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Measurement of distances between pairs of heteronuclei is

important for constraining the conformation of biomolecules in

the solid state. In particular, rotational-echo double-resonance

(REDOR}? has been extensively applied to problems of biologi-
cal interes€~" Most of these experiments have been performed
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Figure 1. Pulse sequences for conventional REDOR (a).hddcoupled
REDOR (b). Thé®N 7z pulse length was 10s and the pulses were phased
according to thexy-16 schemé8 For the sequence in part a, th€ &
pulse length was 1@s, and for experiments on uniformiC labeled
samples, the coherence filtet/R)—zfilter—(z/2) was inserted prior to
signal acquisition. Fod-decoupled REDOR (b) the Gaussianpulse
parameters weresauss— 0.6 ms, 64 increments, and 5% truncation. CW
1H decoupling at 100 kHz was applied during the evolution period, and
83 kHz TPPM¢®was used during acquisition. The phase cycle ugegss

on isolated heteronuclear spin pairs, where the interpretation of = yy5g and ¢rec; = x%cx, ensures that the on§C spins contributing to

experimental results is relatively straightforward. It is preferable
to perform REDOR in multispin systems, because of the pos-
sibility of measuring several distances in a single sample.
However, in REDOR experiments on multigC labeled samples

the dephasing profiles are complicated by additional interactions.

While placing all REDOR dephasing pulses on tPé channel
avoids the recoupling of3C spins by ther-pulse trairf the
homonucleat3C—*3C dipole and] couplings can still contribute

to the dephasing dfC coherences. Here we discuss an approach
to 1°C observe REDOR, which relies on the selective excitation
of the 13C spectrum that removes the coherent evolution of the
spin system under homonucled€—*C J couplings.

Several recently proposed techniques address the problem o
heteronuclear distance measurements in spin systems consistin

of multiple 3C and®*N nuclei®~** The multiple pulse decoupled
REDOR sequenéé was designed to attenuate the effects of
residual homonucled?C—*3C dipole couplings on the dephasing
of 13C coherences. However, it does not explicitly account for
13C—13C J couplings, which compromise the accurate measure-
ment of weak heteronuclear dipole couplings. In peptides,
couplings between directly bondé#C nuclei are~30—60 Hz,
and the most informativ€C—N dipolar couplings are often of
similar magnitude (e.g., 25 Hz for a 5.0 A-®l distance).

For a spin system consisting of**C nuclei and a singlé°N
spin, the effective Hamiltonian for the REDOR pulse sequence
(Figure 1a) in the rapid spinning regime is:
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Here Jec is the Ci—C; scalar coupling constantpcy =
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the observable signal are those inverted by the selective pulse.

—(«/E/n)bc‘N sin(28) sin(y) is the effectiveCi—N dipolar cou-
pling, with the coupling constanbcy U ren™2 (ron is the
internuclear distance), and the Euler angbeand y relate the
principal axis system of the interaction to the rotor-fixed reference
frame. Equation 1 assumes thatJifouplings can be treated in
the weak coupling limi€ and (ii) coherent evolution dfC signals
under ~2 kHz dipolar couplings between directly bond&€C
nuclei is refocused by rapid spinning(2r ~ 10 kHz) for integer
multiples of the rotor period. For a coupled three-spin system

1(Cl— C,—N) the initial density operatqs(0) = Cix + Cx evolves

@nder the effective Hamiltonian into observable coherences
1xCOS@c nT)COS(Tc,c,r) and Cxucos@cnt)cosfre,c,r), and
antiphase coherences CgCycos@c7)sin(re,c,r) and
2CCycos@cnt)sin(tdc,c,r). The antiphase coherences can
evolve into observable magnetization undkyc, during the
detection period, leading to phase-twisted spectra (Figure 2a). This
problem can be overcome by filtering the coherence prior to
detection (see Figure 1 caption). Figure 2a shows slices from
spin—echo experiments for [1,2C *N]glycine for 8.4 ms oflcc
evolution acquired with and without the coherence filter. The
spectrum obtained with a simple spiacho experiment displays
phase-twisted line shapes. In contrast, the-spitho experiment
followed by the coherence filter results in purely absorptive
signals.

The problem of coherent evolution undé€—*C J couplings
during dipolar dephasingS( and referenceS)) experiments is
addressed by replacing the harghulse with a rotor-synchronized,
frequency-selective Gaussian pulse applied to oné3C spin
(Figure 1b). For all evolution times the dipole interaction between
this 13C and the'®>N spin is retained as in conventional REDOR,
while the J couplings to the remainingC nuclei are refocused
(the signs of all spin terms having the forl@X;,; j = 1, 2, ...,

n = i, are reversed following the selective inversion of tBe
spin). This type of homonucledrdecoupling was used previously
to enhance resolution in two-dimensional solutfoand solid-
staté* spectra. With the assumption that the selective pulse on
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Figure 2. Comparison of conventional REDOR addiecoupled REDOR
for samples with single and multipeC labels. (a) Slices throug&
curves acquired for [1,2°C®N]glycine (only C resonance is shown)
with the following pulse sequences éfC: (i) CP—7—x—7—acquire;
(i) CP—t—m—t—coherence filteracquire; (iii) CP-7—x (Gauss)7—
acquire;r = 4.2 ms. (b)S curves for the Cresonance in [1,23C15N]-
glycine @ = conventional REDORZ = J-decoupled REDOR) and the
Cr resonance in [USC >N]threonine @ = conventional REDORD =
J-decoupled REDOR). Also shown is tBecurve for [123C,!5N]glycine
(). (c) ASS curves obtained with conventional REDOR fdrr€sonance
in [1-13C *N]glycine (O) andJ-decoupled REDOR in [1,25C *N]glycine
(®). All experiments were performed at 500 MPH4 frequency ando,/
27 = 10.0 kHz @5 Hz).

Ci can be treated as an ideal pulse, the effective Hamiltonian
for the pulse sequence in Figure 1b is given by the two-spin
REDOR HamiltonianH = ®cn2CiN,, and the observable sig-
nal averaged over the crystallite ensemble is tls¢r) =

JJ dBsin(B)dycos@cnt).? Since the selective pulse removes all
13C—13C J couplings to the spin of interest, the coherence filter
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Figure 3. ASS curves for the € resonance in [USC5N]threonine
obtained with conventional REDORDJ and J-decoupled REDORG).
AYS curve () simulated according to the analytical expression (see
text) for the C—N coupling of 54 Hz obtained from the neutron
diffraction structure and curves (---) for 44 and 64 Hz couplings are shown
for comparison.

is compromised due to multiple zero-crossings and low signal
intensities inSand S curves. This is demonstrated in Figure 3
for the case of~50 Hz C'—N dipole coupling in [U3C®N]-
threonine, whereAS'S, curves obtained with conventional and
J-decoupled REDOR are compared. Accurate determination of
weak couplings requires evolution times on the order of 30'ms.
However in the presence of homonucldacouplings, conven-
tional REDORAS'S, curves can account fal coupling effects
only up to~10 ms (depending on the exact valuelgf). On the
other hand,-decoupled REDOR has the ability to provide useful
experimental data for the entire evolution period becausé&ghe
curve has a simple exponential decay profile. As a result, the
quality of the data appears to be mainly limited by residé@r

13C dipole couplings, insufficientH decoupling, and>N pulse
imperfections. The simulatedS'S, curve for the neutron dif-
fractiont” C*—N coupling of 54 Hz and curves for 44 and 64 Hz
dipole couplings are included for comparison. Reasonably good
agreement between the 54 Hz simulation and experiment is
obtained up to~20 ms, and it is evident that experimental data

is not necessary to obtain in-phase spectra (Figure 2a). Althoughin the 10-20 ms range are important for the accurate determi-

the experimental Gaussian pulse is not ideal, it isoastant-
time element present in aB andS, experiments and any effects
due to the pulse can be taken into account by calculahg-(
9IS = ASS curves? For [1-2C,N]glycine atw,/27 = 10.0
kHz and 500 MHZH frequency (data not showr§,and$, curves
experience only an overall scaling25% loss in signal intensity)
for a 0.6 ms Gaussian pulse relative to a hard pulse.

Figure 2b compare& curves for [1,28C,N]glycine and
[U-13C N]threonine obtained with conventional afdiecoupled
REDOR. The selective pulse applied to theadd C spins in

glycine and threonine, respectively, removes the coherent evolu-

tion due to~50 Hz C—C®* and ~30 Hz G—C’ J couplings,
resulting in& curves of positive intensity for all evolution times.
For comparison with a spin-pair sample, tl% curve for
[1-13C *N]glycine is also included. Although the selective pulse
refocuses the*C—13C J couplings, residuaf*C—*3C dipole
interactions may still be present at 10 kHz spinning, and the 100
kHz *H CW decoupling used here is not sufficient to provide
identical dephasing profiles for the isolated pin and the C
with residual dipole coupling to the°Gspin?!® Figure 2c shows
that matchingAS'S, curves are obtained for the-€N coupling
in [1-3C*N]- and [1,243C'>N]glycine with conventional and
J-decoupled REDOR sequences, respectively.

In principle, the ASS analysis for conventional REDOR
accounts for the evolution und&C—13C J couplings. However,
for multiply *3C labeled systems the quality of experimental data

nation of weak dipole couplings. For longer evolution times the
observed dipolar dephasing is less than that predicted by the
simulation, possibly due to the problems noted above.

In summary, we have described a REDOR experiment, which
refocuses®C—3C J couplings and enables accurate distance
measurements in spin systems consisting of a heteronucleus in-
teracting with a tightly coupled cluster &IC spins. The technique
is expected to be particularly useful for weg8kC—1°N dipolar
couplings, because in the presence’af—*3C J couplings the
REDOR experiment designed for spin pairs does not provide
reliable data for evolution times greater thai0 ms.
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