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A background-filtered version of the rotational-echo double res-
onance (REDOR) experiment is demonstrated. The experiment
combines a traditional REDOR pulse sequence with a double-
cross-polarization (DCP) sequence to select only those signals
coming from spin pairs of interest. The relatively inefficient DCP
sequence, which transfers polarization from "H to N and subse-
quently to *C, is improved by the use of adiabatic passages
through the (—1) sideband of the Hartmann-Hahn matching con-
dition. The result is an efficient 2D-REDOR pulse sequence that
does not require a reference experiment for removal of background
signals. The data produced by the experiment are ideally suited to
analysis by newly developed dipolar transform methods, such as
the REDOR transform. The relevant features of the experiment
are demonstrated on simple labeled amino acids. Relative efficien-
cies of several other potential filtering methods are also
compared.  © 2000 Academic Press
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INTRODUCTION

structure in peptides and other biomolecules a very feasibl
goal (18, 19. The REDOR experiment functions by using RF
pulses to interfere with the MAS averaging of the hetero-
nuclear dipolar coupling. The experiment can be run in eithe
a one-dimensional or a full two-dimensional mode. In the latte!
experiment the indirectly detected dimension evolves solely
under the influence of a reintroduced dipolar Hamiltonian
(9, 10.

The signal observed in the dipolar dimension during a 2D-
REDOR experiment can be processed using a Fourier tran:
form, yielding a broad powder pattern from which the dipolar
coupling D) can be measure®). Alternatively, the signal can
often be fit in the time domain to determine the internucleat
distance 9, 10, 23, even if only a few points are available.
Analysis of the REDOR signal and extraction bf can be
improved by designing processing techniques to extract a put
dipolar spectrum from the oscillatory (but nonsinusoidal) com-
ponents of the REDOR decay. The introduction of these type
of processing techniques, such as the REDOR transform ar
related methods 2@, 29, has extended the capability of
REDOR by facilitating measurements of multiple dipolar cou-

lings. The REDOR transform has been used to analyze mu

Measurement of internuclear distances by solid-state N Ble dipolar frequencies in several recent stud2s—7. A

has evolved into its own relatively extensive area of researg{)yither penefit of the REDOR transform is that REDOR data
as demonstrated in several recent reviews of the fiBlH o spin pairs can now be examined in an easily interpretabls
The NMR techniques utilized for this task are designed {g,q_gimensional mode in which the isotropic chemical shift is
measure dipolar couplings, which are related in a simplé maQsrg|ated with the dipolar coupling magnitude via a single
ner to the inverse third power of the internuclear distafe (cross-peak 5). However, these techniques have led to the
The majority of the successful applications to date involve thg .o challenging experimental requirement of collecting as
reintroduction and measurement of heteronuclear dipolar C(?Hény 2D-REDOR data points as possible in order to accuratel
pling under the line-narrowing conditions of magic-angle sping; "ot the dipolar spectrum in the second dimension. Due t
ning (6, 7), often using the popular rotational-echo doubley,, rapidly decaying nature of the REDOR signal, this require-
resonance (.REI.DOR) methodolog3_8-(1()_ A num_ber_ of ment greatly strains the sensitivity of NMR instrumentation.
d"’efse appl!catlo_ns of REDOR. distance determinations e analysis of the signal is complicated by the need to treat
studies of b'OIOg'CaL a”f;' Che.m'cal systems have appeat Qatruetime—domain signal that often requires apodization an
recently (1-21). The ~“C-"N spin pair has been the subject o ime-domain baseline correction.

”?“Ch of this attention, since the possik_)ility of measuring The REDOR experiment has several advantages that hay
distances of 3-5 A can make the determination of second%& to its success in heteronuclear coupling measurement. Tt
sequence relies on a train of easily calibratepulses and has

a simple design that can be implemented on most spectrom
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ters. Phase cycling schemes can correct for pulse timing aahjunction with REDOR distance measuremer2§, 1.
amplitude errorsX0, 28. The most commonly used sequencellore frequently, TEDOR has been used as a heteronucle:
are fairly tolerant to small variations in MAS spinning speedorrelation technique or as a selective filter for specific spir
(10, 29, and the radiofrequency power levels needed durirsystems 17, 33—36. One likely reason for its lack of use in
the sequence can be tolerated by many commercially mauwlistance determination is the relatively low experimental trans
factured MAS probes. The initial stage of a REDOR experier efficiency of 20-30%, even though the TEDOR transfer
ment often involves a cross-polarization (CP) step from a thirstep theoretically yields an efficiency of 52%2]. The initial
more abundant nucleus (usuathy), so that a triple-resonanceestimate oD required to process TEDOR data also favors the
REDOR experiment can be performed with the same enhanees#t of REDOR for distance determinations.
sensitivity found in CP-MAS experiment8@. However, one  The purpose of the present work is to describe and demor
disadvantage of REDOR is its need for a separate referestete a refined version of the REDOR experiment that com
experiment to account for the presence of uncoupled badlines a filtering stage with a robust, traditional version of the
ground nuclei with degenerate chemical shifts, which are NRREDOR pulse sequence, a possibility first suggested b
participating in intentionally labeled spin pairs and therefor®chaefer and co-worker87). This experiment has all of the
are not experiencing dipolar dephasir@y-(10. An individual benefits of TEDOR, without any of the aforementioned draw-
reference experiment needs to be acquired for every pointhacks. A double-cross-polarization (DCP) filter is used insteac
the dipolar dimension, doubling the required experimentaf the TEDOR transfer. DCP was first utilized prior to the
time. Subtraction of the REDOR signab)(from the reference development of REDOR as a means of studyfit@-""N con
signal S,) yields the difference spectrum, which is then dinectivity (38). The DCP experiment has been primarily used
vided by the reference signal to account Tarrelaxation. The for determinations of°C—°*N bond concentrations in labeled
resulting data set is used for the internuclear distance analybislogical systems39, 40Q. We note in passing that distance
However, even the 1% natural abundance background®f measurements using DCP have been achieved using mome
can pose a problem to this approach, for example, in thealysis 40) and can also be obtained using transient dipolal
increasingly common case of a labeled spin pair in the presemseillations 41-43, but the analysis of the data is often
of a much larger carbonaceous molecule. complicated. The shape of the DCP signal is easily distorted b
In the 1D (or “single-shot”) version of the REDOR experismall deviations from a Hartmann—Hahn sideband match
ment, overlapping sites in such a system can complicate thensform techniques would be more difficult to apply to the
interpretation of individual REDOR dephasing points by reéDCP signal, which asymptotically approaches one after long
quiring additional correction factors (for example, the scheméme periods 24). However, it is very useful as an initial filter
used in Refsl15 and 16). In a 2D-REDOR experiment, this step when combined with a robust REDOR sequence. The loy
problem is avoided at the expense of additional measurem#mbughput of a flat-profile DCP sequence is improved by the
time, but contributes a constant offset to the signal that mustibge of adiabatic-passage Hartmann—Hahn cross-polarizatic
corrected. In addition, the signal in this indirectly detecte@APHH-CP) during both contact time period#4(-46, which
dimension is still divided by the reference spectrum to accougrteatly reduces the transient dipolar oscillations and recouple
for transverse relaxation. In the presence of experimental noisgstallites of all orientations. This avoids any improper
the division process can reduce the fidelity of the signal, especiallgighting of the REDOR powder pattern (as is the case, fol
at longer times. A final drawback to the difference spectruexample, in a combined TEDOR-REDOR experiment).
situation is that the relatively small dipolar-dephasing signal isIn the new experiment, which we call DCP-REDOR, the
easily overwhelmed by any strong background signal, resultingrCP filter will obviate the need for a reference experiment.
a misuse of the dynamic range of the NMR receiver. The DCP-REDOR sequence is found to be sensitive and prc
Awareness of many of these issues prompted the develadjpices an indirectly detected signal that can be analyzed usir
ment of the transferred-echo double resonance (TEDOR) élxe existing REDOR transform and regularization methods
periment 81, 32, in which a polarization transfer step is used he lack of the reference experiment saves time and eases t
to avoid the contribution of uncoupled spins to the REDORxnalysis of 2D-REDOR data by avoiding arbitrary time-do-
dephased echo. The background signal is effectively phasain baseline correction and noise-induced distortion at longe
cycled away so that only the nuclei involved in the polarizatioavolution times. The discussion here will be limited to the 2D
transfer (i.e., the intentionally labeled spins) contribute signifersion of REDOR measurement on tHE—°N spin pair in
icantly to the signal. No reference experiment is needed fiple resonance experiments (also involvitig nuclei). Ap-
TEDOR, but the polarization transfer efficiency shows a delications to single-shot REDOR experiments and other nucle
pendence oD that complicates the measurement, so that ane also possible. As a significant amount of time and mone
initial estimate ofD is needed to analyze the data correctlgre often spent labeling and preparing samples for REDOF
(32). There have been relatively few applications of TEDORxperiments, it seems that a filter for the spin labels may b
for distance measurement despite the apparent need for suchsed to avoid the aforementioned drawbacks of traditiona
experiment. When TEDOR is used, it is usually employed REDOR methods.
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PULSE SEQUENCE DESIGN - 1 1

N - 3 s g2 [0 = 55 [3(2)]2

For the purposes of efficient signal analysis using known =1

methods, we seek an experiment that will produce a well-

understood signal in its indirectly detected dipolar dimension. _T csdam)da(2)d_.(2). [4]
Specifically, the signal should be modeled by the following 2a

equation as a function of time)(

Upon simplification, this yields

_ \"E 77 5 5 \"E T
Sreoor D, 1) = 75 Judy2 DI y2 DU [ s = 257 30003 0(00) = 30a(@.)3 101

[5]
where theJ represent Bessel functions of the first kirzBY,

This is the signal produced in most of the unfiltered REDORis signal reduces for the symmetric TEDOR casg, € tey)
experiments to date8¢10. Note that this is the inverted ;5 4 simpler form, by setting the value 6f, equal to \/E Dt

REDOR signal and is obtained from these experiments Ryheret is oWt + o) andQ equal to zero. Use of the limit:
computing either the normalized value-1(S, — S)/S, or the

ratio §/S,. Multiple dipolar couplings can be extracted directly 4
from a signal of this type by applying the REDOR transform or lim Jya(2)J_1a(2) = —=— [6]
Tikhonov regularization procedures, usually after Blackman— 2=0 V2
Harris apodization and zero-fillin@8, 24.

This signal is not produced by versions of the TEDORhen yields a simplified form similar to Eq. [1],
experiment used to dat@%). Instead, the signal is given by

JE ar — —
[JO(Q—)]Z [‘]O(Q+)]2 SswaEDOR(Di t) =1- \T J1/4( \//2 Dt)Jfllﬂ.( \/2 Dt),
EDOR — 2 - 2 [7]
-3 21 [J(Q)]? wheret now represents the combined evolution time (i.e.,
1 16k*—-1 toep  tevo). Unfortunately, instead of decaying to zero like Eq.
[1], the symmetric TEDOR signal of Eq. [7] how theoretically
* 1 grows to 1. In practice, relatively rapid, relaxation causes the
+ 2 1ekz — 1 [IQ DT [2] signal to return to zero and distorts the spectral analysis. /
k=1 reference experiment may be able to correct for the relaxatio

effect. However, the low efficiency of TEDOR is still an issue
and would pose a problem in more challenging applications. It
our experience, the distorted signals acquired in symmetric
TEDOR experiments are impractical to process because of th
Q. = \"E D (tyrep * tevo) - 3] effect, even on simple model compounds.
A superior experiment can be constructed by treating the
filter and distance measurement stages of the experiment se
The form of this signal prevents use of the REDOR transforarately. A DCP experiment that employs'td — N — *°C
method. However, as shown below, a signal like that of Eq. [ffansfer is useful as a filter, because signals not arising from th
can also be produced by a special form of the TEDOR expef€—"N cross-polarization step can be phase cycled away Vi
iment, removing the requirement for arpriori estimate oD. spin-temperature inversio§). As we have noted, the re-
We refer to this as a “symmetric” TEDOR sequence, becausently developed APHH methodd4—-46 can improve the
both the preparation time () and the evolution timet(,,) are efficiency of the DCP filter to the extent that it is a viable
simultaneously stepped so thgt, = t.., for each point in the approach to filtration. Most importantly, its removal of tran-
dipolar dimension. Despite the useful form of its signal, thisient dipolar oscillations observed between spin pairs great!
experiment will in fact prove to be unsuitable. We brieflyeduces any weighting of the powder pattern caused by th
derive its signal to illustrate the problem. Equation [2] can Hidter, so that the REDOR transform and regularization tech-
reduced by use of the following identit@?) with a = %, as niques are still valid. Combining a simple DCP filter stage with
was done for the REDOR signal in Re23): a REDOR pulse sequence yields the 2D DCP-REDOR puls

where the frequency and time parameters are contained in
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TPPM Decoupling period utilizes the TPPM sequencé9), although Lee—Gold-
burg decoupling could also be efficiently employed during the
(n)g, DCP period 46). TPPM decoupling has been shown to be
m |‘| W useful in conjunction with REDOR dipolar evolution periods
B¢ 2 (50). The decoupler is maintained at a high power (approxi-
Txy-16 Tixy-16 mately three times thB, field on the"*C and™N spins) during
/I both the DCP and the REDOR stages to avoid detrimente
15 X X H H ﬂ [l D signal loss from any additional Hartmann—Hahn cont&adj, (

0 1 2 3 4 which would result in broadened peaks in the dipolar spectrum
1 1 1
1 1 1

(/2)g, | decoupling during the DCP-REDOR stage and the acquisitiol

"H

Experiments were performed on an 11.7-T Varian/Chemag
netics Infinity spectrometer operating at irradiation frequencie:
13 15
\ v AN ~ Jv of 499._62, 125.63, and 50_.63 MHz fdH, *C, and N,
APHH-DGCP Filter REDOR (t, evolution) ACQ (t,) respectively. A Chemagnetics triple resonance 5-mm MAS
) probe (Model MPRB-500377) was used, and the spinning
FIG. 1. The DCP-REDOR pulse sequence used to obtain backgrour%—)eed was stabilized to 8080 1 Hz by a Chemagnetics spin

filtered REDOR signals is illustrated. The DCP stage of the experiment us . . .
two adiabatic (tangent-ramped) pulses for polarization transfer. The XY-{gste controller. During the DCP filter stage, the Spm'IOCk

phase cycle is used for the repetitivepulse trains. TPPM decoupling was Pulse and the firstN spin-lock pulse were both tangentially
used at all times after the initial CP step. The phase cycle includes spi@mped from 32 to 40 kHz across theX) sideband matching
temperature inversipn to suppress sign_als not coming through the DCP filighndition. For the REDOR stage of the sequenceralllses
‘l’)"l'qt:S:dcd'gl?e”g' ;g’?gﬁgv\}g_ Etmaie {i‘g'fjcés IE;OT g‘%’ e_Ch{‘Z p;"gethe were 10 to 12.5us in duration corresponding to nutation
0,4 x 13’/4 X 2}, s — {0" 1,2, 3}, and receiver pha’5¢42: G 1, 3" 12 frequencies of 40_to 50 kH_z._The TPP_M decoupling power wa:s
0,201,31,30202131,30,20,23,1,3,1, 2,0, 2, 0}, wheR€! t0 65 kHz during acquisition and increased to 100 kHz fol
0 is a 0° phase shift, 1 is a 90° phase shift, and so on. the stages requiring a Hartmann—Hahn mismatch. All TPPN
phase shifts were 15°, and the phase alternation time was set
an experimentally optimized value slightly shorter than the
sequence. No reference experiment is needed to accountvigith of a pulse @9). A recycle delay 65 s was used for all
uncoupled spins. However, because of the lack of a refereregperiments discussed here.
experiment, the DCP-REDOR signal is affected by relaxation Two test samples were employed in this work. The first was
and takes the form 2-*C, ®N-glycine (Cambridge Isotope Labs, Inc.) diluted to a
level of 10% (w/w) in natural abundance glycine by recrystal-
2w lization from water. A second glycine test sample consisted o
Socp-repod D, t) = \T NIPA( \fi Dt) 1-**C, ®N-glycine (Isotec, Inc.), also diluted to 10% in unla
beled glycine.

Rotor

X J_14(\2 DO)exp(—t/T,).  [8]

. . . ) RESULTS AND DISCUSSION
In the resulting dipolar spectra, the relaxation appears primar-

ily as a broadening of the individual dipolar lines. Initial Demonstration of DCP-REDOR

EXPERIMENTAL The DCP-REDOR pulse sequence can be easily demor
strated on isotopically labeled glycine samples. The results ¢

The triple resonance DCP-REDOR pulse sequence used hef@CP-REDOR experiment on the'Zz, **N-labeled glycine
is illustrated in Fig. 1. The DCP filter step involves a sequentiahmple are shown in Fig. 2. A total of 48 points were acquirec
transfer from'H to **N and then from°N to *°C. Both transfers every 4 rotor cycles (0.5 ms) for a total of 192 rotor cycles and
utilize adiabatic sweeps (approximated by a tangential fure-spectral width in the dipolar dimension of 2 kHz. The initial

tion) over the (1) sideband of the Hartmann—Hahn matchinCP transfer required a 10-ms contact time period for'tNe
profile. The sweeps have a depth) (that is set equal to the to **C polarization transfer. The complete experiment (without
spinning frequency 45, 4. A standard REDOR sequencea reference) required approximately 15 h of acquisition time. A
follows the filtration step. This sequence is known to be fairlyseful signal could be acquired in far less time; however, oul
tolerant to small fluctuations of the spinning spe2@(and its goal in this case is to demonstrate the possibility of observing
design also avoids any possibility of unintended homonucleang-time oscillations in the dipolar signal. In the case of
recoupling. The pulses on theN channel make use of theglycine, oscillations can be seen as far out as 164 rotor cycle
XY-16 phase cycle to compensate for pulse width error§-20 ms), leading to relatively high resolution in the dipolar
resonance-offset effects, and phase-shifting er28s Proton dimension. The DCP filter effectively removes any contribu-
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FIG. 2. (a) Forty-eight points of DCP-REDOR data obtained from the
2-%C, N-labeled glycine sample. (b) Expanded plot of DCP-REDOR data

showing the smaller dipolar oscillations observed at longer evolution timexPon

The dashed line is a guide to the eye.

tion from uncoupled”C spins to the dipolar signal, which
decays to zero in the time domain.

The dipolar couplings can be extracted directly from this
signal by applying the REDOR transform after Blackman—
Harris apodization and zero-filling to 64 points. The results are
shown in Fig. 3a, where the peak -aB80 Hz corresponds to
an internuclear distance of1.50 A. This is close to the 1.47-A
distance known from the crystallographic structure of glycine
(53). The difference between the two values is consistent with
the known vibrational elongation of distance measurements in
NMR (54, 55. Application of the closely related Tikhonov
regularization procedure to this data set results in the improved
spectrum of Fig. 3b, where the high frequency noise evident in
Fig. 3a has been effectively removed4). The surprising
quality of this spectrum is most likely caused by the positivity
constraints of the Tikhonov procedure, combined with its op-
timal handling of Gaussian experimental noise. As we have
noted, theT, relaxation that occurs during the dipolar evolu
tion contributes only to the linewidth of the peak in the dipolar
spectrum. These spectra illustrate that this effect does not
appear to significantly reduce the dipolar resolution of the
spectra.

One potential limitation of the DCP-REDOR sequence is the
lengthy mixing periods required to measure weaker couplings.

In order to address this issue, we present a second demonstkgs

tion of the DCP-REDOR pulse sequence in the form of ger apodization and zero-filling to 52 points. The measured coupling of 20
measurement of a weaker dipolar coupling constant, corkeindicates a internuclear distance-62.50 A.

, °N-lal

a

b

0 500 1000 1500
Dipolar Frequency (Hz)

(a) The REDOR transform and (b) Tikhonov regularization of the

data presented in Fig. 2, after 3-point, 67-dB Blackman—Harris apodization an
zero-filling to 64 points. The measured coupling of 880 Hz corresponds to ¢
~1.50-A internuclear distance.
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ding to an internuclear distance of approximately 2.50 A
in the 1+°C, “N-labeled glycine sample. A DCP-REDOR

experiment on this sample resulted in 26 points of data ac
quired every eight rotational periods (Fig. 4a). This corre-
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(a) Twenty-six points of DCP-REDOR data obtained from the
beled glycine sample. (b) REDOR transform of the data set in (a),
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sponds to a sampling interval of 2 ms with the given spinning S-S

S
rate of 8 kHz. In this case, a 25-ms contact time period was Srepor= 1 — S S (9]
needed to transfer polarization frofiN to *°C via the second

APHH-CP stage. The REDOR transform of this data set We will assume that the noise distribution {8 andS is the

shown in Fig. 4b. The single peak at 200 Hz indicates & e This is a valid assumption since the level of randon

distance 0f~2.50 A and corresponds well to the 2.48-A,yice antering the experiment should not depend upon whic
distance determined by X-ray analyssS|. The experiment o, neriment is conducted. It is also assumed that the err@s in

shown here was run much more rapidly than that discus S are uncorrelated, since the two experiments are per
above, requiring only an hour to complete. We also note th@med separately. If the noise or error present in a given sign:

the longerT, of the glycine carbonyl site, from which thes€g . then the rules of error propagation yield the following
data were obtained, makes this distance a favorable case {gise |evel for the divided REDOR signa):

REDOR measurements. Nevertheless, this serves to demon-
strate the potential limits of DCP-REDOR measurements, as 3 5
further acquisition of time-domain data was limited in our case o \/ 2(05 US")
O diy (Srepor) zt <z /- [10]

by spectrometer and probe hardware. SHES

Both of the time-domain data sets shown here exhibit an
interesting effect that is due to the nature of the DCP-REDOMRain, we neglect cross-correlation terms (which should be
experiment. At shorter times, the normalized signal intensity #ero). Since the amount of noise does not depend on th
Figs. 2 and 4 dips excessively below zero compared to tBgperiment, such thats = o5, = o, the expression above
model decay of Eq. [1]. We attribute this effect to incompleteecomes
transfer from all crystallite orientations by the DCP filter. This
has been noted and discussed previou&by &4nd is caused by S\ 2/g2 o2
the initial jump in RF amplitude when the adiabatic sweep Odiv = \/<So> (Sz + S(z))
pulse is turned on. The problem might be avoided by perform-
ing the adiabatic sweep upwards from zero; however, an inqi{éarran ina. we have
itable loss of signal would occur as multiple sidebands are ging,
matched. The spectra illustrated here do not seem to be appre- . .
ciably affected by this issue. We therefore continue to use an P g (1 n S) [12]
adiabatic sweep over a single sideband for the remainder of this av S5 S5/
work and recommend its use in general.

(11]

This expression determines the effect of experimental noise i
the individual S and S, signals on the noise level of the final
divided signal.

The theoretical effect of the reference signal is to remove
relaxation effects at all times. Experimental noise will affect
etfeis process, especially at longer times, where the REDOF
signal appears a¥/S, ~ 0. Equation [12] then becomes

The Reference Experiment and Signal Processing
Implications

The REDOR reference signaB{) has two functions. The
first is to account for uncoupled background spins (via th
subtraction in the difference spectrum). Tgsignal is also
intended to remove the effects ©f relaxation by subsequent
division of the signal. The first function of the reference signal oy~ o [13]
is no longer required in the DCP-REDOR experiment. How- YOS
ever, it is less clear whether the reference experiment is needed
for the removal ofT, relaxation effects in DCP-REDOR andThe meaning of Eq. [13] is made clear if ti® signal is
what its effect would be if used. We have already noted That modeled by an exponential decay, which is the form it usually
relaxation will appear as a line broadening in the dipoldakes in REDOR experiments:
spectrum. Here we examine additional effects of dividing an
experimental REDOR (or DCP-REDOR) signal by its refer- —t
ence. It will be shown that the result is a tradeoff between S = exp( ) [14]
increased noise in signals that have been divided by their
refgrence and increased linewidth in signals that havg not. Eauation [13] then becomes
delineate this tradeoff more clearly, an error analysis of the
REDOR and DCP-REDOR experiments is required.

The divided REDOR signal is obtained from tg refer gy = O+ exp( t)_ [15]
ence signal and th8 (dipolar-recoupled) signal,
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From Eq. [15], the behavior of the noise level in the divided
signal is immediately apparent. As the dephasing timis
increased, the noise becomes exponentially more significant.
Also, as T, becomes shorter, the uncertainty again grows
larger. Thus, a$§, approaches zero, the uncertainty or random
noise in the signal becomes quite large. This consideration
often precludes the acquisition of important REDOR data
points at longer dephasing times.

It is also interesting to examine the short-time behavior of
the noise propagation in the divided REDOR signal. Here
9SS, = 1 and Eq. [12] becomes

[

o

Odiv = \//2 g. [16]

Thus, even at shorter dephasing times, the noise level in the 0 10_00 2000_ 3000
divided REDOR signal is enhanced by a factorg®. To Dipolar Coupling (Hz)

summarize, at all time points du”ng the REDOR eXpenmemFlG. 5. (a) REDOR transform of an oversampled DCP-REDOR data set

the division byS, results in the possibility of more randomagter division by a separate DCP-REDOR reference experiment. (b) REDOF
uncertainty being introduced into the time-domain signal. Thensform of the same data set, but without division by the reference experi

divided signal becomes especially sensitive to noise during thent. The tradeoff between additional noise and narrowing of the peak (at 90
latter part of the signal (as the dephasing time is increased)"B? is clearly shown. The spectra each consist of a total of 192 data points.
whenT, is small.
The situation is different for the DCP-REDOR experiment. ) )

Since it does not require a reference, the uncertainty is ind@ows the peak in the dipolar spectrum, but at the expense ¢
pendent of both the dephasing time ahd The experimental INcréased noise. , , _
data sets shown to this point (for the glycine samples) do notPiVision by the reference signal is necessary for single-
suffer from this enhancement of the noise level. If a refereng80t REDOR measurements, but in the full 2D approach

was used in the DCP-REDOR experiment, which is possible REDOR, the effect of the division is to introduce more random

simply deleting the REDOR dephasing pulses and repeatiH'ﬁcertai”ty into the measurement. The effect is especiall

the experiment, then the above analysis would again apphy €€ in its amplification of the noise at the end of the
This allows for a convenient demonstration of these effedi§e-domain signal. A partial avoidance of this problem would
using DCP-REDOR, which also clarifies the role of the refef€duire the user to arbitrarily truncate the signal. This could be
ence in a REDOR experiment. Since the reference is requifdy undesirable penalty in samples with weaker dipolar cou

for dipolar processing of REDOR, this demonstration cannBling @nd shorteil, relaxation times, as in many biologically
be made without the DCP filter. relevant samples. In practice, we have found that this uncel

A DCP-REDOR expetiment was performed on thé'e; tainty, coupled with the a_dditiona}I t?me required for a DCP-
N-labeled glycine sample, under conditions similar to thof¥EPOR reference experiment, is in general not worth the
used to produce the data of Fig. 2. However, in this case, a td{gf-narrowing effect. However, in samples with multiple di-
of 96 points in the dipolar dimension were sampled every tV\RPIar couplings of similar magmtude, division by the reference
rotor periods. This oversampling of the dipolar signal was dos@na! could prove to be worthwhile.
to more clearly illustrate the predictions of Eq. [15]. A second 'N€ ultimate solution to this issue may take the form of a
DCP-REDOR experiment was performed as a reference, wifinstant-time version of the REDOR experimedit10), such
the 7 pulses on théN channel turned off. This yielded a2S the XDM sequenced). This would avoid the effect of
smooth, exponential decay. Both experiments were also r{%axatwn in its ent.lrety. We note, however, that a ponstant-
over a shorter interval than was used above; each required BT/ €xperiment suitable for the transform analysis is not ye
to complete. The REDOR-transformed result of the DCI@_va|Ique. Also, the issue qf reintroduced heteronucléar
REDOR experiment divided by its reference is shown in FigPUPling could further complicate the matter.
5a. (Note that the Tikhonov regularization procedure would i
fact suppress this noise and distort the analysis). In Fig. 5b, t
transform of the DCP-REDOR signal alone (with no division) The efficiency of the APHH-DCP filtering method used here
is illustrated. From a comparison of these two data sets, itissdemonstrated in Fig. 6. For all of the spectra shown, the
clear that the division of data using the reference experimeénitial '"H — X transfer always utilized an identical single

T T T

4000

(e)mparison of Filtering Methods
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match with proton decoupling turned on during the seconc
contact time period, thus preserving overall signal intensity
The original DCP experiments were performed with decou-
pling turned off during this period to broaden the very sensitive
*C—*N matching condition 38—40Q.

CP-MAS Experimental Optimization of DCP-REDOR

The combination of DCP and REDOR introduces some
complications in the choice of optimum spinning speed for the
APHH-DCP experiment. In general, a faster spinning speed allows for
B large adiabatic sweep deptiA)(and higher DCP efficiency
(45, 49. The REDOR stage of the experiment shown in Fig. 1
can also benefit from faster MAS speeds. Theoretical simula
tions have shown that the presence of a significant chemice
shift anisotropy (CSA) on thé’N spin (or the spin receiving
the dephasing pulses) affects the performance of the type ¢
6,6-TEDOR REDOR experiment discussed here. In particular, the XY-type

l phase cycles perform best at spinning speedbat exceed the
approximate relation5(7, 58

HH-DCP

TITT [T T T [ TT T [T T T[T T T TTTT

20 10 0 -10 -20
13C offset (kHz) o, = § 0o(033 — i), [17]

FIG. 6. A performance comparison is presented of the three filtering
methods discussed in the text. Thé— **C CP-MAS spectrum of the labeled wherew, is the Larmor frequency and thevalues character
glycine sample is given as a reference and was acquired using a singleiz& the magnitude of the chemical shift tensor. If this condition
APHH sequence with th&'C ramp set for al = 8 kHz. The APHH-DCP 5 1t exceeded, finite pulse widths can lead to distortions o
spectrum was obtained using the filter stage shown in Fig. 1 withbetlues t dipolar f in the REDOR t |
set to 8 kHz. A DCP spectrum without a second APHH ramp and a G,Ehe epparen Ipolar _requer_my In e spectrum. Ir
TEDOR spectrum are shown for Comparison. pI’aCtICG, we have nOtlced thIS effeCt N many REDOR eXper
iments at higher static field strengths. Fast spinning thus ber
APHH ramp of 8 kHz on either th&C or ®N channel. The efits both the REDOR_an_d the DCP phases of this experimen
However, a speed limit on the REDOR stage of the exper

CP-MAS spectrum obtained in this manner is shown at the to . 2 _
entis also enforced by the presence of finite pulse widths. |

as a reference. The other three sequences act as filters for idith 410% of th iod. additional
15C_15N spin pair in the glycine sample, as can be seen from t{iES€ Widihs excee 10% of the rotor period, additiona

suppression of the carbonyl signal. The APHH-DCP stage (tﬂg)olar frequencies can be produced that would significantly
initial part of the sequence given in Fig. 1) shows an efficien ter the dipolar s_peetr_um58). It Seems that the best balance
of about 44% of that of the CP-MAS spectrum, after correcti etween these criteria is to set the spinning speed _based on t
for natural abundance effects in the CP-MAS data. The ﬂé‘y_ghest achievable RF powers, so that the speed is as high
profile (HH-DCP), using an initiatH — N APHH transfer possible without ther pulse widths consuming more than 10%
showed a transfer efficiency of just 16%. The use of TEDO the rotor period. We have f_OH_OW?d this_prescription_in t_he
as an initial filter for a REDOR experiment was also examinefresent work. Current power limitations might make this situ-

In Fig. 6, we show TEDOR data acquired with six preparato ion more challenging on higher field in_str_uments (i.e., greate
and six dephasing rotor periods, which yields the maximu an 11.7 T) and when studying nuclei with more significant

coherence transfer for this spinning speg)(This shows an CSA magnitudes (such &sF). In these cases, the rece”t'Y
approximate intensity of 20% relative to the other methodggve_IOped SFAM pulse sequence can provide an alternativ
The performance of both the HH-DCP and the 6,6-TEDOI§PIUtlon 9.
filter is relatively poor, making their use as an initial filter for
a REDOR experiment somewhat uneconomical. CONCLUSIONS

The superior performance of the APHH-DCP filter has been
attributed to two effects: the efficiency gain of an adiabatic A background-filtered version of the REDOR experiment
passage over the-(1) sideband and the additional effect of thdas been successfully demonstrated. This experiment is rel
ramp broadening the HH match for all crystallites and alleviively efficient due to its use of two APHH-CP stages and has
ating many RF inhomogeneity concerd$(46. The APHH- a number of advantages that ease the processing of the exp
DCP filter used here also allows maintenance of an efficientental data. The sequence generates a well-understoc
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REDOR signal that decays to zero, the analysis of which can Ife R. C. Anderson, T. Gullion, J. M. Joers, M. Shapiro, E. B. Villhauer,

accomplished using a number of complementary processing @d H. P. Weber, J. Am. Chem. Soc. 117, 10546 (1995).

techniques. The loss of the background signal allows better d§eJ- R- Garbow and C. A. McWherter, J. Am. Chem. Soc. 115, 238

of the dynamic range of a spectrometer and simplifies the (1993). _

analysis of complex materials with strong background signald: S: M- Holl. G. R. Marshall, D. D. Beusen, K. Kociolek, A. S. Red-
) . . linski, M. T. Leplawy, R. A. McKay, S. Vega, and J. Schaefer, J. Am.

The sequence is p_artlcularly useful for suppressing nat_ural- Chem. Soc. 114, 4830 (1992).

abundanc_e S|gnals Iﬁc'd?teCted REDQR’ which also aVOIdS.LB. G. R. Marshall, D. D. Beusen, K. Kociolek, A. S. Redlinski, M. T.

the complicated three-spin problems inherent®M-detected Leplawy, Y. Pan, and J. Schaefer, J. Am. Chem. Soc. 112, 963

REDOR (19). The signal lost in the DCP filter is partially  (1990).

recovered over time by the lack of a reference experiment, 80 B. Arshava, M. Breslav, O. Antohi, R. E. Stark, J. R. Garbow, J. M.

that the experiment is a viable alternative to REDOR when Becker, and F. Naider, Solid State NMR 14, 117 (1999).

working with moderate to weak couplings in systems such &3 C. A. Fyfe, A. R. Lewis, J. M. Chezeau, and H. Grodney, J. Am.

bound biomolecules. In cases where a single coupling is ob- €hem. Soc. 119, 12210 (1997).

served, further improvement could be realized by combinir?g- D. D. Mueller, A. Schmidt, K. L. Pappan, R. A. McKay, and J.

the DCP selection stage with a synchronous-detected REDOR Schaefer, Biochemistry 34, 5597 (1995).

experiment 9) for simplified, one-dimensional distance mea??- K- T- Mueller, J. Magn. Reson. A 113, 81 (1995).

surements. Although we have focused only on 2D experiments, (@ K. T. Mueller, T. P. Jarvie, D. J. Aurentz, and B. W. Roberts,

the single-shot REDOR methodology can also benefit from this SMeM- Ps. Lett. 242, 535 (1995; (b) K. T. Mueller, T. P. Jarvie,

. . e D. J. Aurentz, and B. W. Roberts, Chem. Phys. Lett. 254, 281
approach if transverse relaxation can be quantified by a refer- (199¢

ence experiment. 24. F. G. Vogt, D. J. Aurentz, and K. T. Mueller, Mol. Phys. 95, 907
(1998).
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