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1 INTRODUCTION

Rotational echo double resonance (REDOR) is a solid-state
NMR technique that provides a direct measure of short and
long-range heteronuclear dipolar couplings, typically between
pairs of rare spins.1 The couplings contain information on both
internuclear distances and orientations2 so that REDOR can
serve as a spectroscopic ruler and protractor. REDOR can also
be used as a spectroscopic selection tool to filter spectra based
on dipolar couplings, in order to monitor metabolic pathways
or to compare particular molecular densities among samples.
Since its introduction in 1989, REDOR has been employed
by many labs around the world in biological chemistry
as well as in polymer chemistry and materials science.
In each of these fields, the REDOR strategy is generally
not one of total-structure determination, but rather one of
accessing site-specific atomic-level information to examine
composition and to probe structure, dynamics, and metabolism
in heterogeneous, noncrystalline, insoluble systems as complex
as bacterial whole cells and intact plant leaves. In biology,
REDOR has also found applications in the characterization of
binding sites of proteins, amyloid fibers and plaques, and in
the analysis of noncrystalline, poorly soluble heterogeneous
molecular systems such as membrane protein helical bundles,
membrane-associated antimicrobial peptides, and bacterial cell
walls. The overall REDOR approach to biological systems is
powerful, versatile, and broadly applicable to diverse systems;
yet the experimental protocol, including the isotopic labeling
strategy, sample preparation, and NMR measurement, depends
on the system at hand and the questions being addressed. Thus,
the REDOR approach is best appreciated and understood by

way of example. In this article, we provide a short summary of
REDOR NMR methodology, followed by a survey of recent
applications to highlight the problem-solving versatility of
REDOR in biological systems.

2 REDOR METHODOLOGY

2.1 REDOR Access to Dipolar Couplings

The dipole–dipole coupling between heteronuclei within
a magnetic field, i.e., the interaction between the magnetic
moments of the nuclear spins, is described by the truncated
dipolar Hamiltonian as in equation (1).

HD = ωDIZSZ, ωD = 3 cos2 θ − 1

2
· D, D = γ1γ2�

r3
(1)

The dipolar Hamiltonian depends on both spatial and spin
coordinates. The dipolar coupling (D) contains the crucial
distance and orientation information. The angle, θ , is the
angle between the I –S internuclear vector and the applied
magnetic field; γ1 and γ2 are the gyromagnetic ratios of the I
and S nuclei; � is the reduced Planck constant; and r is the
internuclear vector between the two spins. Notably, the dipolar
coupling strength, D, is proportional to the inverse third power
of the internuclear distance and thus is extremely sensitive to
the separation of the coupled spins.

Magic-angle spinning (MAS) averages over the spatial
coordinates and suppresses the dipolar interaction, but in
a coherent manner. The REDOR measurement uses the
application of rotor-synchronized radiofrequency pulses to
operate exclusively on the spin coordinates, imposing another
coherent process of comparable frequency, to interfere with
the complete suppression of the dipolar coupling by MAS.1

The extent to which the manipulation of the spin coordinates
defeats the averaging that results from MAS is a measure
of the dipolar coupling which yields internuclear distances.
Orientation information is preserved in the sidebands of the
high-resolution spectrum acquired under MAS, and analytical
expressions have been described for these.2 The recoupling,
or reintroduction of the dipolar coupling, is also the basic
principle for the myriad of homonuclear recoupling techniques
that are used to measure dipolar couplings.3,4

2.2 The REDOR Measurement

REDOR is performed in two parts (Figure 1a), once with
rotor-synchronized dephasing pulses (S) and once without (full
echo, S0). Maximum intensity rotational echoes are formed at
the end of each rotor period when no dephasing pulses are
applied. During the second half of the measurement, rotor-
synchronized π pulses are applied to the dephasing spin. One
π pulse applied in the center of the rotor period changes
the sign of the heteronuclear dipolar coupling and defeats the
averaging of the dipolar coupling by MAS. The second pulse,
coincident with the rotor period serves to add the dephasing
of subsequent rotor periods. The difference in signal intensity
(�S = S0 − S) for the observed spin in the two parts of the
REDOR experiment is directly related to the corresponding
distance to the dephasing spin.
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Figure 1 The REDOR measurement. (a) REDOR is performed in two parts, once with dephasing pulses (S spectrum) and once without (full
echo, S0 spectrum). REDOR spectra are typically collected with standard xy-8 phase cycling,5 on both observed and dephasing channels. (b) The
difference in signal intensity for the observed spin in the two parts of the REDOR experiment is directly related to the corresponding distance to
the dephasing spin and is plotted as �S/S0 as a function of evolution time

More specifically, the application of π pulses flips the spins.
This changes the sign of the dipolar coupling for observe spins
coupled to the dephasing spin, leading to a reversal in the
sense of rotation of the observe spins. When no dephasing
pulses are applied, the average dipolar coupling between
two nuclei over one rotor period is zero. The application of
dephasing pulses reveals the coupling and produces an average
precessional frequency, ωD (α, β, t) for each coupled spin
in the powder.1 Thus, phase accumulates and leads to signal
loss. The encoding of phase through dipolar transitions is
more obvious by inspection of the expression for ωD in
equation (2)

ωD = ± D

4π

{
sin2 β[sin 2(α + ωr t1) − sin 2α]

−(2
√

2sin 2β[sin(α + ωrt1) − sin α]
}

(2)

where D is the dipolar coupling, given earlier; α and β are
the azimuthal and polar angles, respectively, in a coordinate
system with the z-axis parallel to the rotor axis; ωr is the
spinning frequency; t1 is the time of application of the π pulse
from the start of the rotor period. The time for which this
coupling operates in the REDOR measurement is termed the
dipolar evolution time (Nr × tr). Each spin accumulates a net
phase due to dipolar transitions during this time, as defined in
equation (3)

�φ = ωD(α, β; t1)trNr (3)

where �φ is the accumulation of phase; tr is the time of one
rotor period; and Nr is the number of rotor cycles. Thus,
the dipolar coupling is manifested as signal attenuation at
the end of every rotor period. Therefore, weak couplings, i.e.
spins with a small average dipolar transition frequency, can be
amplified by increasing the number of rotor cycles (Nr ) over
which the dephasing occurs or by simply spinning slower (tr ).
By measuring the observed intensity loss as a function of time
(Nrtr ), one can deduce the heteronuclear dipolar coupling.

Calculated REDOR curves are compared with the signal
intensity or, as shown in Figure 1(b), with the fraction of
the signal difference and the reference intensity, as a function
of the dipolar evolution time to determine the heteronuclear
dipolar coupling constant and therefore the distance between
the two spins.

2.3 REDOR Variations

Several modifications to the traditional REDOR measure-
ment have been implemented and optimized for use in specific
systems. RDX permits heteronuclear distance determinations
in a spin system not reducible to representation by an iso-
lated spin pair, for the case of the dipolar coupling of a single
dephasing spin to a cluster of observed spins.6,7 Frequency-
selective REDOR allows the application of dephasing pulses
to a chemically shifted spin of interest. This is particu-
larly useful to determine distance and orientation dephas-
ing parameters involving a shift-resolved carbon resonance,
for example, without contributions from other carbons in
the system. Dante-pulse frequency-selective irradiation that
uses a series of short pulses8,9 has been used in biological
applications,10 – 12 and a frequency-selective single Gaussian
pulse has also been described.13 Additional REDOR variants
include TEDOR–REDOR (rotational echo double resonance–
transferred echo double resonance),14 double-REDOR,15 and
FRESH.16 These three variants require a four-frequency radio
frequency probe and empower the spectroscopist to make
selective assignments and measurements even in the pres-
ence of overlapping natural abundance or labeled resonances.
REDOR has also been adapted to measuring dipolar couplings
between protons and heterospins, permitting the determination
of longer-range distances due to the high-gyromagnetic ratio
of protons.17 – 19

3 MEMBRANE PEPTIDES, PROTEINS, AND

STEROLS

With the employment of site-specific 13C, 15N, 19F labeling,
dipolar recoupling experiments under MAS conditions provide
an opportunity to obtain high resolution distance restraints
for polypeptide chains embedded in membrane environments.
These intra- and intermolecular distance restraints can be
used to probe various properties of membrane peptides and
proteins including conformation, aggregation, and location in
the bilayer. In conjunction with other CPMAS and static solid-
state NMR experiments, complete descriptions of the structure,
depth of insertion, and orientation of polypeptide chains can
be generated.
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3.1 Mapping Location in the Bilayer

The phosphorus atom in phospholipid head groups is a
natural label that can be used in mapping peptide, protein,
and guest molecule locations in bilayers. By incorporating
13C or 15N labels at various locations in a peptide sequence
or a guest molecule, such as cholesterol or other sterols,
13C{31P} and 15N{31P} REDOR experiments can be used
to determine comparative proximities to the lipid head
groups. We should note that phosphate head groups in
lipid bilayers create a system where there are multiple 31P
dephasers, whose contributions are difficult to deconvolute.
Distance measurements with multiple dephasers are model
dependent and, for bilayers, require knowledge of the lipid
areas (to yield the spacing of the 31P atoms), as well as
the orientation of 13C–31P dipolar tensors. Nevertheless,
comparative REDOR dephasing and relative proximities can
provide crucial parameters to understand biological properties
and function. In addition, fluorinated lipids, in which lipid
tails are terminated in 19F, can provide an NMR probe at
the center of the bilayer. This type of lipid cartography was
recently applied to identify the spatial preferences of three
sterols in 19F-labeled dipalmitoylphosphatidylcholine (DPPC)
phospholipid multilamellar vesicles: 17β-estradiol (estradiol);
17β-estradiol 17-benzoate (estradiol benzoate); and 17β-2-(1-
adamantyl) estradiol (adamantyl estradiol).

Several sterols, including derivatives of 17β-estradiol, are
of interest for their potent antioxidant and neuroprotectant
activities, and they have become the focus of drug develop-
ment efforts aimed at treating and preventing neuronal dam-
age in stroke-related brain damage, Alzheimer’s disease, and
Parkinson’s disease. 13C{31P} and 13C{19F} REDOR were used
to map the placement of a panel of related estrogen molecules

in multilamellar vesicles.20 The readily determined qualitative
differences among the sterols correlated with their neuropro-
tective potencies. The REDOR dephasing of 13C by 31P in the
head group and by 19F at the lipid tails (sparsely fluorinated),
provided a measure of sterol proximity to 31P and 19F with
respect to lipid atomic landmarks: lipid headgroup carbons,
the carbonyl carbons, and the methyl tails. In effect, dephas-
ing of the landmarks define lines of latitude in the lipid bilayer.
Thus, each set of REDOR spectra contains information about
lipid–lipid and sterol-lipid contacts.

The spectra in Figure 2 illustrate the mapping strategy for
two separately labeled samples of 17β-estradiol 17-benzoate
(estradiol benzoate), one in which the 13C atom is proximate
to the head groups and one in which it is distant. At short
evolution times, the 13C{31P} REDOR measurement serves as a
short-range ruler, identifying carbons that are near phosphorus.
The lipid carbonyl carbon peak at 172 ppm was dephased
by 50%, which represents an average dephasing for both
carbonyl carbons, after an evolution time of 8.96 ms (64 Tr )
(Figure 2a). Because the label of [3-13C]estradiol benzoate
(Figure 2a) had a 13C{31P} REDOR difference comparable
to that of the lipid carbonyl carbons (57%), the sterol label
was mapped in the same vicinity as the lipid carbonyl-
carbon landmark. The lipid head group 13C{31P} dephasing
(60–70 ppm) was nearly 100%, expected for 2–5 Å distances.
At this short evolution time, there was no contact for the
lipid methyl carbons (14 ppm) and only weak contact for acyl
chain aliphatics (30 ppm). The nearly undetectable REDOR
dephasing in the estradiol [1-13C] benzoate spectra indicated
that this carbon was distant from 31P (Figure 2b). Subsequent
13C{19F} REDOR confirmed that the estradiol [1-13C]benzoate
label was near to the lipid tails labeled by-CH2F.
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Figure 2 (a) Lipid cartography by REDOR. 125-MHz 13C{31P} REDOR spectra of [3-13C]estradiol benzoate and (b) estradiol [1-13C]benzoate
in a lipid bilayer after 64 rotor cycles (8.96 ms) of dipolar evolution with MAS at 7143 Hz. The full-echo spectra are shown at the bottom of the
figure and the REDOR difference spectra at the top. Spinning sidebands of peaks corresponding to the sterol labeled carbons (solid circles) are
marked by asterisks
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3.2 Determination of Membrane-Associated Peptide

Secondary Structure

Chemical shift measurements are widely used to obtain
information on membrane-associated peptide secondary struc-
ture and to gain insight into conformational changes in trans-
membrane proteins as the shifts of peptide carbonyls and
methyl carbons can differ by up to 8 ppm in the solid-state,
based on whether that site is in an α-helical, β-sheet, or
extended conformation.21 – 24

For the determination of secondary structure of peptides
in membranes, labeled carbons are often not shift-resolved
from the large natural abundance lipid background, as the
sterol labels were above. Thus, unambiguous assignments
require spectral filtering. REDOR is often used to select the
peptide 13C signal of interest through the strong one-bond
13C–15N dipolar coupling between the carbonyl carbon of
residue i and the amide nitrogen of residue i + 1. Weaker
couplings between more distant 15N and side chain 13C sites
can also be exploited by increasing the dipolar evolution time.
Spectral editing by REDOR for chemical shift determination
is demonstrated in Figure 3 for the synthetic analogue of a
magainin-like antimicrobial peptide K3 known to form pores
in bacterial cell membranes.

An alternative strategy for the determination of peptide
conformation is based on distance measurements between
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Figure 3 REDOR selection for secondary structure determination.
50-MHz 13C{15N} REDOR spectra of [3-13C]Ala3-[15N]Gly4-[1-
13C]Ala10-[2-13C]Gly11-[6-15N]Lys12-[1-13C]Ala17-[15N]Gly18-K3-
NH2 incorporated into MLVs of DPPC and DPPG (1 : 1) at a
lipid-to-peptide molar ratio of 10, after 48 rotor cycles of dipolar evo-
lution with MAS at 5000 Hz. Peptide signals arising from [3-13C]Ala3

and [1-13C]Ala17 were selected by their dipolar couplings to proximate
15N spins ([15N]Gly4 and [15N]Gly18, respectively). Resonance lines in
the �S spectrum at 16 and 177 ppm report an α-helical conformation
for the beginning (Ala3) and the end (Ala17) of the peptide chain.
The assignment of the [1-13C]Ala17 carbon was confirmed by a
8-T13

r C 15N REDOR experiment

selectively labeled residues.22,25 – 27 A good example is the
investigation of phospholamban (PLB), the 52-amino acid
membrane-spanning protein with a primary role of regulating
the active transport of calcium ions into the sarcoplasmic
reticulum lumen via an inhibitory association with the
Ca2+-ATPase SERCA. In a joint rotational resonance and
REDOR NMR investigation of PLB,28 site-specific 13C
and 15N labels were placed in the peptide backbone and
the sample was reconstituted in multilamellar phospholipid
vesicles in the presence and absence of SERCA. Distance
measurements between [2-13C]-Ala24 and [15N]Gln26 by
REDOR experiments revealed that unlike the Leu42 –Leu44
transmembrane and the Pro21 –Ala24 cytoplasmic segment of
the protein, the sequence Ala24 –Gln26 switches from an α-
helix in pure lipid membranes to a more extended structure
in the presence of the Ca2+-ATPase. The results suggested
local structural distortions in the polypeptide chain induced
by SERCA which change the relative orientation of the
transmembrane and cytoplasmic domains of PLB and may
promote the association of PLB with the Ca2+-ATPase.28

3.3 Association of Polypeptide Chains in Lipid Bilayers

In addition to providing direct structural evidence for the
conformation of polypeptide chains, homo- and heteronuclear
dipolar recoupling experiments have proven to be powerful
approaches in the determination of intermolecular distance
restraints for peptide chains situated in membrane bilayers.
These experiments have provided structural and mechanistic
insights into the assembly and function of a wide range
of biological systems including pore-forming antimicrobial
peptides, viral coat proteins, fusion peptides, and integral
membrane proteins.

In one recent investigation of PLB, Smith and coworkers
used REDOR to address the structure of the pentameric
complex of PLB in the region of Gln22 –Gln29.29 Three
different samples were made in which specifically 13C and
15N glutamine-labeled PLB were reconstituted in lipid bilayers
in a 1 : 1 molar ratio. The strongest dipolar coupling
was measured for Gln29, with an internuclear [5-13C]Gln-[5-
15N]Gln distance of 4.1 Å ± 0.2 Å. Weaker but still observable
couplings (<6 Å) were detected for Gln26 and Gln22,
altogether consistent with a hydrogen-bonded network within
the central pore of the pentamer.29

In a similar study directed at the structural investigation of
the M2 proton channel essential for influenza infection, site
specific 15N and 13C labels were introduced at residues His37
and Trp41 into the 25-residue transmembrane segment of M2
known to form a tetrameric helical bundle. An upper limit of
3.9 Å for the interhelical [15Nπ ]His37-[13Cγ ]Trp41 distance,
inferred from 13C{15N} REDOR experiments30 in conjunction
with the tilt and rotational angles of the helices known from
previous studies,31 was used to identify specific side-chain
pairings and to characterize side-chain torsional angles for the
tetrameric bundle.

In the case of PLB and M2, the 13C labels were incorpo-
rated into unique amino acid side chains and were chemical-
shift resolved. The strategic incorporation of labels and the
application of two subsequent dipolar recoupling experiments
provided an elegant way to measure intermolecular distances
in the K3 antimicrobial peptide system, where 13C labels
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overlapped with lipid natural abundance contributions, as illus-
trated in Figure 4.32 In many of the K3 experiments, a mixture
of two differently labeled peptide chains was used, with one
containing a site-specific 19F label. The full-echo 13C spectrum
(S0) of an equimolar mixture of [1-13C]Ala10-[15N]Gly11-K3
and [3-19F]Ala10-K3 (Figure 4a) in multilamellar vesicles of
DPPC and dipalmitoylphosphatidylglycerol (DPPG) is shown
in the bottom of Figure 4(b). The 13C carbonyl of Ala10
was selected by the strong one-bond 13C–15N dipolar cou-
pling via a short, 4-rotor cycle TEDOR coherence transfer.14

The TEDOR coherence transfer was followed by 48 addi-
tional rotor cycles first in the absence (TEDOR-S0, middle)
then in the presence of 19F dephasing pulses. The appearance
of the sizable 15N →13C{19F} TEDOR-REDOR difference
signal (�S, top) is a manifestation of the intermolecular [1-
13C]Ala10-[3-19F]Ala10 dipolar coupling and unambiguously
proves the proximity of the peptide chains in the bilayer.
The least-square analysis of the 13C{19F} REDOR curve with
normalized �S/S0 dephasing as a function of dipolar evo-
lution time (Figure 4c) showed a bimodal distribution of

[1-13C]Ala10-[3-19F]Ala10 distances: a narrow distribution cen-
tered at 4.5 Å and a broad distribution centered at 9.6 Å. The
narrow distribution at short interchain distances suggested spe-
cific interactions between K3 chains whereas the broad distri-
bution at longer distances reflected less specific association
of peptide chains. As differences in sideband dephasing rates
in REDOR experiments are indications of a preferred rela-
tive orientation between the chemical shift anisotropy (CSA)
and dipolar tensors,33 low-spinning experiments were used to
obtain orientation restraints between K3 chains (Figure 4 d–f).
In conjunction with additional measurements,24,32 a number
of distances and orientation parameters of interacting helices
were used to generate a toroidal pore model for K3 that was
consistent with a model originally proposed by Huang and
coworkers33 and provided further insight into the mode of
action of K3 peptides.

Protegrin-1 (PG-1) is another antimicrobial peptide which,
unlike K3, assumes a β-hairpin structure in lipid bilayers.
In this case, REDOR was used to differentiate between the
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Figure 4 Aggregation study of antimicrobial peptides by REDOR. (a) Positions of the 13C, 15N, and 19F labels in the two K3 peptide analogs
used in the REDOR experiments to probe the aggregation of peptide chains. (b) 50-MHz 15N →13C{19F} TEDOR-REDOR NMR spectra of a 1 : 1
mixture of [1-13C]Ala10-[15N]Gly11-K3-NH2 and [2-2H, 3-19F]Ala10-K3-NH2 incorporated into MLVs of DPPG/DPPC (1 : 1) at a lipid-to-peptide
molar ratio (L/P) of 20 after 48 rotor cycles of dipolar evolution with MAS at 5000 Hz. The 48-Tr full echo spectrum (S0) is shown at the bottom
of the figure. The middle spectrum resulted from a 4-Tr

15N →13C TEDOR coherence transfer followed by 48 additional rotor cycles with high
power proton decoupling. The 48-Tr REDOR �S spectrum of the TEDOR-selected signal is shown at the top. The deuterium label was not used
in these experiments. (c) 13C{19F} REDOR dephasing of the 1 : 1 mixture of the two differently labeled K3 peptides embedded in MLVs of
DPPG : DPPC (1 : 1) at L/P = 20 and 40. The solid lines show the calculated dephasing assuming two distributions of 13C–19F pair distances:
one with a mean internuclear 13C–19F separation of 4.5 Å (width 0.7 Å), and the other with a mean of 9.6 Å (width 3.0 Å). At L/P = 20, the
two distributions are about equally populated. At L/P = 40, the population with the smaller mean and narrower distribution width decreases. (d)
13C{19F} REDOR spectra of the K3-membrane sample at L/P = 20 after 8 ms of dipolar evolution with MAS at 2000 Hz. (e) Contour plots of the
minimum root mean-square deviation error values obtained from the analysis of the sideband dephasing rates observed in 13C{19F} REDOR spectra
of the K3-membrane complex with MAS at 2 kHz. Spectra were collected at dipolar evolution times of 4 and 8 ms. α and β are the azimuthal and
polar angles, respectively, that define the orientation of the 13C–19F dipolar vector in the principal axis system of the 13C carbonyl CSA tensor of
the peptide. Each contour plot represents a 50% increase in error, with the darkest region representing the best fit. (f) Model of the dimerized K3
chains obtained from the combination of distance and angular information. The helices intersect at an approximate cross-angle of 20◦ (inset)
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possible packing and alignment motifs between membrane-
embedded dimerized PG-1 chains.34 Intermolecular 13C–19F
and 15N–13C distance measurements were complemented by
15N-detected 1H{13C} REDOR experiments, a modification
of the original REDOR pulse sequence17 directed at the
determination of the internuclear distance between a 13C label
and an amide proton bonded to a 15N-labeled amide. The
intermolecular distances inferred from the various REDOR
experiments indicated a parallel arrangement of the two
protegrin-1 chains with the C-terminal strand of the hairpin
forming the dimer interface. As shown by molecular modeling,
the in-register arrangement of the peptide chains enhances
the amphipathic character of the dimer and may facilitate its
insertion into the membrane.

Using similar strategies discussed earlier for short 20–30-
residue peptides, dipolar recoupling experiments have also
been successfully applied to study the mechanisms of trans-
membrane signaling in large membrane proteins. One example
is the investigation of a ligand-induced conformational change
in the 60-kDa serine bacterial chemoreceptor.35 Two mutant
proteins were engineered with unique cysteine residues to
permit the determination of accurate intra- and interhelical dis-
tances in the presence and absence of serine. The proteins were
biosynthetically labeled with [1-13C]Cys and [ring-4-19F]Phe
at the unique cysteine and the 13 phenylalanine positions in the
protein, respectively. 13C{19F} REDOR measurements demon-
strated that there was a 1-Å difference for the interhelical [1-
13C]Cys56-[ring-4-19F]Phe163 distance between the ligated and
the unligated state. On the basis of the known X-ray structure
of the homologous aspartate receptor, the detected 1 Å ligand-
induced [1-13C]Cys56-[ring-4-19F]Phe163 distance change cor-
responded to a 2.4-Å translation of helix 4 consistent with a
previously proposed piston model36 for the signaling mech-
anism. This example underscores the ability of REDOR to
measure distances accurately and provides crucial information
about biological function associated with distance changes that
are as small as 1 Å in a 60-kDa membrane protein.

4 INSOLUBLE PEPTIDE AGGREGATES AND

PEPTIDE-LATTICE INTERACTIONS

4.1 Amyloid Peptides

In the past decade, solid-state NMR has proven to be a
powerful experimental approach for obtaining high-resolution
structural information on the organization of insoluble fib-
rils produced by amyloid-forming peptides including the
β-amyloid (Aβ) peptide associated with Alzheimer’s disease.
Multiple-quantum and REDOR measurements have shown
that different amyloidogenic peptides derived from the 42-
residue Aβ peptide can assemble to form fibrils containing
either parallel or antiparallel β-sheets, depending on prepa-
ration conditions. This work has been pioneered in Robert
Tycko’s laboratory. Tycko’s recent 2009 study demonstrated
that Aβ fibrils seeded from human brain-extracted amyloid
fibrils display structural differences compared to fibrils seeded
from synthetic fibrils.37

While many peptides form fibril structures that tend to
maximize contacts among hydrophobic residues, alternate
stabilizing interactions have been proposed in peptides with
low hydrophobicity such as in amyloid fibrils formed by

the 20-residue segment of the asparagine- and glutamine-
rich segment of the yeast prion protein Ure2p.38 A modified
REDOR scheme called “double single-quantum” (DSQ)-
REDOR38 was employed to reveal H-bonding between
glutamine side chains in adjacent parallel β-strands in Ure2p.
The observations were consistent with the “polar zipper”
model of stabilizing side chain H-bonding interactions in
amyloid fibrils originally proposed by Perutz.39

4.2 Silk Peptides

Silk fibers produced by spiders and silkworms exhibit
a unique and balanced combination of strength, stiffness,
and elasticity. An improved understanding of their structure-
property relationships is sought to aid the molecular design of
fibers with these characteristics. REDOR and other solid-state
NMR techniques have provided structural constraints on model
peptides for noncrystalline natural silks. Most of these stud-
ies have focused on the determination of torsional angles40,41

and mapping of intramolecular H-bonds42,43 by distance mea-
surements between specifically 13C and 15N-labeled residues.
In one application by Gullion and coworkers,44 13C{2H}
REDOR was employed to investigate selectively 13C, 2H-
labeled (AlaGly)15 samples that serve as conformational mim-
ics of silk I fibers. The silk I conformation has remained
elusive and precedes the transition to the final β-sheet rich
silk II conformation in silk fibroins from Bombyx mori silk-
worms. The REDOR data provided distances and the dihedral
angles � and 	 indicated the presence of a type II peptide
turn in the region Gly(14)-Gly(17), which is consistent with
a repeated β-turn conformation for silk I. In addition, carbon
chemical shifts of the alanine residues of the silk mimic were
similar to those of the natural silk I material from Bombyx mori
silkworms and supported further the relevance of the structural
parameters determined in the labeled silk mimics.

4.3 Biomineralized Peptides

Biomineralization in hard tissue is controlled by extracellular
matrix proteins, which exert their action by either triggering
cell signaling pathways or directly promoting or inhibiting the
growth of minerals. Solid-state NMR is particularly well suited
for the study of protein-surface interactions and can provide
molecular-level insights into the recognition of biomineral
surfaces. Statherin, a 43-amino acid salivary protein has
a dual function of inhibiting both nucleation and crystal
growth of hydroxyapatite (HAP), Ca10(PO4)6(OH)2, the main
component of bone and teeth, via a direct interaction with
the HAP surface. In a series of investigations by Drobny and
coworkers,45,46 dipolar recoupling techniques in conjunction
with NMR relaxation experiments were used to characterize
the conformation and dynamics of HAP-bound statherin and its
N-terminal 15-residue segment, SN-15. In addition, to probe
the side-chain interactions of SN-15 with HAP, internuclear
distances were measured from 15N in the side chain of Lys6

47

as well as from 13C spins in the side chains of Phe7 and Phe14
48

to 31P spins on the HAP surface. The distance restraints
obtained from REDOR experiments were used to construct
a model of the surface-bound peptide, including its orientation
with respect to the crystal surface.
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4.4 Biomineralized Calcite

Emiliania huxleyi is a unicellular alga (phytoplankton),
prevalent in oceans, that surrounds itself with remarkable
calcium carbonate structures called coccoliths . Schmidt and
coworkers recently applied 13C{15N} and 13C{31P} REDOR
to examine the composition of the coccolith calcite-rich
matrix and the nature of the bioorganic–inorganic interface.49

Isotope labels were biosynthetically incorporated by E. huxleyi
in a medium that included, among other components, sea
water, 15N-enriched Na15NO3, and 13C-enriched NaH13CO3.
Cross polarization magic angle spinning (CPMAS) and
REDOR experiments were performed to investigate both bulk
crystalline and interfacial carbonate environments. REDOR
measurements of intact coccoliths indicated that interfacial
carbonates were not proximate to nitrogen or phosphorus
atoms, within the short range of 4 Å. As part of the “full
accounting” possible with REDOR in such heterogeneous
biological samples, the 13C{15N} REDOR spectra confirmed
the peptide backbone chemical-shift assignment of the sample
due to one-bond dephasing of the carbonyl carbon by nitrogen,
and emphasized the high degree of 15N label incorporation.
Using a modified REDOR protocol with direct 13C excitation
(rather than CP excitation), the authors observed dephasing by
both 15N and 31P, consistent with the incorporation of small
nonprotonated moieties such as PO3−

4 and NO−
3 as structural

defects adjacent to crystalline calcite carbonates.49

5 PROTEIN–LIGAND INTERACTIONS

REDOR has proven to be a powerful tool for the
investigation of the active sites of enzymes, in particular for
the identification of the specific residues and atoms involved in
ligand binding, for the measurement of specific protein-ligand
distance restraints, and for probing the conformation of the
enzyme-bound ligands.

5.1 Protein–Ligand Distance Restraints

The unusual eight-carbon sugar 3-deoxy-D-manno-2-
octulosonate (KDO) is a site-specific constituent found only
in Gram-negative bacteria required for lipid A maturation and
cellular growth. Inhibition of its production is an attractive
therapeutic strategy in the fight against Gram-negative organ-
isms. This led to the extensive study of the mechanism of
action of 3-deoxy-D-manno-2-octulosonate-8-phosphate syn-
thase (KDO8PS), the enzyme responsible for the biosynthetic
formation of KDO.50 – 52 In a solid-state NMR investigation
by Schmidt and coworkers,53 the combination of 15N{31P},
15N{13C}, 13C{31P} REDOR experiments were applied to the
binary complexes of KDO8PS with its natural substrates, phos-
phoenolpyruvate (PEP) and arabinose-5-phosphate (A5P). The
strategy included the preparation of uniformly 15N-labeled and
[η-15N2]Arg-labeled enzymes and monitoring the 15N enzyme
nuclei as a function of their dipolar interactions with proxi-
mate ligand 31P and 13C nuclei. In parallel, 31P and 13C NMR
experiments were conducted that directly monitored the state
of the ligands themselves and their proximity to the enzyme
15N nuclei. The REDOR experiments have established that

PEP and A5P are bound by KDO8PS via two distinct sets
of Lys and Arg residues corresponding to adjacent subsites
in the enzyme.53 The solid-state NMR data complemented the
crystallographic structure of KD08PS and in combination with
mutagenesis results allowed the identification of specific active
site residues. In the same study, a mechanism-based inhibitor
of KD08PS was investigated and found to exert its action
by mimicking the binding of A5P. Subsequently, the appli-
cation of frequency-selective REDOR experiments provided a
detailed mechanistic characterization of the inhibitor action.11

A similar multinuclear REDOR NMR approach was
used to characterize the ternary complex of the 46-kDa
enzyme 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase
with shikimate-3-phosphate (S3P) and N -(phosphonomethyl)-
glycine (glyphosate or Glp).54,55 EPSP is a key intermediate
in the synthesis of aromatic amino acids in plants. Glyphosate
is the active ingredient in the commercially available inhibitor
of EPSP synthase, Roundup. It binds to EPSP synthase in
the presence of S3P, and inhibits the condensation of S3P
and PEP to form EPSP. In REDOR investigations, designed
to obtain high-resolution atomic-level structural detail of the
ternary complex, interligand and ligand-protein distances were
obtained from an elegant combination of labeling strategies.
Multiple REDOR samples were prepared using a combination
of native 31P in S3P and Glp; biosynthetically 13C-labeled
S3P; specifically 13C and 15N-labeled Glp; and a variety of
15N and 19F-labeled EPSP synthase preparations.56,57 Molec-
ular modeling used multiple distance restraints measured and
established the capacity of REDOR to be used in the con-
struction of highly detailed ligand-bound molecular models in
protein systems beginning with the crystal coordinates of the
unliganded protein.55

Lumazine synthase is another key enzyme in plants and
microorganisms. It is required for riboflavin synthesis and has
been established as a target for antibiotic development. Unlike
humans and other animals, plants and microorganisms biosyn-
thesize vitamins and inhibition of any of the enzymes involved
in the biosynthetic pathway (e.g. lumazine synthase) could
result in selective toxicity to the pathogen. Thus, Schaefer,
Cushman, and colleagues examined a series of metabolically
stable phosphonate-reaction intermediate analogs complexed
to Saccharomyces cerevisiase lumazine synthase in order to
gain insight into key steps in catalysis which were incom-
pletely understood. Distances from the fluorine and phosphorus
atoms of the ligands to specific side chain nitrogens determined
from 15N{19F} and 15N{31P} REDOR experiments were used
in combination with the X-ray crystal coordinates of one of the
complexes in molecular dynamics simulations to gain insight
into the enzyme mechanism.58,59

5.2 Conformation of Bound Ligands

In the applications discussed above, REDOR was used
to identify residues involved in ligand binding and to
infer specific intermolecular distance restraints between the
enzyme and its substrate. An equally important question
in understanding enzyme mechanisms and, in a broader
sense, protein–ligand interactions, is the determination of
bound ligand conformations. In systems inaccessible to X-
ray crystallography and solution NMR techniques, solid-
state NMR experiments, and dipolar recoupling techniques
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in particular, provide a powerful alternative. For example,
the determination of the structure of the microtubule-bound
anticancer drug paclitaxel is of tremendous importance in order
to understand its structure-based ability to bind to tubulin and
to guide the development of improved and perhaps greatly
simplified analogs. Paclitaxel has a relatively rigid tetracyclic
ring system, but has four flexible side chains. The presence
of these freely rotatable units gives rise to numerous possible
conformations. Although the αβ-tubulin dimer structure has
been solved by 2-D electron crystallography, the 3.7-Å
resolution was too low to permit direct determination of
the paclitaxel conformation. Two comprehensive REDOR
investigations have determined the conformation of paclitaxel
bound to intact microtubules. The earlier study employed
a Double REDOR measurement. A single 19F label was
incorporated into the benzoyl moiety of paclitaxel, and specific
13C and 15N labels were introduced into its side chain.15 The
15N label was used for the selection of the two labeled 13C
sites via their one-bond 13C-15N dipolar couplings, allowing
the assignment of the peaks in the 13C{19F} REDOR difference
spectrum and determination of the couplings and distances.
Thus, two distance restraints were obtained for two shift-
resolved carbons in the taxol molecule by 15N selection
amidst the megadalton natural abundance 13C background of
microtubules.

More recently, the use of TEDOR-REDOR has been
employed to achieve this type of selection rather than Double
REDOR, and is highlighted in sections “Membrane Peptides,
Proteins, and Sterols” and “Bacterial Metabolism, Cell Walls,
and Antibiotics”. In conjunction with fluorescence spectro-
scopic data and molecular modeling, the determined 13C–19F
intramolecular distance restraints allowed the refinement of the
microtubule-bound conformation of paclitaxel and suggested
a T-shaped model for the orientation of the ligand in the bind-
ing site. In the more recent study, experimental results from
2H{19F} REDOR NMR provided direct confirmation that pacli-
taxel adopts a T-shaped conformation when it is bound to
tubulin.61 2H{19F} REDOR is an attractive measurement as
there are no natural abundance contributions in the sample.
As a remarkable demonstration of a structure-based medicinal
chemistry approach and the importance of the results generated
with REDOR, a potent and structurally constrained paclitaxel
analog based on the REDOR model was synthesized by Ojima
and coworkers.62,63

Double REDOR experiments (13C{15N} followed by
13C{19F}) were also carried out in combination with molec-
ular dynamics simulations to gain insight into the conforma-
tion of bound amidine and amidine-imidazoline inhibitors of
human Factor Xa, a 45-kDa enzyme acting at the early stages
in the blood-coagulation cascade.64,65 Yet another example
is the REDOR-based model of noncovalent H+/K+-ATPase
inhibitor analogues established by Watts and coworkers.66 In
this study, dipolar couplings between 19F in the benzyl ring
and 13C placed in the N–CH3 group of the quaternary ammo-
nium cation were measured to probe the relative orientations
of the phenylmethoxy group and the imidazopyridine ring of
the inhibitor. In combination with previous information on the
torsional angle �1,67 the results of the 13C{19F} REDOR mea-
surements, which probed torsional angles �2 and �3, were
used to confine the bound inhibitor to a small cluster of
structures.

6 NUCLEIC ACID INTERACTIONS

REDOR has increasingly been used in recent years to
examine various interactions involving DNA and RNA. These
include the investigation of drug-DNA, enzyme-nucleotide
complexes, RNA-peptide structures, as well as interactions
involved in viral capsid DNA packaging. In the realm
of drug-DNA investigations, REDOR was used to map
the binding of a fluorine-substituted quinobenzoxazine to a
DNA G-quadruplex labeled by phosphothioation and [methyl-
13C]thymidine.68 G-quadruplexes have emerged as a target for
anticancer drug development. In this example by Schaefer-
Hurley, 31P{19F} and 13C{19F} REDOR were used to measure
distances from fluorine in the compound to 31P and 13C labels
in the quadruplex. Earlier, Drobny’s group also used 31P{19F}
REDOR to examine the binding of the drug distamycin in
the DNA minor groove as a function of the drug-DNA
stoichiometry.60

Uracil is not a natural DNA base, but is introduced into the
genome by spontaneous damage that is repaired by the impor-
tant enzyme uracil DNA glycosylase (UDG). UDG selec-
tively recognizes and excises the unwanted uracil bases from
DNA in a process that involves damaged base pair flipping.
REDOR measurements contributed to results from solution
19F NMR and binding affinity measurements to probe the
mechanism of uracil recognition and the pathway of base
flipping by UDG.69 The study by Schaefer, Stivers, and
coworkers characterized the molecular details of how UDG
achieves its specificity by the recognition of the shapes and
certain types of molecular defects. 31P{19F} REDOR data were
used to narrow down which of several structural models for
the enzyme-complexed DNA were appropriate by comparing
the experimental REDOR dephasing with calculated dephas-
ing values based on the atomic coordinates of the structural
models.

The Drobny laboratory investigated a complex of the
HIV transactivation response element (TAR) RNA with a
short peptide segment from the binding domain of the viral
regulatory protein tat.70 Although related complexes had been
studied extensively by solution-state NMR, crystallography,
and other biophysical techniques, peptide motion and other
challenges had hindered observations of contacts between
HIV-1 TAR with tat peptides. This situation made solid-state
NMR a natural choice for the problem. The NMR labeling
approach involved the incorporation of site-specific 19F and
31P nuclei into the tat binding site of the 29-residue HIV-1
TAR RNA construct. 31P{19F} REDOR was used to determine
conformational changes accompanying peptide binding. The
31P–19F distance between the incorporated phosphorothioate
(pS) 5′ of A27 and the 2′-fluoro-2′-deoxyuridine introduced
at the bulge residue U23 changed significantly, from 10.3 Å
in the unbound RNA to 6.6 Å following the binding of
the tat peptide (Figure 5). The results were used to refine
previous solution NMR studies that indicated a sizable
rearrangement at the TAR RNA binding site upon addition
of the peptide.

In a more recent study, the combination of 15N{31P}
and 31P{15N} REDOR experiments were used to address
various aspects of DNA packaging in bacteriohage T4.72

Experiments were carried out uniformly on 15N- and
[ε-15N]lysine-labeled bacteriophage T4. In addition, to deter-
mine the charge-screening effect of monovalent cations,
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Figure 5 Peptide–RNA interactions by REDOR. (a) Conformations of TAR RNA in the unbound form (left) and when bound to the tat peptide
(right) determined by solution NMR and molecular modeling.70,71 The phosphate backbone is represented by yellow ribbons. Blue spheres denote
the 2-19F U23 and pSA27 label positions used in the solid-state NMR work. (b) 31P{19F} REDOR dephasing of TAR RNA in the absence and in the
presence of 1.2 equivalents of tat peptide. Solid lines show calculated dephasing for 31P–19F distances of 10.3 Å and 6.6 Å between the 19F-labeled
U23 and the pSA27 site of TAR RNA in its free and tat-bound form. The 31P–19F distances determined by REDOR were in agreement with the
solution NMR-derived model

15NH4
+ was introduced into filled, unlabeled capsids from

synthetic medium by exchange. 15N{31P} REDOR measure-
ments were used to determine whether the encapsulated T4
dsDNA was present in A-DNA or B-DNA conformations.
Nitrogen–phosphorus distances differ for the two forms due
to differences in sugar conformations,73,74 and the 15N{31P}
REDOR experiments proved that the encapsulated T4 dsDNA
was in an unperturbed B-DNA conformation.72 By charac-
terizing the contacts between amines and DNA phosphates,
Yu and Schaefer also demonstrated that the DNA phosphate
negative charge is balanced by lysyl amines, polyamines,
and monovalent cations. Neither arginine nor histidine side-
chain nitrogen atoms showed significant contact with DNA
phosphates, suggesting that they are not actively involved in
DNA charge neutralization in T4. It was also shown that
a little over 10% of lysyl amines, 40% of -NH2 groups
of polyamines, and 80% of monovalent cations within the
lyophilized T4 capsid were involved in DNA charge balance.
The NMR data suggest that DNA enters the T4 capsid in a
charge-unbalanced state. The investigators proposed a model
in which the repulsive force due to the negatively charged
entry channel provides free energy to accelerate the packaging
of DNA.

7 BACTERIAL METABOLISM, CELL-WALLS, AND

ANTIBIOTICS

REDOR has been used extensively to investigate cell-
wall architecture and whole-cell metabolism in bacteria, with
an emphasis on understanding antibiotic modes of action.
CPMAS techniques were used by Schaefer’s group to study
bacterial metabolism as early as 1982. With the introduction
of REDOR in 1989, new questions regarding metabolism and
structure could be addressed and answered. In the first applica-
tions of REDOR to examine bacterial cell walls (1991–1993),
Schaefer and coworkers characterized cross-linking in Bacillus
subtilis75 and serine metabolism in Klebsiella pneumoniae.76

These applications used selective isotope labeling strategies,
often incorporating one or two selectively labeled amino acids,
and then used REDOR for the selection of directly bonded

13C–15N pairs to identify and track covalent cross-link for-
mation and routing of the isotope labels during cell-wall
metabolism. Many antibiotics target biosynthesis of bacterial
cell walls, and the ability to characterize cell-wall compo-
sition and structure in a non perturbative manner is often
crucial in understanding drug modes of action and develop-
ing new generation therapeutics. Schaefer and coworkers have
contributed a comprehensive series of studies using REDOR
to investigate cell-wall assembly in Staphylococcus aureus
and Enterococcus faecalis and to dissect the modes of action
of vancomycin and potent vancomycin analogues, e.g., ori-
tavancin, that are under development for the treatment of
life-threatening vancomycin-resistant staphylococcal and ente-
rococcal infections.77 – 84 In one study, REDOR was used to
profile mature cell-wall components and cell-wall precursors
and demonstrated that oritavancin treatment results in inter-
ference with transglycosylation and transpeptidation during
cell-wall assembly in S. aureus .81 To understand the molec-
ular nature of the mode of action of oritavancin, a molec-
ular model of the potent vancomycin analogue bound to S.
aureus peptidoglycan was generated from a combination of
measurements in intact cell walls and whole cells.78,79,85

Among these was the first TEDOR-REDOR measurement in
whole cells (Figure 6) which generated a crucial distance of
7.4 Å from the drug 19F to a unique type of nucleus in the
whole-cell (the crosslinked D-[1-13C]Ala carbonyl carbon).78

The collective data and resulting molecular model revealed
a secondary binding site in the peptidoglycan which could
only be observed in unperturbed cell walls that retained their
3-D architecture, complete with cross-linked peptide stems and
compact pentaglycine bridges, which are not maintained in
cell-wall mimics used for solution-based measurements.

8 PLANT METABOLISM

Schaefer and coworkers made contributions to plant
biology through the 1970s and 1980s using CPMAS and
techniques such as double cross polarization. More recently,
in 2005–2006, Cegelski and Schaefer provided detailed
information regarding glycine metabolism in growing soybean
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Figure 6 Whole-cell TEDOR-REDOR. (a) Peptidoglycan schematic highlighting D–[1-13C]Ala and [15N]Gly labels incorporated biosynthetically
during growth in S. aureus . (b) 125-MHz CPMAS 13C NMR spectrum of lyophilized sample of [19F]oritavancin complexed with S. aureus whole
cells grown on media containing D-[1-13C]Ala, [15N]Gly, and an alanine racemase inhibitor. The spectrum resulted from the accumulation of 256
scans. (Top) TEDOR 13C NMR spectrum of the same whole-cell sample. The observed signals arise only from label and natural-abundance 13C
that is covalently bonded to 15N. The spectrum resulted from the accumulation of 120,000 scans. (c) 15N →13C{19F} TEDOR-selected REDOR
spectra of the whole-cell sample of Figure 6(b) after dipolar evolution for (left) 96 rotor cycles and (right) 128 rotor cycles. TEDOR full echoes
(S0) are shown at the bottom of the figure and the REDOR differences at the top of the figure. Each spectrum resulted from the accumulation
of 120,000 scans. MAS was at 6250 Hz. (d) 15N →13C{19F} TEDOR-selected REDOR integrated dephasing (�S/S0) of the whole-cell sample of
Figure 6(b) as a function of dipolar evolution time. The estimated error is within the size of the solid symbols. The calculated dephasing for a
7-Å single distance from the fluorine of [19F]oritavancin to the 13C-labeled carbonyl carbon of the cross-link site (dashed line) does not match the
experimental dephasing as well as that calculated using a Gaussian distribution of distances centered at 7.4 Å (inset). The dotted lines show the
calculated dephasing for single distances of 6.5 Å (upper) and 7.5 Å (lower). (e) Molecular model of the binding of [19F]oritavancin in the mature
cell walls of S. aureus generated from several distance measurements including the featured TEDOR-REDOR 7.4 Å distance
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Figure 6 continued

plants as a function of CO2 concentration.12 They correlated
carbon and nitrogen metabolism to track the fate of excess
glycine in the leaf after short labeling times with 13CO2 in
soybean plants that were fertilized and labeled with 15N-
labeled ammonium nitrate. They used Dante-based frequency-
selective 13C{15N} REDOR to identify and distinguish free
glycine levels from glycine that had been incorporated into
protein as a function of CO2 concentration, in the intact-leaf
spectra. At subambient CO2 concentrations, which typically
occur as the result of water stress, a significant fraction
of excess glycine produced during photorespiration was
incorporated into leaf protein with a high glycine, high α-helix
content, typical of cell-wall proteins.12 This work suggested
that photorespiration may be of value to plants, consistent
with the persistence of the pathway after a billion years of
evolution.

REDOR was also employed to make a quantitative deter-
mination of the extent of photorespiration in soybean plants.86

The measurements of intact soybean leaves labeled by 13CO2
lead to the conclusion that photorespiration was 17% of pho-
tosynthesis and was made by two independent NMR methods.
In the first, 13C {31P} REDOR provided the full analysis by
tracking the incorporation of 13C label into sugar intermediates
in the Calvin cycle as a function of time. For labeling times of
five minutes or less, the isotopic enrichment of the Calvin cycle
depends on the flux of labeled carbon from 13CO2, relative to
the flux of unlabeled carbon from glycerate returned from the
photorespiratory cycle. Comparisons of these two rates for a
fixed value of the 13CO2 concentration indicated that the ratio
of the rate of photosynthesis to the rate of photorespiration of
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) in
soybean leaves was 6 : 1 under ambient conditions. In the
second NMR method, the apparent carbon assimilation was
determined from a total 13C-label spin count. The 13C measure-
ment was converted to the net carbon (12C+13C) assimilation
using the isotopic enrichment of the Calvin cycle known from
the REDOR measurement. This method provided a complete
accounting of all the 13C label in the leaf and yielded the iden-
tical conclusion that the ratio of photosynthesis to photorespi-
ration in soybean leaves was 6 : 1 under normal atmospheric
conditions.86 Again, as in most REDOR investigations, the

labeling strategy and selection of the particular REDOR mea-
surement were crucial to the overall problem-solving efforts.
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