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Practical heteronuclear dipolar recoupling performances under
magic angle spinning for SFAM and REDOR have been investi-
gated under well-defined rf inhomogeneity environments with vari-
ation of resonance offsets for the irradiated nucleus. The heteronu-
clear dipolar recoupling efficiencies were quantitatively determined
based on the experimentally obtained rf homogeneity. As a result,
SFAM retains higher recoupling efficiency (>95%) at an 85% effec-
tive nutation frequency, and its recoupling efficiency is gradually
reduced at lower effective nutation frequencies. On the other hand,
although REDOR retains higher recoupling (>95%) efficiency at
high (>92%) effective nutation frequency with an XY-8 compensa-
tion pulse sequence, the recoupling efficiency is dramatically de-
creased when the effective nutation frequency is below 90%. Over
all, SFAM has significant advantages for insensitivity to carrier fre-
quency offset and rf inhomogeneity. © 2001 Academic Press

Key Words: solid state NMR; rf inhomogeneity; dipolar recou-
pling; SFAM; REDOR.

INTRODUCTION

Interatomic distances represent one of the important restr

Recently, a new generation experiment has been develope
in which phase and amplitude are simultaneously modulatec
known as “simultaneous frequency and amplitude modulatior
(SFAM)” (2) to recouple the heteronuclear dipolar interaction
under magic angle spinning (MAS) conditions. This method
seems to be relatively insensitive to the carrier offset and tc
the variation of several experimental parameters without puls
compensation schemes. These features greatly benefit biologic
sample experiments as mentioned above.

In the well-known and established rotational echo double
resonance (REDOR)L) experiment, the heteronuclear dipo-
lar Hamiltonian is inverted by a pulse in the middle of each
rotor period to cancel out the sign change of the Hamiltoniar
resulting from the sample rotation, thus preventing the dipola
interaction from being averaged by MAS. Anothemulse is
applied in the end of each rotor period so that the recouple
heteronuclear dipolar interaction can be accumulated from on
rotor period to the next one. As a result, the toggling function
of the heteronuclear dipolar Hamiltonian for REDOR becomes
a rectangular function, which is sensitive to the flip angle er-
ror of thex pulses. Without a compensation scheme the flip
nge error may accumulate and thus cause a serious reducti

types for characterizing macromolecular structure. In solid state . s : :
yp 9 in the recoupling efficiency for heteronuclear dipolar interac-

NMR. experimgnts, relatively long interatomic distances can kﬁ%ns. On the other hand, in the SFAM experiment, because ¢
obtained precisely and accurately through hetefe4( and the continuous amplitude and phase modulated rf irradiation

homonuclear §-10 dipolar interactions. However, many Ofthe toggling function of heteronuclear dipolar Hamiltonian be-

these solid state NMR experiments are strongly deloendentc%aneSacosinefunction, except for the twpulses in the center

the precise setting OT pqlse lengths and phases as well aSoPthe dipolar evolution time to refocus the chemical shift inter-
exact rotor synchronization. Consequently, they become Vel¥ion )

a
In this study, practical performances of REDOR and SFAM

sensitive to the deviation and fluctuation of experimental pa-

rameters. In addition, many important biomolecules have low : diff i h g
sensitivity due to the small fraction of a mole in the sample Ur?—equences rep_r_esentmg two different recoup g schemes un
fortunately dipolar recoupling methods are also sensitive. totq’e MAS condition are explored. These recoupling efficiencies
. y dip piing m dle determined by varying resonance offsets for the irradiate
inhomogeneity as reported previousiyi( 19. As a result, the

observed dipolar coupling is not measured accuratel indert]-:‘u leus and sample positions in the sample spinner. The essent
- P ping S Y, I s? tings of experimental parameters to give reliable and quant
it is generally underestimated resulting in the determination

longer interatomic distances ative dgta in t_hfese methods are investigated. Obse_rved dipol

' recoupling efficiencies for both methods show a different re-

sponse to the rf inhomogeneity. By comparing their practical

1To whom correspondence should be addressed. Fax: 850-644-1386Iformances, it is anticipated that a direction to develop nev
E-mail: cross@magnet.fsu.edu. methods can be obtained.
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EXPERIMENTAL the 1N channel. The same pulse lengths antH decoupling
. 13~ 15 . . field were used in both SFAM and REDOR experiments and di
Enriched [1°C, ™N]glycine was purchased from Cambridgg ey applied to other sample positions without recalibrating the
Isotope Laboratories (Andover, MA). The sample was mixeg, ver settings. Proton decoupling was achieved by two-puls
with natural abundance glycine at a ratio of 1: 4 and then reCrYShiase modulatiorl@) in all experiments. Precise sample posi-
tallized (13) through slow evaporation of water without furthertioning was achieved via specially designed Teflon spacers wit
p.urificaFion. Suph dilution effectively attenuates intermoleculaf g 5>_mm precision along the axial direction of the sample tube
dipolar interactions4-18. i The number of data acquisitions was varied from 64 to 640(
AlINMR measurements were carried outat€n aBruker enending upon the dipolar recoupling periods in order to ob
DMX-300 NMR spectrometer equipped with a triple resonangg;n, 3 reasonable signal-to-noise ratio. The sample spinning w:
probewitha7.0-mm o0.d. spinnerassembly. The Larmor frequetyniroied to 400@ 1.0 Hz by a Bruker MAS control unit. The
cies for'H, *°C, and'*N were 300.12, 75.64, and 30.12 MHZ i |ar dephased and full echo spectra were recorded at va
respectively. The X-8 and XY-16 pulse sequendeg forirra- o5 N.T, values ranging from 2 to 24 ms for both SFAM and
diation of >N nuclei were employed in the REDOR experimentg e poR | wherel, andT, are the number of rotor cycles and the
as illustrated in Fig. 1 to compensate for the flip angle error, the, heriod, respectively. The normalized dipolar dephased sic
off-_resonance effect, and the fluctuatlc_m of ﬂrhefle_ld. Crys- nalis defined a8 /S = (dipolar dephased/full echo) so that the
talline samples of about 10 mg were first placed in the cential o\ erse relaxation effect is suppressed in the plot. The sign
portion of the 7.0-mm rotor with 1.0-mm thickness along thgsensities were analyzed as a sum of the center and sideba
spinner axis. In this sample position, thepulse lengths of 9.5 jyensities (2, 14-16. All simulation of REDOR curves were
and 13.5us for °C and**N channel, respectively, were cal-carried out using a FORTRAN 77 program by taking finite
ibrated and théH decoupling field used was measured to bSulse lengths into accourtt?) and all numerical simulations for

75 kHz. In SFAM experiments, a 40-kHz depth of rf modulagEan were carried out with the GAMMA magnetic resonance
tion and a 40-kHz maximum offset were used for irradiation O mulation platform 19).

2 RESULTS AND DISCUSSION

HicP TPPM rf Inhomogeneity in MAS Probe

| [cP experiments have been previously publishet (2, 20. How-

ever, in this study, quantitative estimates of spatially resolved r
inhomogeneity effects for distance measurements and a gene
(XY'N)” strategy to characterize these effects are presented. Here “rf i
ot homogeneity” refers to a distribution of effective nutation fields
dependent on sample position in a MAS spinner. In a CPMAS
experiment with an inhomogenous rf environment for the sam

7
S (SFAM)m I (SFAM)m ple, the observed signal intensity may vary due to many factors

3 (XY-N)n

T
l ‘ FID Effects of rf inhomogeneity on important solid state NMR
oo

The flip angle error of théH excitation pulse and variation in
net spin locking field during CP for both observed arichuclei
(C) XY-8 ® SFAM are examples. Here, single pulse excitation with high pdwer
G 1M ~ decoupling is more suitable for focusing on the flip angle error:
”” ” w1 (1) \ of observed and irradiated nuclei due to the rf inhomogeneity.
= 1max Even the observed signal height based on one pulse excitatic
Xy Ao depends on both the flip angle change for the observed nucle!
iiiii iiiiiiiiii A®(t) and the'H decoupling efficiency. InsufficientH decoupling
A \/ leads to line broadening, and therefore peak integration shou
L I‘_; 1 1 1 1 1 1 be used.
Tr « Tr > The normalized peak integral at each sitewithin the spin-

FIG. 1. Pulse sequences for rotational echo double resonance (REDd?sr may be translated into a nutation frequency by using th

(a) and simultaneous frequency and amplitude modulation (SFAM) (b). Convé&duation 21, 22,

tional cross polarization is used to prepare the initial magnetization for observed

nuclei | (13C).‘ Proton decoupling was _achieved by two—pulse_ phase modulation. I, = (Uif/vg) % sin [(27_[ % Vif) " tw], [1]

(c) The continuous phase and amplitude modulated irradiation and XY-8, or

16 compensation-phase cyclespulse trains were applied to the unobserved )

nucleus in REDOR and SFAM experiments, respectively. wherev); andt,, are the nutation frequency for each site and
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pulse duration, respectively, ahéhdicates the sample position :
in the spinner. For the center of the spinhequals 0. ! ‘ 16.5 mm ’

In order to obtain quantitative peak integrals, we observe(a) Q nn nn n

13C methyl signals from a rubber disk with high poweét de-
coupling using a fixed pulse length and without magic ang| -
spinning. The methyl group in the rubber material gives rise 1 - ---
a relatively narrowt3C signal due to large amplitude backbone 1 mm _),(_
and local motions and a small chemical shift anisotropy. A nut:
tion experiment was carried out to measure the rfinhomogene U U u U U U
of the full rotor, showing that the ratio of the intensities at the :
450 and 90 nutation angles was 55.7% (plot not shown). A b
1-mm thick rubber disk was positioned in the sample chamb( )
along the MAS axis from the top to the bottom as illustrated ii

Fig. 2a for different experimental observations. Precisely spea

ing, the rffield is also radially inhomogeneous. For simplicity, al
average rf nutation frequency is used to characterize the cyli
drical segment occupied by the rubber disk. Figure 2b shov

the profile of normalized®*C methyl peak integrals. By using

a weighted Gaussian curve to fit the profile, the center of tf

rf irradiation was determined to be 8.4 mm from the inner bof N 120 _
tom of the sample tube. The peak integrals were translated ir(C x 100 &2
average nutation frequencies based on Eg. [1], whose prof oy o)
is shown in Fig. 2c. The maximum average nutation frequent § 80 -‘i—"'
with the rf power used was 55.6 kHz. The average nutation fr g 60 m
quency profile obtained is a bit broader than the signal intensi i 40 §
profile. 15 3

s 10 20 €

z 0 0 2

Sample Position Dependence of Dipolar
Recoupling Efficiency 0 2 46 810121416

. . . . - Position from Bottom (mm)
For the dipolar recoupling experiment, relatively long mixing

times must be used to assess the recoupling efficiency. Howevetjc. 2. (a) Schematic representation of 1.0-mm thickness rubber disk po:
the observed signal will be decreased significantly during lomsgoned within the Bruker 7-mm o.d. spinner with a solenoid coil. The coil
dipolar evolution times due to transverse relaxation (TTg), 'ength, i.d. and o.d. were 9.3, 7.3, and 8.5 mm, respectively. (b) The nor
The sample positions for SFAM and REDOR experiments agllzed_ ) C methyl peak |ntegrals gt each _po_smon Wlthln the sample tube.
. - . . . c) Position-dependent effective rf field variation profile translated from (b)
redefined asillustrated in the column of Fig. 3 allowing us tou sed on Eq. [1]. Left and right axes are effective nutation frequency and nor
more samples in each position (2.4-mm thickness) for dipolaglized nutation frequency percentages.
recoupling experiments. Because of the symmetric rf nutation
frequency profile about the geometrical center of the spinner
as shown in Fig. 2c, only positions 1 to 3 were observed (tiperimposed by theoretical curves at different sample positions
experimentwould be difficult to perform at sample position 4 duélearly the recoupling efficiency varies with the sample position
to low sensitivity). The average rf nutation frequency for eadier both SFAM and REDOR experiments. At position 1 the ef-
sample position 1, 2, and 3 were calculated as 97, 87, and 6Xbtiency is nearly 100% for both experiments. Deviations of the
respectively, based on the experimental rf nutation frequeneyperimental points from the theoretical curves in the oscilla-
profile shown in Fig. 2c. tory regions were observed for both experiments but were mor
In order to simulate the dephasing behavior at each popronounced for SFAM. The deviations could result from cross
tion, only the dipolar coupling constant is changed to fit thialk between the proton decoupling and #iM irradiation, if
experimental data without changing other parameters utilizéte*H decoupling amplitude is less than three times as large a
in the experiment. The recoupling efficiency can be calcthat of the'®N irradiation @3, 24. Compared to the REDOR
lated as DS/Dis) * 100, whereD%s is the observed dipolar measurements, SFAM is more sensitive to such cross talk be
coupling constant through dipolar dephasing curve fitting amause thé®N channel irradiates throughout the time for dipolar
Dis is the calculated dipolar coupling constant between the heephasing. By using a lowéiN irradiation amplitude to ensure
eronuclear | and S spins. Figure 3 shows the experimental dipdlaat the'H decoupling amplitude is more than three times as
dephasing data from the SFAM and REDOR experiments darge, such deviations are minimized, as shown in Fig. 4.
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pling efficiency for SFAM at sample position 3 was substantially
better (66%). Once again the deviations between the experime
tal data and the theoretical curve near the oscillatory minimun
were exaggerated because the proton decoupling at this samj
position becomes much weaker, which could seriously comprc
mise analysis efforts.

Irradiated Nuclear Carrier Frequency Offset Dependence

If the rf irradiation is applied to the isotropic resonance line
(i.e., on-resonance), then the orientation dependent anisotror
resonances are under off-resonance irradiation. In MAS, th
anisotropic chemical shift breaks up into a series of sidebanc
separated by the sample spinning frequency, if this frequency |
not much larger than the size of the chemical shift anisotropy
Such spinning sidebands will continue to be a problem as larg
sample volumes and high magnetic fields are required. Even
using high spinning frequencies, the sidebands cannot be r
moved completely at high magnetic fields. This implies that the
recoupling contribution from spinning sidebands may experi-
ence off-resonance irradiation. Thus it is important to addres
the recoupling efficiency at different carrier offsets for the three
sample positions using both SFAM and REDOR experiments.

From the measurements, we found that the recoupling effi
ciency was almost independent of the carrier offset frequenc
for up to 10 kHz at sample positions 1 and 2, where the ef
fective nutation frequencies were 97 and 87%, respectively. |
is revealed that the XY-8 and XY-16 sequences in the REDOF
experiments can effectively compensate for the rf offset as we!
as for the small rf inhomogeneity. For SFAM, the rf offset and
rf inhomogeneity can be overcome through the frequency an
amplitude modulation parameters. However, at sample positio
3, where the effective nutation frequency was only about 61%

FIG.3. Normalized dipolar dephased signal intensities with best fit thedh€ recoupling efficiencies clearly depend upon the carrier off
retical curves for sample positions 1-3 for SFAM (a), REDOR with XY-8 (b)set, particularly for the REDOR experiments, as shown in Fig. 5
and with XY-16 (c)—sample position 1 (closed circle), position 2 (open circle)fgple 1 shows the variation in the recoupling efficiencies of the

and position 3 (open square), respectively. MAS rate was set to 4 kHz for

all

experiments. Recoupling efficiency was 100.0, 97.62, and 65.89% for SFAM

(a) for positions 1-3, respectively, and 100.0, 90.95, 16.74, and 100.0, 95.32,

27.36% for REDOR XY-8 (b) and XY-16 (c) for positions 1-3, respectively.

Recoupling efficiency of 98, 91, and 95% was obtained

position 2 for SFAM, REDOR XY-8, and XY-16, respectively.

1.2

at

Clearly, the reduction of the recoupling efficiency is very subtle
for SFAM but relatively large for the REDOR XY-8 sequence.
The phase cycling of the REDOR XY-16 sequence partly com-
pensates for the rf inhomogeneity effect resulting in a better
recoupling efficiency compared to the XY-8 sequence. At posi-
tion 3, a substantial reduction in the recoupling efficiency was
observed for all experiments. In the REDOR experiments, al-
though XY-16 compensated for the rf inhomogeneity effects
somewhat better than XY-8, only 27 and 17% recoupling effi-
ciencies were observed for XY-16 and XY-8, respectively. The

dipolar dephasing curves fit the experimental data quite well,

0 5 10 15 20 25
N¢ 7 (MS)

FIG. 4. Normalized dipolar dephased signal intensities with best fit the-
etical curves at position 1 for SFAM. For SFAM the modulation frequency
max ), and the maximum offset of the modulatioAdimax) were set to

even at such low recoupling efficiencies. In contrast, the reca@$-kHz.*H decoupling amplitude was 75 kHz.
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TABLE 1 experiments. On the other hand, for REDOR, even with XY-8
The Comparison of Distribution of Recoupling Efficiency for and XY-16 phase cycling sequences, the recoupling efficienc
Various Carrier Offset Frequencies with Respect to Those for On-  is strongly dependent upon the effective nutation frequency, a

Resonance Carrier Frequency at Sample Position 3 shown in Fig. 6b and 6c. Both the XY-8 and XY-16 sequences
The deviation (%) exhibit a high recoupling efficiency-95%) when the effective

: nutation frequency is larger than 92%. However, their recou:

Carrier frequency offset (kHz) pling efficiency decreases dramatically as the effective nutatiol

2 5 10 frequency becomes less than 87%. With 65% effective nutatiol

frequency, only about 40% recoupling efficiency is obtained.
SFAM 0 5 03 Therefore, it can be concluded that the recoupling efficiency fol
REDOR (XY-8) 64.7 35.3 57.1 ) - N . .
(XY-16) 35.0 185 14.8 REDOR|svery'sen3|t|vetoth('erff|eld|nhomogene|ty, even with
— - - — the compensation phase cycling sequences. Compared to XY-
@ Deviation = ((Ron — R))/Ron) * 100. Ryp, dipolar recoupling efficiency

. , o Lo ; the XY-16 sequence has slightly better recoupling efficiency at :
for on resonanceR;, dipolar recoupling efficiency for individual carrier offset . . . .
frequencies. given effective rf nutation frequency, especially for on-resonance

irradiation. Furthermore, the XY-16 sequence exhibits a

SFAM and REDOR schemes at various carrier offsets with re-
spect to on-resonance irradiation for the sample at position 3. (@)1.2
Itis clearly seen from Table 1 that the recoupling efficiency for )

SFAM is almost independent of the irradiation carrier frequency 1 To Jhiesonance
offset even if the effective nutation frequency is very low. On 0.8 -8- 5KHz

the other hand, the recoupling efficiency for REDOR with either

the XY-8 or the XY-16 sequence strongly depends on the carrier
offset under such a low effective nutation frequency, although
the XY-16 sequence improves the recoupling performance by
about a factor of 2 over the XY-8 sequence.

Overall Dipolar Recoupling Efficiency

Figure 6 shows the contour plots of the recoupling efficiencies
for different schemes employed as a function of both the effec-
tive nutation frequency and the carrier offset. These contour plots
were drawn based on the recoupling efficiencies experimentally
obtained from 33 pairs of data sets (i.e., three sample positions
and 11 different carrier offsets for each sample position), as de-
scribed in the previous section. For each data set, 6 to 12 dipolar
dephasing experiments (the pair of full echo and dipolar de-
phasing experiments) were used to determine the echo intensity
changes with or without dipolar dephasing, as shown in Figs. 3 (c) 12
and 5. Thus, in total, over 708 experiments were performed for
each contour plot.

It is illustrated in Fig. 6 that the profile for the recoupling
efficiency strongly depends on the dipolar recoupling method
employed. For SFAM, as shown in Fig. 6a, the recoupling effi-
ciency gradually decreases as the effective rf nutation frequency
decreases. A high recoupling efficieneyd5%) can be achieved
when the effective nutation frequency is larger than 85%. Even ) . ) .
when the effective nutation frequency is as low as 65%, over 0 5 10 15 20 25
70% recoupling efficiency can still be obtained. At a given ef- Ne
fective nutation frequency, the variation in recoupling efficiency
over the carrier offset is re|ative|y small and a local maximum FIG. 5. Normalized dipolar dephased signal intensities with best fit theo-
recoupling efficiency is observed at an offset of about 4 kHEe_tiggl curves for variation of carrigr frequency offset _for irradiated nuclei at
Therefore, the results imply that neither the recoupling eﬂﬁpsltlon 3 for SFAM (a), REDOR with XY-8 (b), and with XY-16 (c), respec-

. . . o .~ tively. Carrier offset frequency was on-resonance (closed circle), 2 kHz (oper
ciency for SFAM nor the carrier offset is sensitive to the rf fieldircie), 5 kHz (open square), and 10 kHz off-resonance, respectively. Sampl
inhomogeneity, although no phase cycling is employed in tBginning rate was set to 4 kHz.
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FIG. 6. The contour map of heteronuclear dipolar recoupling efficiency for rf inhomogeneity and carrier frequency offset of the irradiated nucleu
(a) SFAM, (b) REDOR with XY-8, and (c) with XY-16 compensation. Thaxis is the dipolar recoupling efficiency (%). All experiments were performed with
three different sample positions and 11 different carrier offset frequencies. Each contour map is drawn based on experimentally obtained83ipaoff st
and sample positions—a total of 708 experiments for SFAM and REDOR with XY-8, and 450 for REDOR with XY-16.

relatively uniform recoupling efficiency versus the carrier offsébng duration experiments. For the REDOR experiments, th
for up to 10 kHz, while the XY-8 has a local maximum recousamples have to be placed in a small area of the sample coil
pling efficiency at an offset of 4 kHz, which is also observednsure better rf field homogeneity to obtain accurate distanc
in the SFAM measurements (c.f. Fig. 6a). Such a phenomeriaformation. However, compared to REDOR, SFAM requires
can be understood as an interference of the heteronuclear dimeauch highefH decoupling field during the recoupling pe-
lar recoupling with the chemical shift anisotropy that is partlyiod when continuous SFAM irradiation is used. Such irradi-
recovered by the dipolar recoupling schemes, as previously ation may result in significant sample heating. For a dynami
ported by Ishiiet al. (4). sample such as a membrane protein, the heteronuclear dipo
coupling is partially averaged due to molecular motions. In sucl
CONCLUSION an environment, strontH decoupling field may not need to be
applied. So we can conclude that SFAM is suitable for such rel
Performances of the two different heteronuclear dipolar rgtively mobile biological samples. On the other hand, REDOFR

coupling schemes, SFAM and REDOR, have been measurethore suitable for relatively high sensitivity lipid biomolecular

in the presence of well-defined rf inhomogeneity. It has begamples.

demonstrated here experimentally that SFAM is more tolerant of

both the rfinhomogeneity and the carrier offset while REDOR, ACKNOWLEDGMENTS

even with XY-8 and XY-16 phase cycling sequences designed

for compensation of pulse imperfections, is relatively sensitiveThe authors thank Dr. William Brey for useful discussion about the rf inho-

to the rfinhomogeneity and the carrier offset. A high recouplingogeneity. This research has been supported by National Science Foundati

efficiency 95%) can be obtained for an effective rf nutatiof/CB 99-86036) to TAC and the work was largely performed at the National

frequency greater than 85% for SFAM and greater than 92% @Ifh Mag_nenc Field Laboratory supported by the National SC|e_nce Foundatior
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