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Abstract Spectral density mapping represents the
method of choice for investigations of molecular motions
of intrinsically disordered proteins (IDPs). However, the
current methodology has been developed for well-folded
proteins. In order to find conditions for a reliable analysis
of relaxation of IDPs, accuracy of the current reduced
spectral density mapping protocols applied to IDPs was
examined and new spectral density mapping methods
employing cross-correlated relaxation rates have been
designed. Various sources of possible systematic errors
were analyzed theoretically and the presented approaches
were tested on a partially disordered protein, delta subunit
of bacterial RNA polymerase. Results showed that the
proposed protocols provide unbiased description of
molecular motions of IDPs and allow to separate slow
exchange from fast dynamics.
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Introduction

The finding that unstructured polypeptide chains do not
necessary represent a failure of the protein expression
machinery but may play important biological roles initiated
a new era in protein chemistry (Tompa 2012; Uversky
2013). Transient structural motifs of the intrinsically dis-
ordered proteins (IDPs) have been studied in a great detail
by various techniques, among which nuclear magnetic
resonance (NMR) plays a prominent role (Dyson and
Wright 2004; Eliezer 2007, 2009). Knowledge of internal
dynamics, contributing to the understanding of a function
of any protein, is even more important in the case of the
highly flexible IDPs.

NMR relaxation provides a valuable insight into
molecular motions of both ordered and disordered proteins.
However, interpretation of the relaxation data of IDPs have
to take into account the lack of a regular structure. The
assumption of a statistical independence of global and local
motions, the corner-stone of the most popular model-free
analysis of dynamics of well-ordered proteins (Lipari and
Szabo 1982a, b; Halle et al. 1981), is obviously not valid
for IDPs. Therefore, a conservative approach that relies on
a very little prior knowledge of the motions, known as the
spectral density mapping, represents a method of choice for
NMR motional studies of IDPs (Farrow et al. 1997; Och-
senbein et al. 2001; Bussell and Eliezer 2001; Yao et al.
2001; Cao et al. 2004; Zhang et al. 2005).

The basic principles of the spectral density mapping are
well established and described in the literature (Peng and
Wagner 1992a, b). The semi-classical NMR relaxation
theory (Wangsness and Bloch 1953; Redfield 1965) shows
that the relaxation rates are given by linear combinations of
discrete values of the real part of the Fourier transformed
time correlation function, known as spectral density
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function J(w). The relevant values of J(w) are given by the
particular characteristic frequencies, defined by the mag-
netic field and relaxation mechanism.

The most reliable relaxation rates are obtained for '°N
nuclei in the backbone amide group of '’N-labeled pro-
teins, which can be treated as an isolated '>’N—"H spin pair.
In such a case, only two mechanisms significantly con-
tribute to the "°N relaxation, namely chemical shift
anisotropy of '°N and dipole—dipole interaction between
>N and 'H. Moreover, the chemical shift tensor of 5N is
almost axially symmetric, with the main axis deviating
only slightly from the direction of the 'N—'H bond
(Korzhnev et al. 2001). This geometry allows to describe
both relaxation mechanisms by the same spectral density
function without introducing a large error. Finally, the
number of characteristic frequencies of the "’N—"H inter-
action can be reduced. Although the dipole—dipole inter-
actions of two nuclei depend on values of the spectral
density function at five frequencies (zero frequency, reso-
nance frequencies of both nuclei, and their sum and dif-
ference), the large difference between magnetogyric ratios
of "H and "N makes three high-frequency values of the
spectral density function similar. In protein relaxation
studies, it is common to replace the high-frequency spectral
density values with a single effective value. Such an
approach is known as reduced spectral density mapping
(Ishima and Nagayama 1995a, b; Farrow et al. 1995) and
simplifies the definitions of all relaxation rates to linear
combinations of three (or less) spectral density values.

In principle, the outlined approach is applicable to both
structured and unstructured proteins. However, attention
should be paid to several issues when analyzing the '°N
relaxation rates of IDPs. First, the high-frequency values of
spectral density function contribute more to the relaxation
in IDPs than in well-ordered proteins. Therefore, the dif-
ferences among the high-frequency values are more sig-
nificant. Second, the higher signal-to-noise ratio of IDP
spectra due to a narrower linewidth of signals allows us to
obtain more precise data. Therefore, systematic errors that
can be neglected in studies of well-folded proteins may
became significant for IDPs. Third, the effects of small
deviations of the symmetry axis of the '’N chemical shift
tensor from the direction of the 'N—'H bond are poten-
tially suppressed by isotropic tumbling of well-ordered
proteins. In the case of IDPs, the global rotational diffusion
cannot be separated from internal motions. Therefore,
anisotropy of the molecular motions is difficult to assess.

In this paper, reliability of the '°N reduced spectral
density mapping applied to IDPs is addressed. Various
sources of systematic errors are analyzed for the traditional
approach and for newly designed methods utilizing cross-
correlated relaxation rates. Optimal protocols describing
fast and slow dynamics are proposed and their practical
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applicability is documented for a partially disordered delta
subunit of bacterial RNA polymerase.

Materials and methods
Sample preparation

The rpoE gene encoding the ¢ subunit of RNA polymerase
from Bacillus subtilis (plasmid pFL31) was expressed in
the Escherichia coli BL21(DE3) strain in 2 L of the M9
medium containing ['SN] ammonium chloride as a sole
source of nitrogen. The obtained protein was purified as
described earlier (DeSaro et al. 1995). A 0.8 mM ¢ subunit
sample was prepared in 20 mM phosphate buffer, pH" 6.6
(uncorrected reading) containing 10 mM sodium chloride,
10 % deuterium oxide, and 0.05 % sodium azide.

NMR experiments

The measurements were performed at 500 and 600 MHz
Bruker Avance III spectrometers equipped with room-
temperature TXI and cryogenic TCI probeheads, respec-
tively, at the temperature of 300.2 K. Temperature was
calibrated according to the chemical shift differences of
pure methanol peaks. Delays of the polarization transfer
periods in protein backbone and nucleic acid bases were set
for 90 Hz ">N-"H coupling. The program NMRPpE (Del-
aglio et al. 1995) was used to process the data. Data was
processed with the cosine square apodization and four-fold
zero filling. The phase in the direct dimension was manu-
ally adjusted to pure absorption. The spectra were analyzed
and the peak heights were evaluated in the program SPARKY
3.115 (T.D. Goddard and D. G. Kneller, University of
California, San Francisco, USA). The resonances were
assigned according to the literature (MotaCkova et al.
2010a). Relaxation rates measured by varying relaxation
delays were obtained by fitting peak intensities to a mono-
exponential decay using programs ReLax (d’ Auvergne and
Gooley 2008a, b) for R; and R, and Octave (J. Eaton,
University of Wisconsin, Madison, USA) for other rates.
Values of Ry, R,, and N_'H steady-state nuclear
Overhauser effect (NOE) at the 600 MHz spectrometer
were determined within a previous study (Papouskova
et al. 2013) and deposited in the Biological Magnetic
Resonance Data Bank (http://www.bmrb.wisc.edu) as
entry 19284. Standard experiments (Korzhnev et al. 2001)
were used for the measurements of R;, with relaxation
delays of 22.4, 67.2, 134.4%, 246.4, 380.8, 560%, 784,
1,008, and 1,232 ms, and of R,, with relaxation delays of
0, 17.283, 34.566*, 51.850, 69.133, 86.416%*, 103.699,
138.266, and 172.832 ms, at 500 MHz. The asterisk
denotes the spectra recorded twice in order to estimate the
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experimental error. The R, rates were measured with the
delay between the 180° pulses in the CPMG train equal to
1.0 ms. The R, experiment at 600 MHz, previously per-
formed with the CPMG delay of 0.9 ms (Papouskova
et al. 2013), was repeated with CPMG delay of 1.4 ms
and relaxation delays of 0, 23.546, 47.091%*, 70.637,
94.182, 117.728%, 141.274, 188.365, and 235.456 ms. A
relaxation compensated CPMG experiment (Long et al.
2008) with CPMG frequency ranging from 50 to
1,000 Hz was used to qualitatively verify the presence of
a slow exchange. The 'N-"H steady-state nuclear Over-
hauser effect at 600 MHz (Ferrage et al. 2009) was
measured with a 20 s inter-scan relaxation delay and 226
repeats of 180° 'H pulses separated by 22.22 ms delay
were used to achieve a steady state. The reference spectra
were measured interleaved together with the spectra under
the steady state conditions. The experimental error was
evaluated based on three independent measurements. The
transverse cross-correlated relaxation rates I', were mea-
sured at 500 MHz using IPAP-HSQC (Hall et al. 2003;
Hall and Fushman 2003) with relaxation delays of 11.1,
22.2, 44.4, 66.6*, 88.8, and 111.1 ms, where the asterisk
denotes the spectra recorded three times. The in-phase
and anti-phase spectra were combined in a ratio optimized
for each residue to obtain a pure up-field and down-field
component of the doublet. The value of I', was obtained
by fitting the ratio of heights of the up-field and down-
field peaks to the mono-exponential decay. More accurate
experiments based on symmetrical reconversion were
used at 600 MHz for determination of transverse cross-
correlated relaxation rate I', (Pelupessy et al. 2003) and
longitudinal cross-correlated relaxation rate I', (Pelupessy
et al. 2007) at 600 MHz. The transverse cross-correlated
relaxation rates were determined from peak intensities in
spectra recorded with 50 and 70 ms relaxation delays and
the longitudinal cross-correlated relaxation rates from
peak intensities in spectra recorded with 100, 175, and
250 ms relaxation delays.

Standard deviation of the peak intensities was estimated
from the noise using Monte-Carlo simulations. The mea-
sured experimental data were deposited in the Biological
Magnetic Resonance Data Bank (http://www.bmrb.wisc.
edu) as entry 18903.

Analysis of relaxation rates

The semi-classical theory of spin relaxation in isotropic
liquids (Wangsness and Bloch 1953; Redfield 1965) was
applied in order to interpret the relaxation rates in terms of
values of the spectral density function (Korzhnev et al.
2001). In order to simplify the analysis of relaxation rates

formally, the measured auto-relaxation rates R; and R,,
heteronuclear Overhauser enhancement defined as a ratio
of peak intensities in the steady-state (I ;) and reference
(Ier) spectra, and cross-correlated relaxation rates I', and
I', were rescaled to the same units as the spectral density
values:

5= (2R, — Ry)/d’, (1)
p=R/d, (2)
o=t (I’__ 1>R1 /. 3)
1= bI',/(pcd), 4)
4 =bT,/(pcd), (5)
where b=1+c*/d*d=—pohygyn/ (167 V5),

¢ = yxBoAn/(3V/5), 7 and yy are the magnetogyric
ratios of 'H and ISN, respectively, ryn is the 'H->N
internuclear distance, py is the permeability of vacuum,
h is the Planck’s constant, Ay is the anisotropy of the '°N
chemical shift tensor, p = (3cos?O.q — 1)/2,0c4 is the
angle between the 'H-'°N bond and the symmetry axis of
the '’N chemical shift tensor, and By is the induction of the
external magnetic field. Values of ryny = 0.102 nm and
AN = —170 ppm were used in this study (Tjandra et al.
1996). Value of 0.4 was optimized to obtain equal values
of auto- and cross-correlated spectral density functions at
the '°N frequency in the disordered region of the protein
(see “Results and discussion” section). The obtained
optimal 0.4 was 22.5°.

The rescaled relaxation rates were assumed to be given
by the following linear combinations of spectral density
functions (Korzhnev et al. 2001):

0 = 2¢ 4 8bJ(0) + 12J%(wy), (6)
p = 6bJ(wx) + 27% (o — on) + 127 oh + on),  (7)
o= —2J% oy — on) + 127% oy + o), (8)
= 2b(47°4(0) + 37 (wn)) /p, )
2 =12bJ%%wn)/p, (10)

where Jdd(w) and J°(w) are the auto-correlation spectral
density functions describing reorientation of the N-H bond
and of the principle axes of the '’N chemical shift tensor,
respectively, J°)(w) is the cross-correlation spectral density
functions describing interference between the '°N chemical
shift anisotropy and 'H-"°N dipole—dipole interactions,
¢ = R /d® is the slow exchange contribution, and
J(w) = (JY%(w) + c2J*(w)/d*)/b. Various methods of
solving Eqgs. 6-10 are discussed in “Results and discus-
sion” section.
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Results and discussion
Reduced spectral density mapping

In general, three spectral density functions JY%w), J(w),
and JCd(w)/p, contributing to the relaxation rates described
by Egs. 6-10, differ. However, they can be replaced with a
single function J(w) if the molecule moves isotropically or,
in case of motional anisotropy, if the symmetry axis of the
>N chemical shift tensor is collinear with the N-H bond
(Korzhnev et al. 2001). Equations 6—10 then represent a set
of five linear combinations of five discrete values of the
same spectral density function. All five J(w,) values can be
calculated easily if all five relaxation rates are measured
and if the exchange contribution ¢ is negligible or deter-
mined separately. If a slow conformational exchange
contributes to R,, values of J(0), J(wy), J(wog + wy), and
J(woy — wy) can be calculated from Ry, NOE, I',, and I,
(rescaled to p, o, p, and 4, respectively), using Egs. 7-10.
In practice, it is often impossible to follow such an ideal
route. Some relaxation rates may be difficult to obtain with
a sufficient precision and accuracy, or motional anisotropy
combined with mutual orientation of individual interaction
vectors does not permit to use a single spectral density
function. In such cases, the number of J(w;) values is
higher than the number of relaxation rates measured at each
magnetic field. It is therefore necessary to reduce the
number of J(wy) values in order to make their extraction
from the limited set of the experimental data possible. The
present study proposes and compares several reduction
procedures. They are described by the types of relaxation
rates used, abbreviated L for the longitudinal auto-relaxa-
tion rate R, T for the transverse auto-relaxation rate R,, N
for the heteronuclear steady-state NOE, X for the trans-
verse cross-correlated relaxation rate I'y, and Z for the
longitudinal cross-correlated relaxation rate I',.

Analysis of Ry, R,, and NOE: LTN

The original application of reduced spectral density map-
ping (Ishima and Nagayama 1995a, b; Farrow et al. 1995)
is based on the assumption that gy > @y at any magnetic
field. The reduction of the number of J(w;) values is
achieved by replacing J oy — on), Jwy), and J9-
on + wy) with a single value J%(ewy). If three high-
frequency spectral density values in Eqgs. 6, 7, and 8 are
substituted with a single effective one J%(¢wy), 8, p, and &
can be approximated by linear combinations of three
spectral density values J(0),J(wy), and J%(ewy). These
values can be calculated from Eqgs. 6, 7, and 8.

Farrow et al. derived the value of & which makes
JY(ewy) equal to a/10 (cf. Eq. 8) if the spectral density
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o® + Iy
(Farrow et al. 1995). Therefore, J%(ewy) representing the
effective high-frequency term in Eq. 8 can be obtained
very accurately if it is calculated for the optimized value of

function can be can be approximated as

¢. However, this value of J%(ewy) differs from J%%wpy)
and from (6J"%wy + on) + J* %oy — on))/7, which
represent the high-frequency terms in Egs. 6 and 7,
respectively. As a consequence, replacing the high-fre-
quency terms in Egs. 6 and 7 by the optimized J%(swy)
value results in a systematic error, referred to as reduction
bias in this paper. In the simplest version of the reduced
spectral density mapping developed by Farrow et al.
(Method 1), the deviations of the calculated zero- and low-
frequency spectral density values from real J(0) and
J(wy), respectively, are neglected (Farrow et al. 1995).
Such an approximation is likely to have only a negligible
effect on the accuracy of calculated spectral density values
in the case of well-folded proteins. However, the system-
atic errors become significant if sub-nanosecond motions
dominate the dynamics. In such a case, the reduction bias
may exceed 8 % of the spectral density values (see Fig. S1
in Supplementary Material). Therefore, Method 1 is not
suitable for spectral density mapping of IDPs: the neglec-
ted differences among the high-frequency spectral density
values, which become important for highly flexible resi-
dues of IDPs, are accounted for properly when calculating
the effective high-frequency spectral density value, but not
when estimating the zero- and low-spectral density density
values. Among improved versions of the reduced spectral
density mapping proposed by Farrow et al., we found
Method 3 (Farrow et al. 1995) most suitable for IDPs, and
applied it in our study.

Our optimized protocol, referred to as approach LTN, is
based on approximating J*w) with a linear function
between J%%wy + wy) and J% w0y — on) with a slope s =
AJ%(®)/Aw calculated from NOE data acquired at two
magnetic fields (Farrow et al. 1995). The linear approxi-
mation is equivalent to the assumption [, = f_, where
Bi = J%on + on) — Iy and o = J"%wy) —
J%%wy — wn). In such a case, the reduction bias can be
suppressed by applying corrections proportional to swy to
the solution of Eqs. 6-8:

50 — 60 2lsoyn
PO =" o (1)
5p—Tc  8swn
I on) =355+ 5 (12)
TN (o) = Z 13
(eon) =15 (13)

where the superscripts refer to the relaxation rates used to
calculate the given spectral density value. The coefficient ¢
in Eq. 13 is equal to 0.858, a value close to ¢ = 0.870
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obtained by approximating the spectral density function as
Jalw* + 1, (Farrow et al. 1995).

Spectral density values obtained as described by
Egs. 11-13 and by the protocols discussed below with the
details of the calculation (uncorrected equations, correc-
tions) and with various types of systematic errors, includ-
ing the reduction bias, are listed in Table 1. Note that the
linear approximation of the spectral density function is
equivalent to the assumption f, = f_ = swy, when the
corrections listed in Table 1 match the reduction bias
exactly. Systematic errors of spectral density values cal-
culated with and without the corrections were simulated for
a model case of a single-Lorentzian spectral density func-
tion (see Fig. S1 in Supplementary Material). Fig. Sl
documents efficiency of the corrections for various corre-
lation times. The residual reduction bias did not exceed 3
% when the corrections were applied.

Table 1 also reviews propagation of random errors for
individual calculated spectral density values. In reality, the
final errors depend on the equations used to calculate the
given value, on experimental errors of all relaxation rates
employed in the calculation, and on the actual values of the
spectral density function which determine the employed

relaxation rates. In order to provide a simple comparison,
relative errors of Ry, R, ', I, and of (I/lef — 1) were
assumed to be identical and an error multiplication factor
m was expressed as a ratio of the relative error of the
calculated spectral density value to the relative error of the
relaxation rates. Furthermore, the influence of the high-
frequency contributions to the relaxation rates was descri-
bed only in two limiting cases, (1) for motions sufficiently
slow, when the high-frequency spectral density values are
much lower than J(0) and J(wy) and can be neglected, and
(2) for very fast motions, when J%(wy+ o)~
JY(wy) = JY¥ 0wy — o) = J(ox) = J(0). In the former
case (sufficiently slow dynamics), m ~ v/u? + v2X + w2X2,
where X = 3J(wn)/(4J(0)) and the coefficients u, v, w are
listed in Table 1. In the latter case (limit of very fast
dynamics), X = 3/4 and m ~ /u?® + 312 /4 + w2 /16 + £2,
where f represents the high frequency contributions.

The values of u, v, w, and f listed in Table 1 give the
multiplication factor of JLTN(O) and JLN(a)N) equal to 4.9
and 3.6, respectively, for very fast motions. Relaxation
rates of residues with fast dynamics are measured with low
experimental errors (errors determined from the signal-to-

Table 1 List of apparent values of the spectral density function calculated using different approaches described in this paper and of their errors

J(w) Source Approach Uncorrected equation  Correction  Bias Error propagation
Reduction® Exch. Orient. u, v, w f
J(0 R, R, NOE LTN JEIN(Q) = 59=6a 4 o _ 18,435 £ 0 1.00, 1.41, 1.41 448
400 105 106 +35
J(0) LT XZ TXZ(0) = 2t 0 0 —a 1.00, 1.41, 141 0
J(0) R;,NOE, I', LNX JINX(0) = W _f";‘% _,_% 0 -% 1.00, 1.41, 1.41  2.62
7(0) Ri,R;, I, LTX JLTX (O) _ 75*182)26# 4 15256(ZN _ 18[3567173/}7 + 57241’ — % 0.71, 1.00, 1.00 2.43
J0) | R XZ J(0) = 2{‘&)217 0 0 0 1.00, 1.41, 141 O
J(on) R;, NOE LTN, LNX  jWN(@y) = SI;BZ“ +3§% _W%;b“ﬁ— 0 0 1.00, 0.00, 0.00  3.50
J(on) I, XZ J2 (o) = 1/% 0 0 -5 1.00, 0.00, 0.00 0
J(on) Ry, Ry, Ty LTX T () = oo 1o L T 076 18 1 3.23
JYwon) I, X7 J(wn) = ﬁp 0 0 0 1.00, 0.00, 0.00 0
J%(ewoy) Ry, NOE LTN, LNX  J"™N(ewy) = & Ok 0 0 1.41, 0.00, 0.00  (0)°
JY%(ewn)  Ri, Ry, T LTX JX (s ) = £ 0" +5 +15 L, 200,20 1.93

The reduction bias is expressed in terms of f, = JY% oy + on) — J%wy) and p_ = JY%wy) — J%wy — on). The exchange bias is
described by ¢= Rex/dz. Parameters oy, on, and o, describing the orientational bias, are defined as
oy = 4b(J(0) — J4(0)/p), an = 3b(J(wn) — J(wN)/p), and o = oy + on. Propagation of the experimental error was calculated according to
the variance formula (neglecting correlation of variables and assuming ¢ = 0, o = 0), and is described by parameters u, v, w, and by the
contribution of the high-frequency terms in the limit of fast motions, f. The error multiplication factor m for identical relative errors of
Ri,R:, T, T, and of (I/lr — 1) is given by m = \/u? +3v2/4 +9w2/16 + f2 for very fast motions and by vu? +12X + w2X2, where
X = 3J(wn)/(47(0)), for motions slow enough to neglect the high-frequency contributions. The values of f are listed for data acquired at a
600 MHz spectrometer. The dependence of the random error of J“™(¢wy) on relaxation rates including J(0) contributions is described by the
parameter ¥ = 13J%(ewy)/(4bJ(0))

? If no correction is applied

® If ¢ is optimized so that 6J%(wy + o) — JY oy — on) = 5J%(ewy) for LTN and LNX, and 6J%(wy + on) + 6J% (o) +J%(og —
oN) = 13J%(¢wy) for LTX
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noise ratio in this study were lower than 1 % for the dis-
ordered domain of the studied protein). Therefore, the
fivefold increase of the relative error is well acceptable for
IPDs. The error multiplication factor drops down when
slower motions dominate and contributions of high-fre-
quency terms vanish. For negligible high-frequency con-
tributions, the relative error of J*N(wy) is equal to the
relative error of R;. Propagation of the error of JETN0)
depends on both zero- and low-frequency contributions of
the spectral density function to the relaxation rates.
Although the spectral density values of IDPs are far from
the limit of slow motions (X = 0, with the multiplication
factor equal to u = 1), the values of X observed in this
study (X < 0.4 for residues with JE™(0) > 1 ns/rad, vide
infra) predict the relative error of the determined J-™N0)
value only slightly higher than the relative experimental
error of relaxation rates (m < 1.5 for JLTN(O) > 1 ns/rad).
It should be emphasized that the simplified error prop-
agation analysis, described above, served only for a general
comparison of precision of various protocols presented in
this paper. The actual errors of spectral density values
calculated from experimental data were treated more rig-
orously using complete covariance matrices (vide infra).

Exchange-free mapping: XZ, LNX, LNXT

The transverse auto-relaxation rate, R, is potentially
affected by a slow chemical or conformational exchange
(Korzhnev et al. 2001). This fact makes R, a useful source
of information on slow molecular motions and processes,
but it also complicates calculation of the spectral density
values, as the exchange contribution introduces an addi-
tional systematic error (exchange bias). It follows from
Eq. 6 that the exchange increases the calculated J~"™(0)
value by a factor of &/4b (Table 1). In order to separate the
exchange contribution from the J(w;) terms, ¢ must be
determined independently or a different spectral density
protocol must be applied.

The trivial solution is to avoid analysis of R, and to
calculate only J"N(cwy) and J“N(ewy) from Eqgs. 12 and 13,
respectively. However, an exchange-free zero-frequency
spectral density value can be also obtained if the cross-
correlated relaxation rates are employed.

One possibility is to acquire and analyze cross-corre-
lated relaxation rates only. The cross-correlated relaxation
rates I', and I', are easiest to analyze but most difficult to
measure (Hall et al. 2003; Hall and Fushman. 2003; Pe-
lupessy et al. 2007). If favorable relaxation properties of
IDPs counterbalance the inherently low sensitivity of the
I', and ", measurement, the spectral density values J°(0)/
p and J*wy)/p are calculated exactly from Egs. 9 and 10
without a need of any reduction (protocol XZ):
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JX(0) = J4(0)/p = (21 — 2)/16b, (14)
J (wn) = T wn)/p = 2/12b. (15)

By definition, the J°)(0) and J*)(wy) values are not influ-
enced by the reduction or exchange bias. As such, they may
serve as an ideal reference for J(0) and J(wy), respectively.
Such comparison relies on correct ratios of the constants c, d,
and p, i.e., on using accurate values of ryn, An, and 0. 4.

Another approach is to combine auto- and cross-corre-
lated relaxation rates. As mentioned above, determination of
exchange-free J/“N(wy) and J™N(ewy) from R, and NOE
according to Egs. 12 and 13, respectively, is straightforward
and explicit. Therefore, combination of auto- and cross-
correlated relaxation rates is needed only to obtain exchange-
free J(0). The exchange bias is avoided if J(0) is calculated
from a setof Ry, NOE, and I', none of which is influenced by
the slow exchange (the LNX approach). This approach has
the advantage that three spectral density values are obtained
and the most difficult I, measurement can be avoided.
However, combination of auto- and cross-correlated relax-
ation rates also presents a certain challenge. The exact
solution of Egs. 7-9 requires that J°(w) = pJ(w). This
condition is fulfilled if all motions contributing to the
relaxation are isotropic or, in case of motional anisotropy, if
the chemical shielding tensor is axially symmetric and its
symmetry axis is collinear with the direction of the N-H
bond. Otherwise, J(0) is calculated with a systematic error,
referred to as orientational bias in this study.

Evaluation of J(0) from R;, NOE, and I, can be
described as

_5,u—5p+7a_6sz
N 40b 5p

Fig. S1 in Supplementary Material shows that the
reduction bias of JLNX(O) is lower than that of JLTN(O).
Neglecting the reduction bias, J(0) differs from J-"*(0) by
a factor of o/4b (Table 1), where o = ay + oy represents
(an unknown) orientational bias, defined as

JN(0) (16)

o = 4b(J(0) — J*4(0)/p) (17)
and
on = 3b(J (on) = I (on) /p). (18)

If the analysis is extended to R, (approach LNXT),
¢ + o can be evaluated as

Sp+55—5u—136 66
fyg=2PT 10“ 74 SS‘”N, (19)

but the contributions of £ and o cannot be distinguished.
The reduction bias of the obtained exchange contribution
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simulated for a Lorentzian spectral density function is
negligible (Fig. S1d in Supplementary Material).

The error propagation is identical for the LTN, XZ, and
LNX protocols when the high-frequency contributions are
negligible (see values of u, v, w in Table 1). Relative errors
in the limit of fast motions are lower for both XZ and LNX
protocols than those of the LTN analysis (see values of fin
Table 1).

Combination of R, R,, and I': LTX

The transverse cross-correlated relaxation rate I', can be
also combined with auto-relaxation rates R; and R, (LTX
approach). The spectral density values can be then calcu-
lated from J, p, and u by combining Egs. 6, 7, and 9. If
NOE data at two magnetic fields are also available, the
reduction bias can be corrected in a similar manner as
discussed for the LTN approach.

70 —6p +6u  15swN
FEO) =00 26b (20)
6p—70+7u 10swy
T (on) = 725 " 13 (21)
5 —
TX (gooy) = %6” (22)

In principle, Eqgs. 20-22 provide values of the spectral
density function at zero, low and high frequency. In prac-
tice, propagation of random errors makes LTX less favor-
able (see Table 1). The reason is that calculation of small
values of J“"™*(wy) and J*™(¢cwy) includes a subtraction
of two relatively large terms, J and u. As a consequence,
parameters u, v, and w are divided by X or Y, defined in
Table 1. The error multiplication factor rapidly grows for
slow motions, as the ratios X and especially Y decrease
with increasing correlation times (due to increasing J(0)
and decreasing low- and high-frequency values). In case of
IDPs, relaxation rates can be measured with a precision
sufficient for a reliable determination of J“"(wy). The
error multiplication is less than five-fold for JLTX(wN) of
disordered residues analyzed in this study (vide infra).
However, the error propagation analysis shows that suffi-
ciently precise determination of J™X(ewy) would require
unrealistically low experimental errors of R, R, and T,.

Systematic errors of the calculated spectral density
values are also listed in Table 1. Compared to LNT and
LNX, LTX has lower reduction bias (green curves in Fig.
S1 in Supplementary Material) because I', is independent
of the high-frequency spectral density values. Similarly to
LNX, the LTX protocol is most accurate when isotropic
motions or axial symmetry and orientation of the shielding
tensor reduce the orientational bias described by «. Finally,
Table 1 shows that the LTX protocol is most affected by
the exchange contribution.

In general, LTX cannot be recommended as an alter-
native of the LNT and LNX protocols. Note that Egs.
20-22 are linear combinations of equations used in the
LTN and LNX protocols. Therefore, LTX does not pro-
vide any new information if R;,R,,I",, and NOE data are
available and the LTN and LNX analyses have been
carried out. Yet, the LTX approach can be useful in the
following cases.

The LTX protocol can be applied when the NOE values
are not available. In such a case, the reduction bias of the
LTX protocol cannot be suppressed by applying the swy
correction terms. In principle, Egs. 6, 7, and 9 can be
employed to calculate the slope of J%(w) in the same
manner as used for calculating the slope from Eq. 8 in the
case of approaches LTN or LNX. However, the large & + o
contribution (compared to typical J%%w,) values) makes
this approach highly inaccurate in the presence of slow
exchange or anisotropic motions. Since the reduction bias
of the LTX protocol is low (vide supra), the optimal
approach is to omit corrections in Eqgs. 20 and 21 when
analyzing R;, R,, and I', only.

Another potential application of LTX is a quick and
sensitive identification of slow exchange. LTX provides a
better evidence of the slow exchange than LTN. As the
exchange term appears only in Eq. 11, LTN overestimates
J(0) by a factor of &/4b if the exchange contribution is
neglected. The other spectral density values remain unaf-
fected. This can mask the effect of a fast internal motion
that always lowers the value of J(0) (Lefévre et al. 1996).
On the contrary, the slow exchange contributes to
J“TX(wy) even more than to J“7X(0) in LTX (Egs. 20 and
21). Since the J"™(wy) values are smaller than J~7%(0),
the exchange contribution is more pronounced and less
likely to be confused with a fast internal dynamics.

Case study: 0 subunit of RNA polymerase

The goal of the case study was to test performance of the
spectral density mapping protocols applied to '°N relaxa-
tion data of a (partially) intrinsically disordered protein.
The selected protein molecule, § subunit of RNA poly-
merase from Bacillus subtilis (Pero et al. 1975; DeSaro
et al. 1995; Rabatinova et al. 2013), consists of two distinct
regions of similar size, N-terminal domain forming a well-
defined structure and a long disordered C-terminal tail.
This composition makes the  subunit a good model system
that allowed us to study relaxation of well-structured and
intrinsically disordered protein residues within one mole-
cule. Results of detailed investigation of the J subunit,
performed recently in our laboratory, provided us the
necessary background for the relaxation analysis in a
structural context. Structure of the well-folded N-terminal
domain has been determined using NMR (Motackova et al.
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2010b). Assignment of the disordered and highly repetitive
C-terminal tail (Motackova et al. 2010a; Papouskova et al.
2013) made residue-specific relaxation studies of this
region possible. Various experiments, including pre-
liminary >N relaxation measurements, were applied to
characterize behavior of the C-terminal domain (Papous-
kova et al. 2013).

JLN(mN) /nsrad”

5
©
S
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>
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x
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-
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-
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Fig. 1 Experimental J(w,) values obtained by LTN (a, d), LTX (b,e),
and LNX (c, f), applied to the relaxation data of the d-subunit of RNA
polymerase from Bacillus subtilis, measured at the 500 MHz (a, b, c)
and 600 MHz (d, e, f) spectrometers. Data for residues from the well-
structured N-terminal domain and disordered C-terminal region are
displayed in blue and red, respectively. The errors of the obtained
values were calculated by Monte-Carlo simulations from
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The "N auto-relaxation rates R, R,, cross-correlated
relaxation rates I'y, I",, and steady-state '’N—"H NOE were
measured at two magnetic fields, corresponding to 500 and
600 MHz proton frequencies. The obtained spectral density
values are presented in Fig. 1, where the calculated J(wy)
values are plotted as a function of calculated J(0). Such
plots, referred to as Lefévre’s plot in this article, were

J™N(@y) / ns rad™

JLTX(mN) /nsrad’

JLN(mN) /nsrad”

JLNX(O) /nsrad’

experimental errors of the relaxation rates used, and displayed as
ellipses corresponding to two-dimensional projections of ellipsoids
with the directions and squared relative lengths of the principal axes
given by the eigenvectors and eigenvalues of the covariance matrix.
Data for N-H bonds exhibiting the highest conformational exchange
are labeled with residue numbers
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proposed earlier as a graphical output of spectral density
mapping allowing a straightforward interpretation (Lefévre
et al. 1996; Barthe et al. 1999; KriZova et al. 2004). If the
spectral density values are expanded into a series of Lo-
rentzian functions, the experimental point of each residue
can be viewed as a weighted average of points along the
solid curve in Fig. 1. For example, description of a residue
in an isotropically tumbling molecule with internal
dynamics fully determined by a single motional mode
completely separated from overall rotational diffusion
would require only two Lorentzian terms. In such a case,
the actual spectral density value is represented by point R
at the dotted line connecting points P and Q of the solid
curve in Fig. 2, defined by the correlation time of the
overall rotational diffusion, 79, (point P) and by the
effective correlation time 7, = (t; Qs To 1)_1, where T; is
the correlation time of the internal motion (point Q). The
ratio of distances IQRI/IPQI is then equivalent to the gen-
eralized order parameter of the model-free approach (Li-
pari and Szabo 1982a, b; Halle et al. 1981). Although the
experimental values, plotted in Fig. 1, cannot be in general
decomposed into the individual contributions as shown in
Fig. 2, they indicate what time scale of motions dominates
dynamics of a given residue.

The J(wy) values of residues from the ordered and dis-
ordered domain are clearly separated into two clusters,
distinguished by colors in Fig. 1. The blue cluster at high
J(0) reflects a major contribution of the overall rotational
diffusion to the motions of the well-ordered N-terminal
domain, while the red cluster at low J(0) indicates that the
dynamics of the disordered C-terminal region is much
faster and independent of the overall tumbling. The plot
also documents that very precise values were obtained for

J(oy) / ns rad™

0 5 10 15 20
J(0)/ ns rad™

0.0 L

Fig. 2 Example of the Lefevre’s plot for J(wy) at the 600 MHz
spectrometer. Points P and Q represent motional modes of a
hypothetical residue whose dynamics is completely described by a
spectral density function J(w) =ay to/(1 + (wro)z) +a T/
(1 + (wrl)z) with the correlation times 79 = 10 ns and 7; = 0.5 ns,
respectively. Point R represents the resulting J(0), J(wy) values
calculated for contributions of the slow and fast motional modes equal
to ap = 0.7 and a; = 0.3, respectively

residues in the disordered region (shown in red), in contrast
to a relatively large error of values calculated for the well
ordered N-terminal domain (blue), especially in the case of
data acquired at 500 MHz using the room-temperature
probehead.

When interpreting the obtained spectral density values,
we first focused on residues of the N-terminal domain,
representing the routinely studied case of a well-folded
protein. As shown by simulations (Fig. S1 in Supple-
mentary Material), the 15N reduction bias is small for
correlation times longer than 1 ns. Also, the orientational
bias, described by the parameter o, is small for backbone
amide N, as its chemical shielding tensor is almost
axially symmetric, with the symmetry axis close to the
direction of the N-H bond (Yao et al. 2010). Therefore,
all discussed methods are sufficiently accurate to analyze
relaxation rates of amides from the structured part of the
molecule, dominated by the overall tumbling. The only
significant source of a bias of the calculated spectral
density values is the contribution of the slow exchange. A
visual inspection of the LTN plots (Fig. 1a) revealed four
residues (V 17, K 28, N 63, and 1 64) significantly
influenced by a slow exchange. Interestingly, the LTX
data (Fig. 1b), which is much more sensitive to the
exchange, exhibited clear contributions of a slow
exchange for most residues of the N-terminal domain. An
independent CPMG relaxation dispersion experiment
(Long et al. 2008) also indicated the slow exchange for
additional residues, but the sensitivity did not allow a
quantitative comparison (data not shown). Finally, the
LNX data served as a source of spectral density values
free of any exchange effect and allowed us to evaluate the
exchange contributions to both LTN and LTX data.
Without this comparison, the J™(0) values elevated by
the exchange contribution in the LTN analysis could be
misinterpreted as a higher rigidity of the corresponding
residues. It documents that extending the standard ana-
lysis of Ry, R,, and NOE to the cross-correlated relaxation
rate ', improves reliability of the reduced spectral density
mapping, as it allows to clearly distinguish effects of slow
motions from the fast dynamics.

After analyzing relaxation data of the N-terminal
domain, we turned our attention to the disordered C-ter-
minal region of the J subunit. As mentioned in Introduc-
tion, there are several reasons why the relaxation data of
disordered residues should be analyzed more carefully.
First, in contrast to the rigid amino acids with dynamics
dominated by a relatively slow overall tumbling, relaxation
of flexible residues is much more influenced by motions
with shorter correlation times. As a consequence, the
reduction bias is higher (Fig. S1 in Supplementary Mate-
rial). Second, it is difficult to estimate what systematic
error is introduced by neglecting the difference between
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J(w) and J*w)/p because motions of flexible residues
cannot be described in terms of elements of the overall
rotational diffusion tensor and its orientation with respect
to the individual amide groups. Finally, the higher sensi-
tivity, generally achieved for disordered residues, allows us
to evaluate small differences of spectral density values with
a good precision, but systematic errors safely neglected in
the analysis of ordered proteins may become significant.

The relatively large difference between 'H and '°N
resonance frequencies permits to greatly suppress the
reduction bias by calculating correction factors from NOEs
measured at two magnetic fields and applying them during
the LTN and LNX analysis (Table 1, Fig. S1 in Supple-
mentary Material).

The orientational bias represents a more serious prob-
lem, that complicates estimation of the exchange contri-
bution by comparing outputs of individual protocols.

We decided to explore the orientational bias by (1)
simulating the effect of o in a model case, (2) estimating o
from the the difference between JLN(wN) and JZ(wN),
available at 600 MHz, and (3) estimating o from the zero-
frequency spectral density values provided by different
protocols.

In order to assess the effect of o theoretically, its values
were first calculated for anisotropic motions simulated by
an axially symmetric rotational diffusion tensor with D/
D, = 2 for correlation times up to 3 ns. The values of «
calculated for the most sensitive orientations varied
between —0.93 ns/rad and +1.23 ns/rad for the 500 MHz
spectrometer and between —0.89 ns/rad and 4-1.15 ns/rad
for the 600 MHz spectrometer.

After gaining the first insight from the simulations, the
real data was inspected. First, the spectral density values at
wy, insensitive to the slow exchange, were examined. The
favorable relaxation properties of the disordered C-termi-
nal domain and a higher sensitivity of the 600 MHz
spectrometer equipped with the cryogenic probehead
allowed us to obtain relatively precise JZ(wN) from the
otherwise insensitive I', measurements. In principle, the
J4(wy) value, directly proportional to T, differs from
J*N(wy), calculated from R; and NOE, only by the factor
an/3b, describing the contribution to the orientational bias
at the "N frequency (Eq. 18). In practice, the direct
comparison also depends on the angle between the '"N-'H
bond direction and the main axis of the '>N chemical shift
tensor, 0 4. Since the 0.4 values reported in the literature
vary substantially, most likely as a consequence of a real
variability of the chemical shift tensor in proteins (Yao
et al. 2010), 0.4 was optimized to achieve the same aver-
ages of J4wy) and J"N(wy) values in the disordered
region. The optimal value of 04 was 22.5° for the °N
chemical shift anisotropy Ay = —170 ppm. The choice of
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An = —160 ppm would result in optimal 0.4 of 21° and
both J"N(wy) and J4(wy) higher by 3 % (data not shown).
The observed range of the JN(wn) — JA4wy) differences
indicates that oy varies within + 20 ps/rad in the C-ter-
minal domain regardless of the choice of Ay, with an
interesting exception of residues E 90-T 94, located close
to the well-ordered N-terminal domain (Fig. 3a). This
deviation might reflect differences in the shielding tensor
due to a different conformational behavior of the men-
tioned proline-containing sequence ETQPT (Yao et al.
2010). The variations observed for the remaining residues
of the C-terminal domain corresponded to 10 % of the
range of the J*N(wy) values calculated for the disordered
region of the studied protein and to 3 % of the total
JLN(wN) range.

Estimation of the range of the zero-frequency contri-
bution to the orientational bias, oo, (Eq. 17) from the

JLTN(O) — JXZ(O) differences is less straightforward
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Fig. 3 Differences between the spectral density values obtained by
LTN and XZ protocols at wy (a) and zero (b) frequencies, and the
difference between J“T™N(0) values calculated from R, measured with
the delay of 1.4 and 0.9 ms between the pulses in the CPMG train (c).
The plotted values were calculated from data acquired at the

600 MHz spectrometer
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because JLTN(O) depends also on the slow exchange. The
exchange contribution is suppressed in the R, experiment
by applying the CPMG pulse train during the relaxation
delay. However, the efficiency of the suppression is con-
strained by technical limits. In general, it is impossible to
separate the & and o contributions from the sum & + o.
Nevertheless, the physically allowed ranges of ¢ and oy
differ. While ¢ > 0, o can be positive or negative. As a
consequence, lower JLTN(O) than JXZ(O) always indicates
an o contribution.

The J“™(0) — JX%(0) differences in the C-terminal
domain varied in a range of &+ 0.2 ns/rad (Fig. 3b). This
variation represents 15 % of the J~"™(0) range of the dis-
ordered domain and 4 % of the J~™(0) range of the whole
protein. Moreover, the J~"(0) values were not systemati-
cally higher than J*%(0). It indicates that the exchange
effects were effectively suppressed by the CPMG train
during the R, measurement because significant exchange
contributions would result in a systematic positive devia-
tion in Fig. 3b. If the ¢ contributions are neglected, devi-
ations in Fig. 3b correspond to o within £ 0.2 ns/rad.

It should be emphasized that the analysis presented
above provides only the upper limits of the orientational
bias. The variations of values presented in Fig. 3a,b might
be attributed to the orientational bias, experimental error,
or varying 0.4 and/or Ay (Yao et al. 2010).

Values of JLTN(O) and JLN(a)N) higher by 3 % were
obtained when using Ay = —160 ppm and 0., = 21° (data
not shown). It documents that the choice of Ay, which
depends on the local conformation (Yao et al. 2010), does
not have a significant effect on the interpretation of the
obtained values.

After estimating the possible systematic errors due to the
orientational bias, we turned our attention to the interpre-
tation of the spectral density values calculated for the
disordered C-terminal domain of the ¢ subunit.

The experimental spectral density values calculated by
applying the LTN, LNX, and XZ protocols are presented in
Fig. 4a—c, respectively. The high-frequency J%(ewy)
value, determined with a sufficient precision for the dis-
ordered residues, is plotted in Fig. 4d. Plots in Fig. 4a—
clearly show that the systematic errors discussed above are
marginal and do not disturb the general agreement of the
Lefevre’s plots obtained by different protocols (note that
values plotted in Fig. 4a, ¢ were calculated from data
obtained in completely independent experiments). The
auto-correlated values, plotted in Fig. 4a, are calculated
from the relaxation data measured most routinely (R, R,,
and NOE), but are potentially influenced by a slow
exchange (via R,). The cross-correlated values, plotted in
Fig. 4c, require running of much less sensitive experiments
but are not influenced by any bias (including exchange

effects). As a consequence, the correction based on data
acquired at a different magnetic field is not needed.
Therefore, spectral density values could be obtained also
for residues whose peaks were not resolved at the lower
field. Figure 4b represents a compromise, employing only
the transverse cross-correlated relaxation rates that are
easier to measure. The plotted values are not offset by the
exchange but are potentially influenced by the orientational
bias due to combining auto- and cross-correlated data. The
high-frequency J%(ewy) values (Fig. 4d) are useful
because they are far from the linear region of the Lefévre’s
plot even for highly flexible residues. Therefore, they help
to discriminate contributions of slower motions. A com-
plete comparison of spectral density values calculated
using different approaches is presented in Supplementary
Material (Fig. S2). As discussed above, values obtained by
the LTN, XZ, and LNX protocols are consistent, which
validates the mentioned approaches. Higher deviations of
the 5™ (wy) and J LTX (¢wy) values reflect higher errors for
the LTX approach, in agreement with the theory (see
Table 1).

The obtained picture of molecular motions of the
C-terminal domain of the J subunit is in a good agree-
ment with its disordered nature. Values plotted in Fig. 4
were color coded according to the residue number in
order to facilitate interpretation of the data. The most
flexible residue is C-terminal K 173, with dynamics
limited to sub-nanosecond motions, followed by some-
what slower E 170, Y 165 and D 167. The trend con-
tinues with a cluster of residues E 135-D 159 exhibiting a
very similar motional behavior. A distinct cluster of
spectral density values is observed for residues D 85-E
129, apparently more influenced by slower molecular
motions. Interestingly, the region D 85-E 129 contains a
unique positively charged sequence KAKKKKAKK
between K 96 and K 104. A recent study utilizing para-
magnetic relaxation enhancement (Papouskova et al.
2013) revealed that the lysine stretch makes transient
contacts with various regions of the strongly acidic
C-terminal domain (72 % residues between E 107 and E
171 are aspartic or glutamic acid). Such contacts may
explain the higher rigidity of residues in the vicinity of
the lysine stretch.

As mentioned above, contributions of motions on the
microsecond-to-millisecond timescale were effectively
suppressed in the R, experiment with the 180° pulses in the
relaxation period separated by 0.9 ms. On the other hand,
the relaxation-dispersion CPMG experiment, discussed
above, showed that the C-terminal domain is not com-
pletely free of the slow exchange (Fig. 5). The exchange
contribution was very small for Y 165, D 167, E 170, and K
173. All other residues studied by spectral density mapping
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Fig. 4 J“™(0) versus J"N(wy) (@), 70 vs. *N(wn) (b), J40)
vs. J4(my) (c), and J“™(0) versus J'N(ewy) (d) for the disordered
region of the d-subunit of RNA polymerase (Y 84-K 173, note that
the sequence starts at G 2 because M 1 is cleaved off by the bacterial
expression system). The plotted values were calculated from data
acquired at the 600 MHz spectrometer. Data are color-coded
according to the residue number. The colors correspond to the colors

exhibited a small, but significant slow exchange. The slow
exchange may indicate that the amide proton exchange is
not completely suppressed at pH 6.6 and 27°C (Kim et al.
2013). However, the fact that the slow exchange was not
observed for the most exposed C-terminal residues sup-

ports another interpretation, i.e., that the exchange
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of letters in the sequence displayed above the plots. Standard
deviations of  JX™0), JN%(0), FX40), SNwn), FA(wy), and
J"™N(ewy) did not exceed 1.7, 1.0, 1.0, 0.7, 1.2, and 2.6 %,
respectively, and are not presented for the sake of clarity (note that
the standard deviations are displayed in Supplementary Material, Fig.
S2)

contribution is related to conformational changes of the
C-terminal domain.

In order to document the possibility to detect the
slow exchange by spectral density mapping, the R,
experiment was repeated with a longer delay of the
180° pulses in the relaxation period, 1.4 ms.
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Fig. 5 Results of the CPMG relaxation dispersion experiments for
the residues of the disordered region of the J-subunit of RNA
polymerase from Bacillus subtilis whose resolution allowed spectral
density mapping at 500 and 600 MHz spectrometers. Values of the

Comparison of the

LTN
J

(0) values obtained at two dif-

ferent CPMG frequencies revealed small exchange
contributions also for residues in the disordered domain

apparent relaxation rate measured at the 600 MHz spectrometer are
plotted as a function of the frequency of the 180° pulses applied
during the CPMG sequence

(Fig. 3). The exchange was most obvious for I 153, E
154, and T 158, in agreement with the relaxation dis-
persion data (Fig. 5).
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Conclusion

Spectral density mapping allows one to describe molecular
motions without defining the number of motional modes and
making assumptions of their independence. It is particularly
useful when the model-free approach cannot be used, e.g. for
disordered proteins and other flexible molecules.

The proposed methods extend applicability of the
spectral density mapping to cases that could not be studied
by the original protocol accurately. The optimized LTN
protocol provides accurate low- and high-frequency spec-
tral density values, free of the contribution of the slow
exchange. LNX complements the data with an exchange-
free zero-frequency value. XZ represents an alternative
protocol of exchange-free spectral density mapping, that is
most exact but also most demanding experimentally.
Finally, LTX offers a possibility to analyze relaxation rates
in the absence of NOE and serves as a better indicator of
slow dynamics than LTN.

The case study showed that the original spectral density
mapping approach (LTN) is well suited for analysis of >N
relaxation of backbone amide in well-ordered proteins.
Favorable relaxation properties of the disordered domain
allowed us to apply all spectral density mapping protocols
with high precision and to assess possible systematic errors
of the obtained data. Values obtained by using different
approaches were consistent. Cross-correlated relaxation
allowed for determination of exchange-free J(0). In prin-
ciple, results of the presented methods might be compro-
mised by the orientational bias, which is difficult to predict
in the case of intrinsically disordered proteins, when a
structural model is not available. However, analysis of the
calculated spectral density values showed that this source
of a systematic error is unlikely to be significant, at least
for the molecule studied in this work.
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