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Application of EPR to biological systems includes many techniques and applications. In this short per-
spective, which dares to look into the future, I focus on pulse EPR, which is my field of expertise.
Generally, pulse EPR techniques can be divided into two main groups: (1) hyperfine spectroscopy, which
explores electron-nuclear interactions, and (2) pulse-dipolar (PD) EPR spectroscopy, which is based on
electron-electron spin interactions. Here I focus on PD-EPR because it has a better chance of becoming

ge{w"gﬁ;' a widely applied, easy-to-use table-top method to study the structural and dynamic aspects of bio-
use molecules. I will briefly introduce this technique, its current state of the art, the challenges it is facing,

Distance measurements . . .. . . .

PD-EPR and finally I will describe futuristic scenarios of low-cost PD-EPR approaches that can cross the diffusion

DEER barrier from the core of experts to the bulk of the scientific community.

PELDOR © 2019 Elsevier Inc. All rights reserved.

1. Introduction

Application of EPR (Electron Paramagnetic Resonance) spec-
troscopy to biological systems has many faces and encompasses
a large variety of methods [1]. Among these are the ‘good old’
CW-EPR (Continuous Wave EPR), which is still highly effective
for deriving a wealth of information from EPR spectra, transient
EPR, EPR imaging, pulse EPR, as well as the emerging fields of elec-
trically and optically detected EPR in conjunction with single-
molecule spectroscopy and sensing. Here, I focus on pulse EPR,
which is closest to my heart. Pulse EPR developments and applica-
tions are currently practiced mainly in expert labs, with expensive,
highly dedicated instrumentation. Additionally, effective use of the
techniques commonly requires rather extensive training at the
hardware/instrumental level as well as a good understanding of
the fundamental theory of EPR and the associated spin physics.
Therefore, the use of the rich pulse EPR toolbox remains within a
rather small circle of experts and their collaborators. In a few cases,
one can find centers that offer applications of pulse EPR as a ser-
vice, leading to a broader range of users. When considering the
future prospects of pulse EPR contributions to biological systems,
providing structural (spatial and electronic) and dynamical infor-
mation, the immediate question that comes to mind is whether
pulse EPR methodology can be transformed into an easily accessed,
benchtop, turnkey technology available to all interested. Can it
become a user-friendly “black box”, which is used routinely by
non-EPR experts? Before trying to address these questions, I will
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briefly describe the state of the art of some aspects of pulse EPR
and then proceed to speculate about a utopic future situation.

In general, pulse EPR techniques in the context of biological sys-
tems can be divided into two main categories: (i) Techniques that
probe electron-nuclear interactions and are sensitive to length
scales up to 1 nm, and are grouped under the name Hyperfine
Spectroscopy. (ii) Techniques that focus on electron-electron spin
interactions, probing length scales of 1-16 nm and are referred to
as pulse dipolar EPR (PD-EPR) spectroscopy. Hyperfine spec-
troscopy targets primarily intrinsic paramagnetic centers in biolog-
ical systems, e.g., transient and stable radicals and paramagnetic
metal centers serving as catalytic active sites. Using hyperfine
spectroscopic techniques, one can identify the various magnetic
nuclei in the close environment of the electron spin, derive their
hyperfine coupling, and consequently obtain information on the
spatial and electronic structure of the paramagnetic center, which
is a key to their function. The variability among the systems under
study is enormous in terms of the spectroscopic properties of the
center investigated (metal ions vs organic radicals, monomeric
metal centers vs clusters and others). This means a great variation
in terms of the choice of the most suitable technique and its exper-
imental parameters, the frequency band to be used, and the tem-
perature dictated by the relaxation times. It is highly plausible
that in the future, the sensitivity will increase, measurement meth-
ods will become simpler, and the quantum chemical calculations
necessary for deriving the structure of the paramagnetic center
from spin Hamiltonian parameters will become highly automated,
fast, and reliable. Nevertheless, the concept of “one size fits all”
black box operation is hard to envision without the assistance of
an expert because of the large spectroscopic variability. Therefore,
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I do not envision Hyperfine spectroscopy EPR expanding much
beyond the expert arena.

However, the situation is different for PD-EPR, which measures
nanoscale distances. In the context of biological applications, PD-
EPR relies heavily on spin labeling, which means introducing arti-
ficial paramagnetic centers to an otherwise diamagnetic
biomacromolecule. Although there is a great variability in terms
of the biological systems under study, the diversity in terms of
spectroscopic properties depends on the choice of the spin label
and currently the types of spin labels in use are relatively small.
Moreover, the measured magnetic interaction, the electron-
electron dipole interaction, is rather simple as it is mostly geom-
etry related and the electronic structure of the paramagnetic cen-
ter, which plays a considerable role in Hyperfine spectroscopy,
can be ignored. Therefore, envisioning a black box’s simple oper-
ation is not science fiction and this idea is developed next, after a
brief discussion of the current state of the art of PD-EPR in biolog-
ical systems.

2. PD-EPR

PD-EPR’s application to biology usually reports on the distance
between two spin labels, typically, but not necessarily, of the same
type, conjugated to the biomolecule (protein or nucleic acid) at
well-defined specific sites. This structural information is very
important, in particular, when a series of spin label pairs can be
independently engineered. For example, PD-EPR can be used for
tracking conformational changes of a protein upon its interaction
with small ligands, proteins, and nucleic acids, probing interactions
between subunits in large complexes, and highlighting protein
flexibility in solution [2-5].

PD-EPR measures the dipolar interaction between spin labels. In
the simplest case of two spins, A and B, the dipolar interaction is
given by
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where wyq is the dipolar splitting, u, is the permeability of vacuum,
h is the reduced Planck’s constant, g, and g are the g-factors of
spins A and B, respectively, rag is the distance between spins A
and B, and 0 is the angle between the distance vector and the exter-
nal magnetic field [6]. Currently, all PD-EPR sequences produce an
echo, the intensity of which oscillates with the dipolar frequency,
according to:
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whereP(r)is the distance distribution function and / represents the
percentage of spin pairs that contribute to the dipolar evolution in
the experiment. Eq. (2) takes into account a powder average over all
different possible orientations of the dipolar interaction relative to
the magnetic field because measurements are usually carried out
at low temperatures on frozen solutions. Eq. (2) holds under the
weak coupling approximation. Because the electron-electron dipo-
lar interaction is of a long range character, the inter-molecular dipo-
lar interactions also contribute to the experimental signal and they
are manifested as a background decay, given by B(t). The final
expression for echo intensity, V(t) is given by:

V(t) = F(OB(Y) (3)

Accordingly, extracting a distance distribution from V(t)
requires evaluating the decay B(t) and its removal. For the most
popular PD-EPR experiment, DEER (double electron-electron res-
onance, also called PELDOR), carried out on a frozen solution
with a homogenous distribution of biomolecules, B(t) has an

exponential decay form [7] B(t) = e X¢/t, where c is the spin con-
centration and K is a constant. It is possible to extract the dis-
tance distribution directly from the PD-EPR time domain trace
using software packages kindly made available to the community
by their developers [8]. Although data analysis is seemingly
straightforward, it still has a few shortcomings and requires fur-
ther development in terms of the analysis method used and eval-
uation of the error limits in the distance distribution. The
background removal can introduce significant uncertainties in
the distance distribution for long and broad distance distribu-
tions when the experimental evolution time is limited due to
insufficiently long phase memory times [6]. In principle, this
problem can be eliminated by reducing the sample concentration
such that the intermolecular dipolar interactions become negligi-
ble. This, in turn, requires increased sensitivity. Another notori-
ous problem is the presence of small peaks in the distance
distribution, owing to SNR (signal-to-noise) limitations and back-
ground removal uncertainties. Such peaks are currently usually
ignored and cannot be unambiguously attributed to minor con-
formations of the biomolecule. These pitfalls are particularly
alarming for non-experts.

The first PD-EPR technique was actually the spin-echo decay
[9], followed by the three-pulse DEER (double electron-electron
resonance, or pulse electron-electron double resonance, PELDOR)
experiment, which was introduced in the early 1980s by the
Novosibirsk group [10,11]. Next appeared the single frequency
“2+1” PD-EPR technique [12]. A major advance was introducing
the four-pulse dead time-free DEER technique [13,14], which led
to the great increase in DEER applications we have witnessed since
then. An additional PD-EPR technique developed after DEER was
the single-frequency DQC (double quantum coherence) technique
[15]. The first application of DEER to proteins was reported in
2001 [16] and of DQC in 2002 [17]. Other PD-EPR methods such
as the SIFTER [18] (single-frequency technique for refocusing dipo-
lar couplings) and RIDME (relaxation-induced dipolar modulation
enhancement) [19,20] followed. Further improvement of the DEER
sequence involved implementing the 5-[21] and 7-pulse
sequences, which require the use of shaped pulses [22]. This
became possible with the recent introduction of arbitrary wave
generators to EPR spectrometers, [23-25] which not only make
new experiments [22] possible but also increase considerably the
sensitivity of existing experiments [26-28].

In practice, the sensitivity of PD-EPR experiments is determined
according to the minimal amount of sample needed to obtain
results with a good SNR (signal-to-noise ratio) within a reasonable
time. Currently, a typical measurement time for 10-100 uM pro-
tein solutions (amounts of protein in the nanomole range) are in
the range of 1-12 h, depending on the sample concentration, the
distance measured, and the spin label spectroscopic properties.
Sensitivity improvement can be achieved by three measures: (i)
Developing the instrumentation, for example, increasing the fre-
quency, improving the resonator, increasing power, decreasing
the noise characteristics of microwave components, and more.
(ii) New measurement methodologies such as developing new
pulse sequences and introducing shaped pulses. (iii) Development
of new spin labels with optimal spectroscopic and spin dynamics
properties. Among these, the spectral width and phase memory
time play a major role. The rational design of spin labels with opti-
mized properties is therefore of utmost importance and once done,
the implementation is considerably cheaper than developing
instrumentation. Protein deuteration is also an attractive option
for increasing SNR and the accessible distance range [29]. In this
context, introducing light-generated spin labels with non-
Boltzmann polarization [30,31] is a direction with potential that
is far from being fully realized.
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2.1. Spin labels

The spin label employed in PD-EPR is of utmost importance and
should be carefully chosen according to several criteria: (i) It does
not disturb the structure and the function of the system. (ii) The
conjugation chemistry to the biomolecule should be specific and
effective, generating high labeling efficiency to minimize the num-
ber of singly labeled proteins in the sample. (iii) The conjugating
linker should be short and potentially rigid to avoid significant
contributions to the distance distribution. (iv) Unspecific interac-
tions with the protein should be avoided to allow the spin label
contributions to the distance distribution to be easily predicted.
Additionally, the spin label should have (v) chemical stability that
adheres to the system properties and the conjugation chemistry.
(vi) It should exhibit optimized spectroscopic properties (spectral
width, spin-lattice relaxation and phase memory times) for high-
sensitivity measurements. (vii) It can be described by a simple spin
Hamiltonian that allows a straightforward analysis of the experi-
mental traces to generate the distance distribution.

Currently, the most commonly used spin labels are based on
stable nitroxide radicals [32], which perform best at X- and Q-
band frequencies. In recent years, measurements at Q-band have
become the standard, owing to their increased sensitivity [33],
thus outdating the formerly widespread X-band measurements.
As high-field spectrometers (W-band and above) have become
available and robust, other spin labels that perform well at high
fields such as Gd(III) [34,35] and Mn(Il) [36] chelates have been
introduced during the past decade. The motivation for carrying
out measurements at room temperature has led to the introduction
of trityl radical spin labels [37], which deliver high sensitivity due
to their narrow EPR spectrum. Cu(ll)-based spin labels are also
being considered [38], as well as optically generated triplet states
[30,31]. Part of the development of new spin labels has been moti-
vated by the addition of in-cell structural measurements [39-49]
to the PD-EPR repertoire. In-cell PD-EPR has a great potential
because of the minimal background signals and its insensitivity
to the molecular size. These types of applications require redox
stable spin labels.

The most common and straightforward method for labeling
proteins is by conjugation to thiols of native or engineered cysteins
[50], forming either S—S bonds or C—S bonds, depending on the
linker chemistry. The dependence on cysteine poses difficulties
when the protein has too many native cysteins or when cysteins
are essential for the protein’s activity and therefore they cannot
be replaced or modified. This difficulty can be overcome by incor-
porating unnatural amino acids [51,52], such as p-acetyl-L-
phenylalanine reacting with a hydroxylamine reagent to generate
a nitroxide side chain. Other methods include the engineering of
a small peptide loop that acts as a lanthanide binding site [53],
or introducing a pair of histidines on a helix that can attach to a
Cu(Il) complex [38]. Several types of nitroxide-based [54,55] and
a Gd(Ill)-based spin labels [49,56] specific for nucleic acids have
been developed as well. The current availability of several types
of spin labels and labeling chemistries allows for distance mea-
surements in proteins between dissimilar spins-labels, such as
Gd(IIT)-nitroxide [57,58], trityl-nitroxide [59] and Gd(III)-trityl
[60] which feature some advantages over the homo-labeling-type
schemes, depending on the system under study. Additionally, one
can perform measurements between a native paramagnetic center
and a spin label such as Cu(Il)-nitroxide [61], Fe(Ill)-nitroxide [62],
and Fe(IlI)-trityl [39]. For such spin pairs the RIDME experiment
was found to be highly efficient [63]. The availability of different
types of spin labels enables one to measure three distances per
sample [64], as opposed to the standard one distance per sample.
In this context, a two-dimensional PD-EPR experiment, called

TRIER, aiming at correlating distances between three spin labels,
has been recently developed [65].

In terms of applications, a new frontier is in-cell PD-EPR mea-
surements, the potential of which has been demonstrated [66];
however, its development is still ongoing. Here, the main chal-
lenges are achieving sufficient sensitivity that can target physio-
logical concentrations and the in-situ production of a stable spin-
labeled biomolecule [45,67].

2.2. Current challenges

In the context of applications of PD-EPR spectroscopy in biol-
ogy, | identified challenges in the following fronts: (i) Instrumenta-
tion and measurement methodology aimed at increasing the
sensitivity needed mainly for the development of in-cell applica-
tions and for overcoming uncertainties in the distance distribution
arising from the background decay. (ii) The labeling schemes and
sample preparation, targeting in-situ labeling of biomolecules
and optimized spin labels for high-sensitivity measurements. (iii)
Data analysis, namely, deriving reliable distance distributions and
associated uncertainties. (iv) Deriving atomic-level structural
information in terms of conformational ensembles from a series
of distance distribution. (v) Establishing room temperature mea-
surements for tracking the conformational cycle of a protein during
function and determined the associated kinetics.

There is active research in all of these fronts. The first three have
reached a stage that allows many labs, which have access to pulse
EPR spectrometers, to apply PD-EPR and obtain high-quality and
significant results. Nonetheless, the issue of the best method for
extracting the distance distribution from the time domain data
as well as for correctly evaluating the error limits in the distance
distribution [68-71] are still under debate. A different approach
altogether for the data analysis, using machine learning methods,
has been recently introduced [70] and will certainly be further
developed. As for the fourth aspect, currently software for predict-
ing distance distributions using known 3D structures is readily
available [72-74]; however, refining structural models based on
a series of distance distributions is possible mostly through collab-
oration with expert theoretical labs [75-77]. There have been
efforts to make such calculations accessible to the community
and an example is the very recent version of the MMM (Multiscale
Modeling of Macromolecules) toolbox [78]. In its current version,
MMM can build models based on the domain structure informa-
tion from PDB files, different types of EPR restraints, selected types
of NMR restraints, small-angle X-ray scattering (SAXS), and small-
angle neutron scattering curves. 1 foresee that the above-
mentioned (i-iv) challenges will probably be met within the next
decade. Challenge (v) is more far-reaching and currently tracking
conformational changes using a rapid freeze quench approach is
still at the early infancy stage [79].

3. The future

The development of PD-EPR during the past two decades has
been tremendous, from only 6 papers published in 2000, it
increased steeply to 73 in 2016, according the ISI database. How-
ever, the increase in published PD-EPR papers seems to have
leveled off in 2016-2018. It is interesting to compare these trends
to single-molecule (sm) FRET (Forster resonance energy transfer),
which is a method that in certain aspects is similar to PD-EPR,
although the two methods should be considered complementary
rather than competing techniques. Here the number of publica-
tions in 2000 was 8 and in 2018 it increased to 286. Interestingly,
the average citation per paper for PD-EPR and sm FRET is the same,
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26. These numbers and my acquaintance with the literature sug-
gest that PD-EPR, in spite of its tremendous development and
broad range of applications, has reached saturation in terms of
applications. I interpret this leveling off as an indication of its
restriction to EPR expert labs and their collaborators, namely, using
magnetic resonance jargon, PD-EPR has not yet crossed the diffu-
sion barrier over to the large community of Structural Biologists
and Biophysicists. The question is why? Is it just because it has
not yet caught the interest of non-expert labs? Or are there other
reasons?

It has been realized that in order to obtain the structure and
dynamics of large and complex biomolecular assemblies, applying
the individual conventional biophysical techniques of X-ray crys-
tallography, NMR spectroscopy, electron microscopy, and small-
angle x-ray scattering (SAXS) is insufficient. Other techniques that
provide structural and dynamic information of proteins and their
assemblies should be included. This approach is referred to as
“Integrative structural biology” and it is described in a recent per-
spective in Science magazine [80]. The other methods mentioned
are “sequence comparisons of related proteins, co-purification,
hydrogen-deuterium exchange mass spectrometry (HDXMS),
single-molecule fluorescence, atomic force microscopy, analytical
spectroscopy (both electron paramagnetic resonance and double
electron-electron resonance), light scattering, chemical cross-
linking, and mutagenesis.” PD-EPR made it to the list (but not into
the associated figure). The challenge is how to combine the very
different types of information provided by these methods to gener-
ate the final structure and its conformational space. This perspec-
tive [80] suggests that PD-EPR begins to draw attention beyond
the magnetic resonance community and that there are other rea-
sons for the barrier. The two major obstacles that come to my mind
are the limited availability of appropriate pulse EPR spectrometers,
which is directly related to their high costs, and the EPR expertise
required for both setting up the measurement and analyzing the
data. The sample preparation is less of a problem because it
employs fairly standard molecular biological and biochemical
methods and because the most commonly used spin labels are
commercially available. Another minor issue is that most of the
experiments are not carried out under physiological conditions
but instead at low temperatures, although this does not seem to
affect the boom in cryo-EM use. It seems that in the future

room-temperature PD-EPR will become more abundant
[37,81,82], but its association with immobilization to prevent aver-
aging of the dipolar interaction may not be more attractive in
terms of mimicking physiological conditions than freezing would.
Finally, dissemination of PD-EPR outside the magnetic resonance
community may be lacking.

How can PD-EPR be transformed into an integral part of the tool
box of a structural biologist? How can it become easily accessible
to the community? One option is to have a central facility with
state-of-the-art spectrometers and experts providing services to
the scientific community. An example of such a center is ACERT
at Cornell University. I envision a different scenario: The availabil-
ity of a low-cost, table-top PD-EPR spectrometer (with a price com-
parable to an FPLC), operating at Q-band with a permanent magnet
and controlled with an AWG unit, using a very high sensitivity
micro-resonator and a cryo-free attachment that allows measure-
ments in the range of 50-328 K (see Fig. 1). This spectrometer is
dedicated and optimized for PD-EPR (probably DEER) on nitroxide
spin labels such that the users do not have to adjust any experi-
mental parameters and tuning is automatic. Just press start and
wait for sufficient SNR, which can be automated as well. The spec-
trometer is equipped with an automatic sample changer, similar to
standard high-throughput NMR spectrometers, affording measure-
ments of a large series of samples around the clock. Here one can
speculate that labeled proteins can be produced in the cell, skip-
ping the purification and labeling steps. In this scenario each sam-
ple tube will contain cells with different overexpressed protein
mutants. The data are then fed into a workstation that produces
the distance distribution, with the option to generate a structure
or an enable of structures for simple cases. In the more compli-
cated cases, it can be fed into an integrative structural biology soft-
ware for further analysis. This will generate structures of
biomolecules in their native environment and will make the obser-
vation of proteins during their function inside the cell possible.
This dream scenario does not seem too far reaching to me, since
commercial table-top CW EPR spectrometers already exists.

A more far-reaching scenario would be an AFM (atomic force
microscope) type machine having a cantilever with a sensing ele-
ment based on nitrogen-vacancy (NV) centers in a diamond [83]
that detects at the single-molecule level the dipolar interaction
between two spin labels with sensitivity comparable to smFRET,

Fig. 1. A schematic illustration of a low-cost table-top PD-EPR spectrometer.
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such that statistics can be collected in a short time to generate a
histogram of accurate distances. This future scenario relies on
recent exciting developments associated with the spin of a single
nitrogen-vacancy (NV) center in diamond, which is a highly sensi-
tive magnetic-field sensor. Briefly, optical excitation of the NV cen-
ter generates a triplet state with a non-Boltzmann population
distribution among its levels, having different decay rates back to
the singlet ground state. A resonant microwave (MW) irradiation
within the triplet levels changes their relative populations, thus
affecting the fluorescence intensity just like normal ODMR (optical
detection of magnetic resonance) [84]. Shi et al. [85] demonstrated
the use of single NV center in bulk to measure the nitroxide spec-
trum of a labeled protein on the surface, in proximity to an NV cen-
ter, under ambient conditions. DEER was applied at a fixed
magnetic field with the MW echo generating pulses set to the NV
frequency and the pump pulse frequency was swept in the range
of the nitroxide spectrum. This generated a change in the NV fluo-
rescence signal when the pump pulse was on resonance with the
nitroxide and was used to record the spectrum of a single nitroxide
label [86]. In a follow-up work the EPR spectrum of individual DNA
duplexes labeled with a nitroxide spin label and tethered to a sur-
face placed in aqueous buffer solutions was measured at ambient
temperatures [85]. In these two works the DEER sequence was
used to couple the NV detector to the paramagnetic center of inter-
est. This can be further extended to measure dipolar coupling
between two spin labels in a molecule by fixing the pump fre-
quency to the frequency of one spin label, adding a second pump
pulse with a third MW frequency applied to the second spin label,
and sweeping the time of this pump pulse as is done in conven-
tional DEER. This set-up has been recently applied to a polyproline
peptide with two nitroxide spin labels separated by a few nanome-
ters, adsorbed on a diamond surface [87]. Here only a few mole-
cules were detected, owing to the high dilution of the sample.

With these pioneering works in mind and the necessary
increase in SNR, I envision two approaches: one that has sufficient
spatial resolution such that the position of the spin-bearing moiety
in the molecule can be determined just from the spatial distance in
an image; here, however, one will have to worry about the orien-
tation of the molecules on the surface. The other option is to do this
spectroscopically and measure the actual frequency shifts due to
the dipolar coupling between the two as described above. In this
case, one has to worry about the orientation of the magnetic field
relative to the orientation of the molecules. In both cases, the issue
of the orientation can be solved by analyzing many molecules with
different orientations. The major obstacle in this approach is the
need for orders of magnitude increase in sensitivity. The cost of
the set-up should be low since the magnetic field is low, the optical
excitation is standard and the MW frequencies are low, and there-
fore the components are cheap.

In the above attempt to examine PD-EPR in biology in the next
decades I assumed that structural biology will still be of interest.
However, as often happens in science, burning questions and sub-
jects of today may be obsolete tomorrow and in this case there will
be no driving force for the development of methods/instruments.
However, looking back into a history of 75 years of magnetic reso-
nance, I am optimistic that PD-EPR will prevail and tackle new
exciting open questions.
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