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The use of rotational-echo double resonance NMR to measure
istances from an observed tightly coupled cluster of 13C spins to
distant 15N, 31P, or 19F is practical if all homonuclear 13C–13C

ipolar interactions are suppressed by multiple-pulse decoupling
uring heteronuclear dipolar evolution. This scheme is first cali-
rated by experiments performed on multiply labeled alanines
nd then applied in the measurement of 19F–13C distances in
-trifluoromethylphenyl [1,2-13C2]acetate. © 1999 Academic Press

It is well known that the information content of REDO
xperiments could be improved if more than just the two s
f an isolated pair were involved. Clusters of13C labels cou
led to some heterospin are of particular interest. Unfo
ately, the use of rotational-echo double resonance (RED

o measure distances from anobservedtightly coupled cluste
f two or more13C labels (in a uniformly labeled residue o
rotein, for example) to a distant15N, 31P, or 19F is compro
ised by homonuclear dephasing of the13C echo train. Long

ange distance determinations by REDOR require that
ional echo trains persist for times of the order of 30 ms1).
ven though the 5- to 10-kHz magic-angle spinning sp
ost commonly used in solid-state NMR experiments re

he homonuclear dephasing effects of the 2-kHz dipolar
ling between directly bonded13C’s, spinning at these rat
oes not completely remove them. In addition, spinning ha
ffect on13C–13C scalar couplings, which are typically 50–1
z for directly bonded carbons and 10 Hz for carbons s

ated by two bonds (2). The result is that13C echo trains fo
oupled carbons are attenuated and lose coherence after
5 ms (Fig. 1, top).
One way to improve the integrity of the echo train is to s
uch faster, on the order of, say, 30 kHz. Fast spin
uenches homonuclear dipolar (but not scalar) coupling.

s a promising approach that is being pursued in several
atories (3, 4), despite the fact that the volumes of curr
igh-speed rotors limit the sample size to about 10 mg
econd approach is to create multiple-quantum cohe
hose time evolution is independent of13C–13C coupling
ithin the cluster (5). However, this method gives up info
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ation (all C spins within the cluster experience the sa
verage heteronuclear dipolar coupling) and suffers from
uced sensitivity when the clusters have more than two
ons. A third approach to maintain the integrity of a rotatio
cho train for a cluster of13C spins is to suppress resid
ipolar 13C–13C interactions by multiple-pulse decoupling (F
, bottom). In this communication, we show that it is poss

o observe heteronuclear REDOR dephasing for a13C cluster
hile using multiple-pulse decoupling (MPD) to suppr
omonuclear interactions.
The pulse sequence for multiple-pulse decoupled RED

MPDR) had 5-ms 13C p/2 pulses on the rotor periods (fo
ulses in sixTr) and a pair of X-spinp pulses within each roto
eriod. The X-spinp pulse lengths were 10ms for 15N and 5
s for 19F. The complete MPDR pulse sequence is illustrate
ig. 2. Standard MREV-8 phase cycling (6) was used for MPD
nd XY-8 phase cycling (7) for REDOR. Data acquisitio
egan after multiples of 48 rotor periods so that each ph
ycling scheme was performed an even number of times b
nd after the centralp pulse for optimum refocusing.
Results of MPDR experiments on a directly bonded13C–13C

air in alanine and inp-trifluoromethylphenyl acetate a
hown in Fig. 3. If the13C carrier frequency is chosen so t
one of the isotropic peaks are on resonance (or off reson
y a multiple of the spinning frequency), REDOR-differe
nd full-echo spectra remain in phase after 48, 96, and
otor cycles with spinning at 6.250 kHz. The cycle time of
PD is 6Tr, which corresponds to about 1-kHz decoupl
his is apparently sufficient to suppress dipolar couplings
artially averaged by spinning.
The observed MPDR values ofDS/S0 (96 Tr) for the

arboxyl carbons of [1-13C, 15N]alanine, [1,2-13C2,
15N]alanine,

nd [1,2,3-13C3,
15N]alanine are 0.59, 0.48, and 0.35, resp

ively. The 48% dephasing in the 96-Tr
13C2-alanine spectra o

ig. 3 represents about 70% of that calculated in three
imulations (8) (assumingd-function pulses) explicitly includ
ng MPD. This limit is not related to the expected scaling6)
f the 13C–X dipolar coupling which is taken into account

he simulation, and is not exceeded by increasing the deph
ime. Standard isolated two-spin REDOR experiments y
lose to 100% of the calculated dephasing (DS/S0 ' 1 for 96
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r). We attribute the shortfall in MPDR to (i) the difficulty
ompensating for the imperfections inp/2 pulses; (ii) the
ossibility that some13C spins may not be in the MPD toggli

rame, but rather along the static magnetic field during dip
volution, but not during detection; and (iii) destructive in

erence in coherent averaging by the combination of ma
ngle spinning and imperfect MPD. With respect to the la

he difference in cycle times for MPD and spinning in
xperiments of Fig. 3 is only a factor of 6, and the combina
f averaging techniques, although greatly extending the u

ifetime of the 13C rotational echo train, is limited. The d
rease in intensity of the full-echo spectrum of13C3-labeled
lanine for 144Tr compared to 96Tr (Fig. 1, bottom) is abou
ouble that observed in the standard Hahn-echo spec
atural-abundance13C alanine. Spinning faster should impro

his situation by reducing the cycle times of both magic-a
nd MPD averaging.

FIG. 1. 125-MHz 13C NMR spectra ofL-[ 13C3,
15N]alanine (5%, recrysta

ized with 95% natural-abundance alanine) obtained after 96 rotor cycles
nd 144 rotor cycles (right) of evolution with (bottom) and without (top)13C
ultiple-pulse decoupling using the pulse sequence of Fig. 2 but wit
-spin dephasing pulses omitted.

FIG. 2. Pulse sequence for multiple-pulse decoupled REDOR. Phas
pulses, (x, y, x, y, y, x, y, x). The former is repeated 2n times (n 5 1, 2

sotropic chemical shifts), while the latter is repeated 6n times before and
aximum REDOR dephasing occurs if the spacing between X-spin pu
r
-
c-
r,

n
ful

of

e

Even in the presence of the sameC–X dipolar coupling, th
bserved MPDR dephasing is not the same for different t
f carbons, although the calculated dephasing is the sam
eneral, carbons with sizeable chemical shift anisotropies

ess dephasing than those with small shift tensors, particu
or weak coupling after only 48 rotor cycles. Because th
ariations appear to be related to the response of the13C spins
o imperfect MPD, REDOR dephasing remains proportion
he heteronuclear dipolar coupling for afixeddipolar evolution
ime. We have therefore adopted an empirical scaling p
ure to determine internuclear distances from MPDR dep

ng, which we illustrate for the carboxyl carbons of direc
onded13C–13C pairs. The calculated MPDR dephasing for
85-Hz (9), two-bond13C–15N dipolar coupling inL-[1,2-13C2,

15N]alanine after 96Tr is DS/S0 5 0.74, and theobserved
ephasing for the carboxyl carbon isDS/S0 5 0.48 (Fig. 3,

eft; Fig. 4, open circle). The ratio of the two is 0.65, which
ake as the scaling factor for all calculated values ofDS/S0 for
his carbon in the 96-Tr experiment. A scaling factor of 0.67
enerated for the 48-Tr experiment by comparison of t
orresponding calculated and experimental dephasing fo
arboxyl carbon. The resulting scaled versions of the pred
S/S0 (Fig. 4, solid lines) can now be used to determine
ipolar coupling between a carboxyl carbon in a13C–13C pair
nd any X spin in an analytical sample.
As a test of this method, the13C–19F coupling between the C3

roup and the carboxyl carbon in thep-trifluoromethylpheny
cetate of Fig. 3 (right) is measured in Fig. 4 (experimentalDS/S0

hown by solid symbols) as 75 Hz (7.1 Å) after 48 rotor cy
nd 70 Hz (7.3 Å) after 96 rotor cycles. These values a
greement with the calculated, conformation-independent, p

wo-bond distance of 7.2 Å. This is the distance from the carb
arbon to the center of the triangle defined by the three fluo
his distance is long enough that the orientation of the CF3 cone
elative to the internuclear vector connecting the acetate ox
nd carboxyl carbon is not important (10), but short enough th

he dephasing behavior of the CF3 and that of a single fluorine a
ndistinguishable. The13C–19F coupling between the CF3 group

ft)

e

ycling of the13C p/2 pulses is (x, 2y, y, 2x, 2x, 2y, y, x) and that of the X-spi
, . . . ) in 24nTr before and after the central13C p pulse (this pulse refocus
er the central Xp pulse (this pulse prevents refocusing of13C–X dipolar dephasing
is2.
e c
, 3
aft

lsesTr/
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nd the methyl carbon is determined similarly, with a sca
actor of 1.00 (48Tr) and 0.78 (96Tr) established by the methy
arbon results (not shown) for both double- and triple-13C labeled
lanines. The conformation-dependent experimental dis

rom the methyl carbon to the CF3 group is 8.1 Å (48Tr) or 7.7
(96 Tr).
We anticipate a broad applicability for MPDR. Ev

hough the dephasing is generally reduced relative to

FIG. 3. 125-MHz multiple-pulse decoupled REDOR13C NMR spectra ofL-
ndp-trifluoromethylphenyl [1,2-13C2]acetate (right, 3% by weight, homogene
ith magic-angle spinning at 6.250 kHz. The spacing between the15N (left) and
f the figure and the full-echo spectra at the bottom. Solid circles indicate s
he sizeable dephasing of the natural-abundance13C methine-carbon peak sug

FIG. 4. Multiple-pulse decoupled REDOR dephasing (DS/S0) for the
arboxyl carbon of a13C–13C directly bonded pair as a function of t
eteronuclear dipolar coupling to a spin-1

2 X nucleus. The solid lines show t
caled calculated dephasing in the presence of multiple-pulse decouplin
ext). The open and closed symbols are, respectively, experimental resu
he carboxyl carbons of the alanine and acetate13C–13C pairs of Fig. 3
btained using the pulse sequence of Fig. 2 with magic-angle spinn
.250 kHz.
g

ce

n-

ard REDOR for isolated pairs of spins, the informat
ontent of any single experiment is dramatically increa
s long as chemical-shift resolution is available in the13C
MR spectrum, multiple independent clusters can be u
or example, one could imagine a protein binding site
ad both13C6-histidine and13C4-threonine so that seven
ight distances could be measured to a ligand containin19F
r 31P. Preliminary results onL-[ 13C6,

15N3]histidine indicate
hat MPDR works as well for 6-carbon clusters as for 2-
-carbon clusters. However, a dephasing scaling factor
e generatedfor each carbon typeby experiment and eithe
sed in conjunction with multispin simulations (as in F
), or with calibration experiments on one or more mo
ompounds containing theidentical 13C spin cluster to b
sed in the analytical application but with known hete
uclear dipolar couplings. In calibration and analytical
eriments, strong and weak couplings are measured tog
sing fixed dipolar evolution times by systematic variati
f the separation of the REDOR dephasing pulses (11). In

he event that the natural-abundance13C background over
helms the signals of the13C clusters in the analytic
pplication, one of a variety of homonuclear recoup
chemes (12–16) can be used to isolate the signals from13C

abels and generate the spin count needed forS0.

EXPERIMENTAL DETAILS

MPDR was performed using a 6-frequency transmis
ine probe having a 12-mm long, 6-mm inside-diame

-13C2,
15N]alanine (left, 10%, recrystallized with 90% natural-abundance ala

ly dispersed in glassy polystyrene) obtained after 96 rotor cycles of dipolar
(right) dephasing pulses wasTr/2. The REDOR-difference spectra are at the
ning sidebands; dashed lines connect peaks associated with the labeled acetate carbon
ts a preferred location for the CF3 group in the polystyrene glass.
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nalytical coil and a Chemagnetics/Varian ceramic st
owdered samples (typically 100 mg) were containe

hin-wall Chemagnetics/Varian 5-mm outside diameter
onia rotors. The rotors were spun at 6250 Hz with the s
nder active control to within62 Hz. The spectrometer w
ontrolled by a Tecmag pulse programmer.13C and 15N
adiofrequency pulses were produced by 1- and 2-kW Am
can Microwave Technology power amplifiers, respectiv

1H and 19F radiofrequency pulses were generated by 1
reative Electronics tube amplifiers driven by 100-w
merican Microwave Technology power amplifiers. A 12
tatic magnetic field was provided by an 89-mm bore M
ex superconducting solenoid. Proton-carbon cross-p

zation transfers were made in 2 ms at 50 kHz. Pro
ipolar decoupling was 100 kHz during data acquisit
pectra of alanine standards and thep-trifluoromethylphe
yl acetate analytical sample resulted from the accumul
f 64 and 3072 scans, respectively.
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