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Abstract
Residual dipolar couplings (RDCs) and paramagnetic relaxation enhancements (PREs) have
emerged as valuable parameters for defining the structures and dynamics of disordered
proteins by nuclear magnetic resonance (NMR) spectroscopy. Procedures for their
measurement, however, may lead to conformational perturbations because of the presence of
the alignment media necessary for recording RDCs, or of the paramagnetic groups that must
be introduced for measuring PREs. We discuss here experimental methods to quantify these
effects by considering the case of the 40-residue isoform of the amyloid  peptide (A40),
which is associated with Alzheimer's disease. By carrying out RDC measurements over a
range of concentrations of given alignment media, we show that perturbations arising from
transient binding of A40 can be identified, enabling appropriate corrections to be made. In
addition, by using NMR experiments sensitive to long-range interactions we show that it is
possible to identify relatively non-perturbing sites for attaching nitroxide radicals for PRE
measurements. Thus, controlling the conformational perturbations introduced by RDC and
PRE measurements should facilitate their use for the rigorous determination of the
conformational properties of disordered proteins.
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Introduction
Disordered states of proteins play crucial roles in the processes of protein folding and
aggregation1-5. It is also increasingly clear that the presence of conformational disorder in
native proteins is a widespread phenomenon of great significance, as intrinsically disordered
proteins are closely involved in signalling and regulation, as well as in a range of medical
conditions that include Alzheimer's and Parkinson's diseases1-7. Therefore, a better
characterisation of protein disorder at the molecular level could offer many opportunities to
advance our understanding of fundamental aspects of molecular biology as well as for the
development of effective therapies for currently incurable diseases1-7.
Disordered proteins rapidly interconvert between many structurally diverse conformations,
and are best described as conformational ensembles. Nuclear magnetic resonance (NMR)
spectroscopy has proved uniquely able to capture these conformational fluctuations at high
resolution and even enable the determination of disordered protein ensembles8-16. Two
important observables that have gained increasing prominence for this purpose are residual
dipolar couplings (RDCs) between pairs of nuclei in partially aligned protein samples13, 14, 1719

, and paramagnetic relaxation enhancements (PREs), which exploit the enhanced dipolar

relaxation of nuclear spins in proximity of paramagnetic groups to obtain long-range distance
information9-11,

20-24

. These observables are particularly important as disordered proteins

populate expanded conformations and yield few measurable short-range distances derived
from nuclear Overhauser effects (NOEs), which are traditionally used to define the structures
of ordered proteins by NMR spectroscopy.
As the use of RDC and PRE based methods is becoming widespread for the study of
disordered proteins, it is important to investigate the perturbations that their measurements
can introduce, which could potentially lead to biases in the analysis. As we will discuss, these
perturbations are unlikely to be significant for folded proteins and hence their importance in
the case of disordered proteins is just beginning to be recognised.
In order to measure RDCs, a weak alignment of the protein molecules is induced by the
presence of a liquid crystalline alignment medium25,

26

, which could alter the protein

conformations through long-range interactions or even by direct binding to the surfaces of the
alignment media (nematogens)27. These perturbations are significantly more likely for
3

disordered than for native proteins as their conformations are not stabilised by large numbers
of intramolecular contacts that are present in their ordered counterparts.
PRE measurements generally require tagging of the target protein with an extrinsic
paramagnetic group, either through attachment of a chelating group that binds paramagnetic
metal ions with high affinity or by direct conjugation of a stable nitroxide radical (commonly
termed a ‘spin label’). As such tags are typically at least 50% larger than naturally occurring
amino acids, their presence may affect the structures and dynamics of proteins in the vicinity
of the labelling site, and even lead to the formation of non-native long-range interactions.
For ordered proteins, the effects of molecular alignment and paramagnetic tagging can in
principle be determined by reference to known high-resolution structures of the protein of
interest. However, in the case of disordered proteins, structural information is generally not
available, and indeed it is exactly for this purpose that RDCs or PREs are being measured in
the first place. An alternative approach is to cross-validate the structures by showing that the
different results obtained from subsets of RDC or PRE data are consistent with each other12,
28-31

. Such validation can, however, be challenging because of the large number of degrees of

freedom of disordered proteins. Given these limitations, we describe in this paper approaches
to permit structure-free validation of RDC and PRE measurements, which can enable them to
be applied more rigorously in the study of disordered proteins, other biomolecules that exhibit
large structural fluctuations, or indeed folded proteins whose structures are unknown.

Materials and Methods
Preparation of A40 NMR samples
Recombinant A40 peptides with ammonium acetate counter ions were obtained from
AlexoTech (Umea, Sweden), and handled on ice at all times. The peptide powder was
solubilised in 10 mM NaOH at concentrations of 4-7 mg/ml and stored at -80 °C until
required. In order to prepare NMR samples, A40 stock solutions were diluted into sodium
phosphate buffer (Na2HPO4/NaH2PO4, 50 mM) to give a final peptide concentration of 60150 M. The final buffer composition was 20 mM sodium phosphate, 0.5 mM EDTA, 0.02%
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w/v NaN3 and contained 10% D2O. HCl was pre-added to the sodium phosphate to neutralise
NaOH in the A40 stock solutions and, if necessary, the samples were titrated to pH 7.4 by
addition of 100 mM NaOH. Final sample volumes were 160-200 L and contained 10% D2O.
All samples were ultracentrifuged for 20 min at 8500g to sediment any aggregates of peptide
present before transferral to 3 mm MATCHTM NMR tubes (Bruker BioSpin AG, Fällenden,
Switzerland).
Aligned samples containing Pf1
Pf1 bacteriophage was obtained from Asla Biotech (Riga, Latvia). Buffer exchange was
accomplished by precipitation in 1.25 M NaCl and ultracentrifugation for 1 h at 11300g and
30 °C. The pellet was washed three times with de-ionised water and re-suspended in sodium
phosphate buffer over 1-2 h at 4 °C. A40 was then added (25-35 L in 10 mM NaOH) to
give a final buffer composition identical to that of the isotropic samples and final volume of
200 L. From a comparison of 1H-15N HSQC spectra, Pf1 caused a slight increase in pH of
the sample at high concentrations. In these cases, pH was adjusted by the addition of 100 mM
HCl, which did not lead to aggregation of A40 during the experiments. As solutions
containing Pf1 had high viscosity, samples were often left overnight to ensure air bubbles
were no longer present. Sample homogeneity in each case was confirmed by the appearance
of a sharp doublet in the 2H 1D spectrum. The quadrupolar splitting in Pf1 solutions was not
observed to change particularly over the course of experiments.
Spin labelled derivatives
The

(1-Oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl)

methanethiosulfonate

(MTSL)

nitroxide radical, was obtained from Toronto Research Chemicals (Toronto, Canada) and
dissolved by sonication in 100 mM sodium phosphate containing 6 M guanidium chloride
(pH 8.0) to form a supersaturated solution. Undissolved spin labels were sedimented using a
benchtop centrifuge and the supernatant used for subsequent reactions. A40 cysteine mutants
dissolved in 10 mM NaOH (as above) were first reduced in situ by an 8-fold excess of tris(2carboxyethyl)phosphine (TCEP) for 15 min, ensuring the reaction pH remained above 7 by
dissolving TCEP in NaOH. The saturated MTSL solution was then added to give a final
sodium phosphate concentration of 60 mM, whereupon the reaction with MTSL was allowed
to proceed for 15 min.
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MALDI mass spectrometry confirmed the presence of the MTSL-labelled species as the
major product in the reactions. However, in all mass spectra analysed, the peak corresponding
to unlabelled peptide persisted at a fraction of approximately 10-20% of the total peptide
present. An array of different pH values and reaction times were employed, but no significant
differences could be detected. Following purification, we checked volumes of [1H,

15

N]-

HSQC peaks for residues near the labelling site with MTSL in its paramagnetic state. Because
of the large PREs at these residues, peak volumes should be undetectably low32, which was
indeed found to be the case. These results indicate that yields were close to 100%, and suggest
that peak areas in the mass spectra may be biased by a low mobility of the MTSL labelled
A40 species.
The reaction mixture was purified by size exclusion chromatography using an analytical
Superdex 75 10/300 GL column (GE Healthcare, Amersham, UK) eluting with 4 mM sodium
phosphate buffer containing 0.1 mM EDTA and 0.004% w/v NaN3 (pH 7.5). Fractions
containing A40 were identified by UV absorbance at 280 nm, and peak areas were used to
quantify the amount of peptide present using an extinction coefficient of 1595 cm -1. The
peptide fractions were lyophilised and redissolved in 9:1 H2O:D2O to given a final sodium
phosphate concentration of 20 mM. A40 concentrations in the NMR samples were 60-100
M.
Validation experiments were performed with peptides for which MTSL had been reduced by
addition of sodium ascorbate (400 M). The reaction was allowed to proceed for 12 h at 5 °C
and complete reduction was monitored by the increase in intensity of A resonances in the 1H
NMR spectrum. Sodium ascorbate did not lead to any measurable changes in chemical shifts
or peak intensities of A40 wild-type at the concentration used for reduction of the spin
labelled derivatives.
NMR spectroscopy
NMR spectra were recorded on Avance 500 MHz and 700 MHz spectrometers (Bruker
BioSpin AG, Fällenden, Switzerland) equipped with four-channel z-gradient cryogenic
probes. All experiments were recorded at 278 K. Data were processed using the NMRPipe33
by application of shifted sine bell window functions and extensive zero filling prior to Fourier
transformation. Spectra were analysed with NMRPipe and Sparky (T. D. Goddard and D. G.
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Kneller, SPARKY 3, University of California, San Francisco). We found that data acquisition
was substantially expedited by the use of a

15

N spectral width of 10.5 ppm. Well-resolved

[1H, 15N]-HSQC spectra (Figure S1) could thus be recorded with only 32 complex points in
the indirect dimension.
Residual dipolar couplings
1

H-15N RDCs were derived from the difference in peak splittings between aligned and

isotropic samples in 2D IPAP [1H,15N]-HSQC spectra34. Accurate peak positions were
determined by fitting a Gaussian function to each peak within Sparky. 1DNH values were
averaged over three distinct experiments in order to obtain residue-specific estimates of the
standard errors of measurement.
The goodness-of-fit for each residue in the concentration dependence analysis (see Eq. 13)
was determined by the reduced 2 parameter (2red)
1

2
𝜒𝑟𝑒𝑑
= 𝜈 ∑𝑁
𝑖=1

(𝐷𝑓𝑖𝑡,𝑖 −𝐷𝑒𝑥𝑝,𝑖 )2
𝜎𝑖

(1)

where Dfit,i and Dexp,i are the fitted and experimental RDC values, respectively, i is the
experimental error and the index i in the sum runs over the N concentrations used. The
number of degrees of freedom () is given by N-n-1 where n is the number of fitted
parameters for each model. A value of 2red close to unity indicates that the data are well fitted
by the model given the experimental uncertainty.
The agreement between experimental RDCs and those corrected for the effects of alignmentinduced perturbation was assessed by the RDC quality factor35, which is defined as

2
∑𝑁
𝑘=1(𝐷𝑐𝑜𝑟𝑟,𝑘 −𝐷𝑒𝑥𝑝,𝑘 )

𝑄=√

2
∑𝑁
𝑘=1 𝐷𝑐𝑜𝑟𝑟,𝑘

(2)

where Dexp is the experimental RDC, Dcorr is the corrected RDC corresponding to the
unperturbed state, and the index k runs over all residues for which data were available. Values
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of Q below 0.2 are generally thought to indicate good agreement between a predicted quantity
(in this case Dexp) and its true value (in this case Dcorr).
Spin relaxation
Backbone

15

N transverse relaxation rates (R2) were measured with a sensitivity-enhanced

CPMG pulse sequence that contained additional CPMG trains for heating compensation36.
Backbone 1HN R2 rates were measured using the HSQC-based pulse sequence proposed by
Kay and co-workers32, 37, employing a REBURP pulse (3 ms at 500 MHz, centred at 8.3 ppm)
for selective refocussing of amide resonances during the first INEPT period. In both cases, 810 relaxation delays were recorded in interleaved fashion over the range 20-700 ms (15N) or
13-223 ms (1HN). Decay curves were fitted with two-parameter single exponential functions
in Sparky, and errors estimated by the standard deviation of decay constant values upon
addition of Gaussian noise to the peak heights (Monte Carlo method).
Monitoring A40 aggregation
1

H NMR experiments were used to assess the aggregation of A40 peptides over time, as the

signal observed in solution NMR comes entirely from the monomeric peptide38. To control
for any systematic change in spectral intensity over time, which may be caused for example
by changes in shims or water suppression, the time evolution of the integral over the A40
methyl region (0.6-1.0 ppm) was compared to the integral of the EDTA resonance (3.65
ppm), which is not expected to vary over time.
Diffusion coefficients
Translational diffusion coefficients were measured using a stimulated echo pulse sequence39
that included a 3-9-19 pulse train for effective water suppression40. Smooth square gradients
were used throughout, with gradient pulse lengths of =4.5 ms and inter-gradient delays of
=100 ms. Spectra were acquired at 32 values of gradient strength (G) from 5% to 95% of the
maximum value for the probe employed (nominally 53.5 G/cm). The decay of the integral
over the aromatic region of the A40 spectrum (6.9-7.4 ppm) was fitted using a modified
form of the Stejskal-Tanner equation suitable for bipolar gradient experiments39, 41
δ

τ

𝑆(𝐺) = 𝑆0 𝑒𝑥𝑝 [−𝐺 2 𝛿 2 𝛾𝐻2 𝐷𝑡 (Δ − 3 − 2)]

(3)
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where S0 is the signal when G=0, H is the 1H gyromagnetic ratio, Dt is the translational
diffusion coefficient and  is the delay between the two halves of the bipolar gradient (0.17
ms). Average values of Dt were determined based on three repeats of the experiment on the
same sample.
Differences between the diffusion coefficients of the A40 variants were assessed by
statistical testing. In all cases we employed a significance level of =0.05. Variability was
first assessed by a one-way analysis of variance (ANOVA) test. Upon finding significant
variability (p<), we performed post-hoc pairwise comparisons of the paramagnetic variants
with the wild-type peptide by unpaired two-tail t-tests. In spite of small sample sizes (n=3-4),
the main the errors arise from spectral noise and therefore can be assumed to be normally
distributed.
The translational diffusion coefficient is related to the hydrodynamic radius (RH) by the
Stokes-Einstein relation
𝑘 𝑇

𝐵
𝑅𝐻 = 6𝜋𝜂𝐷

(4)

𝑡

where kB is the Boltzmann constant, T is the temperature and  is the viscosity of the solution.
As the temperature and viscosity of solutions containing different A40 variants are identical,
their sizes relative to A40 wild-type can be calculated as RH,mut = Dt,wt/ Dt,mut.
Chemical shift perturbations
[1H,

15

N] weighted chemical shift differences (NH) between wild-type and spin labelled

peptides were calculated as

𝛾

2

2
Δ𝑁𝐻 = √Δ𝛿𝐻𝑁
+ (Δ𝛿𝑁 𝛾𝐻 )
𝑁

(5)

where HN and N are the 1HN and 15N chemical shift differences respectively and H and N
are the 1HN and

15

N gyromagnetic ratios. Assignments for the spin labelled peptides were

obtained from HNHA experiments (see Supplementary Information).
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Paramagnetic relaxation enhancements
1

HN transverse PREs (2) were determined from [1H,15N]-HSQC spectra of A40 V12C* in

the paramagnetic and diamagnetic states according to the peak volume method proposed by
Xue et al. 42. 2 was calculated for each residues according to
1

𝑉

Γ2 = 2𝜏 𝑙𝑛 ( 𝑉𝑑 )

(6)

𝑝

where  is the length of the INEPT periods (1/2JNH). Volumes were determined by nlinLS
Gaussian fitting to the peaks within NMRPipe. A REBURP pulse (1.714 ms at 700 MHz,
centre 8.3 ppm) was used in the first INEPT period to refocus only 1HN spins and avoid
intensity modulation by 3JHNH. To ensure equilibration of diamagnetic sample between
scans and to avoid underestimation of 2 as a result of longitudinal PRE effects, an inter-scan
delay of 4.5 s was used. The effect on peak volumes of sample dilution by addition of sodium
ascorbate was taken into account by the addition of a reference compound as suggested by
Xue et al.42, 100 M [15N] N-acetyl-glycine (Isotec, Old Bridge, NJ).
Calculation of PREs from protein structures
The 1H transverse relaxation enhancement in the presence of a paramagnetic species (2) is
given by the Solomon-Bloembergen equation43, 44
1

𝜇0 𝛾𝐻 𝑔𝑒 𝜇𝐵

Γ2 = 15 (

4𝜋

) 𝑠𝑒 (𝑠𝑒 + 1)[4𝐽(0) + 3𝐽(𝜔𝐻 )]

(7)

where J() is the generalised spectral density function for the electron-proton interaction, ge
is the electron g-factor, H is the proton gyromagnetic ratio, se is the electron spin quantum
number, H/2 is the proton Larmor frequency, B is the Bohr magneton and 0 is the
permeability of vacuum. These physical constants are commonly merged into a single
constant, K, which takes the value 1.23·1016 Å6 s-2 when a nitroxide radical is the
paramagnetic group. For proteins containing a paramagnetic group attached by freely
rotatable bonds, such as MTSL, the most appropriate form of the spectral density is45
𝑆2𝜏

(1−𝑆)2 𝜏

𝐽(𝜔) = 〈𝑟 −6 〉 [1+(𝜔𝜏𝑐 )2 + 1+(𝜔𝜏 )𝑡2 ]
𝑐

𝑡

(8)
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where r is the electron-proton distance, angle brackets denote averaging over the distribution
of distances, and S2 is the generalised order parameter for the motion of the tagged side-chain.

c is the correlation time for the electron-proton interaction, which can be written as (r-1+s-1)1

, where r is the rotational correlation time of the molecule, and s is the electron spin

longitudinal relaxation time. t is the total correlation time, which can be written as (c-1+i-1)1

, where i is the correlation time for the internal motion of the spin label. As s is typically

100 times larger than r for nitroxide radicals46, c can be approximated by r. Therefore, the
spectral density depends on only two correlation times, r (overall tumbling) and i (internal
motions). This treatment assumes that the internal motions of the paramagnetic tag are
uncoupled with the rotational tumbling of the macromolecule, with the latter expected to take
place on longer timescales.
In order to evaluate the spectral density (Eq. 8), it is convenient to decompose S2 into angular
and radial parts
2
2
𝑆 2 ≈ 𝑆𝑎𝑛𝑔
𝑆𝑟𝑎𝑑

(9)

where the individual parts are given by
4

2
𝑆𝑎𝑛𝑔
= 5𝜋 ∑2𝑚−2|〈𝑌𝑚2 (𝜗, 𝜑)〉|2

(10)

and

2
𝑆𝑟𝑎𝑑
=

〈𝑟 −3 〉2
〈𝑟 −6 〉

(11)

where Y2m are second-order spherical harmonics and (,) are the polar and azimuthal angles
between the principal axes of the moment of inertia tensor of the molecule and the electronproton vector for a given conformation of the side-chain.
To apply the above equations to calculate the PREs from explicit ensembles of A40, we first
generated a library of MTSL rotamers through molecular dynamics simulations of the spin
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label attached at position 2 of the peptide. Clustering of the resulting structures led to 76
rotamers for MTSL, which we took to occur with equal likelihood.
For each backbone conformation in the ensemble, the allowed MTSL rotamers were obtained
by first aligning the backbone C, C' and N atoms of residue 12 with those of the MTSL
bearing side-chain. All MTSL conformations that produced a steric clash with the A40
structure were then removed. Clashes were defined to occur when two atoms came within the
sum of their van der Waals radii. Xplor-NIH values of the van der Waals radii were used in
calculations, with a scaling factor of 0.75 as conventional in the final stages of structure
refinement in this package47. Only backbone atoms (and C) were used on A40 as it is
anticipated that side-chains could rearrange easily to accommodate MTSL, and in addition the
C atom was excluded from the residue at the labelling site. All atoms on the MTSL sidechain were included apart from C, H and S. Following the removal of disallowed
rotamers, 2 was calculated for the backbone conformation using correlation time values of

r=3 ns48 and i =500 ps22. The PREs were then averaged over all backbone conformations
according to
1

𝑁𝑠
Γ2 = 𝑁 ∑𝑖=1
Γ2,𝑖
𝑠

(12)

where Ns is the number of backbone conformations in the ensemble of interest. The separation
of averaging over rotamer positions for a specific backbone conformations, and then
backbone conformations, assumes that motion of the side-chain is faster than and decoupled
from backbone conformational changes.

Results
RDC measurements: Possible perturbations from molecular alignment
The method that we propose for assessing the effects of molecular alignment on RDC
measurements of disordered proteins is illustrated in Figure 1. The degree of compatibility of
a given protein with a particular alignment medium is first assessed by consideration of the
12

pH, buffer and temperature requirements49. Electrostatic alignment media with opposite
charge to the protein should be avoided because of the strong attractive forces that will result.
More subtle perturbations, however, may arise at a local level around individual residues of
charge opposite to that of the alignment medium. Working at high ionic strengths would
reduce these perturbations, but also increase the correlations between RDCs measured in
different alignment media, thus reducing the amount of information that can be extracted from
them. Suitable alignment media should, in addition, enable high-resolution spectra to be
recorded without extensive line broadening caused by binding27 or by unresolved 1H-1H
dipolar interactions50. Strong interactions can be mitigated by using lower concentrations of
the alignment media or by screening electrostatic interactions with higher concentrations of
salt51, 52.
Following the optimisation of the conditions, the effects of perturbations introduced by the
alignment process on the RDCs themselves are elucidated by measuring their values at
different nematogen concentrations. In the absence of perturbations, RDC values (D) are
expected to scale linearly with concentration (D=𝛼c), where c is the concentration and 𝛼 is a
scaling constant, as the overall anisotropy of the medium increases in proportion to the
quantity of nematogen present. Where perturbations occur, provided that the fraction of
perturbed molecules is below 5%, measured RDC values will show an effective quadratic
concentration dependence (see Supplementary Information)
𝐷 = 𝛼𝑐 + 𝛽 ′ 𝑐 2

(13)

where 𝛽 ′ captures the magnitude of the perturbations introduced by the alignment media.
Residues showing significant deviations from linear behaviour are identified as those showing
an increase over 10% in the goodness-of-fit using the quadratic model versus a linear one. If
many residues show high degrees of curvature (i.e. a large value of 𝛽 ′ ), this is an indication
that the medium is significantly perturbing the conformational ensemble of the protein and
that the medium or the conditions should be altered to record useful RDCs for structural
studies. On the other hand, if only a few residues show high curvature, these can be removed
and the remaining residues used for subsequent conformational analysis. This approach also
enables the corrections needed for the RDCs to be determined, as the RDC value
corresponding to the unperturbed state alone is 𝛼c.
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Validity of RDCs for the A40 peptide
We illustrate our method for the validation of RDCs in a study of A40, a peptide whose
aggregation from a disordered monomeric state to form amyloid assemblies is implicated in
Alzheimer's disease53. A40 has a net charge of about -2.4 at pH 7.4 (Figure S2) and
therefore the negatively charged Pf150 alignment medium was selected for measurement of
RDCs. RDCs from electrostatic alignment can provide valuable complementary information
to those commonly recorded in steric media for disordered proteins, and therefore their use
has the potential to expand the amount of RDC data available from these states52.
At an ionic strength of 50 mM, use of Pf1 concentrations up to about 26 mg/ml yielded NMR
spectra of similar resolution to unaligned samples. No NMR signals were broadened beyond
detection and many showed no additional line broadening in the presence of Pf1 (Figure S3).
As these results indicated that conditions were appropriate for RDC measurements, we
determined the concentration dependence of the RDC values. Because of the high viscosity of
the Pf1 solutions and difficulties in accurate concentration measurement, we used the 2H
quadrupolar splitting (Qcc) as an in situ measure of Pf1 concentration. The two are directly
proportional when Pf1 is fully aligned51, a situation which was confirmed in the present study
by the identical values of Qcc for the lowest Pf1 concentration at two magnetic field strengths
(11.7 and 16.4 T).
Goodness-of-fit tests for the quadratic and linear concentration dependence models are shown
in Figure 2a, where a lower value 2red indicates improved fit to the data for the quadratic
model; since the statistics are normalised for the number of model parameters, the reductions
in 2red are not simply a result of increased model complexity. The numbers of, respectively,
residues G25 and I31 show improved agreement with the quadratic model and the three
examples of residues exhibiting pronounced curvature are shown in Figure 2b. The dashed
lines in the plots show the RDC values of the unperturbed state, indicating that alignmentinduced perturbations lead to measurable systematic deviations in RDC values.
Largest curvatures are observed at residues K16 and N27, which suggest that perturbations
may arise from transient binding of A40 to the negatively charged Pf1 surface (Figure 2c)
as N27 is adjacent to the other lysine residue in the A40 sequence (K28). To determine
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whether or not binding was significant in this case, backbone

15

N transverse relaxation rates

(R2) were measured in the presence and absence of Pf1. R2 values are expected to increase for
residues involved in binding to Pf1 because of the very fast transverse relaxation of spins
tumbling with the viral particle that has an estimated correlation time of the order 1-100 s54.
Figure 2d shows the changes in R2 upon addition of about 26 mg/ml Pf1 to the solution
containing the A40 peptide. The largest increases occur between residues K16 and F20,
indicating that binding to Pf1 occurs principally through this region. In contrast, increases in
R2 are not observed in the proximity of K28, indicating that this region does not bind to Pf1
directly. The perturbation of the RDC values between residues G25 and N27 may therefore
arise due to stabilisation of turn conformations upon binding to Pf1, but with the residues at
the head of the turn not directly in contact with the surface of Pf1. Turn formation has
previously been shown to cause a change of sign in the RDC profiles55, which is present here
in the measured RDCs at residue G25, but not in the corrected RDCs corresponding to the
unperturbed conformations alone, indicating that turn formation is unlikely (Figure 2e).
The effects of the systematic errors introduced by Pf1 on the RDC profile of A40 can be
seen by a comparison of corrected and measured data at Qcc=15.8 Hz (Figure 2e). Overall,
the correlation between the two sets of RDCs is high (r=0.97) and the RDC Q-factor (see
Methods) has a value of 0.22. Nevertheless, significant deviations can be observed in several
regions and five residues show errors of >1 Hz. Removal of these residues reduces the Qfactor to 0.13.
We also repeated the concentration dependence analysis for RDCs at an ionic strength of 200
mM and found that systematic errors were reduced (Q=0.13 with all residues included),
particularly at residues K16 and N27 (Figures 2f and S4). These findings provide further
support to the hypothesis that binding between the A40 peptide and Pf1 is mediated by
electrostatic interactions, and show that RDC concentration dependence measurements are
able to identify whether conformational changes are taking place with high sensitivity.
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PRE measurements: Possible perturbations from paramagnetic tagging
We next investigated a method for validation of paramagnetic derivatives to be used in PRE
measurements. The method, which is outlined in Figure 3, involves detailed comparison of
the tagged variant with the properties of the unmodified protein, with particular emphasis on
determining the effect of paramagnetic tagging on long-range structure within the
conformational ensemble. Candidate sites for tagging can be selected on the basis of their
positions in the sequence (e.g. solvent exposure and location outside highly structured
regions) and to match the physico-chemical properties of the final paramagnetic group. Since
many nitroxide-based spin labels are hydrophobic, they should be substituted for large, nonpolar side-chains. On the other hand, metal chelating moieties often contain amide or
carboxylic acid functional groups, therefore similar polar side-chains should be selected for
tagging23.
Following successful production and tagging, each variant is compared to the unmodified
protein using three criteria, which are considered in sequence by starting from the least
sample intensive and time-consuming ones. The first step is to establish that native functions
are preserved upon derivatisation, as a loss of these is indicative of changes in important
structural features. Being sensitive to long-range distances (10-35 Å), PREs are expected to
be strongly affected by changes in the compactness of the polypeptide chain. Therefore, the
second step in the method is to assess the effect of tagging on the global dimensions of the
protein, either through NMR diffusion or dynamic light scattering (DLS) measurements,
which enable comparison of hydrodynamic radii (RH), or small-angle X-ray scattering
(SAXS), for comparison of radii of gyration (Rg). In the final stage, heteronuclear NMR
experiments are used to probe the effect of paramagnetic tagging at the residue-specific level.
Very useful parameters for the comparison are
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N R2 rates and, where possible, 1H-15N

RDCs, both of which are sensitive to long-range structure within disordered proteins22, 56.
Changes in these parameters should decrease further from the labelling site, with no changes
observed in remote regions.
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Validation of paramagnetic A40 variants for PRE measurements
The use of the method is again illustrated in the study of the A40 peptide, where we selected
three positions for mutation of the native amino acid to cysteine and subsequent paramagnetic
tagging by the thiol-specific nitroxide radical MTSL57 (Figure 4a). Mutations were made
outside the A40 fibril core regions (grey arrows, Figure 4a), avoiding charged and aromatic
residues. As a functional test, we monitored the aggregation rates of the tagged peptides
(A*) by 1H NMR. Since in solution NMR, the A signals have been shown to arise entirely
from the monomeric peptide38, a loss of signal corresponds to the conversion of monomeric
A40 into higher molecular weight species. Over the period studied, wild-type A40 does not
aggregate, a trend which is followed by the V12C* and S26C* variants (Figure 4b).
However, the A2C* signal drops by 13%, indicating some aggregation for this peptide. An
increase in the aggregation, by itself, does not necessarily imply an alteration of the
monomeric conformational ensemble58, as it may result from a variety of other microscopy
processes contributing to the overall aggregation process6, 59. However, aggregation over this
period does preclude accurate measurement of PREs, as intensity changes between
paramagnetic and diamagnetic samples are no longer solely due to proximity to the
paramagnetic group. As a result, the use of the A2C* mutant was not considered for further
analysis.
To assess the effects of MTSL labelling on the overall dimensions of the A40 peptide,
diffusion coefficients were measured by NMR and used to determine the relative
hydrodynamic radii (RH) for each peptide relative to that of the wild-type (Figure 4c). The
results exhibited significant variability, as also indicated by a one-way ANOVA test, which
gave a p-value of 0.011. Post-hoc unpaired t-tests (two-tail, =0.05, n  3) indicated identical
values for wild-type and V12C* (p=0.57), whereas wild-type and S26C* were significantly
different (p=0.024). As alteration of the compactness of the S26C* peptide may affect PRE
measurements, it was excluded from further analysis.
A final assessment of the suitability of the V12C* variant was performed using heteronuclear
NMR experiments. The local effects caused by the introduction of a reduced MTSL spin label
at position 12 were monitored using 15N R2 rates, which show the largest differences between
the wild-type and V12C* variants in the region S8-F20 (Figure 4d), with higher values for
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V12C* indicative of a decrease in segmental diffusion rate as a result of the introduction of
the bulky spin label. These results were also confirmed by 1H-15N RDCs measured in Pf1
medium (Figure 4e), which show changes over a similar region (E11-E22). The V12C*
derivative therefore satisfies our criteria as a valid model of wild-type A40 for use in PRE
measurements.
We also measured [1H, 15N] weighted chemical shift differences (NH) between wild-type and
spin labelled peptides, which are typically used to assess the effects of paramagnetic tagging
(Figure 4f). Changes are much smaller than those measured by relaxation rates and RDCs,
though there are some small changes in the region F19-A21 detected for the V12C* variant.
NH values for the S26C* variant are local and of similar magnitude to the V12C* despite the
expansion of the ensemble observed for this peptide, which underlines the importance of the
RH measurements. For both peptides, 1H chemical shifts and 3JHNH measurements showed
even smaller changes with respect to A40 wild-type (Figure S5); these parameters are
therefore also of limited use for assessing the effect of paramagnetic tagging on the
conformations of disordered proteins.

Discussion and Conclusions
RDCs and PREs have recently emerged as powerful NMR observables for the high-resolution
characterisation of disordered proteins9-11, 13, 14, 17, 18, 20-23. These two types of data can be backcalculated readily from ensembles of structures and are particularly useful as they both
contain long-range distance information, in contrast to other parameters such as chemical
shifts, NOEs and scalar couplings. The combination of RDCs and PREs as structural
restraints is also particularly advantageous as it makes use of their different dependence on
the conformations of the protein14. This aspect is illustrated in Figure 5, where a schematic
distribution of the radius of gyration in the conformational ensemble of a typical disordered
protein is shown, along with bars indicating the contribution that each part of the distribution
makes to measured RDC and PRE data. PREs, since they are highly sensitive to short
distances due to their r-6 dependence, can provide important information on the nature of
compact states within the ensemble. On the other hand, RDCs show a much weaker
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dependence on the radius of gyration, but alignment magnitude is largest for conformers with
high aspect ratio60, making them more sensitive than PREs to extended conformations.
To measure RDCs or PREs, a protein must either be exposed to a non-native environment,
namely the alignment medium, or subjected to non-native covalent modification, such as
attachment of a nitroxide spin label. In an effort to assess the effects of these changes, we
have described experimental methods that can be applied in order to validate the measurement
of RDCs and PREs. We anticipate that they will be particularly useful for the study of
disordered proteins and other highly dynamic protein states, as they do not rely on prior
structural knowledge. Furthermore, they can be applied independently for each medium or
tagging site and do not rely on potentially ambiguous cross-validation of multiple data sets,
which is a limitation of current structure-free RDC validation protocols61.
The RDC validation method that we have discussed enables data to be corrected for the
effects of the alignment medium, yielding the RDCs corresponding in principle to the
unperturbed state. If RDCs from multiple bond vectors are required and several concentration
dependence series are too time consuming, data from residues identified as invalid from the
analysis of 1H-15N RDCs can be removed from all sets, yielding valid couplings from multiple
bond vectors. This method is applicable to RDCs recorded in any alignment medium provided
that: (i) the protein can be aligned over a sufficient range of concentrations such that RDC
variations are detectable above measurement errors; (ii) line broadening is not too severe at
high concentrations that it precludes accurate RDC measurements; (iii) the order parameter of
the nematogen remains constant over this concentration range. The latter can be verified by
linear variation of the 2H quadrupolar splitting of the D2O resonance over the concentration
range studied. Based on a survey of currently available media, these criteria are satisfied by
most systems used for weak alignment of proteins. Provided the alignment medium is
amenable to dilution, the concentration-dependence series can be obtained by preparation of a
single protein sample at high nematogen concentration, followed by successive dilution.
However, for samples in anisotropic gels, it is necessary to prepare a separate protein sample
at each gel concentration. Strained polyacrylamide gels, which are commonly used for
recording RDCs of disordered proteins, may also provide additional complications as the
alignment of the samples depends on both the concentration of acrylamide and the degree of
compression applied to the gel. The former may be subject to uncertainties if the gel is only
partially rehydrated after drying, and the latter has been found to vary substantially in our
19

hands as evidenced by about 30% variability in the 2H quadrupolar splitting for samples
containing identical acrylamide concentrations.
The PRE validation method represents a stringent quality control of possible sites for
paramagnetic tagging, which should lead to increased confidence in the reliability of PRE
data from disordered proteins. Application of the method to A40 shows that substantial
changes can result from spin labelling and highlights the importance of validation using
measurements that report on changes in long-range structure. It should be noted, however,
that as none of the techniques used have comparable sensitivity to PREs for detecting the
presence of low population states23, the method that we have presented cannot rule out small
population shifts caused by the paramagnetic groups. These changes may nevertheless
manifest themselves in the PREs, especially if the conformations favoured are more compact
than in the unmodified protein. It is not clear at the present time how this limitation can be
overcome experimentally and it is therefore inevitable that PRE measurements must be
subjected to consistency checks with other experimental data or with PREs from different
labelling sites.
In conclusion, we anticipate that the quantitative assessment of the systematic errors
associated with RDC and PRE measurements using the strategies discussed in this work will
expand the range of applicability of these NMR parameters for the structural characterisation
at high resolution of disordered states of proteins that are increasingly recognised as being of
considerable biological interest and significance.
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Figure 1. Schematic illustration of the method discussed in this work for the
measurement of RDCs for disordered proteins. Possible interactions between the protein
and the alignment medium (nematogen) are first assessed by measuring NMR spectra.
Widespread peak disappearance and sample degradation are indicative of strong interactions.
In this case the solution conditions should be altered or a different medium employed. If
NMR spectra of sufficient quality can be recorded, 1H-15N RDCs should be measured over as
wide a range of concentrations of the nematogen as practically possible. In the absence of
perturbations caused by the alignment medium the RDC values should be proportional to the
concentration. Therefore RDCs are invalid for residues (denoted as ‘curved’ in the flow
diagram) for which significant deviations from linearity are observed. Such residues can be
discarded from further analysis, or their RDCs corrected according to the procedure described
in the text. If RDCs from many residues are subject to perturbations, it may be necessary to
change alignment medium or conditions.
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Figure 2. Concentration dependence of RDCs measured for the A40 peptide. This
analysis reveals a slight perturbation of the A40 conformational ensemble induced by Pf1
under the conditions used in this study. (a) Reduced 2 values for fits of the RDC data to
linear and quadratic models (see text), showing improvements upon addition of the quadratic
term that are not merely the result of increased model complexity; coloured bars refer to the
three residues in panel (b). (b) 1H-15N RDC values for three residues as a function of the 2H
quadrupolar splitting, Qcc(2H), which is proportional to the concentration of Pf151, 62. Solid
lines are quadratic fits to the data; dashed lines are the linear term from the fit, corresponding
to the RDC values of the unperturbed state. (c) Errors in the RDC values given by the
coefficient of the quadratic term in Eq. (13). Since we used quadrupolar splittings instead of
concentrations, the curvature is indicated by 𝛽, rather than by 𝛽 ′ as in Eq. (13). Negatively
and positively charged amino acids are denoted by red and blue circles, respectively, and
histidine residues are shown by pale blue circles that indicate their degree of protonation at
the given pH. Red dashed lines indicate the value of  above which residues are excluded
from analysis because they would be affected by an error of over 1 Hz at a quadrupolar
splitting of 15.8 Hz. Six residues did not show significant improvement in 2red upon addition
of a quadratic term (yellow circles). (d) Changes in 15N transverse relaxation rates R2 upon
addition of Pf1. Residues for which no data are available are marked with crosses (). (e)
Comparison of measured RDCs at Qcc=15.8 Hz and corrected RDCs obtained from the linear
terms of the quadratic fits shown in (b). (f) Comparison of measured and corrected RDCs
from a second set of concentration dependence experiments performed in in the presence of
an additional 150 mM NaCl at Qcc =18.4 Hz.
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Figure 3. Schematic illustration of the method discussed in this work for the
measurement of PREs for disordered proteins. Following the production and paramagnetic
tagging of the protein, the first stage is to perform functional assays to ensure the presence of
the tag does not abrogate native function. If this is not the case, it is then particularly
important to ascertain the effect of spin labelling on the molecular dimensions via the
measurement of the radius of gyration (Rg) or the hydrodynamic radius (RH). Variants that
successfully pass through this stage should be produced with appropriate isotopic enrichment
and tested for deviations in 15N transverse relaxation rates (R2) or, better still, 1H-15N RDCs.
These measurements give an indication as to whether the spin label affects long range
contacts within the protein, which would preclude the use of that variant in PRE
measurements.
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Figure 4. Validation of the paramagnetic derivatives of the A40 peptide for PRE
experiments. (a) Sequence of wild-type A40 showing sites chosen for cysteine mutation
and spin labelling (green triangles). Charged (red and blue) and aromatic (yellow) residues
were excluded, as were those in core region of A40 amyloid fibrils63 (grey arrows). (b)
Stability of spin labelled A variants monitored by the integral over the methyl region of the
1

H NMR spectrum. The A2C* variant aggregates during the 16 h period required to perform

PRE experiments. (c) Relative hydrodynamic radii of the different A variants determined
from NMR diffusion measurements, showing significant increase in the case of the S26C*
variant. (d) 15N transverse relaxation rates compared between wild-type A40 and the V12C*
variant. Major differences are observed around the site of labelling (green triangle). (e) 1H15

N RDCs for wild-type A40 and the V12C* variant also exclusively show differences in

proximity of the spin labelling site (grey shaded region). (f) Both relaxation rates and RDCs
are much more sensitive to spin labelling than [1H, 15N] weighted chemical shift perturbations
(NH), which are typically used to assess the effects of spin labelling. NH values (below 0.03)
are also comparable to noise and highly localised for the S26C* variant, highlighting the
importance of measurement of the global dimensions of the protein for validation.
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Figure 5. Schematic illustration of a typical distribution of the radius of gyration Rg for
a disordered protein. Representative conformers of a typical disordered protein are shown as
ribbon diagrams. Grey shaded bars indicate the weights of the contributions that conformers
with a particular Rg value make to the observed NMR signal. These weights depend on the
magnitude of the RDCs or PREs expected for a conformer with that value of Rg and the
number of conformers with that size in the ensemble. PREs are particularly sensitive to
compact species14, whereas RDCs have a weaker size dependence, but are largest for
conformations with a high aspect ratio60. As a result, the two techniques provide a
complementary coverage of the conformational space of a protein.
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