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Abstract: We describe a magic-angle spinning NMR experiment for selective13C-15N distance measurements
in uniformly 13C,15N-labeled solids, where multiple13C-15N and13C-13C interactions complicate the accurate
measurement of structurally interesting, weak13C-15N dipolar couplings. The new experiment, termed FSR
(frequencyselectiveREDOR), combines the REDOR pulse sequence with a frequency selective spin-echo to
recouple a single13C-15N dipolar interaction in a multiple spin system. Concurrently the remaining13C-15N
dipolar couplings and all13C-13C scalar couplings to the selected13C are suppressed. The13C-15N coupling
of interest is extracted by a least-squares fit of the experimentally observed modulation of the13C spin-echo
intensity to the analytical expression describing the dipolar dephasing in an isolated heteronuclear spin pair
under conventional REDOR. The experiment is demonstrated in three uniformly13C,15N-labeled model
systems: asparagine,N-acetyl-L-Val-L-Leu andN-formyl-L-Met-L-Leu-L-Phe; inN-formyl-[U-13C,15N]L-Met-
L-Leu-L-Phe we have determined a total of 16 internuclear distances in the 2.5-6 Å range.

Introduction

Solid-state nuclear magnetic resonance (SSNMR) experiments
designed to measure dipolar couplings are very important in
structural investigations of biological systems,1-3 which are not
amenable to X-ray diffraction or solution-state NMR methods.4-6

Such systems include membrane proteins,1,3,7-11 large enzyme-
inhibitor complexes,12,13 chemical and photochemical reaction
intermediates,9,11,14 peptide-protein complexes,15 and peptide

aggregates.16-22 In particular, the accurate measurement of13C-
13C and13C-15N dipolar couplings corresponding to internuclear
distances in the 3-6 Å range can provide detailed information
about the three-dimensional structure of biological solids.

The resolution and sensitivity of SSNMR experiments are
optimized by the combination of high static magnetic fields (B0

g ∼11.7 T) with (i) macroscopic orientation of the sample with
respect to the external field3 or (ii) rapid rotation of the sample
about an axis tilted away fromB0 by the “magic-angle”,θ )
tan-1x2. In the case of magic-angle spinning (MAS),23,24 the
high resolution is achieved at the expense of structural informa-
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tion, as MAS effectively attenuates the dipolar couplings
between low-γ nuclei, such as13C and15N. However, the fact
that spin components of the dipolar Hamiltonian can be
manipulated using radio frequency (rf) pulses allows dipolar
couplings to be reintroduced into the spin dynamics using pulse
sequences designed to interfere with the spatial modulation of
the dipolar interaction due to MAS.

Various homonuclear and heteronuclear dipolar recoupling
techniques have been developed and applied to distance
measurements in pairs of spin-1/2 nuclei, determination of
relative orientations of dipolar tensors, and polarization transfer
in chemical shift correlation experiments. Most of the existing
recoupling experiments including a number of applications have
been reviewed in detail.1,25,26 Here we focus our attention on
accurate13C-15N distance measurements in uniformly13C,15N-
labeled biomolecules.

The recoupling of isolated low-γ heteronuclear spin pairs can
be accomplished using windowless techniques such as cross-
polarization (CP)27 or rotary resonance recoupling (R3)28,29and
related experiments,30 as well as pulsed methods based on
rotational-echo double-resonance (REDOR).31,32Typically, RE-
DOR experiments employ phase-alternatedπ pulse schemes
(e.g.,xy-4, xy-8, etc.)33 to compensate for pulse imperfections
and resonance offsets,34 and can provide13C-15N distances up
to ∼6 Å.2,26 Furthermore, for sequences based onxy-4, finite
pulse effects are relatively minor35 making REDOR compatible
with the high MAS frequencies (ωr/2π ≈ 10-20 kHz) required
for high-field studies of U-13C,15N-labeled systems with strong
1H couplings.

Although experiments which probe heteronuclear distances
in isolated spin pairs continue to provide valuable structural
information, there is a compelling motivation for developing
SSNMR techniques for distance measurements in larger spin
systems, where multiple internuclear distances can be deter-
mined. In particular, such techniques provide a means to
circumvent the time-consuming and laborious preparation of
multiple specifically labeled samples. Instead, a single multiply
labeled sample will suffice. However, the application of methods
developed for spin pairs to distance measurements in U-13C,15N-
labeled systems is generally not straightforward, due to the
presence of multiple homonuclear and heteronuclear spin-spin
interactions. This is particularly exacerbated for weak hetero-
nuclear couplings, which provide the most useful information
about the three-dimensional arrangement of nuclei in the system.
For example, it is well-known that REDOR dipolar dephasing
of a singleS spin by multipleI spins in anInS spin system
depends on the magnitudes and relative orientations of all dipolar

couplings.36-39 (The situation is analogous for heteronuclearI-S
correlation experiments40,41 based on transferred-echo double-
resonance (TEDOR),42 where cross-peak intensities depend on
multiple couplings.) In the simplest multispin system of this
type (I2S), the dephasing profile is most sensitive to changes in
spin topology when the twoI-S interactions have similar
magnitude and theI1-S-I2 angle,θ12, is close to 0° or 180°.39

(Similar observations have also been made in a number of
dipolar tensor correlation experiments designed to measure bond
and dihedral angles.30,43-47) However, in general, when the size
and approximate geometry of the spin system are completely
unknown, the accurate measurement of weak couplings in the
presence of stronger ones becomes problematic.39

Several modified versions of REDOR have been developed
to overcome the dependence of dipolar dephasing curves in
coupled spin clusters on multiple couplings and their relative
orientations.θ-REDOR48 encodes the information about allI-S
couplings into the observableS spin signal in anInS system,
while eliminating the dependence on the relative orientation of
the interactions. Althoughθ-REDOR is very useful for reporting
simultaneously on all dipolar couplings present in the multiple
spin system, the extension of this method to the accurate
measurement of weak couplings in uniformly13C,15N-labeled
peptides is not straightforward. For this particular task, frequency
selective methods appear to be more generally applicable. An
example of this approach is frequency selective dipolar recou-
pling (FDR),49,50 where rotor-synchronizedπ pulses (one per
rotor period) are applied to the observedS (13C) nuclei, and
π/2 pulses49 or a combination ofπ/2 andπ pulses50 are applied
to theI (15N) spins. The FDR pulse sequence generates a dipolar
Hamiltonian similar to REDOR, but with an important modi-
fication: theI-spin resonance offset,δI, is explicitly encoded
into the spin dynamics. For on-resonanceI nuclei (δI ) 0) the
Hamiltonian is purely dipolar, and whenδI . bIS (wherebIS is
the I-S dipolar coupling constant), the dipolar dephasing is
quenched. The FDR method was demonstrated in several model
multispin systems including [1,4-13C, 1,2-15N]Gly-Gly‚HCl,50

where all four13C-15N dipolar couplings were measured (in
particular the 20 Hz C4-N1 coupling corresponding to∼5.4 Å
distance could be observed in the presence of the∼200 Hz C4-
N2 coupling).
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Complications can arise when applying FDR (and other
REDOR experiments) to U-13C,15N-labeled systems. Theπ-pulse
train on the13C channel would recouple the13C nuclei,51 create
unwanted coherences, and therefore fail to simply and cleanly
recouple 13C-15N pairs. The irradiation of the15N nuclei,
however, does not suffer from such an effect since in peptides
the dipolar coupling strengths go in the order13C-13C (2 kHz)
. 15N-15N (50 Hz), and amide15N resonances exhibit a
relatively small chemical dispersion. The accurate measurement
of weak13C-15N couplings (bCN ≈ 20-100 Hz) corresponding
to distances in the 3-6 Å range is further complicated by13C-
13C scalar couplings since the dipolar evolution time is limited
to approximately (2JCC)-1 (∼10-15 ms in peptides, where one-
bond13C-13C J couplings are in the 30-60 Hz range52).

We have recently described aJ-decoupled REDOR experi-
ment,53 which suppresses13C-13C scalar couplings and enables
the measurement of weak dipolar couplings between a single
15N nucleus and individual13C nuclei within a coupled cluster.
In that experiment the homonuclearJ couplings, assumed to
be in the weak-coupling limit (HJ ) 2πJ12S1zS2z),54 are refocused
by a frequency selective spin-echo,55 realized in practice by
applying a frequency selectiveπ pulse to a single13C spin.
(HomonuclearJ decoupling of this type has also been used for
resolution enhancement in two-dimensional correlation spec-
troscopy.56,57) The basic principle of using frequency selective
spin-echoes to retain certain interactions while refocusing
others can be extended to include heteronuclear dipolar cou-
plings. Here we describe a selective recoupling experiment based
on this idea and termed FSR (frequencyselective REDOR),
which combines REDOR with a frequency selective spin-echo
generated by a pair of frequency selectiveπ pulses applied to
a 13C-15N spin pair in the multispin system. We note that
although in our implementation we use REDOR (HD ∝ IzSz) to
achieve broadband recoupling, in principle, other sequences,
which generate an analogous effective dipolar Hamiltonian (e.g.,
SPI-R3)30 could also be used. For multiple13C,15N spin systems
with sufficient 13C and 15N chemical shift dispersion, the
application of the FSR pulse sequence generates an observable
13C signal, which depends on a single13C-15N dipolar coupling;
the remaining13C-15N interactions and all13C-13C scalar
couplings involving the selected13C are suppressed. The dipolar
coupling of interest is extracted by fitting the modulation of
the13C spin-echo to the analytical expression describing dipolar
dephasing in an isolated heteronuclear spin pair under conven-
tional REDOR.32 We demonstrate the utility of the FSR
experiment by measuring a number of structurally interesting
internuclear distances in U-13C,15N-labeled peptides,N-acetyl-
L-Val-L-Leu and N-formyl-L-Met-L-Leu-L-Phe; for the latter
peptide a total of 16 distances in the 2.5-6 Å regime were
determined, with a precision in the range 0.1-0.3 Å.

Experimental Section

NMR Experiments. NMR spectra were recorded at 11.7 T (500.1
MHz 1H, 125.8 MHz 13C, 50.7 MHz 15N) using a custom-designed
spectrometer (courtesy of Dr. David J. Ruben) with a custom-designed
quadruple-resonance MAS probe and a Chemagnetics (Fort Collins,
CO) triple-resonance MAS probe. The probes were equipped with 4.0
mm Chemagnetics spinning modules. Spinning frequencies of 10.0 or
12.5 kHz were used in all experiments and regulated to(5 Hz with a
Doty Scientific (Columbia, SC) spinning frequency controller. Samples
were centerpacked in the rotors to minimize the effects of rf inhomo-
geneity (measured to be∼5-10% fwhm using the standard nutation
method80).

The FSR pulse sequence is presented in Figure 1. Ramped cross-
polarization27,58 from 1H creates the initial13C magnetization. Subse-
quently, a REDOR pulse sequence31,32 is initiated for timeτ/2 ) nτr to
recouple the13C-15N dipolar interactions in a nonselective fashion.
All rotor-synchronizedπ pulses (timing shown in inset) are applied on
the 15N channel to avoid the recoupling of13C spins51 and phased
according to thexy-4 scheme33 to compensate for pulse imperfections
and resonance offsets.

The frequency selective spin-echo is generated by the application
of simultaneous rotor-synchronized selectiveπ pulses on the13C and
15N channels, where the frequency of the15N pulse can be varied
independently of the REDORπ pulses. Selective irradiation ac-
complishes the following: (i) signals originating from13C nuclei not
affected by the13C selective pulse are eliminated by phase cycling (φGauss

) xyxjyj, φrec′r ) xxjxxj), (ii) all 13C-13C scalar couplings to the selected
13C are suppressed,53 and (iii) the13C spin-echo intensity is modulated
only by 13C-15N dipolar couplings to the15N nuclei irradiated by the
selective pulse, while the dipolar couplings to the nonirradiated15N
are refocused. In our implementation, we use Gaussian pulses on both
channels, timed such that their maxima coincide with the midpoint of
the selective irradiation period occupying an even number of rotor cycles
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Figure 1. Frequency selective REDOR (FSR) pulse sequence. Fol-
lowing ramped cross-polarization27,58from 1H to 13C the13C-15N dipolar
couplings are reintroduced via a REDOR31,32sequence. The frequency
selective recoupling of13C-15N spin pairs is achieved by the generation
of a 13C spin-echo using a pair of rotor-synchronized frequency
selectiveπ pulses applied simultaneously on the13C and15N channels
(the frequency of the15N selective pulse is independent of the REDOR
π pulses). Couplings to protons during the13C-15N dipolar recoupling
period are attenuated using a combination of CW and TPPM59

decoupling, represented by filled and hollow rectangles, respectively.
To account for the relaxation of spin coherences, a reference (S0)
experiment is recorded for each dipolar dephasing (S) experiment, by
acquiring the13C spin-echo in the absence of the selective15N pulse,
which results in the refocusing of all15N dipolar couplings to the
selected13C.
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(2mτr). Selective pulses were calibrated using the pulse sequence:

whereτGausswas fixed at a constant value while the amplitude of the
pulse was increased resulting in the nutation of the observable
magnetization (aπ pulse corresponds to maximum inversion).

Following the selective irradiation period, a REDOR pulse sequence,
identical to that applied prior to the selective pulses, is initiated for
time τ/2 ) nτr. During this period, dipolar couplings involving the
selected13C-15N spin pairs are retained, while13C-13C scalar couplings
and remaining13C-15N dipolar couplings are refocused. Additional
delays ofτr, during which no dipolar evolution occurs, are inserted
following CP and immediately before signal acquisition. The purpose
of the second delay is to avoid the acquisition of the13C FID during
15N rf irradiation; the delay following CP preserves the symmetry of
the sequence. The influence of proton couplings during the13C-15N
recoupling period is attenuated by a combination of resonant continuous-
wave (CW) and two-pulse phase modulation (TPPM)59 decoupling (see
Results and Discussion Section for details). TPPM decoupling was used
during acquisition.

Unless otherwise indicated, the15N REDORπ pulse length was 18
µs (ωrf/2π ≈ 28 kHz), the TPPM1H decoupling was∼120 kHz (φ )
15°, τ ) 4.0 µs), the CW decoupling was 125 kHz, and the13C and
15N Gaussian pulses were 1.0-5.0 ms and 1.0-10.0 ms, respectively.
Each selective pulse was divided into 64-512 increments, and the
Gaussian profile was truncated at 1% of the maximum amplitude.

Internuclear Distance Measurements.During the FSR pulse
sequence the information about a single13C-15N dipolar coupling is
encoded into the observable signal intensity. Therefore, the dipolar
coupling constant of interest can be extracted by fitting the experi-
mentally observed modulation of the13C spin-echo intensity to the
analytical expression describing the dipolar dephasing in an isolated
heteronuclear spin pair under conventional REDOR:32

∆S/S0 ) 1 - S/S0, whereS0 andS represent the reference and dipolar
dephasing experiments, respectively (cf. Figure 1). The dipolar coupling,
ωCN, is a function of the13C-15N dipolar coupling constant,bCN, and
〈‚‚‚〉 represents the average over random orientations of the dipole vector
in the powder sample (see Theoretical Background section for details).
The scaling factor,λ, accounts for the contribution toS0 from 13C spins
without a neighboring15N, which is the result of imperfect isotopic
labeling and dilution of the labeled compound with natural abundance
material.

In the FSR experiment,λ also accounts for a small scaling of the
dipolar dephasing amplitude resulting from the imperfect inversion of
15N spin coherences by the15N selective pulse and decay of coherences
due to insufficient1H decoupling during the selective pulse. The
amplitude scaling was found to be negligible for 1-10 ms15N selective
pulses when recoupling15N with small chemical shielding anisotropy
(CSA) and small effective15N-1H coupling (e.g., NH3+ groups under
the experimental conditions employed in this work) (data not shown).
For 15N nuclei with larger CSA and15N-1H coupling (e.g., amide
groups) the scaling was also negligible for short (∼1 ms)15N selective
pulses. However, for pulses in the 6-10 ms range the dephasing
amplitude had to be scaled down by∼5-10% to accurately simulate
experimental data. For most systems, internal references are available,
in the form of strong13C-15N dipolar couplings which exhibit several
oscillations during typical mixing times, andλ can be easily calibrated.
For example, in the U-13C,15N-labeled peptides investigated in this work,
which were not diluted in natural abundance material, we expectλ ≈
1.0 for conventional REDOR. However, we find that FSR experiments
for ∼200 Hz13C-15N couplings (e.g., Val(Câ)-Val(N) in N-acetyl-L-
Val-L-Leu), which employed 10 ms15N selective pulses, are best-fit
with λ ≈ 0.90-0.95. For each experiment designed to measure a single
13C-15N distance, the reducedø2, øν

2 ∝ ∑iwi(sexp
i - ssim

i ),60 was

minimized by adjusting the dipolar coupling constant,bCN, and
amplitude scaling factor,λ, wherebCN was varied freely andλ was
allowed to vary only within a narrow range (determined from the data
for strong13C-15N couplings). The uncertainties inbCN (reported at
95% confidence level) were obtained according to the procedure
described in ref 60. First, the best-fit dipolar coupling,bCN

/ , is
determined withøν,min

2 . Subsequently, several trialbCN values are
selected aroundbCN

/ , and experimental data are re-fit by optimizingλ
within the previously defined range. ThebCN values, for which the
condition øν,max

2 ) F(ν)øν,min
2 is satisfied (F(ν) is a constant, which

depends on the number of degrees of freedom,ν, and the desired
confidence level), represent the uncertainties in the best-fit dipolar
coupling constant. The internuclear C-N distances,rCN, are related to
the dipolar coupling constants via eq 6 below (see Theoretical
Background section for details).

13C,15N-Labeled Model Systems.The model compounds used in
the experiments were: [1-13C,15N]glycine, [acetyl-1,2-13C,15N]N-
acetylvaline (NAV), [U-13C,15N]asparagine, [U-13C,15N]N-acetyl-L-Val-
L-Leu (VL) andN-formyl-[U-13C,15N]L-Met-L-Leu-L-Phe (MLF). All
13C,15N-labeled amino acids and [1,2-13C]acetic anhydride were pur-
chased from Cambridge Isotope Laboratories (Andover, MA). VL and
MLF were synthesized by Synpep (Dublin, CA) and American Peptide
(Sunnyvale, CA), respectively, using standard solid-phase methods and
purified by HPLC. Prior to the NMR experiments glycine, asparagine,
and NAV were diluted to∼10% in respective natural abundance
compounds and recrystallized by slow evaporation of aqueous solutions.
VL was crystallized from a 1:1 (v/v) H2O:acetone solution61 and we
confirmed using X-ray crystallography (courtesy of W. Davis) that the
crystal structure is in good agreement with the published structure.62

The recrystallization ofN-formyl-L-Met-L-Leu-L-Phe from 2-propanol
results in microcrystals, which are not of sufficiently high quality for
X-ray crystallography. However, an X-ray structure has been reported
for the methyl ester analogue of MLF,N-formyl-L-Met-L-Leu-L-Phe-
O-methyl (MLF-OMe).63 The inspection of VL and MLF-OMe crystal
structures indicates that intermolecular13C-15N couplings are expected
to have a relatively minor effect on the structurally interesting side
chain-to-backbone13C-15N distances in the 3-4 Å range in these
peptides (see Supporting Information). Therefore, initial FSR experi-
ments were performed on peptides not diluted in natural abundance
compounds. However, for measurements of intramolecular distances
in the 4-6 Å regime a MLF sample was prepared by dilutingN-formyl-
[U-13C,15N]L-Met-L-Leu-L-Phe to ∼10% in the natural abundance
peptide followed by recrystallization from 2-propanol.

Theoretical Background

Broadband Recoupling in Multispin Systems.We consider
a coupled multiple spin system consisting ofn 13C spins andm
15N spins. In the rapid spinning regime the first-order effective
Hamiltonian64,65describing the spin-spin couplings during the
REDORπ-pulse train (Figure 1) can be written:32

TheC andN operators represent13C and15N spins, respectively,
andJCiCj is theCi-Cj scalar coupling constant. For15N π pulses
of finite length and phase-alternated according toxy-4 (or

(59) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin,
R. G. J. Chem. Phys.1995, 103, 6951-6957.

(60) Shoemaker, D. P.; Garland, C. W.; Nibler, J. W.Experiments in
Physical Chemistry; McGraw-Hill: New York, 1989 and references therein.

(61) Stewart, P. L.; Tycko, R.; Opella, S. J.J. Chem. Soc., Faraday Trans.
1 1988, 84, 3803-3819.

(62) Carroll, P. J.; Stewart, P. L.; Opella, S. J.Acta Crystallogr.1990,
C46, 243-246.

(63) Gavuzzo, E.; Mazza, F.; Pochetti, G.; Scatturin, A.Int. J. Pept.
Protein Res.1989, 34, 409-415.

(64) Haeberlen, U.; Waugh, J. S.Phys. ReV. 1968, 175, 453-467.
(65) Haeberlen, U.High-Resolution NMR in Solids: SelectiVe AVeraging;

Academic Press: New York, 1976. We use the notation, where the leading
term of the Magnus expansion is indexed with one.

CPx - (π/2)y - z-filter - τGauss- z-filter - (π/2) - acquire

∆S/S0(τ) ) λ[1 - 〈cos(ωCNτ)〉] (1)

H ) ∑
i)1

n

∑
j)1

m

ωCiNj
2CizNjz + ∑

i<j

πJCiCj
2CizCjz (2)
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extensions thereof),33 the dipolar coupling coefficients have the
form:35

where the fraction of the rotor period,τr, occupied byπ pulses
of lengthτp is defined as

The Fourier component rotating atωr in the MAS Hamiltonian
for the dipolar coupling is given by:66

where theCi-Nj dipolar coupling constant:

is a function of the gyromagnetic ratios,γC and γN, of the
coupled spins and theCi-Nj internuclear distance,rCiNj. The
Wigner rotation matrices,D0,m

(2) (ΩPC
ij ), ΩPC

ij ) {0,âPC
ij ,γPC

ij },
describe the transformations of individualCi-Nj dipole vectors
from their principal axis systems (Pij) to a common crystallite-
fixed frame (C). The subsequent transformation of all crystallites
in the powder sample into the rotor-fixed frame (R) is described
by Dm,-1

(2) (ΩCR), and the reduced rotation matrix,d-1,0
(2) (âRL),

transforms the rotor-fixed frame into the laboratory frame (L)
via a rotation by the magic angle,âRL ) tan-1x2. In the case
of a singleC-N dipolar coupling, for which the principal axis
system coincides with the crystallite-fixed frame (i.e.,ΩPC )
{0,0,0}), eq 5 becomes:

and the expression forωCN (cf. eqs 2 and 3) simplifies to:

Equation 8 differs from the expression for idealδ-pulse
REDOR32 only by the factor cos(æπ/2)/(1 - æ2), which
describes the finite pulse effects.35

The initial transverse13C density matrix created by cross-
polarization27 from 1H can be written:

wherepi represents the starting polarization on theith 13C spin.
In the absence of relaxation, the density matrix for individual
crystallites evolves under the effective Hamiltonian in eq 2
according to:54

with

Explicit calculation yields

where only the part ofF(τ) corresponding to observable
coherences is given. The resulting13C spin-echo intensity is:

where coefficientsp̃i include the appropriate normalization
constants and〈‚‚‚〉 denotes the average over the Euler angles,
ΩCR ) {RCR,âCR,γCR}, which define random crystallites in the
powder sample. Equation 13 provides the well-known re-
sult:36-39 for Hamiltonians of the form given in eq 2, the
observable coherences evolve simultaneously as products of
cosine terms describing all spin-spin couplings in the multispin
system, and the dependence of the observable signal on the
relative orientations of all dipolar couplings is encoded in the
frequencies,ωCiNj. As a result of the dependence on multiple
couplings and their relative orientations, the accurate measure-
ment of weak heteronuclear dipolar couplings in multispin
systems of unknown topology is very difficult.39

Selective Recoupling in Multispin Systems.The effective
spin-spin coupling Hamiltonian of eq 2 is a sum of commuting
bilinear terms, which, in principle, can be refocused by spin-
echo55 techniques. Consider the pulse sequence of the type
shown in Figure 1, where simultaneous rf irradiation on13C
and15N channels is bracketed by two identical dipolar evolution
periods of durationτ/2. Assuming that a pair of idealπ pulses
is applied in a frequency selective fashion to spinsCk andNl in
the multispin cluster the propagator for the entire pulse sequence
can be written:

H can be expressed as a sum of three terms:

whereH0, H1, andH2 contain the two-spin operators affected
by neither, one, and both pulses, respectively:

The sign ofH1 is inverted by the selective13C and15N π pulses,
which leads to the refocusing of those interactions during the

(66) Mehring, M.Principles of High-Resolution NMR in Solids; Springer-
Verlag: Berlin, 1983.

ωCiNj
) - 4

π

cos(π2æ)
1 - æ2

Im{ωCiNj

(1) (ΩPR
ij )} (3)

æ )
2τp

τr
(4)

ωCiNj

(1) (ΩPR
ij ) ) -bCiNj

{ ∑
m)-2

2

D0,m
(2) (ΩPC

ij )Dm,-1
(2) (ΩCR)}d-1,0

(2) (âRL)

(5)

bCiNj
) -

µ0

4π
γCγNp

rCiNj

3
(6)

ωCN
(1) (ΩPR) )

bCN

2x2
sin(2âPR) eiγPR (7)

ωCN ) -
x2
π

cos(π2 æ)
1 - æ2

bCN sin(2âPR) sin(γPR) (8)

F(τ0) ) ∑
i

piCix (9)

F(τ) ) U(τ)F(τ0)U(τ)-1 (10)

U(τ) ) ∏
i,j

exp{-iωCiNj
τ2CizNjz} ×

∏
i<j

exp{-iπJCiCj
τ2CizCjz} (11)

F(τ) ) ∑
i

{piCix∏
j

cos(ωCiNj
τ)∏

j*i

cos(πJCiCj
τ)} + ..., (12)

S(τ) ) 〈tr{(∑
i

Ci
+)F(τ)}〉 ) 〈∑

i

{p̃i∏
j

cos(ωCiNj
τ) ×

∏
j*i

cos(πJCiCj
τ)}〉 (13)

U(τ) ) exp{-iH(τ/2)} exp{-iπCkx} exp{-iπNlx} ×
exp{-iH(τ/2)} (14)

H ) H0 + H1 + H2 (15)

H0 ) ∑
i*k

∑
j*l

ωCiNj
2CizNjz + ∑

i<j*k

πJCiCj
2CizCjz (16a)

H1 ) ∑
i*l

ωCkNi
2CkzNiz + ∑

i*k

ωCiNl
2CizNlz + ∑

i*k

πJCkCi
2CkzCiz

(16b)

H2 ) ωCkNl
2CkzNlz (16c)
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FSR pulse sequence.H0 andH2 are unaffected by theπ pulses,
and eq 14 can be simplified to:

Furthermore, in the FSR experiment we are only interested in
the dipolar dephasing of the transverse magnetization on the
13C spin,Ck, irradiated by the13C selective pulse, and therefore
the initial density matrix is:

Since in eq 17 the exponential operators containingH0, Ckx,
andNlx commute with the initial density matrix, they have no
effect on the time evolution (cf. eq 10) and can be neglected.
The resulting propagator for the complete FSR pulse sequence
is given by:

Therefore, spinCk evolves only under the dipolar coupling to
the selectedNl spin in the multispin system, while the remaining
13C-15N dipolar couplings and13C-13C scalar couplings, which
would complicate the evolution, are suppressed. The13C spin-
echo intensity averaged over the crystallite ensemble is equiva-
lent to that expected for an isolated spin pair under conventional
REDOR:32

Experimentally, the frequency selective13C and15N pulses
do not correspond to instantaneousπ rotations, and in our
implementation selective excitation of resonances is achieved
with weak Gaussian-shaped pulses67 (e.g., ∼(500 Hz 15N
excitation bandwidth requires a 4 mspulse). Nevertheless, in
practice we find that the selective pulses act in nearly ideal
fashion; the effects due to their application appear to be
relatively minor and are compensated by recording reference
experiments. We also note here that it isessentialthat rotor
synchronization is maintained throughout the entire experiment,
since for efficient refocusing of the dipolar interactions the phase
of the REDOR sequence25,68must remain unchanged. We used
a standard spinning frequency controller (see Experimental
Section), and the resulting(5 Hz stability in the MAS rate was
adequate for maintaining the required rotor synchronization.

Results and Discussion

Selective Recoupling in [U-13C,15N]Asparagine.Asparagine
(Figure 2a) represents a favorable model system for demonstrat-
ing frequency selective13C-15N recoupling experiments in
uniformly 13C,15N-labeled compounds. The difference in CR and
Câ isotropic chemical shifts is∼16 ppm, and the N′ and Nδ2

resonances are separated by∼75 ppm (Figure 2b and 2c), which
enables straightforward frequency selective irradiation of13C-
15N spin pairs. Furthermore, the four13C-15N dipolar couplings
to be measured (Figure 2a) cover a relatively wide range of
internuclear distances (∼1.5-4 Å).

Prior to quantitative C-N distance determination we quali-
tatively investigate the selective recoupling of Câ-N′ and Câ-
Nδ2 interactions using the FSR pulse sequence. The Câ resonance
is selectively irradiated with a 1.0 ms Gaussian pulse, and15N

Gaussian pulses are applied at different frequencies in the15N
spectrum.15N REDOR π pulses are approximately centered
between the N′ and Nδ2 resonances (δ ≈ 75 ppm in Figure 2c),
so that the effective field during REDOR is identical for both
15N, and the dipolar evolution time (see Figure 1) is set toτ )
8.0 ms. Figure 3 demonstrates the selective recoupling of Câ-
N′ and Câ-Nδ2 interactions using a frequency selective spin-
echo generated by the simultaneous13C and15N selective pulses;
the Câ signal is dephased only by the15N nuclei on-resonance
with the Gaussian pulse, while the couplings to off-resonance
15N are refocused. The selectivity of the FSR experiment can
be tuned by adjusting the duration of the15N Gaussian pulse,
where the recoupling conditions become increasingly narrow
for long, weak pulses. The recoupling bandwidths obtained with
1-10 ms pulses are in the(2000 to(200 Hz range.

Having demonstrated the feasibility of pairwise recoupling
of selected heteronuclear interactions in a multiple-spin system,
we apply the FSR experiment to the quantitative measurement
of several internuclear distances in [U-13C,15N]asparagine. In
Figure 4a and 4b we determine the Câ-N′ and Câ-Nδ2

distances, respectively, where a 1.0 ms13C selective pulse is
applied to the Câ resonance, a 1.0 ms15N selective pulse is
applied on-resonance with the15N to be recoupled, and the
dipolar evolution time,τ, is incremented. The simulation of
experimental data to the two-spin model (see Experimental
Section for details) results in best-fit Câ-N′ and Câ-Nδ2

distances of 2.49( 0.02 and 2.44( 0.02 Å, respectively; these
distances are in good agreement with the neutron diffraction
values of 2.48 Å for Câ-N′ and 2.42 Å for Câ-Nδ2.69

For comparison with the individual distance measurements,
Figure 4c shows the dipolar dephasing in a coupled pseudo-
three-spin (Nδ2-Câ-N′) system, where simultaneous recoupling
of both 13C-15N interactions significantly alters the evolution
relative to the “spin-pair” cases. The data were simulated using

(67) Freeman, R.Spin Choreography: Basic Steps in High-Resolution
NMR; Spektrum: Oxford, 1997.

(68) Gullion, T.; Conradi, M. S.J. Magn. Reson.1990, 86, 39-45.

U(τ) ) exp{-iH0τ}exp{-iH2τ}exp{-iπCkx}exp{-iπNlx}
(17)

F(τ0) ) pkCkx (18)

U(τ) ) exp{-iωCkNl
2CkzNlz} (19)

S(τ) ) 〈p̃k cos(ωCkNl
τ)〉 (20)

Figure 2. (a) Neutron diffraction structure of asparagine.69 The
internuclear distances of interest in this work are indicated.13C (b)
and15N (c) MAS spectra of [U-13C,15N]asparagine recorded atωr/2π
) 12.5 kHz. Rotational sidebands are denoted by an asterisk.
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the Câ-N′ and Câ-Nδ2 couplings determined from FSR
experiments (Figure 4a and 4b) with the relative orientation,
θ12 ) 123°, obtained from the neutron diffraction structure,69

and the agreement between experiment and simulation is good.
In this favorable case of two13C-15N couplings of ap-
proximately equal magnitude, we can obtain information about
both couplings from the nonselective experiment. However, as
noted previously, in general the accurate extraction of weak
dipolar couplings from dipolar dephasing data in multiple-spin
systems of unknown topology is very difficult.39

In Figure 5 we show the measurement of CR-N′ and CR-
Nδ2 distances in [U-13C,15N]asparagine. It is clear that the rapid
dipolar oscillation due to the one-bond CR-N′ coupling is
suppressed when the15N selective pulse is applied off-resonance
with N′, and selective dephasing of the CR signal by Nδ2 can
be accomplished (Figure 5a). We note that for experiments
where one-bond13C-15N couplings are refocused the reference
and dephasing curves for evolution times greater than∼10-
12 ms can appear somewhat “noisy” relative to experiments
involving the refocusing of weaker (e.g., two-bond) couplings.
This may be the result of short-term fluctuations in the spinning
frequency, the effects of which are expected to be most
pronounced at long evolution times when attempting to refocus
strong couplings. (In such cases we found that averaging several
experiments acquired at different times significantly reduces the
scatter in the data.) The experimental data were simulated
(Figure 5b and 5c) and the resulting distances are 1.50( 0.02
Å for CR-N′ and 3.58( 0.20 Å for CR-Nδ2. These compare

well with the respective neutron diffraction distances of 1.49
and 3.75 Å.69 A summary of all distance measurements in
[U-13C,15N]asparagine is provided in Table 1.

Internuclear Distance Measurements in U-13C,15N-Labeled
Peptides.In the following we present accurate13C-15N distance
measurements in model peptides, [U-13C,15N]N-acetyl-L-Val-
L-Leu (VL) andN-formyl-[U-13C,15N]L-Met-L-Leu-L-Phe (MLF).
Frequency selective recoupling in these peptides is more
challenging compared to that in asparagine, since the amide15N
resonances have very similar frequencies. However, we found
that 6-10 ms 15N Gaussian pulses, having∼(300 to (200

(69) Verbist, J. J.; Lehmann, M. S.; Koetzle, T. F.; Hamilton, W. C.
Acta Crystallogr.1972, B28, 3006.

Figure 3. Selective recoupling of Câ-N′ and Câ-Nδ2 dipolar
interactions in [U-13C,15N]asparagine. The pulse sequence in Figure 1
was used with the total dipolar evolution time,τ ) 8.0 ms. Experiments
were performed atωr/2π ) 10.0 kHz( 5 Hz with a 1.0 ms Gaussian
pulse applied to the Câ resonance. We show the results of “frequency
sweep” experiments for15N Gaussian pulses of: (a) 1.0, (b) 2.0, (c)
4.0, (d) 6.0, (e) 8.0, and (f) 10.0 ms. Each experimental point (O) is
the ratio of the intensity of the Câ resonance in the presence and absence
of the15N selective pulse. The15N selective pulse bandwidths, outside
of which negligible recoupling takes place, were found to be ap-
proximately: (a)(2000, (b) 1000, (c) 500, (d) 300, (e) 250, and (f)
200 Hz.

Figure 4. Internuclear distance measurements for Câ in [U-13C,15N]-
asparagine and dipolar evolution in the coupled pseudo-three-spin
system Nδ2-Câ-N′. Pairwise frequency selective recoupling of Câ-
N′ (a) and Câ-Nδ2 (b) interactions. Experiments were performed at
ωr/2π ) 10.0 kHz( 5 Hz, and eight scans were averaged for each
time point. A 1.0 ms Gaussian pulse was applied to the Câ resonance,
and a 1.0 ms Gaussian pulse was applied on resonance with N′ (a) or
Nδ2 (b). The simulations (s) in (a) and (b) are least-squares fits of the
experimental data (O) to the analytical expression describing the dipolar
evolution in an isolated heteronuclear spin pair under conventional
REDOR, where finite pulse effects have been taken into account. The
best-fit values for the dipolar coupling constants arebCN(Câ-N′) )
198( 3 Hz andbCN(Câ-Nδ2) ) 210( 3 Hz, corresponding to Câ-N′
and Câ-Nδ2 distances of 2.49( 0.02 and 2.44( 0.02 Å, respectively
(cf. Table 1). In (c) we show experimental data (O) and simulation
(s) for the J-decoupled REDOR experiment,53 in which Câ-N′ and
Câ-Nδ2 interactions are simultaneously recoupled and the dipolar
dephasing of the Câ spin depends on both13C-15N couplings and their
relative orientation (see text for details). The input parameters for the
simulation are the Câ-N′ and Câ-Nδ2 dipolar couplings (determined
to be 198 and 210 Hz from the FSR experiments in (a) and (b)) and
the projection angle between the Câ-N′ and Câ-Nδ2 dipole vectors
(determined to beθ12 ) 123° from the asparagine neutron diffraction
structure69).
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Hz bandwidths (cf. Figure 3), were sufficient to selectively
recouple the individual amide15N in VL and MLF.

Figure 6 shows the X-ray structure ofN-acetyl-L-Val-L-Leu62

as well as one-dimensional13C and15N MAS spectra of the
U-13C,15N-labeled peptide. The13C and 15N chemical shift
assignments were obtained from two-dimensional13C-13C and
13C-15N correlation experiments (see Supporting Information).
The 13C-13C correlation spectra do not provide unambiguous
assignments for the Val and Leu methyl resonances. The
assignment of the Leu(Cδ) resonances remains ambiguous since

we did not attempt to perform13C-15N distance measurements
involving those13C. However, using the FSR experiments for
both Val(Cγ) we were able to assign the downfield resonance
(denoted Cγ1) to the CH3 approximatelysynto Val(N) and the
upfield resonance (denoted Cγ2) to the CH3 approximatelyanti
to Val(N) (cf. Figure 6a).

Representative FSR experiments in [U-13C,15N]N-acetyl-L-
Val-L-Leu are presented in Figure 7, and all distances measured
in the peptide are summarized in Table 2. The frequency
selective experiments enable the measurement of internuclear
distances, which provide indispensable information about the
three-dimensional structure of the peptide, but are not easily
accessible via nonselective methods. For example, Val(Câ) can
be recoupled to Val(N) and Leu(N) in separate experiments.
While the two-bond Val(Câ)-Val(N) dipolar coupling (Figure
7a), which would dominate the nonselective experiment,
provides no useful structural data, the Val(Câ)-Leu(N) coupling
(Figure 7b) provides valuable information about the backbone
torsion angleψ1. Since [U-13C,15N]VL was not diluted in the
natural abundance compound, the distances reported are limited
to the side chain-to-backbone distances in the 2.5-3.5 Å range,
for which the dipolar dephasing depends primarily on a single
intramolecular coupling (see Supporting Information). (Accurate

Figure 5. Internuclear distance measurements for CR in [U-13C,15N]-
asparagine. (a) Reference (S0) curve (b) and dipolar dephasing (S)
curves for CR-N′ (O) and CR-Nδ2 (0) couplings. Experimental∆S/S0

curves (O) and analytical simulations (s) for CR-N′ (b) and CR-Nδ2

(c) couplings. The best-fit values for the dipolar coupling constants
are bCN(CR-N′) ) 907 ( 35 Hz andbCN(CR-Nδ2) ) 67 ( 8 Hz,
corresponding to CR-N′ and CR-Nδ2 distances of 1.50( 0.02 and
3.58 ( 0.20 Å, respectively (cf. Table 1). Spectra were recorded at
ωr/2π ) 10.0 kHz ( 5 Hz, and 6 experiments (eight scans per
experiment) were averaged for each time point. A 1.0 ms Gaussian
pulse was applied to the CR resonance, and a 1.0 ms Gaussian pulse
was applied on resonance with N′ (b) and Nδ2 (c).

Table 1. Internuclear Distances in [U-13C,15N]Asparagine

rC-N (Å)

atomsa NMRb neutronc

N′ CR 1.50( 0.02 1.49
Câ 2.49( 0.02 2.48

Nδ2 CR 3.58( 0.20 3.75
Câ 2.44( 0.02 2.42

a Nomenclature given in Figure 2a.b NMR distances (with uncertain-
ties at 95% confidence level) were determined using frequency selective
REDOR as described in the text.c Verbist, J. J.; Lehmann, M. S.;
Koetzle, T. F.; Hamilton, W. C.Acta Crystallogr.1972, B28, 3006.

Figure 6. X-ray structure ofN-acetyl-L-Val-L-Leu62 (a) and13C (b)
and15N (c) MAS spectra of [U-13C,15N]N-acetyl-L-Val-L-Leu recorded
at ωr/2π ) 10.0 kHz. Most13C resonances exhibit resolved splittings
due to∼30-60 Hz 13C-13C J couplings.13C and15N chemical shift
assignments were obtained from two-dimensional13C-13C and13C-
15N correlation spectra (see Supporting Information). Val(Cγ1) and Val-
(Cγ2) resonances were assigned on the basis of the FSR experiments
presented in this work. Assignment of Leu(Cδ1) and Leu(Cδ2) resonances
remains ambiguous, since distance measurements involving those nuclei
were not performed here.
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measurements of longer distances are demonstrated below for
MLF.) Overall the experimental data are reproduced well by
the analytical two-spin model (cf. eq 1), and most measured
distances agree closely (within∼0.1 Å) with those determined
by X-ray crystallography (see Table 2).

The X-ray structure ofN-formyl-L-Met-L-Leu-L-Phe-OMe,63

which is closely related to the MLF peptide investigated in this
work, is shown in Figure 8a. Figure 8b and 8c show one-
dimensional13C and15N MAS spectra, respectively, ofN-formyl-
[U-13C,15N]L-Met-L-Leu-L-Phe. The13C and15N chemical shift
assignments were reported previously in ref 70. The FSR
experiments presented here were used to assign the Leu methyl
resonances.13C-15N distance measurements were not performed
for the downfield resonance (denoted Cδ1) due to spectral
overlap with Leu(Cγ) (the Leu(Cγ)-Leu(Cδ) J coupling is∼30
Hz). The MLF-OMe X-ray structure63 indicates that only one

Leu(Cδ) is in close proximity to Leu(N). For the upfield
resonance (denoted Cδ2) the dipolar coupling to Leu(N) was
found to be relatively strong; assuming similar structures for
MLF and MLF-OMe, we have tentatively assigned the upfield
resonance to the CH3 closer to Leu(N) (cf. Figure 8a).

Representative FSR experiments inN-formyl-[U-13C,15N]L-
Met-L-Leu-L-Phe (undiluted in natural abundance MLF) are
shown in Figure 9. For example, the Met(Câ)-Phe(N) dipolar
coupling can be observed in the presence of the stronger Met-
(Câ)-Met(N) and Met(Câ)-Leu(N) couplings (Figure 9d); the
measured Met(Câ)-Phe(N) distance (short relative to that
expected for an extendedâ-sheet-type structure) identifies the
turn in the MLF backbone (see Figure 10). Table 3 provides
the summary of all internuclear distances determined in
[U-13C,15N]MLF diluted to ∼10% in the natural abundance
peptide. (Figure 10 shows the X-ray structure ofN-formyl-L-
Met-L-Leu-L-Phe-OMe with several structure-constraining dis-
tances determined in MLF superimposed.) Accurate determi-
nations of internuclear distances up to∼6 Å could be performed,
and of the total 16 measured distances, 14 are in the 3-6 Å
range and provide valuable structural constraints. Most measured
distances in MLF are in relatively good agreement with the
corresponding distances in the X-ray structure of MLF-OMe.63

This indicates that, while the three-dimensional structures of
MLF and MLF-OMe are not identical, there appears to be a
high degree of similarity between them.

Effect of 1H Decoupling on REDOR Experiments. Al-
though insufficient proton decoupling during REDOR does not
prohibit the measurement of relatively accurate13C-15N dipolar
couplings,71 the quality of the experimental data depends on
the efficient attenuation of the dipolar contacts between the
low-γ nuclei and protons. We find that for REDOR sequences

(70) Hong, M.; Griffin, R. G.J. Am. Chem. Soc.1998, 120, 7113-7114.
(71) Mehta, A. K.; Hirsh, D. J.; Oyler, N.; Drobny, G. P.; Schaefer, J.

J. Magn. Reson.2000, 145, 156-158.

Figure 7. Representative internuclear distance measurements in [U-13C,15N]N-acetyl-L-Val-L-Leu. Experimental∆S/S0 curves (O) and analytical
simulations (s) are shown for the selective pairwise recoupling of (a) Val(Câ)-Val(N), (b) Val(Câ)-Leu(N), (c) Val(Cγ1)-Val(N), and (d) Val(Cγ2)-
Leu(N). The internuclear distances measured in [U-13C,15N]N-acetyl-L-Val-L-Leu are summarized in Table 2. Experiments were performed atωr/2π
) 10.0 kHz( 5 Hz, and 32 scans were averaged for each time point. The13C Gaussian pulse was 3.0 ms for experiments involving Val(Cγ1) and
Val(Cγ2), and 5.0 ms for Val(Câ), Leu(Câ) and Leu(Cγ). The (i) Val(Cγ1)/Val(Cγ2) and (ii) Val(Câ)/Leu(Cγ) distance measurements were performed
simultaneously since the chemical shifts are similar for these nuclei, and Val(Cγ1)-Val(Cγ2) and Val(Câ)-Leu(Cγ) 13C-13C J couplings are negligible
relative to the13C-15N dipolar couplings of interest. The15N Gaussian pulse was 10.0 ms, applied on resonance with the Val(N) or Leu(N)
resonances.

Table 2. Internuclear Distances in [U-13C,15N]N-acetyl-L-Val-L-Leu

rC-N (Å)

atomsa NMRb X-rayc

Val(N) Val(Câ) 2.50( 0.02 2.48
Val(Cγ1) 3.01( 0.02 2.97
Val(Cγ2) 3.58( 0.08d 3.81

Leu(N) Val(Câ) 3.35( 0.06 3.46
Val(Cγ2) 3.31( 0.03 3.40
Leu(Câ) 2.51( 0.02 2.49
Leu(Cγ) 3.28( 0.06 3.29

a Nomenclature given in Figure 6a.b NMR distances (with uncertain-
ties at 95% confidence level) were determined using frequency selective
REDOR as described in the text.c Courtesy of W. Davis (MIT). All
distances agree to 0.02 Å or better with those determined in ref 62.
d The magnitude of intermolecular Val(Cγ2)-Val(N) couplings (see
Supporting Information) is non-negligible relative to the intramolecular
Val(Cγ2)-Val(N) coupling.
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of the type shown in Figure 1 (where all recouplingπ pulses
are applied to the nonobserved spins) reference experiments can
be used to compensate for insufficient proton decoupling during
the delays between the pulses; however, insufficient decoupling
during theπ pulses can result in a significant scaling of the
dipolar dephasing amplitude.

Figure 11 shows a comparison of1H decoupling schemes
during the dipolar evolution period of FSR experiments in
[U-13C,15N]asparagine. The15N rf field was∼28 kHz, and the
1H decoupling field during the15N π pulses was 125 kHz CW
in all experiments, ensuring a sufficiently highωrf(1H):ωrf(15N)
mismatch.72-74 During the delays between the pulses, 120 kHz
continuous wave (CW) or two-pulse phase modulation (TPPM)59

decoupling was used, and we observe a significant improvement
in the 13C spin-echo intensity with TPPM decoupling (Figure
11a). This effect is of practical importance for systems yielding
spectra with low signal-to-noise ratios. However, inefficient1H
decoupling during the free-evolution periods is effectively
compensated by the∆S/S0 analysis, as nearly identical∆S/S0

curves are obtained for both decoupling schemes (Figure 11b).
The effects of insufficient1H decoupling during the15N rf

pulses cannot be compensated with reference experiments. In
Figure 12 we investigate these effects in spin systems with
different 15N-1H dipolar couplings by acquiring a series of
dipolar dephasing curves in the presence of CW decoupling held
constant at∼85 kHz and15N rf fields of ∼25, 35 and 50 kHz.
For [1-13C,15N]glycine (Figure 12a and 12b), where the strong
15N-1H interactions are attenuated by the rapid hopping of the
NH3

+ group under the experimental conditions employed here,75

the effects of 15N-1H recoupling due to the insufficient
mismatch of1H and 15N rf fields72-74 appear to be minimal
(Figure 12a), and the∆S/S0 curves recorded for different15N
fields are nearly identical (Figure 12b). The situation is quite
different in the case of the relatively rigid amide group in
[acetyl-1,2-13C,15N]N-acetylvaline, for which the15N-1H cou-
pling is strong (∼10 kHz). Here, both reference and dipolar
dephasing curves for the (acetyl-CH3)-N′ coupling (Figure 12c)
show significant deviations from ideal behavior forωrf(1H):ωrf-
(15N) less than 3:1.72-74 The resulting∆S/S0 curves (Figure 12d)
display a significant amplitude scaling (∼15%) asωrf(1H):ωrf-
(15N) changes from∼3.5 to 1.5. However, regardless of the rf
field mismatch, the∆S/S0 curves in NAV could be simulated
(not shown) with approximately the same dipolar coupling
constant (bCN ) 211 ( 2 Hz), but different amplitude scaling
factors.

(72) Ishii, Y.; Ashida, J.; Terao, T.Chem. Phys. Lett.1995, 246, 439-
445.

(73) Bennett, A. E. Ph.D. Thesis, Massachusetts Institute of Technology,
1995.

(74) Bennett, A. E.; Rienstra, C. M.; Griffiths, J. M.; Zhen, W.; Lansbury,
P. T.; Griffin, R. G.J. Chem. Phys.1998, 108, 9463-9479.

(75) Long, J. R.; Sun, B. Q.; Bowen, A.; Griffin, R. G.J. Am. Chem.
Soc.1994, 116, 11950-11956.

Figure 8. X-ray structure ofN-formyl-L-Met-L-Leu-L-Phe-OMe63 (a)
and 13C (b) and15N (c) MAS spectra ofN-formyl-[U-13C,15N]L-Met-
L-Leu-L-Phe recorded atωr/2π ) 10.0 kHz.13C and15N chemical shift
assignments have been reported previously,70 and the assignment of
Leu(Cδ1) and Leu(Cδ2) resonances is based on FSR experiments
presented in this work.

Table 3. Internuclear Distances inN-Formyl-[U-13C,15N]L-Met-
L-Leu-L-Phea

rC-N (Å)

atomsb NMRc X-rayd

Met(N) Met(Câ) 2.52( 0.02 2.50
Met(Cγ) 3.20( 0.03 3.04
Met(Cε) 5.4( 0.3 5.71
Leu(Câ) 5.7( 0.7 6.03
Leu(Cδ2) 5.5( 0.3 6.28

Leu(N) Met(Câ) 3.12( 0.03 3.20
Met(Cγ) 4.17( 0.10 4.56
Met(Cε) 5.5( 0.3 5.93
Leu(Câ) 2.46( 0.02 2.50
Leu(Cδ2) 3.64( 0.09 3.63

Phe(N) Met(C′) 3.4( 0.2 3.41
Met(Câ) 4.12( 0.15 4.06
Met(Cγ) 4.8( 0.2 5.43
Met(Cε) 5.2( 0.3 5.62
Leu(Câ) 3.24( 0.12 3.12
Leu(Cδ2) 5.4( 0.3 5.38

a N-formyl-[U-13C,15N]L-Met-L-Leu-L-Phe was diluted to∼10% in
the natural abundance peptide to attenuate intermolecular13C-15N
contacts.b Nomenclature given in Figure 8a.c NMR distances (with
uncertainties at 95% confidence level) were determined using frequency
selective REDOR as described in the text.d For comparison with the
NMR results, distances are given for the methyl ester analogue,
N-formyl-L-Met-L-Leu-L-Phe-OMe (Gavuzzo, E.; Mazza, F.; Pochetti,
G.; Scatturin, A.Int. J. Pept. Protein Res.1989, 34, 409).

3516 J. Am. Chem. Soc., Vol. 123, No. 15, 2001 Jaroniec et al.



As shown by others71 and suggested by the experiments
presented here, in many cases reasonably accurate distances can
be obtained using REDOR even in the presence of relatively
low-power CW1H decoupling. However, significant scaling of
the dipolar dephasing amplitude may potentially become
problematic for weak coupling measurements, where∆S/S0

buildup is slow. The efficient attenuation of proton couplings
significantly improves the13C spin-echo intensity and avoids
the scaling of the dipolar dephasing amplitude in spin systems
with strong15N-1H couplings. Efficient proton decoupling does
not necessarily imply the use of very high-power levels. When
only moderate1H rf fields (e.g.,∼80 kHz) are available due to
probe limitations, TPPM decoupling during delays between15N
pulses (see Figure 1) effectively restores the spin-echo intensity,
and the use of slightly longer15N π pulses provides a sufficiently
high ωrf(1H):ωrf(15N) ratio required to minimize the15N-1H
interactions.

Figure 11. Comparison of1H decoupling schemes during the dipolar
evolution period of FSR experiments in [U-13C,15N]asparagine.
Results for the selective recoupling of Câ-N′ are shown. (Identical
results were obtained for Câ-Nδ2.) Experiments were performed at
ωr/2π ) 10.0 kHz( 5 Hz, and eight scans were averaged for each
time point.15N π pulses were 18µs, and 1.0 ms Gaussian pulses were
applied to Câ and N′. For all experiments1H decoupling was 125 kHz
CW during 15N π pulses and 120 kHz TPPM (φ ) 15°, τ ) 4.0 µs)
during the selective irradiation period. (a) Reference (S0) (0,O) and
dipolar dephasing (S) (9,b) experiments recorded in the presence of
120 kHz CW (0,9) and TPPM (O,b) 1H decoupling during the free-
evolution periods corresponding to delays between15N π pulses. (b)
∆S/S0 curves calculated using data in (a) for CW (b) and TPPM (O)
1H decoupling.

Figure 9. Representative internuclear distance measurements inN-formyl-[U-13C,15N]L-Met-L-Leu-L-Phe. Experimental∆S/S0 curves (O) and analytical
simulations (s) are shown for the selective pairwise recoupling of (a) Leu(Câ)-Leu(N), (b) Met(Câ)-Leu(N), (c) Leu(Câ)-Phe(N), and (d) Met-
(Câ)-Phe(N). The experiments shown have been performed on [U-13C,15N]MLF undiluted in natural abundance material, but are not appreciably
affected by intermolecular couplings (see Supporting Information). Experiments were performed atωr/2π ) 10.0 kHz( 5 Hz, and 32 scans were
averaged for each time point. The13C Gaussian pulse was 2.0 ms for experiments involving Met(Câ) and Leu(Câ), and 4.0 ms for Met(Cγ) and
Leu(Cδ2). The Met(Câ)/Leu(Câ) distance measurements were performed simultaneously. The15N Gaussian pulse was 10.0 ms, applied on resonance
with Met(N), Leu(N) or Phe(N). The summary of all distance measurements inN-formyl-[U-13C,15N]L-Met-L-Leu-L-Phe is given in Table 3.

Figure 10. X-ray structure ofN-formyl-L-Met-L-Leu-L-Phe-OMe with
several structure-constraining distances determined in 10% diluted
N-formyl-[U-13C,15N]L-Met-L-Leu-L-Phe superimposed (cf. Table 3).
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Effect of 15N CSA on REDOR Experiments.In Figure 13
we present experimental data and numerical simulations showing
the effect of the chemical shielding anisotropy (CSA) of the
irradiated spins (15N in our case) on REDOR dipolar dephasing
curves acquired with several commonly used compensated
π-pulse phasing schemes (xy-4, xy-8, andxy-16).33 [1-13C,15N]-
Glycine, with a negligible15N CSA (δ ≈ 5 ppm,η ) 0),75 is
used as a reference, and as expected∆S/S0 curves recorded with
xy-4, xy-8, andxy-16 (Figure 13a) are nearly identical. The
situation is quite different for a larger15N CSA (δ ) 106 ppm,
η ) 0.27)76 in [acetyl-1,2-13C,15N]NAV, where significant
effects are observed in the presence ofxy-16 phase cycling
relative to xy-4 and xy-8 (Figure 13b). The experimental
observations are compared to numerical simulations (performed
with the SIMPSON simulation software77) (Figure 13c). For
the “two-spin” (acetyl-CH3)-N′ system (see Figure 13 caption
for details) the∆S/S0 curves simulated for thexy-4 andxy-8
schemes are nearly identical and closely follow the result for
finite pulse REDOR in the absence of15N CSA. However, an
amplitude scaling is observed in thexy-16 simulation, which
reproduces the experimental result shown in Figure 13b. The
experiments and simulations presented here suggest thatxy-4
andxy-8 are equally well-compensated for15N CSA effects.

However, additional simulations (not shown) indicate that for
increasing CSA the dephasing curves for all phasing schemes
can display some scaling of amplitude and frequency of the
oscillation; in general,xy-4 simulations appear to most closely
approach the ideal dipolar dephasing curve.

The influence of15N CSA on REDOR dipolar dephasing with
several simple phasing schemes (xx-4, xxj-4, andxy-4) has
been discussed previously using Floquet theory.78 According
to average Hamiltonian theory,64,65for 13C-observe REDOR with
15N π pulses of finite length phased according toxy-4 or
extensions thereof (see Figure 1), the15N CSA is not expected
to contribute to the spin dynamics to first-order. In the rf
interaction frame the15N pulses transform only theNz operator
and the first-order effective Hamiltonian for the15N CSA is
analogous to that calculated for the heteronuclear dipolar
coupling (cf. eqs 2 and 3):

where ωCSA
(1) describes the transformation of the15N CSA

tensor from its principal axis system to the rotor-fixed frame.66

Since the experiments are designed to follow the time evolution

(76) Hong, M.; Gross, J. D.; Hu, W.; Griffin, R. G.J. Magn. Reson.
1998, 135, 169-177.

(77) Bak, M.; Rasmussen, J. T.; Nielsen, N. C.J. Magn. Reson.2000,
147, 296-330.

(78) Weintraub, O.; Vega, S.J. Magn. Reson. A1993, 105, 245-267.
(79) Oas, T. G.; Hartzell, C. J.; Dahlquist, F. W.; Drobny, G. P.J. Am.

Chem. Soc.1987, 109, 5962-5966.
(80) Bax, A.Two-Dimensional Nuclear Magnetic Resonance in Liquids;

Delft University Press: Dordrecht, 1980.

Figure 12. Effect of 1H decoupling during periods corresponding to15N pulses in spin systems with15N-1H dipolar couplings of different magnitude.
Dipolar recoupling data are presented for [1-13C,15N]glycine (a-b), for which the15N-1H couplings are effectively attenuated by the rapid hopping
of the NH3

+ group under the experimental conditions employed in this work,75 and for [acetyl-1,2-13C,15N]N-acetylvaline (NAV) (c-d), where the
relatively rigid amide group displays a strong (∼10 kHz)15N-1H dipolar coupling. Experiments were performed atωr/2π ) 12.5 kHz( 5 Hz, and
16 scans were averaged for each time point. In (a) and (c) we showS0 (filled symbols) andS (hollow symbols) curves for the∼200 Hz13C-15N
dipolar couplings in both compounds (C′-N′ in glycine and (acetyl-CH3)-N′ in NAV). All S0 experiments were acquired in the presence of15N
π pulses.1H decoupling was fixed at∼85 kHz CW for all experiments, and the15N π-pulse lengths were 20µs (b,O), 14 µs (9,0), and 10µs
(2,4), corresponding to15N rf fields of 25 kHz (ωrf(1H):ωrf(15N) ≈ 3.4), 35.7 kHz (ωrf(1H):ωrf(15N) ≈ 2.4), and 50 kHz (ωrf(1H):ωrf(15N) ≈ 1.7),
respectively. The13C spin-echo reference curves acquired with no15N irradiation (data not shown) were identical within experimental error to the
S0 experiments acquired in the presence of 20µs 15N π pulses.∆S/S0 curves calculated usingS0 andS experiments in (a) and (c) are shown for
glycine (b) and NAV (d) for15N π pulses of 20µs (O), 14 µs (0), and 10µs (4). In (a) and (b) the glycine data for 14µs 15N π pulses have been
omitted for clarity.

HCSA
(1) ∝ Im{ωCSA

(1) (ΩPR)}Nz (21)
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of 13C coherences and since the first-order effective13C-15N
dipolar coupling and15N CSA Hamiltonians commute, to this
order of approximation the15N CSA has no effect on the dipolar
dephasing.30 Therefore, the deviations from ideal behavior
observed for the differentxy-type phasing schemes with

increasing15N CSA must be due to higher-order terms in the
effective Hamiltonian expansion.64,65

Conclusions

We have described a magic-angle spinning NMR experiment,
which enables accurate internuclear13C-15N distance measure-
ments in uniformly13C,15N-labeled solids. In multispin systems,
the extraction of weak13C-15N dipolar couplings using
nonselective recoupling experiments is complicated by multiple
13C-15N and 13C-13C spin-spin interactions. The frequency
selective REDOR technique presented here is based on a simple
principle: a13C spin-echo is generated in a frequency selective
fashion by a pair of selectiveπ pulses applied to a13C-15N
spin pair in the center of the dipolar evolution period. The
intensity of the13C spin-echo is modulated only by the dipolar
coupling to the selected15N; the remaining13C-15N dipolar
couplings and13C-13C scalar couplings involving the selected
13C are refocused. With efficient proton decoupling and the use
of well-compensatedπ-pulse phasing schemes, the spin dynam-
ics can be described by the analytical expression for dipolar
dephasing in an isolated heteronuclear spin pair under conven-
tional REDOR, and the extraction of the13C-15N dipolar
coupling of interest is straightforward. We have demonstrated
the utility of the experiment for accurate internuclear distance
measurements in several U-13C,15N-labeled systems; in the
model tripeptide,N-formyl-L-Met-L-Leu-L-Phe, a total of 16
13C-15N intramolecular distances in the 2.5-6 Å range were
determined with∼0.1-0.3 Å precision.

The selective recoupling in FSR relies on13C and 15N
chemical shift resolution, and the technique is expected to greatly
benefit from high static magnetic fields and high MAS frequen-
cies. However, even under optimal conditions the measurements
of multiple 13C-15N distances involving most backbone15N in
U-13C,15N-labeled biological macromolecules, where spectral
overlap can be quite severe, are expected to be challenging.
Nevertheless, some potentially promising applications of the
technique to systems of biological interest include13C-15N
distance measurements in the active site of multiply labeled
proteins and structural investigations of peptide aggregates and
molecules present at interfaces (e.g., U-13C,15N-labeled peptide
bound to a protein).
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Figure 13. Effect of 15N chemical shielding anisotropy on13C-observe
REDOR experiments. Three common15N π-pulse phase cycling
schemes33 (xy-4 (O), xy-8 (b), and xy-16 (0)), designed to
compensate for pulse errors and resonance offsets, are compared in (a)
and (b). We show REDOR experiments for C′-N′ coupling in
[1-13C,15N]glycine (15N CSA: δ ≈ 5 ppm,η ) 0)75 (a) and (acetyl-
CH3)-N′ coupling in [acetyl-1,2-13C,15N]N-acetylvaline (15N CSA:
δ ) 106 ppm,η ) 0.27)76 (b). Spectra were recorded atωr/2π ) 12.5
kHz ( 5 Hz, and four experiments (16 scans per experiment) were
averaged for each time point. (c) Simulated REDOR∆S/S0 curves
assuming the (acetyl-CH3)-N′ dipolar coupling constant (bCN ) 220
Hz) obtained from the NAV X-ray structure62 and finite15N π pulses
for: no 15N CSA (δ ) η ) 0) (s), and15N CSA parameters of NAV76

at B0 ) 11.7 T (δ ) 5.37 kHz,η ) 0.27) withxy-4 (O), xy-8 (b),
and xy-16 (0) phase-alternation of15N π pulses. The spinning
frequency of 12.5 kHz was used in the simulations, and the orientation
of the amide15N CSA tensor in the molecular frame given in ref 79
was assumed (σ22 perpendicular to the peptide plane andσ33 in the
peptide plane with aσ33/N-H projection angle of 20°). With these
assumptions the approximate orientation of the (acetyl-CH3)-N′ dipole
vector in the15N CSA principal axis system is given by the Euler angles
Ω ) {0, -64°, -180°}. All numerical simulations in (c) were
performed using the SIMPSON simulation software.77
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