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Dipolar decoupling of protons with radiofrequency field ampli-
tudes comparable to those used for the rare-spin refocusing and
dephasing p pulses results in accurate, high-sensitivity determi-
nations of internuclear distances in rotational-echo double-reso-
nance experiments and simulations performed on 13C and 15N-
abeled L-alanine. © 2000 Academic Press

Rotational-echo double-resonance (REDOR) NMR o
I–S spin pair is a magic-angle spinning experiment tha
volves the observation ofS-spin rotational echo amplitud
under the influence of rotor-synchronizedI -spin dephasin
pulses (1). The ratio of the echo amplitude with dephasingS)
to that without dephasing (S0) has a simple interpretation th
depends on the length of the rotor period, the number of
periods used for the dephasing, and theI–S dipolar coupling
REDOR is becoming widely used in solid-state NMR
applications in materials science (2) and structural biology (3)
have recently been reported.

Even though the name of the REDOR experiment sug
that only two spins and therefore two radiofrequencies
present, typical applications may use three or even four
quencies. The most common application requires decou
of I andS rare spins from interactions with abundant proto
Some reports have indicated that1H decoupling fields wit
amplitudes at least three times that used for theS-spin pulse

re essential for REDOR to limit signal loss during dip
volution or mixing (4), avoid cross-relaxation duringS-spin

pulses (5), and optimize the observed totalS-spin dephasin
(6). In this Communication, we show by experiment, and
5-spin simulations which explicitly include the1H radiofre-

uency field amplitude, that practical distance determina
y REDOR(0.2 , S/S0 , 0.9) areessentially independent

the level of proton decoupling for values between 50 and
kHz (one to two times theS-spin radiofrequency field amp
tude).

REDOR experiments were performed onL-[1,3-13C2,
15N]al-

anine andL-[2-13C, 15N]alanine, each diluted 10-fold wi
natural-abundance alanine and recrystallized. Magic-a
spinning was at 5 kHz (Tr 5 200 ms). The13C{ 15N} S/S0 for
the methyl carbon is shown in Fig. 1 as a function of the l
of the continuous-wave1H decoupling field. The results a
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indistinguishable for decoupling fields with values close to
50 kHz of the 13C p pulses to values more than double
carbon radiofrequency field amplitude. Comparable re
were observed for the carbonyl carbon. The homogen
linewidth (1/pT2) for the methyl and carbonyl carbons
measured by theS0 dependence on evolution time) decrea
by less than 20% upon increasing the decoupling field from
to 113 kHz. The integrated intensities ofS andS0 were inde
pendent of the choice of decoupling field strength for b
methyl and carbonyl carbons.

The homogeneous linewidth for the protonated methine
bon had a stronger dependence on decoupling, decreasin
98 to 64 Hz upon increasing the decoupling field from 5
100 kHz. Nevertheless, theS/S0 ratios(0.2 , S/S0 , 0.9) are
unaffected by the level of decoupling (Fig. 2). The integr
intensities for the methine–carbonS andS0 were reduced b
factors of 1.2 and 2.0 after 4Tr and 34Tr, respectively, fo
50-kHz decoupling relative to 100-kHz decoupling. Ab
85% of the lost signal after 34Tr is due toT2 decay. We

ttribute the remaining 15% to1H–13C contact during the sing
Hahn-echo refocusing pulse.

Numerical simulations were performed for 5 spins, the
served 13C and its coupled15N, together with three nearb
protons. The three protons included thea proton, a singl
proton bonded to the methyl carbon, and a single pr
bonded to the nitrogen. The bond lengths and angles fo
three carbons, thea proton, and the nitrogen of alanine w
based on the crystal structure ofL-alanine (7). Single proton
were assumed to be directly bonded to the methyl and nitr
atoms; these protons were placed along the respective C3 axes

ith effective CH and NH bond lengths of 1 Å. All spins we
odeled as fully dipolar coupled to each other. Additiona

he three protons were modeled as coupled to a proton ba
pplying a phenomenological decay to their single-quan

ransitions at each propagation step in the full density m
imulations. No other phenomenological decay was app
ach rotor period of evolution was divided into 68 propaga
teps. A full five-spin simulation with 64 rotor periods
EDOR evolution with finite pulses was calculated in ab
h using a 400-MHz Pentium processor.
The agreement between experiments and simulation
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Figs. 1 and 2 emphasizes the simplicity of REDOR for p
tical applications. Accurate dipolar couplings can be de
mined byS/S0 ratios with values between 0.9 and 0.2. Extra-
dinarily large decoupling fields are not necessary and
observed dephasing (S/S0) is clearly not a function of the lev
of decoupling. We believe that the minor deviations betw
observed and calculated two-spin REDOR dephasing bet
about 8 and 11 ms in Fig. 1 are due to the effects of13C–13C
couplings, which were not included in the calculation.
5-spin modeling is clearly inadequate to describe longer
lution times and misrepresents the observedS/S0 oscillations
However, the details of the spin physics in this regime are
important for practical distance determinations ofI–S spin
pairs, which is the focus of this Communication.

Only minor line broadening due to incomplete decouplin
observed for the methyl and nonprotonated carbonyl car
In addition, integrated signal intensities for bothS andS0 are
ndependent of the decoupling amplitudes, which means
s no significant leakage of13C polarization to the1H reservoi
either during REDOR evolution or during the13C pulse peri-
ods. However, the integrated signal intensity for the proton
methine carbon is a modest function of the decoupling fi
About half the signal observed after 34Tr with 100-kHz
decoupling is lost when 50-kHz decoupling is used. Thus
signal-to-noise sensitivity of the REDOR experiment is c

FIG. 1. 50.3-MHz 13C{ 15N} REDOR dephasing (S/S0) for the methy
carbon of L-[1,3-13C2,

15N]alanine diluted 10-fold with natural-abundan
alanine and recrystallized. Equal numbers of dephasingp pulses were used o
both 13C and15N channels with XY8 phase cycling. Dephasing is shown
function of the level of the continuous-wave1H decoupling field. The13C
radiofrequency field amplitude was 50 kHz and the magic-angle spi
speed was 5 kHz. The heavy solid line is the dephasing calculated
isolated13C–15N two-spin system with an internuclear separation of 2.4
The shading indicates calculated dephasing ranges for60.1 Å variations of th
C–N distance. These variations far exceed the experimental uncertainty,
is represented by the height of the symbols. The light lines show the dep
calculated using a 5-spin simulation model as a function of the1H radiofre-
quency field amplitude.
-
r-

e

n
en

e
o-

ot

s
s.

re

d
d.

e
-

promised by weak decoupling (although as shown in Fig. 2
the accuracy of the experiment).

We have also performed13C{ 15N} REDOR experiments o
Ac–Phe–[1-13C]MeA–MeA–MeA–Val–[15N]Gly–Leu–MeA–
MeA–O–Bzl (emerimicin 1–9), the benzyl ester of the am
terminal portion of the peptide antibiotic, emerimicin. T
REDOR dephasing over a 20-ms dipolar evolution time(0.4,
S/S0 , 1) was independent of proton decoupling levels-
tween 53 and 113 kHz (data not shown). The experimen
determined13C–15N distance was 4.1 Å, consistent with pre-

us X-ray and NMR determinations (8). This result shows th
he conclusions about the insensitivity of REDOR dephasi
roton decoupling levels based on Figs. 1 and 2 for relat
trong dipolar couplings and short distances extend to w
ouplings and longer distances.
Obviously, it is better to use strong decoupling in REDO

ossible, which is the established practice for other type
ross-polarization magic-angle spinning echo experiments9).
trong dipolar decoupling avoids signal losses due to hom
eous decay during evolution and acquisition periods. More

f inadvertent 1H–13C contact is to be avoided because str
decoupling fields are not available, then it is adviseable to s
a version of REDOR in which only a single13C refocusingp
pulse is used (10). Efficient S0 refocusing for methylene carbo
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FIG. 2. 50.3-MHz 13C{ 15N} REDOR dephasing (S/S0) for the methin
carbon ofL-[2-13C, 15N]alanine diluted 10-fold with natural-abundance ala
and recrystallized. Only a single refocusing pulse was used on the13C channe
with all dephasing pulses on the15N channel. Phases of the15N p pulses
followed the XY8 scheme. Dephasing is shown as a function of the level
continuous-wave1H decoupling field. The13C radiofrequency field was 50 kH
and the magic-angle spinning speed was 5 kHz. The heavy solid line
dephasing calculated for an isolated13C–15N two-spin system with an intern-
clear separation of 1.49 Å. The shading indicates calculated dephasing
for 60.1 Å variations of the C–N distance. These variations far excee
experimental uncertainty, which is represented by the height of the sym
The light lines show the dephasing calculated using a 5-spin simulation
as a function of the1H radiofrequency field amplitude.
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in such experiments has been observed following REDOR
lution for times as long as 35 ms (11). Perhaps the best strategy
REDOR of protonated carbons when only weak decoupling fi
are available is to use a proton-decoupling modulation sc
like two-pulse phase modulation (12) during the evolution an
acquisition periods, together with a singleS-spin refocusingp
pulse. All the dephasing pulses can then be shifted to theI-spin
channel and effectively modulated by the XY8 phase-altern
scheme (13).
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