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Abstract

The growing recognition of the many roles that disordered protein states play in biology places an
increasing importance on developing approaches to characterize the structural properties of this
class of proteins and to clarify the links between these properties and the associated biological
functions. Disordered proteins, when isolated in solution, do not adopt a fixed structure, but can
and often do contain detectable and significant residual or transient structure, including both
secondary and long-range structure. Such residual structure can play a role in nucleating local
structural transitions as well as modulating intramolecular or intermolecular tertiary interactions,
including those involved in ordered protein aggregation. An increasing array of tools has been
recruited to help characterize the structural properties of disordered proteins. While a number of
methods can report on residual secondary structure, detecting and quantifying transient long-range
structure has proven to be more difficult. This chapter describes the use of paramagnetic spin
labeling in combination with paramagnetic relaxation enhancement (PRE) in NMR spectroscopy
and pulsed dipolar ESR spectroscopy (PDS) for this purpose.
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1. Introduction

The use of paramagnetic spin labels for the study of protein structure has experienced a
dramatic resurgence over the past decade. PRE experiments are now performed routinely to
assist with high-resolution structure determination for both isolated proteins and proteins in
larger complexes. ESR distance measurements are also playing an increasing role in
structural studies, especially of larger complexes where long-range constraints are difficult
to obtain. In addition to the application of these methods to well-ordered systems, they have
found increasing use in studies of more dynamic systems, including studies focused on
protein—protein interactions that occur prior to the formation of stable complexes (1) and, of
particular interest for the subject of this monograph, studies focused on disordered protein
states. Early applications included studies of unfolded forms of proteins that can fold into
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native structures (2-4), but more recent efforts have focused on intrinsically disordered
proteins.

Both PRE and PDS measurements rely on the interaction between magnetic dipoles, with
PRE detecting the interaction of nuclear magnetic moments with those of unpaired electrons,
and PDS detecting interactions between pairs of unpaired electron spins. PDS experiments
measure the magnitude of the dipolar coupling, allowing for the dipole—dipole interaction to
be considered as a perturbation to the energy levels engendered by the Zeeman interactions
of the individual spins with the external magnetic field and for nonsecular terms to be
ignored. PRE experiments measure the effect of the dipolar interaction on the relaxation
properties of the transverse component of the proton magnetic moment, necessitating the
consideration of nonsecular “spin flip” terms. In both cases, a point dipole approximation is
used for each spin. The relevant equations governing the interpretation of the observed data
in terms of interdipole distances are not reproduced here but are easily found in the literature
(5, 6).

The experiments required for the application of these methods to disordered proteins are not
particularly different from experiments used in the study of more ordered systems and are
fairly standard for practitioners of NMR or ESR spectroscopy The purpose of this work,
therefore, is not to describe their implementation. Rather, this chapter is intended to
illustrate, to those without previous experience in this area, the basic requirements for
preparation of samples suitable for measurements, and for the analysis and interpretation of
the data obtained, which on a qualitative level is typically straightforward, but for which
quantitative analysis is more complex and remains an area of active research and
development.

Materials

Protocols for spin labeling of protons involve standard buffers and reagents, with the
exception of nitroxide spin labels such as MTSL (5-(2,2,5,5-tetramethyl-2,5-dihydro-1 A-
pyrrol-3-yl)methyl methanesulfonothioate) or metal chelating groups such as A-[S-(2-
pyridylthio)cysteaminyl]JEDTA. Concentrated stock solutions of MTSL can be prepared in
organic solvents such as dimethyl sulfoxide (DMSO) while A-[ S-(2-
pyridylthio)cysteaminylJEDTA stock solutions can be prepared in either organic solvents or
aqueous solutions.

3. Methods

Both PRE and PDS methods require the introduction of unpaired electrons into the proteins
of interest. This is most commonly achieved through the conjugation of either a radical
group spin label, or a transition-metal containing paramagnetic tag to the protein. While
many possibilities exist for conjugation methods, in practice the most popular and easily
achievable approach, often referred to as site-directed spin labeling (7) involves the
introduction of cysteine residues at the desired labeling sites (and removal of endogenous
cysteines, if any, at other sites) using site-directed mutagenesis, followed by the conjugation
of the spin label or paramagnetic tag using one of several cysteine-modifying chemistries,
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the most popular being alkylthiosulfonate-mediated disulfide bond formation. The most
common spin labels contain nitroxide radicals, with the most popular of these being MTSL,
although similar reagents with a relatively reduced degree of side chain mobility are also
being used (8, 9). Paramagnetic metal tags are typically introduced by conjugating a
chelating group to the desired cysteine residue followed by loading with the paramagnetic
ion of choice. The most commonly used reagent is A-[ S-(2-pyridylthio) cysteaminyl]JEDTA.

Both PRE and PDS experiments require the use of control samples. In the case of PRE
experiments, the control sample provides a measure of the proton transverse relaxation rate
(R2) in the absence of the paramagnetic reagent. In the case of PDS, the control samples
provide a means of testing for intermolecular contributions to the measured distances.

3.1. Preparation of Paramagnetic Samples

1 Mix an excess (5- to 30-fold is typical) of spin label or metal chelator with the
protein (see Note 1).

2. Incubate (as short as 30 min at room temperature can suffice, although many
protocols call for overnight incubation at 4 °C).

3. Remove excess label subsequent to the labeling reaction through buffer exchange
(see Notes 2 and 3).

4, If a chelating group is used, load the desired paramagnetic ion by adding at
slightly superstoichiometric concentrations.

5. Remove excess ions, which can bind nonspecifically to protein sites, through
thorough buffer exchange.

6. Samples prepared for PDS measurements must be frozen prior to data acquisition
(see Note 4).

3.2. Preparation of Control (Diamagnetic) Samples

An ideal PRE control experiment should involve a sample that is identical to the spin-labeled
sample, but in which the paramagnetic effect is eliminated.

1-Depending on the conditions used to purify and store the protein prior to spin labeling, reduction of the cysteine groups prior to
labeling may be advisable and can be achieved using standard reducing agents such as dithiothreitol or TCEP (tris (2-
carboxyethyl)phosphine), which should be removed through a rapid buffer exchange prior to addition of the label.

‘When introducing a single label into the protein, as is typically done for PRE experiments, a very low level of intermolecular
disulfide-bond formation can be expected. Dimeric material can be removed using chromatography if desired.

‘When producing doubly labeled proteins, required for intramolecular PDS distance measurements, the potential for intramolecular
disulfide bond formation is greater due to the increased effective local concentration of sulfhydryl groups and a greater excess of the
conjugating reagent is recommended to maximize labeling efficiency. While any cross-linked multi-meric species can be separated
chromatographically, intramolecularly cross-linked molecules may be more difficult to remove. In the case of PDS, such molecules
will be spectroscopically silent, but may affect the apparent protein concentration, and may also influence the behavior of the properly
labeled protein molecules (for instance, by causing aggregation).

*To minimize damage to or aggregation in protein samples, some form of cryoprotectant typically needs to be added to the samples.
Glycerol is often used at around 30 % w/v, but sucrose can also be employed. Potential effects of the presence of cryoprotectants on
the behavior of the protein sample are typically minimal, but should be investigated. Freezing is typically accomplished by immersing
samples in liquid nitrogen, which leads to freezing times on the order of seconds for typical sample volumes (~50 ul). Faster freezing
times can be obtained using cryogens with higher heat capacities and heat transfer rates. The influence of freezing rate on the resulting
conformational ensemble remains to be more fully investigated.
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1 PRE control for nitroxide spin labels: The control is typically produced by
reducing the nitroxide radical to its hydroxylamine using a reducing agent such
as ascorbic acid. This produces a sample that is chemically nearly identical, but
diamagnetic. Such a control can be produced by directly reducing the actual
sample used for the PRE measurement. Alternately, an originally prepared
sample can be split in two, one of the samples reduced via addition of ascorbic
acid, and an equivalent volume added to the other to maintain matched protein
concentrations. This allows for preservation of the paramagnetic sample for
future experiments. An alternative to reduction by ascorbic acid is to separate the
control prior to spin labeling and conjugate to it a diamagnetic analogue of the
spin label to be used (such as N-acylated MTSL). However, this may result in an
imperfect match in protein concentration, since manipulations to remove excess
spin label or diamagnetic analogue may result in irreproducible losses. If single
time point PRE measurements are used (see below), closely matched protein
concentrations are desirable (see Note 5).

2. PRE control for chelating reagents: The control sample is prepared identically to
the paramagnetic sample except that the chelating group is loaded with a
diamagnetic metal ion. Samples precisely matched in protein-concentration may
be difficult to obtain, and two time point PRE measurements (see below) are
recommended.

3. PDS controls: Controls are used primarily to separate intermolecular from
intramolecular distances. For this purpose, two primary strategies are employed.
First, the effects of magnetic dilution of the sample with unlabeled protein on the
measured distances can be determined. Contributions from intermolecular
distances should decrease with magnetic dilution and can be thereby identified.
A second method that can be used is to prepare controls samples using singly
labeled proteins. In this case, any detectable dipolar coupling must necessarily
reflect intermolecular distances.

3.3. PRE Experiments

PRE results from the interaction of the unpaired electron with nuclear spins, leading to an
increase in the transverse relaxation rate (R2) of the nuclear spins, an effect that can be
measurable at distances up to ~30 A. The PRE contribution to the nuclear R2, typically
referred to as I'2, is simply the difference between the intrinsic R2, measured using a control
sample, and the R2 measured for the paramagnetically labeled sample.

SA shortcoming of the methods described above for production of PRE control samples can result from a significant affinity of typical
nitroxide spin label reagents to aromatic groups in proteins, which can lead to nonspecific binding of unconjugated spin label (5, 24,
25). In cases where such nonspecifically bound spin-label is not efficiently removed during the final removal of excess spin label from
the sample, nonspecific PRE effects will be present in the paramagnetic sample, but not in the corresponding control sample. An
alternative approach to eliminate this problem involves deconjugation of the spin label from the protein in the control sample through
reduction of the disulfide bond linkage. In this case, nonspecifically bound spin labels will be present in both the paramagnetic and the
control samples, and their PRE effects will be normalized out. However, this approach results in chemically distinct species in the
paramagnetic and control samples, which can lead to chemical shift differences. These are usually confined to sites near the location of
the spin label, which typically experience strong PRE effects and are therefore not of particular interest.
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Single time point measurements: Since NMR line widths, and therefore signal
intensities, are directly related to R2, a popular approach is to determine the amid
proton I"2 using the ratio of the NMR signal intensities in matched 2D proton-
nitrogen correlation (HSQC) spectra collected from the paramagnetic and
diamagnetic samples (5). This approach, however, suffers from the unequal
longitudinal relaxation rates of nuclear spins in the paramagnetic and controls
samples, which can lead to significant errors, especially when metal ions are
used (10).

Two time point measurements: An improved approach involves direct
measurement of the amide proton R2 values (11). Traditionally, such
measurements involve multiple experiments at different relaxation times in order
to determine the exponential transverse relaxation rate constant, requiring a
greatly increased data acquisition time compared to a single intensity
measurement. However, in principle two measurements spaced suitable apart can
suffice to accurately determine the rate constant, and this two time point
approach provides greater accuracy without a dramatic increase in the required
data acquisition time (10).

3.4. PDS Experiments

PDS distance measurements rely on the dipolar interaction between two unpaired electrons,
which results in a splitting of the spectrum of each individual electron spin and can be
detected at distances of up to 90 A (12). Notably, the contributions of dipolar coupling to
line broadening in continuous wave ESR spectra can also be measured and used to extract
interspin distances, but typically the presence of substantial inhomogeneous broadening in
CW-ESR spectra limits the utility of CW measurements to the characterization of shorter
distances of up to ~20 A. In PDS measurements, the generation of spin echoes removes
inhomogeneous broadening, allowing more precise determination of contributions from
dipolar coupling (6).

1.

DEER: The most common experiment used to extract interspin distances is the
double electron—electron resonance (DEER) pulse sequence, also known as
PELDOR (pulsed electron double resonance). In this experiment, the intensity of
a standard spin echo signal is modulated by recoupling the dipolar interaction
(using frequency selective pulses) for variable times, resulting in a frequency
modulation of the observed signal intensity. DEER pulse sequences are usually
arranged in a constant-time fashion (the overall length of the pulse sequence is
constant) in order to minimize the contributions from relaxation. The most
commonly employed sequence is the so-called four-pulse DEER experiment,
which improves upon the original three-pulse experiment by using a primary
echo to generate the initial signal that is subsequently refocused in a second
echo, thereby avoiding the need for simultaneous pulses during short evolution
times.

DQC: A more recently developed class of PDS experiments employ hard
(frequency nonselective) pulses and double quantum coherence (DQC) filters to
remove signals that are not modulated by the interspin coupling, resulting in a
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decreased background (13). DQC experiments provide an advantage over DEER
for short (<20 A) distances and at lower protein concentrations (6). At present,
PDS experiments are performed most commonly at Ku-band (17.3 GHz).

3.5. PRE Data Analysis

Analysis of PRE data begins with calculation of either the ratio of peak intensities in the
control and diamagnetic spectra (single time point data) or with the fitting of the intensities
or peak volumes from spectra at each time point to an exponential to extract the apparent R2,
followed by the calculation of I'2 as the difference between R2s from the control and
paramagnetic spectra (two time point data). At this point, a qualitative interpretation of the
data can be easily made by plotting either the intensity ratio or I'2 versus residue number
and establishing whether any PRE effect is observable at sites outside the window of
residues that are covalently restricted to be in the proximity of the paramagnetic label, and
therefore always experience PRE. For disordered proteins, the size and shape of this window
can be estimated by employing one of several ideal polypeptide random coil models to
calculate the average distance for a given residue from the labeling site, and using the
appropriate form of the Solomon-Bloembergen equation (5) to calculate a predicted value
for I'2, and in the case of single point measurements, to then calculate the predicted peak
intensity ratio (4, 14).

3.6. PRE Data Interpretation

Qualitative interpretation of PRE data can provide general insights into long-range
interactions in disordered proteins, and how these may be affected by sequence variations or
environmental conditions, with perhaps the best example being that of the Parkinson’s
disease associated protein alpha-synuclein (Fig. 1). Quantitative interpretation of PRE data
is complicated for disordered proteins by the fact that the protein and the paramagnetic label
are constantly in motion with respect to one another. Several groups have employed a
strategy of converting measured PRES to distances, which are then used to restrain
simulations, from which protein conformational ensembles are derived (15-17). An
alternative approach involves the generation of an unrestricted ensemble for a given
disordered protein, calculation of the PRE effect for each member of the ensemble based on
the distance between each nucleus and the spin label, and selection of a subensemble for
which the appropriately averaged PRE effect is consistent with experiment. Here it is
important to note that the Solomon Bloembergen equation, which links "2 to the dipolar
coupling and thence to the interspin distance, is derived assuming a fixed distance between
the spins. A model free approach to including the effects of local motions of the spin label
side chain on the measured I'2 values has been developed in the context of an otherwise well
defined protein structure (18). The motions present in disordered proteins are far more
complex than side chain motions and cannot easily be accounted for using this approach
alone, but this method can be used to account for spin label mobility when performing
distance calculations in the ensemble selection method (19).

3.7. PDS Data Analysis

To obtain structural information using PDS, time domain data need to be transformed into an
average distance or a distance distribution. Weak intermolecular background contributions

Methods Mol Biol. Author manuscript; available in PMC 2021 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eliezer Page 7

are typically removed by subtracting a linear or polynomial fit to the latter part of the time
domain signal. Subsequently, the most straightforward approach is simple Fourier
transformation into frequency space, followed by conversion of the observed frequency,
which is a measure of the dipolar coupling, to an average distance. In well-ordered systems,
this approach can yield distances that are accurate to within the variability introduced by the
flexibility of the spin label side chain. In disordered systems, however, the distance is
typically not well defined, and recovering a distance distribution is necessary. The observed
time domain signal can be modeled as an integral of the probability-weighted contribution
from each individual interspin distance, and inversion of the observed signal can be
performed to recover the A7), or distance distribution, function. The problem, however, as is
often the case for inverse problems, is not well posed and requires the application of a
regularization method. Tikhanov regularization and/or maximum entropy methods are
typically employed and require the careful choice of a regularization parameter, for which
further algorithms exist (6).

3.8. PDS Data Interpretation

Interpretation of PDS data is in some ways simpler than for PRE data in that the ensemble of
conformations being observed is invariant in time. Thus, each individual interspin distance
in the ensemble is relatively well defined and does not experience motional averaging due to
polypeptide disorder, although some degree of side chain motions can be retained even in
frozen samples. Consequently, each individual interspin distance appears in the final
distance distribution that is derived from the data. Not surprisingly, the large conformational
ensemble sampled by disordered proteins invariably leads to very broad distance
distributions. Such distributions are in many ways similar to those obtained from FRET or
SAXS measurements (20, 21), and computational approaches have been combined with such
measurements in order to determine or evaluate representative ensembles (22, 23). In
contrast to PRE methods, PDS measurements only reflect distances between the two
specifically labeled sites. Thus, information regarding potential long-range interactions
involving other sites is not readily extractable. However, information on the presence of
subpopulations with distinct distance distributions can be revealed (Fig. 2), whereas such
subpopulations may be invisible to, or difficult to detect by, PRE methods.
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PRE data from wild type (WT) alpha-synuclein (aS), family variants beta-synuclein (bS) and
gamma-synuclein (gS), the Parkinson’s disease associated E46K mutation, and the low pH
form of the protein, illustrating that the effects of sequence variations and environment on
long-range structure can be evaluated qualitatively (14, 26, 27). Solid red lines represent the

exp

ected PRE effect based on a Gaussian chain model of the protein. Solid green lines in the

E46K and pH3 plots are smoothed data from the wild type protein labeled at the same
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ition (110) at neutral pH and are shown for ease of comparison. In this case, there is a
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correlation with a decrease (bS and gS) or increase (E46K and low pH) in long-range
interactions and a concordant decrease (bS and gS) or increase (E46K and low pH) in
aggregation propensity.
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