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The experimental parameters critical for the implementation of
multidimensional solid-state NMR experiments that incorporate
heteronuclear spin exchange at the magic angle are discussed. This
family of experiments is exemplified by the three-dimensional
experiment that correlates the 'H chemical shift, "H-""N dipolar
coupling, and N chemical shift frequencies. The broadening
effects of the homonuclear ‘H-'H dipolar couplings are sup-
pressed using flip—flop (phase- and frequency-switched) Lee-Gold-
burg irradiations in both the *H chemical shift and the *H-*N
dipolar coupling dimensions. The experiments are illustrated us-
ing the "H and N chemical shift and dipolar couplings in a single
crystal of N-acetylleucine. © 1999 Academic Press

Key Words: spin exchange at the magic angle; Lee-Goldburg;
multiple pulse; PISEMA; HETCOR.

INTRODUCTION

It is generally more difficult to resolve and characteriz

resonances from individual molecular sites with solid-stafé.
NMR experiments than it is with the corresponding solutioe
NMR experiments. This is because of the severe line broad-
ening that results from the operative nuclear L~:pin-interactior?0
including chemical shift and homonuclear and heteronuclear
dipolar couplings, in the absence of motional averaging. Tft'lﬁ
key to obtaining high-resolution solid-state NMR spectra that
reveal the spectral parameters resulting from the spin-intergc-
tion of interest without interference from excessive linebroads
ening from the same or different spin-interactions lies in ﬂ}e

concept and practice of selective averagiihg h most imple-
mentations of selective averaging, the unwanted spectrosc

measured with separated-local-field (SLF) spectroscopy, wh

dimensional approach to selective averaging in solid-sta
NMR spectroscopyd). Each heteronuclear dipolar coupling
frequency resolved on the basis of chemical shift frequenc
reflects the internuclear distance and orientation of the inte
nuclear vector with respect to the direction of the applie
magnetic field for a particular molecular site. Accurate an
precise measurements of the dipolar coupling frequencies fro
the interactions between a dilute spin (e.§C or **N) and
abundant spins'd) are complicated by the residual effects of
the very strong homonucleaiH—"H dipolar couplings in most
organic and biomolecules. Therefore, it is essential to imple
ment an effective method of suppressing the homonucle
'H-'H dipolar couplings without drastically scaling the hetero-
nuclear dipolar couplings of interest. A variety of multiple
pulse sequences, including WAHUHAR)( MREV-8 (4), and
Lee—Goldburg off-resonance irradiatids),(have been applied
during thet, interval of conventional two-dimensional SLF
e ; Lo .

periments to suppress homonucléd+'H dipolar couplings
while the heteronuclear dipolar couplings are effecting th
n . : . N

olution of the dilute spin magnetization generated by cros:
larization. All of these procedures have the undesirable si
ect of significantly scaling down the heteronuclear dipola
uplings when applied during a conventiobhaperiod. Fur-
er, an implicit requirement of the SLF experiment, wher
rformed at high fields, is the need for an additional tim

e
CO

e
eriod to refocus the chemical shift of the dilute nucleus o
interest 6), and this can result in a substantial loss in magne
ization due to the shoiT, relaxation times in some crystals

and most biopolymers. Similar difficulties are encountered i

i i . . .
effects of the spin-interactions are either suppressed or plac:r:%geronuclear chemical shift correlation experimemis). As

. : : : ar
in another frequency dimension. For example, chemical shifts

and heteronuclear dipolar coupling frequencies can be reacﬁl]

it

was the first and remains the definitive example of the mult

esult, the initial three-dimensional solid-state NMR experi
ents (0, 1)) based on conventional two-dimensional SLF
d heteronuclear correlation (HETCOR) experiments had lin
d applicability to proteins.

I- . N .
In contrast, experiments based on polarization-inversio
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rotating frame to reduce the effects of spin-diffusion among th
% nuclei with minimal scaling of the heteronuclear dipolar
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sequence is highly effective at suppressing the effects of tl
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FIG. 1. Vector diagrams that illustrate the effects of Lee—Goldburg irradiation on magnetization. A. Direct application for decoupling. B. Spin-ock
magic angle.

homonuclear'H—"H dipolar couplings while scaling the het-improved by the implementation of the (phase- and frequenc:
eronuclear dipolar couplings by only 0.829. As a result, the switched) flip—flop Lee—Goldburg pulse sequence where tf
effective resolution in the heteronuclear dipolar frequency diirection of the effective field is alternated every Potation
mension of PISEMA spectra is vastly improved compared to
that in SLF experiments employing conventiohakvolution
of the dipolar frequencies, regardless of which homonucleﬂ /2
decoupling sequence is applied to thé resonances during 1H
that interval. A family of double- and triple- resonance pulse
sequences incorporating SEMA (spin exchange at the magic
angle) have been developed; they enable the measurement and
correlation of multiple frequencies in single-cryst20¢29
and oriented sample2%-33 and the characterization of the
chemical shift and dipolar coupling interaction tensors in spin-
ning (34, 35 and stationary 36—38 powder samples. In ap- t |
plications to oriented samples dfN-labeled peptides and >
proteins, the'H chemical shift,’H—""N heteronuclear dipolar B 2 Y
coupling, and®°N chemical shift frequencies provide resolution H x Y X N+LG -¥-LG
among backbone amide sites, as well as the spectral parameters
used to determine the orientations of peptide planes with re- 15y X X X
spect to the direction of the applied magnetic fiedd,(28, 3). \/\/\/\/\»
It is possible to obtain completed resolved spectra of uniformly
“N-labeled proteins with this approach that provide sufficient
orientational constraints information to determine the three-
dimensional structures of proteing8j. Triple resonance ver- t1 to
sions of these experiments are applicable to applicabl¥Co | =— | B a
and™N-labeled proteinsA3, 24, 29 and give opportunities for 2 tmm26m
making sequential resonance assignments and measuring Q& 1H [P - L

13 ° ) + X- 1 FYR X+LG Y -X-LG
ditional structural parameters for backbone and side chain N 7 N /
sites.

Off-resonance continuou$ irradiation is remarkably ef- 15N x| *
fective at suppressing homonucle&—"H dipolar couplings
(5). It was cast in terms of the coherent averaging theory of
multiple pulse experiments by Mehring and Wau@B)(and  FIG. 2. Pulse sequence diagrams. A. One-dimensional cross-polarizatic
further deve|oped by Griffin and co-workeréq 4]) Lee— B.Two-dimensional PISEMA. C. Two-dimensional HETCOR.— X, Y, =Y
Goldburg experiments involve the application of RF irradias;_)ecify quadrature phasesLG, —LG specify positive and negative frequen-

tion. B t an off-r nan fr n t tablish an cies that fulfill the Lee—Goldburg conditiom/2 corresponds to a 90° pulsg,
on, By, at an off-resonance frequendg,, to establish a corresponds to 35.3° pulse, afg corresponds to a 54.7° pulse. Quadrature

effective field at the magic anglé,,, 54.7° with respect to the getection can be accomplished with appropriate phase cycling of thepise
external magnetic fieldB,. The efficiency of the procedure isand the receiver4g).

15N X
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FIG. 3. NMR spectra of a single crystal dfN-acetylleucine. A. One-dimension&N chemical shift spectrum. B. Two-dimensiorn#/*N PISEMA
spectrum. C. Two-dimensionaH/**N HECTOR spectrum.

(41). This is straightforward to implement with modern frethe factor cos(54.7°5 0.58. The relatively large scaling factor
quency synthesizers, although Mehring and Waugh previousya limitation of Lee—Goldburg sequences when applied durin
used an external dc field to create the appropriate of&t ( the evolution period for'H chemical shift or heteronuclear
Since flip—flop Lee—Goldburg is a windowless sequence, meatipolar couplings in the pulse sequences for conventional mt
surement of its line-narrowing efficiency by observing thadimensional experiments. Notably, the scale factor is a muc
signal stroboscopically after each cycle is not possible withore favorable 0.82 when the Lee—Goldburg irradiation i
simple one-dimensional experiments. However, this can bpplied as part of SEMA sequencd$). The scaling and line
readily accomplished in two-dimensional experiments. Wherarrowing of Lee—Goldburg irradiation have been analyzed fc
implemented directly, both Lee—Goldburg and flip—flop Leea variety of experimental conditiond2).

Goldburg sequences suppress tHe'H dipolar couplings and  Thus, the flip—flop Lee—Goldburg procedure can be incot
scale the frequencies associated with other interactions, inclpdrated into multidimensional solid-state NMR experiments il
ing 'H chemical shift and heteronuclear dipolar couplings biyvo distinct ways. In the two-dimensional HETCOR experi-
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EN l X X X \AAA Q = (y,ysh/r9)[3 cos(6) — 1]sin(e)sin(es) [1]
yvvvy = ky,ysh/rig[3 cosi(6) — 1], [2]

FIG. 4. Pulse sequence diagrams for the experimental procedures useg\,tﬁereK = sin(e,) X sin(es) is the scaling factor for the magic

effect transfer of magnetization betweb and **N nuclei. The letters corre- | in locki -ande. define the directi f
spond to the plots in Fig. 5. A. Conventional cross-polarization (CP). B. c@hgle spin locking sequences,andes detine the directions o

with Lee—Goldburg irradiation. C. Polarization-inversion of e magneti-  the effective spin locking fields for the 1) and S {°N or **C)
zation following the CP sequence. D. CP with WIM-24 irradiation. E. CP witluclei, with respect to the external magnetic field. In botl
SEMA. F. PISEMA.

TABLE 1

Experimental Parameters for an Arbitrary Orientation of the
ment, it is implemented during in order to suppress homo-NAL Single Crystal Measured from the Three-Dimensional NMR
nuclear dipolar couplings while measuring the¢ chemical Spectrum
shift frequencies?0, 43; here the magnetization evolves in a
tilted frame, as shown in Fig. 1A. In SEMA sequenc&9){ it Bisn Dy B
is used to lock théH magnetization along the magic angle, giotecule (ppmy* (kHz) (Ppmy
shown in Fig. 1B. The SEMA sequences are highly effective 5 171.0 8.42 48

because'H-'H dipolar couplings are suppressed and the b 1725 7.42 4.0
chemical shift does not evolve during the spin-lock interval. © 200.5 18.58 11
d 208.0 17.58 1.0

The oscillating frequency), and the frequency of the hetero-
nuclear dipolar coupling between two nucld € ; and| = @ Relative to {*NH,),SO.
1) are related by ® Relative to TMS.
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TH-15N Dipolar coupling relaxation during,, especially if a°N chemical shift refocus-
ing interval is utilized. In contrast, in PISEMA experiments,
the magnetization is always locked in the rotating frame whel

0 iFS slower decay reflects the generally londgp relaxation

= 1~ A times.

\ The indirectly detected free induction decays from the het

N eronuclear dipolar coupling oscillations shown in Fig. 5 were

N obtained by applying the heteronuclear spin exchange pul

\‘\ sequences shown in Fig. 4. This comparison demonstrates h

- the various schemes for homonucléd"H decoupling affect

the heteronucleaiH—""N dipolar interaction. In Figs. 5B and

5D, Lee—Goldburg and a windowless version of an isotropi
multiple pulse sequence (WIM-248,43, respectively, are

' ‘ used for homonucleaiH—'H decoupling and to lock théH

- O
-

H.
5
Ve

o - magnetization along the effective field direction. The RF fielc
T strength in theé®N channel is matched to the effective field of
3 the 'H channel during the mixing period. These procedures a
2, adequate for determining the dipolar oscillations associate

with the N resonance labeled (Table 1), which correspond
to a heteronuclear dipolar coupling of 17.58 kHz. The goal i
R to implement a pulse sequence, which minimizes the scaling
, <, the *H-"N dipolar coupling frequencies with maximum sup-
S’Z/ pression of the homonucleaH-"H dipolar couplings. This
would enable the observation of oscillation of tfid magne-
FIG. 6. Three-dimensionatH chemical shift"N/*H-""N heteronuclear tjzation with a frequency Corresponding to the scaled'®>N
dipolar couplir_]g?sN chemical shift correlation spectrum of a single crystal OHipoIar coupling as a function of the mixing time. How-
*N-acetylleucine. Lo . .
ever, it is well known that the buildup of magnetization
during conventional on-resonance spin-lock cross-polarizatic
PISEMA and SEMA experiments, = 54.7 andes = 90° reaches a steady state due to the effectsletH spin diffusion
and, thereforex is 0.82.0 defines the direction of the I-S bondin most chemical and biochemical samples, after the initic
with respect to the magnetic field; is the separation betweenstrong dipolar oscillations. Results using Lee—Goldburg off

the | nucleus and the S nucleus (the bond length). resonance irradiation are generally better than those obtain
with polarization-inversion cross-polarization and WIM-24,
RESULTS AND DISCUSSION although the results of WIM-24 for smaller dipolar couplings,

for example, thé®N resonances labeledandb, are better than

One- and two-dimensional experimental NMR spectra okhose with larger dipolar couplings, such as those labekatt
tained from a single-crystal sample ‘0R-acetylleucine (NAL) d. In pulse sequences with longer cycle times, the oscillatior
using the pulse sequences diagrammed in Fig. 2 are showmire to larger dipolar couplings cannot be sampled correct
Fig. 3. The one-dimensionaiN chemical shift spectrum ob- because they are aliased. Thus, there are advantages to u:
tained with the conventional cross-polarization pulse sequerftamonuclear decoupling pulse sequences with short cyc
shown in Fig. 3A has four®N resonances, two of which times. This becomes even more important when latges*C
partially overlap. The linewidths of these resonances are abdifolar couplings are examine@4).
4 ppm when adequatiH decoupling is applied during data The data show that the SEMA and PISEMA pulse se
acquisition. The resonances are resolved because the uniguences, which have the same favorable scaling factor, res
orientations of the amide groups in the four molecules of the significant extensions of the dipolar free induction decays
unit cell of the single crystal result in differemiN chemical The dipolar oscillations typically last 4 ms after th& mag-
shift frequencies. The two-dimensiona—"°N heteronuclear netization is spin-locked. In practice, a 10-ms spin lock of thi
dipolar coupling’N chemical shift spectrum obtained using®N magnetization with phase-alternated RF irradiation resul
the PISEMA pulse sequence is shown in Fig. 3B. The linga the loss of only 5% of the initial magnetization. This
widths in the dipolar dimension are approximately 200 Hrompares to a loss of roughly 10% of the magnetization wit
which reflects the highly effective decoupling %f—"H homo- continuous irradiation under the same conditions. Continuot
nuclear interactions by the flip—flop Lee—Goldburg irradiatioand flip—flop*H Lee—~Goldburg irradiation result in loses of 15
in this procedure. One of the major disadvantages of convemd 20%, respectively, over 10 ms. This suggests that the Ic
tional SLF experiments can be loss of magnetization dulg to of magnetization and damping of the dipolar oscillations ob
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FIG. 7. Two-dimensional HETCOR planes extracted from the three-dimensional data set shown in Fig. 6. Each plane is associatedHaifiN the
heteronuclear dipolar coupling frequency from one moleculbl-aicetylleucine.

served with mixing times longer than 4 ms in PISEMA exper- Correlation of '"H and N chemical shift frequencies is
iments are not due to inefficiencies of the individual spin-loctemonstrated in the two-dimensional spectrum in Fig. ‘3C.
procedures. While there may be some loss of magnetizatiorewidths on the order of 0.8 ppm are associated with'tNe
due to imperfect synchronization of the phase and frequen®sonances that have 1-3 ppm linewidths in this single-cryst
shifts in the'H RF irradiation and the phase shifts in tfid RF  sample. Notably, théH chemical shift frequency associated
irradiation, the loss of magnetization durirtg could also with each®N chemical shift frequency is different. Also no-
reflect effects of the couplings of théN and its attachedH table, at some orientations of the crystal, poorly resoli7ad
with more distant hydrogens. In NAL there are several hydrtines can be differentiated by thetH chemical shifts. The
gens, in addition to the directly bonded one, witi A of the SEMA mixing sequence leads to in-phase magnetization tran
amide™N, that could contribute to the damping of the dipolafers from the'H directly bonded to thé®N that are selective
oscillations. Alternatively, the damping could result from thand without phase anomalies regardless of the length df; the
unaveraged higher order terms of the homonucleée'H interval. Flip—flop Lee—Goldburg irradiation is preferable to
dipolar Hamiltonian with flip—flop Lee—Goldburg irradiation. BR-24 during the, interval of HETCOR experiments because



EXPERIMENTAL ASPECTS OF MULTIDIMENSIONAL SOLID-STATE NMR 137

1.0 ppm

>
ppm

200

180

15N Chemical Shift

8 4 kHz

&
N\

TH/1SN Dipolar Splitting

FIG. 8. Two-dimensional PISEMA planes extracted from the three-dimensional data set shown in Fig. 6. Each plane is associatétiefibrtrieal shift
frequency from one molecule &-acetylleucine.

of its more favorable scaling factor and shorter cycle time. Theal shift/°N chemical shift spectra for the four differetti—
cycle times of the multiple pulse sequences are crucial whe®d dipolar coupling frequencies and Fig. 8 contains two
large spectral width of protons has to be covered withpulse dimensional N chemical shiftH-""N dipolar coupling
widths >3 us, which is typically the case for biological samspectra for the four differentH chemical shift frequencies.
ples in relatively large samples in high field magnets. The three-dimensional spectrum in Fig. 6 illustrates the hig
A three-dimensional correlation spectrum of a single-crystdegree of selectively that can be obtained by implementin
sample of NAL is shown in Fig. 6. The three-dimensional pulssffective homo- and heteronuclear decoupling procedures dt
sequence is similar to that used for the two-dimensionialg multiple incremented intervals. In most applications, bu
HETCOR sequence shown in Fig. 2C except that the SEM&specially to uniformly isotopically labeled proteins, it is cru-
mixing interval is incremented to generate the heteronucledal that the optimal phase- and frequency-switched irradic
dipolar coupling frequency dimension. Two-dimensiondlons be selected and optimized. Many of the parameters test
planes extracted from the three-dimensional data set are shamd optimized for this class of solid-state NMR experiment
in Figs. 7 and 8. Figure 7 contains two-dimensiottdlchem- are illustrated in this Article. Carefully set-up flip—flop Lee—
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Radiofrequency irradiations with field strengths corresponc
ing to 61 kHz were applied at both théH and the **N
resonance frequencies. The frequency jumps wef@ kHz to
satisfy the Lee—Goldburg off-resonance condition for homa
nuclear decoupling. During the spin-lock period of PISEMA
and SEMA pulse sequences th#N RF field strength was
increased to 77 kHz to match the effective field strength of th
'H RF field strength under these conditions. The chemic:
shifts of the resonances were referencedHof water at 4.8
ppm and“N of (NH,),SO, at 0 ppm, respectively. The slow
field drift of the magnet was compensated by supplying
continuous ramp of dc current to the Zo coil of the room
temperature shims.

Several tune-up pulse sequences are employed to optim
the relative phases and amplitudes of the RF irradiation usir
the 'H resonance of a sample of liquid water and tf
resonances of the NAL crystal sample. The synchronization
the phase and frequency jumps was checked very careful
Power reflections from the probe, as observed on an oscill
scope with an in-line directional coupler, were minimizec
under high-power irradiations by careful adjustment of the
probe tuning for both on- and off-resonance frequencies. Tt
'H RF power amplifier was tuned so that the amplitude of it:
output was the same on- and off-resonance. Differences in t
'H RF power output as a function of frequency offset results i
a shift of the observedH resonance frequencies in the result-
ing two-dimensional HETCOR spectrum. The differences i
the net flip angles during the first and second halves of ea

FIG.9. A. Pulse sequence diagram for the experimental procedure usec}-tge_Go_ldb!Jrg cycle Iea(_j to the rotation of the transyerse
measure the scaling factor for the flip—flop Lee—Goldburg irradiation. B. PIgiagnetization by a certain angle after each cycle, as if an ext
of the observed (scaled) frequency as a function of the actual offset for a

sample of liquid water.

Goldburg irradiation is a remarkably flexible tool for perform-  1H
ing selective averaging in multidimensional solid-state NMR

experiments.

EXPERIMENTAL

The experiments were performed on a homebuilt NMR

N X U i,

spectrometer with a 12.9-T wide-bore Magnex 550/89 magnet.

The probe had a single 5-mm-ID solenoidal coil double-tuned
to the 550- and 55.7-MHz resonance frequencies ofkhand

BN nuclei.

The sample was a 28-mg single crystal'ti-acetylleucine,
which was prepared by acetylation of 99% enrichéN-L-
leucine (Isotec, Miamisburg, OH) with acetylanhydride in sat-

I Th—

" NN\,
X X \\CY+LG§;CY-LG X[ -y

\ NN

B

urated NaOH solution followed by crystallization from aque-  “°N X \M{\A
ous solution. The crystal was placed at an arbitrary orientation UUUV ”
in the coil and the measurements were made at ambient tem-

perature. The structure of this crystal form of NAL was deter-

FIG. 10. Pulse sequences diagrams for the experimental procedures us

mined by X-ray diffraction and found to have four uniqueq check the performance of the spectrometer. A. Phase-altertiatezpin-

molecules in the unit cell.

lock. B. Phase-alternated and frequency-shifted Lee—Goldbigpin-lock.
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