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Abstract: Orthogonal site-directed spin labelling in combination with pulsed EPR spectroscopy is a powerful
approach to study biomolecular interactions on a molecular level. Following a surge in pulse EPR method devel-
opment, it is now possible to access distance distributions in the nanometre range in systems of complex com-
position. In this article we briefly outline the necessary considerations for measurements of distance distributions
in macromolecular systems labelled with two or more different types of paramagnetic centres. We illustrate the
approach with two examples: an application of the Double Electron-Electron Resonance (DEER) method on a
triple spin-labelled protein dimer labelled with nitroxide and Gd(i), and an optimisation study of the Relaxation
Induced Dipolar Modulation Enhancement (RIDME) experiment for the orthogonal spin pair Cu(i)-nitroxide.
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1. Using Paramagnetic Centres for Structural Biology
Understanding the three-dimensional structure of biomol-
ecules, or the arrangement of the components in complex-
es thereof, is an important step in discovering and explaining
their biological function. Over the last few decades, Electron
Paramagnetic Resonance (EPR) spectroscopic methods have
become a valuable tool in the characterisation of biomolecular
structure and interactions on a molecular level.l!:2l EPR experi-
ments are sensitive to paramagnetic centres in the sample, which
may be part of an arbitrarily large biomolecule or biomolecular
complex. These can be present either as native paramagnetic
centres (such as biologically important metal ions, e.g. copper,
iron or manganese),3-191 or as artificially introduced EPR-active
centres. To the latter type belong paramagnetic centres that are
covalently attached to the biomolecule of interest. They are,
analogous to fluorescence labels, called ‘spin labels’[!!-14] and
serve as a particularly useful source of information when the
spin label is attached at a chosen site in the biomolecule. Such
targeting of a particular molecular site (illustrated in Fig. 1(a))
is known as site-directed spin labelling (SDSL). A large body of
work has been invested towards the development of SDSL pro-
tocols for peptides and proteins of nearly arbitrary size.[12.15-17]
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In addition to SDSL of proteins, approaches are being devel-
oped to achieve universal, robust and size-independent SDSL
methods also for oligonucleotides (DNA or RNA).[!8-29]1 The
most popular choice for spin labelling of proteins is based on
cysteine-targeting chemistry. The commercially available spin
label MTSL (Fig. 1(a)) is one of the most prominent spin label-
ling reagents, among other reasons because the paramagnetic
N-oxyl-pyrroline moiety, which is linked to the cysteine via di-
sulfide formation, is small and flexibly attached to the peptide
backbone, which reduces the risk of perturbing the structure of
the labelled molecule.

A major field of application for SDSL is related to the deter-
mination of distances between two spin labelled sites, which is
possible in the low nanometre range (1.5-10 nm). With pulsed
EPR methods we can isolate the magnetic dipole—dipole inter-
action, which depends on the inverse cube of the inter-spin dis-
tance, from other interactions. These methods in general are re-
ferred to as Pulsed Dipolar Spectroscopy (PDS). Along with the
nitroxide-based spin labels other organic radical based (e.g. tri-
tylsi32-351) spin labels and different types of metal ion-based[34-40]
spin labels have been developed and successfully tested in PDS
experiments. In this article we illustrate why it is valuable to
have a large toolkit of spin labels available for pulsed dipolar
spectroscopy in a biological context. We particularly highlight
the benefits that arise when different spin labels can be excit-
ed and detected independently, when they are thus said to be
‘spectroscopically orthogonal’, and we give two examples of
EPR techniques that are applied for distance measurements with
orthogonal spin labels.

2. Extracting Distance Information from Pulsed
Dipolar Spectroscopy Data

The dipolar coupling frequency v, of two magnetic moments
can be exploited for distance measurements. Assuming the usu-
ally well-fulfilled high-field and point-dipole approximations, it
depends on the inverse cube of the distance R between two spins,
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Fig. 1. (@) SDSL for distance measurement by pulsed EPR with the nitroxide spin label MTSL; (b) simulated time domain data as expected from a
PDS experiment (black) calculated by powder averaging of Eqn. (1) with an input distance distribution and an assumed background function, which
is re-fitted for data analysis (red); (c) the form factor (black) is obtained after division of the primary data by the background fit (the modulation depth
A is indicated). It can be fitted for distance analysis (red). (d) Fitted distance distribution P(R) obtained with model-free analysis of the form factor by
Tikhonov regularisation (analysed with DeerAnalysis20161%3"). The color-coding indicates the reliability of the distribution in different distance ranges
as a function of maximum dipolar evolution time (green: reliable shape, yellow: reliable mean distance and width, orange: reliable estimate of mean

distance, red: no prediction possible for this dipolar evolution time).
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An illustration can be found in Fig. 1(a). For distance meas-
urements between organic radicals, the pre-factors (magnetic per-
mittivity of vacuum g, Bohr magneton g, Planck’s constant £,
g-factors of the coupled spins g,, g,), are typically summarised
into one constant that implicitly defines the range of R accessible
for distance measurements by PDS, which falls into the nano-
metre regime. Experimental methods to measure these dipolar
couplings will be introduced in the next section, but in general
the output of any PDS measurement is a time-dependent signal
containing oscillations with a distribution of dipolar frequencies,
which originates from the underlying intramolecular distribution
of the spin—spin distances. The high sensitivity of PDS methods
allows to work with spin concentrations in the low micromolar
range, which is sufficiently dilute that we can treat each individual
spin pair as an isolated system. Due to transverse relaxation of the
detected spins, it is often difficult to resolve coupling frequencies
smaller than 50 kHz, which correspond to a maximum accessible
distance of R~ 10nm, or a period of dipolar oscillations of about
20 us. Because the average number of intermolecular spin pairs in
a homogeneous solution increases with the square of the distance,
these intermolecular dipole—dipole interactions are not fully neg-
ligible for distances up to several tens of nanometres,!-43! even
though the coupling frequencies become very small. The lower
limit of accessible distances R__ is given by the distance at which
the strength of the electron spin—spin interaction is comparable
to the excitation bandwidth of the microwave pulses. For com-
monly used EPR setups R . is usually between 1.2 and 1.8 nm. It
may also happen that at short spin—spin distances, spin exchange
interaction becomes relevant or even dominant, which strongly
complicates the analysis of distance distributions. The angular de-
pendence in Eqn. (1) implies that the orientation of a given spin
pair with respect to the external magnetic field must be fixed on
the time-scale of the experiment, in order to avoid time-averaging
of the dipolar interaction. This is typically achieved by freezing
the sample, but other methods to immobilise biomolecules for
PDS are emerging, which even have enabled PDS at ambient tem-
perature.[243244] The data analysis procedure to extract distance
distributions from PDS data is illustrated in Fig. 1(b)—(d). It be-
gins with the removal of the intermolecular distance distribution
(‘background’ signal contribution). In order to convert the thus
obtained ‘form factor’ to the distance domain, it is necessary to in-
vert an integral equation of the Fredholm type, which is known to
be an ill-posed problem. This can either be done by a model-based

approach (e.g. fitting with a Gaussian distribution), or in a mod-
el-free fashion (e.g. using Tikhonov regularisation).[346] Note that
new approaches, for example based on neural networks[*” or the
simultaneous analysis of several PDS datasets,[“8] are emerging.
All methods generate a distance distribution P(R), which can
then be used as a long-range restraint in structure determination
of biomolecules,[13-20.49.50] to monitor conformational changes and
detect snapshots of molecule dynamics,/#%-51-531 or to study bio-
molecular interactions.5+51 In principle, no prior information on
the mean distance and width or shape of an underlying distance
distribution is required, provided sufficiently high data quality
can be achieved. Benchmarking of various pulse EPR methods
to measure dipolar couplings has been performed for example
using model compounds with a well-defined and narrow distance
distribution between two spins (often called ‘rulers’), or with bio-
molecules with a known structure.[3233.56]

3. Pulse Sequences for Pulsed Dipolar Spectroscopy

Several PDS pulse sequences were developed, which differ in
the way the two spins of a dipole—dipole coupled pair are excited.
In one set of techniques,[3+>7-59 both spins of a pair are excited by
all pulses. Such techniques are more relevant for distance meas-
urements with pairs of identical spin labels. We focus here on
another type of PDS experiments, to which the Double Electron-
Electron Resonance (DEER, also known as PELDOR) experi-
ment,[9061] a5 well as the Relaxation Induced Dipolar Modulation
Enhancement (RIDME) experiment,©263] belong, where one of
the spins in the pair is the observer (spin A) and the other one is
flipped by pump excitation at a second frequency or, statistically,
by relaxation (spin B). Most experiments with spectroscopically
orthogonal spin labels are based on this principle.

The 4-pulse DEER pulse sequence (Fig. 2(a)) is currently the
major workhorse of EPR experiments with nitroxide spin labels,
and the RIDME pulse sequence (Fig. 2(b)) is becoming an at-
tractive alternative for PDS experiments involving paramagnetic
metal ions. In DEER, we need to place pulses at two different
frequencies (pump and probe frequencies) within the combined
EPR spectra of the two spin labels. The method works best when
the pump and probe bandwidths together cover a substantial frac-
tion of the EPR spectra. However, overlap of the microwave pulse
bandwidths must be avoided because it leads to signal reduction
and may introduce artefacts.[¢4-60] This excitation band separation
may be more easily achieved if the two EPR spectra of the pumped
and the detected spin do not overlap. Experimental complications
for the DEER experiment appear, however, when the frequency
gap between the EPR spectra of the spins becomes too large.
The limiting factors are excitation and detection bandwidths. As
a guideline, with the newest broadband spectrometers, equipped
with arbitrary waveform generators (AWGs),[07.68] a pulse band-
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Fig. 2. (a) Pulse sequence for 4-pulse DEER, and (b) for RIDME; DEER is a two-frequency experiment (v, VD), the RIDME experiment uses pulses at

only one frequency (

excitation band of a rectangular pulse (grey). Typical pump (Vv ) and observation (V_ resp.

P

). (c) Echo-detected EPR (EDEPR) spectra of MTSL (orange) and maleimido-[Gd(i)-DOTA] (blue) at Q-band, and approximate

) positions for DEER and RIDME are indicated. The three

shown DEER setups are optimized to detect nitroxide-nitroxide (solid arrows), nitroi(ide-Gd(m) (dashed arrows), resp. Gd(in)-Gd(in) (dotted arrows)
dipolar couplings. (d) In a sample where two potentially interacting components are labelled with spectroscopically orthogonal spin labels we can
distinguish different interaction combinations by performing selective PDS experiments (compare solid/dashed/dotted arrows in Panel (c)).

width of about 1.5 GHz can be achieved,®® which is more than ten
times larger than the bandwidth of rectangular microwave puls-
es in the previous generation of spectrometers (~100 MHz). The
latter is easily sufficient for nitroxide—nitroxide distance meas-
urements, but it is too narrow-banded for efficient excitation of
spin labels based on metal ion centres, which have significantly
broader EPR spectra.

The RIDME experiment exploits a different principle for
achieving inversion of the B spin, which is particularly promising
for the combination of organic radicals with paramagnetic metal
ion centres. The non-equilibrium magnetization of the A spins is
stored along the direction of the static magnetic field for a fixed
part of the pulse sequence. During this period, the B spins flip
stochastically with a certain probability, depending on their longi-
tudinal relaxation time. These spin flips invert the magnetic field
induced by spin B at the site of spin A and thus shift the A spin
resonance frequency by the dipole—dipole interaction. This effect
can be detected after transferring the magnetization of the A spins
back to the transverse plane to form a spin echo. RIDME requires
pulses at only one microwave frequency, and B spin inversion is
thus not limited by the bandwidth of an additional pump pulse.

4. Spectroscopically Orthogonal Spin Labels in Pulsed
Dipolar Spectroscopy

Spin labels are considered spectroscopically ‘orthogonal’ if
the intrinsic spectral differences between the paramagnetic cen-
tres can be exploited for selective excitation.[7%-711 Over the last
decade there were many important advances in the development
of PDS experiments with pairs of spectroscopically orthogonal
spin labels. Metal ion—nitroxide spin pairs were among the first
investigated combinations.l”?! For DEER experiments on such
systems it is suggested to pump the nitroxide spin and to detect
the metal ion spin. This is favourable in most situations in terms
of longitudinal relaxation properties and maximises the fraction
of inverted spins. Broad-band excitation schemes can strongly
increase the sensitivity.[’3-741 Gd(1n)-nitroxide DEER was early
recognised as a suitable technique for spectroscopic selection
(compare Fig. 2(c)).[’5-771 The pulse setup optimization takes into
account that unwanted excitation of the detected metal ion spins
by the pump pulse on the nitroxide can lead to partial suppression
of the detected echo.i36:70.771 Also Cu(1r)—Cu(1)[”8! and Cu(11)—ni-

troxidel’2l DEER were developed. It was found that ‘orientation
selection’ can strongly interfere with data interpretation when
using stiff molecular rulers. This arises because the kernel-based
data analysis usually assumes a uniform distribution of spin-pair
orientations contributing to the data (included as an effective aver-
aging over the dipolar angle 6), and we observe artefacts if this is
not fulfilled due to experimental reasons.38.72.78-811 Several studies
were dedicated to compensating for this effect.82-84 Considerable
effort was also invested in the enhancement of detection sensitiv-
ity for metal ion-based spin labels. This includes a spin pre-po-
larization technique for PDS experiments with detection on high
spin metal ions.[”3] Furthermore, the possibility to use the RIDME
technique for detecting distance distributions between high-spin
metal centres was shown.[85-871 [n RIDME with high spin centres,
higher orders of spin inversion (with an effective total change of
magnetic quantum number Am_>1) can occur. Such dipolar evo-
lution data can still be analysed in terms of distance distribution
by applying a slight modification to the kernel function, as was
demonstrated with a calibration for Gd(1ir) and Mn(11)-based spin
labels.[85:3¢] RIDME measurements on metal ion-nitroxide spin
pairs were reported, where, in contrast to DEER spectroscopy,
the optimal detection position is on the nitroxide spin.[6.79.80.82.88]
This is dictated by the relaxation properties of metal ion and ni-
troxide spins, but typically also favourable in terms of transverse
relaxation and reduced orientation selection.

5. Using Spectroscopically Orthogonal Spin Labels to
Resolve Ambiguous Distance Information

One of the strengths of PDS spectroscopy is that distances
can be determined in biomolecules that are labelled with the
same type of spin label at two sites. However, identical labels
can also be a disadvantage, if the biomolecules aggregate unspe-
cifically or if (controlled) aggregation is the focus of the study.
Whenever many spin-labelled molecules are in close proximity
(within the sensitive range of DEER of ~1.5-10 nm), short-range
intermolecular distance distribution peaks appear, which cannot
be distinguished directly from intramolecular distance peaks. This
means that tedious control experiments using singly-labelled pro-
teins, and/or spin dilution experiments are required to disentangle
the underlying intra-molecular distance distributions. In a spin
dilution experiment one mixes unlabelled protein with (double-)



LaureaTes: Junior Prizes oF THE SCS FaLL MEeeTing 2018

271

CHIMIA 2019, 73, No. 4

spin-labelled protein at a known ratio.[39) We thereby reduce the
number of protein complexes in which more than two spin labels
are present, as long as the unlabelled and the labelled proteins mix
homogeneously. Consequently, the intensity of the intermolecu-
lar distance distribution peaks is reduced. This is a difficult task
if the intramolecular distance distribution is broad and/or over-
laps significantly with the intermolecular distance distribution.
The required degree of spin dilution has to be determined case by
case. For aggregating material it may be necessary to use very low
ratios of labelled to unlabelled biomolecules, which reduces sen-
sitivity, and while spin dilution removes intermolecular artefact
peaks from the distance distribution, it cannot be directly used to
monitor the aggregation state of the sample.

An elegant possibility to monitor the aggregation state is to
use spectroscopically orthogonal spin labels. These are either at-
tached at different sites of one biomolecule, or, if the study in-
volves more than one type of biomolecule in a complex, each type
of biomolecule is labelled with a specific spin label spectroscop-
ically distinguishable from the other spin labels. In either case
we can determine the aggregation state of the sample by perform-
ing a PDS experiment which will reveal a distance distribution if
the biomolecules interact with each other, as is illustrated in Fig.
2(d).[71:90] Tn such experiments we not only see if there are inter-
molecular interactions present at all, but we also get distance infor-
mation associated with the interaction. SDSL with orthogonal spin
labels is very powerful, when two components (e.g. components X
and Y) of a complex interact with each other, but also interact with
themselves. PDS with only one type of spin label could not distin-
guish the two situations, but if the components are labelled with
spectroscopically orthogonal spin labels we can differentiate all
three possible combinations, X-X, X-Y, Y-Y, in a sample. Clearly,
selective excitation of the two species must be sufficiently good to
have this benefit. The appropriate choice of spin label combina-
tion, however, mostly depends on the biological question at hand.
Some metal ion complexes, for example Gd(11r) complexes or tr-
ityls, are more stable than common nitroxide-based spin labels in
reducing environments, which are encountered for example in the
cellular cytoplasm in in cell experiments.[4091-951 Active research
is on-going to develop more stable nitroxides for such applicat-
ions.[16:96-1001 Other considerations are hydrophobicity, charge state
or bulkiness of the spin label, all of which can disrupt protein folds,
or inhibit interactions if chosen unsuitably.

6. Selective Excitation of Different Types of Spin
Centres

To illustrate selective excitation, which is the prerequisite for
spins to be considered spectroscopically orthogonal, we show the
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EPR spectra of four different EPR-active species (a nitroxide,
resp. Cu(1)-, Gd(1mn)-, or Mn(11)-based metal ion complexes) in
Fig. 3(a—c). As can be seen, the spectral shape and width of the
EPR spectra are very diverse. In a biomolecule or biomolecular
complex with a set of different spin labels attached at different
sites, we can selectively excite the two types of electron spins
by choosing the appropriate resonance frequency and microwave
pulse power, or by their relaxation properties.[70.71.1011 Not surpris-
ingly, very good spectroscopic selection can be achieved if the
EPR spectra of the two spin labels do not overlap. However, even
if there is partial overlap we observe in general that the longitudi-
nal relaxation of metal ion complexes is much faster than that of
organic radicals at any given temperature. This can be exploited
to achieve suppression of the signal from a simultaneously pres-
ent organic radical (such as a nitroxide) by choosing very fast
experiment repetition rates. The slowly relaxing spins are then
saturated and thus only weakly observed (compare Fig. 3(b,c)).
Such intentional saturation of spin transitions, as well as other
spectroscopic filtering methods based on differences in longitudi-
nal relaxation can be used in combination with many pulsed EPR
experiments.[71:90.1021 Transverse relaxation properties between
paramagnetic species differ as well, but the differences are typi-
cally much smaller than for longitudinal relaxation. Paramagnetic
species can also be separated by the total spin quantum number
S. Spin transitions of high-spin paramagnetic centres (S >1/2) are
characterized by a larger transition moment and thus require less
microwave power to be excited, as compared to the case of low-
spin paramagnetic centres. The optimal power for inversion can
be, for example, determined by a nutation experiment (see Fig.
3(d)), in which the duration of an inversion pulse is incremented at
fixed microwave pulse power. Such pulse optimisations are useful
when selectively exciting high-spin metal ion-based spin labels
(often Gd(111) or Mn(11)) in the presence of nitroxides.!l01]

7. The Rpo4-Rpo7 Complex as a Model System

In this section, we demonstrate the application of PDS with
spectroscopically orthogonal nitroxide and Gd(in)-based spin
labels, to identify intra-subunit and inter-subunit distance distri-
butions in a protein complex. We use the complex between subu-
nits Rpo4 and Rpo7 (formerly known as subunits F and E) of the
Archaeal RNA polymerase of M. jannaschii as a model system,
which is well characterised by other structural and biochemical
methods,103-106] and it was found to be stable and fairly rigid.[107]
Previous studies on this model system include an early contribu-
tion to the in silico modelling of DEER and fluorescence data,!107]
and the first experimental demonstration of a PDS correlation
experiment between three nitroxide spins in terms of a distance

(c) [ PyMTA]J-NO (d) nutation experiment
—_ 1 NO: 0dB
3 Gd(lll): -12 dB
« —_
; * §3.5 inversion
-a =
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Fig. 3. (a—c) EDEPR spectra of frozen samples of paramagnetic centers; (a) the spectra of [Cu()-PyMTA] (dark blue) and nitroxide (orange) are spec-
trally separated. (b) The spectra of [Gd()-PyMTA] (blue) and nitroxide (expected at the position of the orange star) would overlap, but the nitroxide is
suppressed with the chosen pulse settings (shot repetition rate: 100 LLs, pulse power optimized for Gd(i). (c) Suppression of the nitroxide can also
be achieved with respect to [Mn(i)-PyMTA] (green), but a weak residual intensity in the Mn(i) spectrum is still observed (indicated by orange star). (d)
Nutation profiles measured on the maxima of Gd(u) (dark blue, measured with a pulse attenuation of 12 dB), and nitroxide (orange, 0 dB). The same
nutation profile for Gd(i) (high spin) and nitroxide (low spin) is observed because the pulse power for the Gd(i) measurement was reduced by a fac-

tor of four w.r.t. the nitroxide measurement.
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Fig. 4. (@) Scheme for SDSL sample preparation of the Rpo4/7 complex. The subunits can be conveniently labelled individually with spectroscopi-
cally orthogonal spin labels prior to complex formation. (b) Visualization of rotamers probability distribution ‘clouds’ generated with MMME" of MTSL

simulated at 298 K attached to residues 36 and 63 in Rpo4 (purple) , resp

correlation map using the Triple Electron Resonance (TRIER)
experiment.[108.1091 Our labelling strategy for this study is shown
in Fig. 4(a). Both cysteine mutated subunits were spin labelled
individually in the fully denatured state (in buffer with 6 M urea),
which alleviated any accessibility issues, and typically resulted in
very high labelling efficiencies. Complex formation was achieved
by a refolding step. In Fig. 4 we show the X-ray crystallographic
structurel1%] of the Rpo4/7 complex that was in silico modified to
carry spin labels (e.g. MTSL-labelled (=R1) at positions Rpo7:
K123R1, and Rpo4: C36R1, G63R1). The probability distribution
of the location of the electron spin relative to the protein backbone
is calculated using a rotamer library approach(!1% and visualised
as coloured clouds.l''%1 The corresponding three possible simu-
lated spin—spin distance distributions (Rpo7: K123R1 / Rpo4:
C36R1, Rpo7: K123R1 / Rpo4: G63R1, and Rpo4: C36R1 /
Rpo4: G63R1) are well-separated (see Fig. 5(a)), and spread over
a large range of distances (2—-6 nm).

The nitroxide—nitroxide DEER experiment on the protein
complex labelled with MTSL at all three sites was performed on
a frozen sample measured at a temperature of 50 K at Q-band
frequencies (34 GHz) (Fig. 5(b)). The distance analysis reveals
three resolved distance peaks (Fig. 5(c)). From this experiment
alone, however, it is impossible to tell which of the three peaks
corresponds to the Rpo4-internal distance (Rpo4: C36R1-G63R1)
and which peaks correspond to the inter-subunit distances
(Rpo4:C36R1, resp. G63R1 — Rpo7: K123R1).

Because we are dealing with a three-spin system, and because
the intramolecular dipolar evolution signal in DEER is a product of
contributions from all possible pair-wise spin combinations, addi-
tional sum and difference frequency terms of the dipolar coupling
frequencies appear.[!11.112] These terms lead to so-called ‘ghost
peaks’ in the distance distribution. Computational data analysis
approaches to reduce the intensities of such ghost peaks have been
introduced.['!) Experimentally, we can suppress the sum and dif-
ference terms because they depend quadratically on the pump
pulse inversion efficiency.l'!1-1121 Accordingly, using an attenuated
pump pulse we suppress multi-spin effects and the shortest and
the longest distance peaks observed in the triple MTSL-labelled
sample are shifted to longer mean distances. The relative inten-
sities of the two components in the central distance peak are also
affected. Unfortunately, this also leads to a substantial reduction
of the modulation depth and hence of the signal-to-noise ratio.
One could also reduce multi-spin effects by ‘spin dilution’, which
could simultaneously help to resolve the peak assignment issue,
again at the cost of signal-to-noise ratio.[®9) Exchanging one of the
nitroxides for a Gd(1i)-based spin label, which is spectroscop-
ically orthogonal as discussed above, can solve this problem in
an elegant and reliable way, as has already been demonstrated in
earlier works.[5155.75.113.1141 Here, the subunit Rpo4 with two label-
ling sites (C36, G63C) was labelled with MTSL and the subunit

. residue 123 in Rpo7 (blue) in the Rpo4/7 complex (pdb: 1GO3!1%2).

Rpo7 with one labelling site (K123C) was labelled with maleim-
ido-[Gd(1m)-DOTA]. The PDS data and distance distributions of
this sample with mixed spin labels are shown in Fig. 5(d-f). With
the nitroxide—nitroxide DEER experiment we find only one peak,
centred at R, \ ,=4.5 nm which corresponds to the central peak in
the distance distribution obtained with the triple MTSL-labelled
sample. We have thus identified this peak as the intra-subunit dis-
tance within Rpo4. In an application study this distance could
be used as a reporter distance that monitors whether the subunit
undergoes some structural rearrangement upon complex forma-
tion or substrate binding (distance before complex formation not
shown here). The complementary DEER experiment to measure
inter-subunit distances between nitroxide and Gd(ir) was per-
formed at 10 K (instead of 50 K for nitroxide—nitroxide DEER),
with different pump and detection positions,!39-91! illustrated in
Fig. 2(c). As expected, we find two peaks in the distance distribu-
tion, at Ry, o, =3-5nmand R, -, =6-7 nm. The overlay of
the distance distributions obtained with the two samples is shown
as well. We clearly see that all three peaks found for the triple
MTSL-labelled sample were also detected in the combined results
from the samples with the combination of nitroxide and Gd(1u)-
based spin labels. We furthermore observe that the best agreement
is found with the trace that was measured with the suppression
of ghost peaks. For the nitroxide—nitroxide DEER, ghost peaks
are absent because we only have two nitroxide moieties per pro-
tein complex. Contaminations due to Gd(11) excitation by detec-
tion and pump pulses are in principle possible, but they are very
weak in nitroxide—nitroxide DEER due to (a) the fast relaxation
of Gd(1n) at 50 K, and (b) the strong difference in the microwave
power required for the excitation of nitroxides and Gd(111) centres.
For the case of Gd(1)-nitroxide DEER there are still ghost peaks
present because two different Gd(1m)-nitroxide pairs contribute
per protein complex. However, the number of combination fre-
quencies is reduced, from six for the triple MTSL-labelled sample
to two for Gd(ur)-double MTSL-labelled sample. Furthermore,
in the given experiment the two detected real distance peaks have
very different mean distances, and thus a very strong difference in
the corresponding dipolar frequencies. As a result, the two ghost
peaks nearly coincide with the short distance peak (around 3 nm),
which corresponds to about eight times larger dipolar frequency
than the longer-distance peak (around 6 nm). Any type of selective
Gd(1)-Gd(1r) PDS experiment (e.g. Gd(in)-Gd(iir) RIDME or
DEER) would complete the set of available PDS measurements
in the orthogonally spin labelled sample, and provide information
on possible aggregation of Rpo4/7 complexes. In our example,
we did not expect such aggregation and skipped this step. In the
present case, we would expect to observe a smooth intermolecular
decay in the Gd(111)-Gd(111) PDS experiment, where the decay rate
depends on the volume concentration of protein dimers and on the
particular settings of the PDS experiment.
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Fig. 5. (a) Simulated distance distributions between the chosen labelling sites (R1=labelled with MTSL, Gd=labelled with maleimido-[Gd(lll)-DOTA]).
(b) Experimental form factors and fits (red) obtained with nitroxide-nitroxide DEER with full inversion pulse power (dark blue) and attenuated inver-
sion pulse powers (middle and light blue, relative attenuation of inversion pulses in dB) measured on the triple MTSL-labelled complex of Rpo4
(36R1, 63R1) /Rpo7 (K123R1); (c) Fitted distance distributions and expectation from simulation (grey area) obtained from the nitroxide-nitroxide
DEER in panel (b). (d) Experimental form factor (yellow) and fit (black) from nitroxide-nitroxide DEER in the triple labelled protein complex with spec-
troscopically orthogonal spin labels (Rpo4 (36R1, 63R1) /Rpo7 (K123[Gd()-DOTA])). (e) Experimental form factor (red) and fit (black) from nitrox-
ide-Gd() DEER obtained with the same sample; (f) distance distributions obtained with the spectroscopically orthogonal spin-label protein complex
(yellow: nitroxide-nitroxide, red: nitroxide-Gd(i)); the distance distribution from the sample labelled only with MTSL is overlaid (blue).

8. Water-Soluble Molecular Rulers for the Optimisation
of Cu(n)-Nitroxide RIDME

In the previous example we demonstrated that PDS measure-
ments with pairs of spectroscopically orthogonal spin labels are
particularly useful in the study of intermolecular interactions. It is
often possible to determine complex formation equilibria, because
they can be related to the amplitude of the dipolar modulations
(modulation depth).[31-1151 It is not rare, however, that in the stud-
ies of association/dissociation equilibria one of the constituents is
present in excess. There is thus a demand for complementary PDS
methods, which offer detection on either of the spectroscopically
orthogonal spins. For metal ion—nitroxide pairs, RIDME (detected
on the nitroxide) and DEER (detected on the metal ion spin) are
such complementary methods. Note that in RIDME the inversion
of the spins is bandwidth-independent, since it happens due to
the spontaneous spin flips, while in DEER the inversion is per-
formed by a (broadband) microwave pulse. In the last three years
there were several publications, proposing different applications
for metal ion—nitroxide RIDME.[84.88.115] Water-soluble rulers with
Cu(1)-PyMTA and Cu(11)-TAHA moieties as the metal ion based
spin labels, and the same nitroxide moiety as contained in MTSL,
can be used for the optimisation of the RIDME technique. In Fig.
6 we show the structures of the two types of Cu(11)-nitroxide rul-
ers, and the PDS data for the one with Cu(i1)-TAHA. The synthe-
sis of the molecular rulers was performed in a modular way which
allows to tune the intramolecular spin distance by the linking of
a defined number of repeating units to obtain the spacer, and to
easily vary the metal ion ligand. The good solubility in aqueous
solvent was achieved by PEGylating the spacer backbone, and
allows us to study the performance of RIDME at conditions sim-
ilar to those typically used in biological applications. The narrow
spin—spin distance distributions obtained with such molecular rul-
ers allow for a detailed evaluation of the spectroscopic method,

as well as the identification of sources of artefacts. The accurate
treatment of intermolecular background decay, echo-crossing ar-
tefacts, and electron-nuclear modulation artefacts were studied,
which should allow broad application of the RIDME technique.
It was found that main features of the Cu(ir)-nitroxide RIDME are
very similar for samples in organic solvents and in water/glycer-
ol mixtures. This allows to use the relatively large set of Cu(ir)-
nitroxide RIDME data obtained from samples in organic solvents
for optimization of biomolecular structural studies, which are
performed in water-based buffer solutions mixed with a cryo-pro-
tectant, like glycerol, ethylene glycol, or sucrose.

In addition, it is possible to perform the RIDME pulse se-
quence with frequency-swept pulses that cover the entire spectrum
of the nitroxide spins (bandwidths of 350-450 MHz, supplied
by an AWG). Fourier transform of the spin echo shape at every
combination of inter-pulse delays then allows adding a ‘direct’
dimension to the RIDME experiment, in addition to the ‘indirect’
dimension, originating from the inter-pulse delay variations. This
allows to construct 2D plots with EPR-correlated dipolar spectra,
useful in the analysis of orientation selection in stiff spin labelled
molecules. At the same time, such a ‘chirp-RIDME’ technique
is useful for averaging the angular dependence of the dipolar in-
teraction, because we achieve orientation averaging both for the
nitroxide and the Cu(11) spins in a single experiment.

9. Conclusion and Outlook

We summarised here pulse EPR approaches to study interac-
tions in biomolecular complexes and aggregates, which depend
on spectroscopic selection of different paramagnetic centres. The
application of such approaches to biological systems of virtually
arbitrary size is a powerful method for the study of complex mul-
ti-component systems, especially if the individual components of
such a system can be orthogonally spin-labelled. The use of mod-
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el systems, such as molecular rulers or protein complexes with
known structure, has enabled to study the performance of nitrox-
ides, other organic radicals, and metal ion-based spin labels for
PDS experiments. The use of spectroscopically orthogonal spin
labels can give better confidence and additional information about
the extracted distance distributions and, often, improve sensitivity.
Currently, we are working on the application of PDS methods
and orthogonal spin labelling to investigate the role of protein do-
mains that do not adopt a fixed secondary structure in solution (so-
called intrinsically disordered domains). Proteins carrying such
domains usually cannot be crystallised and the broadly distributed
distances inherent to the conformational ensembles are difficult
to resolve by other structural methods. Several human proteins
with such domains have been identified as key players in neuro-
degenerative diseases, for example amyotrophic lateral sclerosis
(ALS).[1161 PDS methods in combination with spectroscopically
orthogonal spin labels are expected to give unique insights into
the disordered or only partially ordered states of such proteins.
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