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1 Introduction

Under physiological conditions, an intrinsically disordered protein (IDP) does not fold into a stable, three-dimensional
structure; instead, it exists as a flexible polypeptide chain.' The term IDP is broadly used to refer to proteins that are entirely
disordered as well as proteins that carry long disordered regions, typically longer than 30 residues, appended to properly
folded domains.>” In this chapter, we will use the term intrinsically disordered regions and proteins (IDRPs) to refer to both
these types of proteins. IDRPs are found in the proteome of all three kingdoms of life with 2%, 4%, and 33% disordered
residues in archaea, eubacteria, and eukarya, respectively.4 In eukaryotes, more than 70% of signaling proteins have long
disordered regions.”® The higher proportion of disordered regions in eukaryotes relative to archaea or eubacteria stems
from the greater need for protein-mediated signaling and regulation in eukaryotes.”® A majority of transcription factors
in eukaryotes are predicted to carry long disordered regions.” Long disordered regions are rarely found in active enzymes,
as they need specific three-dimensional structures to carry out their catalytic function. However, few active enzymes with
disordered regions have recently been identified.'""'? Despite such a significant abundance of IDRPs in various organisms
and their involvement in important functions, the structural studies of IDRPs were largely hampered due to the lack of ap-
propriate experimental methods.

Historically, structural biology methods have been developed to study folded proteins. Folded proteins have a funnel-
shaped energy landscape where the well-folded native state is at the bottom of the funnel.'*'* In contrast, disordered
sequences have a flat energy landscape and lack an isolated global energy minimum.'” Due to small energy differences
between the various near-identical local minima, the disordered sequences adopt an ensemble of conformations.'® This also
confers multiple degrees of flexibility to the disordered regions in IDRPs. IDRPs are involved in a multitude of functions
such as transcription regulation, cell cycle regulation, cell division, apoptosis, cell signaling, and signal transduction."'”*°
IDRPs often have multiple interaction motifs, which allow them to bind to various targets through these sites and thereby
act as hub proteins with a large number of connections in protein interaction networks (PINs).”'** Mutations in IDRPs have
also been implicated in several diseases.””*** Several oncogenes and other cancer-associated genes are found to encode
IDRPs.'**’ Due to their abundance and involvement in important biological functions, it has been clear that new structural
biology methods need to be developed to study IDRPs. In this chapter, we will discuss various NMR methods, which have
proved to be the most versatile for studying IDRPs.

2 NMR chemical shift assignments of intrinsically disordered sequences

The first step of any NMR study is to assign the chemical shifts of each NMR active nuclei in the molecule. Due to a large
number of protons in IDRPs, one-dimensional spectra have severe signal overlap. This problem is mitigated by incorporat-
ing additional spin %2 isotopes N and "*C and collecting multi-dimensional heteronuclear spectra. Here we will discuss
strategies to assign each 'H, N, and "*C nuclei in the protein.

Advances in Protein Molecular and Structural Biology Methods. https://doi.org/10.1016/B978-0-323-90264-9.00032-5
Copyright © 2022 Elsevier Inc. All rights reserved. 535



536 Advances in protein molecular and structural biology methods

2.1 Standard backbone assignment strategy

The most common NMR spectrum collected first for any protein is 'H-">’N HSQC, which provides a fingerprint spectrum of
the protein where all the N-H pairs present in the protein backbone and side chains appear as cross-peaks. For a folded pro-
tein, a well-resolved spectrum is obtained (Fig. 1A and B). The spectral resolution of disordered sequences is poor as they
lack unique structure and sample very similar chemical environments. The lack of chemical shift dispersion is especially
evident in the proton dimension. Cross-peaks occur in a narrow range from 7.5 to 8.5 ppm resulting in a highly crowded
spectrum (Fig. 1C). Such narrow dispersion typically provides the first clue about the presence of a disordered sequence
in a protein.

The cross-peaks in the 'H-""N HSQC spectra are assigned to their corresponding amino acid using multiple 3D experi-
ments (Table 1) using a °C and "°N dual-labeled protein sample.”®*” For short disordered regions (up to 50 residues) ap-
pended to folded domains, this standard sequential backbone assignment method may be adequate. The presence of repeat
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FIG. 1 'H-">N HSQC spectra reflect protein structure. Intein (left) is an all beta-stranded protein and has large chemical shift dispersion. Extradenticle
(EXD) is an all alpha-helical protein and has narrower 'H dispersion (center). SCR (right) has a folded domain (red) and intrinsically disordered residues
(blue). Peaks corresponding to the folded domain and the disordered region are shown in red and blue, respectively. The disordered residues appear in a
narrow range from 7.5- to 8.5-ppm in the proton dimension giving rise to a crowded spectrum.

TABLE 1 NMR experiments for backbone assignments.

"H detected experiments

HSQC N;-HY
CBCA(CO)NH CPisg-Cotig-Ni-HY Grzesiek and Bax’
HNCACB HYN-Co Cp; Grzesiek and Bax™
and
HI}“Ni‘Cai-LCﬁH
HNCO HEN-CY Kay et al.”?
HN(CA)CO HYN-C’; and HYEN-C/i Clubb et al.*
HNN Ni_]-Ni-Ni+1 Panchal et a|.28

13C detected experiments
CON, (HACA)CON
(HACA)N(CA)CON
CCCON

H(CC)CON

N; (F1), Ciy (F2)
N; (F1), Ny (F2), C'iy (F3)
Ml (F1), N, €'y (F3)
HM (F1), N;, C'iy (F3)

B
Bermel et al.*

Bastidas et al.*®
Bermel et al.*

O’Hare et al.*”
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sequences such as poly glutamines, glycine-serine repeats, or polyprolines can complicate the assignment of even short dis-
ordered sequences. Since '’N chemical shift dispersion is better than 'H" chemical shifts even for IDRPs, the HNN experi-
ment is found to be very useful in sequential backbone assignment. It provides through bond connection to the previous and
the following amide '’N chemical shift of a residue® (Fig. 2A). The phase of the peaks, i.e., positive or negative, depends
on the adjacent residue type and can aid direct identification of "°N shifts for glycines and prolines.”” In a dual receiver
NMR spectrometer, the 3D HNN(N;.;-N;-N; ) and 2D"*C*-"*N (C%,.; -N;) can be simultaneously acquired.’’ The 2D'*C®-
>N spectrum utilizes the wide dispersion range of 13C and "N nuclei chemical shifts and also provides directionality for a
sequential walk. The 2D version of the HNN experiment, named 2D-(HN)NH, also presents a way to identify amino acid
type.3 "Its three variants are 2D-(HN)NH-G, 2D-(HN)NH-A, and 2D-(HN)NH-ST, which identify glycine, alanine, and
serine/threonine, respectively, which aid the assignment by providing multiple starting points for a sequential walk.

2.2 Backbone assignment using ">C detection

Although the 'H-""N HSQC experiment is the workhorse of NMR studies, it can be of limited use for IDRPs with long
disordered regions. Apart from signal overlap in the "H dimension, 'H-"N HSQC spectra also have reduced signal in-
tensity due to faster exchange of the amide protons in the solvent-exposed disordered sequences. Also, IDRPs are often
proline-rich sequences.38 Prolines lack amide protons and hence are not detected in 'H->N HSQC spectra. Most of these
issues can be circumvented using *C-"’N CON and "*C-">N CAN as alternatives.””** The 2D "*C-">N CON and "*C-""N
CAN experiments correlate the amide nitrogen with the carbonyl carbon and alpha carbon, respectively (Fig. 2B). These
experiments have increased spectral resolution, are unaffected by the solvent exchange of amide protons, and can efficiently
detect proline residues. In these experiments, "°C is directly detected. Due to the lower gyromagnetic ratio, the sensitivity
of *C is much less than 'H, which in turn increases the experiment time. However, the use of ‘proton start’ experiments,41
cryogenically cooled probes, and sparse data sampling can mitigate this problem to some extent.

The 2D *C-""N CON experiment also provides a fingerprint spectrum and gives better resolution compared to 'H-PN
HSQC (Fig. 3). For sequential backbone assignment, 3D (HACA)N(CA)CON is used, which connects the amide nitrogen
and carbonyl carbon of each residue with the amide nitrogen of the following residue (N;. 1-C’i.1-Ny). % For highly repetitive
sequences, 3D (HACA)N(CA)NCO is particularly useful as it provides bidirectional correlation between each C’;1-N; spin-
pair and the amide nitrogen of i-1th and i+ 1th residue (N;.;-C’i.;-N;-Nj 1 1).

2.3 Fast data acquisition to reduce experiment time

IDRPs are often susceptible to proteolytic cleavage and have a smaller half-life compared to folded proteins. Many IDRPs
are also prone to aggregation. Multi-dimensional NMR experiments can take up to two weeks of NMR time. Direct detec-
tion of low sensitivity "*C nuclei can further increase the experimental time. This requires a significant reduction in data
acquisition time. Several techniques have been developed to get good resolution in a relatively short period of time. Among
them, Non-Uniform Sampling (NUS) and Band selective Excitation Short Transient (BEST) methods are widely used.”
In NUS, sparse data are collected in the indirect dimension, i.e., some of the points in the FID are skipped in the indi-
rect dimension or randomly sampled to save time, and later on, during processing, the whole data set is reconstructed. In
conventional NMR, signals are collected in discrete steps for each dimension. For 2D experiments, the indirectly detected
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FIG.2 Experiments for sequential assignment of IDRPs. The set of 'H-detected (A) and BC-detected (B) experiments are shown. For each experiment,
the set of arrows indicate the observed nuclei and the logical connections between them.



538 Advances in protein molecular and structural biology methods

3 n_— Pdx1-C E 5 o Pdx1-C
110} e = . .
B = " ¢ i °
- . - o
L s - ‘O
- .' - L ] I.
120} o L. ¥ . g
‘é‘ B .'.f:...;'o L. ..=6' = “
2 | s S .
F | : - <
130} . - s
: : ™ Pt
[ I A% .
140} -
P | N S, (PR ORI irarrar I PII [Ph N (PO L
10 o 8 7 6 176 174, 172 170
H (ppm) C’ (ppm)

FIG.3 Comparison of 'H-">’N HSQC and ""N-"*C CON spectra of Pdx1-C. ">N-'">C CON (right) provides better chemical shift dispersion as compared
to the 'H-""N HSQC spectra (left) of Pdx1-C. (Published with permission from Sahu et al. (2014) Anal Biochem 2014;449:17-25.)

dimension is sampled as a series of 1D experiments with delays between pulses (evolution time), which is incremented at a
fixed amount. The experiment time increases with the number of increments that are being measured. In NUS, a subset of 1D
data points between the first and last points are skipped in a semi-random manner. The missing data points are reconstructed
using mathematical algorithms. Unlike traditional FID, which is processed by Fourier transformation (FT), non-uniform
sampling requires special processing systems. Some of the frequently used such systems are multi-dimensional decom-
position (MDD)," Tterative Soft Thresholding method (IST),* Sparse Multi-dimensional Iterative Lineshape-Enhanced
(SMILE),* and deep neural networks."® These processing schemes are commonly offered in modern NMR spectrometers.

Band selective excitation short-transient (BEST) reduces the NMR experiment time by shortening the delay between
scans. The delay between consecutive scans is provided to restore the equilibrium spin polarization via longitudinal re-
laxation. In BEST experiments, the amide protons (in 6 to 10 ppm range) are selectively excited without perturbing the
aliphatic protons (in O to 5.5 ppm range). Dipolar interactions between a large number of aliphatic protons with the observed
amide protons significantly reduce the longitudinal relaxation times, thereby quickly restoring the spin polarization of the
amide protons.”’ This enables very short recycle delays and saves time. A combination of NUS-BEST pulses has been suc-
cessfully used to assign the backbone of a-synuclein. "’

2.4 Segmental isotope labeling of IDRPs

Segmental isotope labeling is a unique approach to selectively study a specific region within a protein by NMR spectros-
copy. One-third of all eukaryotic proteins contain long intrinsically disordered regions (IDRs) along with one or more
folded domains.*® Characterization of such disordered regions should be done in the context of the full protein to get a
complete structure—function relationship between the disordered region and the appended folded domain.* Eliminating the
signals from the folded part of the protein can significantly reduce spectral crowding. This can be achieved by expressed
protein ligation (EPL), protein trans-splicing (PTS), or sortase-mediated ligation (SML) methods (Fig. 4).

EPL and PTS methods’ utilize intein enzymes, which catalyze the formation of a peptide bond between the polypeptide
chains appended at their two terminals and are themselves excised out.”’ In the EPL method, the target disordered region is
expressed with intein fused to its C-terminus followed by an affinity tag. This recombinant protein is expressed in bacteria
and isotopically labeled with °C and "’N. The folded domain is expressed as an unlabelled protein with a cysteine at its
N-terminus. The IDR-intein is cleaved with a thiol to form an alpha-thioester, which reacts with the N-terminal cysteine of
the folded domain, resulting in a thioester bond between the IDR and the folded domain. The thioester bond spontaneously
rearranges to a peptide bond, producing the desired product (Fig. 4A). In the PTS method, naturally occurring or engineered
split-inteins are used.”’ The disordered part of the target protein along with one half of the split intein is isotopically labeled
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FIG. 4 Segmental isotope labeling of IDRPs. (A) In expressed protein ligation (EPL) approach, the intrinsically disordered region (IDR) and the folded
domain (FD) are expressed separately and ligated via native chemical ligation. (B) Protein trans-splicing (PTS) of IDR and DF is accomplished using split
intein. (C) For sortase-mediated ligation (SML), Sortase A recognizes the C-terminal LPXTG motif of IDR and cleaves the Gly residue. The acyl-enzyme
intermediate is attacked by the Gly of FD, resulting in the formation of the ligated protein and the removal of Sortase A.

with '*C and "N, and the folded part along with the remaining half of the split intein is expressed without isotope enrich-
ment. These purified recombinant proteins are mixed to produce the functional intein enzyme, which catalyzes a splicing
reaction forming a peptide bond between the disordered and folded parts of the target protein, and the intein itself is excised
out (Fig. 4B).

In the SML method, the sortase enzyme is used, which catalyzes the peptide bond formation between an LPXTG motif
in the C-terminus of proteins and the poly-glycine bridge in the cell wall of gram-positive bacteria.’” The disordered region,
containing the LPXTG motif in its C-terminus, is expressed as '°N and 13C labeled, and the folded domain, with triglycine
in its N-terminus, is expressed as unlabelled protein. The purified proteins are linked by a peptide bond by the sortase en-
zyme (Fig. 4C). In all three methods, i.e., EPL, PTS, and SML, the disordered sequence can be appended to the C-terminus
of a folded domain by swapping the constructs as described here (Fig. 4).

All three methods have advantages and disadvantages and should be chosen accordingly. Since in the EPL method, a
thiol is added to form the alpha-thioester, this method should be avoided if the folded domain contains disulfide linkages.
The PTS and SML methods can be used in such cases. However, the PTS method may have poor expression and solubil-
ity issues depending on the target sequences appended to the split inteins. In the SML method, a non-native sequence of
LTXTGGG is inserted between the disordered and folded sequences.

2.5 Cell-free protein synthesis for IDRPs

IDRPs, which are toxic to the cell or are prone to proteolytic cleavage, can be produced by cell-free protein synthesis. Cell
lysate containing all the cellular components for protein expression are typically derived from E. coli and used for cell-free
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protein synthesis.”® Due to the open nature of this system, protease inhibitors, stabilizers, scrambling inhibitors, or solubi-
lizing agents can be added directly during the protein synthesis, thus enhancing IDRP production. Severe spectral crowding
in IDRPs with long disordered regions can be reduced using selectively labeled amino acids instead of uniform "N and
13C labeling. Unfortunately, labeled amino acids or precursors can be converted to other amino acids via various metabolic
pathways in the cell.” In the cell-free system, amino acid scrambling is significantly reduced due to the absence of most
metabolic enzymes. Scrambling can be further reduced by adding inhibitors.”

A selectively labeled sample cannot be used for sequential assignment. However, selective labeling can be used to fill in
the gaps after sequential assignment using a uniformly labeled sample. Several combinatorial selective labeling strategies
have been developed to complete the assignment using a minimal number of samples.”

3 Structural characterization of IDRPs

Intrinsically disordered sequences lack well-defined structural elements such as secondary and supersecondary structures
as found in folded proteins. However, disordered regions do possess functional elements spread throughout the length of
the sequence, which facilitate their interaction with multiple partner molecules (small molecules, DNA, RNA, or proteins).
Depending on their structural features and length, these functional elements are classified into two distinct categories,
namely linear motifs and molecular recognition features (MoRFs). Linear motifs are 3—15 residues long, which form in-
teraction motifs.”’ They are also referred to as short linear motifs (SLiMs) or eukaryotic linear motifs (ELMs). MoRFs are
partially structured segments of 1070 residues that undergo disorder-to-order transitions upon partner recognition.” Four
different categories of MoRFs have been identified depending upon the dominant secondary structure formed in the bound
state: a-helix forming a-MoRFs; p-strands forming f-MoRFs; i-MoRFs, which form irregular structures; and a mixture of
the secondary structure containing complex-MoRFs.”* Thus, disordered sequences have distinct structural features, and
a thorough understanding of IDRP function requires the structural characterization of these functional elements. Here, we
will describe the NMR methods by which an ensemble structure of IDRPs can be obtained.

3.1 Chemical shift-based methods

Chemical shifts of a nucleus are influenced by its local environment. The backbone chemical shifts (IHN, 15N, BC’, 1H,,
13C[X,”’Cﬁ) are sensitive to the local secondary structures and can be used to determine the ¢ and \ torsion angles.®"** The
'"Hy and °N chemical shifts are also sensitive to hydrogen bonding and electrostatic interactions.” > Deviations of experi-
mentally determined chemical shifts from random coil values, called the secondary shifts (Ad), have been found to correlate
with the protein backbone structure. Several datasets with random coil chemical shifts have been developed based on ex-
perimentally measured chemical shifts of peptides®® *® or chemical shifts deposited in the Biological Magnetic Resonance
Data Bank.”””* Random coil chemical shifts are influenced by neighboring residues,””’" pH, and temperature.®®”*"> Hence,
the random coil chemical shift library should be carefully selected for analysis.

In disordered sequences, different regions interchange between various conformations and, hence, their backbone
chemical shifts have population-weighted average values of these conformers. Many approaches have been developed to
determine the populations of these conformations from their chemical shifts. The neighbor-corrected Structural Propensity
Calculator (ncSPC) algorithm uses a random coil database with corrections for neighboring residues and experimentally de-
termined chemical shifts to obtain the populations of a-helix and p-extended conformations for each residue.”"’® In another
approach, RefDB’? can be used to obtain amino acid-specific chemical shifts for the random coil, a-helical and p-extended
conformations. The experimental chemical shifts are then used to determine the populations of these conformations. The
82D method’’ extends the ncSPC algorithm also to predict the polyproline II conformations, which are frequently found
in IDRPs.*® Thus, the backbone chemical shifts, measured during the standard process of sequential assignment of IDRPs,
can be used to determine the population distribution of local structures in the disordered sequences.

3.2 Residual dipolar coupling (RDC)

Residual Dipolar Coupling (RDC) can be used to determine local and long-range conformational sampling in IDRPs.
A nucleus in a magnetic field behaves as a magnetic dipole and is influenced by nearby nuclei. This dipolar coupling be-
tween two nuclei depends on the angle that the internuclear vector forms with the external magnetic field. Due to the isotro-
pic tumbling of molecules in the solution, dipolar coupling averages to zero. Weakly aligning media, such as lipid bicelles,
filamentous phages, and stretched polyacrylamide gels, can be used to introduce bias in the tumbling of the molecules re-
sulting in the appearance of residual dipolar coupling.”® ™ In IDRPs, localized secondary structural elements preferentially
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align along the magnetic field, resulting in parallel and orthogonal orientation of the N-H bond vector in a-helical and
B-extended conformations, respectively. This, in turn, results in measurable positive and negative RDC values for these
conformations. Apart from local structural propensities, RDC is also sensitive to transient long-range order in IDRPs.*"**

3.3 Paramagnetic relaxation enhancement (PRE)

Paramagnetic Relaxation Enhancement (PRE) has been widely used to detect long-range contacts in IDRPs**** and also for

probing sparsely populated short-lived preformation of binding sites."” In PRE, a paramagnetic group, termed as the spin-
label, is covalently attached to a cysteine sidechain of a protein. Different types of paramagnetic moieties can be introduced
into the peptide chain.*” PRE of a nucleus occurs due to its dipolar interaction with the unpaired electron on the spin-label.
The signals of the amino acids that transiently approach the paramagnetic spin-label relax more efficiently, resulting in
lowered signal intensities.*’ This method can detect transient interactions at distances of 20-30A.

3.4 Determination of ensemble structure of IDRPs

Due to their flexible nature, a single three-dimensional structure is not adequate to describe IDRPs. Instead, an ensemble
description, which captures the various conformations sampled by different regions of IDRPs, is more appropriate.”” The
overall approach is to computationally generate a large set of IDRP conformations and then select conformations that agree
with experimental results. This is referred to as the sample and select (SAS) approach.”™

The initial pool of IDRP conformations can be generated using statistical coil generators,”””* where the polypeptide
chain is created by adding amino acids with torsion angles randomly drawn from a statistical coil model. Alternatively,
molecular dynamics (MD) simulations, with energy functions designed for disordered sequences,”* can be used to generate
the initial IDRP conformations.'” Sampling enough conformations by MD simulations is a challenge, and techniques such
as replica exchange molecular dynamics,” metadynamics,”® and accelerated molecular dynamics,’’ have been used to ad-
dress this problem. Restrained MD simulations have also been used for conformational sampling, where experimental data
are used to bias the simulation.

The generated ensemble of conformations is pruned using experimental data to get the final representative ensem-
ble of structures (Fig. 5). NMR parameters are calculated for each structure in the ensemble. Average values are cal-
culated for a subset of structures and compared to the experimentally determined values, thereby leading to the final
selection of structures in the IDRP ensemble. Several algorithms have been devised for the selection of conformations.
The algorithm ENSEMBLE incorporates several NMR parameters such as chemical shifts, RDC, and PRE, for ensem-
ble selection. It assigns weights to different conformations to maximize agreement with experimental data.”®” Another

Local restraints
e Chemical shifts

(secondary structure propensity)
+ Scalar couplings

(secondary structure propensity)
* Residual dipolar couplings

Selection of Conformations
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FIG.5 Generation of ensemble structure of IDRPs. Schematic representation of the determination of ensemble structure of IDPs using the SAS approach.
A computationally generated pool of IDRP conformations is pruned using experimental data to generate the final ensemble description.



542 Advances in protein molecular and structural biology methods

program, ASTEROIDS, selects conformations from the initial pool using a genetic algorithm to generate the representative
ensemble.'” Statistical methods such as Bayesian weighting'"' and maximum entropy theory'"” have also been used for
the selection of conformations.

It is important to note that the generation of an ensemble of conformers for an IDRP is an underdetermined problem,
i.e., the number of conformations is much more than the number of restraints obtained from experiments. Hence, it is im-
portant to collect multiple experimental data. Apart from NMR spectroscopy, other biophysical techniques such as small-
angle X-ray scattering (SAXS), fluorescence resonance energy transfer (FRET), analytical ultracentrifugation (AUC), and
analytical size exclusion chromatography (SEC) can also be used to obtain complementary data (Fig. 5). Several IDRP
ensemble structures are deposited in the Protein Ensemble Database.'”

4 Characterization of IDRP dynamics

Apart from structural information, NMR spectroscopy also provides detailed information on protein dynamics at atomic
resolution in a wide range of timescales (Fig. 6). IDRPs undergo librational motions in picoseconds (ps); segmental, chain-
like, and torsion angle dynamics in nanoseconds (ns); binding interactions in microseconds (us) to milliseconds (ms); and
folding upon binding in ms or slower timescale.'™*'" In this section, we will describe the NMR experiments to study these
dynamic motions in IDRPs.

4.1 Measuring fast timescale (ps-ns) dynamics

Backbone "N spin relaxation is sensitive to the fast ps - ns timescale motions of a protein. Relaxation is a process by which
the bulk magnetization is restored to its thermal equilibrium after a perturbation is done to perform an NMR experiment.
A spin ¥2 nucleus relaxes via dipole—dipole interactions between two nuclei and chemical shift anisotropy. These processes
depend on the random tumbling motions of a molecule and result in small fluctuations in the magnetic field experienced by
a nucleus. The ensemble average of these fluctuations is expressed as a correlation function g(z)

=L

g ('r) 5 e

where 7C is the correlation time. The correlation function exponentially decays to insignificant values within a few nano-
seconds. It decays fast for disordered regions and smaller proteins and slowly for larger proteins. The relative distribution
of the frequencies of all motions in the ensemble can be obtained by the Fourier transformation of the correlation function
g(7), which results in the spectral density function J(w).
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FIG. 6 Protein dynamics probed by NMR. Protein dynamics ranging from picoseconds to slower than seconds timescales can be probed at an atomic
resolution using various NMR experiments.
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In practice, three relaxation parameters are measured by experiment: the rate of decay of '’N bulk magnetization along
the transverse (x-y) plane (R»), the rate of its growth along the longitudinal z-axis (R;), and >N polarization ({'H}-"’N
NOE) at the steady-state with the saturation of protons. These three parameters are measured for each backbone amide and
are related to the spectral density functions evaluated at the frequencies 0, oy, oy, g — 0N and oy + oy, Wwhere oy and oy
are the Larmor frequencies of '°N and 'H nuclei, respectively. Since oy is tenfold larger than wy, the spectral density func-
tions at the higher frequencies, i.e., J(og — y), J(0y) and J(oy + wy) can be combined to a single function of J(O.87mH).' 10
The three spectral density functions J(0), J(wy), and J(0.87wy) can be evaluated from the experimentally measured Ry, R,,
and {'H}-"’N NOE.
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These three frequencies depend on the magnetic field strength of the spectrometer. For a spectrometer with 600 MHz
proton Larmor frequency, mn=3.8 X 10® rad/s and 0.87wy=3.3X 10° rad/s. Thus, J(0) and J(0.87wy) represent the relative
contributions of the slower and faster motions in a molecule, respectively. For the transcription factor sex combs reduced
(SCR), which has a folded domain and an intrinsically disordered region, the slower motions are dominant in the folded
domain, whereas the faster motions are present more in the disordered region (Fig. 7A).

4.2 Identifying rigid segments in IDRPs

IDRPs have small linear motifs, which facilitate their interactions with partner molecules. The eukaryotic linear motif
resource lists ~3615 short linear motifs (SLiMs), and it is estimated that the eukaryotic proteome may contain ~10° such
motifs.'"" Identification of such motifs in IDRPs by bioinformatics methods fails due to the high rate of mutation and very
low sequence conservation in IDRPs. Moreover, a lack of knowledge of the binding partner and weak interactions between
IDRPs and partner molecules make it difficult to experimentally identify these linear motifs. For the transcription factors
SCR and deformed (DFD), it has been shown that these functional motifs are also dynamically rigid and can be identified
from the backbone "°N relaxation data.'”

Residue-wise flexibility was determined from R, R,, and heteronuclear S N-NOE for two Drosophila HOX transcrip-
tion factors SCR and DFD. Reduced spectral density analysis revealed varying degrees of flexibility in the disordered
region of these proteins (Fig. 7A). Rigid and flexible segments in the disordered region were identified from the relative
contribution of the lower frequency (J(0) and J(wy)) and higher frequency (J(0.87wy)) components. For rigid segments,
the spectral density function was dominated by the lower frequency components, and for flexible segments, the higher fre-
quency component also made a significant contribution. Based on this observation, the product J(0)*J(wn)/J(0.87wy) was
suggested as a sensitive parameter to identify rigid and flexible segments within a disordered sequence.
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FIG. 7 Spectral density mapping. (A) Reduced spectral density values for SCR. Cylinders represent helices in the folded domain, and the N-terminus
residues are disordered. (B) Correlation between spectral density values and their corresponding NMR relaxation parameters for all the residues for SCR.
(Adapted with permission from Maiti et al. (2019) J Mol Biol 2019;431:1353-1369.)

It turns out that the spectral density functions J(0), J(wy), and J(0.87wy) are dominated by R,, Ry, and (1-NOE) values,
respectively (Fig. 7B). Hence, the product J(0)*J(wn)/J(0.87wy) was replaced by the equivalent product R;R,/(1-NOE)
to obtain residue-wise rigidity. Consecutive residues with RiR,/(1-NOE) values significantly more than the average of
the disordered region were identified as a rigid segment (Fig. 8). This analysis identified a short stretch of residues in the
disordered region of both SCR and DFD, which was also shown to interact specifically with a partner transcription factor
extradenticle.'” Thus, a simple method, based on well-established NMR relaxation experiments, was presented to identify
functionally important rigid segments in intrinsically disordered regions of proteins.

4.3 Determination of global flexibility of disordered sequences

The model-free formalism,''” which is extensively used to interpret the backbone dynamics of folded proteins, cannot be

used for disordered sequences as the global tumbling motion of the protein and residue-wise internal motions do not have
significantly different timescales and, hence, cannot be separated. Instead, a segmental motion model'"® can be used. For
disordered sequences, the torsion angles (¢ and ) sampled by an amino acid are influenced by its neighbors.''* Thus, a
polypeptide chain is not as flexible as a freely jointed chain, and its flexibility depends on the amino acid composition. One
way to measure the overall flexibility of a disordered sequence is to determine its persistence length; the longer the persis-
tence length, the stiffer is the polypeptide chain. Schwalbe et al. have shown that the transverse relaxation rate (R,) can be
fitted to the following equation to determine the persistence length of a polypeptide chain.'"

N ‘i’j‘

R(i)=R,De™
J=i

where R;, is the intrinsic relaxation rate, A is the persistence length in a number of residues, and N is the total number of
residues in the polypeptide chain. Ri, depends on the temperature and viscosity of the solution.

4.4 Slow dynamics (ps-ms) in IDRPs

IDRPs also contain molecular recognition features (MoRFs), which are 10 to 70 residues long and undergo folding upon
binding to partner molecules. Structural changes in these disordered sequences upon binding can be tracked by NMR titration
experiments. In a typical experiment, the IDRP is '>N-labeled, and the unlabelled partner molecule (protein, DNA or RNA)
is titrated in. At each titration point, >N HSQC or HMQC spectra are collected. Interacting residues can be identified by the
change in their chemical shifts. Representative examples include folding of disordered p21 residues upon binding CDK' ",
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FIG. 8 Identification of rigid segments. The rigid and flexible segments in the IDRs are readily identified from the residue-wise rigidity plot of J(0)*J(
on)/J(0.87wy) for the disordered region of (A) SCR and (C) DFD. The same segments can also be identified directly from the plot of R;*R,/(1-NOE) for
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et al. (2019) J Mol Biol 2019;431:1353-1369.)

formation of stable helices upon DNA binding by LEF-1,""® folding upon binding of the disordered pKID to the KIX do-
main of CREB binding protein,''” binding of the disordered region of p53 to TAZ2 domain of CBP'"®, binding of disordered
C-terminal region of Artemis to the DNA binding domain of Ligase-IV'", and folding of 4E-BP2 upon eIF4E-binding.'*’

Binding and folding of IDRPs occur at the slower ps-ms timescale and can be studied by relaxation dispersion,'”’
CEST'?, and lineshape analysis experiments.'>’ Often IDRPs form weak complexes so that the NMR peaks corresponding
to the bound state are broadened due to chemical exchange and become undetectable. NMR peaks corresponding to the
bound state can also become undetectable if the IDRP binds to a large protein. In such cases, the invisible bound state of
the IDRP can be characterized by relaxation dispersion and CEST experiments.''”''*'**!%3 A >N and "*C labeled IDRP is
titrated with the sub-stoichiometric amount of unlabelled partner and relaxation dispersion and CEST experiments can be
used to determine the amide °N s 13C’, 13Ca and 13C[; chemical shifts of the bound state, which can further be used to predict
the secondary structure of the bound state of IDRP.

IDRP binding to partner molecules may also occur via multiple steps. Using a three-state model, the disordered pKID
was shown to bind the KIX domain via an intermediate.''” Recently, a general approach for the analysis of multiple site
exchange of relaxation dispersion data has been proposed.'® The titration data can also be analyzed by lineshape analysis,
which can accommodate more complex binding schemes.'?’ It provides both thermodynamic parameters, i.e., equilibrium
(Kkq) and dissociation constants (Kp), and kinetic parameters, i.e., binding (ko) and dissociation (kopr) rates for each step
of the binding scheme. Lineshape analysis was used to analyze the six-state binding and catalysis model of the disordered
cytoplasmic tail of the amyloid precursor protein (APP) and the enzyme Pin1.'**'%

5 In-cell NMR experiments

The recent development of in-cell NMR techniques allowed the study of proteins under physiological conditions com-
pared to in-vitro methods. The intracellular environment can influence proteins’ structural conformations, dynamics, and
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function. Folded proteins suffer from slower tumbling motions due to the crowding effect in a cell, which results in peak
broadening and poor detection of NMR signals. IDRPs have faster motions resulting in relatively sharper peaks and hence
are better suited for study by in-cell NMR. In-cell NMR helps to study the effects of increased viscosity, molecular crowd-
ing, and other intracellular environments on IDRPs and hence, aid in characterizing the IDRPs structure,m dynamics,13 :
and interactions.'*” To observe the in-cell NMR spectra, the protein of interest is labeled with BC and PN isotopes and
over-expressed in bacterial cells. The bacterial cells are packed in NMR tubes for experiments. Overexpression of the target
protein is sufficient to suppress signals from other bacterial proteins.'*

For NMR studies in a eukaryotic cell, the ¢ and N labeled proteins are overexpressed and purified from bacteria and
delivered into the eukaryotic cell. The labeled proteins are incorporated into cells by microinjection, **'** cell-penetrating
peptide-mediated endocytic transportation,*’ diffusion through pore-forming toxins,*® or electroporation.””’ HSQC,
HMQC, and CON are used as fingerprint spectra. These are assigned using '°N and 13C labeled in-vitro samples, and the
assignments are transferred to the in-vivo spectra. However, different chemical environment in cells can cause peak shifts,
and these should be assigned using in-cell triple resonance experiments.””’ Due to the limited lifetime of cells, rapid mea-
surement of multi-dimensional experiments is achieved using non-uniform sampling and BEST experiments.

The disordered microtubule-associated protein Tau is involved in the regulation and stabilization of microtubules and
actin networks, and its aggregation is implicated in several neurodegenerative diseases.'**In-cell NMR studies of Tau in
Xenopus laevis oocytes'”” and HEK293 cells'*” showed that the protein remains disordered in a cell. Chemical shift changes
and line broadening helped to identify phosphorylation and protein interaction sites on Tau in the cellular environment.
Human a-synuclein (aSyn) forms amyloid aggregations in the brains of patients with Parkinson’s disease'*' and is shown
to be intrinsically disordered by in-vitro studies. Using in-cell NMR experiments of aSyn in non-neuronal A2780 and HeLa
cells, and neuronal B65, SK-N-SH, and RCSN-3 cells, this protein was found to be indeed disordered."! Interestingly,
these studies also revealed that in-cell aSyn adopts a more compact conformation than in-vitro conditions and exists in a
predominantly monomeric state.

6 Conclusions and future perspectives

In this chapter, we have discussed important developments in NMR methods to study the structure and dynamics of IDRPs.
Although impressive progress has been made in this field in the past 15 years, there is scope for further improvements. One
particular improvement that will help tremendously is the development of force fields that can simulate realistic structures
for both folded and disordered sequences. Currently, available force fields work better for one or the other and fail for
IDRPs containing long disordered regions appended to folded domains. NMR is a technique that provides an ensemble
average of the measured structural and dynamic properties. Since folded proteins have a unique structure with limited flex-
ible regions, these properties can be interpreted with a small ensemble of 10 to 20 structures. For IDRPs, it is not clear how
many ensemble structures are needed for such an interpretation. However, it is understood that the number of structures in
the ensemble should increase with the number of residues and flexibility of the disordered region and should be in the range
of several thousand structures. In addition, further improvement in spectral resolution, sensitivity, and fast data acquisition
will help studies of IDRPs by NMR spectroscopy.
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