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The use of rotational-echo double resonance NMR to measure mation (all *C spins within the cluster experience the same
distances from an observed tightly coupled cluster of **C spins to average heteronuclear dipolar coupling) and suffers from re
a distant °N, *P, or “F is practical if all homonuclear “C-*C  duced sensitivity when the clusters have more than two ca
dipolar interactions are suppressed by multiple-pulse decoupling  pons. A third approach to maintain the integrity of a rotationa
during heteronuclear dipolar evolution. This scheme is first cali- echo train for a cluster of°’C spins is to suppress residual
brated by experiments performed on multiply labeled alanines ;1,514 13¢_13¢ jnteractions by multiple-pulse decoupling (Fig.
ar]t(:iﬂtzs?oﬂth“ﬁd h|:n tlh[el g‘_?fé%’::;fantz Of@ 1:;Acd d?siances N, bottom). In this communication, we show that it is possible
P M ' codemic e to observe heteronuclear REDOR dephasing fdiCacluster

while using multiple-pulse decoupling (MPD) to suppress
homonuclear interactions.

It is well known that the information content of REDOR The pulse sequence for multiple-pulse decoupled REDO

13 5
experiments could be improved if more than just the two spin@PDR_) h?d ons °C 77_/2 pulse; on the rotpr _penods (four
of an isolated pair were involved. Clusters &€ labels cou- pulses in s ) and a pair of X-spinr pulses within each rotor

. . . eriod. The X-spinm pulse lengths were 1fis for N and 5
pled to some heterospin are of particular interest. Unfort) for %F. The complete MPDR pulse sequence is illustrated i

e o Ao FD. . Stanar REV:8 phase oyl s use o D,
ghtly P and XY-8 phase cycling7) for REDOR. Data acquisition

13 f B i
of two or more “C labels (in a uniformly labeled residue of abegan after multiples of 48 rotor periods so that each phas

: H 31 19 H N
prptecljnt; for: examplle) toda (::stgﬁiN,f ﬂg’@ or hF tls F:or:pro cycling scheme was performed an even number of times befo
mised by homonuclear dephasing o echo train. LONG- 54 after the centrak pulse for optimum refocusing.

r_angtla dlztancg determlna}tlon.s by R}EEOR drequ;reggh;t rotapesults of MPDR experiments on a directly bond¥->C
tional echo trains persist for times of the order o B ( pair in alanine and inp-trifluoromethylphenyl acetate are

Even though the 5- to 10-kHz magic-angle spinning speegd§yn in Fig. 3. If the“C carrier frequency is chosen so that
most commonly used in solid-state NMR experiments reduf@ e of the isotropic peaks are on resonance (or off resonan
the homonuclear dephasing effects of the 2-kHz dipolar oy 5 myltiple of the spinning frequency), REDOR-difference
pling between directly bonde#C’s, spinning at these ratesgng full-echo spectra remain in phase after 48, 96, and 1¢
does not completely remove them. In addition, spinning has Rgor cycles with spinning at 6.250 kHz. The cycle time of the
effect onC—"C scalar couplings, which are typically 50-10Gpp s 6T,, which corresponds to about 1-kHz decoupling.

Hz for directly bonded carbons apd 10 Hz for carbpns S€PPhis is apparently sufficient to suppress dipolar couplings onl
rated by two bonds2). The result is that’C echo trains for partially averaged by spinning.

coupled carbons are attenuated and lose coherence after aboyhe observed MPDR values afS/S, (96 T,) for the
15 ms (Fig. 1, top). carboxyl carbons of [13C, **N]alanine, [1,2}°C,, **N]alanine,
One way to improve the integrity of the echo train is to spiand [1,2,3%*C,,'*N]alanine are 0.59, 0.48, and 0.35, respec
much faster, on the order of, say, 30 kHz. Fast spinningely. The 48% dephasing in the 96-"*C,-alanine spectra of
quenches homonuclear dipolar (but not scalar) coupling. TiFgy. 3 represents about 70% of that calculated in three-sp
is a promising approach that is being pursued in several lalgmulations 8) (assumings-function pulses) explicitly includ-
ratories 8, 4), despite the fact that the volumes of currenihg MPD. This limit is not related to the expected scaliy (
high-speed rotors limit the sample size to about 10 mg. & the “*C—X dipolar coupling which is taken into account in
second approach is to create multiple-quantum coherenhe simulation, and is not exceeded by increasing the dephasi
whose time evolution is independent 6IC—°C coupling time. Standard isolated two-spin REDOR experiments yielt
within the cluster §). However, this method gives up infor-close to 100% of the calculated dephasidg(S, ~ 1 for 96
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96 rotor cycles 144 rotor cycles Even in the presence of the saf@-X dipolar coupling, the
observed MPDR dephasing is not the same for different type
of carbons, although the calculated dephasing is the same.
- without L general, carbons with sizeable chemical shift anisotropies shc

C ; — A . . . .

MPD less dephasing than those with small shift tensors, particular
for weak coupling after only 48 rotor cycles. Because thes

mi,/ﬁ,/ variations appear to be related to the response of@spins

to imperfect MPD, REDOR dephasing remains proportional t
the heteronuclear dipolar coupling fofireddipolar evolution

carboxy!

’,”b P . merhine time. We have therefore adopted an empirical scaling proc
L ,’;‘é" dure to determine internuclear distances from MPDR depha

, e MPD e e ing, which we illustrate for the carboxyl carbons of directly
250 200 150 100 50 0O 250 200 150 100 50 O bonded"*C—"*C pairs. The calculated MPDR dephasing for the

8¢ [ppm] dc [ppm] 185-Hz ©), two-bond**C—*N dipolar coupling in.-[1,2-°C,,
15 : ) ~
FIG. 1. 125-MHzC NMR spectra of -[C, *N]alanine (5%, recrystal- _\jalanine after 96T, is AS'S, = 0.74, and theobserved
lized with 95% natural-abundance alanine) obtained after 96 rotor cycles (<#¢Phasing for the carboxyl carbon &5S, = 0.48 (Fig. 3,
and 144 rotor cycles (right) of evolution with (bottom) and without (t5i)  left; Fig. 4, open circle). The ratio of the two is 0.65, which we
multiple-pulse _decoupling usjng the pulse sequence of Fig. 2 but with thgke as the Sca”ng factor for all calculated Va|ueA8fSO for
X-spin dephasing pulses omitted. this carbon in the 96~ experiment. A scaling factor of 0.67 is
generated for the 48; experiment by comparison of the
corresponding calculated and experimental dephasing for tl

T.). We attribute the shortfall in MPDR to (i) the difficulty in carboxyl carbon. The resulting scaled versions of the predicte
compensating for the imperfections /2 pulses; (i) the ASSo (Fig. 4, solid lines) can now be used to determine the
possibility that soméC spins may not be in the MPD togglingdiPolar coupling between a carboxyl carbon i’@-"C pair
frame, but rather along the static magnetic field during dipol@nd any X spin in an analytical sample.

evolution, but not during detection; and (iii) destructive inter- As a test of this method, tHéC—F coupling between the GF
ference in coherent averaging by the combination of magigoup and the carboxyl carbon in tietrifluoromethylphenyl
angle spinning and imperfect MPD. With respect to the lattercetate of Fig. 3 (right) is measured in Fig. 4 (experimeh&,
the difference in cycle times for MPD and spinning in théhown by solid symbols) as 75 Hz (7.1 A) after 48 rotor cycle:
experiments of Fig. 3 is only a factor of 6, and the combinatictnd 70 Hz (7.3 A) after 96 rotor cycles. These values are i
of averaging techniques, although greatly extending the usefgreement with the calculated, conformation-independent, pseu
lifetime of the ®C rotational echo train, is limited. The de-two-bond distance of 7.2 A. This is the distance from the carboxy
crease in intensity of the full-echo spectrum "8C€,-labeled carbon to the center of the triangle defined by the three fluorine
alanine for 144T, compared to 96, (Fig. 1, bottom) is about This distance is long enough that the orientation of the €ife
double that observed in the standard Hahn-echo spectraradétive to the internuclear vector connecting the acetate oxygs
natural-abundancgC alanine. Spinning faster should improveand carboxyl carbon is not importarit0j, but short enough that
this situation by reducing the cycle times of both magic-angtbe dephasing behavior of the C&nd that of a single fluorine are

and MPD averaging. indistinguishable. Thé’C—°F coupling between the GRyroup
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FIG. 2. Pulse sequence for multiple-pulse decoupled REDOR. Phase cycling BEthé2 pulses is k, —Y, Y, —X, —X, —V, ¥, X) and that of the X-spin
m pulses, &, Y, X, ¥, ¥, X, ¥, X). The former is repeatedn2times (W = 1, 2, 3, ...) in 24T, before and after the centr&IC 7 pulse (this pulse refocuses
isotropic chemical shifts), while the latter is repeated 6n times before and after the centmll¥e (this pulse prevents refocusing®—X dipolar dephasing).
Maximum REDOR dephasing occurs if the spacing between X-spin pulSefis
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FIG. 3. 125-MHz multiple-pulse decoupled REDORC NMR spectra of -[1,2-°C,,"*N]alanine (left, 10%, recrystallized with 90% natural-abundance alanine
andp-trifluoromethylphenyl [1,2°C,Jacetate (right, 3% by weight, homogeneously dispersed in glassy polystyrene) obtained after 96 rotor cycles of dipolar eva
with magic-angle spinning at 6.250 kHz. The spacing betweerPthéeft) and *°F (right) dephasing pulses wag?2. The REDOR-difference spectra are at the top
of the figure and the full-echo spectra at the bottom. Solid circles indicate spinning sidebands; dashed lines connect peaks associated edthdb@takirbons.
The sizeable dephasing of the natural-abundai@enethine-carbon peak suggests a preferred location for thg®Ep in the polystyrene glass.

and the methyl carbon is determined similarly, with a scalimdard REDOR for isolated pairs of spins, the information
factor of 1.00 (48T,) and 0.78 (96T,) established by the methyl- content of any single experiment is dramatically increasec
carbon results (not shown) for both double- and trig@{abeled As long as chemical-shift resolution is available in tfi€
alanines. The conformation-dependent experimental distadd®IR spectrum, multiple independent clusters can be use
from the methyl carbon to the Gigroup is 8.1 A (48T,) or 7.7 For example, one could imagine a protein binding site tha
A (96 T). had both**C,-histidine and**C,-threonine so that seven or
We anticipate a broad applicability for MPDR. Evereight distances could be measured to a ligand contaitifag
though the dephasing is generally reduced relative to stam-*'P. Preliminary results on-[*C,, **N;]histidine indicate
that MPDR works as well for 6-carbon clusters as for 2- anc
3-carbon clusters. However, a dephasing scaling factor mu

0.6 be generatefbr each carbon typéy experiment and either
0.5 used in conjunction with multispin simulations (as in Fig.
4), or with calibration experiments on one or more mode

o 941 98 rotor compqunds containing thi&igntipal e sp'in cluster to be
NN cycles used in the analytical application but with known hetero-
‘g nuclear dipolar couplings. In calibration and analytical ex:
0.2 periments, strong and weak couplings are measured togett
0.1 e /ZZ,O,O, using fixed dipolar evolution times by systematic variation

_{_. cycles of the separation of the REDOR dephasing pulsEs.(In
0 T l ‘ ' the event that the natural-abundandé background over-
0 50 100 150 200 250

whelms the signals of thé’C clusters in the analytical
application, one of a variety of homonuclear recoupling

FIG. 4. Multiple-pulse decoupled REDOR dephasing(S,) for the SChemes¥2-16 can be used to isolate the signals froi@
carboxyl carbon of a®C-°C directly bonded pair as a function of thelabels and generate the spin count neededSfor
heteronuclear dipolar coupling to a sgidxnucleus. The solid lines show the
scaled calculated dephasing in the presence of multiple-pulse decoupling (see
text). The open and closed symbols are, respectively, experimental results for
the carboxyl carbons of the alanine and acetd@-°C pairs of Fig. 3, . L
obtained using the pulse sequence of Fig. 2 with magic-angle spinning atMPDR was performed using a 6-frequency transmissiol
6.250 kHz. line probe having a 12-mm long, 6-mm inside-diamete

Dipolar Coupling [Hz]
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