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Above all, don’t fear difficult moments.
The best comes from them.

— Rita Levi-Montalcini
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ABSTRACT

Intrinsically disordered proteins (IDPs) represent a class of biologi-
cally relevant proteins lacking a defined tertiary structure. Instead,
they exist as ensembles of rapidly inter-converting heterogeneous
conformations. Currently, nuclear magnetic resonance (NMR) spec-
troscopy stands as the most powerful tool for studying IDPs in so-
lution, offering unique opportunities for atomic-level structural and
dynamic investigations. NMR spin relaxation experiments, in partic-
ular, serve as primary sources of protein dynamics.

In folded proteins, relaxation is primarily driven by the rotational
diffusion of the entire molecule. Within this context, one 15N-1H spin
pair per residue is typically considered sufficient to capture and elu-
cidate protein motions. In this fixed molecular tumbling frame, local
variations are often interpreted as minor perturbations of an other-
wise rigid molecule, seemingly separating structure and dynamics.

However, in more intricate and flexible systems such as IDPs, this
relationship becomes intertwined. For IDPs, where local motions pre-
dominantly dictate their dynamic behavior, the commonly used 15N
spin relaxation auto-correlated rates may not be able to fully capture
the system’s dynamics, necessitating the consideration of additional
spin pairs for a comprehensive understanding of structural disorder.
This thesis investigates a complementary spin pair to the well-studied
15N-1H, employing cross-correlated spin relaxation (CCR). The two
contributions presented propose a new way to determine local corre-
lation times and probe segmental anisotropic diffusion in disordered
proteins, not only conceptually but also through the development of
a novel pulse sequence. By investigating the efficacy of CCR-based
methods in characterizing local fast dynamics, this work offers an ag-
nostic method to disentangle geometric from dynamic contributions
in the convoluted IDPs relaxation rates.
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ZUSAMMENFASSUNG

Intrinsisch ungeordnete Proteine (IDPs) stellen eine Klasse biologisch
relevanter Proteine dar, denen eine definierte Tertidrstruktur fehlt.
Stattdessen existieren sie als Ensembles von sich schnell verdndern-
den heterogenen Konformationen. Derzeit ist die Kernspinresonanz-
spektroskopie (NMR) das leistungsfdhigste Instrument zur Untersu-
chung von IDPs in Losung und bietet einzigartige Moglichkeiten fiir
strukturelle und dynamische Untersuchungen auf atomarer Ebene.
Insbesondere NMR-Spinrelaxationsexperimente dienen als primaére
Quellen fiir die Proteindynamik.

In gefalteten Proteinen wird die Relaxation hauptsichlich durch
die Rotationsdiffusion des gesamten Molekiils angetrieben. In die-
sem Zusammenhang wird in der Regel ein 15N-1H-Spinpaar pro Rest
als ausreichend angesehen, um Proteinbewegungen zu erfassen und
aufzuklédren. In diesem festen molekularen Taumelrahmen werden lo-
kale Variationen oft als geringfiigige Storungen eines ansonsten star-
ren Molekiils interpretiert, wodurch Struktur und Dynamik scheinbar
voneinander getrennt werden.

In komplizierteren und flexibleren Systemen wie IDPs ist diese Be-
ziehung jedoch verwoben. Bei IDPs, deren dynamisches Verhalten in
erster Linie von lokalen Bewegungen bestimmt wird, konnen die iib-
licherweise verwendeten autokorrelierten 15N-Spinrelaxationsraten
die Dynamik des Systems nicht vollstindig erfassen, was die Bertick-
sichtigung zusitzlicher Spinpaare fiir ein umfassendes Verstandnis
der strukturellen Unordnung erforderlich macht. In dieser Arbeit wird
ein komplementdres Spinpaar zu dem gut untersuchten 15N-1H un-
tersucht, das die kreuzkorrelierte Spinrelaxation (CCR) verwendet. In
den beiden vorgestellten Beitrdgen wird ein neuer Weg zur Bestim-
mung lokaler Korrelationszeiten und zur Untersuchung segmentaler
anisotroper Diffusion in ungeordneten Proteinen vorgeschlagen, und
zwar nicht nur konzeptionell, sondern auch durch die Entwicklung
einer neuartigen Pulssequenz. Durch die Untersuchung der Wirksam-
keit von CCR-basierten Methoden bei der Charakterisierung lokaler
schneller Dynamik bietet diese Arbeit eine agnostische Methode, um
geometrische von dynamischen Beitrdgen in den gefalteten IDPs Re-
laxationsraten zu entflechten.
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INTRODUCTION

Traditionally, protein function was believed to hinge on a clearly de-
fined 3D structure[1]. Yet, as early as the 1970s, it was found that
certain peptide hormones, in their functional states, were either par-
tially or entirely unstructured[2]. The 1990s witnessed a breakthrough
with the application of enhanced biochemical methods, revealing a
plethora of fully functional proteins, intrinsically disordered under
physiological conditions[3]-[5]. Nowadays, it is acknowledged that
more than 30% of diverse proteosomes comprise intrinsically disor-
dered proteins (IDPs), lacking a well-defined tertiary structure in
their native states[4], [6]-[8]. A folded protein adopts a specific 3D
structure defined as a unique set of backbone and side-chain atom po-
sitions along with dihedral angles[9], [10]. This structure represents
an average, around which small-amplitude fluctuations in positions
and angles occur[11]. Its uniqueness comes from the protein energy
landscape’s topology, that shows a well-defined kinetically-accessible
energy minimum/[12](Figure 1(a)). In contrast, IDPs exist as highly dy-
namic conformational ensembles, where atom positions and dihedral
angles notably change over time. Their energy landscape is rather flat
and rugged, allowing for a broader range of conformations due to
numerous temperature-accessible states separated by small-energetic
barriers[13]-[15](Figure 1(b)). hese various states may exhibit both lo-

1 (a) Folded Protein (b) Intrinsically Disordered Protein
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Figure 1: Schematic representation of energy landscapes (folding funnels)
for (a) A folded protein and (b) An intrinsically disordered protein
(IDP).

cal and global features. Local features influence the interactions with
partner proteins and binding to various targets, while global features
play a role in regulating accessibility /exposure of motifs and facil-
itate long-range interactions within the protein[16]-[19]. This depar-
ture from the traditional "structure-function paradigm" challenges the
notion that a specific structure is a prerequisite for protein function-



INTRODUCTION

ality, emphasizing the functional relevance of disorder in biological
processes and human diseases (including cancer, amyloidosis, neu-
rodegenerative diseases, cardiovascular disease, and diabetes)[20].

Due to the lack of well-defined structure in IDPs, high-resolution
structures by X-ray crystallography are impossible to obtain. For-
tunately, not all biophysical methods are as limited in characteriz-
ing IDPs as X-ray crystallography. Indeed residual dipolar couplings
(RDCs), electron paramagnetic resonance (EPR) spectroscopy, steady-
state fluorescence spectroscopy, circular dichroism (CD), differential
scanning calorimetry (DSC), surface plasmon resonance (SPR), elec-
trospray mass spectrometry, Fourier transform infrared (FTIR), Ra-
man spectroscopy, and Raman optical activity can provide useful in-
formation on IDPs [4] Among the various biochemical methodolo-
gies available, Nuclear Magnetic Resonance (NMR) spectroscopy has
been the leading technique that guided to the discovery of a plethora
of different IDPs. NMR emerges as the unique technique providing
comprehensive structural details of IDPs, thereby facilitating the elu-
cidation of their conformational ensembles[21], [22].

1.1 NMR SPIN RELAXATION IN DISORDERED PROTEINS

Despite the recent emergence of cutting-edge technologies and ad-
vancements in the computational field (e.g. cryo-electron microscopy
and AlphaFold), solution state NMR continues to be the preferred
method for investigating IDPs and protein dynamics in general[23].
Indeed, NMR has a unique capability to access a wide range of dy-
namic timescales[24], [25] (Figure 2). The sheer power to access this
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g . .
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Figure 2: Timescales accessible to solution NMR.The upper part illustrates
protein dynamics, while the lower one depicts the NMR tech-
niques to probe these. Figure adapted from [26].

information comes from the fact that NMR spectroscopy can probe
different and selective spin pairs in a molecule. In very general terms,



1.1 NMR SPIN RELAXATION IN DISORDERED PROTEINS

an NMR experiment involves a combination of radio frequency (rf)
pulses and periods of free precession[27]. The application of an rf
pulse perturbs the thermal equilibrium state that the spin ensemble
reaches after being placed in an external magnetic field. By poking the
ground state, the Boltzmann distribution population is altered and an
excited state is created[28]. Over time, the magnetization irreversibly
evolves toward the initial thermal equilibrium, i.e. nuclear spin re-
laxation[29]. Spin relaxation can either restore magnetization to the
ground state (T1 relaxation) or cause dephasing of transverse coher-
ences (T2 relaxation)[29], [30], and is induced by fluctuating fields
arising from random overall diffusion of the molecule or internal mo-
tions within the molecule.

NMR spin relaxation studies historically centered on folded pro-
teins. The majority of applications of spin relaxation methods in folded
proteins probe amide >N spin [24]. Most commonly, 1°N auto-relax-
ation (R1, R1p, R2) or >'N-'H heteronuclear NOE cross-relaxation are
used [31]-[36]. The power-fullness of the °>N-'H vector as a probe for
dynamics is strictly connected to the nature of folded systems. The
adoption of a rigid 3D structure allows us to approximate these pro-
teins as rigid rotors, whose dynamics are mainly dominated by the
overall molecular tumbling in solution [37], [38]. Therefore, the 15N
relaxation rates of folded proteins have been usually modeled by con-
sidering their diffusion in solution as rigid spheres (later, asymmetric
top and anti-symmetric top were also considered) [35], [37], [39], [40].
This rationalization was also based on the assumption of statistical in-
dependence between slow global motions and fast local motions [37],
[41]. When folded proteins are treated as isotropic spheres, a single
spin vector is able to successfully capture the shared tumbling frame
within the protein’s 3D structure. The correlated motions of individ-
ual N-'H spin vectors offer a comprehensive overview of collective
dynamics, reflecting the overall tumbling due to Brownian motion
[371, [38], [42].

When considering more flexible and highly dynamic systems such
as IDPs it becomes apparent that the approximation of an isotropic
sphere does not hold anymore [43]-[47]. The lack of well-defined
tertiary structures in IDPs results in distinct spin relaxation modes,
reflecting the more isolated and specific motions of the individual
peptide planes [43], [48]. Given the inherently local nature of spin re-
laxation in IDPs, a single °N nucleus per residue might not suffice
anymore to capture the underlying motions. Traditional NMR spin
relaxation experiments, in this context, may not provide a compre-
hensive understanding of IDPs dynamics. Recent MD studies, have
provided insights into the contributions of different motional modes
to relaxation in IDPs [43], [44], [49]-[51]. These studies apply existing
models for folded proteins to disordered systems, and still have the
limitation of being case-dependent and cannot be generalized, outlin-
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ing the inevitable difficulties that come with extending concepts of
folded proteins to IDPs. The interpretation of relaxation studies in
IDPs is further complicated by experimental limitations. In particular,
extensive conformational exchange leads to inherently averaged data,
while significant water exchange introduce an extra relaxation outlet
for exchangeable protons (e.g. HY). To address these limitations, al-
ternative experimental and analytical approaches become essential.

The focus of this doctoral thesis is on tackling these challenges by
employing the cross-correlated spin relaxation (CCR) methodology.
The next chapter aims to provide a brief introduction to some of the
key concepts involved.



SPIN RELAXATION THEORY

In this Chapter is given a brief exposition of spin relaxation theory.
It's important to note that it isn’t exhaustive or comprehensive; rather,
the author’s aim is to offer a coherent and insightful analysis of spin
relaxation fundamental quantity: the time correlation function (TCF).

Various mathematical strategies can be employed to address spin
relaxation. However, one of the most straightforward approach are
perturbation theories. In the latter, relaxation is treated as a minor
perturbation, or noise, in the spin Hamiltonian. Historically, as start-
ing point in the theory’s derivation, is considered a small subsystem
of a spin system ensemble, while accounting for the influence of the
remaining part ("bath" or "lattice") in some effective manner[52]. Re-
laxation arises from the interaction between the system and the bath.
In essence, the dynamics of the bath acts as a "local pulse" that in-
duces relaxation if it matches the system’s transition frequency[53].

Among perturbation theories, the Bloch-Wangsness-Redfield relax-
ation theory (aka Redfield relaxation theory)[54]-[57] is the one gen-
erally used in NMR spin relaxation as it ultimately provides useful
practical applications. Redfield relaxation theory, often referred to as
semi-classical relaxation theory, treats the dynamics of the bath as
classical, while the spin system is treated quantum mechanically. It is
important to note that the theory is formally correct only for an in-
finite Boltzmann spin temperature. To fix this problem thermal equi-
librium is generally introduced ad hoc[58], nevertheless only a fully
quantum mechanical treatment of the bath resolves this limitation
and enables accurate prediction of the system’s equilibrium behav-
ior[59], [60].

While more intricate mathematical methods are available (for de-
tailed references, see[52]), in this discussion we will concentrate only
on Redfield relaxation theory.

2.1 REDFIELD RELAXATION THEORY

In Redfield relaxation theory, the time evolution of a spin system is
described by the Liouville von Neumann (LvN) equation[52]:

P — i +H (10, @

Hp = [A,p) = Ap — pA

in which p is the spin density operator, Hy is the stationary Hamil-
tonian and 4 () is the stochastic Hamiltonian that couples the spins
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to the bath. Eq. (1) can be expressed in the interaction picture (i.e. the
rotating frame), to obtain an equation that depends only on the effect
of the stochastic perturbation term[52]:

Cdr [/Olmf(f)%f(h»dn (p"(1)) 2

where the superscript R indicates the rotating frame, the angular
brackets denote the ensemble average over all stochastic Hamiltoni-
ans, as we deal with a large amount of molecules[61].

The nuclear spin Hamiltonians are Hermitian operators that have
the fundamental property to be invariant under the action of the ro-
tational group. Therefore, we can expand the stochastic Hamiltonian
HR(¢) in a useful basis of irreducible tensor operators of rank-2[61],
[62]:

2
M =YY ¥ (—1)" (1) Y2, (Pu(t)) T (u) 3)

u p m=-2

where the summation over u refers to all the possible interactions,
such as dipole-dipole (DD) and chemical shielding anisotropy (CSA)
interactions, ¢(r) is a function of the spatial variables depending on
the type of u interaction considered (e.g. the DD internuclear dis-
tances r;S3 or chemical shift tensor ¢ vector components), YEm are the
modified spherical harmonics of order-2, ®,(r) = {6,(r), ¢,(¢)} are
the polar angles in the laboratory frame, which describe the orienta-
tion of the unit spin vector u that points in the principal direction of
the interaction[53]. For a DD interaction the unit vector u points along
the line between the two nuclei, for a CSA with axially symmetric
chemical shift tenors, the unit vector u is collinear with the principal
axis of the CSA tensor [53]. 7;,%,2,)(u) = [T,,(,f,)(u),] where T,\% (u) are
irreducible spherical tensor basis operators of rank-2, constituting of
2 x 2 + 1 operators [63], [64], which also depends on the interactions
involved in the relaxation process (for DD and CSA interactions they
can be found in [61], p.38). The basis operators T,,(,f,) (u), can be freely
chosen to be eigenoperators of the static Hamiltonian #:

HoToy (u) = 0 Ty (u) 4)

where the index p is included to distinguish spin operator with same
order m but different eigenfrequencies[53].
Inserting Eq. (3) in Eq. (2) yields:

d{p®(1))(1) i@ +o ) (2 2
T TR LIV T )

X /OOO <C”(t)cv(t + T)Yzm/<q>u<t)>ynt2(q)v<t + T)>€7iw;;l’rd’7,'



2.1 REDFIELD RELAXATION THEORY

where the relationship (—1)"Y2,, = Y,)? has been used. The random
processes Y2, (®,(t)) are assumed to be statistically independent un-
less m" = —m, consequently the ensemble average vanishes when
m' # —m [53], [61]. Moreover, in the secular approximation only
terms with @7 ~ —w;’f’ are retained. Considering these assumptions
and transforming back in the laboratory frame yields the master equa-
tion:

= —iHo(p(1)) + R{P(1) ©)

where R is the Redfield relaxation superoperator:

R=-YY ¥ (0" (T2 ) )

Uy p,p' m=-2

X /o C" (t)e " dt
in which the p’ are chosen to satisfy the secular condition[61]. Note
that the upper limit of integration is infinity because it has been
assumed that the time ¢ is long enough for the TCF to decay com-
pletely to zero by t = ¢[62]. When the transitions are degenerate
there are additional pathways for relaxation coming from the fact
that w; — w; = 0[61]
The CI"(7) is the time correlation function (TCF):

Cun(7) = {cult)eu(t + T) Y (@u(0)) Y2 (Pu (1 + 7)) (8)

We can observe that the TCF depends only on the separation of times
T = |t — (t + 7)|, because the random functions Y2, (®(¢)) are as-
sumed stationary. The TCF’s Fourier Transform (FT), namely the spec-
tral density function (SDF), reads:

sp) = [ cn(me i, ©

The SDF is a complex valued function, where the imaginary part (gen-
erally very small) causes the dynamic frequency shift[65].

To summarize, the derivation of Redfield relaxation theory pro-
vides an equation for the evolution of the density operator under
the effect of random fluctuations of the bath, in which the separation
between the stochastic part (spectral densities) and the spin part (dou-
ble commutator) provides a rather straightforward way to calculate
relaxation rate constants. Indeed, when the density operator in Eq. (6)
is expanded in term of the basis operators[53], [61], [66], we obtain
the matrix form of the master equation in which the matrix represen-
tation of R (see Eq. (7)) has as elements the actual relaxation rates: a
linear combination of the SDF at selected few frequencies[53].
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2.2 A TYPE OF TIME CORRELATION FUNCTION

This section analyses the information encoded within the time corre-
lation function (TCF) for a macromolecule diffusing in an isotropic
solution. As Y2, (¢) are stationary random function, the TCF depen-
dence on ¢ can be replaced by an evaluation at 0 without loss of gen-
erality[61]:

Cin(7) = (cu(0)es (7)Y (@(0)) Y, (D1 (7). (10)

When dealing with an isotropic solution, it can be shown that the
correlation function does not depend on the index m[37], [66], [67].
In this case, from the addition theorem of the spherical harmonics
(Eq. (11)) we have[64], [68]:

2
Po(u(0) - v(7)) = ), Y (Pu(0))Y,7(Pu(1)) (11)

m
m=-2

@02 (x) Y 1

m'==2

= 5[Y;(®u(0))7,%(®@y(1))].

Again, u and v describe the orientation in the laboratory frame of the
unit spin-vectors (either DD or CSA) involved in the relaxation pro-
cess, at time 0 and 7. Substituting this relation in Eq. (12) yields[53],

[61], [63], [68]:

—_

Cun(7) = (cu(0)er(7)P2(u(0) - v(1))) (12)

where P,(x) = 1(3x> — 1) is the second order Legendre polynomial.

Next, for the interactions here considered one can assume that the
time-dependent distance fluctuations, represented by ¢,(0)c,(7), fac-
torize. Consequently, they can be assimilated with the factor £ into
constant coefficients, for later convenience.

It becomes apparent that the TCF describes the process of temporal
decorrelation within a spin ensemble. By depending on the orienta-
tion of the spin vectors involved in the relaxation process, it encodes
a protein’s "structural memory", i.e., the temporal persistence of con-
certed motions and structural arrangements.

The real component of its FT yields the real term of the spectral
density function (see section 2.1), which reads:

Ju(@) = /O " Cur(7) cos(@T)dz (13)

_ /O " (P (u(0) - v(7))) cos(@t)de



2.3 SUMMARY OF THE THESIS

2.2.1  Factorization of Structure and Dynamics: The J(o) term

Numerous studies have concentrated on isolating the SDF at zero fre-
quency, denoted as J(0), primarily because it is the component most
sensitive to the timescales with r > 1 ns (tumbling). Additionally, iso-
lating J(0) enables a reasonably accurate separation of the structural
components from the correlation time. This section will briefly eluci-
date this concept starting form the TCF (Eq. (12)).

When evaluating the TCF at time zero (t = 0) we have: C,,(0) =
(P,(u(0) - v(0))). We can distinguish two cases: (i) when u = v (auto-
correlated relaxation) we have C,,(0) = 1. The correlation function
starts at 1 and then decays to zero. At t = 0, the u vectors align with
themselves. As time progresses and the protein molecules move in
solution, the distribution of projection angles between u(0) and u(r)
randomizes throughout the ensemble, and C,, decays toward zero.

(ii) When u # v (cross-correlated relaxation) the TCF does not start
at one anymore, but C,,(0) = (P»(u(0) - v(0))). Next, if a fixed and
relatively small angle between u and v (6,,) is assumed, (P (u(0) -
v(0))) = Py(cos 6,,). In these cases, it is convenient to normalize the
TCF to its initial amplitude:

Cuv (t) CMV (t)
u = Lu =P w) ~ AN
C V(t) C V(O) Cor (0) Z(COS 0 )Cuv(O) (14)
to obtain for its SDF counterpart a very useful factorization[69]:
© Cyylt
Juy(0) = Py(cos 6,,) / (1) dt = P>(cos 8,y Tuy (15)
0 Cuv (0)

where the correlation time 7,, is defined in very general terms as
the integral of the normalized TCE. For a multi-exponential decay,
it corresponds to the average correlation time; for a rigid spherical
top, T equates to the rotational tumbling time. This notation formally
separates the static ensemble average C,,,(0) = P(cos 6,,) and its as-
sociated correlation time 7,,. It provides a unique agnostic method
that does not make any prior assumptions about the nature of the
motions, enabling the disentanglement of information encoded in re-
laxation rates for complex systems such as IDPs.

2.3 SUMMARY OF THE THESIS

This thesis delves into cross-correlated spin relaxation (CCR) within
the realm of structural disorder. As discussed by Ferrage et al. "The
broad conformational space of IDPs makes the wide variety of cross-
correlated relaxation methods developed for folded proteins difficult
to interpret in disordered proteins, as the effects of average relative
orientations (structure) and correlation times (dynamics) are difficult
to deconvolute" ([70], p. 72). The two papers presented here offer a

11
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fresh perspective on this challenge, relying on the factorization of
the SDF presented above (see 2.2.1). The first paper proposes a com-
plementary spin pair to the °N-'H to probe segmental anisotropic
diffusion in IDPs, laying the groundwork. The second paper expands
upon this idea, and proposes a new pulse sequence for the determi-
nation of two different but complementary correlation times in the
peptide plane. Together, these contributions investigate the power of
CCR-based method to untangle structure and dynamics in IDPs.
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SHOWCASE OF PUBLISHED WORK

The central part of this cumulative thesis consists of two
scientific articles, which have been published in peer-
reviewed scientific journals. Aside from the continuous
page numbering, the original layout design should be
considered intellectual property of the respective journals.
Supporting figures and tables are also included in the
original format. Their respective digital object identifiers
(DOIs) are provided together with a short statement of
personal contribution at the beginning of each chapter.
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Abstract. Among the numerous contributions of Geoffrey Bodenhausen to NMR spectroscopy, his develop-
ments in the field of spin-relaxation methodology and theory will definitely have a long lasting impact. Starting
with his seminal contributions to the excitation of multiple-quantum coherences, he and his group thoroughly
investigated the intricate relaxation properties of these “forbidden fruits” and developed experimental techniques
to reveal the relevance of previously largely ignored cross-correlated relaxation (CCR) effects, as “the essential
is invisible to the eyes”. Here we consider CCR within the challenging context of intrinsically disordered pro-
teins (IDPs) and emphasize its potential and relevance for the studies of structural dynamics of IDPs in the future
years to come. Conventionally, dynamics of globularly folded proteins are modeled and understood as deviations
from otherwise rigid structures tumbling in solution. However, with increasing protein flexibility, as observed
for IDPs, this apparent dichotomy between structure and dynamics becomes blurred. Although complex dy-
namics and ensemble averaging might impair the extraction of mechanistic details even further, spin relaxation
uniquely encodes a protein’s structural memory. Due to significant methodological developments, such as high-
dimensional non-uniform sampling techniques, spin relaxation in IDPs can now be monitored in unprecedented
resolution. Not embedded within a rigid globular fold, conventional >N spin probes might not suffice to cap-
ture the inherently local nature of IDP dynamics. To better describe and understand possible segmental motions
of IDPs, we propose an experimental approach to detect the signature of anisotropic segmental dynamics by
quantifying cross-correlated spin relaxation of individual N'HV and 3¢’ Bee spin pairs. By adapting Geof-
frey Bodenhausen’s symmetrical reconversion principle to obtain zero frequency spectral density values, we can
define and demonstrate more sensitive means to characterize anisotropic dynamics in IDPs.

1 Introduction tion. As Paul Schanda put it recently: “The popularity of
detailed spin-relaxation measurements in liquids, en vogue
10 or 20 years ago, is declining; [...] with lengthy measure-
ments it is not easy to gain much more insight than ‘loops are
more flexible than secondary structures’, which often does
not answer mechanistic questions.” (Schanda, 2019, p. 3-4).
While intentionally exaggerated, this statement does point to
some of the inherent limitations of relaxation experiments.
Owing to their convoluted nature, spin relaxation reports
on protein dynamics only in ambiguous terms. A variety of

Geoffrey Bodenhausen’s 70th anniversary marks an ideal oc-
casion to take a fresh look at some of his numerous contri-
butions to spin-relaxation methodology and theory. By con-
sidering his experiments within the challenging context of
intrinsically disordered proteins (IDPs), we want to empha-
size their potential and relevance in the future years to come.
Arguably, this rediscovery might require some collective ef-
fort, as current trends appear to point in the opposite direc-
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stochastic processes can lead to time correlation functions
(TCFs) of identical shape and form (Richert and Blumen,
1994, p. 1-7). In addition, the TCF is not probed directly,
only its spectral density; i.e., its Fourier transform is sam-
pled at a few select frequencies. Thus, with far more de-
tailed structural models at hand, protein dynamics are of-
ten understood as mere perturbations of otherwise rigid bod-
ies tumbling in solution (Lipari and Szabo, 1982; Halle and
Wennerstrom, 1981; Clore et al., 1990; Halle, 2009). Relax-
ation experiments commonly employed to calculate protein
structures, such as nuclear Overhauser effects (NOEs) and
paramagnetic relaxation enhancements (PREs), are usually
modeled without accounting for their dynamic nature (Iwa-
hara et al., 2004; Clore and Iwahara, 2009; Xue et al., 2009;
Vogeli, 2014). In a sense, protein dynamics might appear
separate from protein structure, at least within the structure—
function paradigm.

However, with increasing protein flexibility this apparent
dichotomy becomes blurred as structure and dynamics can
no longer be considered independent of each other. While
complex dynamics and ensemble averaging obfuscate mech-
anistic details even further, the structural information con-
tent of relaxation parameters becomes increasingly appar-
ent. In comparison to simple population-averaged quanti-
ties, such as chemical shifts or scalar couplings, spin relax-
ation uniquely encodes a system’s structural memory, i.e.,
the temporal persistence of concerted motions and structural
arrangements. Somewhat counterintuitively, spin-relaxation
experiments are among the prime sources of structural in-
formation available for disordered systems. However, due
to a general lack of analytical descriptions for IDP dynam-
ics (Modig and Poulsen, 2008; Idiyatullin et al., 2001; Bus-
sell and Eliezer, 2001; Kaderavek et al., 2014; Khan et al.,
2015), this notion has been of somewhat academic nature un-
til the recent past. Continuous developments in molecular dy-
namics (MD) simulation protocols (Piana et al., 2015, 2020;
Rauscher et al., 2015; Robustelli et al., 2018; Zerze et al.,
2019; Gopal et al., 2021; Shea et al., 2021) demonstrate how
this gap can finally be bridged, allowing us to validate, refine
and/or analyze dynamic ensemble representations of proteins
in solution (Kampf et al., 2018; Kiimmerer et al., 2020; Salvi
et al., 2016, 2017). With the necessary timescales becoming
increasingly accessible (Stone et al., 2007, 2010; Salomon-
Ferrer et al., 2013; Eastman et al., 2017) and the spectral
resolution provided by high-dimensional non-uniform sam-
pling experiments to overcome the problem of spectral over-
lap (Grudziaz et al., 2018), spin relaxation in IDPs can be
investigated in unprecedented fashion.

This aspect alone suggests a systematic reassessment and
evaluation of less commonly employed experiments. Far
more pressing, in our opinion, is the inherently local nature of
spin relaxation in IDPs. In contrast to folded proteins, spins
in IDPs are not embedded within a fixed molecular tumbling
frame. Thus, a single !N nucleus per residue as a dynamic
probe might not suffice to capture the underlying motions
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in adequate detail. While detecting and quantifying the pres-
ence of anisotropy in IDP dynamics might seem like a rather
academic endeavor, it represents an important stepping stone
towards the structural interpretation of other experiments. As
we recently demonstrated, an appropriate estimate for the av-
erage correlation time is an important prerequisite for the an-
gular evaluation of cross-correlated relaxation (CCR) of re-
mote spins (Kauffmann et al., 2021).

More immediate in its structural implications would be the
presence of diffusion anisotropy, which has been hypothe-
sized to be of substantial size even in highly disordered pro-
teins such as «-synuclein. Specifically, segmental tumbling
of a-helical and extended chain conformations has been im-
plied to lead to pronounced diffusion anisotropy effects for
intraresidual and sequential 'H—_'H NOEs (Yingetal., 2014;
Mantsyzov et al., 2014, 2015). At the same time, the 3D
GAF model (Bremi and Briischweiler, 1997; Lienin et al.,
1998) has been invoked to further rationalize the presence of
anisotropic dynamics on the local scale of the peptide plane.
This model has recently been reframed by Salvi et al. (2017)
to analyze MD-simulated >N relaxation of a partially dis-
ordered protein. In essence, it was demonstrated that NHY
TCFs are well described by the C*C* TCFs of the same pep-
tide plane as long as variations of the flanking dihedral an-
gles and NHY librations are accounted for. Explicit correc-
tions for possible effects of anisotropic segmental tumbling
were not required. However, noticeable deviations could be
observed for the transverse YN relaxation of the slowly mov-
ing residual «-helix. Marcellini et al. (2020) have reported
pronounced diffusion anisotropy within the «-helical region
of an otherwise disordered construct. Flexible residues were
affected noticeably less. It was suggested this might be due
to their average orientation in the molecular tumbling frame
(Marcellini et al., 2020). The SRLS model of Tugarinov et al.
(2001) and Meirovitch et al. (2006) also predicts pronounced
anisotropy for a-helices and B-sheets. However, loops and
terminal chain segments appear isotropic, asserting that pro-
teins with substantial internal mobility are best represented
by an isotropic global diffusion tensor (Zerbetto et al., 2011).

Arguably, this somewhat ambiguous body of evidence il-
lustrates the inevitable difficulties that come with extending
concepts of folded proteins to IDPs. In fact, many of the
above observations might very well be case-dependent. In the
present study, we want to approach this question in a more
agnostic manner. Are there experimental ways to better de-
tect the signature of anisotropic dynamics in IDPs? At what
level of evidence could we evoke the mental image of ex-
tended chains and «-helical segments tumbling in solution?
The principal difficulty in characterizing these structural el-
ements lies in their translational periodicity. In an «-helix,
NHY vectors are strongly aligned along the main axis, while
in an extended chain they are oriented perpendicularly. In or-
der to detect possible orientational biases in their relaxation
behavior, additional spin probes with different orientations
must be considered. While C*H* might be suitable for a-
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helices (Barnes et al., 2019), its orientation is too similar to
NHY in the extended chain conformation. Moreover, since it
does not share a peptide plane with NH" | it varies as a func-
tion of ¢ and v as do the 'H—"H intraresidual and sequential
NOE:s. Spin probes within the same peptide plane and thus
less ambiguous orientations would certainly be preferable.

For IDPs in particular, Kaderavek et al. (2014) have shown
that the NHY spectral density is best mapped by a combina-
tion of transversal and longitudinal CCR rates, employing
Geoffrey Bodenhausen’s symmetrical reconversion principle
(Pelupessy et al., 2003, 2007). Together with Bodenhausen
and coworkers, this concept was later extended to measure
the zero frequency spectral density in a single experiment
(Kadetavek et al., 2015). By translating these concepts to
the C'C¥ spin pair, we want to derive and demonstrate more
sensitive means to detect anisotropic segmental dynamics in
IDPs.

2 Theory

Our aim is to define an experimental measure for anisotropic
segmental dynamics in IDPs. While the measure itself should
be general, the considered source of anisotropy will be rather
specific. To assess the sensitivity of the proposed protocol,
we resort to the simplified image of extended chain and «-
helical segments tumbling in solution as previously asserted
by Mantsyzov et al. (2014). Before considering experimen-
tal aspects, we start by defining the spectral density. Sampled
at zero frequency and/or (combinations of) the involved Lar-
mor frequencies, it constitutes the fundamental quantity of
all spin-relaxation experiments:

e ¢]

Jun(@) = / Cuo(t) cos(r) dr (1)

0

with the time correlation function (TCF),

Cup(t) = (P2(u(0) - v(1))), @

where Py(x)=1.5x2—0.5 is the second-order Legendre
polynomial, # and v represent either dipolar unit vectors
or principal components of chemical shift anisotropy (CSA)
tensors. Note that our simplified definition of the TCF implic-
itly assumes that time-dependent distance fluctuations factor-
ize and can thus be absorbed into constant coefficients. This
requirement will be well satisfied for the spins considered
henceforth.

For most processes, the TCF can be described as a sum or
distribution of exponential decays (Lipari and Szabo, 1982;
Idiyatullin et al., 2001; Modig and Poulsen, 2008; Khan
et al., 2015):

N
Cun(®) =Y are™"/™. 3)
k=0
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Figure 1. The Lorentzian as a function of the correlation time t
and the (Larmor) frequency. The spectral density J(w), which is
modeled as a linear combination of Lorentzian functions, can be
pictured as a weighted average of all correlation times t. Since J(0)
weights all correlation times equally, it represents the component
most sensitive to correlation times > 1 ns. The magnetic field By is
18.8 T (800 MHz proton Larmor frequency).

Evaluating at t = 0 yields a type of normalization condition,

N
Zak = Cu,0(0) = (P2(u(0) - v(0))), “4)
k=0

which equates to 1 for the familiar case of auto-correlation
(u = v). For cross-correlation (u # v), Eq. (4) is bounded
within [-0.5, 1].

The spectral density of Eq. (3) is a sum of Lorentzian func-
tions

N
T
Ju v = E P — 5
(@) kzoak1+(60'fk)2 @)

Note that, depending on how the TCF and the spectral density
are defined, Eq. (5) might come with additional coefficients
such as the familiar factor of % (Lipari and Szabo, 1982).
We prefer the above definitions as they highlight J, (@) as
a weighted average. At zero frequency all 7;’s are weighted
equally; i.e., J(0) encodes the average correlation time. With
increased frequency, the impact of larger t; becomes less
pronounced. This is illustrated in Fig. 1 for a selection of Lar-
mor frequencies assuming a magnetic field strength of 18.8 T
(800 MHz proton Larmor frequency).

Detecting anisotropy amounts to quantifying orientational
biases in a; and 7x. Similarly to Mantsyzov et al. (2014), we
will attribute these biases to relative orientations in idealized
extended chain and «-helical segments. These structural el-
ements are well described by an axially symmetric diffusion
tensor, which yields the following expression for the spectral
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density (Tjandra et al., 1996; Woessner, 1962):

Jup(@) = ZAk(u v)ma (6)
where

ap = Ao(u, v) = Py(0,) P2(0y),

a; = A1(u,v) = 0.75sin(26y,) sin(26, ) cos(¢dy, — ¢y),

ar = As(u, v) = 0.75sin%(0y)sin’ (By) cos2du — 2¢), ()

and 6 and ¢ denote the polar angles in the tumbling frame.
The 7;’s correspond to the inverted eigenvalues of the axially
symmetric diffusion tensor:

T = (6DJ_ +k2 (D” — DJ_)>_1

-1
—DL1<6+k2 (%— 1)) ®

with k =0, 1, 2. With u and v alone, Eq. (6) would not allow
us to distinguish between size effects in 7} (i.e., “segment
length”) and orientational biases in A (u, v) (i.e., “secondary
structure”). To quantify the anisotropy ( ) only, we con-
sider another interaction described by a second set of vectors
(x, y) embedded with different orientations in the same tum-
bling frame and focus our attention on J(0) for three reasons.
First and foremost, J(0) is the component most sensitive to
the 7z > 1 ns (cf. Fig. 1) commonly associated with tumbling
motions (Kampf et al., 2018). Secondly, the zero frequency
does not depend on the type of nuclei involved. Lastly, J(0)
allows us to define a convenient ratio,

Jun(0) DT i oAk, v)(6+ KX (ph — 1)
]x,y(O) IZk ()Ak(x y)(6_+_k2(DH 1))—1
Ak, 06+ — 1)
k=0"k D” ©)

Zk 0Ak(x, )6+ k> (5- — 1)~

such that the explicit size dependency cancels out. In gen-
eral, if (u,v) and (x,y) have fixed relative orientations and
experience the same dynamics, we obtain the isotropic edge
case:

Juw(©0)
Jey(0)

Thus, the ratio (Eq. 9) encodes a simple and intuitive rela-
tion: isotropic motions tend towards the limit (Eq. 10), while
anisotropic motions deviate from it. Importantly, the source
of anisotropy is not essential. The invoked model of a tum-
bling symmetric top, Eq. (6), does not need to apply in any
strict sense; rather, it is used to assess the sensitivity of the
J(0) ratio (Eq. 9) to its associated features. Presuming that
segmental arrangements are sufficiently stable, remnants of

Pr(u - v)
Py(x-y)

(10)
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Eq. (6) might still be detectable even in the case of pro-
nounced local mobility.

In general, assessing the effects of internal motions on
Eq. (6) is not straightforward. Even for folded proteins,
the commonly employed model-free (MF) (Lipari and Sz-
abo, 1982) and extended MF (Clore et al., 1990) approaches
are not strictly applicable in the case of anisotropic diffu-
sion (Daragan and Mayo, 1999; Halle, 2009). For CCR in
particular, the proposed adaptations can become quite intri-
cate (Vogeli, 2010). Geoffrey Bodenhausen and coworkers
have investigated this topic in a series of publications (De-
schamps and Bodenhausen, 2001; Deschamps, 2002; Vug-
meyster et al., 2004; Abergel and Bodenhausen, 2004, 2005;
Nodet et al., 2008). Given the toy nature of the considered
model, we will assess the presence of fast, isotropic motions
as simply as possible by introducing a fourth Lorentzian:

Jup(@) = SZZAk(u )m

3

—_ 2 —_—
(1= S P ) s

Y

with 13 = rmt +4D | +2D), where tjy is the average corre-
lation time of the fast internal motion. The generalized order
parameter S2 € [0, 1] acts as a weight balancing the contribu-
tions of slow anisotropic tumbling and fast isotropic motions.
To account for the angular relation between u and v, a3 nec-
essarily corresponds to P»>(u - v), which follows intuitively
from condition Eq. (4), assuming a fixed angle between u
and v.

Of course, the additional Lorentzian can be rationalized
in terms of established models. As shown in the Appendix,
Eq. (11) corresponds to a simplification of the MF-like ex-
tension proposed by Ghose et al. (1998), Eq. (A1) and gen-
eralized by Vogeli and Yao (2009) and Vogeli (2010). In this
model, the generalized order parameters depend on k as well;
i.e., the weighting between isotropic and anisotropic contri-
butions can indeed vary between different k’s. Using a single
order parameter is exact only if the molecule is fully rigid
(§? =1) or if the dynamics are entirely isotropic (% =1
or §? =0). In the case of pronounced diffusion anisotropy
and intermediate local mobility, Eq. (11) is only an approxi-
mate interpolation between these edge cases. Still, it is worth
noting that the use of a single order parameter is both a com-
mon heuristic to account for the effects of local dynamics
on experimental CCR rates (Vogeli and Yao, 2009) and an
established approximation for sufficiently small angles be-
tween u and v (Tjandra et al., 1996; Kroenke et al., 1998). To
keep the amount of parameters manageable, possible differ-
ences in local dynamics for different k and/or between (u,v)
and (x,y) are not reflected in Eq. (11). Systematic differences
in local peptide plane dynamics (Chang and Tjandra, 2005;
Ferrage et al., 2006; Wang et al., 2006; Salvi et al., 2017)
will necessarily result in deviations from the isotropic case,
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Figure 2. The peptide plane as defined by Corey et al. (1953):
CY—C'=153A, C'-0=124A, C'=N=1324A, N—C"‘ =
1.47A.C*~C'-0 =121°,C¥~C'-N = 114°, 0—C'—N = 125°,
C'—N—-H =123°,C'—N—-C% = 123° and H-N—-C% = 114O N-—
H=1.04A is taken from Ottiger and Bax (1998). The I5N and
B¢ csa principal components are adapted from Bodenhausen
and coworkers (Cisnetti et al., 2004; Loth et al., 2005). I5N:
AN X Oxx — Oyy R Oxx — 07z = 170 ppm, o = 20°. B o =
249.4 ppm, 0z; = 87.9 ppm, o = 37°. oy = 191.1 ppm is obtained
from the average chemical shift of ubiquitin (BMRB 17769)
(Cornilescu et al., 1998), following the suggested calibration (Cis-
netti et al., 2004). The main axis z of the diffusion anisotropy tensor
is assumed to lie in the peptide plane. Its orientation is encoded by

Bcacr-

Eq. (10). While local motions could be modeled in more de-
tail to better match the shape of the TCF using, for exam-
ple, an extended MF approach (Clore et al., 1990), correla-
tion time distributions (Hsu et al., 2018) or dynamic detectors
(Smith et al., 2017, 2019), we only intend to divide J(0), i.e.,
the TCF’s enclosed area, into contributions with and without
orientational biases in an intuitive and simple manner. At-
tributed solely to the Ay, Eq. (7), we now consider the effect
of these biases from an experimental perspective.

3 Methods

We will assume the canonical peptide plane geometry of
Corey et al. (1953) as depicted in Fig. 2, including approx-
imate principal components of the CSA tensors for "N and
13C’ adapted from Geoffrey Bodenhausen and coworkers
(Cisnetti et al., 2004; Loth et al., 2005).

As demonstrated by Kaderavek et al. (2014), the spectral
densities of IDPs are best mapped by combining the transver-
sal (I'yy) and the longitudinal (I';) CCR rates between the
ISN CSA and the NH" dipole. Employing the expressions of

https://doi.org/10.5194/mr-2-557-2021

Bodenhausen and coworkers (Cisnetti et al., 2004), we have

Ty = knyNHAN [4NH0x (0 + 3Nmx (@n)] . (12)
YN = kAN [6/NH,xx (@N)] (13)
2 1 pohynyn
knNa = 257 #Boyn,
5247

where 1 is the vacuum permeability, 7 is the reduced Planck
constant, y is the gyromagnetic ratio, r is the distance be-
tween the nuclei, By is the magnetic field strength and Ax =
(0xx —0yy) = (0xx — 07) is the size difference of the 1SN
CSA principal components (in ppm). Mapping JnH,xx(0)
amounts to the simple subtraction FN/ N _o5 FN/ NH,

To complement these rates, we con51der their counterparts
for the 13C” CSA and the C'C* dipole:

ng//C,CC( = ke jorce[(0x — 022)

(4Jcce xx (0) + Joce xx (@)

+ (0yy —022)

(4Jcrce,yy(0) + 3Jcrce, yy(00)) |, (14)
FS/C,CD( = ko /crce [(Jyy —02)6Jcrce xx(@C)

+ (0yy — 022)6Jcrce, yy(@0)] (15)
kejcrce = - Moh% 0ve

5247 i

with xx, yy and zz referring to the principal components of
the fully anisotropic '*C’ CSA tensor. Again, high frequency
contrlbutlons can be eliminated via the linear combination

c/c c'ce
Iy —0. 5F

While the measurement of transverse CCR is well estab-
lished, longitudinal CCR has been studied considerably less.
In part this is due to subtleties of the involved relaxation
pathways which involve multi-exponential auto- and cross-
correlated relaxation effects. Another reason lies in techni-
cal limitations as longitudinal relaxation rates are generally
smaller due to their Larmor frequency dependence. Notably,
this effect is far less pronounced for the smaller correla-
tion times present in IDPs (cf. Fig. 1). While P"N'HV re
laxation is well understood and several sensitlve NMR tech-
niques have been proposed to measure r}fv/ and FN/ NH
(Tjandra et al., 1996; Kroenke et al., 1998; Pelupessy et al.,
2003, 2007; Kadefdvek et al., 2015), 1*C’ relaxation is gener-
ally more problematic (Dayie and Wagner, 1997; Wang et al.,
2006). Since we could not find any previous attempts to mea-

sure the longitudinal CCR rate FC /ec
see fit to assess its general feasibility.
Aside from the symmetrical reconversion principle of Bo-
denhausen and coworkers (Pelupessy et al., 2003, 2007),
Bc//13¢’B3ce CSA-DD CCR can be measured either by
monitoring the relaxation asymmetry of the '3C’ Bee dou-
blet or by means of a “quantitative gamma” experiment in
which the sum and difference of the '>C’ doublet relax-

in the literature, we
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Nppm = 125.0 Cppm of the pulse sequence and NMR parameters will be given
I = I = = 173.0 elsewhere. Two exemplary 13C’ 3o doublets measured for
61/Q6 ' (@) 61/Q6 : (b) 161/Q62 in human ubiquitin are shown in Fig. 3.
With the general feasibility of the measurements demon-
174.0 strated, we can now define a ratio Q analogous to Sect. 2,
> & > .
(<]
' . c'/cc c/cce
- - 1750 5 _ ry/c —osre/
/N —o.5r/NH
: : 1760 _ 4keyoce [(0n —UZ{)JC/cn:x(JO)Jr(agy —azz)JC/ca,yy(O)]_ (16)
770 7.60 770 7.60 NNHAN N2 (0)
HN ppm

Figure 3. Experimental results from the measurements of trans-
verse (a) and longitudinal (b) 13C’/13¢’!3C® CSA-DD CCR as
described in Sect. 3. Data were obtained using ubiquitin, a small
globular protein of 76 residues. The figure shows the spectral region
for the peptide plane spanning residues 161/Q62. The asymmetry of
the 13C% doublet is visible in the cross-sections taken at the posi-
tions indicated by dashed lines. As expected, CCR effects are more
pronounced in the case of transverse relaxation.

ation are measured independently. In contrast to previous ap-
proaches relying on two separate experiments (“reference”

and “cross”) (Schwalbe et al., 2002), we determine FZC// cee
by quantifying the different longitudinal relaxation in the
13¢/13¢e doublet recorded in a non-constant-time 13C’ evo-
lution following the relaxation period. Transverse relaxation

c/oce . . e
r xy/ is measured by more conventional quantification of

differential line broadening of the '3 '3 doublet recorded
in constant-time mode.

To obtain sufficient spectral resolution, the CCR rates are
measured directly from the intensity difference in a '3C%-
coupled 3D HNCO experiment: (i) in the case of transversal
CCR by quantification of differential line broadening of the
BB doublet during constant-time 3C’ evolution and
(ii) for longitudinal CCR during real-time '*C*-coupled '3C’
evolution preceded b?f a longitudinal relaxation delay 7 dur-
ing which 13C’/13¢’"3C® CSA-DD CCR is active. This ap-
proach yields reliable longitudinal CCR rates as long as the
mixing time 7 is short compared to '3C’ Tj relaxation. Typi-
cal data obtained for the small globular protein ubiquitin are
shown in Fig. 3

To suppress >C’ Bee cross-relaxation, a >C’ is inverted
in the middle of the relaxation delay 7. Additional unwanted
CCR pathways involving the 13C’ CSA and '3C’'H/13C’°N
dipoles are suppressed by 'H decoupling and ’N inver-
sion. As the 2J couplings to remote carbons (1°C’ 3CP and
13C§ 13C;?‘ fl ;) are not resolved, CCR effects can be expected to
average out for short and intermediate mixing times. While
up t0 20 % in size of the '3C’"*C CCR, the £13C’*Cf CCR
components contribute to the same line. The CCR rates are
obtained from the '3C"'3C% doublet as log(%)/ 2T . Details
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To assess the sensitivity of Q (Eq. 16), it is evaluated ac-
cording to Egs. (7), (8), (11), (12)~(15) with 73 ' =7 +

nt
4D, +2D) = ti;tl + re;fl under the following conditions: as
specified in Fig. 2, all CSA tensors have fixed orientation
and size. Following Mantsyzov et al. (2014), the main axis,
z, of the axially symmetric diffusion tensor is assumed to
lie in the peptide plane; hence, Q is a function of the po-
lar angles 6 only; see Eq. (7). Defining the C*C’ orientation
as 0° reference, the main axis is rotated from O to 180° to-

wards the NH" vector assuming anisotropy values % of 1.5

and 2.5, effective tumbling times teff = (4D + ZDH)_1 of 1
and 2.5 ns, internal correlation times tj,; of 100 and 500 ps
and order parameters S between 0 an 1. The magnetic field
strength By is the same for all rates and thus cancels out. The
results are summarized in Fig. 4.

4 Results and discussion

Experimental considerations necessarily result in compro-
mises. The fully anisotropic '3C” CSA not only leads to spec-
tral density contributions of two perpendicular components,
it is also subject to considerable variations (Markwick et al.,
2005; Cisnetti et al., 2004; Loth et al., 2005). One might
be tempted to avoid the uncertainties and complications that
come with the '3C’ CSA by considering dipolar relaxation
only. However, compared to the NHY spin pair, the small
gyromagnetic ratios and long internuclear distances of other
dipoles lead to far smaller and less sensitive rates (Carlo-
magno et al., 2000). In addition, the J(0) components are
generally neither dominant nor easily separated. The '*C’
CSA both provides effective means of relaxation and allows
for a straightforward extraction of J(0) components. With an
approximate ratio (oyx — 0;)/(0yy —077) ~ 1.5 and the ben-
eficial orientation of the C'C* vector, the Jo/ce (@) contri-
bution is generally far more pronounced: for 30° < o < 44°,
the TCF amplitudes would be 0.48 < P,(C'C* - xx) < 0.79
and 0.02 > P,(C'C* - yy) > —0.29 based on the geometry of
Fig. 2.

Figure 4 shows the ratio Q (Eq. 16) for different choices
of Teff, Tint, $2 and % as a function of the diffusion tensor
orientation. The main axis is assumed to lie in the peptide
plane with the orientation denoted relative to C'C¥ in terms
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Figure 4. The ratio Q, Eq. (16), as a function of the diffusion tensor orientation denoted by Scacs, Fig. 2. Dashed lines indicate the
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Order parameters from 0 and 1 are color-coded. Panels (a—f) show Q for different choices of teff, Tjp and %. The magnetic field strength,

By, is the same for all rates.

of the angle Bcce; see Fig. 2. Comparing all panels (a)—
(f) at once, it can be seen that the isotropic (52 = 0) base-
line at around 0.3 is independent of the specific correlation
times Tefr and Tin; see Eq. (10). The same value is obtained
for % = 1, which is easily assessed from the convergence
behavior for different anisotropy values in (c) and (f) and
(a), (b), (d) and (e). How strongly Q reports on the asserted
presence of diffusion anisotropy depends on the S2-mediated
weight difference between the orientation-dependent Ajtx
(7) and the isotropic Tefr. Both higher overall tumbling et
and smaller isotropic motions tjy; yield a more sensitive QO
for increasingly smaller order parameters S2; see panels (a),
(b), (d) and (e). Of course, this interpolation is only approxi-
mate and can become more intricate if the local motions are
considered in more detail. In this simplified case, the partic-
ular choice of T and S2 is to some extent arbitrary as Ay,
Tine and S? merely weight the isotropic and anisotropic con-
tributions to the TCF’s enclosed area J(0). Still, the range
Teff > 1 ns > Tjy; was chosen based on timescales recently re-
ported for MD simulations of IDPs (Kdmpf et al., 2018).
Besides the obvious influence of % itself, O strongly de-
pends on the orientation of the diffusion tensor. The orienta-
tions of the NH" and the C*C¥ vectors are highlighted in all
panels (a)—(f). In an extended chain, C*C® is approximately
parallel to the main axis, while NH" stands perpendicular to
it or vice versa for an «-helix. Both orientations correspond
well to the minimum and maximum of Q. The range of QO

depends on the size of the anisotropy %. For a value of 2.5,

https://doi.org/10.5194/mr-2-557-2021

as was previously asserted for «-synuclein (Mantsyzov et al.,
2014, 2015), the effect on Q can be quite substantial (panels
a, b, d, e). For % = 1.5, it is far less pronounced (panels c
and f).

We conclude that, if the concept of anisotropic tumbling of
segmental a-helices and extended chains is reasonably appli-
cable and sufficiently pronounced, Q would allow us to de-
tect its signature. Actual quantification of % is of course
obstructed by the limited validity of the asserted dynamic
model. While the presence of relaxation-active tumbling mo-
tions does imply a certain degree of local rigidity, the struc-
tural heterogeneity of IDPs certainly challenges many of the
simplifying assumptions made. Still, the ratio Q might give
an indication of how relevant these concepts are for different
protein systems, e.g., a partially folded region (Salvi et al.,
2017; Marcellini et al., 2020) or a highly disordered segment
(Mantsyzov et al., 2014). While particularly sensitive to large
correlation times, Q will report on all sources of anisotropy
present in J(0). Differences in local mobility, CSA tensor
variations, overall structural flexibility and experimental un-
certainties will certainly shift and blur the ratio expected
for isotropic motions. Still, if we assume a set of consecu-
tive residues to experience shared anisotropic diffusion, the
sizes of J(0) should reflect the presence of slower tumbling
motions, and Q should exhibit a systematic and sequence-
persistent pattern. If O adheres closely to the isotropic ex-
pectation (Eq. 10), it would appear that peptide plane dy-
namics in IDPs are isotropic and well probed by conven-
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tional N relaxation alone. If Q and the sizes of J(0) im-
ply systematic and correlated deviations from the isotropic
case (Eq. 10), it would hint towards different inherent mobil-
ities in the peptide plane such as the 3D GAF-type (Bremi
and Briischweiler, 1997) dynamics predicted by Salvi et al.
(2017). Indeed, the sensitivity of Q along the C*C“ direction
illustrates the potential of C'/C'C% CCR in investigating this
type of motion.

Thus, while introduced and assessed in terms of diffu-
sion anisotropy, we expect the combination of transversal
and longitudinal C’/C*C’ CCR rates to prove informative
even outside this limited scope. For the locally dominated
dynamics of IDPs in particular, differences and similarities
to the NHY spectral density can provide valuable structural
insights even without invoking specific dynamic models. As
the previously highlighted studies demonstrate, MD simula-
tions can be expected to play a key role in rationalizing possi-
ble sources of anisotropy for different protein systems rang-
ing from “fully disordered” (Mantsyzov et al., 2014) to par-
tially structured (Salvi et al., 2017; Marcellini et al., 2020).
In addition, the spectral densities can also be evaluated di-
rectly. While the proposed experiments do not allow us to
map Jorce xx and Joce yy individually, the contributions of
different Larmor frequencies are fully separated. Graphical
representations in particular can provide model-independent
intuition about the timescales at play (Idiyatullin et al., 2001;
Kfizova et al., 2004; Kaderavek et al., 2014). Expressions
such as J(0) — J(w) (Idiyatullin et al., 2001), intended to
suppress the contribution of faster timescales (cf. Fig. 1), are
available as well. More extensive analysis could be realized
using general frameworks such as correlation time distribu-
tions (Khan et al., 2015; Hsu et al., 2018) or dynamic detec-
tors (Smith et al., 2017, 2019).

5 Conclusions

On the occasion of Geoffrey Bodenhausen’s 70th anniver-
sary, we built on his extensive body of work to conceptualize
experimental means for the investigation of anisotropic seg-
mental dynamics in IDPs. Spectral density mapping proto-
cols based on transversal and longitudinal CCR of NHY were
translated to the C*C’ spin pair of the same peptide plane. By
isolating and comparing the zero frequency contributions, we
derived an intuitive experimental measure for the presence of
anisotropic dynamics in IDPs. Building on the simplified im-
age of a symmetric top, we show that pronounced anisotropic
tumbling of extended chain and «-helical segments should
be readily detectable. But even outside the context of this
simplistic model, contributions of different frequencies can
be separated and assessed similarly to spectral density map-
ping protocols. Interestingly, the required measurement of
longitudinal C’'/C*C’ CCR has not been investigated before.
Hence, a simple proof of concept for a possible measurement
scheme was provided. To further substantiate and explore

Magn. Reson., 2, 557-569, 2021

the presented concepts in an experimental setting, a system-
atic evaluation of different pulse sequences is currently under
preparation in our lab.

While detecting and quantifying the presence of
anisotropy in IDP dynamics might seem like a humble
academic endeavor, we believe it to be an important step not
only towards a better understanding of this important protein
family but also towards immediate applications in biological
and biomedical research as well as drug design. We thus take
particular delight from the fact that Geoffrey Bodenhausen’s
Uart pour l’art pulse sequence design is also a telling
testimony for the unforeseeable impact of non-utilitarian
basic research driven by and inspired by scholarly thinking.
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Appendix A

Following Ghose et al. (1998, Eq. 3, p. 488), the spectral
density of an anisotropically tumbling dynamic molecule can
be approximated as

2 2
S‘L’k
Jup@) =" | ———+
o k:()|:1"'(“”k)2

Following the notation of Vogeli and Yao (2009), the order
parameter is defined as

(Ax(u, v) — 213
1+ (013)? j| (AD

S? = (Ar(u, ), (A2)

i.e., as the value A; decays to fast local motions. As noted by
Vogeli and Yao (2009), Eq. (A1) can be written in the form
of an auto-correlated TCF by setting Ay as a prefactor:
N 1-87
i Tk ( L& (A3

2
Ju,v = A )
(@) k;) K v)[H(W)2 +

1+ (w13)?

The order parameters are then defined as ratios:

2 (Ar(u,v))

S = A0 (A4)

While these generalized order parameters do not adhere
to the definitions of Lipari and Szabo (Lipari and Szabo,
1982), they still equate to 1 in the case of a fully rigid
molecule. It can be seen from Eq. (A3) that the inclusion
of local motions requires one order parameter for each Ay
in order to balance the isotropic and anisotropic contribu-
tions. The simplified spectral density proposed in the main
text, Eq. (11), corresponds to the approximation that all Ay
decay about the same relative amount (as in the edge case of
isotropic tumbhng) Without the index k for the order param-
eter, S2 = S/O = S’ =52 Eq. (A3) simplifies to Eq. (11):

S2g, (1— S2)r3]

2
Jup(@) ZZA"(“’”)[H(W()Z 1+ (wt3)?

=52 ZAk(u v)

+(1—SHPy(u-v)
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1+( wt3)?’ (A
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Equation (AS) is similar to the approximation proposed by
Ghose et al. (1998, Eq. 7, p. 488) but includes the prefactor

P>(u - v) for the internal TCF, preserving the isotropic limit
Dy

(pr=Ltso=n0=11="1)as

5270 (1— 8?13 }
Juo(@) = Pyu-v A6
u.v(@) = Pa )[1 o T T eny (A6)

In this case, S again corresponds to the familiar auto-
correlated order parameter of Lipari and Szabo (1982), the
auto- and cross-correlated TCF are related by the simple fac-
tor P>(u - v). For sufficiently small angles between u and v,
this relation can be extended to approximate anisotropic tum-
bling in accordance with the MF rationale of Lipari and Sz-
abo (Tjandra et al., 1996; Kroenke et al., 1998). As noted
by Halle (2009) in his foundational study on the MF formal-
ism, this approach can also be contextualized within the MF
framework of Halle and Wennerstrom (1981).
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ARTICLE INFO ABSTRACT
Keywords: Intrinsically disordered proteins (IDPs) defy the conventional structure-function paradigm by lacking a well-
Cross correlated relaxation defined tertiary structure and exhibiting inherent flexibility. This flexibility leads to distinctive spin relaxation
Profei'} dY"an}iCS ) modes, reflecting isolated and specific motions within individual peptide planes. In this work, we propose
Icnm“s‘c_auy disordered proteins a new pulse sequence to measure the longitudinal 13C’ CSA-13C’-13C* DD CCR rate I'C/““" and present a
orrelation time novel 3D version of the transverse I ch'/ ' CCR rate, adopting the symmetrical reconversion approach. We
combined these rates with the analogous I"X’Z/ NH and N /NH CCR rates to derive residue-specific correlation

times for both spin-pairs within the same peptide plane. The presented approach offers a straightforward and
intuitive way to compare the correlation times of two different and complementary spin vectors, anticipated
to be a valuable aid to determine IDPs backbone dihedral angles distributions. We performed the proposed
experiments on two systems: a folded protein ubiquitin and Coturnix japonica osteopontin, a prototypical IDP.
Comparative analyses of the results show that the correlation times of different residues vary more for IDPs
than globular proteins, indicating that the dynamics of IDPs is largely heterogeneous and dominated by local

fluctuations.

1. Introduction Solution state NMR is the most widely used technique to probe
internal motions, conformational changes and interactions in IDPs with

Over the past 20 years, it has become apparent that conformational atomic resolution [3,14-17]. In particular, NMR spin relaxation pro-
changes and internal local motions are essential for the functioning of vides not on]y qualitative but also quantitative information about the
biomolecules. This holds particularly true in the context of intrinsically timescales and amplitudes of proteins molecular motions [18-23]. The
disordered proteins (IDPs), a distinctive class of proteins. IDPs defy dynamic information is obtained by looking at the Fourier transform
the traditional paradigm by lacking well-defined tertiary structures (FT) of the time correlation function (TCF), namely the spectral density

and often secondary elements under physiological conditions. Instead,
they exist as an ensemble of rapidly inter-converting heterogeneous
fully functional conformations [1-4]. Interestingly, IDPs are present
in many cellular pathways playing a crucial role in regulation, recog-
nition, signaling, and control of protein—protein interaction networks.
Because of their nature, these proteins are related with many hu-
man diseases, such as cancer, amyloidosis, neurodegenerative diseases,
cardiovascular disease, and diabetes [5,6].

Despite the substantial research efforts to understand the structural
ensemble these biomolecules sample [7-9], the dynamics driving con-
formational transitions are yet not entirely understood [10-13]. The
complex interplay between structure and dynamics in IDPs highlights vidual 1>N-1H spin vectors offer a comprehensive overview of collective
the necessity to further explore this intricate relationship. dynamics, reflecting the overall tumbling due to Brownian motion.

function (SDF). The motional modes timescales are encoded in the
correlation time defined in very general terms as the integral of the
normalized TCF [24,25]. To get mechanistic insight, relaxation rates
are then generally rationalized in terms of motional models, such as
model-free (MF [24]), extended MF approach [26], 3D GAF model
[18,27], spectral density mapping protocols [28-30] or others [31-34].

NMR spin relaxation studies historically centered on folded proteins,
where the >N-1H vector takes center stage. This vector successfully
captures the shared tumbling frame within the protein’s 3D structure,
involving multiple spin probes [24,35]. The correlated motions of indi-
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Accurate probing of residual internal local dynamics is achieved using
sensitive and robust methodologies [10,18,29,36].

However, in the case of IDPs, the inherent flexibility and lack of
well-defined tertiary structure in IDPs result in distinct spin relax-
ation modes, reflecting the more isolated and specific motions of the
individual peptide planes [37].

Traditional 1>N-1H NMR spin relaxation experiments, in the context
of IDPs, may not always offer a fully comprehensive understanding of
the dynamic behavior of these complex systems. Recent MD studies,
have provided insights on the contributions of different motional modes
to relaxation in IDPs [23,38-43]. These studies rely on the extensions
of well known model for folded proteins to disordered systems, and
still have the limitation of being case-dependent and not generalizable,
illustrating the inevitable difficulties that come with extending concepts
of folded proteins to IDPs [44]. The interpretation of relaxation stud-
ies is further complicated by experimental limitations. In particular,
extensive conformational exchange leads to inherently averaged data,
while significant water exchange introduce an extra relaxation outlet.
To address these limitations, alternative experimental and analytical
approaches become essential.

We recently identified a set of transverse and longitudinal cross-
correlated relaxation (CCR) experiments that effectively isolate the SDF
at zero J(0), for 1N-1H and 13C’-13C# spin vectors [44]. This enables a
smooth comparison of local dynamics among diverse spin pairs within
the same rigid peptide plane, without invoking a particular motional
model, providing a way to get valuable structural insights into IDPs
realm.

To precisely quantify CCR rates the ideal method is the symmetrical
reconversion approach [45,46]. Recently, symmetrical reconversion
has also been applied to obtain transverse CCR rates, due to 15N chem-
ical shift anisotropy (CSA) and >N-'H dipole-dipole (DD) interactions
Iy N/ NH) for IDPs [47]. When regarding the measurement of longitu-
dlnal 15N (CSA)/15N-1H (DD) CCR rates (FZN/ NHy ' competing HN -H¢
cross-relaxation mechanisms must be considered, as noted by Kroenke
et al. [48]. To account for these mechanisms and ensure reliable mea-
surement of longitudinal rates, a symmetrical reconversion experiment
was developed [46]. In contrast, measuring CCR rates in '3C’ nuclei
poses challenges due to the inherent relaxation characteristics [49,50].
Despite this challenge, only Loth et al. [51] developed an experiment to
detect transverse CCR due to 13C’ (CSA) and 13C’-13C* (DD) (I, C < )
interference, and to date, no attempts have been made to measure the
longitudinal ones (FC e Ca)

In this study, we introduce a novel pulse sequence designed to
measure the longitudinal CCR rate FC rees adopting the symmetrical
reconversion approach Addltlonally, we present a new 3D version
of the transverse FC feree rate previously introduced in [51]. The
study also incorporates the pulse sequences to measure both transverse
FX]\;/ NH and longitudinal FN/ NH (CCR rates based on the ones proposed
in [47]. The proposed set of experiments serves as a powerful method
for deriving residue-specific correlation times for both spin vectors 15N-
1H and 13C’-13C?. The presented approach does not need to account for
exchange, and offers a straightforward and intuitive way to compare
the correlation times of two different spin vectors within the same
peptide plane, without prior assumptions on the nature of the motions
driving relaxation. Its application is anticipated to be valuable, espe-
cially in determining protein backbone dihedral angles distributions,
where proper referencing of local dynamics is crucial, aiding in the
distinction between geometric and dynamic contributions.

To demonstrate the applicability and efficacy of the method, we
present a comparative analysis of results obtained for the folded protein
ubiquitin and Coturnix japonica (Japanese quail) osteopontin (QOPN), a
prototypical IDP [52-57].
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2. Theory

In the following section, we demonstrate how the J(0) component
of the SDF is a suitable proxy for the correlation time. We also present
how to derive it from experimental transverse and longitudinal CCR
rates, due to chemical shift anisotropy (CSA) and dipole-dipole (DD)
interactions.

The semiclassical NMR relaxation theory [58-60] shows that relax-
ation processes can be formally described, for a system in solution, by
the time correlation function (TCF)

G50 = (P, (u(0) - 5(1))), @

where Py(x) = %(3x2 —1) is the second order Legendre polynomial, i and
U describe the orientation in the reference frame of the unit spin-vectors
(either DD or CSA) involved in the relaxation process, at time 0 and ¢
[25,61]. Nevertheless, what we probe in an NMR relaxation experiment
is the SDF

Jig(@) = /oo G 5(1) cos(wr)dt. 2
0

For most relaxation processes, the TCF can be described by a sum of
mono exponential decaying functions:

N

Cipt) =Y ape™/, 3
k=1

where 7, are the effective correlation times, and a, are weighting

coefficients [62]. At + = 0 we obtain the following condition on the

weights:

N

Y 4 = Ci50). @
k=1
Evaluating the SDF at zero and inserting Eq. (3) into Eq. (2) yields:

N
Ji5(0) = Zak / tkdt = akrk = <Z apz" R ©)
k=1

Employing the weights condition in Eq. (4) we can recast Eq. (5) as

J7.50) = Ci5(0)755, (6)

Z;C/ | KTk
0

regarding the case uk = U (auto-correlated relaxation), C; ;(0) = (P, (ii(0)-
u(0))) equals 1. Indeed at t = 0 the vectors u align with themselves, and
;7 simply equals to J; ;(0). This is the one usually considered in 1°N-1H
auto-relaxation, and in spectral density mappings protocols. For a rigid
spherical top, it corresponds to the rotational tumbling time [24,35,63].

The presence of multiple relaxation mechanisms with equal tensor
rank (e.g. DD/DD, CSA/DD or CSA/CSA interference) result in a TCF
C; 5(t) encoding cross terms [64]. With & # © (cross-correlated relax-
ation), the TCF describes the interference effects occurring if # and 7
do not move independently but in a correlated manner. In this case,
C; 5(t) does not start at 1 but at (P,(#(0) - 5(0))). Note that when the
angle between the vectors # and 7 is known and fixed (P, (u(0) - 5(0)))
reduces to Py(cos 6; ;),

where 7;; = is the weighted average correlation time. When

Jﬂ,a(O) PZ(COS 9u U)Tﬁfw (7)

where 6; ; is the angle between i and . For the interactions considered
henceforth, these angles can be considered fixed [65]. To summarize,
by accounting for the structural component in C;;(0), we can extract
and compare the correlation times derived from different CCR experi-
ments [30]. Exchange-free J; ;(0) values, for the 1>N-'H spin-pair are

obtained by a linear combination of T N/ NH and T, ZN /NH CCR rates
[30,62]:

Zr)f\;/NH _rVN/NE
INtxx(0) = — 07—, (8

8kn/niAN
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where
I‘XIZ/NH = kn/NuAN [4NHxxO) +3 g ex(@y)] ®
I"ZN/NH =kyn/nuAN [6JNH,xx(wN)] ’ o
kn/nw = %ﬁ"oi’:—"’y”%m,

NH

Uy is the vacuum permeability, 7 is the reduced Planck constant, y; is
the gyromagnetic ratio of nucleus i, r is the distance between the nuclei,
B, is the magnetic field strength and Ay = (0, — 0,,) = (6, — 0;;) is
the size difference of the 15N CSA principal components.
The correlation time 7y is derived, combining Egs. (7) and (8) as
follows:
o N/NH _ N/NH
J(0) = Py(cosa)tyy = —— =
8kn/NuAN
ZF;\;/NH _ FZN/NH

~ 8kn/n Ay Pycos @)

an
TNH

where « is the projection angle of ¢,, onto the NH bond vector (see
Supplementary Material Fig. 1).

The exchange-free J(0) values for the 13C’-13C pair are derived in
full analogy to Egs. (9) and (10).

’ ! oa
Fxcy et 2 kerjerca [(0xx = 620 crca 1 (0) + 3T crca (@)
+(0,, — 0.) @I crca ,(0) + 3T crca (@) 12)
c’/c'ce
IS = ko jorca [0 = 02260 crcase (@) + (04, = 622060 crcayy(@)]

13)
. 2 1 Hohy} ,
! rce — T T T
c’/crc 524””30 ] 07

with xx, yy, zz referring to the principal components of the fully
anisotropic 13C’ CSA tensor.
This time, combining equations Eq. (12), (13) and Eq. (7) yields:

C'/c’ce c’/c'ce
ry, — Tt

[(Gxx - Gzz)‘,C’C“‘,xx(O) + (O'yy - O-zz)JC’C“,yy(O)] =
8kcrjcrca
[(axx —0,,)P(cos al)‘rc,ca’xx + (ayy —0,,)P5(cos az)Tchayyy]
2F)S)r/crca _ FZCI/CrCur

5

8kt crc
14

where «; and a, denote the projection angles between the xx and yy
principal components of the 13C’ CSA tensor, respectively, and the
C’C* bond (see Supplementary Material Fig. 1).

Because of the anisotropy of the 13C’ CSA tensor, two separate cor-
relation times, 7¢/ca v, and 7crca y,, are present. In principle, we cannot
separate them. In practice, however, we can extract an effective tau by
formally treating them as equal. Possible differences between zc/ca
and 7¢rcay, are far less impactful than their respective weights (see
Figure 2 A in the Supplementary Material). Notably, (6, —0c,)P;(cos &)
is almost seven times larger than (o,, — 0,,) P,(cos a,) (see Section 4.2).

c’/c'ce c'/c’ce
2ry, — T

. (15
8kcrjcrcal(ogg — 0 ) Py(cosay) + (o, — 0,;) Py(cos ay)]

TC’C”’,(’ff =

Now consider that we have also assumed the CSA tensors to be
known precisely even though they vary with their chemical environ-
ment [51,66,67], which in itself can act as a source of relaxation. For
folded proteins, the use of a fixed average 1N CSA geometry was shown
to be a reasonable approximation [61]. For 13C’ CSA tensors and/or
highly flexible protein systems, no such studies have been conducted
to this date, which adds some uncertainty to the extracted correlation
times (see Figure 2B,C in the Supplementary Material). MD and DFT
studies can certainly help to quantify the size of this effect. Here, we
will resort to a fixed CSA tensor geometry, in order to interpret the
rates in more intuitive terms.
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Fig. 1. Illustration outlining the symmetrical reconversion approach for quantifying
CCR rates. Auto experiments are represented with continuous lines, while cross
experiments are indicated with dashed lines. In red are highlighted the additional
experiments III and IV, complementing the conventional auto and cross experiments (I
and II) in time-domain techniques.

3. The NMR experiments

The symmetrical reconversion approach, introduced by Pelupessy
et al. [45], stands as a unique method for quantifying cross-correlated
relaxation (CCR) rates. While it can be classified as a time-domain
technique, encompassing the standard auto-experiment (I) to monitor
the decay of the initial operator P over time, and the cross-experiment
(II) to observe the build-up of a new operator Q created via CCR [68],
the symmetrical reconversion surpasses traditional methodologies. It
introduces two additional experiments: a Q-to-P cross-experiment (III)
and a Q-to-Q auto-experiment (IV) (Fig. 1), providing notable advan-
tages compared to alternative techniques. Firstly, it cancels out errors
resulting from pulse miscalibration and uncontrolled attenuation fac-
tors associated with relaxation. Secondly, it contributes to the effective
averaging of auto-relaxation rates. Finally, the rates obtained with this
method do not depend on the efficiency of the initial excitation of P
and Q, nor on the efficiency of their detection [45,46]. Given these
strengths, we unequivocally chose it as the most accurate method for
quantifying CCR rates in our work.

3.1. Transverse Cross-Correlated Relaxation (CCR) ny[/ NH

experiment

Fig. 2 illustrates the pulse sequence used to measure the transverse
CCR rates FX]\;/ NH que to 15N chemical shift anisotropy (CSA) and
15N and !>N-'H dipole-dipole (DD) interactions. Our implementation
closely follows the one outlined in [47]. We introduced only minor
modifications: (i) The two consecutive INEPT steps after the CCR block
(2N.H, - N, and N, — 2N,C]) are merged into a single one
(2N, H, — 2N,C)), (ii) Sensitivity enhancement [69] is included at the
end of the pulse sequence, and (iii) a 6-element composite pulse [70]
is used for simultaneous inversion of C' and C* nuclei during the CCR
block (instead of Q3 pulse).

The sequence begins with an INEPT transfer, generating 2N, H, two-
spin order. A water flip-back is then applied with —x or (—x, x) phases
to maintain water along +z, depending on the selected blocks. Now,
four distinct pathways can be chosen: auto-experiments I and IV, or
cross-experiments II and III.

In experiments I and II, the two-spin order 2N, H, transforms into
N, magnetization through an INEPT step. In contrast, experiments III
and IV preserve the 2N, H, term by applying a composite pulse alter-
nating between = and 0° phases, followed by an appropriate receiver
phase change.

All pathways share a common core: the CCR block. It begins with a
z/2 pulse flipping the >N magnetization in the y-axis, creating either
N, (I, I or 2N, H, (Ill, IV). A nitrogen r pulse in the middle of
the relaxation period T, refocuses 15N chemical shift evolution, while
composite Shaka pulses [70] on '3C refocus unwanted CCR due to
interference with 13C’ or 13C®. The relaxation block concludes with a
z/2 pulse flipping back the 1N magnetization to the z-axis, generating
2N_H, or N,.
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Fig. 2. Pulse sequence for the measurement of the transverse CCR rates for !N chemical shift anisotropy (CSA) and '>N-'H dipolar-dipolar (DD) interactions denoted as T, A’,/ NH 13y

evolution is in real-time (t1) mode and N evolution is in constant-time or semi-constant time mode (depending on the maximum evolution time achieved): a, = (t, + 4dyc0)/2;
by =ty - (15 = AN co) /2655 ¢ = Ayco - (15" — 1) /215", Narrow filled and wide unfilled bars indicate z/2 and # pulses, respectively, while the wide filled rectangle stands for H
decoupling performed with waltz65 [71]. Low unfilled round pulse are for selective /2 pulses applied to the water resonance. The narrow unfilled and wide filled round pulses
indicate selective z/2 (Q5 and time-reversed Q5 pulses) and z (Q3 pulse) shaped pulses used for *C’ and '3C* excitation and inversion, respectively [72]. Simultaneous inversion
of 13C" and '3C” spins was achieved using 6-element composite pulse [70]. Unspecified pulse phases are assumed along the x-axis. Phase cycles: ¢s = (—=x,X); ¢, = (x, —X); g =
0 =x);1g = 8(x),8(=x); b1y = 16(x), 16(3), 16(=x), 16(=y); byg = 4(=x),4(x); 3 = 64(3),64(=y); 19 = 4(3),4(=X); by = 64(x),64(—x); 17 = 4(-y),4(3); ¢y = 2(x),2(-x). For carbon
dimension, quadrature detection was achieved in a States-TPPI manner [73], by incrementing ¢,, phase. For nitrogen dimension, the evolution of individual quadrature components
of the signal was achieved by incremental change of ¢,, and ¥ phases as well as G, ,;, amplitude sign, in echo/anti-echo manner. Receiver phase ¢,,, = ¢, +2¢4+P 2+ P15+ Dy + P
1 ms sine-bell gradient pulses (G10 = 17 G/cm, G1 = 37 G/cm, G2 = 19 G/cm, G3 = 29 G/cm, G4 = 23 G/cm, G5 = 13 G/cm, G6 = 11 G/cm, G7= 41 G/cm, G11 = -5 G/cm,
G12 = -2 G/cm) are used. The delay 4y, = 5.4 ms while the delay 4y, = 28 ms. The relaxation delay T, is varied between 40, and 100 ms. A total of four experiments are
performed following a different path as indicated by I, II, III, IV. On the top right, an inset shows the initial and final operators selected before and after the CCR block. Auto
experiments are represented with continuous lines, while cross experiments are indicated with dashed lines. In red are highlighted the additional experiments III and IV, typical

of the symmetrical reconversion approach.

Following the relaxation block, experiments I and III select and
transform the N, magnetization into 2C/N, term via an INEPT step.
In experiments II and IV, the 2N, H, two-spin order is chosen using a
composite pulse, and next converted into 2C. N, term.

In all schemes, 13C’ evolves in a real-time manner during ¢;, while
I5N evolves in a constant-time or semi-constant time manner (automat-
ically chosen based on maximum evolution time achieved) during 7,.
Sensitivity enhancement is applied at the end. Each experiment has
the same detection period t5, during which the amide proton 'HV
magnetization is observed, similar to a 3D HNCO-type experiment.

3.2. Transverse Cross-Correlated Relaxation (CCR) I‘ch,/ crer

experiment
After detailing the pulse sequence used to measure T ,f\y[/ NH, we now
focus on the transverse ny// €'C cer rate, illustrated in Fig. 3. This
sequence shares similarities with the previous one but is tailored for
13¢’ CSA and 13C’-13C* DD interactions. The pulse sequence is based
on the idea proposed in [51], which we extended to a 3D version. We
also introduced the following changes: (i) The nitrogen component is
preserved during the first selection and the CCR evolution, allowing to

shorten some blocks of the sequence and remove others, and (ii) The
sensitivity-enhancement scheme [69] is employed at the end.

The four distinct pathways start with the operator 2N,C/ created
after the initial INEPT steps. In experiments I and II, an additional
INEPT transfer generates the three-spin order 4N,C/C%. Two C* (z/2)
pulses, with the second one phase alternated with the receiver, suppress
unwanted 2N, C] term. In experiments III and IV, the operator 2N,C.,
is retained, and the relaxation block directly follows the initial INEPT
steps.

At the beginning of the relaxation block, a z/2 pulse on !3C’
generates 2Nzc; or 4NZCLC§‘ magnetization. During the relaxation
period T,, a z pulse on 13C’ refocuses its chemical shift evolution. The
last 7 /2 pulse flips back 13C’ magnetization: we exit the CCR block with
2N,C] or 4N,C.C? term.

In experiments I and III, two 13C* (z/2) pulses with a proper
phase-cycle select 4N, C/C? anti-phase magnetization. This term is then
converted to 2Nzc; through an INEPT step combined with proton
decoupling during f;. In experiments II and IV, the 2NZC;, term is
chosen by applying a z/2 on 13C¢ followed by a gradient.

After the selection, 13C’ chemical shift evolves in real-time during
1;. The last z/2 pulse generates 2N,C, two-spin order, subsequently
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Fig. 3. Pulse sequence for the measurement of the transverse CCR rates for 3C’ chemical shift anisotropy (CSA) and '3C’-13C* dipolar-dipolar (DD) interactions denoted as
Ff,/ €'C" 13¢’ evolution is in real-time (t1) mode and 15N evolution is in constant-time or semi-constant time mode (depending on the maximum evolution time achieved):
ay = (1) + Anco)/2; by = 1y - (55 = Anco) /21575 ¢ = Ayco - (15 — 1,)/215*. Narrow filled and wide unfilled bars indicate z/2 and z pulses, respectively, while the wide filled
rectangle stands for 'H decoupling performed with waltz65 [71]. Low unfilled round pulse are for selective /2 pulses applied to the water resonance. The narrow unfilled and
wide filled round pulses indicate selective z/2 (Q5 and time-reversed Q5 pulses) and 7 (Q3 pulse) shaped pulses used for '3C’ and '3C” excitation and inversion, respectively
[72]. Simultaneous inversion of *C’ and '3C® spins was achieved using 6-element composite pulse [70]. Unspecified pulse phases are assumed along the x-axis. Phase cycles:
b1p = (x,=x); ¢, = 2(x),2(—x); 4 = 4(x),4(—x); $;; = 8(x),8(y). For carbon dimension, quadrature detection was accomplished using States-TPPI [73] approach (phase ¢, was
incremented). For nitrogen dimension, the evolution of individual quadrature components of the signal was achieved by incremental change of ¢,, and ¥ phases and G,,,, gradient
amplitude sign, in echo/anti-echo manner. Receiver phase ¢,,. = ¢, +2¢14 + ¢y + P15 + ¢y + ¢ 1 ms sine-bell gradient pulses (G10 = 17 G/cm, G1 = 37 G/cm, G2 = 19 G/cm,
G3 = 29 G/cm, G4 = 23 G/cm, G5 = 13 G/cm, G6 = 11 G/cm, G7= 41 G/cm, G11 = -5 G/cm, G12 = -2 G/cm) are used. The following delays are used: 4y ,= 5.4 ms, Ayco
= 28 ms and A¢pc, = 9.1 ms. The relaxation delay T, is varied between 80, 100 and 120 ms. A total of four experiments are performed following a different path as indicated
by I, II, III, IV. On the top right, an inset shows the initial and final operators selected before and after the CCR block. Auto experiments are represented with continuous lines,
while cross experiments are indicated with dashed lines. In red are highlighted the additional experiments III and IV, typical of the symmetrical reconversion approach.

C'/cce

converted into 2N,H, by an INEPT transfer during ¢,. Detectable
proton magnetization is observed during #; in all experiments.

3.3. Longitudinal Cross-Correlated Relaxation (CCR) experiment

The measurement of longitudinal CCR rates have been histori-
cally challenging due to technical limitations arising from smaller
cross-relaxation rates compared to auto-relaxation rates.

Furthermore, the relaxation pathways involved in longitudinal CCR
are more complex than those observed in transverse CCR, and include
multi-exponential cross-correlated and auto-correlated cross-relaxation
effects. In cases where competing cross-relaxation mechanisms involv-
ing a third operator are present, the first-order averaging is no longer
sufficient [48].

When measuring the longitudinal CCR rate I“;V / NH competing
homonuclear cross relaxation mechanisms as H*-HY homonuclear
NOEs with the close-by H* protons affect the rates. To address this
issue, Pelupessy et al. [46] developed a symmetrical reconversion ex-
periment that involves a swapping block in the middle of the relaxation
block, which acts as a unitary matrix that convert the operator P into
Q and vice versa. In this way the relaxation matrix can be averaged up
to the second-order, effectively suppressing undesired NOE effects.

In contrast, the measurement of the longitudinal CCR rate I,
does not necessitate a swapping block, for two main reasons. Firstly,
the homonuclear 13C’-13C* NOE is very small [74]. Secondly, to a good
approximation, we can substantially treat the 13C’-13G* spin-pair as
isolated. The CCR arising from 13C’ CSA and '3C’-13C’ DD interactions
is negligible due to the large distance between these nuclei. Moreover,
the evolution of this rate would not lead to an observable magnetiza-
tion. Also any interaction with the surrounding protons can be ignored
thanks to application of proton decoupling during the CCR block. The
only potential threat to rate accuracy arises from contribution of 1°N;
GSA - 15N;-13C2 | DD interaction, but this can be neglected due to the
large distance between '3N; and '3C? | nuclei, combined with the low
gyromagnetic ratio of the >N isotope.

Now, we turn our attention to the pulse sequence details presented
in Fig. 4. For simplicity, this figure exclusively shows the CCR core
blocks, denoted as FZN /NH and cm "/ c’cu, which replace the correspond-
ing blocks in Fig. 2 and Fig. 3, respectively. Recalling the experimental
design, it consists of four distinct pathways, denoted as I, II, III, and IV.

The implementation of the experiment to measure the FZN/ NH rate
was based on Srb et al. [47], with the same differences as described

in Section 3.1. While assessing the longitudinal CCR rate FZN/ NH e
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Fig. 4. Pulse sequences relaxation blocks for the measurement of the longitudinal CCR rates I’ /NH and Ff// ce respectively shown in panel A and B. Narrow filled and unfilled
bars indicate z/2 and # pulses, respectively, while the wide filled rectangle stands for proton decoupling performed with waltz65 [71]. Composite Shaka pulses [70] are employed
to suppress unwanted coupling to '3C. Unspecified pulse phases are assumed along the x-axis. Phase cycles: ¢, = 8(x),8(—x) and ¢s = 16(x), 16(y), 16(-x), 16(—y). 1 ms sine-bell
gradient pulses (G3 = 19 G/cm, G4 = 23 G/cm, G5 = 11 G/cm) are used. The delay Ay, = 1/2Jyy is 5.7 ms. The relaxation delay T, is varied between 80,100 and 120 ms.
A total of four experiments are performed as indicated in Figs. 2 and 3. In Panel A, the central INEPT block swaps operators P and Q. The composite proton 'H pulses maintain
water along +z. On the top of each panels, we highlight the initial and final operators selected before and after the CCR block. Auto experiments are represented with continuous
lines, while cross experiments are indicated with dashed lines. In red are highlighted the additional experiments III and IV, typical of the symmetrical reconversion approach.

can enter the relaxation block in Fig. 4A with two different operators.
From pathways I and II we start with N, magnetization, instead from
pathways III and IV we begin with the two spin order 2N, H,. Because
of the swapping block, facilitated by the INEPT step in the middle of
the relaxation delay, pathways I and IV become the cross-experiments
while pathways II and III the auto-experiments. Additionally, composite
'H pulses effectively preserves water magnetization along +z, and
Shaka pulses suppress undesirable 13C’ and 13C* couplings.

In Fig. 4B, entry into the relaxation block can occur with the three-
spin order 4N, C/C? from pathways I and II, or with the two-spin order
2N, C! following experiments III and IV. During the relaxation period
T,, a = pulse on nitrogen is applied to prevent spurious CCR evolution.

The subsequent details remain consistent with those previously
described in Sections 3.1 and 3.2.

4. Materials and methods
4.1. Protein preparation

Uniformly 15N /13C labeled ubiquitin was purchased from ASLA
Biotech. The NMR sample was dissolved in 10 mM potassium phosphate
buffer of pH = 6.5. The final protein concentration was 1 mM.

The following paragraph describes the cloning and expression of the
qOPN sequence in a pET11d plasmid. The plasmid is transformed into
an E. coli BL21(DE3) strain and incubated at 37 °C for 45 min, followed
by plating on an ampicillin agar plate and incubation overnight at
37 °C. A colony from the plate is then used to prepare a preculture
in LB medium with ampicillin, which is incubated overnight at 37 °C.
The preculture is then used to inoculate 1 liter of LB medium with
ampicillin and grown until the optical density at 600 nm wavelength
(ODgqq) reaches 0.8-1.0. The cells are harvested, resuspended in cold
1xPBS buffer [55], sonicated, and heated at 90 °C for 10 min with
fresh DTT added. The cell lysate is centrifuged, and the supernatant
is subjected to ammonium sulfate precipitation to bring the solution to
50% saturation. The protein is purified using an anion exchange column
and concentrated using a 10 kDa cut-off. The protein concentration is
measured using a NanoDrop™, and if the A280/260 ratio is higher than
0.7, the anion exchange purification is repeated to remove excess DNA.
The final protein concentration was 2.6 mM at pH = 6.5, 10% D,O.

4.2. NMR measurements

The NMR pulse sequences (for Bruker spectrometers) are available
from the authors upon request.

All the NMR experiments acquired on ubiquitin were recorded in a
magnetic field By, = 18.79 T on Bruker Avance III HD spectrometer
(*H Larmor frequency 800 MHz) equipped with a 5 mm TCI-HCN
cryogenically-cooled probehead.

The one acquired on qOPN were recorded on Bruker Avance III
HD+, equipped with a Bruker RT 5 mm TXI probe, operating at 800
MHz. All the experiments were measured at 298 K. The 1H carrier was
placed at 4.7 ppm (water signal), the 13C carrier at 40 ppm, and the
15N carrier at 116 ppm. Band-selective 13C pulses were applied at 174
and 56 ppm to excite or invert 3C’ and '>C* spins, respectively. The
following band-selective pulses were used: 240 ms with Q5 and time
reversed Q5 shapes for 13C’ and '3C?® excitation, 192 ms Q3 shapes
for 13C’/13C* inversion/refocusing [72]. Proton decoupling is achieved
with waltz65 [71], while decoupling of >N spins during acquisition
was performed with garp [75].

All experiments on ubiquitin were measured as 2D versions (15N
and 'H) of the sequences reported in Figs. 2, 3, and 4, using the
conventional sampling scheme, while the ones on qOPN were per-
formed in their 3D versions using non-uniform sampling (NUS) scheme
[76,77]. To check the accuracy of NUS data reconstruction, we also
measured a 3D NUS version of the Ff;/ NH rate for ubiquitin, and
compared these results with those obtained conventionally (see Fig.
3 in Supplementary Material). For ubiquitin, the transverse CCR rates
(r5°*) were measured at two different delays T, = 40 and 100 ms, and
the longitudinal ones (I'°“R®) were carried at T, = 80, 100 and 120 ms.
The standard deviation is reported as an estimate of the experimental
errors. For qOPN, I'“CR were measured at two different delays T,
= 60 and 100* ms, and I'C“R experiments were carried at T, = 60,
100* and 120. The asterisk denotes the experiments repeated three
times to better estimate the experimental errors when using spectra
reconstructed from NUS data.

All ubiquitin spectra were processed with NMRPipe [78]. To process
qOPN NUS spectra we used the compressed-sensing IST algorithm
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[79]. The spectra were analyzed and the peak heights evaluated with
Sparky [80]. The resonances were assigned according to BMRB Entries
17769 [81] and 27443 [82], for ubiquitin and qOPN respectively.
Detailed information on the acquisition parameters are provided in the
Supplementary Material Tables 1 and 2.

The I’)f‘;CR are directly extracted as follows:

MDA _
Al(MA(T)
IFCCR| = — arctdnh M an

r AlT)AN (D)

where A; are the amplitudes of the four signals recorded with the
experiments i = L IL IIL, IV (Figs. 2 and 3) and T is the relaxation delay
[45]. Eq. (17), should be modified when the experiments are acquired
with different number of scans. In this case, the amplitudes A; should
be first divided by the number of scans.

nh)(rfyCRT)( (16)

While the analytical description of FZCCR is more complex, it can be
approximated by the rate equation

781~ L (| 2OMD) [ ar o), o
1 v

where T is the relaxation delay, 4 is the difference of the autorelaxation
rates pp and pp, and O(T?) represents higher orders of the Taylor
expansion in T (see Appendix A). Eq. (18) reduces to Eq. (17) when
AT is negligible compared to 1, namely when pp = pg, or for short
relaxation times 7. For longer delays, an estimate of 4, can be obtained
by taking the approximation up to second order in T of the ratio of the
signal amplitudes of the auto-experiments IV and I (Fig. 4B, cite):

A ()

= k(1 = 24T + 24°T? + O(T?)) = k(exp(=24T) + O(T?)).  (19)
A((T)

where the constant k accounts for the unequal efficiencies of ini-
tial excitation and detection of the operators P and Q in the two
auto-experiments. The I'SCR rate and the A are derived by fitting
simultaneously the experimental intensities of Eqs. (18) and (19).

In cases where competing cross-relaxation mechanisms involving
a third operator are present, such as the H*-HY NOE, a swapping
block has to be added (see Section 3.3, Fig. 4A) [46]. This time, the
density matrix of the system becomes more complex and the rates
can be approximated by Eq. (20). The correction is extracted from
the dependence on T of ratio of the amplitudes of experiments III
and II, and I'CCR  is obtain by fitting simultaneously the experimental

z,5wa

intensities of Egs. (20) and (21).

ITEom = = drctanh (1 / il((TT))iwg)) / 1+ —AZTZ + O(TS))> (20)
11 TIT

Am@) _ B _ kexp(-4T)/(1 12

2473 5
Ay(D) 1 F AT + O(T?)), (21)

where T, stands for FZCS”’EP (see Appendix B).

It is usually a good practice to acquire cross versions of the exper-
iments with higher number of scans due to their significantly lower
sensitivity. The obtained rates are shown in the Supplementary Material
Tables 3 and 4.

Once the rates are obtained, the correlation times for the spin vec-
tors 15N-1H and 13C’-13C* are derived using Eqs. (11) and (15), respec-
tively (see Section 2). The prefactors k and the amplitudes P,(cos @),
Py(cosa;) and Py(cosa,) are here calculated considering the peptide
plane geometry of Corey and Pauling [83] and the approximate prin-
cipal components of the CSA tensors for 15N and !3C’ presented in
[671.

Journal of Magnetic Resonance 361 (2024) 107661

7 5
A
6 -
-4
— 51 -
W 4 - F3 "ﬂ
$.3{° 53
TR | % e e im0 S, 238
2 T .& ..¢ \t ° ‘ L
rl
11 [NINH o cicce
() T T T T T : ()
0 15 30 45 60 75
Residue Number
2.0 0.4
B rN/NH ° rC’/C’C“
1.5 1 0.3 _
Tu) ° .Iﬂ
< 1.0 0.2
2 ° ° Q
= . o
057 98 . e . o2r0.1
o “Trval frawnis
00— +—F—+—+1Loo

Residue Number

Fig. 5. Obtained CCR rates in uniformly labeled >N/*3C ubiquitin Sample: Panel A
presents the transverse CCR rates for >N chemical shift anisotropy (CSA) and '°N-'H
dipolar-dipolar (DD) interactions denoted as I, N/NH (orange), as well as for 13C’ CSA
and 13C’-13C* DD interactions denoted as I“C e e (sky blue). These rates are obtained
by mapping the amplitudes A; of the four signals from experiments i = LILIILIV in
Figs. 2 and 3 into Eq. (17). In Panel B, longitudinal CCR rates I'Y¥ /NH (orange) and
F_C sere (sky blue) are displayed. These rates are measured by substituting the CCR

blocks in Figs. 2 and 3 with the blocks depicted in Fig. 4. The I /NH yalues are

extracted by simultaneous fitting of experimental intensities A, using Eqs. (18) and
(19), while the ¢ /€€ Values are obtained by jointly fitting experimental intensities
A; following Egs. (20) and (21).

5. Results and discussion
5.1. Pulse sequence benchmark and application to a folded protein

To assess the efficacy of the proposed pulse sequences and study a
folded system, we first applied them to a uniformly >N /13C labeled
ubiquitin sample. We recorded 2D versions (>N and 'H dimensions) of
the experiments (Fig. 2, Fig. 3, and Fig. 4) using conventional sampling
scheme. All the rates were acquired with a minimum of two relaxation
delays (T,) to ensure the correct implementation of the symmetrical
reconversion scheme (see Supplementary Material Figure 4).

Fig. 5 displays the obtained results. In partlcular Fig. 5A shows the
transverse CCR rates I"N/ NH (orange) and T, C feren (light blue), while
Fig. 5B dlsplays the experlmental longltudmal CCR rates I, N/INH (o
ange) and FC ferer (light blue). The results align consistently with prior
studies on ubiquitin [42,74,84-86]. We have also directly compared
our rates with the ones derived adopting the symmetrical reconversion
approach [47,51] and obtained a good agreement (see Supplementary
Material Figure 5).

All CCR rates are largely uniform across residues with only minor
variations observed. The larger transverse rates are in agreement with
the well-established notion that relaxation in folded proteins is predom-
inantly governed by motions in the nanosecond timescale. As motion
slows down, the longitudinal rates, sensitive to fast local motions,
become less pronounced. Instead, the sampling of zero-frequency J(0)
terms encoded in transverse rates becomes increasingly pronounced.
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5.2. Unraveling dynamics in disorder: Pulse sequence insights into an in-
trinsically disordered protein

Having established the robustness of our pulse sequences, we ex-
tended our study to the IDP qOPN.

The pulse sequences were acquired in their 3D versions using non-
uniform sampling (NUS) scheme, which is particularly suitable for more
crowed IDPs spectra [87]. However, regions with overlapping signals
were still evident, leading us to choose not to calculate rates for 60
unresolved residues. Nonetheless, this still accounts for a significant
coverage (68%), considering the extensively repetitive sequence and
the constrained chemical shift dispersion intrinsic to the system.

Fig. 6 presents the results obtained for a uniformly 15N/13C labeled
sample of qOPN.

In contrast to the uniformity observed in ubiquitin, qOPN rates
present a distinctive profile. This is particularly noticeable in the trans-
verse rates (Fig. 6A), where three regions encompassing residues 120-
132, 140-175 and 176-190 are less flexible (higher rates) [82,88].

What draws attention is that QOPN F,f\y]/ NH yalues are considerably
smaller than the corresponding ubiquitin rates, indicating a higher
mobility of the I>N-1H vector in qOPN.

Regarding the longitudinal rates, QOPN FZN/ NH rates are smaller
than ubiquitin ones, whereas the FZC /€ Values are larger. Essentially,
qOPN longitudinal rates are actually closer in size, possibly reflect-
ing inherent mobility, either the nature of motions or the timescales
involved.

It is worth noting that the difference between transverse and lon-
gitudinal rates in qOPN is less pronounced than in ubiquitin. The
transverse rates in qOPN are clearly smaller but the longitudinal rates
are comparable in actual size to ubiquitin. With less slower motions
contributing to the J(0), the transverse rates get smaller and closer in
size to the longitudinal ones. However, discerning the precise factors re-
sponsible remains challenging without accounting for field dependency
[89,90]. An accurate quantification and description of the different
motions leading to a specific relaxation profile strictly depends on the
chosen dynamical model. However, it is still hard to directly relate
the TCF with the nature of the motional modes IDPs undergo, and
to correctly determine their impact on the resulting relaxation rates.
It has been shown that the potential dynamic modes influencing spin
relaxation in disordered systems include [37]: (i) Sub-picosecond libra-
tions of the NH bonds; (ii) harmonic fluctuations of torsional angles
(¢, w) along the peptide chain (10-100 ps); (iii) ¢, v jumps involving
barrier crossing (0.01-1 ns); (iv) concerted tumbling, encompassing
the entire protein chain or its more structured segments (relevant
for transient structured elements with a sufficient long lifespan). Re-
cently, Salvi et al. [39,40] have rephrased the 3D GAF model [18]
to essentially parametrized the NH TCFs in: (1) the reorientation of
the peptide plane, influenced by variations in the flanking dihedral
angles ¢, y along with NH librations; and (2) the ‘tumbling of the
peptide plane’, described by the rotational correlation function of the
C? C} vector. According to this model, we can infer that variations
of the dihedral angles and libration of the NH vectors tune down the
rc'/C’C" rates (see Fig. 6). This applies quite well along the sequence
except for the first twenty residues (see Fig. 6A) where the model
breaks down: on average we obtain higher transverse NH rates than
expected. It is reasonable to speculate about the presence of a more
‘structured’ segment within qOPN, where the two spin vectors undergo
some kind of shared segmental motion (refer to Fig. 7B in the next
Section). Noticeable deviations in the transverse 1°N relaxation rates
were also observed for the residual a-helix in [39]. This adjusted 3D
GAF model, in the case of disordered systems can become rather formal.
As rationalized by Kampf: ‘[...] the peptide plane in an IDP senses
not only the fluctuations/jumps of the adjacent torsional angles ¢,_;
and y;, but also the conformational transitions involving more remote
torsional angles ¢,_;, y;_; and ¢,,,, w;;,’ [37], p. 2350). In this way,
the ‘tumbling of the peptide plane’ ignores the existence of several

Journal of Magnetic Resonance 361 (2024) 107661

motional modes, wrongly implying less complexity. It is worth noting
that Salvi’s approach might not be universally applicable. We also like
to stress that addressing the presented question is not the major scope
of this paper. We recognize that a mechanistic understanding of the
underlying motions can be intricate and is often oversimplified, and
believe that J(0), i.e. the TCF’s enclosed area, may not encode the
underlying motions in a clear cut manner [44]. Here, we only intend
to compare what we observed in two systems with different structural
attributes.

5.3. Correlation time extraction and analysis

The different dynamic behavior and the timescales probed by the
two system under analysis, become apparent when calculating the
correlation time (tau, ) for both 1°N-'H and 13C’-13C* vectors. As
discussed in Section 2 the correlation time is defined as the normalized
J(0) (see Eq. (5)), which is simply the integral of the TCF.

Panels A and C in Fig. 7 display the obtained results for ubiquitin.
Here, the two spin vectors exhibit comparable tau values (Fig. 7A). Re-
markably, upon evaluating the ratio between 7¢/c« and 7y (Fig. 7C),
it consistently converge around one, implying that both vectors exhibit
similar dynamics. The observed deviations from one, implying a higher
mobility of the I°N-1H vector, are in agreement with previous works
[30,74,86]. One can notice that the residues in the tail emerge as
outliers. The inherent flexibility of the end of the backbone chain
mirrors the dynamics observed in some residues of qOPN, suggesting,
as expected [91], a similar behavior.

Upon analyzing the extracted correlation times for qOPN (Fig. 7B),
we observe a greater diversity throughout the sequence. The local
correlation times vary for neighboring residues along the backbone thus
pointing to decoupling of peptide plane motions. Moreover, for many
residues the difference between 7. and ryy is more pronounced
compared to the one observed in ubiquitin. Indeed, the average value
of the ratio 7o/« /7x is consistently above one (Fig. 7D).

The found differences between the correlation times of NH and C’C*
vectors are certainly related to the different contributions to relaxation
of various motional tendencies. Now consider that the extracted tau
values are influenced by the choice of model that can be adjusted, it
is really about assessing the underlying motions [51]. To circumvent
these concerns, one can opt for an alternative approach by simply
examining the difference 27, - I', (see Supplementary Material Figure
6). This method allows for a straightforward separation of the terms
proportional to J(0), facilitating a cleaner comparison of the mapped
SDF without making any assumptions on the motions driving relax-
ation [44]. In this regards, other graphical representations can provide
model-independent intuition about motions timescales [30,33]. A more
in-depth analysis is possible using correlation time distributions [21,34]
or dynamic detectors [92].

6. Conclusions

The presented work provides a highly sensitive set of experiments
that enables the probing of correlation times for two different yet
complementary spin vectors within the same peptide plane.

Our study on ubiquitin, a folded protein, confirmed that both 15N-
1H and 13C’-13C¥ vectors exhibit predominantly similar dynamics, dom-
inated by nanoseconds timescales. This translates into a greater influ-
ence of the J(0) terms due to the shared isotropic tumbling motion,
rather than J(w) high frequency contributions, as evidenced by the
relatively small values of the longitudinal CCR rates I',. The observed
deviation from 1 in the 7c1ca /7 ratio are in agreement whit previous
findings.

In the case of an IDP, such as qOPN, we observed correlation times
which were smaller in size and largely varied across the sequence
compared to ubiquitin extracted values. Indicating that in more flexible
and complex systems, which lack a defined 3D structure, diversity in
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dynamics across the sequence becomes more pronounced, and local at once would fit the limited set of data [24]. In this study, we only
dynamics seems to drive relaxation. Because NMR spin relaxation intend to map the spectral density function (SDF) at zero frequency
experiments ultimately probe the SDF at few selected frequencies, too J(0), i.e. the weighted averaged correlation time, and report the notice-
little information is available and generally different dynamical models able differences and variations observed in two structurally different
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systems, without accounting for any particular motional model [28,44].
A possible solution to the limited amount of SDF values we can map is
high-resolution relaxometry [89,90].

To conclude, we were able to show that while ®N-based spin
relaxation measurements are sufficient to probe conformational dynam-
ics in folded proteins, IDPs are far more heterogeneous and require
the determination of additional and complementary spin probes. The
proposed experimental scheme serves this purpose and we anticipate
valuable applications particularly for the quantification of CCR rates
aiming at the determination of protein backbone dihedral angles for
which a proper referencing of local dynamics is crucial to disentangle
geometric and dynamic contributions.
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Appendix

Within the forthcoming appendix sections, we will derive the equa-
tions used to compute the longitudinal cross-correlated relaxation
(CCR) rates I ZC /€ and T ZN /NH presented in Section 4.2. Our deriva-
tion closely follows the one outlined in [46,74]. This comprehensive
derivation aims to provide a robust understanding of the performed

analyses.

Appendix A. Derivation of longitudinal cross-correlated rela-
xation rates

The evolution of the spin density is described using the Liouville
formalism, as presented in [93]. Within this framework, the spin system
at a given time point T is determined by solving the homogeneous
master equation
290 _ §00a). (AD

dt
where, L is the Liouvillan superoperator, represented in the following
by an effective relaxation matrix. We now focus on the sequence shown
in Fig. 4B for the measurement of the longitudinal CCR rate Fxcy// cer,
At the onset of the relaxation delay, the density operator exists in
either P = 2N,C! or Q = 4N, C/C? states. Cross-correlated relaxation,
stemming from the interference of the 13C’ CSA and the 13C’-13G*
dipolar coupling, leads to the partial conversion of P into Q and vice

10

39
Journal of Magnetic Resonance 361 (2024) 107661

versa. To a reasonable approximation, the spin pair 13C’-13C* can be
considered isolated, as already discussed in Section 3.3.

The Liouvillan space is therefore spanned only by P and Q. Assum-
ing the 'H magnetization is locked and that the z pair refocuses the
15N undesired couplings, Eq. (A.1) reads:

d {<P(z>>} _ [pp rz] {(P(z))}
dr | {0) I, ol \(Q0) S~
where pp and p, are the autorelaxation rates of P and Q, and I, the

longitudinal cross-correlated relaxation rates. Eq. (A.2), can be solved
analytically:

(A.2)

(P(T)) |4 C| [{P®O)
= —pT s A.3

{(Q(T)>} xp(=2T) [C B] {(Q(O))} -3

where:

A=cosh<T\/A2+F22>+;sinh<T\/42+FZZ>, (A.4)
\/ AP+ 12

B=cosh<T\/A2+FZ2> —;sinh<T‘/A2+rzz>, (A.5)
\/ A+ T?

C:—L sinh(T\/Az+Fzz>, (A.6)

\/ A +T7?

and

p=(pp+pp)/2 (A7)

A= (pg—pp)/2 (A.8)

The ratio of the four amplitudes in Eq. (16), in this case becomes:

Ap(MA((T) C?
—_— =4/ —. A.9
V A(T)A(T) AB #.9)

A good approximation of the CCR rates can be obtained by expanding
up to the second order in 7T the ratio in (A.9) [46], as follows:

AII(T)AIII(T) — FZCCRT _ rZCCRATZ +0(T3).
A(T)A(T) ) '

Now, we can recognize the first term of the Taylor expansion of the
hyperbolic tangent and collect it (Eq. (A.11)). In this way it is easier
to see that Eq. (A.12) reduces to the equation used to calculate the
transverse rates (see Eq. (17)) when AT is negligible compared to 1,
namely when pp ~ po> OT when XT < 1 (for short relaxation times T)
[74]

(A.10)

TEORT — TECRAT? + O(T?) = tanh(FECRT)(1 — AT + O(T%),  (A.11)

ccry_ 1 [An(MAy(T) 3 3
Iz <F = = arctanh< DDA T) / (1 — AT + O(T ))). (A.12)

For longer delays, an estimate of the difference of the autorelaxation
rates 4, can be obtained by taking the approximation up to second order
in T of the ratio of the signal amplitudes of auto-experiments IV and I:

A ()
Ay(T)

= k% = k(1 — 24T + 24°T? + O(T?)) = k(exp(—24T) + O(T?)).

(A.13)

where the constant k accounts for the unequal efficiencies of initial ex-
citation and detection of the operators P and Q in the two experiments
(I and IV) [46,74].

Appendix B. Derivation of longitudinal cross-correlated relaxation
rates in the presence of competing relaxation mechanism

When a spin system is not isolated, it is necessary to account for
competing cross-relaxation mechanisms, such as H*-H" cross relax-
ation. An effective strategy is to introduce a swapping block in the
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middle of the relaxation block (cite, Fig. 4A). The swapping block
acts as a unitary matrix that converts the operator P into Q and vice
versa. When the swapping block is introduced, the density matrix of

the system becomes more complex:
Cc?+ AB] {(P(O))}
2BC () )~

P(T 2AC
{< ( »} = exp(—4T) [ B.1)
where this time A, B and C are defined for half the time evolution T:

(O(T)) C?+ AB

A:cosh<§,/42+rz2> +;sinh<§\/42+l“zz> (B.2)
\/ A2+ T2
B=cosh<§\/42+1"3> —;smh<§\u2+rg> (B.3)
\ A2+ 1?2
T,
C=o i sinh(%y/A2+Fzz> (B.4)
\/A+T7?
and
p=(pp+0pg)/2 (B.5)
A= (pg—pp)/2. (B.6)
In this case the ratio becomes:
ADANT) \/ 4ABC? B.7)
An(MA(T) C4+2C2AB + A2B?’ ’

An estimate of the longitudinal CCR rates when the swapping block
is introduced (ISR ) can be derived by expanding in Taylor series
the ratio in Eq. (B.7) up to the fourth order in T. Again, we can collect

the terms of the expansion of the hyperbolic tangent, to get:

A(T)ANT
ADAND T+ L lFZTZ) +0O(T?)
Ap(MAL(T) i 24 32

= tanh(I,T)(1 + ﬁAZTZ +0(T?)) (B.8)
_1 AlT) Ary(T) 172, ot
|| = T arctanh Aq (DAL (D) a1+ 244 T + O(T”)) (B.9)

where T, is an abbreviation for Fé’éﬁ“”” . Again Eq. (B.9) reduces to
Eq. (17) when the delay T is short or when 4 is zero. This time, the
correction can be extracted from the dependence on T of ratio of the
amplitudes of the auto-experiments III and II,
A (T) B 1
=kZ = kexp(-AT)/(1 + —
A A p(-4T)/(1 + 1
The constant k accounts for the unequal efficiencies of initial ex-
citation and detection of the operators P and Q in the two auto
experiments.

r2a7? 4+ 0(T%)). (B.10)

Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.jmr.2024.107661.
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Supplementary Material

Figure 1. Schematic illustration of the peptide plane as defined by Corey and Pauling (Corey et al. (1953)) adapted from (Kauffmann et al.
(2021)). C*~C’ =153 A, C’-0 = 1.24 A, C'-N = 1.32 A, N-C* = 1.47 A. C*-C’-0 = 121°, C*-C’-N = 114°, O-C’-N = 125°, C’-N-H =
123°, C’-N-C® = 123°, H-N-C® = 114°. N-H = 1.04 A(Ottiger and Bax (1998)). The **N and *C’ CSA principal components are adapted
from Bodenhausen and coworkers(Cisnetti et al., 2004; Loth et al., 2005). N AN & Opa — Oyy N Ozz — 0z, =170 e 6 ppm, ap = 20°.

13C": pe =249.4 ppm, 0., = 87.9 ppm, a2 = 37°. oy, = 191.1 ppm (Kauffmann et al. (2021))
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Figure 2. Deviations in the C'C* correlation time chog ~ depending on: Panel A) fluctuations in the ratio 7, oy ng/ " (see Eq. 16 in

the Main Text) with a 20% anisotropy range (Tmc /T c " =08 to Tgc" / Ty/?;ca = 1.2). Panel B) changes in the angles a; and a2

(see Figure 5) within the range of 30° to 47° (Loth et al. (2005)). Panel C) changes in the size of the o, component of the C’ CSA tensor,

spanning from 180 ppm to 220 ppm (Loth et al. (2005)), with the reported value representing the mean.
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Figure 3. Correlation plot and linear fitting illustrate the transversal N/NH CCR Fi\fyH rates for ubiquitin, comparing values derived from
traditionally sampled spectra with those obtained from Non-Uniform Sampling (NUS) reconstructed spectra. The R-Value is reported. The

agreement between the two data sets indicate the reliability of both acquisition approaches.
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Figure 5. Comparison of the rates derived from the sequences presented in this paper and references. Reference #1 (Loth et al. (2005))

(red) and Reference #2 (Srb et al. (2017)) (blue) are included in the analysis. Panel A illustrates transversal Fivy/ NH rates, Panel B presents
longitudinal IY/NH rates, and Panel C showcases transversal ny,/ €T Lates. The observed offsets can be rationalized by considering the

N,

variations in experimental conditions (magnetic field: e.g. Ref #1 values are at 600MHz, see the larger offset in the I'; INH o J (w), sample

concentration, temperature, and pH).
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Figure 6. Qnyc R _T9CR values for "> N-'H and '*C’-**C* spin vectors in human ubiquitin (Ubq) and Coturnix japonica osteopontin

(QOPN): ubiquitin values of spin-pairs "> N-"H (dark blue) and *C’-*3C* (red) are depicted in panels A and C respectively, while QOPN

ones in panels B and D.

Table 1. Acquisition parameters of the recorded NMR CCR experiments acquired at 298K on a human ubiquitin sample of 1 mM, at pH
=6.5. 2D '°N-'H data were acquired with conventional sampling. Spectral width of N dimension was 2300 Hz, 150 complex points were

acquired along this dimension.

Experiment Relaxation N scans per exp version Total
delay (ms) I 11 11 IV measurement time

/N 40 16 32 32 32 12:00 h
100 16 32 32 32 12:30 h

r/NH 80 32 32 16 32 12:20 h
100 32 32 16 32 12:30 h

120 32 32 16 32 12:40 h

rg/cet 60 16 32 32 16 12:00 h
100 16 32 32 16 12:20 h

rg/eer 80 16 160 160 16 43:00 h
100 16 160 160 16 43:30 h

120 32192 192 32 51:00 h
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Table 2. Acquisition parameters of the recorded NMR CCR experiments acquired at 298K on a qOPN sample of 2.6mM, at pH = 6.5. 3D
data were acquired with non-uniform sampling, 300 indirect-domains points were acquired. Spectral width was set to 3000 Hz and 2300 Hz

in C’ and N dimensions, respectively. Sampling grid size was 60 and 64 points along C* and N dimensions, respectively.

Experiment Relaxation N scans per exp version Total
delay(ms) I I I v measurement time

r/NH 60 4 8 8 8 11:50 h
100 4 8 8 8 12:30 h

/N 40 8 8 4 8 11:50 h
100 8 8 4 8 12:30 h

120 8 8 4 8 12:40 h

s,/ 60 § 8 8 4 12:00 h
100 8 8 8 4 12:30 h

rg/eer 60 8§ 32 32 8 34:30 h
100 8 32 32 8 35:40 h

120 8 32 32 8 36:10 h




50 AN NMR METHOD TO MEASURE LOCAL CORRELATION TIMES IN THE PEPTIDE PLANE

Table 3: CCR rates obtained for ubiquitin.

Residue | N/NHxy | N/NHz | CCaxy | CCaz
2 5.689 1.214 1.835 0.108
3 5.315 1.316 1.479 0.076
4 5.152 1.245 1.739 0.076
5 5.127 1.24 2.243 0.27
6 5.62 1.382 1.407 0.154
7 5.268 1.249 1.593 0.106
8 4.34 1.276 1.368 0.096
10 4.585 1.195 1.354 0.108
11 4.96 1.204 1.491 0.082
12 4.893 1.297 1.41 0.079
13 5.229 1.34 1.643 0.093
14 5.096 1.181 1.676 0.053
15 5.305 1.337 1.629 0.093
16 5.191 1.175 1.653 0.054
17 5412 1.272 1.622 0.064
18 5.19 1.072 1.598 0.07
20 5.26 1.172 1.552 0.067
21 6.053 1.37 1.71 0.053
22 4.976 1.186 2.429 0.066
23 5.722 1.364 1.589 0.07
25 5.484 1.301 1.365 0.065
26 5.505 1.328 1.677 0.071
27 5.69 1.404 1.716 0.062
28 5.785 1.348 1.529 0.099
29 5.385 1.261 1.461 0.058
30 5.439 1.336 1.604 0.059
31 5.814 1.34 1.661 0.08
32 5.453 1.285 1.464 0.086
33 4.993 1.203 1.614 0.074
34 4.87 1.209 1.589 0.051
35 5.622 1.146 1.582 0.082
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Residue | N/NHxy | N/NHz | CCaxy | CCaz
39 5.002 1.248 1.596 0.051
40 5.231 1.22 1.592 0.059
41 5.204 1.32 1.583 0.079
42 5.095 1.221 1.614 0.032
43 5.216 1.275 1.694 0.088
44 5.11 1.247 1.582 0.031
45 5.762 1.349 1.663 0.077
47 4.373 1.128 1.556 0.073
48 5.621 1.274 1.466 0.101
49 4.82 1.186 1.387 0.044
50 5.453 1.276 1.633 0.066
51 5.241 1.124 1.497 0.053
52 4.982 1.038 1.161 0.107
54 5.637 1.208 1.729 0.066
55 4.962 1.176 1.496 0.059
56 5.451 1.366 1.615 0.081
57 5.086 1.279 1.591 0.057
58 5.486 1.313 1.578 0.074
59 4.989 1.232 2.142 0.079
60 5.605 1.41 1.534 0.061
61 5.216 1.267 1.586 0.055
62 4.509 1.084 1.719 0.086
63 5.127 1.102 1.252 0.071
64 5.05 1.25 1.584 0.069
65 5.482 1.295 1.684 0.082
66 5.084 1.221 1.662 0.065
67 5.433 1.325 1.72 0.048
68 5.086 1.228 1.633 0.085

51
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Residue | N/NHxy | N/NHz | CCaxy | CCaz
70 5.637 1.353 1.786 0.086
71 4915 1.229 1.532 0.062
72 4.715 1.268 1.349 0.062
73 2.997 1.207 1.224 0.101
74 2.204 1.319 0.805 0.131
76 0.67 0.443 0.263 0.091

10
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Table 4: CCR rates obtained for qOPN.

residue | N/NHxy | et N/NHxy | N/NHz | err N/NHz | CCaxy | errCCaxy | CCaz | err CCaz
50 0.019 0.019 0.817 0.015 0.455 0.047 0.122 | 0.009
51 0.036 0.036 0.997 0.065 0.528 0.153 0.122 | 0.006
53 0.025 0.025 1.02 0.006 0.614 0.002 0.121 | 0.006
55 0.07 0.07 1.026 0.024 0.672 0.018 0.106 | 0.004
57 0.036 0.036 1.006 0.012 0.753 0.009 0.129 | 0.004
58 0.108 0.108 1.037 0.009 0.66 0.002 0.101 | 0.004
59 0.239 0.239 0.86 0.037 0.694 0.105 0.146 | 0.007
60 0.0 0.0 0.976 0.007 0.7 0.011 0.118 | 0.004
61 0.1 0.1 0.964 0.005 0.72 0.02 0.107 | 0.003
62 0.01 0.01 0.914 0.002 0.708 0.003 0.103 | 0.003
63 0.105 0.105 0.831 0.012 0.851 0.074 0.133 | 0.004
64 0.165 0.165 0.945 0.014 0.749 0.014 0.107 | 0.005
65 0.192 0.192 1.028 0.029 0.77 0.068 0.121 | 0.005
66 0.001 0.001 0.944 0.007 0.63 0.003 0.183 | 0.004
67 0.08 0.08 0.956 0.005 0.855 0.0 0.111 | 0.003
68 0.07 0.07 1.078 0.01 0.797 0.012 0.108 | 0.002
69 0.06 0.06 0.923 0.003 0.604 0.003 0.109 | 0.001
70 0.012 0.012 1.068 0.004 0.832 0.034 0.095 | 0.002
71 0.037 0.037 0.933 0.008 0.914 0.027 0.113 | 0.002
72 0.09 0.09 0.862 0.028 0.711 0.049 0.116 | 0.001
73 0.226 0.226 0.948 0.031 0.875 0.082 0.102 | 0.001
77 0.094 0.094 1.042 0.045 0.711 0.094 0.141 | 0.002
78 0.016 0.016 0.946 0.014 0.901 0.018 0.156 | 0.002
79 0.029 0.029 0.901 0.006 0.757 0.014 0.13 0.001
80 0.001 0.001 0.937 0.007 0.604 0.014 0.078 | 0.002
81 0.033 0.033 0.716 0.003 0.697 0.023 0.113 | 0.003
82 0.013 0.013 0.855 0.007 0.795 0.012 0.103 | 0.002
83 0.029 0.029 0.887 0.007 1.099 0.003 0.109 | 0.001
94 0.045 0.045 0.818 0.01 0.753 0.009 0.098 | 0.01
96 0.022 0.022 0.932 0.035 0.662 0.079 0.13 0.02
97 0.719 0.719 0.946 0.014 0.901 0.018 0.156 | 0.002

11
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residue | N/NHxy | et N/NHxy | N/NHz | err N/NHz | CCaxy | errCCaxy | CCaz | err CCaz
100 0.01 0.01 0.748 0.004 1.018 0.02 0.142 | 0.005
101 0.064 0.064 0.939 0.002 0.837 0.006 0.071 | 0.001
102 0.032 0.032 0.75 0.006 0.966 0.017 0.134 | 0.002
108 0.048 0.048 0.79 0.012 0.758 0.01 0.103 | 0.004
109 0.058 0.058 0.934 0.002 0.868 0.083 0.095 | 0.002
110 0.051 0.051 0.923 0.015 0.89 0.008 0.132 | 0.002
111 0.044 0.044 0.928 0.016 0.771 0.064 0.133 | 0.001
113 0.037 0.037 0.691 0.004 0.833 0.037 0.134 | 0.0
114 0.114 0.114 0.835 0.017 0.955 0.049 0.104 | 0.001
115 0.058 0.058 0.955 0.005 0.897 0.027 0.057 | 0.004
116 0.008 0.008 0.805 0.02 0.974 0.007 0.155 | 0.001
117 0.093 0.093 0.967 0.005 1.063 0.012 0.09 0.004
119 0.107 0.107 0.957 0.009 1.191 0.077 0.126 | 0.0
120 0.038 0.038 0.812 0.015 1.347 0.009 0.057 | 0.007
121 0.018 0.018 0.886 0.019 1.437 0.153 0.089 | 0.004
122 0.117 0.117 0.906 0.004 1.546 0.02 0.093 | 0.003
123 0.006 0.006 0.919 0.008 1.508 0.114 0.1 0.005
125 0.01 0.01 0.674 0.011 1.009 0.021 0.114 | 0.008
127 0.11 0.11 1.053 0.007 1.28 0.007 0.164 | 0.004
132 0.105 0.105 0.877 0.012 1.15 0.054 0.096 | 0.002
135 0.058 0.058 0.971 0.036 1.023 0.001 0.133 | 0.007
136 0.059 0.059 1.039 0.006 0.86 0.06 0.107 | 0.008
137 0.043 0.043 0.923 0.093 0.958 0.025 0.101 | 0.007
138 0.067 0.067 1.008 0.03 0.691 0.03 0.123 | 0.002
139 0.019 0.019 0.946 0.018 0.68 0.033 0.134 | 0.003
140 0.037 0.037 0.975 0.008 0.781 0.03 0.104 | 0.005
141 0.078 0.078 0.765 0.036 0.885 0.054 0.119 | 0.005
142 0.051 0.051 0.998 0.004 1.049 0.002 0.098 | 0.007

12
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residue | N/NHxy | et N/NHxy | N/NHz | err N/NHz | CCaxy | errCCaxy | CCaz | err CCaz
144 0.016 0.016 1.028 0.009 1.295 0.068 0.097 | 0.005
145 0.052 0.052 0.936 0.016 1.145 0.103 0.107 | 0.008
146 0.062 0.062 0.894 0.003 1.236 0.083 0.089 | 0.005
148 0.305 0.305 0.863 0.008 1.632 0.049 0.073 | 0.003
153 0.658 0.658 1.028 0.227 0.878 0.118 0.122 | 0.037
168 0.014 0.014 0.872 0.005 1.563 0.083 0.081 | 0.003
169 0.197 0.197 0.908 0.012 1.212 0.004 0.093 | 0.003
170 0.186 0.186 0.801 0.003 1.114 0.028 0.122 | 0.001
172 0.044 0.044 0.927 0.008 1.225 0.015 0.122 | 0.001
173 0.037 0.037 0.891 0.007 1.039 0.006 0.127 | 0.001
174 0.047 0.047 0.93 0.009 0.874 0.03 0.172 | 0.005
175 0.011 0.011 0.786 0.008 0.804 0.039 0.06 0.005
177 0.086 0.086 0.683 0.023 0.809 0.01 0.109 | 0.003
178 0.009 0.009 0.887 0.01 0.726 0.013 0.106 | 0.005
179 0.009 0.009 0.83 0.009 0.976 0.109 0.118 | 0.005
180 0.06 0.06 1.046 0.014 1.308 0.002 0.181 | 0.002
182 0.045 0.045 1.01 0.008 0.931 0.01 0.095 | 0.005
183 0.017 0.017 0.981 0.01 1.243 0.037 0.119 | 0.005
185 0.378 0.378 1.052 0.006 1.663 0.226 0.083 | 0.005
186 0.051 0.051 1.032 0.021 1.706 0.201 0.089 | 0.008
191 0.075 0.075 0.904 0.016 1.413 0.084 0.086 | 0.006
192 0.227 0.227 0.964 0.007 1.278 0.133 0.081 | 0.007
193 0.159 0.159 0.903 0.013 0.781 0.246 0.135 | 0.004
197 0.14 0.14 0.934 0.014 1.379 0.031 0.112 | 0.003
198 0.006 0.006 0.955 0.02 1.055 0.042 0.096 | 0.002
200 0.014 0.014 0.953 0.01 1.049 0.014 0.113 | 0.003
204 0.001 0.001 0.715 0.01 0.945 0.016 0.107 | 0.002
205 0.045 0.045 0.782 0.001 0.901 0.028 0.112 | 0.002
206 0.028 0.028 0.883 0.006 0.813 0.008 0.099 | 0.007
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residue | N/NHxy | et N/NHxy | N/NHz | err N/NHz | CCaxy | errCCaxy | CCaz | err CCaz
213 0.056 0.056 0.944 0.016 0.822 0.008 0.12 0.002
214 0.027 0.027 0.868 0.015 0.959 0.0 0.101 | 0.008
215 0.026 0.026 0.975 0.007 0.928 0.01 0.114 | 0.002
216 0.116 0.116 0.913 0.002 0.79 0.019 0.131 | 0.005
217 0.03 0.03 0.979 0.01 0.646 0.016 0.128 | 0.002
218 0.007 0.007 0.738 0.007 0.761 0.001 0.095 | 0.003
219 0.025 0.025 0.706 0.008 0.574 0.029 0.147 | 0.003
220 0.134 0.134 0.81 0.015 0.419 0.004 0.14 0.002
221 0.077 0.077 0.761 0.016 0.56 0.01 0.118 | 0.001
222 0.531 0.531 1.114 0.084 0.863 0.29 0.122 | 0.002
224 0.13 0.13 0.849 0.025 0.56 0.11 0.113 | 0.016
225 0.109 0.109 0.776 0.011 0.412 0.027 0.1 0.002
226 0.061 0.061 0.735 0.013 0.472 0.025 0.108 | 0.003
227 0.131 0.131 0.832 0.004 0.356 0.003 0.109 | 0.004
228 0.008 0.008 0.757 0.002 0.593 0.031 0.118 | 0.001
229 0.022 0.022 0.9 0.067 0.616 0.015 0.101 | 0.001
230 0.038 0.038 0.918 0.032 0.506 0.041 0.125 | 0.002
231 0.007 0.007 0.965 0.006 0.719 0.015 0.109 | 0.003
232 0.069 0.069 1.004 0.005 0.576 0.041 0.126 | 0.003
233 0.016 0.016 0.741 0.016 0.443 0.017 0.108 | 0.003
234 0.655 0.655 0.961 0.042 0.609 0.04 0.109 | 0.01
236 0.067 0.067 0.909 0.02 0.489 0.011 0.096 | 0.003
237 0.007 0.007 0.466 0.005 0.538 0.019 0.045 | 0.002
239 0.011 0.011 0.747 0.004 0.656 0.035 0.118 | 0.002
240 0.013 0.013 0.739 0.001 0.816 0.019 0.119 | 0.001
241 0.043 0.043 0.683 0.013 0.437 0.005 0.091 | 0.002
242 0.044 0.044 0.827 0.022 0.657 0.007 0.149 | 0.001
243 0.068 0.068 0.869 0.01 0.503 0.014 0.113 | 0.002
244 0.141 0.141 1.028 0.016 0.563 0.022 0.148 | 0.004

14
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residue | N/NHxy | et N/NHxy | N/NHz | err N/NHz | CCaxy | errCCaxy | CCaz | err CCaz
246 0.069 0.069 0.861 0.007 0.773 0.001 0.14 0.002
247 0.044 0.044 0.83 0.013 0.51 0.016 0.127 | 0.005
248 0.013 0.013 0.91 0.006 0.663 0.021 0.095 | 0.002
249 0.059 0.059 0.89 0.026 0.609 0.003 0.117 | 0.001
250 0.009 0.009 0.919 0.005 0.581 0.011 0.124 | 0.003
251 0.004 0.004 0.887 0.005 0.533 0.002 0.106 | 0.001
253 0.027 0.027 0.993 0.007 0.64 0.024 0.078 | 0.001
254 0.049 0.049 0.961 0.003 0.749 0.038 0.097 | 0.001
256 0.004 0.004 0.998 0.015 0.81 0.003 0.123 | 0.002
257 0.006 0.006 1.142 0.118 0.953 0.02 0.105 | 0.029
259 0.047 0.047 0.89 0.011 0.542 0.025 0.119 | 0.004
260 0.069 0.069 0.808 0.005 0.549 0.008 0.183 | 0.004
262 0.042 0.042 0.702 0.012 0.567 0.008 0.103 | 0.002
264 0.072 0.072 0.798 0.008 0.437 0.014 0.146 | 0.003
265 0.013 0.013 0.787 0.009 0.387 0.001 0.108 | 0.002
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DISCUSSION AND OUTLOOK

In the past two decades, extensive research has focused on IDPs. The
primary aims were to probe residual structure, folding-upon bind-
ing events, and understand their dynamic behavior. In this context,
NMR spin relaxation experiments have emerged as a powerful tool
to investigate the intricate relationship of structure and dynamics
in IDPs. However, the experimental information we can obtain for
IDPs is more ambiguous to understand compared to folded proteins.
The broad conformational space they sample is reflected in averaged
NMR observables, which are difficult to deconvolute[70]. For this rea-
son, CCR-based methods, in particular, have long remained limited
to folded proteins. This thesis offers a method to disentangle the com-
plexities of CCR rates within the realm of structural disorder.

5.1 AN ADDITIONAL SPIN PAIR TO INVESTIGATE THE STRUC-
TURAL IMPLICATIONS OF DIFFUSION ANISOTROPY

Chapter 3 presents a conceptual study on the possibility to experi-
mentally detect segmental anisotropic diffusion in IDPs, offering a
simple model to describe the spectral density function (SDF) for a
rigid rotor tumbling in an isotropic solution. In the latter, the dif-
fusion of an asymmetric top is considered[40], in which the fast lo-
cal motions are assumed isotropic and modeled as an additional
Lorentzian in the SDF. In order to identify any orientational biases,
the focus is directed towards the SDF at zero frequency, denoted as
J(0), and an additional interaction to the N/NH CSA /DD must be
considered. Embedded in the same tumbling frame but with a differ-
ent and favorable orientation, the C'/C'C% CSA/DD interference is
chosen as the best spin pair to detect the diffusion of extended chains
or a-helical structural arrangements.

We investigated experimental methods to clearly define and com-
pare these two interactions. By taking advantage of the rigidity of the
peptide plane, we demonstrated that mapping J(0) of both C'C%* and
NH vectors, through the application of CCR effects, enables the po-
tential detection of anisotropic segmental tumbling. Given that both
CCR interactions share a common spin, the rapid frequency contri-
butions to the transverse CCR rate (namely J(wy) and J(a@c) for the
rates considered here), necessitate individual quantification through
the measurement of their longitudinal counterparts. Notably, so far,
there haven’t been any documented experiments focusing on the mea-
surement of longitudinal C’'/C'C* CSA/DD CCR.
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The latter might seem worthless in the context of folded proteins
due to the poor efficiency of the relaxation mechanisms; indeed, the
transversal C'/C'C% CCR rates are already rather small compared to
the N/NH one[73]. Considering that slow tumbling motions drive
spin relaxation in folded proteins, the impact of J(@¢) is indeed ex-
pected to be tiny. However, in the context of rapidly fluctuating sys-
tems such as IDPs, the situation changes. What might have been con-
sidered negligible in folded proteins can still be sizeable in disordered
systems.

5.2 DETERMINING TWO CORRELATION TIMES IN THE PEPTIDE
PLANE

The paper presented in Chapter 4 was initially motivated by the goal
of experimentally realizing the CCR-based method outlined in the
first manuscript.

The development of CCR pulse sequences reached its peak pro-
ductivity around 1997 with the introduction of the TROSY experi-
ment[74]. By 2003, the first reviews[75], [76] and book chapters were
written, and attention shifted to practical applications[73], [77], [78]
and methodology improvements[79]-[83]. Subsequently, there was a
notable decline in the popularity of detailed spin-relaxation measure-
ments[23], and imagining the development of new useful CCR pulse
sequences became challenging. However, there are still interactions
to discover [84]. As already discussed above, this thesis introduces
a novel CCR experiment to measure longitudinal C’'/C'C* CSA/DD
interference.

The aim to precisely quantify segmental diffusion encouraged the
author to consider the symmetrical reconversion approach[79] and
incorporate it in the novel pulse sequence.

During the development of the CCR rates set, the initial goal started
to shift toward the determination of the correlation times for the two
spin pairs considered. An adequate estimate for the correlation time
T.v is indeed a necessary prerequisite to extract structural information
contained in the TCF at zero J(0) when employing the simple sepa-
ration of structure and dynamic presented in section 2.2.1. Because
Cu(0) is known for the interactions here regarded, a precise quantifi-
cation of t,,, defined as the integral under the normalized TCE, would
allow for the first time to deconvolute geometrical and dynamics con-
tributions in IDPs without the need to invoke any particular model
or assume any particular motion.

To summarize and conclude, this study demonstrates that: (i) addi-
tional spin pairs are essential for characterizing anisotropic dynamics
in complex and heterogeneous systems, (ii) mapping J(0) and rely-
ing on a sans-model factorization of structure and dynamics allow
for obtaining precise local correlation times in IDPs and for separat-



5.2 DETERMINING TWO CORRELATION TIMES IN THE PEPTIDE PLANE 63

ing these two contributions. These findings will aid in determining
protein backbone dihedral angles and characterizing IDPs motions.
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