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Abstract

Distance distributions between paramagnetic centers in the range of 1.8 to
6 nm in membrane proteins and up to 10 nm in deuterated soluble proteins
can be measured by the DEER technique. The number of paramagnetic
centers and their relative orientation can be characterized. DEER does not
require crystallization and is not limited with respect to the size of the pro-
tein or protein complex. Diamagnetic proteins are accessible by site-directed
spin labeling. To characterize structure or structural changes, experimental
protocols were optimized and techniques for artifact suppression were in-
troduced. Data analysis programs were developed, and it was realized that
interpretation of the distance distributions must take into account the con-
formational distribution of spin labels. First methods have appeared for de-
riving structural models from a small number of distance constraints. The
present scope and limitations of the technique are illustrated.
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SDSL: site-directed
spin labeling

1. INTRODUCTION

The double electron-electron resonance (DEER) technique, alternatively called pulsed electron
double resonance, separates pairwise couplings between electron spins from other electron spin
interactions. The interactions are observed in the time domain by an approach reminiscent of the
spin-echo double resonance experiment used in nuclear magnetic resonance (NMR) (1). Decay of
the time domain signal owing to transverse electron spin relaxation is factored out by applying an
observer echo sequence of constant duration. This approach, introduced by Milov et al. (2, 3), was
later extended to a four-pulse sequence for measuring the signal without dead time on standard
commercial pulse electron paramagnetic resonance (EPR) spectrometers (4, 5). The resulting
four-pulse DEER experiment has become the most widely used approach for measuring distances
between electron spins in biomacromolecules in the range of approximately 1.8 to 6 nm, and in
exceptional cases, up to 8 nm (6–8).

Early applications of DEER to pairs of cofactors in photosynthetic reaction centers were sum-
marized in 1998 (9). Several developments around the turn of the millennium transformed DEER
from a niche application to a tool that complements X-ray crystallography, NMR spectroscopy,
and electron microscopy in biostructural work. First, the potential of site-directed spin labeling
(SDSL) (10) for characterization of proteins without native paramagnetic centers was fully un-
derstood by the year 2000 (11). Second, two new experiments for dead-time free measurements,
DQ-EPR (DQ-EPR) (12) and four-pulse DEER (5), were introduced, which spurred competition.
The latter experiment could be adopted by laboratories without previous experience in pulse EPR
method development. Third, these techniques could provide not only a single number for the
distance but the distance distribution (13). Thus, characterization of conformational distributions
in proteins on a nanometer-length scale became feasible.

Around the same time, a number of early applications demonstrated the feasibility of DEER
and DQ-EPR studies on spin-labeled peptides (14), soluble proteins (15, 16), a pair of tyrosyl
radicals in ribonucleotide reductase (RNR) (17), and integral membrane proteins (18). For the
N-terminal domain of major plant light-harvesting complex II, which was missing in crystal
structures, information on the conformational distribution could be obtained (19).

Early development of the technique (20), the underlying physics and relation to distance mea-
surements by solid-state NMR (21), the relation to other EPR techniques for distance measure-
ments (7), and optimization of experimental conditions as well as data analysis (6) have been
reviewed before. The present review provides an overview of methodological issues in DEER
studies of protein structure and function. Selective application examples focus on typical strate-
gies of DEER studies and on intricacies of data interpretation.

For didactic reasons, the review does not follow the same sequence of steps as a DEER study on
proteins. Such a study starts with definition of the biological question to be answered and proceeds
with a selection of the type of paramagnetic centers (Section 2.4) and, if applicable, labeling sites
(Section 5.2). Then a mutant plasmid is prepared, protein is produced and labeled, and activity or
structure of the modified protein is verified. For membrane proteins, the reconstitution procedure
may have to be validated and optimized. Then DEER measurements are performed with the proper
measurement protocols and under optimized conditions (Sections 2.1, 2.2). Data are analyzed in
terms of distances, distance distributions, number of coupled spins, or angle constraints (Section 4).
Interpretation requires at least implicit modeling of the structure or a structural change from sparse
distance constraints (Section 5.2). Results of each step need to be validated, key data need to be
reproduced, and control measurements on supposedly unlabeled and singly labeled mutants must
be performed at least once for each new protein. This review explains intricacies of these steps so
that readers can avoid mistakes that may invalidate an entire, elaborate study.
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relaxation: loss of
phase coherence of
electron spin
magnetization and
thus loss of signal
owing to random
magnetic field
fluctuations
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Figure 1
Four-pulse DEER experiment. (a) Pulse sequence. Time t is varied from t < 0 to tmax, and variation of the
integral echo intensity in the window of length pg is recorded. (b) Local field picture. The π pump pulse at
frequency ωB inverts the state of spin B (red ), thus inverting the local field imposed by spin B at the site of
spin A (blue). (c) Energy level diagram. Inversion of the local field at spin A exchanges coherence between the
two transitions of spin A that differ in frequency by ωee,i .

2. EXPERIMENTAL ASPECTS

2.1. Pulse Sequence

The four-pulse DEER sequence (5) consists of a refocused primary echo sequence at the observer
frequency ωA with fixed interpulse delays and an inversion pulse at the pump frequency ωB, which
is applied at a variable time t with respect to the first observer echo (Figure 1a). The observer
sequence refocuses inhomogeneous broadening of the EPR line of the observer spin A, including
g value dispersion, hyperfine couplings, and the coupling of spin A to those electron spins that are
not excited by the observer pulses. Transverse relaxation of spin A and couplings to other electron
spins that are excited by the observer pulses lead to echo attenuation by a factor exp[−2k(τ1 + τ2)].
The decay rate constant k = 1/T2,A +kID depends on transverse relaxation time T2,A of the A spins
and on the instantaneous diffusion rate kID = c A KA, which is proportional to the concentration
cA of A spins. Signal loss thus increases with increasing interpulse delays τ 1 and τ 2 and increasing
concentration cA. The instantaneous diffusion strength KA is inversely proportional to the length
of the observer π pulses and has an approximate value of 0.25 mM−1 μs−1 for nitroxide spin labels
at X-band frequencies (≈9.6 GHz) with 32-ns observer π pulse length.

Of the electron spins B that are coupled to observer spin A, a fraction λ < 1 is excited by the
pump pulse at frequency ωB that inverts the state of these spins (Figure 1b). With a 12-ns pump
pulse at X-band frequency (≈9.6 GHz) the inversion efficiency for nitroxide labels is λ ≈ 0.5; it

www.annualreviews.org • DEER on Proteins 421
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Exchange coupling:
interaction between
electron spins owing
to overlap of their
wavefunctions; decays
exponentially with
distance

Form factor:
contribution to the
double electron-
electron resonance
signal caused by spins
belonging to the same
protein molecule or
protein complex

depends slightly on resonator bandwidth and line width in the nitroxide EPR spectrum. Inversion
of spin Bi changes frequency of spin A by the electron-electron coupling ωee,i (Figure 1c), which
leads to a phase gain φi = ωee,i t of a fraction λi of the A spin magnetization. As a consequence,
the echo amplitude as a function of time t is given by

v(t) =
∏

i

{1 − λi [1 − cos(ωee,i t)]}, (1)

where the product runs over all spins Bi coupled to spin A.
If, and only if, both pump and observer excitation bandwidths are much larger than the electron-

electron coupling, the factors λi in Equation 1 are independent of electron-electron coupling (22).
Observer echo phase differs in the presence and absence of the pump pulse owing to a Bloch-
Siegert shift of the A spins induced by the pump pulse (23), which is corrected for by receiver
phase adjustment.

Application of DEER as a technique for measuring distance distributions depends on the
following additional assumptions, which are discussed in more detail below. First, exchange
coupling between the electron spins is neglected, and both spins are assumed to be quantized
along the external magnetic field. Thus, the coupling simplifies to the magnetic dipole-dipole
coupling ωee,i = (Ci/r3

i )(1 − 3 cos2 θi ), where Ci is proportional to the product of the g values of
the A and B spin and takes a value of 52.2 MHz nm−3 for gA = gB = 2.0055 (isotropic g value
of nitroxide labels). Here, θ i is the angle between the spin-spin vector and the external magnetic
field (Figure 2d ). Second, a semi-isolated spin pair is assumed; i.e., for a given observer spin A,
only one spin B in the same protein molecule or complex is assumed to be within the sensitive
distance range of DEER. All Bi spins in other molecules can be considered as homogeneously
distributed in space. The assumption of homogeneous spatial distribution can be relaxed to a
homogeneous distribution with fractional dimension D (24); e.g., D ≈ 2 for membrane proteins
in liposomes. Third, the correlation between λi and ωee,i , which arises from the dependence of
both quantities on θi , is neglected, and an orientation average is taken. With these assumptions,
Equation 1 converts to an expression for a macroscopically disordered sample

V (t) =
{

1 − λ

[
1 −

∫ 1

0
cos

(
Ci

r3
i

(
1 − 3 cos2 θi

)
t
)

d cos θ

]}
B (t) , (2)

where the background function takes the form B(t) = exp(−c B KBtD/3). If more than one
B spin within the molecule is within the sensitive distance range, the signal takes the form
V (t) = F (t)B(t), with the form factor F(t) being the product of all possible pair contributions (25).

The simple factorization of the multispin signal expressed by Equation 1 into an analytically
known intermolecular background factor B(t) and intramolecular form factor F(t) sets DEER apart
from single-frequency techniques for distance measurements, such as DQ-EPR (12) or the single
frequency technique for refocusing (26). It has been wrongly claimed that the larger modulation
depth of DQ-EPR makes background correction less important (27). In fact, the signal of a semi-
isolated spin pair in DQ-EPR or the single frequency technique for refocusing is formally still a
product of the pair form factor F(t) and a background function B(t); however, the form of B(t) is
not analytically known and depends strongly on the excitation profile of the pulses and EPR line
shape. This complicates extraction of a reliable form factor F(t) and thus of the width and shape
of distance distributions.

The constant-time approach of the original DEER experiment entails a sensitivity loss with
respect to a variable-time version (28). However, in situations where instantaneous diffusion is
significant and spatial distribution of spins is not homogeneous in three dimensions, variable-time
DEER fails to exactly compensate for transverse relaxation. Such situations are commonly
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Figure 2
Orientation selection for nitroxide at X-band. (a) Molecular frame and simulated continuous-wave electron paramagnetic resonance
(EPR) spectra along the principal axes. (b) Echo-detected EPR spectrum (black, superposition of absorption spectra of all orientations).
At the standard pump position (red ), all transitions in the xy plane and the center 14N hyperfine component along z are excited. At the
standard observer position (blue), mainly the low-field hyperfine component along z is excited. Orientation selection can be suppressed
by variation of B0, corresponding to a shift of observer and pump position along the blue and red dotted lines, respectively. (c) Structure
of model compound 1. (d ) Distance vector between spin A (blue) and B (red ) of length ri at an angle θ i with the magnetic field vector
�B0. (e) Dipolar spectrum (Pake pattern, solid line) as detected by double electron-electron resonance and correspondence of frequency
ωee,i to angle θi (orange dotted line and scale). ( f ) Expected Pake pattern (black solid line), dipolar spectrum measured at standard pump
and observer positions (maroon dotted line) and dipolar spectrum measured with orientation selection suppressed by a field scan (blue
dotted line). Maroon arrows denote missing intensity corresponding to orientations with θi ≈ 0◦.

encountered for membrane proteins reconstituted into liposomes. Taken together, these
considerations suggest that four-pulse DEER (5) is the method of choice for distance distribution
measurements on proteins in most situations.

2.2. Sensitivity

2.2.1. Concentration. We have extended our previous approach for deriving an optimum con-
centration (6) by considering the reduction in the signal-to-noise ratio of F(t) owing to dampening
by B(t). With the labeling efficiency f (ratio of the number of B spins to the number of possible B
spin sites in the protein) and the maximum dipolar evolution time tmax (Figure 1a), the optimum
concentration [mM] for standard X-band DEER with an observer π pulse length of 32 ns and a
pump pulse length of 12 ns is 1.38/( f tmax), if tmax is inserted in μs. Usually, protein expense limits

www.annualreviews.org • DEER on Proteins 423
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concentration to lower values than that. For the best tmax of 25 μs achieved to date for a protein (29)
and complete labeling ( f = 1), the optimum concentration is approximately 50 μM. This assumes
that local concentration of B spins in the vicinity of A spins equals bulk concentration, which does
not apply to membrane proteins in liposomes (30). Depending on the extent of protein crowding
in the bilayer, the optimum concentration can be significantly lower than predicted by the formula.

2.2.2. Temperature and deuteration. The length of the four-pulse DEER sequence exceeds
2tmax by 2(τ1 + ts), where ts is the minimum spacing between the pump and last observer pulse for
which end artifacts in the signal are avoided (Figure 1a). The required tmax depends on the distance
to be measured (6) and is typically of the order of T2,A or even longer. As signal intensity decays
exponentially with 1/T2,A, sensitivity increases strongly with prolongation of T2,A. Therefore,
DEER experiments are best performed in the low temperature limit of transverse relaxation,
which is typically reached in proteins labeled with nitroxides at temperatures between 40 and 60 K
(6). In this limit, transverse relaxation of electron spins is driven by proton spin diffusion, such
that deuteration of the matrix improves sensitivity or allows one to increase tmax and thus measure
longer distances. Often only the buffer and cryoprotectant are deuterated (28). However, protein
deuteration further prolongates T2,A (29), which can extend the DEER distance range for soluble
proteins to 10 nm or even beyond.

2.2.3. Reconstitution conditions. When reconstituted in liposomes rather than solubilized in
detergent micelles, membrane proteins generally exhibit shorter apparent transverse relaxation
times. At the bulk concentrations used for DEER, this effect arises from confinement of the spin-
labeled protein to the liposome walls, which enhances local spin concentration. This effect can
be only partially compensated for by increasing the lipid-to-protein ratio and may be aggravated
by the tendency of membrane proteins to distribute unevenly in lipid bilayers (30). Effects of
enhanced local concentration were addressed in a model study (31).

These considerations seem to call for a Scylla and Charybdis choice between enhanced lo-
cal spin concentration in liposomes or the nonphysiological environment in detergent micelles,
the latter being known to alter structural dynamics. Reconstitution into nanodiscs (32) or other
nanoassemblies (33) may avoid both disadvantages, albeit at the cost of more expensive and difficult
reconstitution conditions.

2.2.4. Microwave frequency band. Although to date most DEER experiments on proteins
have been performed at X-band frequencies, it was recognized early that the signal-to-noise ratio
improves at Q-band frequencies of approximately 34 GHz (34). The huge sensitivity increase at
modest microwave (MW) power claimed in later work (35) cannot be reproduced in our hands and
is most likely a result of not fully optimizing the X-band measurement. More realistic results were
reported later (33, 36), although the X-band data taken for comparison still suffer from three times
longer pump pulses than would have been possible with available MW power. On the other hand,
Q-band DEER sensitivity at given concentration can be further enhanced by using a high-power
setup and a probe head that allows for oversized samples (37). For organic radical cofactors, DEER
sensitivity with moderate MW power may decrease at Q-band frequencies owing to dominance
of electron Zeeman broadening (38).

Further increase to W-band (94 GHz) frequencies still allows for a decrease in sample volume
and thus an increase in absolute sensitivity, whereas the signal-to-noise ratio at a given concentra-
tion decreases. This sensitivity loss is due to a less favorable ratio between excitation bandwidth
and spectral width, which in turn leads to dramatic loss in B spin inversion efficiency λ (39). The
problem can be overcome by supplying large MW power, thus allowing W-band DEER to be

424 Jeschke
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Orientation
selection:
spectroscopic
technique wherein
pulses excite only part
of the spectrum
corresponding to only
part of the molecular
orientations in the
magnetic field

Nuclear modulation:
superposition of the
double electron-
electron resonance
signal by weak
oscillations at nuclear
Zeeman frequencies

measured down to concentrations of 1 μM (40). Further frequency increase is not expected to
offer a sensitivity advantage but is of interest for determining relative orientations of radical cofac-
tors. Sufficient sensitivity for measurements at effective spin pair concentrations of approximately
250 μM has been demonstrated at 180 GHz (41).

2.3. Avoiding Artifacts

2.3.1. Orientation selection. Data analysis in terms of distance distributions neglects correla-
tion between B spin inversion efficiency λi and electron-electron coupling ωee,i by assuming that
values of angle θ i (Figure 2d ) are selected with probability sin θi , corresponding to an isotropic
powder average. As both pump and observer pulses are selective, this assumption does not apply
if the spectra of A and B spins are broadened by anisotropic interactions (Figure 2a,b) and the
orientations of the molecular frames of A and B spins are strongly correlated (42). The latter situa-
tion is common for paramagnetic cofactors but rare for nitroxide spin labels, which tend to exhibit
broad conformational distributions. If the pump frequency is set to the maximum of the nitroxide
spectrum at X- or Q-band frequencies, λi ≈ 0.3 . . . 0.5 is achieved and orientation selection by the
pump pulse can be neglected. The form factor is then almost invariably dominated by the dipolar
frequency at θi = 90◦, which allows for correct determination of the mean distance. Part of the
distortion in the distance distribution owing to missing orientations near to θi = 0◦ (Figures 2e, f
and 3d ) can be suppressed by a nonnegativity constraint for the distance distribution P (r)
(Figure 3f ). Accordingly, effects of orientation selection may be surprisingly weak for spin-labeled
proteins even at W-band frequencies (39).

Strong suppression of orientation selection can be achieved by adding DEER traces obtained
with the same pump and observer frequencies at different magnetic fields (Figure 2b) (43). This
procedure measures most traces under nonoptimum conditions and thus entails some sensitivity
loss. Orientation selection is not completely canceled by such field averaging (44). Averaging
over different settings of pump and observer frequency was also proposed (45), but this requires
repetition of pulse channel setup for each new setting, whereas field averaging can be automated
as a two-dimensional experiment.

2.3.2. Nuclear modulation artifacts. Under conditions that provide optimum sensitivity, exci-
tation bands of the pump and observer pulses slightly overlap. Hence, there is a small probability
for excitation of forbidden electron-nuclear transitions of A spins by the pump pulse, which leads
to nuclear modulation in the DEER signal (5). The most prominent modulation arises from ma-
trix protons or deuterons. Proton modulation at approximately 14 MHz at X-band frequencies
corresponds to distances at ∼1.55 nm that are shorter than the lower distance limit of DEER.
If such oscillations are strong, they may cause uncertainty in separation of the primary dipolar
evolution data into F(t) and B(t). Deuterium modulation at approximately 2 MHz corresponds to
distances at approximately 3 nm and thus causes artifacts (Figure 3g). At Q-band frequencies, the
deuterium modulation at approximately 8 MHz causes artifacts at approximately 2 nm.

Nuclear modulation artifacts can be strongly suppressed by systematic variation of interpulse
delay τ 1 (26, 28). For protonated matrices at X-band frequencies, adding traces for eight values
of τ1 with increments �τ1 = 8 ns provides good results. For deuterated matrices, eight values
with �τ1 = 56 ns are appropriate. At Q-band frequencies, proton modulation is less prominent,
whereas deuterium modulation can be suppressed with �τ1 = 16 ns.

2.3.3. Overlap of observer and pump excitation bands. Owing to overlap of the excitation
bands of the pump and observer pulses, a small fraction of A spins undergoes the spin dynamics,
as in the 2+1 train experiment (46). Dipolar modulation in this experiment is not described by

www.annualreviews.org • DEER on Proteins 425
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Figure 3
Data analysis and artifacts. (a) Structure of model compound 2. (b) Primary four-pulse DEER data V(t) of 2 (black line) and fitted
background function B(t) (red line). The dotted segments are extrapolated. (c) Form factor F (t) = V (t)/B(t) with modulation depth �.
The purple dashed line denotes the part accessible with tmax = 4 μs. (d ) Distance distribution P(r) obtained by approximate Pake
transformation of F(t). Black bars denote noise artifacts, and the maroon arrow an orientation selection artifact. (e) Tikhonov
regularization L curve with three selected regularization parameters α. ( f ) Distance distributions obtained by Tikhonov regularization
with constraint P (r) > 0. Undersmoothing (red ) causes unrealistic peak splittings; oversmoothing (blue) causes artificial broadening. At
the L-curve corner ( green), P(r) is most realistic. ( g) Best experimental distance distribution ( green), artifacts owing to missing nuclear
modulation averaging (black line, red bar), and loss of shape when restricting data to tmax = 4 μs ( purple).

Equation 2. Most notably, a growing dipolar oscillation is introduced near tmax where the pump
pulse approaches the final refocusing pulse. At the cost of sensitivity, this end artifact can be
suppressed by decreasing excitation bandwidths, by increasing the frequency difference between
pump and observer pulses, or by increasing the difference between τ 2 and tmax. For standard
X-band conditions (32-ns observer pulses, 12-ns pump pulse, 65-MHz frequency difference), the
end artifact is usually negligible.

2.3.4. Combination frequencies for multiple spins. If more than two paramagnetic centers
are situated in a protein or protein complex, the pump pulse may excite more than one spin Bi near
a given A spin. The form factor F(t) then contains products of the pair form factors fi (t) for the
individual A-Bi spin pairs (25). Thus, products of cosine functions of the dipolar frequencies ωee,i

occur, which correspond to sum and difference combinations of these frequencies. The relative
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MTSL:
methanethiosulfonate
spin label

contribution of combination frequencies scales with f λ, and these frequencies cause artifacts in
the distance distribution at shorter and longer distances than are really present.

These artifacts can be eliminated by systematic variation of λ (25) or suppressed by decreasing
λ, e.g., by decreasing pump pulse power. If a model of the protein structure is known, the modeling
and visualization software MMM (47) allows one to simulate the effect of combination frequencies
on F(t). Work on a general, software-based correction procedure is in progress.

2.3.5. Influence of exchange coupling and validity of the point-dipole approximation. At
distances longer than 1.5 nm, through-space exchange coupling is much smaller than dipole-dipole
coupling (48) and thus does not introduce artifacts in the distance distribution. Through-bond
exchange coupling is negligible if conjugation between the paramagnetic centers is broken, as is
the case for all spin labels used to date in proteins. This is also a good approximation for radical
cofactors at distances accessible by DEER. Exchange couplings are detectable by DEER if two
radicals are connected by a fully conjugated pathway (49, 50).

A theoretical study addressed the distance error introduced by using the point-dipole approx-
imation with the assumption that the unpaired electron is localized in the midpoint of the N-O
bond of a nitroxide (50). According to computations for the relevant saturated-linker case, dipole-
dipole coupling is underestimated by the point-dipole approximation by 35% at 1.75 nm and 20%
at 2.0 nm. Hence, for a real 1.75-nm distance, one would expect to measure an apparent 1.52-nm
distance, and for a real 2.00-nm distance, an apparent 1.86-nm distance. These predictions are at
odds with experimental studies on model compounds with N-O midpoint distances of approxi-
mately 2 nm (5, 42, 48, 49), which found much better agreement. Assuming an N-O bond length
of 0.13 nm, 45% of the spin density being localized at the nitrogen and 50% at the oxygen atom
and the remaining 5% being 0.25 nm closer to the partner spin than the N-O midpoint, we have
computed the maximum expected distance error as a function of distance. We find that the true
distance is underestimated by less than 0.04 nm for distances larger than 1.5 nm, and by less than
0.03 nm for distances larger than 2.5 nm. This result is in agreement with experimental findings
and implies that errors owing to the point-dipole approximation are negligible compared with
the uncertainty in spin label conformation. The analogous argument does not necessarily apply
to cofactor radicals, which often have much broader spatial distribution of the electron spin and
very rigidly defined geometry.

2.4. Types of Paramagnetic Centers

Most DEER studies on proteins apply SDSL techniques, and the overwhelming majority uses the
methanethiosulfonate (MTSL) spin label (51), which attaches to genetically engineered cysteine
residues. Advantages of MTSL are high selectivity to thiol groups and a good compromise between
rigidity and flexibility, ensuring minimal perturbation of protein structure combined with tolerable
spatial distribution of the N-O group. The disadvantage is attachment by a disulfide bond, which
is prone to reductive cleavage. In the reductive milieu inside living cells (52) or in the presence of
cofactors that require slightly reducing conditions (53), maleimido or iodoacetamido spin labels
(MSL and IASL, respectively) can be used. Five-membered ring nitroxides are more stable under
reducing conditions or at low pH values than are six-membered ones (54).

As an alternative to cysteine engineering, the unnatural amino acid p-acetyl-L-phenylalanine
can be genetically encoded and labeled with a hydroxylamine spin label (55). The resulting larger
and more flexible side group causes a broader spatial distribution of the N-O position, yet this
strategy is very attractive for proteins with functionally important cysteine residues.

The 2,2,6,6-tetramethyl-piperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC) spin label (56)
is an artificial amino acid that can be introduced by solid-state (57) or solution (58) peptide

www.annualreviews.org • DEER on Proteins 427



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  N
at

io
na

l T
si

ng
 H

ua
 U

ni
ve

rs
ity

 (
ar

-2
41

44
9)

 IP
:  

14
0.

11
4.

43
.1

62
 O

n:
 T

hu
, 1

2 
F

eb
 2

02
6 

06
:1

8:
02

PC63CH19-Jeschke ARI 27 February 2012 17:17

synthesis. Spiro linkage of the six-membered nitroxide to the Cα atom causes a very narrow spatial
distribution of the N-O group. Because TOAC is a helicogenic amino acid and the side group is
virtually unflexible, labeling sites must be judiciously selected. A bulkier analog of TOAC with the
methyl groups replaced by spiro-cyclohexyl groups reaches the low-temperature limit of transverse
relaxation already at approximately 100 K (59).

Isotope labeling by 15N or deuterium can be used to disentangle distance distributions (60).
Such a strategy requires an orthogonal labeling approach, where different labels can be introduced
at preselected sites. Orthogonal labeling is simple for self-assembling protein complexes if the
components can be expressed, purified, and labeled separately.

Application of DEER to organic radical cofactors is similar to the case of nitroxide spin labels,
except that pump and observer positions and excitation bandwidths must be optimized for each
particular case. Distances can also be measured between metal centers, provided that the ratio of
pump pulse excitation bandwidth to EPR spectral width allows for sufficient inversion efficiency λ.
This situation is encountered for Cu2+-Cu2+ pairs (61). When both pump and observer pulses were
applied near the maximum of the EPR spectrum, orientation selection was tolerable and measured
distances were in good agreement with the ones found in crystal structures (62). However, later
work on a doubly labeled peptide indicated that full analysis of the orientation selection may be
required for Cu2+-Cu2+ pairs (63).

DEER measurements on Gd3+-Gd3+ pairs with spin quantum number S = 7/2 of the indi-
vidual centers appear even more attractive (65). The Gd3+ centers can be introduced as labels.
High-quality DEER data were obtained with approximately 3 μL of 60-μM solution at W-band
frequency on p75 neurotrophin receptor and the C-terminal domain of the τ subunit of a DNA
polymerase (66). Results with chelate ligands, which enclose Gd3+ more tightly, indicate that
longer T2,A can be obtained than with nitroxides, and thus longer distances can be measured (67).

When performing DEER measurements between a metal center and a nitroxide label, the
pump pulse should be applied to the nitroxide (68) to obtain larger inversion efficiency λ. As
the electron spin of the metal ion relaxes more quickly, temperature can be lowered and thus the
Boltzmann population difference and sensitivity increased. The technique has been demonstrated
for Cu2+-nitroxide (68) and Gd3+-nitroxide (69) pairs and analyzed for peptides labeled with one
nitroxide and one Cu2+ center (63).

DEER measurements on Gd3+-Gd3+ pairs and Gd3+-nitroxide pairs apparently can be analyzed
in terms of distances in the same way as measurements between two spin 1/2 centers. This is no
longer true if one center is of non-Kramers type (integer electron spin) and may no longer be true
if selective excitation of the −1/2 ↔ 1/2 transition of a high-spin Kramers system is impossible.
Dipole-dipole coupling for these more complicated situations has been analyzed theoretically (70).

Another complication occurs for S = 1/2 centers with internal electronic structure, such
as iron-sulfur centers (71). The point-dipole approximation is poor for the effective spin 1/2
that arises from antiferromagnetic coupling of three formally S = 5/2 spins. Good agreement
between expected and measured distances was obtained by including the spin projection factors
in the analysis (72).

3. INFORMATION CONTENT

3.1. Distance Information

In general, distances between two spin labels are distributed owing to conformation distribution of
the label and protein backbone. This distribution can be characterized by its mean distance, width,
and shape. Extraction of the width requires better data quality and is less reliable than extraction
of the mean distance. Reliable determination of the shape requires extremely high data quality.
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3.1.1. Mean distances. Owing to the dependence of inversion efficiency λ on the ratio between
excitation bandwidth and dipole-dipole coupling (22), conformations with very short distances
are underrepresented in the DEER signal (73). At standard X-band conditions, modulation depth
decreases markedly below 2.0 nm. Mean distances shorter than 1.7 nm can hardly be measured
reliably (74) unless the distribution is very narrow (49). This lower limit of the sensitive distance
range may shift upwards for the more selective pulses often used at Q- and W-band frequencies
and downwards for high-power setups at these frequencies.

The upper limit for obtaining an accurate mean distance can be approximated by rmax,〈r〉 ≈
5 3
√

tmax/(2 μs) nm. For the soluble histone core octamer in deuterated buffer, good quality data
with tmax ≈ 8 μs were obtained (75), corresponding to a limit of approximately 8 nm. By deutera-
tion of the same protein, tmax could be extended to approximately 24 μs, corresponding to a limit
of approximately 11.5 nm (29). For membrane proteins in detergent micelles (76) or nanoscale
apolipoprotein-bound bilayers (33), tmax ≈ 3.5 μs can be achieved, putting the limit to approxi-
mately 6 nm. The presence of spin pairs at longer distances can be recognized, but quantitative
interpretation of such longer distances should be avoided.

3.1.2. Width of distance distributions. The width of the distance distribution is encoded in the
decay rate of the dipolar oscillations in F(t). Accordingly, several oscillations must be observed
for an accurate determination of the width, which puts the upper limit for such determination
to rmax,σ ≈ 4 3

√
tmax/(2 μs). This corresponds to limits of 6 nm for soluble proteins in deuterated

buffer, 9 nm for deuterated soluble proteins, and 5 nm for membrane proteins under carefully
optimized conditions.

3.1.3. Shape of distance distributions. Shapes of distance distributions can be used to char-
acterize conformational distributions (43, 44, 77, 78). The shape of the distance distribution is
encoded in the shape of the decay envelope of dipolar oscillation. Upper distance limits for safe
interpretation of asymmetries and shoulders of a distribution decrease to 5 nm for soluble proteins
in deuterated buffer, 7 nm for deuterated soluble proteins, and only 3.6 nm for membrane proteins.
Note, however, that the presence of several well-separated peaks in the distance distribution can
be detected up to the limit of reliable detection of the mean distance.

3.2. Number of Coupled Spins and Labeling Efficiency

If only one B spin exists in the sensitive distance range of DEER, the modulation depth �

(Figure 2c) equals the product p = λ f of inversion and labeling efficiencies. For p � 1, the
modulation depth in a system of N spins with identical EPR spectra is (N − 1)p (3). Relaxing
the condition of very small p (79), the number N of spins in a protein or protein complex can
be determined from N = 1 − ln(1 − �)/ ln(1 − p), provided that f and λ can be estimated
independently. Calibration of the constant C = ln(1 − p) with five biradicals and a triradical
indicated that N can be measured with an error of less than 0.1 (80). A detailed study on model
systems revealed that an additional error in mean spin numbers 〈N〉 can arise in mixtures of
species with different N > 1 owing to different transverse relaxation times of the species (81).
The same study indicated that N ≤ 4 can be determined with a precision of 5%. If N is known,
the same method can be used to estimate labeling efficiencies f.

3.3. Angular Information (Orientation Selection)

From the dependence of F(t) on θi , the angle between the spin-spin vector and the ordering
direction in a macroscopically ordered sample can be determined, as was demonstrated on cofactors
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Tikhonov
regularization: direct
transformation of the
form factor to the
distance distribution
by striking a
compromise between
fit quality and smooth
distribution

of photosystem II in oriented thylakoid membranes (9). For macroscopically disordered samples,
information on the relative orientation of the molecular frames of the A and B spins and the
spin-spin vector is encoded in F(t) by orientation selection (42). If the problem is described in
molecular frame A, the five unknown parameters are three Euler angles relating molecular frame
B to frame A and two polar angles specifying the direction of the spin-spin vector in frame A. It is
not presently known what amount of data is required to determine these five angles uniquely or
whether this is possible at all. For the two tyrosyl radicals in RNR, the situation is simplified by
C2 symmetry. Except for a small displacement that may arise from radical formation, a global fit
reproduced the relative tyrosine orientation observed in the crystal structure of the diamagnetic
precursor (82).

A further complication arises if the relative orientation of molecular frames is distributed, as is
usual for nitroxide spin labels (83). Nevertheless, orientation selection may still be significant at
W-band frequencies, such that models for the distribution of relative orientations can be tested.
As has been demonstrated for particularly rigid spin labels in DNA, angular information can also
be obtained at X-band frequencies (84).

Orientation selection requires selective observer pulses, which may conflict with the excitation
bandwidth required for observing short distances. To overcome this problem, an observer-selective
DEER sequence has been developed (85).

4. DATA ANALYSIS

4.1. Distances and Distance Distributions

In mathematical terms the transformation of DEER form factors F(t) to distance distributions
P(r) is a moderately ill-posed problem that can be solved by a cross-talk–corrected special integral
transformation with subsequent distance domain smoothing (13) (Figure 2d ). Comparison of
several alternative approaches for computation of the distance distribution (86–88) revealed that
the best transformation method is Tikhonov regularization with an added nonnegativity constraint
P (r) ≥ 0. The optimum regularization parameter can be estimated from the corner of the L
curve (Figure 2e) (88). The maximum-entropy method with P (r) ≥ 0 also performs well but is
comparatively slow (89).

If additional information on the shape of the expected distribution is available, model-based
fitting of P(r) can be preferable (90). Fast integral transformation, Tikhonov regularization with
P (r) ≥ 0, and model-based fitting are incorporated into the software package DeerAnalysis (91),
which also provides several ways of separating the primary DEER data into F(t) and B(t). Note that
a Gaussian distribution of spin label positions leads to a Rice distribution of interspin distances (92),
a fact that may be important for consistent analysis of triangulation data from several spin pairs.

4.2. Distance Changes

In many applications, reliable detection of small distance changes between states 1 and 2 of a
protein is important. Because transformation of the form factor F(t) to the distance distribution
P(r) is ill-posed, it is hard to ascertain whether changes in P(r) are significant. Significant change
implies that the primary data V 1(t) and V 2(t) as well as the form factors F1(t) and F2(t) differ. As
the two samples may have different labeling efficiency f or different concentration, comparison
may require scaling to the same modulation depth �. The scaling of primary data needs to be done
on log V i (t) to correct for concentration differences, whereas the Fi (t) must be scaled linearly to
avoid distortion of the distance distribution. Such comparison is included as a dual display feature
in DeerAnalysis (91).
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MD: molecular
dynamics

Rotamer:
a conformation of
spin-label side chains
that is distinguished
from other
conformations only by
variation in the
dihedral angles

4.3. Orientation Selection

Orientation selection was analyzed for high-frequency DEER with enhanced symmetry of the
relative orientation without (82) and with (83) conformational distribution of the paramagnetic
center and for general symmetry for a cofactor pair in photosynthetic reaction centers (93).
Analysis at X-band frequencies was described for Cu2+-Cu2+ (63, 94), Cu2+-nitroxide (63, 64)
and iron-sulfur center-nitroxide (94) pairs. In the last case, spin projection factors were taken into
account.

Model-free analysis of orientation selection can be achieved by subjecting form factors Fi (t)
obtained at different observer/pump frequency settings i to two Tikhonov regularization steps
(45). In the first step,

∑
i Fi (t) is converted to the distance distribution P (r). In the second step,

orientation distributions Pi (θ ) are determined from the individual Fi (t) and from P (r). If the
hyperfine and g tensor of both the A and B spin can be approximated with axial symmetry and
if the unique axes of all four tensors are parallel, geometry is characterized by a single angle β

between the spin-spin vector and the coinciding unique axes of the molecular frames A and B. For
this case, an analytical expression relates β to the value of the observer frequency at which P (θi )
assumes its maximum (95).

5. RELATION OF LABEL-TO-LABEL DISTANCES
TO PROTEIN STRUCTURE

5.1. Spin Label Conformation

DEER distance constraints can be interpreted in terms of protein structure only by taking into
account the conformation of the spin label (16). The first systematic, explicit treatment of spin-label
conformational distribution used a combination of Monte Carlo conformational search and short
molecular dynamics (MD) computations (96). Compared with modeling by the Cβ-Cβ distance,
this approach significantly improved agreement between experimental and theoretical distances
for potassium channel KcsA and troponin C to a mean uncertainty of approximately 0.3 nm. Fast
and convenient predictions are possible by rotamer library modeling of the conformational space,
i.e., by assuming a small number of canonical values for each of the dihedral angles (Figure 4a) of
the side chain (97). In the present approach, the interaction energy of each spin label rotamer with
backbone atoms and neighboring side groups is computed from only a Lennard-Jones potential
(6). For lack of a sufficiently large experimental database of spin label conformations, the most
recent rotamer libraries are still calibrated by long MD runs (98). For three pairs between a flavin
adenine dinucleotide cofactor radical and a nitroxide spin label in acyl-CoA dehydrogenase, full
MD simulations were found to be in good agreement with rotamer library predictions, whereas
results of DEER measurements differed from both, indicating structural flexibility of the protein
backbone (36). An even simpler modeling approach that does not include Boltzmann weighting
of rotamers but only removal of clashing conformations was found to be in good agreement with
two distance measurements on azurin (99).

Good agreement between such predictions and experiment should not be taken for granted,
however. Present modeling procedures may fail to account for subtle effects, such as occasional
conformational change of the spin label upon freezing, which is caused by changes in hydrophobic
effects (100). Furthermore, label side chains appear to have a strong preference for hydrophobic
pockets, which may lead to deviations of the dihedral angles from the canonical values encountered
in MD simulations (101). Deviations between rotamer library predictions and experiment are most
likely for narrow distance distributions, such as the one between MTSL at residues 202 and 202′

in the sodium/proton antiporter NhaA of Escherichia coli (Figure 4b–d ). Note that the significant
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Figure 4
Spin-label conformational distribution. (a) Five rotatable bonds (dihedrals χ1 . . . χ5) cause distribution of the electron spin position (red
dot) with respect to the Cα atom ( green). (b) Predicted conformational distribution of spin labels at sites 202/202′ of sodium/proton
antiporter NhaA of Escherichia coli. Methanethiosulfonate is represented by green stick models, in which red spheres visualize electron
spin location, with their radii corresponding to rotamer populations. The prediction was made using the rotamer library approach in
the modeling and visualization software MMM (47) and is based on the electron microscopy model with Protein Data Bank identifier
3FI1 (102). (c) Experimental (black) and predicted (red ) double electron-electron resonance (DEER) distance distributions. The green
dotted line denotes the Cα-Cα distance. The asterisk denotes an aggregation artifact. (d ) Best fit of the primary DEER data (black) by
the rotamer library prediction (red ) obtained by varying background decay rate c B KB and modulation depth �. (e) Best fit of the
experimental form factor (black) by the prediction obtained by varying modulation depth �.

deviation of the experimental distance distribution from the one predicted from structural model
3FI1 (102) (Figure 4c) corresponds to only a minor difference in the primary data (Figure 4d ).
Hence, despite the prediction uncertainty, the relative arrangement of monomers in the NhaA
dimer could be determined with rather good resolution by directly fitting primary data (97, 98).
Experimental distance distributions and, by implication, spin label conformations appear to be
rather insensitive to the choice of cryoprotectant (103).

Crystal structures of several T4 lysozyme mutants labeled with MTSL exhibit resolved electron
density for at least the first few atoms of the MTSL side chain (104). Analysis suggests a preference
for conformations with close contact of the Sδ atom with the backbone, which is possibly not fully
accounted for in present MD simulations. For an MTSL spin label attached to residue 55 of the
homodimeric protein CylR2, a single conformation is observed in the X-ray structure, which was
compared with NMR paramagnetic relaxation enhancement data in solution and a DEER distance
measurement in frozen solution (105). Agreement for the NMR data is very good, whereas the
mean distance determined by DEER is 0.16 nm shorter than the one in the crystal structure.
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Rigid-body
approximation:
assumption that a part
of a protein or protein
complex does not
change internal
structure during a
structural transition

Sparse constraints:
set of constraints on
distances, angles,
and/or dihedrals that
are in themselves too
few to fully specify the
structure

Coarse-graining:
reducing the number
of degrees of freedom
by combining several
atoms into one particle
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Figure 5
Sparse distance constraints. (a) Determination of the relative arrangement of Na+/H+ antiporter monomers in a homodimer from nine
distance constraints (red spheres denote labeling sites and red lines distance vectors) (97). Coordinates of the second monomer (violet) are
obtained by rotation of coordinates of the first monomer (X-ray crystal structure 1ZCD, steel blue) being 180◦ about the dimer C2 axis
(orange). Four free parameters ( green) characterize orientation (polar angles θ and φ) of the C2 axis in the crystal coordinate frame (black
frame, capital letter axis identifiers) and translation of this axis (�x and �y) within the bilayer (semitransparent pink planes). (b) Site pair
selection by the Zheng-Brooks algorithm (120) for characterizing the structural transition of maltose-binding protein MalE. The open
apo structure (PDB 1OMP) is shown as a dark cyan string with gray cones denoting Cα atom motion on transition to the closed form
(PDB 3MBP) in the presence of maltose. The 10 suggested site pairs are indicated as pairs of Cα van der Waals spheres with matching
colors. Distances range from 2.1 to 5.1 nm.

5.2. Modeling of Structures with Sparse Distance Constraints

The present SDSL approach provides one distance constraint per protein sample. As a conse-
quence, the number of distance constraints in DEER studies is much smaller than the number of
backbone dihedrals in proteins. Such sparse distance constraints have been used for the modeling
of possible sites of the N terminus of light harvesting complex II at low resolution (19). Distance
constraints were specified with respect to the Oγ and Cγ atoms of the native serine and valine
residues at the labeling sites and used to restrain loop models generated by the Modeller (106)
software.

In the determination of relative arrangements of components of a protein complex, the sparsity
problem does not arise if the component structures are known and can be treated as rigid bodies. To
model the relative arrangement of the CheW-P5 complex, the X-ray structures of the two moieties
and 12 label-to-label distance constraints as soft-square potential Cβ-Cβ restraints were supplied
to the Crystallography and NMR System software (107) and the best-fitting rigid-body transfor-
mation was established (108, 109). Relative arrangement of monomers in the NhaA homodimer
of the sodium/proton antiporter NhaA could be determined from nine label-to-label constraints
and the crystal structure of the monomer (97). The nine distance measurements overdetermine
the problem posed as a rigid-body transformation with C2 symmetry (Figure 5a), which has only
four free parameters. Primary DEER data were directly fitted (Figure 3c) and the whole possible
range of the four free parameters was scanned in a grid search. As discussed in Reference 98, the
dimer structure was later confirmed by electron crystallography, except for the position of two
contacting β-sheets that had undergone a conformational change owing to crystal packing. This
illustrates the scope and limitations of the rigid-body approximation.

If this approximation cannot be made, structures obtained from sparse constraints must be
modeled with a coarse-graining approach or are uncertain. Coarse-grained (two particles per
residue) Monte Carlo simulations of the 26-residue antimicrobial peptide melittin were applied to
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Continuous-wave
electron
paramagnetic
resonance (CW
EPR): a spectroscopic
method that provides
information on spin
label mobility and
accessibility to water
and oxygen as well as
to distances below
1.8 nm

study interaction of this peptide with a lipid bilayer (110). The crystal structure of melittin was used
as a starting conformation and MTSL was mimicked by leucine. Four DEER distance distributions
and five water accessibility parameters from electron spin echo envelope modulation spectroscopy
were used as constraints. The peptide was found in a primarily α-helical conformation oriented
mainly parallel to the membrane.

The shape of the 28-residue transmembrane domain (TMD) IX of the proline/sodium sym-
porter PutP was modeled by a coarse-grained helix-loop-helix construct (111). Out of 16 DEER
measurements, 12 could be used as distance constraints and 4 as lower-bound restraints. In agree-
ment with residue accessibility data, a pronounced kink of TMD IX was found.

Because atomistic models can be stabilized by force fields, it is also possible to perform atomistic
MD simulations that are biased by DEER distance constraints. Such an approach was applied to
specify the structure of an 82-residue membrane bound fragment of α-synuclein (112). Accessibil-
ity data indicated helical structure for the whole stretch of residues, which made it reasonable to
start simulated annealing MD computations from an ideal α-helix. By explicitly including MTSL
and using 14 DEER distance constraints and three lower-bound restraints, the residue stretch was
found to be an extended, slightly curved α-helix. This approach was later extended by considering
α-synuclein as partially unfolded and describing it in terms of a structural ensemble (113). Us-
ing distance distribution information from 18 spin pairs together with NMR secondary structure
restraints and bond vector restraints, a minimal set of basis structures was derived. Spin label
conformations were restricted to the five rotameric states of the first three side-chain dihedral
angles that had been previously observed in crystal structures for surface-exposed MTSL in an
α-helical context, whereas the remaining two dihedral angles were allowed to vary.

A few DEER long-range distance constraints can facilitate NMR structure determination in
cases that are problematic without such constraints. Relative orientation of the domains in the
polypeptide transport–associated protein BamA was studied by a combination of DEER and NMR
techniques (114). The two domains are only loosely connected, such that only three out of 2,709
NMR nuclear Overhauser enhancement distance constraints are interdomain constraints. These
three short-range constraints are insufficient for specifying relative domain orientation. Only
three additional DEER long-range distance constraints fixed this orientation reasonably well in
MD simulations. A similar approach was used to solve the homodimer structure of the 52-residue
protein Dsy0195, which is involved in spore coat assembly during the process of sporulation
of Desulfitobacterium hafniense (115). Two DEER distance constraints and NMR paramagnetic
relaxation enhancement data from the same MTSL labels were used as constraint seeds. That
way structure determination of this homodimer became possible, whereas it failed without the
MTSL-based constraints. The structure was confirmed by X-ray crystallography.

The general problem of sparse distance constraints was addressed in a theoretical study (116).
Although the study focused on short-range (NMR-type) constraints, the results provide a semi-
quantitative estimate of how uncertainty of the structure, measured as root mean square deviation
from the native structure, increases when the number of constraints is reduced. The problem of
de novo structure modeling from sparse EPR distance constraints without recourse to constraints
from other techniques is addressed by an approach (117) based on Rosetta (118). Spin labels were
integrated by a motion-in-a-cone model (119). After the initial folding step, model quality im-
proved markedly for the α-helical core domain of T4 lysozyme (residues 58–164) when including
25 distance constraints from CW EPR and DEER measurements (117).

Structure characterization based on sparse DEER constraints crucially depends on optimum
site pair selection. If the structure of a homologous protein or the same protein in a different
state is known, site pairs can be selected by the Zheng-Brooks algorithm (120), which is based on
fluctuation analysis with an elastic network model. The same study showed that iterative fitting of
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only 10 distance constraints by transformation along reoriented normal modes of an elastic network
model can provide good models for structural transitions of proteins with approximately 300
residues. For the maltose-binding protein MalE, one of the examples in this study, the structural
transition and selected site pairs are visualized in Figure 5b. For MalE, all optimally selected
constraints fall in the range accessible by DEER; in some of the other cases, one or two constraints
are at shorter distances accessible by CW EPR.

Selection of spin labeling sites is also restricted by the requirements for sufficient accessibility
and avoidance of structural distortion. Spin-labeling site scans using the rotamer library approach
can provide information on tight sites, where labeling may fail or distort structure, and on very
loose sites, where broad conformational distributions are expected (121). Spin-labeling site scans
in MMM (47) allow one to restrict labeling sites to user-selected types of residues. For de novo
protein structure determination, a site-pair selection algorithm was proposed, too (122).

6. SELECTED FURTHER APPLICATIONS

6.1. Semi-Quantitative Topology Model

The protein TonB is supposed to transfer energy generated from the proton motive force across the
inner bacterial membrane to outer membrane receptors. The topology of TonB was addressed by
measuring six distances in a segment between residues 59 and 120 (123). The pairs of labeling sites
were selected in this range and spaced by 6 to 17 residues, such that all distances fell into the most
sensitive DEER range between 2.5 and 4.6 nm. The data supported an extended polyproline II–
like conformation, which agrees with the high proline content of the segment and the requirement
for TonB to span the periplasm.

6.2. Ligand Binding

The most abundant protein in human blood plasma, human serum albumin, is a promiscuous
transporter that binds, among other substrates, fatty acids. The distribution of up to six fatty acid
ligands was studied by adding 5-doxyl- or 16-doxyl-stearic acid to the apoprotein and measuring
the distance distributions between the labels (124). Experimental data revealed a much more
symmetric distribution of the ligands than had been previously observed in a crystal structure of
the human serum albumin complex with fatty acids, in particular, for the hydrophobic chain end
at position 16. Addition of the ionic liquid choline dihydrogen phosphate results in a distribution
closer to the one expected from the crystal structure, probably owing to rigidification of the
protein surface and hydrophobic chain ends (125). Choline dihydrogen phosphate is added to
crystallization buffers to stabilize protein structure, but according to this study (125), it may
artificially rigidify proteins.

6.3. Conformational Changes

The visual pigment rhodopsin undergoes a conformational change on light activation that was
suggested to involve an outward tilt of TMD 6. An extensive DEER triangulation was performed
by measuring 16 distances between labeling sites addressing residues 241 and 252 in TMD 6, one
residue near the cytoplasmic face of each of the other six TMDs, and one residue in the cytoplasmic
helix H8 (126). This scheme allowed visualization of the label positions as density clouds in the
context of the crystal structure of the inactive state. The same distances were then measured for
the activated state, and the structural change was discussed from the observed shifts of the density
clouds. The motion of TMD6 was found to be an outward movement of approximately 5 Å.
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Peptide binding to the ATP-binding cassette transporter associated with antigen processing
(TAP) was studied using peptides with a length of 7, 9, or 15 residues that were labeled with iodo-
acetamido proxyl at the second and second-to-last residue (127). TAP binds peptides with a length
of 8–16 residues with comparable affinity. For the 9-mer, binding merely lead to a sharpening of
the distance distribution, whereas for the 15-mer, sharpening of the distribution and shortening
of the distance were observed. Very similar distance distributions were observed for the peptides
bound to TAP and to a major histocompatibility complex class I molecule that transports peptides
to the cell surface to display them as antigens. This suggests binding of peptides in the same
conformation by TAP and major histocompatibility complex class I molecules, consistent with
coevolution of these two parts of the antigen-processing machinery.

The motor protein myosin generates a force on actin during muscle contraction by changing
its structure back and forth to generate a power stroke and recovery stroke. The energy for these
changes stems from ATP binding and hydrolysis. A series of crystal structures identified a rotation
of the relay helix relative to the catalytic domain as an important component of the structural
change. The structural dynamics of the relay helix were addressed by a combined approach of
DEER and time-resolved fluorescence resonance energy transfer (128). Distance distributions
between a site on the C terminus of the relay helix and two sites in one of the stable helices in the
lower 50K domain were measured in the absence and presence of ADP and nucleotide analogs.
The results suggest a two-state behavior of the relay helix. The minor effects of ADP binding were
barely significant in DEER measurements and not detectable by fluorescence resonance energy
transfer. In contrast, the ATP analog ADP · BeFx effects a strong change, which can be observed
by both techniques and was more precisely quantified by DEER. This suggests that ATP binding
rather than ATP hydrolysis induces the recovery stroke.

Myosin II is allosterically regulated by phosphorylation of a single serine of each of the two
regulatory light chains. This regulation is supposed to owe to a redistribution of fractional popula-
tions of distinct conformational substates, which can dynamically interchange even in the absence
of the allosteric ligand. This hypothesis was tested by analyzing DEER data in terms of a minimum
number of Gaussians (129). Indeed two populations were detected in unphosphorylated myosin
II, and one of them was suppressed by phosphorylation. By attributing the narrower distributions
to the off state, a coarse-grained model of the off and on state structures could be created from the
crystal structure of smooth muscle myosin by a rigid docking approach. This work nicely illustrates
the utility of DEER for characterization of proteins that exhibit conformational heterogeneity.

Secondary transporters, such as lactose permease (LacY), utilize electrochemical gradients
of protons or sodium ions for transport of nutrients against a concentration gradient. This is
usually explained by an alternating access model, which requires conformational change between
an inward- and an outward-facing conformation. All X-ray structures of LacY correspond to the
same inward-facing conformation. The outward-facing conformation could be detected by sugar
binding to LacY in micellar solution, with distances generally shortening on the cytoplasmic side
and lengthening on the periplasmic side (130).

The outer membrane of bacteria includes a class of active transport proteins that depend
on TonB, are based on a 22-stranded β-barrel, and transport a variety of substrates. A large
extracellular loop binds the ligand. Binding of Ca2+, vitamin B12, and polyethylene glycol to the
vitamin B12 transporter BtuB was studied by DEER (131). Distance distributions between site
T188 at the apex of loop 2 and three residues on the outer rim of the β-barrel strongly narrow and
slightly shift on binding of Ca2+, indicating that calcium binding orders and rigidifies the loop.
Addition of polyethylene glycol to the Ca2+-bound species changes the distance distributions,
thus demonstrating that this ubiquitous component of membrane protein crystallization cocktails
is not innocent and may prevent observation of functionally relevant substrate binding.
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6.4. Large-Scale Domain Movements

The crystal structure of the G protein MnmE involved in posttranscriptional modification of trans-
fer RNA suggested a tendency for dimerization. A dimer model created from this crystal structure
was tested by DEER measurements in frozen solution on four singly spin-labeled mutants ad-
dressing the Gα2, Gα5, switch II, and N-terminal domains (132). The apoprotein dimer exhibits
an open structure in solution, similar to the one predicted from the crystal structure. No dramatic
changes were observed by adding GDP. In contrast, addition of the nonhydrolyzable GTP analog
GppNHp leads to occurrence of a second, closed conformation, which appears to be in thermal
equilibrium with the open conformation. Addition of the transition-state mimic GDP · AlFx seems
to stabilize the closed conformation exclusively. Interestingly, only K+ ions, which are known to
activate MnME GTPase, and not the smaller Na+ or much larger Cs+ ions, are able to stabilize the
closed state. This K+ dependence is abolished by complexation of MnmE with the FAD-binding
protein GidA, which is required for modification of some particular transfer RNAs (133).

The maturation and infectiousness of human immunodeficiency virus (HIV) crucially depend
on the activity of HIV-1 protease, which is thus an important drug target. Under protease inhibitor
drug pressure, mutations evolve to evade these inhibitors, probably by altering conformation of
the flaps that open and close the active site. This hypothesis was tested by a combined approach
of DEER measurements and 30-ns MD simulations at 300 K in explicit solvent, including MTSL
(134). Although the study is based on only one mutant and no special care was taken in the
sampling of spin label conformations, the trends in the distance distributions revealed by DEER
are in astonishing agreement with the MD results. This shows that a small number of DEER
measurements can lend support to the results of MD approaches and, in this particular case, that
HIV evades protease inhibitor drugs by narrowing the conformational distribution of the flaps.

6.5. Complex Formation and Structure

DEER can observe dipole-dipole interaction between spin labels in two molecules even if complex
formation is incomplete and transient and can thus be used to detect and quantify oligomerization
equilibria. Sodium/proton antiporter NhaA, which is crucial for Na+ homeostasis in bacteria at
high environmental salt concentrations, appears to form a dimer under physiological conditions,
although the transport pathway is in the center of the monomeric protein. The hypothesis that
pH-dependence of the activity of NhaA owes to pH-dependence of the dimerization equilibrium
was rejected by DEER measurements (80). The mean number of spins per object, as derived from
the modulation depth �, was found to depend only weakly on pH.

Monoamine oxidases (MAO) are required for oxidative deamination of amine neurotransmit-
ters and dietary amines. Although human hMAOA crystallized as a monomer, the corresponding
rat rMAOA crystallized as a dimer. Based on sequence conservation analysis, it was suggested that
a human-exclusive mutation, E151K, destabilizes the dimer interface in hMAOA. This hypothesis
was rejected by DEER measurements between nitroxide-labeled pargyline inhibitors and flavine
semiquinone anion radicals (135). The results suggest very similar dimeric structures for hMAOA
and rMAOA in both the inhibited and the uninhibited form, if these proteins are bound to outer
mitochondrial membranes. The occurrence of hMAOA as a monomer in the X-ray structure is
probably induced by the octyl β–D–pyranoside micelles used for crystallization.

6.6. Special Applications

The electron transfer protein RNR harbors a stable tyrosyl radical cofactor, Y122, which is essential
for catalysis yet remote from the active site located at a different center. Although it is clear that the
radical state must be propagated over approximately 3.5 nm for the protein to function, the radical
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transfer pathway could not be mapped because of the transient nature of putative intermediate
radical states at Y356, Y730, and Y731. This problem was addressed by engineering radical traps
by modification of Y356 to 3-hydroxytyrosine and of Y731 to 3-aminotyrosine (136). Distances
between the engineered stable radicals measured by DEER are consistent with a docking model
for the homodimeric RNR α2 and β2 subunits, and modulation depths are consistent with a half-
site reactivity model, where during first turnover, only one of the two symmetry-related radical
transfer pathways is used.

The width of DEER distance distributions was analyzed in terms of molecular-scale force
between domains in an α-helical coiled-coil leucine zipper structure (137). TOAC spin labels
were applied so that contributions from the conformational distribution of the label could be
neglected. An intercoil force of 110 ± 10 pN was derived from the DEER data, whereas MD
calculations at 298 K gave 90 ± 10 pN. The difference could be explained by reasoning that
the force measured by DEER in glassy frozen solution should correspond to the glass transition
temperature of the matrix, a proposition that was later tested and confirmed for shape-persistent
polymers (44).

Access to disordered proteins by DEER allows for studies of protein folding by freeze-quench
techniques, as was demonstrated on self-assembly of light harvesting complex II from the unfolded
apoprotein, pigments, and lipids (53). Although strong changes in the primary DEER data were
observed for both site pairs during folding, short relaxation times in the unfolded state precluded
analysis in terms of the distance distribution. This problem was solved by analyzing dipolar spectra,
which can be obtained by Fourier transformation of F(t). Superposition of normalized dipolar
spectra revealed isosbestic points for both site pairs, encouraging analysis in terms of a first-order
kinetic transition between two states. Analysis of depletion of the shortest distances revealed that
formation of transmembrane helix 3 is faster than relative arrangement of the two intertwined
transmembrane helices 1 and 4.

SUMMARY POINTS

1. DEER accesses a distance range of approximately 1.8 to 5 or 10 nm, depending on protein
type and environment, which matches typical protein dimensions.

2. DEER measurements can typically be made at 100-μM protein concentration with ap-
proximately 50 μL of sample volume on commercial X-band spectrometers. The best
home-built spectrometers at Q- and W-band frequencies perform better by at least one
order of magnitude on both counts.

3. The number of paramagnetic centers per protein molecule or protein complex can be
estimated, and in favorable cases, information on relative orientation of radical cofactors
can be obtained.

4. Errors introduced by approximations in the conversion from primary experimental data
to distance distributions are usually negligible compared with the uncertainty in modeling
the distribution of spin label conformation.

5. Specification of an atomistic structure from only DEER distance constraints is unrealistic
owing to the expense involved in obtaining a sufficient number of constraints. The sparse
constraint set can fully specify rigid-body movements, guide coarse-grained or atomistic
MD simulations as well as Rosetta structure predictions, and complement incomplete
constraint lists from NMR spectroscopy.
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6. DEER is particularly well suited for addressing partially disordered domains, structural
changes on ligand or cofactor binding, large-scale domain movements, and formation
of protein complexes that are hard to crystallize and too large for high-resolution NMR
spectroscopy. As does any application of SDSL EPR, DEER excels on membrane proteins
that can be studied in more physiological environments than with most other techniques.

7. Access to a distance distribution rather than only a single number for the distance allows
one to quantify flexibility of structures and to follow disorder-to-order transitions such
as protein folding.

FUTURE ISSUES

1. The commercial spectrometers used by most practitioners in the field have the scope to
achieve 5-μM sensitivity with 4 μL of sample volume, if state-of-the-art power ampli-
fiers are used at Q-band frequency. At the expense of requiring greater sample volume,
even better concentration sensitivity is feasible with dedicated probe heads for oversized
samples, which would ease background correction and protein aggregation problems.

2. Better understanding of orientation selection should lead to better ways of controlling it.
In many applications, full suppression of this effect is desirable. Furthermore, experimen-
tal protocols are needed that provide maximum information on relative orientation with
a minimum number of measurements. Data analysis procedures should be developed that
fully account for possible ambiguities in fitting experimental data.

3. Extension to longer distances relies on reducing transverse relaxation. Development of
different types of labels and a better understanding of the dependence of nuclear spin
diffusion effects on label environment are possible routes.

4. The increasing database on distance distributions in systems with known structure and
on spin label conformations in protein crystals should be used to improve modeling
of the conformational distribution of spin labels. In particular, an algorithm is needed
for recognizing hydrophobic cavities in which a label can fit with only small structural
perturbation.

5. Uncertainty in modeling structures and structural transitions from a list of sparse dis-
tance constraints needs to be better understood. Modeling approaches are required that
can supplement DEER distance constraints by other constraints available with SDSL
techniques, e.g., by constraints on secondary structure or label accessibility.
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d’impulsions. J. Phys. Rad. 19:821–25

2. Introduced the
cleanest way of
separating dipole-dipole
interaction from other
interactions and
relaxation.

2. Milov AD, Salikhov KM, Shchirov MD. 1981. Use of the double resonance in electron spin
echo method for the study of paramagnetic center spatial distribution in solids. Fiz. Tverd. Tela
(Leningrad ) 23:975–82

3. Milov AD, Ponomarev AB, Tsvetkov YD. 1984. Electron-electron double resonance in electron spin
echo: model biradical systems and the sensitized photolysis of decalin. Chem. Phys. Lett. 110:67–72

4. Martin RE, Pannier M, Diederich F, Gramlich V, Hubrich M, Spiess HW. 1998. Determination of
end-to-end distances in a series of TEMPO diradicals of up to 2.8 nm length with a new four-pulse
double electron electron resonance experiment. Angew. Chem. Int. Ed. Engl. 37:2834–37

5. Explained how
four-pulse DEER works
and thus set the stage
for optimization of
experimental protocols.

5. Pannier M, Veit S, Godt A, Jeschke G, Spiess HW. 2000. Dead-time free measurement of
dipole-dipole interactions between electron spins. J. Magn. Reson. 142:331–40

6. Jeschke G, Polyhach Y. 2007. Distance measurements on spin-labelled biomacromolecules by pulsed
electron paramagnetic resonance. Phys. Chem. Chem. Phys. 9:1895–910

7. Schiemann O, Prisner TF. 2007. Long-range distance determinations in biomacromolecules by EPR
spectroscopy. Q. Rev. Biophys. 40:1–53

8. Tsvetkov YD, Milov AD, Maryasov AG. 2008. Pulsed electron-electron double resonance (PELDOR)
as EPR spectroscopy in nanometre range. Russ. Chem. Rev. 77:487–520

9. Astashkin AV, Hara H, Kawamori A. 1998. The pulsed electron-electron double resonance and “2+1”
electron spin echo study of the oriented oxygen-evolving and Mn-depleted preparations of photosystem
II. J. Chem. Phys. 108:3805–12

10. Todd AP, Cong J, Levinthal F, Levinthal C, Hubbell WL. 1989. Site-directed mutagenesis of colicin
E1 provides specific attachment sites for spin labels whose spectra are sensitive to local conformation.
Proteins Struct. Funct. Genet. 6:294–305

11. Hubbell WL, Cafiso DS, Altenbach C. 2000. Identifying conformational changes with site-directed spin
labeling. Nat. Struct. Biol. 7:735–39

12. Borbat PP, Freed JH. 1999. Multiple-quantum ESR and distance measurements. Chem. Phys. Lett.
313:145–54

13. Demonstrated that
distance distributions
can be reliably obtained.

13. Jeschke G, Koch A, Jonas U, Godt A. 2002. Direct conversion of EPR dipolar time evolution
data to distance distributions. J. Magn. Reson. 155:72–82

14. Milov AD, Maryasov AG, Tsvetkov YD, Raap J. 1999. Pulsed ELDOR in spin-labeled polypeptides.
Chem. Phys. Lett. 303:135–43

15. Persson M, Harbridge JR, Hammarstrom P, Mitri R, Martensson LG, et al. 2001. Comparison of
electron paramagnetic resonance methods to determine distances between spin labels on human carbonic
anhydrase II. Biophys. J. 80:2886–97

16. Introduced
important concepts in
obtaining spin-label
distance constraints and
relating them to protein
structure.

16. Borbat PP, Mchaourab HS, Freed JH. 2002. Protein structure determination using long-distance
constraints from double-quantum coherence ESR: study of T4 lysozyme. J. Am. Chem. Soc.
124:5304–14

17. Bennati M, Weber A, Antonic J, Perlstein DL, Robblee J, Stubbe J. 2003. Pulsed ELDOR spectroscopy
measures the distance between the two tyrosyl radicals in the R2 subunit of the E. coli ribonucleotide
reductase. J. Am. Chem. Soc. 125:14988–89

18. Jeschke G, Wegener C, Nietschke M, Jung H, Steinhoff H. 2004. Interresidual distance determination
by four-pulse double electron-electron resonance in an integral membrane protein: the Na+/proline
transporter PutP of Escherichia coli. Biophys. J. 86:2551–57

19. Jeschke G, Bender A, Schweikardt T, Panek G, Decker H, Paulsen H. 2005. Localization of the N-
terminal domain in light-harvesting chlorophyll a/b protein by EPR measurements. J. Biol. Chem.
280:18623–30

20. Milov AD, Maryasov AG, Tsvetkov YD. 1998. Pulsed electron double resonance (PELDOR) and its
applications in free-radicals research. Appl. Magn. Reson. 15:107–43

21. Jeschke G, Spiess HW. 2006. Distance measurements in solid-state NMR and EPR spectroscopy. Lect.
Notes Phys. 684:21–63

440 Jeschke



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  N
at

io
na

l T
si

ng
 H

ua
 U

ni
ve

rs
ity

 (
ar

-2
41

44
9)

 IP
:  

14
0.

11
4.

43
.1

62
 O

n:
 T

hu
, 1

2 
F

eb
 2

02
6 

06
:1

8:
02

PC63CH19-Jeschke ARI 27 February 2012 17:17

22. Maryasov AG, Tsvetkov YD. 2000. Formation of the pulsed electron-electron double resonance signal
in the case of a finite amplitude of microwave fields. Appl. Magn. Reson. 18:583–605

23. Bowman MK, Maryasov AG. 2007. Dynamic phase shifts in nanoscale distance measurements by double
electron electron resonance (DEER). J. Magn. Reson. 185:270–82

24. Milov AD, Tsvetkov YD. 1997. Double electron-electron resonance in electron spin echo: conformations
of spin-labeled poly-4-vinilpyridine in glassy solutions. Appl. Magn. Reson. 12:495–504

25. Jeschke G, Sajid M, Schulte M, Godt A. 2009. Three-spin correlations in double electron-electron
resonance. Phys. Chem. Chem. Phys. 11:6580–91

26. Jeschke G, Pannier M, Godt A, Spiess HW. 2000. Dipolar spectroscopy and spin alignment in electron
paramagnetic resonance. Chem. Phys. Lett. 331:243–52

27. Hara H, Tenno T, Shirakawa M. 2007. Distance determination in human ubiquitin by pulsed double
electron-electron resonance and double quantum coherence ESR methods. J. Magn. Reson. 184:78–84

28. Jeschke G, Bender A, Paulsen H, Zimmermann H, Godt A. 2004. Sensitivity enhancement in pulse EPR
distance measurements. J. Magn. Reson. 169:1–12

29. Demonstrated a
huge gain in distance
range by perdeuteration
of the protein.

29. Ward R, Bowman A, Sozudogru E, El-Mkami H, Owen-Hughes T, Norman DG. 2010. EPR
distance measurements in deuterated proteins. J. Magn. Reson. 207:164–67

30. Endeward B, Butterwick JA, MacKinnon R, Prisner TF. 2009. Pulsed electron-electron double-
resonance determination of spin-label distances and orientations on the tetrameric potassium ion channel
KcsA. J. Am. Chem. Soc. 131:15246–50

31. Dastvan R, Bode BE, Karuppiah MPR, Marko A, Lyubenova S, et al. 2010. Optimization of transversal
relaxation of nitroxides for pulsed electron-electron double resonance spectroscopy in phospholipid
membranes. J. Phys. Chem. B 114:13507–16

32. Alvarez FJD, Orelle C, Davidson AL. 2010. Functional reconstitution of an ABC transporter in nanodiscs
for use in electron paramagnetic resonance spectroscopy. J. Am. Chem. Soc. 132:9513–15

33. Zou P, Mchaourab HS. 2010. Increased sensitivity and extended range of distance measurements in
spin-labeled membrane proteins: Q-band double electron-electron resonance and nanoscale bilayers.
Biophys. J. 98:L18–20
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