Journal of Magnetic Resonandd5, 156—-158 (2000) ®
doi:10.1006/jmre.2000.2098, available online at http://www.idealibrary.colwn)I %I.

Carbon-Proton Dipolar Decoupling in REDOR

Anil K. Mehta,* Donald J. Hirsh,* Nathan Oyler,t Gary P. Drobny,T and Jacob Schaefer*

*Department of Chemistry, Washington University, St. Louis, Missouri 63130}Bregartment of Chemistry,
University of Washington, Seattle, Washington 98195

Received February 7, 2000; revised April 4, 2000

Dipolar decoupling of protons with radiofrequency field ampli-  indistinguishable for decoupling fields with values close to th
tudes comparable to those used for the rare-spin refocusing and 50 kHz of the®*C = pulses to values more than double the
dep_hasing ™ pulses resultts in accgrate, h_igh-sensitivity determi-  ~arbon radiofrequency field amplitude. Comparable resul
nations of mternuclear dl_stance_s in rotatlonal-echolgdouble-rlesso- were observed for the carbonyl carbon. The homogeneo
nance experlments and simulations performed on ~“C and “N- i idth (1/=T.) for the methvl and carbonvl carbons (as
labeled L-alanine. © 2000 Academic Press Inew! ( m 2) y . y (

measured by th&, dependence on evolution time) decrease
by less than 20% upon increasing the decoupling field from &
to 113 kHz. The integrated intensities 8fand S, were inde-
endent of the choice of decoupling field strength for bot
nethyl and carbonyl carbons.
The homogeneous linewidth for the protonated methine ca
on had a stronger dependence on decoupling, decreasing fr

Rotational-echo double-resonance (REDOR) NMR of
I-S spin pair is a magic-angle spinning experiment that i
volves the observation dB-spin rotational echo amplitudes
under the influence of rotor-synchronizéespin dephasing b

pulses {). The ratio of the echo amplitude with dephasigy ( 98 to 64 Hz upon increasing the decoupling field from 50 t

to that without dephasings;) has a simple interpretation that100 kHz. Nevertheless, tH&S, ratios(0.2 < §/'S, < 0.9) are

depends on the length of the rotor period, the number of rotor ) . .
pe?iods used for thg dephasing, anF()j th& dipolar coupling. gnaffected by the level of decoupling (Fig. 2). The integrate

REDOR is becoming widely used in solid-state NMR an?wtenaues for the methine—carb&and S, were reduced by

applications in materials scienc®) @nd structural biology3) S%Ctlglzs 0(; 1.2 alr_ld 2.0|afFer R afgoizﬂ_ " (rjespect;yely, Afct))r
have recently been reported. -kHz decoupling relative to -kHz decoupling. About

Even though the name of the REDOR experiment sugge&R7? Of the lost signal after 3, is due toT, decay. We
5% ft1—"*C contact during the single

that only two spins and therefore two radiofrequencies apiriPute the remaining 1
present, typical applications may use three or even four fid@n-echo refocusing pulse. _
quencies. The most common application requires decouplind\l'v'mle;'Cal simulations were performed for 5 spins, the ok
of | andS rare spins from interactions with abundant proton§€rved “C and its coupledN, together with three nearby
Some reports have indicated th# decoupling fields with protons. The three protons included theproton, a single
amplitudes at least three times that used forSrepin pulses Proton bonded to the methyl carbon, and a single protc
are essential for REDOR to limit signal loss during dipoldponded to the nitrogen. The bond lengths and angles for t
evolution or mixing @), avoid cross-relaxation during-spin three carbons, the proton, and the nitrogen of alanine were
pulses B), and optimize the observed tot&spin dephasing based on the crystal structure hlanine {). Single protons
(6). In this Communication, we show by experiment, and byere assumed to be directly bonded to the methyl and nitrog
5-spin simulations which explicitly include thiH radiofre- atoms; these protons were placed along the respectjex&s
quency field amplitude, that practical distance determinationéh effective CH and NH bond lengths of 1 A. All spins were
by REDOR(0.2 < S/S, < 0.9) areessentially independent of modeled as fully dipolar coupled to each other. Additionally
the level of proton decoupling for values between 50 and 1¢/te three protons were modeled as coupled to a proton bath
kHz (one to two times th&-spin radiofrequency field ampli- applying a phenomenological decay to their single-quantul
tude). transitions at each propagation step in the full density matri
REDOR experiments were performedofil,3-°C,, NJal- simulations. No other phenomenological decay was applie
anine andL-[2-°C, “NJalanine, each diluted 10-fold with Each rotor period of evolution was divided into 68 propagatiol
natural-abundance alanine and recrystallized. Magic-angieps. A full five-spin simulation with 64 rotor periods of
spinning was at 5 kHzT, = 200 us). The®®*C{"N} §S, for REDOR evolution with finite pulses was calculated in abou
the methyl carbon is shown in Fig. 1 as a function of the lev8l h using a 400-MHz Pentium processor.
of the continuous-waveéH decoupling field. The results are The agreement between experiments and simulations
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' ' ' ' ' ' promised by weak decoupling (although as shown in Fig. 2, n
the accuracy of the experiment).

mEthylcalbon We have also performetiC{**N} REDOR experiments on

O 113kHz

08L X 88 kHz - Ac—Phe—-[1¥C]MeA-MeA-MeA-Val-[°N]Gly-Leu—MeA—

v e MeA-O-Bzl (emerimicin 1-9), the benzyl ester of the aminc

terminal portion of the peptide antibiotic, emerimicin. The
REDOR dephasing over a 20-ms dipolar evolution t{itiel <
S/S, < 1) was independent of proton decoupling levels be
tween 53 and 113 kHz (data not shown). The experimental
determined®C—"N distance was 4.1 A, consistent with previ
ous X-ray and NMR determination8)( This result shows that
the conclusions about the insensitivity of REDOR dephasing 1
proton decoupling levels based on Figs. 1 and 2 for relativel
strong dipolar couplings and short distances extend to weak
couplings and longer distances.

Obviously, it is better to use strong decoupling in REDOR i
possible, which is the established practice for other types

FIG. 1. 50.3-MHz “C{**N} REDOR dephasing ¥S;) for the methyl cross-polarization magic-angle spinning echo experimedjts (
Cf“:_on OfCLj'El'?;'Btcél'l_1;Nd]al'za“i2f’nd21“gz(rjs i?gg'dha":_th Irs“;‘tsura;'raeb“::;’c‘;eStrong dipolar decoupling avoids signal losses due to homog

n n 1zed. 1 W . . e .

E;h meczndl?,ﬁ Zzannels Wit?\uXYsuph ase Cydinpg. D ggh asing is S‘; own as REOUS decay dunrlg evqutlon.and acqwsm_on periods. Moreove
function of the level of the continuous-wavél decoupling field. Thec if inadvertent'H—"C contact is to be avoided because stron
radiofrequency field amplitude was 50 kHz and the magic-angle spinnifigcoupling fields are not available, then it is adviseable to sele
speed was 5 kHz. The heavy solid line is the dephasing calculated for anversion of REDOR in which only a singFéC refocusingm

isolated *C—"*N two-spin system with an internuclear separation of 2.49 ﬁpu|se is usedl(). Efficient S, refocusing for methylene carbons
The shading indicates calculated dephasing ranges@at A variations of the

C-N distance. These variations far exceed the experimental uncertainty, which
is represented by the height of the symbols. The light lines show the dephasing
calculated using a 5-spin simulation model as a function of'Hheadiofre - ! T T ! !
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Figs. 1 and 2 emphasizes the simplicity of REDOR for prac- 0.8 |- + 70KHz .
tical applications. Accurate dipolar couplings can be deter- . gg ﬁ:;

mined byS/S, ratios with values between 0.9 and 0.2. Extraor
dinarily large decoupling fields are not necessary and the
observed dephasin®(S,) is clearly not a function of the level SIS,
of decoupling. We believe that the minor deviations between 0.4
observed and calculated two-spin REDOR dephasing between
about 8 and 11 ms in Fig. 1 are due to the effect$’6£C
couplings, which were not included in the calculation. The 0.z
5-spin modeling is clearly inadequate to describe longer evo-
lution times and misrepresents the obser@8, oscillations.
However, the details of the spin physics in this regime are not
important for practical distance determinations lefS spin
pairs, which is the focus of this Communication.

Only minor line broadening due to incomplete decoupling is FIG. 2. 50.3-MHz “C{**N} REDOR dephasing ¥S,) for the methine
observed for the methyl and nonprotonated carbonyl carbongrbon ofi-[2-**C, *N]alanine diluted 10-fold with natural-abundance alanine
In addition, integrated signal intensities for b&and S, are and recrystallized. Only a single refocusing pulse was used ofiGhehannel

. . - - ith all dephasing pulses on th&N channel. Phases of theN = pulses
mdependent of the decoupllng amp“tUdeS’ which means thégftlz’gwed the XY8 scheme. Dephasing is shown as a function of the level of tt

i$ no signi.ficant leakage dfC .p0|arizati9n to theH reserVOi_r continuous-wavéH decoupling field. Thé’C radiofrequency field was 50 kHz
either during REDOR evolution or during tH&C pulse per and the magic-angle spinning speed was 5 kHz. The heavy solid line is t
ods. However, the integrated signal intensity for the protonateebhasing calculated for an isolaté@—°N two-spin system with an interau
methine carbon is a modest function of the decoupling ﬂeﬂgar separation of 1.49 A. The shading indicates calculated dephasing ran

. . for 0.1 A variati f the C—N dist . Th iati i d th
About half the signal observed after 3B with 100-kHz or = vanations ot fne -~ distance. These variations far excee
experimental uncertainty, which is represented by the height of the symbo

d?COUp”ng i_s lost When 50-kHz decoupling is U$ed- Thus, thee light lines show the dephasing calculated using a 5-spin simulation moc
signal-to-noise sensitivity of the REDOR experiment iS conks a function of théH radiofrequency field amplitude.

0.6

0 0.5 1 15 2 25 3
Dephasing Time [msec]



158 COMMUNICATIONS

in such experiments has been observed following REDOR evé- J. Wang, Y. S. Balazs, and L. K. Thompson, Biochemistry 36, 1699
lution for times as long as 35 ms1). Perhaps the best strategy for ~ (1997)

REDOR of protonated carbons when only weak decoupling fields P- R Costa, B. Q. Sun, and R. G. Griffin, J. Am. Chem. Soc. 119,
are available is to use a proton-decoupling modulation scheme 0821 (1997).

like two-pulse phase modulatiod) during the evolution and 5- T-Ishii. J. Ashida, and T. Terao, Chem. Phys. Lett. 246, 439 (1995).
acquisition periods, together with a singgspin refocusingw 6 D- J. Mitchell and J. N. S. Evans, Chem. Phys. Lett. 292, 656
pulse. All the dephasing pulses can then be shifted td-tpin (1998).

channel and effectively modulated by the XY8 phase-alternation M- S- Lehmann, T. F. Koetzle, and W. C. Hamilton, J. Am. Chem.
Soc. 94, 2657 (1972).
scheme 13). ) o
8. G. R. Marshall, D. D. Beusen, K. Kociolec, A. S. Redlinski, M. T.

Leplawy, Y. Pan, and J. Schaefer, J. Am. Chem. Soc. 112, 963
ACKNOWLEDGMENTS (1990).

This work was supported by NSF Grants DMR-9616212 (G.P.D.) anog' W.T. Dixon, J. Chem. Phys. 77, 1800 (1982).

MCB-9604860 (J.S.). 10. T. Gullion and J. Schaefer, Adv. Magn. Reson. 13, 57 (1989).
11. K. L. Wooley, C. A. Klug, K. Tasaki, and J. Schaefer, J. Am. Chem.
REFERENCES Soc. 119, 53 (1997).
12. A. E. Bennett, C. M. Rienstra, M. Auger, K. V. Lakshmi, and R. G.
1. T. Gullion and J. Schaefer, J. Magn. Reson. 81, 196 (1989). Griffin, J. Chem. Phys. 103, 6951 (1995).

2. C. A. Fyfe, A. R. Lewis, J. M. Chezeau, and H. Grodney, J. Am.  13. T. Gullion, D. Baker, and M. S. Conradi, J. Magn. Reson. 89, 479
Chem. Soc. 119, 12210 (1997). (1990).



	FIG. 1
	FIG. 2
	ACKNOWLEDGMENTS
	REFERENCES

