also been pointed out recentigve been obtained vidN-"*C REDOR, the orientations of
in the context of the study of nucleic acidk2-14. From the the N—H bond vector in th€N CSA frame have been obtained
studies reported in the literature it is seen that'thNeCS tensor from MAS **N—'H dipolar-shift experiments.
magnitude and orientation in the molecular frame may vary
from site to site as well as for the same site within a class of NUMERICAL AND EXPERIMENTAL PROCEDURES
similar compoundsi(0, 15. Hence, for reliable structural and
dynamical investigations that require an accurate knowledge ofWe have employed standard pulse sequences for the recc
the chemical shift tensors it may be necessary to determing of N CPMAS andN—'H dipolar-shift data. In general,
these for each site of interest. In the characterization of cheiterative fittings of the experimental 1D data, to obtain best-f
ical shift tensors, solid-state NMR has emerged as a powerfalues of the parameters of interest, were carried out as in G
tool (16). earlier study 28) using the software package “SPINME,”
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FIG. 1. A two rotor period REDOR pulse sequence with dephasing 180°

RF pulses at the center of the rotor periods on the unobserved S channel. Zjeg|

90° RF pulse on the S channel is employed to purge the signal from contri-

butions from antiphase operator terms which may be present at the start of the

data acquisition. Depending on the spinning speed employed the experiment G= SiI"IZBD,

can be carried out with one or two periods of dipolar recoupling by not

applying or applying the second 180° pulse on the S spin channel.
with o, 9;, 92, ¢4, and ¢, defined as before30). w is the
dipolar coupling strength ang3, «p) are the polar and azi

which is being developed in-house. In the REDOR study of gAuthal angles of the dipolar tensor in the rotor frame. Thes
isolated and directly coupledN-""C spin system a simple onegre given by

rotor period REDOR sequence with a 180° pulse on the unob-
served channel at the center of the rotor period would suffice to
obtain orientational informatior2g, 29. However, in multiply
labeled systems, one would typically need a two rotor period cosfp — COSP - COSPp
REDOR sequence (Fig. 1) to eliminate evolution of the ob- cojap — a) = Sinp-sinp
served spins due to isotropic chemical shifts during the RE- P
DOR mixing time. Depending upon the spinning speed em-
ployed and the heteronuclear dipolar coupling strength in the(e, B, y) are the Euler angles of the CSA in the rotor frame
system under investigation, the two rotor period REDOR e&nd @,, {p) are the polar and azimuthal angles of the dipols
periment can be carried out to achieve significant REDORNsor in the CSA frame. A weighted averaging of the respon:
dephasing either with one or two rotor periods of dipolapver all possible crystallite orientations gives the final signe
recoupling by executing the REDOR sequence with or withoabserved. The second term in Eq. [1] arises from an antipha
the 180° pulse on the unobserved nuclei during the secapperator term of the typk,S, present at the start of the data
rotor period. In this work, REDOR experiments have beetcquisition. Under slow spinning conditions and when one |
carried out with two rotor periods of dipolar recoupling. Condealing with significant heteronucleatN-*C dipolar cou
sidering an isolated I-S spin-1/2 pair, it is seen via standaptings comparable to the spinning speed employed, the a
density matrix calculations that the NMR signal acquired fortiphase operator term can refocus to an observapleerm
single crystallite with two rotor periods of dipolar recouplingluring the data acquisition time and can contribute signif
as shown in Fig. 1 is given by cantly to the observed sign&l9). The 90°**C pulse at the start
of the data acquisition period shown in Fig. 1 is needed t
eliminate the contributions from such terms. The REDOF
experiments reported here have been carried out with tl
application of the 90° purging pulse on the unobserved nucle
where Considering the heteronuclear spins in the system under inve
tigation as two isolated®N-"*C pairs, we have analyzed the
® REDOR spectra as described earli28)( To assess the error
A= ZD('S) sin ap, [2] margin in the Euler angle®{®, ¢**) obtained from REDOR
@r spectra we have also carried out an RMSD calculation based
wis . _ established procedure81). Thus, we calculate and plot the
B =, [2D sin(et — ap) + G sin Aot — ap) RMSD between the simulated spectrum obtained employir
' the optimal solution@®®, °°) and simulated spectra generatec
+ 2D sin ap + G sin 2ap], [3] for various values of the angle$, (i) from

cosBp = cosfp- cosB — sinfy-sin B-cogy + Yp),

(1) =[cos 2A- cosB + sin 2A-sinBlexp(iC), [1]
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FIG. 2. Experimental (middle row}°N CPMAS spectra of°N uracil at spinning speeds of 730 (left), 1500 (middle), and 2000 Hz (right), recorded wi
64 (730 Hz) and 32 scans (1500, 2000 Hz), respectively, 64 s of recycle time, and 1 ms of cross-polarization time. The corresponding simulatgiteplots
N3 and N1 generated with the optimized CSA parameters given in Table 1 are given above and below the experimental spectra. The signals from th
are indicated with an asterisk in the experimental spectra.

RMSD(6, ) RESULTS AND DISCUSSION

_ Figure 2 shows the 1BJN CPMAS data obtained employing
= {1/N X [SPA(6°°, ¢*®) — S™(9, )] Y2 [5] a’N-labeled sample of uracil and the corresponding simulate
i plots generated employing optimized values of the chemic
shift tensor parameters (Table 1) estimated via an iterati
SPP(0%°, =P is the normalizedth sideband intensity of the fitting of the experimental data. Resonances were assigned
spectrum obtained from simulations employing the optim#ie two sites as in the literatur@?). In Fig. 3, experimental
solution @%°, **) derived from the experimental da®."(6, “N-C REDOR data obtained at different spinning speed
) is the sideband intensity obtained from simulations employsing the sequence given in Fig. 1 are shown. Iterative fittin
ing the angles €, ). N is the total number of sidebandsof the REDOR data, keeping the N—C dipolar coupling also &
employed in the calculation. From the measured experimengalvariable, leads to a best-fit dipolar coupling of 960 H:
RMS noise, the uncertainty in the evaluated angl&8, (*") together with the §c, ¥\c) angles given in Table 1. Empley
has been estimated. ing these values and tH&N CS tensor values given in Table 1
All experiments were performed at room temperature onvee have obtained the simulated REDOR spectra also shown
500-MHz wide-bore Varian""™ INOVA solid-state NMR Fig. 3. The N-C dipolar coupling value employed in our
spectrometer equipped with a 5-mm DOTY supersonic tripl@REDOR simulations is smaller than the value-e1225 Hz
resonance probe. Cross-polarization under Hartmann—Hakported earlierX2). However, a measurement of the dipolar
matching conditions was applied and typichl, **N, and**C  coupling strength from a plot of the ratio of the REDOR
90° pulse widths of 3.8, 9.0, and 4.26 were used, respec-difference to full echo intensityAS/S, (22), as a function of
tively. HomonuclearH decoupling in the dipolar-shift exper the REDOR dephasing time, Fig. 4, gives a N—C dipola
iments was achieved by employing a semi-windowles®upling strength of approximately 1020 Hz and this is ir
MREV8 sequence3Q); all other spectra were collected undereasonable agreement with the value employed in our simul
high-power '"H TPPM decoupling 33). Standard pulse se tions. To obtain a measure of the uncertainty in the estimat
guences were employed for obtaining tiid CPMAS, " N-"H  angles, we have carried out an RMSD calculation as describ
dipolar-shift, and"*N-"*C REDOR spectra. For an estimatiorbefore. From the RMSD plots shown in Fig. 5, we find the
of the ®C—"N dipolar coupling, a purged two rotor cyclepolar and azimuthal angles of orientation of tid—"°C dipolar
REDOR sequence was employed at several spinning speedseictors in the® N CSA frame to be in the range of (92 10°,
obtain REDOR data with different durations of heteronucled00 + 5°) and (132+ 3°, 88 = 10°) for the N1 and N3 sites,
dipolar recoupling.®N spectra were referenced indirectly-rel respectively. It is worth mentioning that even if we fix the N—C
ative to DSS 84). Other relevant experimental parameters aipolar coupling used in the iterative fitting routine to a value
given in the figure legends. Label&, and 2°C, **N, uracil of 1020 Hz, the §yc, ¥nc) angles thus estimated do not differ
samples were obtained from Isotec, Inc. The samples weignificantly from the above values and are well within the
packed into spherical inserts at the center of the rotor voluregror range given above (however, the quality of the fit be
to provide goodH, homogeneity throughout the sample voltween the experimental data and that obtained from simulatio
ume. The total amount of sample was approx. 10 mg. employing a N—C dipolar coupling of 1020 Hz is not as goo«
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TABLE 1
Experimentally Obtained *N CS Tensor Parameters of Uracil

LEPPERT, HEISE, AND RAMACHANDRAN

CPMAS REDOR Dipolar-shift
v, [HZ] o [ppm] 02 [ppm] a3 [ppm] One [1° Ine [1° O [1° Inn [1°
N3
730 93.9 155.8 223.7 — — — —
1500 94.0 154.4 224.9 132 90 0 —
1600 — — — 133 90 15 90
1615 93.8 154.4 225.2 — — 0 —
1700 — — — 132 82 — —
1800 93.8 155.1 224.5 — — 0 —
2000 94.3 154.1 225.0 — — 0 —
Mearf 94.0+ 0.2 154.8+ 0.8 224+ 0.7 132+ 3° 88 + 10° 15 + 5¢ 90 + 10¢
N1
730 49.7 141.7 216.0 — — — —
1500 47.5 142.0 217.9 95 102 0 —
1600 — — — 90 102 15 -80°
1615 47.9 142.7 216.8 — — 0 —
1700 — — — 90 96 — —
1800 47.2 143.1 217.1 — — 0 —
2000 47.8 141.2 218.4 — — 0 —
Mearf 48.0% 1.2 142.1+ 0.9 2172+ 1.1 92+ 10° 100 = 5¢ 15 + 5¢ -80 + 10°

(180 — Oyc), (180 — Onn), —Une, +(180 — Uine), —thwn, and =(180 — iryy) are also allowed solutions.
® Determined from 2D DIPSHIFT spectrum.

¢ Error range estimated from REDOR RMSD plots.

¢ Possible error range seen from 2D DIPSHIFT simulations.
®Mean values are given for all parameters exceptdfgr, which is based only on the 2D DIPSHIFT data (see text).

as obtained with 960 Hz). We have also carried out purgedTo obtain the orientation of th€N—'H vector in the™N

REDOR experiments at a spinning speed of 730 Hz with oi@SA frame, we have carried out both 1D and 2D dipolar-shif
rotor period of dipolar recoupling (data not shown) and akxperiments. In Fig. 6, representative 1D experimental dipola
though the spectral quality is poor the REDOR pattern fihift data obtained at 1800 Hz (data at 1500, 1600, and 20
reasonably well with the angles obtained at higher spinnittz not shown) employing thEN-labeled sample of uracil are

speeds with two rotor periods of dipolar recoupling.

N1

1

given. From an iterative analysis of the 1D dipolar-shift data
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FIG. 3. Experimental (middle row}°N-"*C REDOR spectra of uracil and the corresponding simulated spectra for sites N3 and N1, obtained by empl
optimal O, ¥nc) Values given in Table 1 at spinning speeds of 1500 (left), 1600 (middle), and 1700 Hz (right). Mean CSA values given in Table 1 and a
coupling of 960 Hz were used in the simulations. Experiments were carried out using 1200 scans and 64 s of recycle time.
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FIG. 4. Example of experimental REDOR spectravat= 2000 Hz obtained without (A) and with (B) the application of the 180° dephasing pulses on t
unobserved channel employing a purged two rotor period REDOR sequence. (C) Experimentally meS&syad a function of the dipolar recoupling time.
Different durations of dipolar recoupling were achieved by varying the spinning frequeribiye simulated continuous REDOR curves were generated assumi
the dipolar couplings indicated /S, showed virtually no difference between N3 and N1, therefore only data points for N3 are shown.

scaled N—H dipolar coupling of 4800 Hz and@, value of 0° greater than zero the simulated plots shown have been obtair
are obtained. In Fig. 6 we have shown 1D simulated dipolaamploying they, values obtained from the 2D DIPSHIFT
shift spectra obtained with &,,, value of 0°. For comparisons experiment discussed below. It is seen from the simulated plc
we have also shown the simulated spectra obtained for a couplat the quality of fit between the experimental 1D spectrur
of different values o#,,. For a6, value of 0° the simulated and the simulated spectra generated withavalue of 0° is
plot has no dependence on the valuegf and for6,,, values not perfect. To obtain a more reliable estimate of thg

1500 Hz 1600 Hz 1700 Hz

L ( 1 1 I L s L 1 i s

N3 140
135

0 130

1251

120

N1 1201
110 §

100 1

90 95 100 105 110 QO 95 100 105 110 90 95 100 105 110
v " "

FIG. 5. Plots of the RMSD between the simulated REDOR spectrum obtained employing the ahglefs.{) of (130, 90) and (90, 100) degrees for the
N3 and N1 sites, respectively, and simulated spectra generated for various valdgg)ofMean CSA values given in Table 1 and a dipolar coupling of 96(
Hz were used in the simulations carried out at the spinning frequencies indicated. The area enclosed by the thicker contour line, which corthepon
estimated experimental RMS noise, provides a measure of the uncertaimty,ins(c).
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2 h A H FIG. 8. 2D experimental (top) DIPSHIFT cross sections parallekto

—_— - . ; running through the centerband and sideband resonanegsas indicated in
300 200 5N ppm O Fig. 7, of N3 and N1, respectively. The corresponding simulated 2D cros
sections as a function of, are given below. The simulated plots were

FIG. 6. Experimental MREV8 decoupletN CPMAS shift-dipolar spec  generated assumingja,, value of+90° (N3) and—80° (N1) and a best-fitting
tra at a spinning speed of 1800 Hz and the corresponding simulated plotsge&ed dipolar coupling of 4800 Hz.

sites N3 and N1 as a function of the dipolar vector orientaignassuming a
Yy Value of +90° (N3) and—80° (N1). The simulated plots were obtained

employing a scaled dipolar couplmg of 4800 Hz (obtamgd from the flttlngaéion were estimated from the 2D DIPSHIFT spectra by ger
procedure) and mean CSA values given in Table 1. Experiments were carrie

out using 32 scans and 64 s of recycle time. erating several simulated 2D spectra with different values f
0w andyrny,. The dipolar coupling strengths were also varied ir
these simulations and an optimal scaled N—H dipolar couplin

values, we have carried out a 2D DIPSHIFT experiment af4800 Hz was found together with they(, yi.) values given

the corresponding spectrum at a spinning speed of 1600 Hanglable 1. The best fitting values fof(;, i) were obtained
given in Fig. 7. The optimal values for the N-H vector orienfrom that spectrum in which all the cross sections matche

reasonably well with the experimental ones, as seen by visL
inspection. At this stage of our work, the error range given fo
50 the (Own, Pnn) values in Table 1 is only an approximate mea
sure of the accuracy to which the angles could be estimated
the visual comparison of the simulated and experimental 2
z dipolar cross sections. In Fig. 8, we give the experimental cro

AUL%JLM
i

100 4

} sections (marked in Fig. 7, N3: 0, NX:1) together with
D -z Z = - - simulated plots obtained with differefit,, values, for thej,
[15N] 4 values indicated. It is seen that the fit between the experimen
PpPM - o - -

and simulated plots is reasonably good with = 15° and this
value is also consistent with thg. values given in Table 1 as
2004 - = - = =T - the N-C and N-H vectors, which are in the molecular plane
include an angle of~115° @35). In view of this we did not
= - - - consider the 1D data in the final estimation &f, and
values (Table 1). For6{c, i) values of N1:(92, 100) and
N3:(132, 88) degrees and making use of the H-N-C angle
~115° given in the literature3g), one finds the corresponding
FIG. 7. Two-dimensional phase-sensitiV&l—'H DIPSHIFT spectrum of Ous Un) Values to be (15, 90) and (15;80) degrees. For

*N-labeled uracil at a spinning speed of 1600 Hz. The data were obtained,as

per the method of Munowitz and Griffir2{), which permits the collection of t ese values of the angles, the orientation of theCsS tensor

2D data sets with normal and reversed dipolar evolution inttriimension. 1N uracil is seen to be as depicted in Fig. 9 with thg axis
Data acquisition after CP was begun after 16 rotor periods. essentially perpendicular to the molecular plane. Our resul

i
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o1 retain a sufficient number of spinning sidebands in the resulta
spectra, as these carry the information of interest. It is wor
noting that the isotropic chemical shift dispersions seen fc
backbone amide nitrogens in proteins and for imino nitroger
in nucleic acid bases are only in the typical range of 30—4
ppm. Hence, even at Zeeman field strengths of 11.74 T, whi
are routinely available now, it may be possible to obtai

H1  satisfactory rotational spin-echo NMR data even with modera
or low spinning speeds. Although collection of two-dimen-

033 sional isotropic resolved anisotropic data is time consumin

one can reduce data collection time by acquiring only a limite

number oft, increments and then take recourse to linea

prediction int, to improve spectral resolution. The possibility

FIG. 9. Orientation of theN CSA tensors in the molecular frame of of extracting data from multiply labeled systems demonstrate

uracil. here would also help in avoiding synthesis of multiple system
with different specific labeling.

are in reasonable agreement with the values reported in thén cor_lclusmn, |t_|s seen that acomb_med measurement of

literature 1.2). orlent_atlon of multiple d|polar_ vecftors in the CSA frame of t_he

This work clearly shows that MAS NMR can possibly béwclel of interest can permlt, without any other suppo.rtlng
employed for such studies even in multiply labeled po|ycryér_1formatlon from qther s.tudl.es, an accurate characterization
talline specimens. When extensive sideband overlaps maki'§ €S tensor orientation in the molecular frame. From th
1D data analysis difficult, one can possibly take recourse to ZBSD plots shown in Fig. 5 it is seen that for the samq
methods to obtain isotropic chemical shift resolved anisotrogi¢agnitude of experimental RMS noise the uncertainty in th
data (6). In favorable situations it may be possible to obtaifStimated parameters is larger at higher than at lower spinni

N isotropic shift resolved anisotropic data by the very simpf@P€eds. In general, it is necessary for accurate estimation

2D rotational spin-echo NMR procedur@g]. In this the rotor- Orientational parameters to have spectra with good signal-t

synchronized sampling of the transverse magnetization geri@@ise ratio, although collection of REDOR data may be tim
ated after CP is followed by data acquisition under high-powéPnsuming in situations where one is dealing with system
heteronuclear or homonucle# decoupling; Figure 18hows needing long recycle times. We believe that the rather larg
two examples of such spectra in uracil. To obtain isotropRTor range seen for the angles obtained from the REDOR de
chemical shift resolved REDOR data, the REDOR mixing timean be considerably reduced by data collection with muc
can be preceded by the rotor-synchronized sampling of thetter signal-to-noise ratio per scan. The need to restrict tl
transverse magnetization in the dimension. Although the sample size to a small, central volume of the rotor to avbjd

rotor-synchronized sampling restricts the bandwidth indhe inhomogeneity effects is one of the main reasons for the po
dimension to the spinning speed employed, it is advantageaignal-to-noise ratio seen in the REDOR data. Development
to keep the spinning speed to the minimum required so asstaitable procedures for overcomiity inhomogeneity effects

A

S I I I S

140 —

ol |
ppm

| .
1]
160 ""' """"'
T T 1 T

300 200 ®2 ppm 0 300 200 2 ppm 0

FIG. 10. 2D phase-sensitive isotropic chemical shift resolved CSA (left) and dipolar-shift (right) spe¢tNydébeled uracil obtained at a spinning speed
of 1500 Hz using the rotational spin echo NMR techniqgé).(
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would certainly permit the usage of larger sample volumes ati@l J. Z. Hu, J. C. Facelli, D. W. Alderman, R. J. Pugmire, and D. M.
thereby facilitate the extraction of orientational parameters Grant J. Am. Chem. Soc. 120, 9863 (1998).

with higher precision. Work in this direction is in progress ift4- G- A- Lorigan, R. McNamara, R. A. Jones, and S. J. Opella, J.
our laboratory.

It is generally assumed that for the characterization of

cs

Magn. Reson. 140, 315 (1999).

. D. Fushman, N. Tjandra, and D. Cowburn, J. Am. Chem. Soc. 120,
10947 (1998).

tensors at several sites in a given system one needs mumﬂieK. Schmidt-Rohr and H. W. Spiess, “Multidimensional Solid State

compounds with specific labeling at the sites of inter&3).(

NMR and Polymers,” Academic Press, London (1994).

This was indeed the approach employed in the previous inves: c. J. Hartzell, T. K. Pratum, and G. Drobny, J. Chem. Phys. 87,
tigation on uracil via static solid-state NMR methodk2)(
However, this work clearly shows that in favorable situations i8. M. Bak and N. C. Nielsen, J. Chem. Phys. 106, 7587 (1997).
may be possible to simultaneously characterize the CS tenst#sD. M. Gregory, M. A. Mehta, J. C. Shiels, and G. P. Drobny,
for several sites employing multiply labeled compounds. Sim- J. Chem. Phys. 107, 28 (1997).

ilar to the N-C REDOR, one can also carry out a C—-N REDO#®- S. Dusold and A. Sebald, Mol. Phys. 95, 1237 (1998).

to obtain the orientation in the molecular frame of i@ CS 21. S. Dusold, H. Maisel, and A. Sebald, J. Magn. Reson. 141, 78

tensor. Such works in uracil and other systems are in progr%gsj M. Gostz and 3. Schasfer. 3. M R 196, 295 (1697
and the results of these studies will be reported elsewhere 22 J- M- Goetz and J. Schaefer, J. Magn. Reson. 129, 222 (1997).

We thank the referees for their valuable comments on our manuscript.
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