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ARTICLE INFO ABSTRACT

ﬁeyword.s: Intrinsically disordered proteins (IDPs) are significantly enriched in proline residues, which can populate specific

C fﬁre“ detection local secondary structural elements called PPII helices, characterized by small packing densities. Proline is often
Proline ) thought to promote disorder, but it can participate in specific n-CH interactions with aromatic side chains
g;‘::niz:elanon resulting in reduced conformational flexibilities of the polypeptide. Differential local motional dynamics are

relevant for the stabilization of preformed structural elements and can serve as nucleation sites for the estab-
lishment of long-range interactions. NMR experiments to probe the dynamics of proline ring systems would thus
be highly desirable. Here we present a pulse scheme based on 13C detection to quantify dipole-dipole cross-
correlated relaxation (CCR) rates at methylene CH, groups in proline residues. Applying °C-CON detection
strategy provides exquisite spectral resolution allowing applications also to high molecular weight IDPs even in
conditions approaching the physiological ones. The pulse scheme is illustrated with an application to the 220
amino acids long protein Osteopontin, an extracellular cytokine involved in inflammation and cancer progres-

Intrinsically disordered proteins

sion, and a construct in which three proline-aromatic sequence patches have been mutated.

1. Introduction

Intrinsically disordered proteins (IDPs) play crucial roles in protein
interaction networks and are thus of central importance for eukaryotic
life. Consequently, efforts are ongoing in the nuclear magnetic reso-
nance (NMR) community and beyond to study their solution structural
dynamics and interactions with binding partners [1-8]. Despite their
substantial overall dynamics, IDPs are far from randomly disordered and
structural preformation prevails as a result of the geometric properties of
the protein backbone and of long-range interactions that can be driven
for example by electrostatics. The major distinction between globular
proteins and IDPs, which results directly from their notable primary
sequence diversity, resides in the relative energies of well-defined local
minima (conformations) and the energy barriers that separate them
[9,10]. In contrast to globular proteins that contain significant fractions
of hydrophobic amino acids, IDPs are rich in amino acids with either
polar or charged amino side-chains, as well as in proline residues
[11-15]. While there is ample evidence that proline residues are disor-
der promoters we have recently performed an NMR study on

* Corresponding authors.

Osteopontin (OPN) [16] that calls for a reassessment of the structural
and functional role of proline residues in IDPs. Despite the absence of
local secondary structure elements, OPN can be considered as not
entirely disordered. It has indeed been shown that this protein possesses
a central compact region that seems to be promoted by specific in-
teractions between proline and aromatic amino acid side chains [3,16].
This suggests that these motifs might serve as nucleation sites for the
formation of compact states in IDPs [16]. To get insights on the struc-
tural dynamics and the functional roles of proline residues in IDPs, more
sophisticated and information-rich NMR techniques are needed.

Given its unique cyclic structure (pyrrolidine ring) and the resulting
lack of an amide proton, conventional NMR schemes based on 'HY
detection are not so effective to characterize proline residues in proteins.
Moreover, the sensitivity of methods relying on amide proton detection
is significantly impaired when pH and temperature conditions approx-
imate the physiological ones. Alternative approaches have been devel-
oped to investigate these proteins in their native conditions as well as
upon interaction and partially overcome this limitation [17-24].

Due to the availability of '3C/'°N-enriched recombinant proteins
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and thanks to major technological advances in cryogenically cooled
dedicated probes for the direct detection of heteronuclei [25] the use of
13C detected NMR to study macromolecules has become a very attractive
and used alternative [20, 26-29]. Particularly, 2D correlation of
carbonyl carbon and amide nitrogen nuclear spins across the peptide
bond (C-Nj 1) results in exquisite signal dispersion [30,31]. This is
largely independent of the presence of tertiary structure and provides
information about all amino acids, including proline. Consequently, so-
called CON-based spectra have been established as the most complete
two-dimensional fingerprint of an IDP [20,32-34].

Here we make use of direct '*C-detection tools and combine them
with cross-correlated NMR spin relaxation experiments to probe proline
ring dynamics in IDPs by quantifying '>CH,-methylene dipole-dipole
cross-correlated relaxation (CCR). Typically, CCR effects can be
observed between two different dipolar (D) interactions (D-D), two
different chemical shift anisotropies (CSA-CSA) or between a dipolar
and a chemical shift anisotropy (D-CSA) interaction. Interference effects
between fluctuations of different relaxation mechanisms of the same
tensor rank (rank 2) have been shown to be a valuable source of infor-
mation about the structure and dynamics of proteins since they are
related to their relative geometries [35,36]. The pulse sequence for
measuring >CHy-methylene dipole-dipole cross-correlated relaxation
in prolines is illustrated with an application to OPN. Data were recorded
for the construct comprising residues 45-264 of OPN (WT hereafter) and
a triple-mutant (F121A/F130A/W184A) form in which important and
structurally relevant n-CH interaction between aromatic side chains and
proline rings are abrogated due to the mutation of aromatic residues into
alanine ones (TM hereafter). The observed differential dynamics in these
forms of OPN provide further evidence for the relevance of these
sequence motifs and proline ring interactions for the formation of
compacted substrates in IDPs. These interactions are mediated by the
puckering of the pyrrolidine ring in proline residues and its character-
ization is of interest for describing this phenomenon.

2. Methods
2.1. Sample preparation

pET11d plasmid containing the Coturnix japonica (quail) OPN
sequence was transformed into the E.coli strain BL21(DE3) phage
resistant via heat-shock method. Protein expression was induced at
OD600 of ca. 0.8 by adding 0.4 mM IPTG (Isopropyl-p-D-Thio-
galactopyranoside). For expression of isotopically labelled protein for
NMR studies, before induction the cells were harvested and pellets from
4L LB resuspended in 1L M9-Minimal Media (containing 1 g/L >NH,4Cl
and 3 g/L '3C-Glucose for >N and '3C labelling respectively). The
expression was carried out at 27 °C and 140 rpm over-night. The cells
were harvested and resuspended in 40 mL of cold PBS (2 mM KH,PO4, 8
mM NayHPOg4, 2.5 mM KCl, 140 mM NaCl, 5 mM EDTA, pH 7.3). The
suspension was sonicated and heated at 95 °C for 10 min. The lysate was
centrifuged at 18000 rpm and an ammonium sulphate precipitation
(saturation of 50%) carried out with the supernatant. The pellet was
resuspended in PBS, diluted 1:2 with water to lower the salt concen-
tration and an anion-exchange chromatography (HiTrap Q, GE health-
care) performed. The column was equilibrated with PBS and a gradient
of 30% High-Salt Buffer (PBS containing 1 M NaCl) run in 20 min at 2
mL/min. Protein purity was confirmed via SDS-PAGE electrophoresis.
The protein was concentrated using a centrifugal filter and the final
concentration measured at 280 nm. The final WT OPN sample concen-
tration was 2.2 mM. The TM OPN sample was 1.3 mM.

2.2. 13C-detected cross correlation rates experiments
NMR experiments were recorded at 310 K with a Bruker AVANCE

NEO instrument operating at 700.06 MHz ‘H, 176.03 MHz '3C and
70.94 MHz '°N frequencies exploiting a cryogenically cooled probehead
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optimized for 13C.direct detection (TXO).

The '3C carrier was placed at 176.7 ppm, 57.7 ppm, 45.1 ppm for C,
C* and C? respectively, the '°N carrier at 137 ppm and the 'H carrier at
3.5 ppm (H") or 7.5 (HY). For the CCR-CON’™ experiment the following
band-selective pulses were used: 300 us with Q5 and time reversed Q5
shapes [37] for C' and c? excitation, 220 ps Q3 shape [37] for c/cd
inversion/refocusing. A 900 us Q3 shaped pulse was also used to be
selective on C* only. An adiabatic & pulse to invert both C' and c was
used (smoothed chirp 500 ps, 20% smoothing, 80 kHz sweep width,
11.3 kHz radio frequency field strength). Homonuclear virtual decou-
pling in the direct dimension was achieved through the IPAP approach
[38] acquiring the in-phase (IP) and antiphase (AP) components and
properly combining them.

The experiment was acquired with a recycle delay of 1.6 s. 8 scans
per increment and sweep widths of 30.0 ppm 3C’, 7.4 ppm '°N and 40.0
ppm 3¢ were used acquiring 1024 x 24 x 400 points in the three
dimensions, respectively.

2.3. Proline '°N R, experiments

The NMR experiments to determine the °N R, relaxation values for
the proline residues were recorded at 700.06 MHz 'H, 176.03 MHz 3C
and 70.94 MHz °N frequencies exploiting a cryogenically cooled pro-
behead optimized for 13C-direct detection (TXO). The °N Ry experi-
ments were performed using the previously reported '3C detected pulse
sequence [32], with 16 scans per increment and sweep widths of 30.0
ppm 3C' x 7.4 ppm °N acquiring 1024 x 128 real points in the two
dimensions. A relaxation delay of 1.5 s has been used. To determine the
I5N R, values, the following delays were used both for WT OPN and for
TM OPN samples: 160 ms, 240 ms, 320 ms, 400 ms, 480 ms, 560 ms, 640
ms, 800 ms. The Ry values were determined fitting the data following

equation: I(t) = I1(0)e/", with Ry = 7.

2.4. Triple mutant assignment

NMR experiments to assign the triple mutant construct were recor-
ded on a Bruker AVANCE III spectrometer operating at 950.20 MHz 'H,
238.93 MHz 3C, and 96.28 MHz '°N frequencies, equipped with a
cryogenically cooled probehead optimized for 'H-direct detection (TCI).
The 3D (H)CBCACON [39] was acquired with an interscan delay of 1.1 s.
This spectrum was acquired with 2 scans, with sweep widths of 22.0
ppm 13C x 36.0 ppm °N x 55.9 ppm 32! and 1024 x 192 x 96 real
points in the three dimensions, respectively. The 3D (H)CBCANCO [39]
was acquired with the very same acquisition parameters but for the
number of scans. Four scans per increment were used for this
experiment.

3. Results and discussion
3.1. The CCR-CON"™ newly designed pulse sequence

From the NMR point of view, the detection of proline residues can be
easily achieved through the CON experiment. Indeed, this experiment
enables the obtainment of very clean and well-resolved spectra (Fig. 1A)
and has the advantage to include signals from proline residues (Fig. 1B).
The latter residues are central to this work and their position in the
polypeptide and in the primary sequence of OPN is shown in Fig. 1C and
1D, respectively. Capitalizing on previously reported schemes for
probing cross-correlated relaxation (CCR) in side chains of different
proteins [40-42], we propose here a pulse sequence to quantify '>CH,
dipole-dipole cross-correlation effects (I'cy1|cu2) in proline side chains
(Fig. 2). This pulse scheme combines selection of proline residues
through the (H)YCCCANCO experiment [43] with an additional element
to quantify CH, CCRs [40], and we dubbed it CCR-CONP™,

Starting from aliphatic H magnetization, a first magnetization
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Fig. 1. A) '3C-detected 2D CON spectrum recor-
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Fig. 2. CCR-CON'™ pulse sequence used to measure the cross correlation effect I'ci|cuz for the different CH spin systems in the proline ring (i.e. FCpH2ﬁ|CBH13,
I'C,Ha,|C,H,, ['CsHas|CsHis,). The delays used are A, = 3.6 ms, A 3 = 0.95ms, A 4 =7.1 ms, A = 25.0 ms, and A ; = 9.0 ms. The phase cycle is: g1 =y, -y, 92 = 4
¥),4(-y), o3 = 2(x), 2(-x), ¢4 = 8(x), 8(-X), P1p = X; PapP = - ¥ Prec = X, X, -X, X, -X, X, X, -X. Flopsy-16 spinlock block is used to transfer the magnetization across side
chain of proline. Quadrature detection in F1 and F2 is obtained by incrementing ¢, and ¢3 in a States-TPPI manner, respectively. The experiment was acquired at 310
K exploiting a 16.4 T instrument equipped with a cryogenically cooled probehead optimized for 1*C-direct detection (TXO). The C!, G® and C’ carriers were set 45.1
ppm, 57.7 ppm and 176.7 ppm respectively, the 'H° carrier at 3.5 ppm. The rounded black shapes and the squared shapes describe the shaped and hard pulses in the
figure respectively. The thinner and thicker shapes represents 1/2 and = pulses respectively. The following band-selective pulses were used: 300 ps with Q5 and time
reversed Q5 shapes [37] for C and C? excitation, 220 us Q3 shape [37] for C'/C® inversion/refocusing. A 900 us Q3 shaped pulse (hashed shape in the figure) was also
used to be selective on C* only. An adiabatic n pulse with a smoothed chirp shape, 500 ps length, 20% smoothing, 80 kHz sweep width and 11.3 kHz radio frequency
field strength was used to invert both C' and G (grey pulse in the figure). Homonuclear virtual decoupling approach in the direct dimension was achieved through
the IPAP approach [38] acquiring the in-phase (IP - upper box in the figure) and antiphase (AP - lower box in the figure) components and properly combining them.

The experiment was acquired with a recycle delay of 1.6 s. 8 scans per increment and sweep widths of 30.0 ppm '3C,, 7.4 ppm '°N and 40.0 ppm

acquiring 1024 x 24 x 400 points in the three dimensions respectively.

13call were used
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transfer is achieved via scalar coupling to the directly attached 3C. This
period is followed by an interval for !3C antiphase refocusing. The
desired magnetization is stored along the z axis and a purge gradient is
applied to clean from unwanted contributions. Following the n/2 pulse,
a Cyx operator is created. From point a to b in the scheme depicted in
Fig. 2, the evolution of the 3C chemical shift is achieved in a constant
time (CT) manner, set to n/J° (withn integer number) to avoid resolved
carbon-carbon scalar couplings (*J®S) in the indirect dimension. In the
very same period, the 1J® is evolved. This allows us to resolve the 13C
multiplet components and to determine the cross correlation rate of the
dipole-dipole interaction between the two CH bond vectors within the
CH;, group (CH! and CHz), referred as I'chi|chz, as previously proposed
[40]. At the end of this period, the desired magnetization is stored along
the z axis and a second purge gradient is applied. Exploiting an isotropic
mixing scheme (FLOPSY-16 [45]), the magnetization is transferred
along the side chain and in particular to the C° nucleus. At this point, the
magnetization follows the (H)CCCANCO [43] pathway exploiting the
uniqueness of proline residues’ pyrrolidine ring, with the magnetization
transferred from C® to N making use of the }J®N scalar coupling. Ni-
trogen chemical shift is thus encoded in the second indirect dimension.
Finally, individual peptide bond signals (C.1N;) are observed following
the classical CON detection scheme including the IPAP [38] building-
block for J°* decoupling.

Fig. 3A shows a schematic representation of the 3D spectrum ob-
tained with the CCR-CONP™ sequence, together with a representative
plane (Fig. 3B) and the resulting trace for proline 208 (Fig. 3C) acquired
on WT OPN.

Proline residues in OPN are not evenly distributed in the primary
sequence (Fig. 1D). In the first half of the sequence, there are two
clusters comprising a total of 7 proline residues; in the second half these
are more spread, but two of them are close in sequence. The presence of
pairs involving aromatic and proline residues has been proposed to be
one of the driving forces that allow the formation of a compact state in
OPN which involves three different regions encompassing residues
105-130, 140-160 and 175-190 [16]. We designed a triple mutant (TM)
in which the aromatic residues of pairs 12!Fp122, 184Wp185 g 129pp130
are mutated into alanine residues.

The CON spectrum of the resulting TM OPN is similar to the WT one;
nevertheless, there are local but significant variations which required

A B

61SCali/ppm

= —rh—t -

I, =\
o, \
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the reassignment of the spectrum, obtained by recording the comple-
mentary 3D-(H)CBCACON and 3D-(H)CBCANCO experiments [39]. The
assignment is reported in the supplementary material (Table S1), while
in Fig. 4A the assignment of the signals in the proline regions is reported.
With the same experiments and comparing the previously available
assignment of the WT with the TM one, we were able to assign the minor
forms arising from the presence of the cis isomer of the proline residues
as well (Fig. 4B).

3.2. Proline >N Rz and CCR results

15N relaxation has been extensively used to achieve dynamic infor-
mation in IDPs [46-50]. However no information about proline residues
can be achieved through the widely used approach based on 'HN
detection. Determination of the transverse relaxation rates of proline
15N was performed to evaluate the differential local dynamics within WT
OPN and to estimate how these changes in TM OPN. The '°N R, relax-
ation rates obtained for the two proteins are reported in Fig. 5. As it can
be noted, the major variations are found for P122, P208, and P236,
which experience a reduction in the relaxation rates in the TM with
respect to the WT, and for P88 and P197 which instead show increased
Ry values.

Next, the CCR values obtained with the new pulse sequence were
analyzed. The traces for the different proline residues were extracted
(Fig. S1) and the intensities of the three resolved multiplet components
of the CHj signals measured. The CCR values were obtained following
the approach proposed by Yang and co-workers [40]:

1 4Loo(T)I4s(T)
——In{—————5
{[la/wa(T)] J

Cenyicn, =

4T

where T is the duration of the constant time period (equal to n/J, 28.4
ms with n = 1), Iyo(T), Ipp(T) and Iyp,p.(T) the intensities of the two
external and the central components of the triplet respectively. It’s
worth noting that the contribution of additional cross correlated relax-
ation rates (such as the I'¢icy, + T'¢cn,) to the multiplet components,
responsible for asymmetries, will not contribute to the analysis. In cases
of resonance overlap the data were not analyzed.

The obtained values are reported in Tables S2 and S3

30 8

35 L3

40 -
5
455 %5
o S

| 50 3

55 e

60 3

174
"C/ppm P208

Fig. 3. A) Schematic representation of a CCR-CONP™ spectrum; B) plane of the 3D spectrum showing the different triplet components as obtained with the proposed
pulse sequence; C) resulting projection of the traces of the signals present in panel B arising from proline 208.
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Fig. 4. A) Proline region in the 2D CON spectrum recorded on TM OPN. The main forms of prolines are observed and their assignment reported; B) lowering the
contours also the signals of the minor forms appear. The mutated residues are marked with an asterisk. A second minor form for P85, P88 and P91 is detected as well
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Fig. 5. A) 15N R, values obtained for the WT (blue) and TM (orange) OPN constructs. B) Difference in 15N R, between WT and TM.

(Supplementary material) for WT and TM OPN, respectively. All the
obtained CCRs for the CPH, spin systems display negative values while
the CCRs for the C'H, spin systems present both positive and negative
values. The CCR values obtained for the C'H, and the CPH, are reported
in Fig. 6. Moving to the triple mutant and comparing the signals ob-
tained with the proposed pulse scheme, few changes are observed. The
values are compared to the WT ones in Fig. 6. In particular P122, P129,
P197, and P236 present slightly different behavior in the triplet shape of
the CPH, system with the latter proline residue displaying a more
defined 1:2:1 shape for the triple mutant. P197 displays a different
behavior for the C'H; system as well resulting more symmetrical in the
triple mutant with respect to the wild type. P197 is found to be per-
turbed in both the CﬁHz and C'H, pattern (Fig. S1). Although, there is an
overall correlation between changes in motional dynamics probed by
conventional '°N spin relaxation (*>N Ry) and '®CH, CCR rates, exper-
imental CCRs seem to be additionally sensitive to subtle changes of
proline ring pucker dynamics not revealed by classical 1°N R, relaxation
experiments given the differential fluctuation motions sensed by these
two relaxation proxies.

3.3. Dynamic interpretation of CCR values

Experimental CCR values were interpreted and quantitatively
analyzed using the theoretical formalism developed for proline by Mayo
and co-workers [51]. This was proposed for globular proteins and, under
the assumption that the overall correlation time refers to local motion of
the peptide segment, it can also be extended to IDPs. Data from various

IDPs of different length suggest that NMR relaxation is dominated by
local, segmental motions [52-54]. Internal motion refers to ring dy-
namics. In the treatment proposed by Mayo and co-workers [51] a
generalized order approach following the pioneering work of Lipari and
Szabo is used [55] where the order parameter of the internal (local)
dynamic is related to proline ring pucker motions. Capitalizing on pre-
vious work by London [56] and Shekar and Easwaran [57] ring pucker
dynamics can be described by a two-state (A and B, endo-exo intercon-
version) jump model with corresponding lifetimes tp and tp, and a
general jump angle A. The exact expressions for the cross-correlation
order parameter S% and the corresponding cP, ¢’ and C® '3cH, dipo-
le-dipole cross-correlation rate I'cyicye were taken from the original
paper [58]. As was described earlier [59] while C is always negative the
C' cross-correlation rate changes its sign depending on the motional
parameter and is therefore most informative. The experimental CCR
values were numerically analyzed by finding the optimal combinations
of the relevant motional parameters: overall correlation time 7, internal
correlation time t;, lifetimes t5 and g and general jump angle A. While
To, internal correlation time 7, lifetimes ta and tg were the same for a
given proline residue, the general jump angle was individually opti-
mized for the various carbon atoms C?, GY and C® of the proline ring (A,
Ay and A8). To this end, a multi-dimensional grid search was performed
varying all parameters independently. The optimal solution was
assessed via a y° (mean squared deviation between calculated and
experimental CCR values). The following constraints in the grid search
were employed based on previous findings [58]: the upper limits for the
correlation times of the slowest (t¢) and fast internal (t;) dynamical
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Fig. 6. Graphs reporting the I'cy1|cu2 values for different spin systems. The panels report the I'cy |chz for CPH, and C'H, spin system in blue and yellow for WT OPN

and in green and red for TM OPN.

modes were set to 3000 ps and 100 ps, respectively; the internal jump
angles fulfill the condition (Ap < Ay). Due to limited signal-to-noise C°
rates were omitted from the analysis.

It should be noted that we do not attempt to provide a comprehen-
sive analysis of the motional dynamics of the different proline residues
in OPN, but rather we want to relate the observed differential changes in
CCRs to modification of the most relevant motional parameters (i.e.
changes in correlation time 7; of the fast intramolecular dynamical mode
vs modulation of ring pucker, Tp and tg). The obtained results are
summarized in Table S4 (Supplementary Material) and shown in Fig. 7.

Comparison of the obtained motional parameters between wild-type
and triple-mutant revealed no significant changes in 7o (in agreement

0.10 -

0.08 -

0.06 - I

0.04 - I

0.02 - l l
0.00 -

91 122 126 129 185 197 208 236
Residue Number Emm WILD TYPE

| TRIPLE MUTANT

with nearly unchanged '°N transverse relaxation rates, Fig. 5) and jump
angles Af and Ay (Fig. S2). Average values for Ap and Ay were between
25° and 40° and in agreement with previous findings [58]. The most
significant changes (larger than 0.2) in t5/tp ratios (ring puckering)
were observed for residues 82, 122, 126 and 236, accompanied by
smaller internal (t;) correlation times for the triple-mutant (particularly
residues 82, 91, 122 and 185). The dynamical analysis thus revealed an
interesting difference in ring puckering dynamics upon mutation, orig-
inating from the different interconversion equilibrium between the
endo-exo forms.

TalTs

91 122 126 129 185 197 208 236
Residue Number

0.8 -

Fig. 7. Comparison of the obtained motional parameters between the proline residues of WT and TM OPN. The internal correlation times 7; (in ns) and the values
reporting the modulation of ring pucker (ta/7p) are reported on the left and right panels, respectively. The values for WT and TM are reported in blue and orange,

respectively.
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4. Conclusion

Summarizing, we presented a novel pulse scheme for measurement
of dipole-dipole CCRs of }3CH, methylene groups in IDPs with exquisite
spectral resolution. Constant-time evolution in the indirect carbon
dimension not only gives narrow signals’ lineshape but also allows for
the quantification of CCR values. The pulse sequence is particularly
suited to probe proline residues. The applicability of the experiment was
illustrated with an application to OPN for which interesting changes in
ring pucker dynamics were observed for a mutant form in which stabi-
lizing interactions between proline and aromatic amino acid sidechains
were disrupted.

We believe this to be particularly relevant for experimental studies of
IDPs and their inherently local nature of spin relaxation. In contrast to
their folded counterparts, spins in IDPs are not embedded within a fixed
molecular tumbling frame. Extensive work using °N relaxation revealed
interesting information on IDPs [46-50,60]. However, a single 15N nu-
cleus per residue as a dynamic probe is clearly not sufficient to
adequately capture the underlying motions. In order to overcome this
limitation, we have recently proposed a set of cross-correlated relaxation
measurements probing chemical shift anisotropy (CSA) and dipole
interference terms of backbone nuclei °N, 'HY, 3C’' and '3C® [60].
Properly detecting and quantifying the presence of anisotropy in IDP
dynamics is an important prerequisite towards the molecular interpre-
tation of NMR relaxation experiments. This is indispensable for the
angular evaluation of cross-correlated relaxation (CCR) of remote spins
and the determination of backbone dihedral angle distributions in IDPs
[52].

Proline residues play a pivotal role in fundamental processes, e.g.
protein—protein  interactions, backbone rearrangements, post-
translational modifications and secondary structure formation. We thus
anticipate that the proposed pulse sequence might find numerous ap-
plications in IDP research and will support future NMR initiatives to
characterize this eminent protein family in more detail.
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