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Abstract

Proteins execute biological function through structure and dynamics, often sam-
pling multiple conformations and containing intrinsically disordered regions. Ob-
taining residue-specific information remains difficult for large, poorly soluble, het-
erogeneous, or highly dynamic systems, where many established methods lose appli-
cability or resolution. This thesis develops strategies for studying such targets using
solution- and magic-angle-spinning (MAS) solid-state NMR, complemented where
appropriate by computational and evolutionary analyses.

The work is organized around three conceptually linked objectives. First, it
addresses a major limitation of perdeuteration-based 1H-detected MAS NMR, in-
sufficient H/D back exchange that obscures solvent-shielded amides, by evaluating
cell-extract-based selective deuteration to achieve high amide protonation in H2O
while maintaining favorable spectra. Second, it defines quantitative criteria for MAS
sample preparation by benchmarking how solution, sedimented, and microcrystalline
states affect resolution, sensitivity, and stability, and uses these comparisons to build
a practical workflow for generating and validating backbone assignments from com-
bined solution and MAS datasets. Third, it applies residue-resolved solution NMR
to the intrinsically disordered N-terminal domain of cGAS to quantitatively as-
sess conformational dynamics of apo NTD and NTD upon binding to various DNA
molecules, and to place these findings in an evolutionary context.

Together, these studies show how labeling, sample state, and analysis choices
jointly determine NMR information content in challenging biomolecular systems.
Targeted labeling recovers otherwise inaccessible backbone sites without refolding.
Sediments and microcrystals display distinct, measurable trade-offs in spectral qual-
ity and experimental robustness. For cGAS, the results support a modular orga-
nization of the N-terminal domain and indicate that DNA-induced responses are
dominated by physical properties of DNA rather than its sequence. These advances
broaden the practical toolbox for NMR studies of protein structure.
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Zusammenfassung

Proteine erfüllen biologische Funktionen durch ihre Struktur und Dynamik, wobei
sie häufig mehrere Konformationen einnehmen und oft intrinsisch ungeordnete Re-
gionen enthalten. Die Gewinnung residuespezifischer Informationen bleibt für große,
schlecht lösliche, heterogene oder stark dynamische Systeme schwierig, da viele
etablierte Methoden dort an Anwendbarkeit oder Auflösung verlieren. Diese Dis-
sertation entwickelt Strategien zur Untersuchung solcher Targets mittels Lösungs-
NMR und Festkörper-NMR unter Magic-Angle-Spinning (MAS), ergänzt, wo sin-
nvoll, durch rechnergestützte und evolutionäre Analysen.

Die Arbeit ist um drei konzeptionell verknüpfte Ziele organisiert. Erstens adressiert
sie eine zentrale Einschränkung der perdeuterierungsbasierten, 1H-detektierten MAS-
NMR—eine unzureichende H/D-Rückaustauschrate, die lösungsmittelabgeschirmte
Amide verdeckt—indem eine selektive Deuterierung auf Basis von Zellextrakten
evaluiert wird, um eine hohe Amid-Protonierung in H2O bei gleichzeitig günsti-
gen Spektraleigenschaften zu erreichen. Zweitens definiert sie quantitative Krite-
rien für die MAS-Probenpräparation, indem systematisch verglichen wird, wie sich
Lösung, Sediment und mikrokristalline Zustände auf Auflösung, Empfindlichkeit
und Stabilität auswirken, und nutzt diese Vergleiche, um einen praxisnahen Work-
flow zur Erzeugung und Validierung von Rückgrat-Zuordnungen aus kombinierten
Lösungs- und MAS-Datensätzen zu entwickeln. Drittens wendet sie residuespezifis-
che Lösungs-NMR auf die intrinsisch ungeordnete N-terminale Domäne von cGAS
an, um die Konformationsdynamik der apo-NTD sowie der NTD bei Bindung an
verschiedene DNA-Moleküle quantitativ zu erfassen und diese Befunde in einen evo-
lutionären Kontext einzuordnen.

Zusammen zeigen diese Studien, wie Markierungsschema, Probenzustand und
Auswerteentscheidungen gemeinsam den Informationsgehalt der NMR in anspruchsvollen
biomolekularen Systemen bestimmen. Zielgerichtete Markierungsstrategien machen
ansonsten unzugängliche Rückgratpositionen sichtbar, ohne Refolding-Schritte zu
erfordern. Sedimente und Mikrokristalle zeigen unterschiedliche, messbare Kom-
promisse zwischen spektraler Qualität und experimenteller Robustheit. Für cGAS
stützen die Ergebnisse eine modulare Organisation der N-terminalen Domäne und
zeigen, dass DNA-induzierte Antworten vor allem von den physikalischen Eigen-
schaften der DNA und weniger von ihrer Sequenz geprägt sind. Diese Fortschritte
erweitern das praktische Methodenspektrum für NMR-Studien der Proteinstruktur.
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Chapter 1

Introduction

This chapter introduces the basic physical, mathematical, and chemical concepts
underlying the methods used in the work. The first part of the chapter focuses on
theoretical basics followed by practical aspect of biomolecular Nuclear Magnetic
Resonance (NMR). Elements of protein dynamics as well as brief history and key
aspects of solid-state MAS NMR applied to biomolecules are covered in second part
of the chapter.
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CHAPTER 1. INTRODUCTION

1.1 Place of structural biology
Proteins drive cellular processes through their structure and dynamics. The

three-dimensional architecture of proteins emerges from their primary amino acid
sequences, resulting in diverse protein types. Historically, proteins were considered
to exist as single, stable, and rigid entities. However, in solution or when tethered
to membranes, proteins exhibit dynamic behavior, transitioning between multiple
conformations ranging from highly ordered to completely disordered states. The
multidimensional energy landscape determines the thermodynamics and kinetics of
these conformational transitions. The discovery of fold-switching proteins, prion
proteins, and the phenomenon of folding upon binding in certain IDPs/IDRs has
shown that protein dynamics are integral to nearly all protein functions and are evi-
dent at multiple levels, including conformational dynamics, conformational changes,
protein folding, and intermolecular interactions. A central challenge of structural
biology nowadays is the dynamic characterization of conformational ensembles.

In recent decades, X-ray crystallography and NMR spectroscopy have been fun-
damental techniques in structural biology, enabling the determination of atomic-
or near-atomic-resolution three-dimensional structures and protein structural en-
sembles. Technological advancements, including improved crystallization protocols,
increased magnetic field strengths and rotor spinning speeds, and the development
of specialized NMR experiments have broadened the spectrum of molecular targets,
facilitating the structural analysis of complex proteins and multi-domain assemblies
that were previously inaccessible.

To correlate protein architecture with biological activity, structures and/or struc-
tural ensembles derived with X-ray, cryo-EM, NMR methods must be enriched by
functional assays and computational simulations that expose the conformational
transitions proteins undergo during catalysis, allosteric regulation, or molecular
recognition. Additionally, evolutionary data provide valuable insights into how
protein variability influences stability, alters active site geometry, or redirects pro-
tein–protein interactions. Comprehensive analyses of proteins evolution, structure,
dynamics, and biological functions are essential for advanced drug design, elucida-
tion of disease mechanisms, and protein engineering for biomedical and industrial
applications.

This thesis employs NMR spectroscopy to investigate protein structures and
their associated dynamics, and incorporates molecular evolution to contextualize
structural information within an evolutionary framework.

1.2 Fundamental Techniques in NMR Spectroscopy
Throughout this chapter we use the following notation. Italic roman symbols

(e.g. ;, <; , �) denote scalar quantities such as quantum numbers and eigenvalues.
Bold upright symbols (e.g. L, I) denote vector quantities such as orbital and nuclear
spin angular momenta, and their magnitudes are written as scalars with absolute
value bars, e.g. |L|. Operators are written as bold italic symbols with a hat, for
example L̂ for the orbital angular momentum operator and Î, Ŝ for spin operators.
A summary of the quantum-mechanical parameters describing the spin system is
given in Supplementary Table A.1.
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CHAPTER 1. INTRODUCTION

1.2.1 Quantum mechanics of spin systems
In quantum mechanics, the state of a nucleus is defined by a set of quantum

numbers, which describe its intrinsic and angular momentum properties. These
quantum numbers determine how nucleons (protons and neutrons) behave within
the nucleus, their energy levels, and their interactions with external magnetic fields,
which are crucial for NMR spectroscopy.

Energy states and population distribution are the fundamental subjects of any
spectroscopic technique. The energy difference between energy states gives rise to
the frequency of the spectra, whereas intensities of the spectral peaks are propor-
tional to the population difference of the states.

NMR spectroscopy exploits behavior of nuclei with a spin angular momentum
in the presence of an external magnetic field. The key requirement for a nucleus to
be NMR-active is having a non-zero nuclear spin quantum number �. Nuclei with
an even number of protons / and neutrons # have � = 0, for example, 12C. These
kinds of nuclei will not give rise to an NMR signal. For nuclei with � ≠0, energy
states arise due to the interaction of nuclear spin angular momentum I with the
applied magnetic field B0. The total nuclear spin angular momentum has a fixed
magnitude given by:

|I| = ℏ
√
� (� + 1) (1.1)

, where � is the nuclear spin quantum number, and ℏ is the reduced Planck
constant (ℏ = h/2c). The value of � depends on the mass and charge distribution of
the nucleus and can take values I = 0, 1

2 , 1,
3
2 , … . Isotopes such as 1H, 13C, and 15N,

which are particularly important in biological applications, have a spin-1
2 nucleus.

While 1H is abundant in nature, the 13C and 15N isotopes need to be introduced
artificially, as their natural abundance is typically insufficient for detection by NMR
spectroscopy.

While the total spin angular momentum |I| is a fixed quantity, its measurable
component in a given direction is determined by the magnetic quantum number <� .
The /-component of the spin angular momentum is given by:

�I = ℏ<� (1.2)

, where <� can take values of �, � − 1, …, −� + 1, −�, resulting in a total of
2� + 1 discrete states. This equation establishes that the spin angular momentum
is quantized in space, meaning the nuclear spin can only have specific orientations
relative to an external field. However, in the absence of magnetic field, all possible
orientations of nuclear spin states have equal energy (i.e., spin state degeneracy).

1.2.2 Nuclear spin populations
When a nucleus is placed in a magnetic field B0, the Zeeman effect causes the

degeneracy of spin states to be lifted, creating discrete energy levels based on <� .
For a spin-1

2 nucleus, the two allowed values of <� are:
<� = +1

2 (”up”) → Parallel to B0
<� = -1

2 (”down”) → Antiparallel to B0

5



CHAPTER 1. INTRODUCTION

These orientations are also called U- and V-states. These states are not static;
rather, the nuclear spin continuously precesses around the magnetic field direction
due to its magnetic moment `. (Fig.1.1)

Iz

Iy

Ix

+h/2
I

0

-h/2

Iz

Iy

Ix

+h/2

I

0

-h/2

Figure 1.1: Orientation of nuclear spin angular momentum I with spin-1
2 and its

/-component, �I. The vectors represent the angular momentum rotating about the
external magnetic field, whose direction is along the /-axis of the laboratory frame.

1.2.3 Larmor frequency
The potential energy � of a magnetic moment ` in an external magnetic field

B0 is given by:

� = µ·B0 = −Wℏ<��0 (1.3)
For each spin state, there is energy associated with it:

�U = −1
2`I�0 = −1

2ℏW�0 �V = +1
2`I�0 = +1

2ℏW�0 (1.4)
This energy difference between states determines the resonance (Larmor) fre-

quency in NMR:

Δ�U→V = �V − �U = 1
2ℏW�0 −

(
−1

2ℏW�0
)
= ℏW�0 =

(
ℎ

2c

)
W�0 (1.5)

Using Planck’s relation, ΔE = ℎa, Equation (1.6) can be rearranged to:

aU→V =
Δ�U→V

ℎ
=
W�0
2c (1.6)

In an applied magnetic field �0, the Larmor frequency aU→V is determined by
the gyromagnetic ratio W. In the NMR literature, the frequency a is often replaced
by the angular frequency l = 2ca, which is expressed in rad s−1 units. Hence, the
expression for the Larmor frequency becomes as follows:

l0 = −W�0 (1.7)
The Larmor frequency determines the resonance condition for the nuclei, as

Radio Frequency (RF) pulses must match this frequency to excite nuclear spins.
Accurate knowledge of the Larmor frequency for the nuclei under investigation is
essential for defining the rotating frame, which is required for all NMR physics cal-
culations. Chemical shifts are referenced to the Larmor frequency because they are
defined by the difference between the observed resonance and the Larmor frequency.
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CHAPTER 1. INTRODUCTION

1.2.4 Boltzmann distribution
The statistical behavior of nuclear spins and their relative populations in applied

magnetic field at thermal equilibrium are described by Boltzmann distribution:

#U

#V
= 4

−
(
Δ�
:)

)
(1.8)

, where Δ� is the energy difference between states, ) is the absolute temperature
in Kelvins, : = 1.38×10−23 J K−1 is the Boltzmann constant. This equation indicates
that both the energy difference between the transition states and the population
difference of the states increase with the magnetic field strength. Furthermore, the
population difference exhibits a temperature dependence. At room temperature,
the population of the V-state is slightly lower than that of the U-state, resulting in
a very small net bulk magnetization M0. Since detectable NMR signal arises from
precession of bulk magnetization vector M0, the relatively small magnitude of M0
makes NMR a very insensitive spectroscopic method.

1.2.5 Rotating frame
Key information about chemical structure and molecular dynamics, such as

chemical shifts, �-couplings, and other spin interactions, occurs on the kHz or sub-
kHz scale (Supplementary Table A.3). To analyze differences within the desired fre-
quency range, the common contribution to the Larmor frequency (the Zeeman inter-
action) can be effectively removed from the theoretical treatment. This is achieved
by introducing a new coordinate system called the rotating frame. In the rotating
frame, the -. -plane rotates at or near the Larmor frequency l0 about the labo-
ratory /-axis. This transformation effectively eliminates rapid precession, enabling
observation of the individual spin system’s evolution relative to the common basis.

1.2.6 Effects of the B1 field
When a macroscopic sample is placed in a static magnetic field B0, the nuclear

spins partially align with the field, generating a small but measurable bulk magneti-
zation vector M0. This magnetization has three Cartesian components, "G, "H, and
"I, corresponding to the --, . -, and /-axes of the laboratory frame. At thermal
equilibrium, only the longitudinal component "I is non-zero. Applying an RF field
B1 in the -. -plane tips the bulk magnetization away from the /-axis. The B1 field,
generated by an oscillating current in the probe coil, induces transitions between
spin states and produces transverse magnetization. The resulting transverse com-
ponents "GH precess about the /-axis at the Larmor frequency, inducing a voltage
in the detection coil. This precessing transverse magnetization forms the observable
NMR signal, known as the Free Induction Decay (FID). The frequency of rotation
induced by the pulse is determined by:

l1 = −WB1 (1.9)

By modulating the amplitude and duration of B1, the bulk magnetization can
be rotated anywhere in the plane perpendicular to the axis of the applied B1 field
in the rotating frame. If B1 is turned on and then off as M0 moves from the /-axis

7



CHAPTER 1. INTRODUCTION

to the -. -plane, this is called a 90◦ pulse. The duration of this pulse is called
the 90◦ pulse length, and the B1 field amplitude is expressed as the effective field,
the frequency with which B1 field rotates a given magnetization. The pulse power
for a hard (short) 90◦ pulse is typically about 50 W for protons and > 100 W for
heteronuclei (13C, 15N). Because heteronuclei have lower gyromagnetic ratios than
protons, they require longer 90◦ pulse lengths at a given power.

1.2.7 Product operator formalism
Modern multidimensional NMR spectroscopy requires monitoring not only mag-

netization but also its phase, coherence order, and magnetization transfer between
coupled spins. The Product Operator Formalism (POF) provides a compact alge-
braic framework in which spin dynamics are expressed in terms of spin operators
and their products. Specifically, in POF, nuclear spin dynamics are described us-
ing the Cartesian spin operators �̂G, �̂H, and �̂I the components of the spin angular
momentum along the --, . -, and /-axes. In the rotating frame, transverse mag-
netization detected in a conventional 1D experiment is represented by single-spin
operators such as �̂G or �̂H. These terms are called in-phase magnetization because all
spins of a given type precess with the same phase and give rise to absorption-mode
lines. Consequently, in-phase magnetization encodes primarily chemical shift infor-
mation. In multi-spin systems, scalar �-coupling introduces correlations between
spins. These correlations are described by two-spin product operators such as 2�̂I (̂I,
2�̂G (̂I, and 2�̂H (̂I for a coupled �(-spin system. Operators of the form 2�̂G (̂I and 2�̂H (̂I
represent anti-phase magnetization: the transverse magnetization of spin � depends
on the spin state of (, leading to doublets whose two components have opposite
sign. Anti-phase terms are central in �-resolved and correlation spectra because
they carry information on scalar couplings and enable magnetization transfer.

The behavior of these operators under rotations defines the concept of coherence
order ?. Terms with ? = 0 are longitudinal contributions, such as �̂I and 2�̂I (̂I, rep-
resent populations or I-magnetization and do not give a directly observable NMR
signal. Terms with ? = ±1 are single-quantum coherences, for example �̂G, �̂H, 2�̂G (̂I,
and 2�̂H (̂I. These correspond to transverse magnetization that precesses at the Lar-
mor frequency and produces the FID. Higher coherence orders (? = ±2,±3, . . .)
describe multiple-quantum coherences, which are not observed directly but can be
created and converted back into single-quantum coherence by suitable pulse se-
quences. In this way, from the coherence order one can derive which parts of the
magnetization can be stored along / , which parts are observable, and how magne-
tization is transferred between spins during an NMR experiment.

To describe how operators change in time, it is convenient to introduce the
Hamiltonian. In quantum mechanics, the Hamiltonian Ĥ is the energy operator
of the spin system. In the presence of a strong static magnetic field B0 along the
/-axis, the Hamiltonian for a single spin-1

2 nucleus is given by:

Ĥ0 = −WB0 �̂I (1.10)

, where W is the gyromagnetic ratio and �̂I is the /-component of the spin angular
momentum operator I. This Hamiltonian describes the Zeeman interaction, where
the magnetization precesses around the /-axis at the Larmor frequency. In the
rotating frame, the effect of Ĥ0 is removed, simplifying further analysis.

8
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An RF field applied along the -- or . -axis induces transitions between spin
states. The Hamiltonian for an RF pulse along the --axis follows:

Ĥ'� = l1 �̂G (1.11)

, where l1 is the strength of the RF field. Within the product operator formal-
ism, RF pulses, chemical-shift evolution and �-couplings are therefore all treated as
well-defined transformations between operators with specific coherence orders. This
makes POF an essential tool for analyzing and designing modern multidimensional
NMR pulse sequences.

1.2.8 Relaxation theory
Bloch equations

An NMR signal has unique properties that cannot be understood purely by
considering the classical torque equation for a magnetic moment in a magnetic field:
finite linewidths and characteristic relaxation behavior. To account for these effects,
Felix Bloch modified the classical precession equations for the magnetic moment
` to describe spin precession, relaxation, and interactions with external magnetic
fields [1][2]. These equations incorporate two key relaxation times: (a) longitudinal
(spin-lattice) relaxation ()1), which dictates the recovery of magnetization along the
/-axis ("I) to thermal equilibrium, affecting signal intensity in inversion recovery
experiments; and (b) transverse (spin-spin) relaxation ()2), which controls the decay
of magnetization in the -. -plane ("GH) due to spin-spin interactions, influencing
spectral linewidth and resolution.



3

3C
`- (C) = −l `. (C) −

1
)2
`- (C),

3

3C
`. (C) = +l `- (C) −

1
)2
`. (C),

3

3C
`/ (C) = − 1

)1

(
`/ (C) − `eq

) or



3

3C
"- (C) = −l ". (C) −

"- (C)
)2

,

3

3C
". (C) = +l "- (C) −

". (C)
)2

,

3

3C
"/ (C) = − 1

)1

(
"/ (C) − "0

) (1.12)

These equations describe the Larmor precession of nuclear spins around the
static field at Larmor frequency, with the /-component of the bulk magnetization
"I independent of time, and "I and "H oscillating and decaying due to relaxation
effects. When an RF field B1 is applied in the -. -plane, the effective field changes,
and the magnetization precesses about the new effective field:

Beff = B0 +
l

W
(1.13)

Before 1966, most chemical applications of NMR were performed using continuous-
wave spectrometers, which relied on the detection of the steady-state transverse
magnetization as a function of the static magnetic field. The Bloch equations lost
their central place in NMR theory when the continuous-wave method was displaced
by the Fourier Transformation (FT) technique. Moreover, the equations are phe-
nomenological, e.g. just describe relaxation instead of explaining or deriving it.
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Redfield theory

Redfield theory is a semi-classical theory that postulates that relaxation in
the sample originates from random fluctuations of a local magnetic field, and the
strength of relaxation is determined by how these fluctuations correlate in time. Red-
field theory derives )1 and )2 expressions by (1) splitting the Hamiltonian of a system
into a static Zeeman Hamiltonian Ĥ0 and time-dependent perturbation Hamiltonian
Ĥ1(C), (2) introducing the density matrix f̂ with a split Hamiltonian, (3) assessment
of density matrix time evolution via the Liouville-von Neumann (LvN) equation, (4)
transformation into the interaction frame to remove Larmor precession, (5) expan-
sion of the dynamic equation to second order using perturbation theory, (6) removing
the first order term that represents fluctuations that average out for the whole sam-
ple, (7) rewriting the density matrix at thermal equilibrium, (8) application of a
weak collision limit that assumes that the density matrix changes slowly compared
to fluctuations, (9) transformation back to the laboratory frame, (10) rewriting the
equation with the Redfield relaxation superoperator ˆ̂

Γ, (11) rewriting the relaxation
superoperator in spherical tensor form, (12) expansion of the fluctuating interaction
Hamiltonian Ĥ1(C) to produce a correlation function �, and (13) FT of �, which
defines the spectral density �(l), which quantifies the strength of molecular motion
at frequency l that drives transitions between Zeeman energy levels:

� (l) = 2g2
1 + l2

0g
2
2

. (1.14)

In this form, the longitudinal and transverse relaxation rates depend only on the
spectral density evaluated at 0, l0, and 2l0 as well as the sums or differences of
Larmor frequencies for spin-spin interactions:

'1 =
1
)1

∝ � (l0) + � (2l0), '2 =
1
)2

∝ 1
2� (0) +

1
4� (l0) + 1

4� (2l0), (1.15)

with proportionality constants determined by the specific interaction (dipolar,
Chemical Shift Anisotropy (CSA), or quadrupolar). These expressions show that
)1 and )2 experiments are sensitive to slightly different timescales: '1 relaxation
rates depend only on � (l0) and � (2l0), the probability of molecular motions that
fluctuate near the Larmor frequency, while the '2 relaxation rate equation contains
both probabilities for fast oscillations � (l0) and � (2l0) and a slow-oscillating term
proportional to � (0). As a result, '2 rate is sensitive not only to fast ps-ns timescale
motions that also influence '1, but also slow motions that broaden the transverse
magnetization through dephasing. Redfield relaxation theory is implemented in
biomolecular NMR by measuring site-specific relaxation parameters and mapping
them to spectral density functions that encode motion on specific timescales.

1.2.9 Secular approximation
The total NMR Hamiltonian contains several interactions, including Zeeman,

dipolar, �-coupling, and CSA (see 1.3.2 Interactions in NMR spectroscopy). As
mentioned earlier, in a strong magnetic field, the Larmor frequency of nuclear spins
is much higher than most other interactions. Fast oscillations at frequencies much
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higher than the interaction strength contribute little to the long-term evolution of
the system and can therefore be ignored. To simplify the Hamiltonian of a system
evolving under multiple forces and interactions, the secular approximation is used.
Mathematically, the total Hamiltonian of a nuclear spin system can be represented
as follows:

Ĥ = Ĥ/ + Ĥ8=C (1.16)

, where Ĥ/ = −WB0 �̂I is the Zeeman Hamiltonian, and �̂int represents various
interactions. The secular approximation states that we may neglect terms for which

l8 � |Ĥ8=C | (1.17)

, because these terms oscillate too rapidly to contribute meaningfully to the
average, long-term dynamics of the spin system. The secular approximation reduces
the complexity of the Hamiltonian by retaining only terms that evolve slowly in
the rotating frame. This method yields a simplified yet accurate representation
of dominant spin interactions under high magnetic field conditions and forms the
foundation for most NMR pulse sequence analyses.
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1.3 Practical aspects of NMR

1.3.1 Basic elements of NMR pulse programs
All NMR experiments consist of sequences of basic elements of NMR pulse pro-

grams, which dictate signal generation and coherence evolution, and, eventually,
define the experimental outcome.

(a) RF-pulses - the most common pulses used in NMR experiments. A 90◦ pulse
rotates the magnetization vector from the /-axis to the transverse -. -plane,
while a 180◦ pulse inverts the magnetization along the /-axis or enables refo-
cussing it in the transverse plane. Selective pulses are designed to affect only
a specific range of frequencies, allowing for selective excitation or inversion of
certain spins.

(b) Delays - can be grouped into evolution periods and mixing times. Evolution
periods are time intervals during which the magnetization evolves under the in-
fluence of chemical shifts, �-couplings, and relaxation processes. Evolution pe-
riods are crucial for encoding frequency information in multidimensional NMR.
Mixing times are specific delays used to transfer magnetization between differ-
ent spins, often through mechanisms like cross-relaxation (NOE) or coherence
transfer (COSY, INEPT).

(c) Gradient pulses - used to dephase or rephase magnetization in a spatially
dependent manner. Gradients are essential for coherence selection, artifact sup-
pression, and solvent suppression.

(d) Phase cycling - involves systematically varying the phase of RF pulses and the
receiver to select desired coherence pathways and suppress unwanted signals.
Phase cycling is a key tool for artifact reduction and signal selection.

(e) Decoupling - involves continuous or pulsed irradiation of a specific nuclear
spin to remove its coupling effects on other spins, simplifying the spectrum and
enhancing resolution.

Groups of pulse program elements comprise periods. Multidimensional NMR
experiments are usually comprised of five distinct periods: preparation, evolution,
mixing, detection, and recovery. During the preparation, the magnetization is set
in a specific state, typically using a 90◦ pulse to create transverse magnetization
from the equilibrium magnetization. In the evolution period, magnetization evolves
under the influence of chemical shifts and �-couplings in a series of increments to
encode the indirect dimension (C1). During the mixing period, the magnetization is
transferred between different spins, which can occur either through scalar coupling
(e.g., through bonds) or through dipolar coupling (e.g. through space). In the
detection period, NMR signal in form of an FID is recorded as a function of time
(C2), the signal is then Fourier-transformed to obtain the frequency domain spectrum.
Finally, the recovery period is required to restore the equilibrium magnetization. Its
duration is determined by the )1 relaxation time of the nuclei of interest.

In multi-dimensional experiments, the sequence is repeated multiple times, in-
crementing the time variables during each evolution period. As a result, a number
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of FIDs is detected with progressively increasing time variables in the evolution pe-
riods. The acquired FIDs are then subjected to FT, producing a series of frequency
domain spectra. The spectral intensities oscillate as functions of time, e.g. C1, C2.
This oscillation constitutes an FID, often referred to as the indirect FID. Applying
an FT of the indirect FIDs results in a frequency plot, showing an intensity for each
pair of frequency variables. The third dimension represents the intensities in the
spectrum.

1.3.2 Interactions in NMR spectroscopy
Chemical shift

The chemical shift is one of the fundamental parameters in NMR spectroscopy,
describing the resonance frequency of a nucleus relative to a reference compound
(e.g., Tetramethylsilane (TMS) or 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS)
for 1H and 13C NMR). It reflects the local electronic environment of an atomic
nucleus. The chemical shift δ is measured in Parts per million (ppm) and is defined
as:

δ =
a − aref
aref

× 106 (1.18)

, where a is the absolute resonance frequency of the sample, aref is the abso-
lute resonance frequency of a standard reference compound. The chemical shift
arises from the local magnetic environment of the nucleus, which is affected by the
surrounding electron cloud. When placed in an external magnetic field B0, the cir-
culating electrons create an induced local magnetic field that opposes B0, altering
the effective field experienced by the nucleus. The net effect of electronic shielding
can be described using a shielding tensor f by:

a =
W

2c �0(1 − f) (1.19)

The shielding is dependent on the distribution of electron density surrounding
the nucleus. Since the distribution is spherically asymmetrical, σ usually has an
anisotropic value with an orientational dependence. Mathematically, shielding ten-
sor is a second-rank tensor written as a 3x3 matrix:

σ =
©­«
fGG fGH fGI
fHG fHH fHI
fIG fIH fII

ª®¬ (1.20)

After diagonalization, diagonal elements of σ represent the principal shielding
values along three mutually perpendicular axes in the principal axis system. The
off-diagonal elements of the chemical shielding tensor are hence eliminated by trans-
forming to the principal axis system where the tensor is diagonal, and by applying
the secular approximation which removes fast-oscillating terms.

Several factors can contribute to the shielding constant: diamagnetic shielding
σdia, paramagnetic shielding σpara, and ring current effect. Diamagnetic shielding
has an opposite direction to the B0 field and originates from a spherical electronic
distribution. Paramagnetic shielding originates from a non-spherical electronic dis-
tribution, in which the induced local field has the same direction as B0. σdia and

13



CHAPTER 1. INTRODUCTION

σpara have opposite contributions to the shielding constant, therefore some of the
effects are canceled out.

σ = σdia + σpara (1.21)

In protons, the large energy gap results in minimal paramagnetic shielding, even
when bonding distorts the spherical electron distribution. This leads to a narrow
chemical shift range, typically around 10 ppm. In contrast, paramagnetic contribu-
tions generally dominate over the diamagnetic term in heteronuclei, which accounts
for the significantly broader chemical shift range observed for heteronuclei compared
to 1H. The ring current effect originates from delocalized electrons in ?−orbitals
moving between bonded atoms within an aromatic ring. When an aromatic ring
is placed in a magnetic field B0 perpendicular to the ring plane, circulation of the
c-electrons induces a ring current that generates a secondary magnetic field. This
induced field opposes B0 above and below the ring center, but adds to B0 around
the ring periphery in the ring plane. Consequently, aromatic protons at the ring
edge experience a larger effective field and are shifted downfield. The ring current
effect has a reduced influence on the 13C chemical shifts of aromatic compounds
because carbon nuclei are positioned near the region where the induced magnetic
field changes direction between shielding and deshielding, resulting in a field that is
nearly zero.

�-coupling

Scalar �-coupling is a fundamental interaction in NMR spectroscopy that origi-
nates from the indirect through-bond communication between two nuclear spins, �
and (, mediated by the polarization of bonding electrons. When spin ( aligns with
the external magnetic field B0, it induces a polarization of the surrounding electron
cloud, primarily within the B-orbitals. This polarization alters the electron density
around spin � which is directly bonded to (, thereby facilitating spin interaction.
As this effect requires the nuclei to be in Fermi contact (a magnetic interaction be-
tween an electron and an atomic nucleus), �-coupling is exclusively a through-bond
interaction. The �-coupling Hamiltonian for two coupled spins � and ( is:

Ĥ� = 2c� (I · S) (1.22)

Expanding the dot product of I · S:

Ĥ� = 2c�
(
�̂G (̂G + �̂H (̂H + �̂I (̂I

)
(1.23)

, where � is the scalar coupling constant (in Hz). Some spin operator interaction
terms can be removed to simplify calculations using secular approximation, provided
the Zeeman interaction (l� − l() is much larger than the �-coupling. This means,
that terms oscillating at Larmor frequency (�̂G (̂G,�̂H (̂H) average out over time, and
only the �̂I (̂I term remains:

Ĥ� = 2c� �̂I (̂I (1.24)

The remaining �̂I (̂I term causes energy level splitting, which leads to multiplets
in solution-state NMR.
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Although �-coupling is inherently anisotropic due to the asymmetric electronic
environment, rapid molecular tumbling in solution averages it to an isotropic value.
The �-coupling magnitude decreases significantly with the number of intervening
bonds, with two-bond (2�) and three-bond (3�) couplings typically being at least
an order of magnitude weaker than one-bond (1�) couplings.

Dipolar coupling

Dipolar coupling is a fundamental interaction in NMR that originates from the
direct through-space interaction between nuclear spins (� and () separated by an
internuclear vector r (with A = |r|). Each nuclear spin generates a local magnetic
field, which influences the energy levels of nearby nuclei. This effect is described by
the dipolar Hamiltonian:

Ĥ� = −`0 ℏ W�W(
4cA3

[
3(Î· r̂) (Ŝ· r̂) − (Î·Ŝ)

]
= −`0 ℏ W�W(

4cA3

(
3 cos2 \ − 1

2

) [
2�̂I (̂I −

(
�̂G (̂G + �̂H (̂H

) ] (1.25)

, where `0 is the magnetic permeability of free space, ℏ is the reduced Planck
constant, W� and W( are the gyromagnetic ratios of the interacting nuclei, A = |r|
is the internuclear distance, and r̂ = r/A is the unit vector along the internuclear
axis. Î and Ŝ are the spin angular momentum operators for the two nuclei, �̂I (̂I –
longitudinal term, �̂G (̂G, �̂H (̂H – transverse terms of dipolar Hamiltonian. Transverse
terms oscillate at high frequencies and are removed under the secular approximation.
If we now express the internuclear vector r in spherical coordinates, project it onto
the external field direction, and evaluate only frequency-independent secular terms
of dipolar Hamiltonian, Equation (1.25) transforms into:

Ĥ secular
� = −`0ℏW�W(

4c A3

(
3 cos2 \ − 1

2

)
�̂I (̂I (1.26)

The resonance frequency shift is proportional to the expectation value of the
interaction Hamiltonian, and the dipolar contribution to the observed resonance
frequency is:

Δo� = −`0ℏW�W(
4c A3

(
3 cos2 \ − 1

2

)
(1.27)

Residual dipolar coupling

Residual Dipolar Coupling (RDC) leverages dipolar coupling distance orientation
in solution NMR by exploiting partial alignment of molecules in solution. This
alignment preserves dipolar interactions that are otherwise averaged out under fully
isotropic conditions. Weak alignment media, including liquid crystals, bicelles, or
stretched gels, can induce this effect. The RDC value is proportional to the degree
of molecular alignment and follows:

Dij =
`0 ℏ W�W(

4c A3

(
3 cos2 \ − 1

2

)
( (1.28)
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, where ( is the order parameter describing the level of alignment that ranges
from 0 for isotropic solutions to 1 for full alignment. Molecular alignment in so-
lution induces weak anisotropic interactions that influence bond vectors, causing
deviations from isotropic behavior. These anisotropic effects alter the splitting of
non-decoupled chemical shift evolution, resulting in small but detectable differences
within the multiplet structures of NMR spectra. Quantifying the magnitude of these
splittings and mapping them onto the protein sequence enables estimation of the
overall molecular shape and the relative orientation of protein domains.

Nuclear Overhauser effect

The Nuclear Overhauser Effect (NOE) is a consequence of the dipole-dipole cou-
pling and is a key observable for determining macromolecular structure by solution
NMR spectroscopy. It reflects the transfer of nuclear spin polarization between two
dipole-dipole coupled nuclei. NOE-induced intensity changes occur when selective
irradiation of an NMR-active nucleus perturbs the nuclear spin state populations,
redistributing spin polarization through dipolar relaxation pathways.

The NOE is governed by double-quantum and zero-quantum mechanisms, where
energy is exchanged between nuclear spins and their local environment. In a steady-
state NOE experiment, irradiating nucleus � at its resonance frequency disturbs the
Boltzmann equilibrium and equalizes its spin state populations. Through dipolar
coupling, this perturbed population affects nearby nucleus (, resulting in spin po-
larization transfer. Fluctuating magnetic fields from molecular motion mediate this
interaction.

Dipolar coupling enables the system to restore equilibrium through all permitted
relaxation processes. The total Hamiltonian describing the interaction between two
coupled nuclear spins � and ( is constructed from the Zeeman interactions of the
individual nuclei and the dipolar interaction:

Ĥ#$� = l� �̂I + l( (̂I + f
(
�̂I (̂I

)
(1.29)

, where l� , l( are the Larmor frequencies of spins � and (, and f represents
the cross-relaxation rate owing to molecular motion. In NOE, cross-relaxation is a
key process which allows energy exchange and magnetization transfer between spins.
This is governed by the rate equations of relaxation:

3�I

3C
= −'1� �I − f�I(I

3(I

3C
= −'1((I − f�I(I

(1.30)

, where '1� , '1( are the longitudinal relaxation rates ()−1
1 ). The importance

of cross-relaxation in NOE is based on the fact that normal spin-lattice relaxation
does not induce magnetization transfer, leaving cross-relaxation as the primary al-
ternative pathway. Dipolar interactions can induce cross-relaxation only if the local
field fluctuates at a rate similar to the transition frequency. In small, rapidly tum-
bling molecules, this results in intensity enhancement (positive NOE). In contrast,
proteins and other large biomolecules, which tumble more slowly, exhibit intensity
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reduction (negative NOE). The NOE enhancement factor is determined by the ratio
of the cross-relaxation rate to the total relaxation rate of spin �:

[ =
W(

W�

l2 − l0
2l1 + l2 + l0

=
� − �0
�0

(1.31)

, where the term l1+l2+l0 describes the total relaxation rate of dipolar spin-
lattice relaxation, l2 - l0 is the cross-relaxation rate, �0 – intensity of spin � in the
absence of saturation, � in the presence of saturation. NOE provides interatomic
distance constraints that help build 3D structures, they are used for distinguishing
cis-trans isomers, NOE intensity changes help characterize molecular motions on ps-
ns timescales and are used for understanding protein folding, domain movements,
and allosteric regulation.

1.4 Protein dynamics
Molecules are objects full of internal dynamics. Henzler-Wildman and Kern de-

fined protein dynamics as any time-dependent change in atomic coordinates that
includes both equilibrium fluctuations and non-equilibrium effects [3]. It describes
the structural fluctuations of proteins on multiple timescales, ranging from rapid
bond vibrations to slow conformational rearrangements. Protein dynamics is char-
acterized by the timescale, amplitude, and directionality of the fluctuations.

1.4.1 Motional processes
All nuclei oscillate rapidly around their mean positions, a motion known as

vibration, which typically occurs on the picosecond timescale. When this motion
involves the making and breaking of chemical bonds, it is referred to as chemical
exchange. This term also applies when a molecule’s conformation changes around
a relatively rigid structure, such as a double bond or similar conjugated system.
Chemical exchange processes span a wide range of timescales, from nanoseconds to
several seconds or longer. In liquids, molecules undergo constant random rotations,
which are detectable by NMR due to changes in anisotropic spin interactions, such
as CSA and direct dipole-dipole couplings. The timescale of molecular rotation
in liquids depends on molecular size, shape, solvent viscosity, and temperature.
Small molecules typically rotate on the picosecond timescale, while large molecules,
such as proteins, rotate on the nanosecond timescale. Another type of motion in
solution is translation, or the movement of the molecule’s mass center through space.
Random, uncoordinated translational motion is called diffusion, while concerted,
directed motion is referred to as flow.

1.4.2 Timescales of protein dynamics
The timescale for protein dynamics is defined by the exchange constant (:ex)

relative to the chemical shift timescale (Δl, which represents the difference in
chemical shift between interconverting species). The exchange constant, defined
as :ex = :�� + :��, quantifies the frequency of transitions between two states, �
and �, per unit time. This parameter is directly related to the equilibrium constant
 eq, which specifies the ratio of populations between the two states:
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 eq =
[�]
[�] =

:��

:��
(1.32)

Interconversion between states � and � can occur across a broad range of
timescales, from femtoseconds to seconds or longer. Identical  eq values may be
observed for different dynamic regimes, provided that the ratio of :�� and :�� re-
mains constant. Three distinct exchange regimes can be defined: slow (:ex � |lΔ |),
intermediate (:ex ≈ |lΔ |) and fast (:ex � |lΔ |) (Table 1.1, Fig. 1.2). The param-
eter lΔ scales linearly with the B0 field strength, so increasing B0 decreases the
relative timescale of exchange for a fixed :ex compared to an increased |lΔ |). So-
lution NMR detects and quantifies only those internal motions that are faster than
the molecule’s overall rotational tumbling, as slower motions are averaged out by
global rotation [4].
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Figure 1.2: Overview of the protein dynamics, timescale and available NMRmethods
to obtain dynamic information on a biomolecule. Adapted from [5].

Fast regime motions (ps-ns) ((:ex � |lΔ |)): These include bond vibra-
tions and side chain rotations in structurally similar states that are separated by
energy barriers of less than 1:) [3]. A single signal is observed, corresponding to a
population-weighted chemical shift lobs

Δ
= ?� l�+ ?� l�, due to rapid �↔ � inter-

conversion and consequent averaging during the detection period. Fast timescale dy-
namics is usually characterized by amplitude (order parameter (2) and the timescale
of bond fluctuations (internal correlation time g2), and are commonly measured for
backbone amide bonds and side chain methyl groups [6].

Slow regime motions (ms-s) ((:ex � |lΔ |)): In the slow exchange regime,
signals from both states are observed, each reflecting distinct chemical shifts, inten-
sities, and linewidths. The relatively long lifetimes of each state enable experimental
trapping or direct observation, with each state appearing as a distinct peak in the
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spectrum and permitting direct characterization. In this regime, the intensity of
each peak directly reports on the population of that species [6]. Motions in the
slow exchange regime involve rare events, such as fluctuations between kinetically
distinct states separated by energy barriers of several :) [3]. Slow timescale dy-
namics have attracted significant attention recently, as many biological processes,
including enzyme catalysis, signal transduction, protein–protein interactions, occur
on this timescale [7][8][9].

Intermediate regime motions (`s-ms) (:ex ≈ |lΔ |): In intermediate ex-
change, a single signal is observed at a chemical shift between l� and l�. The
linewidth of this resonance is broadened by an amount 'ex, which contributes to
the overall measured transverse relaxation rate ('eff

2 ) as a result of interference from
� ↔ � interconversion during the detection period. In many cases, this broad-
ening prevents peak detection. In this regime, NMR lineshapes are particularly
sensitive to the chemical exchange process [10]. Motions occuring in this regime in-
clude large-scale rearrangements, such as domain movements, partial unfolding, or
transitions between distinct conformational states (e.g. conformational exchange)
[11][12]. These motions are frequently functionally significant and may be initiated
or suppressed by ligand binding or post-translational modifications, which alter
state populations, interconversion barriers, and local interaction networks such as
electrostatics, hydrogen bonding, and steric packing [13][14].

Table 1.1: Characteristics of motion regimes
Exchange
regime

Condition Chemical shift '2

Fast exchange :ex � |lΔ | leff
Δ

= %�l
int
�

+ %�l
int
�

'eff
2 = %�'2� + %�'2�

Intermediate
exchange

:ex ≈ |lΔ | undefined (peaks coales-
cence)

'eff
2 = '0

2 + 'ex

Slow exchange :ex � |lΔ | two separate peaks at lint
�

and lint
�

'eff
2 = '0

2 + :ex
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In Relaxation Dispersion (RD) experiments, the bulk magnetization vector M0
resulting from the application of B0 field is forced to precess by application of a
transverse magnetic field B1. In such cases, chemical exchange will modulate the
behavior of magnetization so that the observed relaxation rate 'obs

2 is comprised of
the transverse relaxation rate '0

2 and an exchange contribution 'ex that arises due
to intrinsic dynamic properties of atoms.

In practice, to quantitatively assess the exchange rate :ex, populations of ex-
changing states ?� and ?�, chemical shift differences Δl, and kinetics of rare or
invisible states, dispersion-based methods (CPMG and rotating-frame '1d) are used
[15][16][17][18]). In Carr-Purcell-Meiboom-Gill (CPMG) experiments, the contribu-
tion 'ex to 'obs

2 is progressively quenched by modulating the CPMG frequency, and
the resulting relaxation dispersion curves are modeled using the Bloch-McConnell
theory to obtain the chemical shift difference among states, the fractional popu-
lation of each state, and the rates of exchange among states. Alternatively, '1d
spin-lock experiments can be used, that offer some advantages relative to CPMG
experiments, such as enhanced sensitivity to faster microsecond timescale motions,
and ability to robustly determine a complete set of exchange parameters using ex-
periments performed at a single static magnetic field [19][20][19][20]. The CPMG
relaxation dispersion experiment is sensitive to exchange occurring in the range from
0.5 ms to 10 ms [10][21][19][22], while '1d spin-lock experiment is sensitive to ex-
change occurring in the range from 0.1 ms to 10 ms [23]. An appropriate ratio of
free to bound species is necessary to generate observable RD profiles. In the in-
termediate regime, chemical exchange-associated line-broadening limits the fraction
of protein in the ligand-bound state. Typically, ligand concentrations of 3-25% are
used for high-resolution RD experiments [24][25][26].

In addition to relaxation dispersion, several other NMR experiments can indi-
rectly inform on the motional regime of interactions, such as ligand titration. Titra-
tion experiments depend on the appropriate choice of protein and ligand concentra-
tions, buffer composition, temperature, and sampling scarcity. Since the observed
chemical shift in NMR titration series is a weighted average of the shifts of the free
and bound states, it follows a binding isotherm:

Δlobs =
Δln [!]
 d + [!] (1.33)

where Δlobs = |leff − lP | is the observed chemical shift perturbation, Δln =

|lPL − lP | is the maximum possible shift perturbation (e.g., fully bound state),
[!] is the ligand concentration, and [%] is the protein concentration. The ligand
concentration [!] should ideally span 0.1 d to 10 d range; if  d is unknown or
poorly estimated, the titration may miss the transition region (where the population
of free protein ?f is equal to the population of the bound protein ?b), resulting in
poorly constrained or inaccurate fits.
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1.5 1H-detected MAS NMR
Traditional applications of NMR in structural biology have primarily focused on

analyzing proteins and other biomolecules in solution. Solution NMR techniques
are particularly effective at probing the structure, dynamics, and interactions of
soluble protein monomers and multimers. These methods rely on the rapid tum-
bling of molecules to suppress or reduce anisotropic and inter-atomic NMR interac-
tions, resulting in narrow spectral lines and enabling multidimensional spectroscopy.
However, the necessity for rapid molecular tumbling imposes an upper size limit on
target proteins. Larger proteins, vesicle-associated proteins, oligomeric complexes,
large assemblies, and aggregates exhibit slow or negligible tumbling. Such samples,
characterized by short coherence lifetimes that prohibit detailed characterization
by solution NMR, are the primary focus of modern biomolecular Solid-state NMR
(ssNMR) [27].

1.5.1 History of biomolecular solid-state NMR
Historically, high-resolution NMR developed first in solution, where proton de-

tection was favored because the high gyromagnetic ratio of 1H provides maximal
sensitivity and thus the best Signal-to-Noise Ratio (SNR) compared to 13C and 15N
detection. ssNMR, in contrast, initially emerged as a 13C-detected technique for
powdered samples, where strong homonuclear 1H-1H dipolar couplings, CSA and
quadrupolar interactions severely broaden proton lines and limit resolution. NMR
was first observed in solids and liquids in 1946: in solid paraffin [28], and in liq-
uid water [2]. These early experiments quickly revealed that dipolar couplings in
solids scale as A−3 (3 cos2 \ − 1) [29]. Soon after that it was shown that the result-
ing linewidths encode inter-nuclear distances and orientations [30]. The technical
breakthrough that made high-resolution ssNMR possible was the introduction of

Magic Angle Spinning (MAS) \ = arccos
(√

1
3

)
≈ 54.74◦, and the recognition that

rapid spinning averages anisotropic interactions into a narrow central band accom-
panied by spinning sidebands [31][32][33]. FT-NMR, high-field magnets, average
Hamiltonian theory and related formalisms [34][31], and improved rotor designs
[35] transformed both solution- and ssNMR into quantitative spectroscopies. In
biomolecular systems, Cross-Polarization (CP) allowed efficient transfer of polariza-
tion from abundant protons to dilute nuclei such as 13C and 15N and thus boosted
signals from low-abundance sites [36][37]. Multipulse MAS sequences [38] and early
2D experiments [39] extended spectral dispersion and enabled structural studies of
complex systems such as membrane proteins [40]. In the 1990s, recoupling tech-
niques including TEDOR and REDOR, provided accurate distance restraints and
side chain conformations in membrane-embedded and aggregated proteins [41][42].
3D pulse sequences developed in solution NMR [43] were rapidly adapted to MAS
[44][45][46][47], giving ssNMR the same kind of multidimensional spectral resolution
that had driven the expansion of solution protein NMR. To address the intrinsic low
sensitivity and long measurement times of multidimensional experiments, Dynamic
Nuclear Polarization (DNP) was introduced into MAS NMR, building on Over-
hauser’s concept and later electron-nuclear polarization-transfer studies [48][49][50]:
electron spin polarization from exogenous radicals is transferred to nuclei, yielding
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order-of-magnitude signal enhancements and making many previously impractical
experiments feasible. In parallel, microcoil and cryogenic probe technologies fur-
ther increased sensitivity [51], while advanced recoupling strategies continued to
refine coherence transfer and distance measurements [52][53]. Pulse-sequence design
itself has evolved from hand-crafted schemes based on product operator analysis,
Floquet theory and average Hamiltonian theory to numerically optimised experi-
ments using Optimal Control (OC) theory [54][55]. OC treats the RF waveform as
a high-dimensional control problem and can search thousands of degrees of freedom
to maximise transfer efficiency or robustness, surpassing traditional low-parameter
optimisations and often revealing non-intuitive pulse solutions. OC algorithms have
been implemented in simulation packages such as SIMPSON [56] and the SPINACH
library [57], and applied to a range of ssNMR experiments: improved CP at 1.2 GHz
[58], OC pulses for N–CU and N–CO transfers in backbone assignment [59][60], and
CU-CO mixing sequences [54], which are now curated in dedicated pulse-sequence
libraries. Miniaturisation and optimisation of MAS hardware, in particular rotor
and stator ceramics, have paralleled these developments; current 0.4 mm rotors
require on the order of 0.16 `L of sample and allow MAS frequencies up to 160
kHz. Together, these experimental and theoretical advances have established mod-
ern ssNMR as a high-resolution, high-sensitivity technique capable of probing both
structure and dynamics of large protein assemblies, membrane proteins and disor-
dered systems in environments that closely resemble their native states.

1.5.2 Key techniques of biomolecular ssNMR
The Hartmann-Hahn condition is a fundamental principle in ssNMR and is es-

sential for the success of CP experiments. This condition requires that the RF fields
applied to two different types of nuclei, such as 1H and 13C, are matched to enable
efficient magnetization transfer between them [61]. In solution and in static solids,
the condition is expressed as follows:

W�B1,I = W(B1,S (1.34)

, where W� and W( are the gyromagnetic ratios of the two nuclei (1H and 13C/15N,
correspondingly), and B1,I and B1,S are the strengths of the RF fields applied to
each nucleus. When this condition is met, spin-locking RF fields establish resonance
between the two nuclei, facilitating efficient dipolar-driven magnetization transfer.
Under MAS, the condition is modulated by the spinnin frequency in various ways.
This process constitutes the foundation of CP and is critical for enhancing the sig-
nals of nuclei such as 13C or 15N, which are less abundant or exhibit lower sensitivity.
CP is particularly beneficial for the study of biomolecules, as it substantially reduces
the acquisition time required to obtain high-quality spectra. Furthermore, CP fre-
quently increases signal intensity for nuclei present at low concentrations, including
isotopically labeled sites in proteins or sparsely distributed functional groups in
complex systems.

CP is the most frequently used polarization transfer sequence in ssNMR, and is
particularly efficient in rigid systems with exchange rate constants of 10−5 B−1. Alter-
natively, polarization transfer can be mediated by scalar coupling, as implemented
in the Insensitive Nuclei Enhanced by Polarization Transfer (INEPT) experiment
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[62][63]. INEPT-based sequences are more efficient in flexible systems with exchange
rate constants around 10−7 B−1 [64].

Recoupling

Recoupling methods are essential for reintroducing specific interactions that are
otherwise averaged out by MAS. Recoupling can be broadly categorized according
to the type of interaction being reintroduced, such as dipolar recoupling, and CSA
recoupling. A typical recoupling block in a pulse sequence serves two primary func-
tions: (a) to cancel the effect of MAS by applying a train of rotor-synchronized
pulses, and (b) to suppress other interactions through phase cycling, composite
pulses, or related strategies that prevent unwanted interactions from contaminat-
ing the spectrum. The design of recoupling pulse sequences commonly employs
symmetry theory, Floquet theory, average Hamiltonian theory, and group theory to
address unwanted Hamiltonian terms while retaining or reintroducing the desired
interaction.

Recoupling techniques are particularly valuable in structural studies of biomolecules,
where distance constraints derived from these methods can inform molecular mod-
eling. Dipolar recoupling methods, such as REDOR and DRAWS, are primarily
used to measure internuclear distances [65][66]. CSA recoupling techniques yield in-
formation about electronic environments and molecular orientations, making them
particularly valuable for understanding ligand binding in active sites or character-
izing conformational changes in proteins [67][68].

Decoupling

Decoupling plays a critical role in MAS NMR by suppressing undesired inter-
actions, such as heteronuclear and homonuclear dipolar couplings, which otherwise
cause line broadening and diminished resolution. High-power decoupling schemes
like TPPM and SPINAL-64 are commonly employed to achieve narrow linewidths
[69][70]. The physical basis of decoupling involves the application of a continuous or
pulsed RF field during acquisition, which causes unwanted interactions like 1H-1H
or 1H-X dipolar coupling to be effectively eliminated. In biomolecular studies, het-
eronuclear decoupling is crucial for detecting signals from nuclei such as 13C and
15N in the presence of abundant 1H. Decoupling enhances spectral resolution and
also aids in unambiguous signal assignment.

Relaxation effects in ssNMR

In ssNMR, just as in solution NMR, spins relax to thermal equilibrium through
several mechanisms. The main relaxation pathways include )1 and )2 relaxation.
Additionally, dephasing is strongly affected by the incomplete averaging of anisotropic
interactions. Similar to solution NMR, )1 in ssNMR measures how rapidly spins re-
turn to their equilibrium magnetization along the /−axis. The dense network of
protons can shorten )1 by providing many dipolar pathways for energy exchange.
Shorter )1 values are advantageous for faster data collection, but they can become
problematic if the magnetization does not fully recover between transients. This
issue is especially relevant in multi-dimensional experiments, where incomplete re-
covery may reduce signal in intermediate coherence transfers. )2 reflects the decay
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of phase coherence among spins in the -.−plane and is a critical determinant of
coherence lifetime. In rigid solids, efficient dipolar interactions, particularly 1H-1H
and 1H-X, dominate transverse relaxation, resulting in short )2 values that constrain
the duration of evolution periods in multi-dimensional NMR experiments. However,
coherence lifetimes have been shown to increase approximately linearly with both
MAS frequency and static magnetic field B0 strength [71]. Sample modifications are
implemented to mitigate the adverse effects of spin relaxation. Most approaches in-
volve altering the isotopic composition of the protein (protein labeling) to minimize
)2 relaxation. Deuteration of carbon moieties significantly reduces dipolar relaxation
by a factor of more than an order of magnitude for autocorrelated mechanisms [72].
One important method to modify relaxation properties of a protein is Paramagnetic
Relaxation Enhancement (PRE), or doping by introducing metal ions as chelates to
accelerate )1 relaxation while preserving )2 relaxation [73]. The paramagnetic prop-
erties of metal ions are dictated by their oxidation state, coordination sphere, and
electron spin states, so different ligands can fine-tune these properties. Chelators
such as EDTA and DO2A [74], DTPA [75], TAHA [76], DOTA [77][78], and deriva-
tives [79][80] are widely used to develop tagging strategies that generate different
paramagnetic effects using the desired metal. All of these complexes rely on unpaired
electrons to provide additional relaxation pathways, but they differ in how intensely
they broaden resonances: Mn2+- or Gd3+-based dopants often cause more line broad-
ening than Ni2+ or Cu2+ chelates, due to slower electron-spin relaxation. The most
common doping agents are Gd3+ complexes and Cu-Ethylenediaminetetraacetic Acid
(EDTA) [81]. Combination of doping with protein perdeuteration allows to further
improve relaxation properties of a crystalline sample by shortening )1 and extending
)2, which increases the SNR per experimental time (i.e. sensitivity).

Relaxation pathways )1, )2, and )1d must be carefully controlled in ssNMR ex-
periments to balance sensitivity, resolution, and experimental speed. Key variables
such as proton density, MAS rate, decoupling power, deuteration level, and param-
agnetic doping can be systematically adjusted to enhance data quality for backbone
assignments and other structural studies.

1.5.3 Multidimensional ssNMR experiments
The prerequisite to structural or functional studies of proteins using NMR is the

assignment of NMR resonances to individual atoms within the protein. Resonance
assignment of protein NMR signals in solution generally follows a standard protocol:
(a) clustering chemical shifts of nuclei of interest (1H, 15N, 13CU, 13CV, 13CO) into
spin systems that represent candidate residues; (b) aligning spin systems sequentially
by using inter- and intra-residual correlations that show which spins interact with
neighboring residues along the protein chain; (c) comparing chemical shift data for
each spin system to shift signatures of specific amino acid types (Gly, Ala, Ser, Thr),
and linking them to cover a polypeptide chain, ultimately yielding residue-by-residue
assignment of all observed resonances.

In the general assignment procedure, H–N correlations play a central role because
all residues, with the exception of prolines and the N-terminal residue, possess a
single pair of amide proton and nitrogen. Their resulting 2D-correlation map serves
as a starting point for the assignment and is used for monitoring the progress [82].
Various 3D, 4D, or 5D spectra connect each H-N pair to the carbon and proton
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resonances of both their own and the preceding residue, thereby enabling sequential
linkage of H-N pairs. 13CU and 13CV chemical shifts provide information about the
residue type and, to some extent, secondary structure [83].

A standard 1H-detected 2D pulse program, such as hNH, typically begins with a
CP block from 1H to 15N to establish initial magnetization on the nitrogen channel,
followed by C1 evolution on the 15N nucleus. Traditionally, this process is performed
under high-power 1H-decoupling to suppress strong homonuclear dipolar interac-
tions. Following evolution, magnetization is transferred back to 1H via a second CP
step, enabling detection on the proton channel under heteronuclear decoupling. The
sequence incorporates rotor-synchronized delays to manage coherence transfer under
MAS and often incorporates Z-filters or phase cycling schemes to eliminate residual
transverse magnetization. Compared to its solution-state counterpart Heteronuclear
Single Quantum Coherence (HSQC), the HSQC, the hNH sequence in solids avoids
long INEPT delays due to short )2 values and instead relies on CP-based transfer,
which is more robust under fast spinning and strong dipolar couplings.

After recording a fingerprint hNH spectrum, a third dimension can be intro-
duced, e.g. to encode the carbonyl chemical shift(s) from from residue 8, 8 − 1, or
8 + 1. Among the available 3D experiments, the 3D hCONH is most sensitive. The
3D hCONH pulse sequence correlates the carbonyl (13CO) chemical shift of residue
8 − 1 with the amide nitrogen (15N) and amide proton (1H) of residue 8, forming
a key part of sequential assignment strategies in 1H-detected ssNMR. Another fre-
quently employed 3D experiment for backbone resonance assignment is 3D hCANH,
which correlates the 1H and 15N resonances of residue 8 with 13CU resonance from
the same residue. It essentially differs from 3D hCONH by the frequency of the
13C-channel carrier and power and duration of carbon pulses. Standard 3D experi-
ments can, in turn, serve as source experiments for 4D pulse sequences, such as 4D
hCACONH, 4D hCOCANH, 4D hCACBcaNH, and 4D HNcocaNH [84][85]. The
use of 4D experiments for backbone assignment in large proteins is necessitated by
significant peak overlap in ssNMR spectra. The 4D hCOCANH and 4D hCACONH
experiments correlate the 8 and 8 + 1 amide shifts based on shared 13CU and 13CO
resonances. The 4D hCOCANH is analogous to a 3D HNcaCO but incorporates an
additional 13CU evolution period, providing a comprehensive set of 1H, 15N, 13CU,
and 13CO chemical shifts for each 8 residue. The 4D hCACBcaNH experiment is
a 4D-derivative of a 3D hCANH with additional 13CU-13CV INEPT transfer and
evolution on 13CV. This experiment is analogous to a solution NMR 3D HNCACB
experiment with an extra carbon dimension. The 4D hCACBcaNH ssNMR pulse
sequence is designed to trace magnetization from the amide proton 1H through the
backbone and side-chain carbons (13CU and 13CV), returning to the amide proton
for detection, thereby enabling sequential assignment in solids.

The choice of assignment method in ssNMR depends largely on a variety of fac-
tors including available hardware, sample preparation and isotopic labeling scheme,
and sample-dependent linewidths and spectral quality.
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Chapter 2

Tackling the H/D exchange
problem

This chapter is based on work published in [86] and is reproduced here with
minor modifications.

All work on SH3 domain of chicken U-spectrin was performed by Dr. Sara Medina
Gomez and Dr. Alexander Klein.

During the course of this work, an independent study by Paul Schanda group
reported a closely related approach to application of algal cell lysates to boost protein
perdeuteration for MAS NMR [87]. That study appeared two months after our own
publication and provides an important external validation of the concepts developed
here.

2.1 Introduction
Protein perdeuteration has evolved as a fundamental technique in current NMR-

based structural biology [88]. Initially introduced for solution NMR, perdeuteration
has significantly improved the relaxation properties of 1H spins and heteronuclei.
Fast MAS NMR has emerged as a potent alternative to solution NMR-based char-
acterization of protein structure, dynamics, and interaction [89]. Compared to tra-
ditional 13C-detected experiments, 1H detection has become very popular due to
its inherently higher sensitivity. Extensive deuteration of proteins with observation
of only a few remaining protons on amide-, methyl- or other side-chain sites, has
proven to be a viable way to obtain high resolution and sensitivity [90][91][92][86].

However, cell cultivation in D2O imposes several drawbacks, such as high costs,
low growth rate [93], and low yields [94]. It is also incompatible with insect, mam-
mal, and plant cell cultures [95] [96]. The mechanistic basis of reduced growth in
D2O are not known, however the deuterium kinetic isotope effect likely contributes.
Various strategies have been devised to mitigate poor growth in D2O. These in-
clude gradual adaptation of bacteria to increasing concentrations of D2O in media,
directed evolution of E.coli for rapid growth in deuterated media [97], and enrich-
ment of perdeuterated culture with nutrients [98]. Deuterium adaptation is the most
common of them all and is usually performed as a gradual transition of bacterial
culture from 100% LB/H2O media to 100% M9/D2O media over the span of 2-4
days.

Another limitation arising due to usage of D2O as a solvent is incomplete H/D
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exchange. Upon bacterial cultivation in D2O, all hydrogen atoms are replaced with
2H atoms, which effectively renders them invisible for standard 1H-detected NMR.
On one hand, perdeuteration of aliphatic side chains narrows proton linewidths due
to improved relaxation properties. On another hand, amide protons must be rein-
troduced by H/D back exchange during the course of protein purification to be
observable. For large proteins with a substantial hydrophobic core, H/D exchange
will likely not reach 100% due to lack of interaction with the solvent, and hydropho-
bic core amides will remain invisible [99]. A common workaround is unfolding using
chemical denaturants followed by renaturation in H2O. This is not always feasi-
ble, as for many proteins refolding can reduce catalytic activity, promote protein
precipitation, and introduce conformational heterogeneity and poor reproducibility
[100][101].

Several approaches can be used to partially resolve the issue: (a) avoid perdeuter-
ation in the first place and instead increase MAS speed to counteract the line broad-
ening [102][103], (b) Inverse Fractional Deuteration (iFD) approach [104], (c) cell-
free synthesis in H2O [105][106], and (d) usage of isotopically labeled perdeuterated
amino acid mixes [107]. All methods have their strengths and weaknesses. For
instance, fast and ultra-fast MAS with fully protonated protein samples requires
smaller rotors (0.4-0.7 mm) and, therefore, provide less sensitivity due to the lower
amount of protein used. Even at 160 kHz MAS, fully protonated samples tend
to have larger amide 1H resonance linewidths and shorter coherence lifetime com-
pared to fully deuterated proteins at 60 kHz MAS [102][103]. In practice, ultra-
fast MAS combined with multidimensional experiments and Non-Uniform Sampling
(NUS) schemes can result in excellent sensitivity and resolution. However, feasibil-
ity depends strongly on molecular weight and relaxation properties of a protein in
question.

The iFD approach has been used to quantitatively incorporate amide protons
while maintaining partial deuteration of the side chains in transmembrane proteins
[104]. This technique involves protonated water while exclusively deuterating the
carbon source (usually glucose) of a minimal medium. This results in low (10-40%)
and random deuterium incorporation in side-chains but in 100% 1H occupancy at
1HU sites, including those in exchange-protected regions. Cell-free synthesis has
the advantage that various NMR isotope labeling schemes, including amino-acid-
selective labeling, can be easily implemented. Importantly, deuteration in combi-
nation with complete amide protonation can be achieved directly during synthesis,
avoiding a denaturation and refolding step [105][106].

Finally, highly deuterated proteins with full protonation at all amide sites can
be prepared by cultivating E.coli in deuterated algal or bacterial lysates in 100%
H2O. In solution NMR, this procedure yields approximately 80% deuteration at
aliphatic sites while the deuteration at 13CU sites is significantly lower due to the
incorporation of water protons during biosynthesis of amino acids depleted during
bacterial growth. Löhr et al. implemented this approach to obtain nearly full back-
bone assignments of a 30 kDa DFPase enzyme, which provided only fragmentary and
ambiguous sequential assignments with a standard perdeuteration labeling scheme
[107]. Tekwani Movellan et al. modified this approach by converting commercially
available 2H/15N/13C-labeled amino acid mixture into a mixture of keto acids using
L-amino acid oxidase from a crude snake venom to obtain more quantitative 1HU

protonation [108]. They showed that replacement of perdeuterated 13C -labeled glu-

27



CHAPTER 2. TACKLING THE H/D EXCHANGE PROBLEM

cose and 15N-labeled ammonium chloride with the mixture of U-keto acids results
in up to 100% 1HU incorporation, which allows one to obtain backbone resonance
assignments at below 60 kHz MAS. Application of deuterated amino acid and keto
acid mixtures in H2O has several advantages, such as (a) adaptation of the cells
to D2O is not necessary, which makes sample preparation faster and easier; (b) it
gives higher protein yields compared to deuterated expression in M9 media; (c) costs
are similar to production of deuterated proteins; (d) it solves the problem of H/D
exchange and results in hydrophobic core residues becoming visible for 1H-detected
NMR.

2.2 Aim of the project
In this project, we aimed to: (a) evaluate whether a purely cell-extract-based la-

beling protocol can match or surpass the protein yields of standard M9/D2O culture,
(b) determine which algal or bacterial extracts provide optimal proton incorpora-
tion, and (c) quantify the number of previously silent residues that reappear in
1H-detected 3D/4D MAS spectra. Achieving these objectives would benefit a wide
range of enzymes and membrane complexes in which solvent-shielded amides encode
allosteric communication but remain undetected.

2.3 Case study: Tryptophan synthase as a bench-
mark system

Tryptophan synthase (TS, UVVU heterotetramer, 144 kDa) contains a well-
characterised hydrophobic core that is resistant to proton back-exchange. Earlier
work on Salmonella typhimurium TS from our group achieved only partial backbone
coverage under classical perdeuteration [85].

2.4 Materials and Methods

2.4.1 Media screening
Three different cell extracts were tested: ISOGRO®, SILEX®, and BioExpress®.

LB and minimal M9 media served as reference. Details on chemical composition,
features, and approximate price per 1 L of a labeled bacterial culture can be found
in Supplementary Table A.5. To determine which media is the most efficient at
boosting TS expression, we utilized E. coli CB149 cells harboring pEBA-TrpA-
TrpB vector encoding both subunits of TS (TrpA encoding for U, TrpB encoding
for V) from S. typhimurium. Freshly transformed cells were inoculated into 5 ml of
each of five media tested, and cultures were supplemented with carbenicillin to a
final concentration 100 `g/ml. Optical density of cultures was tested every hour,
and the media that provided the fastest growth was considered optimal. Presence of
TS protein was then confirmed by SDS-PAGE (see below). Best-performing extract
was selected as a compromise between the price and protein yield.
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2.4.2 Expression and purification
Detailed buffer compositions can be found in Supplementary Table A.4.
Perdeuterated, u-13C/15N minimal media was prepared according to standard

protocols [89] on the basis of 2 g of 2H/13C-labeled glucose and 1 g 15NH4Cl. Media
for algal amino acid labeling was prepared by dissolving 10 g of 2H/15N/13C-labeled
ISOGRO® powder in a small volume of deionized water, followed by addition of
18 ml of 100 g/L K2HPO4 solution, 28 ml of 50 g/L KH2PO4 solution, 20 ml
of 50 g/L MgSO4 solution, and 0.3 ml of 37 g/L CaCl2 solution. Media pH was
adjusted to 7.0 with NaOH prior to volume adjustment, supplemented with 100
mg of ampicillin, and filter-sterilized using a 0.2 `m filter. Media for iFD samples
prepared according to Medeiros-Silva et al. [104] as an H2O-based standard M9
minimal media containing 15NH4Cl and 2H/13C-glucose.

SH3. Chicken U-spectrin SH3 domain samples were purified in three labeling
schemes: (a) iFD sample, (b) ISOGRO® sample, and (c) 1H/15N/13C-sample from
a standard minimal M9 media as a reference for quantification of side chain pro-
tonation. In all cases, proteins were expressed in E. coli BL21-DE3 cells grown at
37 ◦C with induction of expression at an OD600 of ≈0.8 using 1 mM IPTG. After
induction, the cells were incubated overnight at 20◦C and harvested after 18 h by
centrifugation at 6,000 g at 4◦C for 20 min, and pellets were flash-frozen in liquid
nitrogen and stored at -80◦C. All SH3 protein samples for the solution NMR were
purified using established chromatography methods [90]. Briefly, the cell pellet was
thawed at 4◦C and resuspended in 1:5 (v/v) volume of buffer A. Cell suspension
was supplemented with 10 `g/mL DNase I and one Complete Protease Inhibitor
Cocktail tablet, and incubated at 4◦C for 30 min. Cells were then disrupted in a
high-pressure homogenizer Emulsiflex C3 in two rounds and centrifuged at 110,000 g
for 45 min. The supernatant was separated by decantation and diluted with buffer
A to approximately 80% of the Column Volume (CV) of the anion exchange column.
The solution was injected into the HiPrep QFF 16/10 column with a flow rate of
3 ml/min, followed by the column wash with 2 CV of buffer A. Protein was eluted
with a linear gradient of 0-9% of buffer B (8 CV). Elution fractions were assessed
with SDS-PAGE; the SH3-containing fractions were pooled together, and pH was
adjusted to pH 3.5 using 3 M citric acid. Protein was then concentrated to 10-12
mg/ml and further purified on a Superdex 75 column. Purified SH3 protein was
then concentrated for solution NMR studies.

TS. TS samples were purified in two labeling schemes: (a) ISOGRO® sample,
and (b) 2H/15N/13C-sample from a standard minimal M9 media as a reference. Al-
gal amino acid labeled and perdeuterated, u-15N/13C-labeled TS samples for MAS
NMR measurements were expressed using the above-described growth media upon
induction via 0.4 mM IPTG at an OD600 of 0.6-0.8. TS expression and purification
was performed according to the protocol described by Hilario et al. [109]. Briefly,
E.coli CB149 cells harboring pEBA-TrpA-TrpB construct were inoculated from a
Petri dish using a pipette tip, and the culture was left to shake at 37◦C at 160 rpm
until the OD600=1.2. The culture was then cooled down on the bench for 30 min,
after which protein expression was induced by adding 0.4 mM IPTG. The culture
was incubated overnight at 30◦C upon shaking at 160 rpm. The cells were then
harvested by centrifuging at 4,500 g at 4◦C for 20 min, the supernatant was re-
moved, and the cells resuspended in cold buffer T (5 ml of buffer/g cells). Cells
were disrupted by two runs through the high-pressure homogenizer Emulsiflex C3.
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The cell lysate was centrifuged at 80,000 g for 30 min at 4◦C, the supernatant was
collected and the pellets discarded. Buffer T supplemented with 30% (w/V)
PEG8000 was added to the supernatant (0.25 ml/ml of supernatant), followed by
addition of 0.5 M spermine (0.0125 ml/ml of supernatant). The sample was then
transferred to centrifuge tubes, spun down for 10 min at 80,000 g at 4◦C. The su-
pernatant was collected and left at 4◦C on a stir plate for 48 h. After 24 h, buffer
T with 30% PEG8000 was added (+30% PEG-8000 =

+supernatant
23 ) and stirred for an-

other 24 h. The protein solution was spun down at 80,000 g for 30 min at 4◦C, the
pellets were collected and washed in buffer T containing 30% PEG8000 and
0.5 M spermine (3.2 ml of buffer per gram of cells). After washing, the pellet was
resuspended in buffer B with pH 9 (4 ml/g of cells). The solution was then stirred
at room temperature for 2 h until all protein dissolved and the insoluble fraction
becomes white. The solution was then dialyzed twice against 2 L of buffer B for
24 h at 4◦C. After that, the protein was dialyzed against buffer P for 48 h at 4◦C,
the buffer was changed once after 24 h. The protein precipitate was then collected,
dissolved in buffer B and dialyzed against buffer I three times. The final protein
solution was concentrated to 15 mg/ml and used for crystallization. Microcrystalline
samples of TS were prepared by diluting the protein solution 1:1 with buffer C con-
taining 3 mM N-(4′-trifluoromethoxybenzenesulfonyl)-2-aminoethyl phosphate (F9;
an analogue of the natural U-site substrate 3-indole-D-glycerol-3′-phosphate (IGP))
as previously described [92]. Microcrystals were collected and washed with buffer
C, doped with ≈10 mM Cu-EDTA and packed into a Bruker 1.3 mm MAS rotor.

2.4.3 Protein quality and quantity measurements
SDS-PAGE. Briefly, samples were denatured and reduced by heating in a sam-

ple buffer containing Sodium Dodecyl Sulphate (SDS) and a reducing agent (V-
mercaptoethanol) for 10 min at 98◦C. The proteins were then separated by molecular
weight using a 4-14% gradient SDS-polyacrylamide gel electrophoresis in a glycine
buffer system. Electrophoresis was performed at a constant voltage of 140 V using a
vertical electrophoresis system with a standard Tris-glycine-SDS running buffer. A
protein molecular weight marker Color Prestained Protein Standard, Broad Range
(10-250 kDa) was run in a separate lane for molecular weight estimation. Following
electrophoresis, proteins were visualized by staining the gel with Coomassie Brilliant
Blue R-250 stain for 5 min at 95◦C, followed by destaining in boiling water until
clear bands were visible.

ImageJ Densitometry. Band intensities corresponding to TrpB subunit in lysates
produced with various amino acid extracts were quantified in ImageJ (NIH) (https:
//imagej.net/ij/). For each lane, an identical rectangular Region of Interest
(ROI) was placed around the TrpB band, and the integrated density was mea-
sured after background subtraction using an adjacent gel region of equal size. TrpB
amount in control sample was used as a reference for normalization, corresponding
to 100% amount.

2.4.4 NMR data acquisition and processing
For all solution NMR experiments, 2 mM SH3 samples in a 2 mM citrate buffer

at pH 3.5 were used. Slight deviations in the protein concentration were factored in
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by a constant factor measured from the 1H bulk signal from an HSQC experiment.
Solution 2D H(N)(CO)CA spectra using 2H but no 1H decoupling were recorded for
the sample based on algal amino acid labeling as well as the iFD sample to assess the
amount of 1HU protonation. The principles of this strategy are described in more
detail in Asami et al.[92]. An additional 2D HNcoCA spectrum with 1H decoupling
was recorded for a fully protonated sample for reference and resonance assignment
transfer. For the 1H coupled spectra the Bruker pulse sequence hncocagp2h3d was
modified by simply removing 1H decoupling pulses. The 2D data sets were recorded
using 128 scans and acquisition times of approximately 25 and 90 ms for 13C and
1H, respectively. To quantitatively estimate the amount of protonation in all other
aliphatic sites, 13C constant-time HSQC spectra were recorded for all three SH3 sam-
ples, (ISOGRO®, iFD, 1H/15N/13C sample), whereas the spectra for the ISOGRO®
and iFD samples were acquired using 2H decoupling. All spectra were recorded us-
ing 48 scans and the constant-time period set to 2/��� , i.e., 26.6 ms. In all cases,
the 1H dimension was recorded for 82 ms, whereas approximately 25 ms were used
again for the indirect 13C dimension.

1H/15N/13C triple-resonance experiments on microcrystalline TS were performed
at 16.4 T (700 MHz 1H Larmor frequency) on a Bruker NEO spectrometer equipped
with a triple-resonance 1.3 mm MAS probe spinning at MAS rates of 55.5 kHz. The
1H chemical shifts were referenced with respect to water, and 15N and 13C chemical
shifts were referenced indirectly. Each experiment was recorded in two blocks with
2048 points in the direct dimension, 180 points in F2 (15N), and 150 in F3 (13C);
number of scans being 8, acquisition time 50 ms in the 1H dimension, 32 ms in the
15N dimension, and 27 ms in the 13C dimension. The total experimental time per
experiment amounted to 6 days. Linewidths were measured using apodization with
50 Hz exponential line broadening.

NMR data were processed using TopSpin 4.5.0 (Bruker) (https://www.bruker.
com/en/products-and-solutions/mr/nmr-software/topspin.html) and analyzed
using CCPNMR Analysis v. 3.2.2 (https://ccpn.ac.uk/)[110]. For processing and
plotting, custom in-home Python scripts were used.

2.5 Results

2.5.1 Bacterial growth in enriched media
Among the media tested, BioExpress® media supported the fastest biomass ac-

cumulation, with growth parameters indistinguishable from the conventional LB
media up until mid-linear phase (Fig. 2.1, A). Six hours after inoculation, cul-
tures in LB and BioExpress® media reached OD600 = 0.69 and 0.67, respectively.
ISOGRO® culture lagged, requiring 10 h longer to reach the induction threshold,
while SILEX® media reproducibly exhibited the poorest performance, achieving
OD600=0.6 only after 20 h. Despite these differences in growth kinetics between
cultures, SDS-PAGE analysis of post-induction lysates and supernatants revealed
comparable TS expression levels in BioExpress®, ISOGRO®, and LB preparations.
By contrast, the SILEX® culture yielded markedly less target protein which can be
explained by the reduced biomass. Quantitative protein-to-cell-mass ratios were not
determined, as the goal of this screen was simply to identify the supplement that
could replace glucose and 15NH4Cl the most efficiently.
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Figure 2.1: (A). Optical density curves of E.coli cultures grown with various sup-
plements. (B). SDS-PAGE control of TS expression in 5 ml bacterial cultures.
Cell lysate and supernatant fractions have been assessed. TS is comprised of two
TrpA (27 kDa) and two TrpB (43 kDa) subunits. (B, BioExpress®; I, ISOGRO®;
S, SILEX®; C, Control (LB). (C). Relative amount of TrpB calculated from SDS-
PAGE gel TrpB band intensities using ImageJ. TrpB band intensity from control
(LB) sample was used as a reference (100%) value. Only lysate TrpB concentrations
shown. (D). Calculated price of 1 L of 2H/15N/13C-culture produced with each of
the extracts tested; a standard perdeuterated LB culture is used as a control here.
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At first, we selected BioExpress® for scale-up due to its faster growth, but a
follow-up cost analysis showed that ISOGRO® powder is cheaper, delivers simi-
lar protein yields, and was available at short notice (Supplementary Table A.5);
ISOGRO® was therefore chosen for all subsequent preparations. The approach uti-
lized here is a simplistic way to determine a potential cell growth booster which
may suffer from the lack of statistical error estimates and absent protein-to-cell
ratio calculations.

2.5.2 Heterogeneity of TS crystals
The standard protocol for TS crystallization is based on batch crystallization per-

formed by directly combining protein solution with precipitant in Eppendorf tube
[109]. Crystals produced under these conditions can exhibit a range of morpholo-
gies and colors, including white powder-like microcrystals and well-defined green,
yellow and brown prismatic macrocrystals (Fig. 2.2, B). Such a morphological het-
erogeneity is undesirable as it may render spectra recorded on different crystalline
preparations incomparable (Fig. 2.2 D).

At the NMR level, the initial 2D hNH spectrum obtained from freshly grown
TS crystals, exhibited substantial peak offsets compared to the reference data from
[85]. At a MAS rate of 55 kHz, the 144 kDa complex produces a crowded central
region, yet individual resonances were clearly displaced in both dimensions. We
presumed that 13CU, 13CV, and 13CO atoms would also have various degree of offset,
making direct transfer of existing assignments impractical. To address the observed
discrepancy, the crystals were rinsed and resuspended in the TS crystallization buffer
with dopant Cu-EDTA buffer used by Klein et al. in 2022 [85]. The use of this
’aged’ buffer restored the chemical shifts of certain migrated peaks and, due to the
presence of paramagnetic dopant, revealed resonances otherwise invisible. However,
line broadening and limited chemical shift dispersion in 3D- and 4D-MAS NMR
experiments prevented reliable backbone assignment transfer.
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Figure 2.2: (A). Crystal structure of the TS UVVU tetramer with the COMM
domain, hydrophobic tunnel, TrpA active site bound to F9, TrpB PLP site, and
catalytic monovalent cations. (B). Schematic of the UVVU assembly. (C). Pho-
tographs: dialysed TS solution (left); diverse crystal shapes and colors from a single
batch (centre); microcrystals grown in a sitting-drop manner after 3 days of incuba-
tion at 4◦C (right). (D). Overlay of hNH spectra: published reference sample (grey)
adapted from [85], undoped preparation (pink), and Cu-EDTA-doped preparation
(blue), illustrating spectral variability.
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2.5.3 Linewidths and peak heights distribution
Overlaying the hCONH strips showed, that all major peaks observed in the

perdeuterated sample are retained in the ISOGRO® preparation, and a number of
new peaks become detectable in many 13CO planes (Fig. 2.3 C,D, Supplementary
Fig. B.1). The median peak height is identical for both datasets (1.3E+09; SNR
= 8.8 for ISOGRO®, 7.9 for 2H/15N/13C), indicating that algal amino acid labeling
neither sacrifices sensitivity, nor reduces peak count (Fig. 2.4, A). Proton linewidths
are comparable, but slightly broader in ISOGRO® than in 2H/15N/13C (65.3 ± 19.9
Hz vs. 61.4 ± 14.6 Hz), consistent with the higher proton density and faster )2 decay
expected for the more protonated ISOGRO® sample (Fig. 2.4, B). The difference
of 4.1 Hz between median proton linewidths is comparable with reported values in
solution NMR by Löhr et al. [107]. Thus, ISOGRO® sample maintains the spectral
resolution previously attainable only with full perdeuteration in micro-crystalline
TS.

To estimate additional resonances introduced by ISOGRO®, we relied on the
hCONH experiment [111]. CCPNMR AnalysisAssign 3.2.2 program used here for
data processing labels a peak once its intensity declines by ≥10% before hitting a
noise floor set to 3.5f, which nominally corresponds to SNR = 2.8. Applied to the
ISOGRO® data, this threshold returned 1225 peaks in ISOGRO® sample, which is
twice as many as the number of residues in TS (667 residues from both TrpA and
TrpB subunits), indicating extensive picking of noise. To identify a more reliable
cutoff, we plotted the cumulative peak count versus SNR and traced where the curve
transitions from signal-dominated to noise-dominated growth (Fig. 2.4, D). An
empirical (and rather conservative) boundary of SNR = 7.4 reduced the list to 532
peaks, i.e. 98 more than in the perdeuterated control (Fig. 2.4, C). Approximately
half of the 196 theoretically missing signals remain invisible, presumably because fast
exchange or local mobility broadens them beyond detection. Nevertheless, the 98
additional peaks substantially enlarge the dataset available for backbone assignment.
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Figure 2.3: Signal intensity and spectra resolution for the perdeuter-
ated/back-exchanged sample (2H/15N/13C) and algal amino acids-enhanced sample
(ISOGRO®). (A) hNH bulk spectra. (B) 13C direct polarization spectra used for
deriving a scaling factor. (C) and (D) Overlay of H/N and H/CO correlations
for TS obtained at 700 MHz Larmor frequency from a perdeuterated and 1H-back-
exchanged sample (2H/15N/13C) or algal amino acid sample (ISOGRO®) depicted
for an effective proton evolution time of 20 ms and B8=2 apodization with a sine bell
shift of c/4.
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2.5.4 Protonation level in ISOGRO® sample
The ISOGRO® hCONH spectrum reveals a heterogeneous pattern: non-polar

residues such as Ala, Val and Leu retain <30% total 1H, whereas acidic side chains
are substantially reprotonated (Asn, Glu >80%) (Fig. 2.4, E). Average values
amount to 26% at 1HU and 20% over all other aliphatic positions, corresponding
to an overall non-exchangeable protonation of ≈23%. By contrast, the iFD control
(Fig. 2.4, F) reaches �95% 1HU and ≈80% side chain protonation, underscoring the
diluted proton network introduced by algal lysate-based labeling.

The elevated proton levels in Asn and Glu likely arise from acid-/base-catalysed
hydrolysis during commercial lysate production, which partially replaces deuterons
by protons. Employing fully synthetic, uniformly deuterated amino-acid mixes
would likely decrease these outliers to the low values observed for Ala, Arg, Lys
and Thr.
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Figure 2.4: Quantitative assessment of the performance of algal amino acid extract
as a replacement for traditional glucose- and D2O-based labeling approach for MAS
NMR of large protein complexes. (A) Histogram of number of peaks vs. normalized
peak height. (B) Histogram of number of peaks vs. linewidths (Hz). Vertical
markers/labels denote the median ± SD. (C) Histogram of number of new peaks
emerging in ISOGRO® sample at various SNR values. �10 bin comprises all peaks
with SNR higher than 10. SNR cutoff value depicted as dashed vertical line was
chosen visually and in line with expected number of peaks. (D) Cumulative number
of new peaks in ISOGRO® sample at various SNR. Expected number of peaks (196)
as well as experimentally determined number of peaks (98) are plotted as dotted
grey and red lines, respectively. The discrepancy between the expected and observed
number of newly emerging peaks is likely due to the chemical exchange broadening
in flexible loops of a protein. (E) Protonation chart for water/algal extract-based
sidechain deuteration (ISOGRO® labeling). (F) Quantitative protonation chart for
deuteration based on glucose- and H2O-containing minimal medium (iFD labeling).
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Taken together, algal-extract labeling results in a highly protonated backbone
while preserving near-perdeuterated side chains. This is an advantageous compro-
mise that maintains narrow MAS linewidths and rescues previously silent amides in
the hydrophobic core.

2.6 Discussion
Tested here algal lysate-based selective deuteration revisits an idea first demon-

strated by Löhr et al. for solution NMR, in which protein expressed with algal lysate
instead of 2H/13C-glucose and 15NH4Cl displayed a significant increase in number of
peaks compared to a standard 2H/15N/13C-labeling approach [107]. Here we probe
algal lysate concept under the following conditions: (a) microcrystalline Salmonella
typhimurium tryptophan synthase (TS) complex of molecular weight of 144 kDa
grown without added glucose or ammonium salt, so the algal amino acids represent
the sole carbon- and nitrogen-sources; (b) tight packing of prism-like crystals; (c)
data collection at 700 MHz and 55 kHz MAS.

We show that hCONH 1H linewidths center around 65.5 Hz, which is only 4
Hz broader than the perdeuterated reference. Peak heights remain unchanged after
correcting for the amount of sample, and every DCN peak is retained. A conservative
signal-to-noise sweep (cut-off 7.4) reveals 98 additional resonances, which comprises
half of the 196 theoretically missing sites but already sufficient to improve sequential
backbone assignment.

Solution-state measurements on the SH3 domain show that ISOGRO® extract
yields almost complete protonation of backbone amides and partial protonation of
1HU sites while leaving large parts of the side chains strongly deuterated. 1HU-
protonation is not uniform: acidic amino acids are almost fully protonated, that
is a pattern that can be traced to acid/base hydrolysis during commercial lysate
preparation. The resulting proton distribution differs from the more uniformly la-
beled iFD samples used as reference. For MAS NMR this mix of high amide proton
density and sparse aliphatic protons is attractive, because it boosts sensitivity where
it matters most without broadening lines excessively.

In conclusion, deuterated cell lysate media make full amide protonation pos-
sible in H2O, but the practical impact on spectral quality depends on how the
sample is grown, packed and spun. In our experiments we used microcrystalline
TS sample that possessed a certain degree of crystallization irreproducibility, which
we attributed to slightly varying pH and/or temperature upon crystallization and
crystals’ incubation. Better control over pH and temperature during nucleation,
or the use of micro-seeding, should further tighten linewidths and could reveal the
remaining missing peaks.

2.7 Limitations and future research
Accurate quantification of the impact of amino acid extracts on TS yield re-

quires a more rigorous and statistically robust experimental workflow. Protein yields
should be assessed using independent biological replicates, and should include mea-
surement of protein-to-cell mass ratios. Quantitative analysis should employ more
robust methods, such as calibrated protein assays or absolute quantification against
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standards. Additionally, the protonation states of amino acids in each extract should
be determined quantitatively to facilitate meaningful comparisons and to identify the
most effective extract composition. The optimal extract concentration for maximiz-
ing H/D exchange without compromising sample quality should be determined em-
pirically by preparing a concentration series and evaluating peak counts, linewidths,
and intensities across multiple protein targets.
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Chapter 3

TrpB: from crystals to NMR
spectra

This chapter is based on work published in [112].

3.1 Introduction
Protein NMR characterization starts with sample preparation. Protein must

be purified to homogeneity so that no contaminants or degradation products re-
main, which can compromise spectral resolution and assignment. For MAS NMR,
sample preparation relies either on sedimentation via ultracentrifugation, or on a
demanding procedure of protein crystallization. Both methods have their own ad-
vantages and established prevalence in the field. Microcrystalline samples typically
provide well-ordered, high-density material with spectral features similar to those of
diffraction-quality crystals [113][114]. However, crystallization screening are often
time-consuming and may not succeed with charged or flexible proteins [115][116] and
rigid lattice often renders flexible regions invisible in CP-based experiments [117].
Additionally, rigid lattices can make flexible regions undetectable in CP-based ex-
periments. Sedimented protein samples offer a robust alternative, especially when
crystallization is challenging or when the target system involves dynamic, multimeric
complexes [118][119]. The limitation of sedimentation in MAS rotors is molecular
weight of proteins: the smallest protein to be sedimented is 17 kDa ubiquitin dimer
[120].

Compared to microcrystalline MAS samples, sediments frequently show altered
relaxation behavior: often shorter 1H )2 and/or different )1, depending on nucleus
and sample order, consistent with increased fast motions [118][121]. Practically, this
can improve spectral resolution but does not automatically translate into shorter re-
cycle delays [119]. Although both sedimentation and microcrystallization are widely
used, practical criteria for selecting between them for a specific protein and exper-
iment remain system-dependent and are rarely quantified under comparable condi-
tions.

Sedimentation and microcrystallization represent two established methods for
preparing MAS-ready protein samples. Systematic comparison between these ap-
proaches requires that each sample preparation is optimized and remains stable
under the conditions necessary for multidimensional MAS NMR. In practice, micro-
crystalline samples are frequently used in combination with paramagnetic doping to
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shorten )1 time and hence acquisition time [122]. However, a persistent issue with
doping of protein crystals exists: introducing metal complexes can perturb crystal
integrity, for example by altering ionic strength or by chelating lattice-stabilizing
ions [123][124][125]. Several approaches were tested to tackle to issue of dissolving
crystals, such as alternative chelating cages for Cu2+ ion, gradual introduction of
a dopant into the mother liquor, co-crystallization of a target protein in the buffer
containing dopant, and PEG coating prior to doping, with the latter being the most
successful method that resulted in crystals stabilization for up to four weeks [123].
Since the effectiveness of these methods is often sample- and condition-dependent,
additional stabilization strategies need to be developed. One method of interest that
has not yet been tested for MAS NMR is chemical cross-linking of crystals. It can
be combined with controlled dopant exposure to improve microcrystal robustness
while maintaining MAS NMR spectral quality.

3.2 Aim of the project
This chapter aims to establish a practical workflow for preparing TrpB samples

suitable for multidimensional MAS NMR and for generating backbone resonance
assignments from combined solution- and MAS NMR datasets. Specifically, we (a)
compared batch and vapor-diffusion crystallization routes with respect to spectral
quality, (b) evaluated crystal stabilization by glutaraldehyde cross-linking under
paramagnetic doping conditions, (c) benchmarked sedimented, microcrystalline, and
solution samples using quantitative spectral metrics, and (d) used complementary
solution- and MAS NMR experiments to obtain partial backbone assignments and to
assess dataset reliability using overlap, connectivity-ambiguity, and solution–MAS
chemical shift deviation analyses.

3.3 Case study: TrpB from Pyrococcus furiosus
Thermophilic proteins exhibit significant benefits over their mesophilic orthologs

when used as model objects in structural biology. One of the primary advantages is
their inherent enhanced thermostability, which leads to improved solubility, crystal-
lization propensity, and overall stability during experiments such as X-ray crystal-
lography and NMR spectroscopy [126]. These attributes allow for more reliable and
high-resolution structural data acquisition. For instance, proteins from thermophilic
organisms are often more soluble and produce crystals with superior diffraction
properties, featuring lower B-factors and improved crystallographic R-factors [127].
These advantages motivated the choice of Pyrococcus furiosus TrpB (PfTrpB) for the
present study, as its parent enzyme shows superior kinetic parameters and thermal
robustness compared with other bacterial or archaeal homologues.

Tryptophan synthase is an UVVU heterotetramer that channels indole over a
25Å hydrophobic tunnel from the U-subunit (TrpA), which cleaves indole-3-glycerol
phosphate, to the V-subunit (TrpB), which joins indole with L-serine to form L-
tryptophan [128]. The two reactions are kept in phase by allosteric interactions
between the two subunits, mediated by the discrete networks of residues that are in-
volved in signal propagation upon effector binding. Within TrpB, the PLP cofactor
cycles through a sequence of covalent intermediates. After external aldimine forma-
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tion E(�4G1), deprotonation gives the quinonoid E(&1) followed by elimination of
water to yield the amino-acrylate E(�− �). Reaction of indole with E(�− �) forms
a second quinonoid that is finally protonated to release product. This eight-step
sequence is gated by a rigid-body motion of the COMM domain (communication
domain), which swings from open to closed conformations as chemistry proceeds
(Fig. 3.1).

In the absence of TrpA, TrpB energy landscape is dominated by open or partially
closed states that accumulate early intermediates like E(�4G1) and limit turnover up
to 5% of the activated complex [129]. Laboratory evolution introduced eight remote
mutations (PfTrpB2B9) that restore and even exceed the catalytic efficiency of the
UVVU complex (Fig. 3.1, A, B) [130]. Structural and spectroscopic analyses show
that these mutations increase the population of closed conformers, increase flexibility
in the COMM domain and accelerate progression to E(� − �) and quinonoid states
without perturbing catalytic residues. The engineered enzyme, therefore, emulates
the effect of TrpA binding, while remaining a monomeric, substitution-tolerant scaf-
fold.
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Figure 3.1: Structural organization of PfTrpB. (A) and (B). Distribution of activat-
ing mutations in a standalone variant of TrpB named PfTrpB2B9 identified through
random mutagenesis and screening by A. Buller [131] The highlighted mutations are
I16V, E17G, I68V, F95L, F274S, T292S, T321A, and V384A. (C) Structural tran-
sitions around and in COMM domain upon L-Ser binding in PfTrpB. Superimposed
are three structures: the open state in the absence of a ligand is in gray (PDB:
5DVZ). The external aldimine of L-Ser, E(�4G1), is observed with a partially closed
conformation in blue (PDB: 6AMH). The formation of the electrophilic E(� − �)
intermediate is coupled to the formation of a fully closed conformational state in
green (PDB: 5VM5). (D). The mechanism of TrpB catalysis. Transimination of
L-Ser to form an external aldimine, E(�4G1), followed by deprotonation gives the
quinonoid intermediate E(&1), is designated stage I of the overall reaction. It is
followed by elimination of water to yield the amino-acrylate E(� − �). Reaction of
indole with E(�− �) forms a second quinonoid E(&2) that is eventually protonated
to release the product. This eight-step sequence is gated by a rigid-body motion of
the COMM domain, which swings from open to closed conformations as chemistry
proceeds.
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PfTrpB is naturally thermostable and expresses well in E. coli, giving multi-
milligram yields of soluble protein. Together, these observations place PfTrpB at
the intersection of two themes central to this chapter: (a) preparation of high-
quality NMR samples and wet-lab method development, and (b) backbone resonance
assignments using the combination of solution- and MAS NMR samples.

3.4 Materials and methods

3.4.1 Protein expression and purification
Details on buffer composition can be found in Supplementary Table A.4.
For all labeled expressions, modified M9 media was used that has double amount

of buffer salts. The gene encoding PfTrpB (UNIPROT ID: Q8U093) was previously
codon-optimized for E. coli BL21 (DE3) and cloned into pET22(b)+ with an un-
cleavable C-terminal 6xHis tag [131]. Expression and purification protocols for the
variants reported here were similar to those reported previously. Briefly, a single
colony of E.coli BL21 (DE3) cells harboring the PfTrpB plasmid was used to in-
oculate a 5-mL culture of LB media with 100 `g/mL carbenicillin (LBcarb) and
incubated overnight at 37◦C at 180 rpm. This culture was used to inoculate a 50 ml
LBcarb, which was incubated at 180 rpm and 37◦C for 4 hours. Then, 500 `l of cul-
ture was inoculated in 50 ml of modified M9 media dissolved in water (M9mod/H2O),
supplemented with carbenicillin, and incubated at 180 rpm and 37 ◦C for 4 hours.
After that, 500 `l of culture was inoculated in 50 ml of a composite minimal media
mixture comprised of 10% M9mod/D2O and 90% M9mod/H2O, supplemented with
antibiotic, and incubated at 180 rpm and 37◦C overnight. Next morning, 500 `l of
culture was inoculated in 50 ml of media 50% M9mod/D2O and 50% M9mod/H2O
and incubated at 180 rpm and 37 ◦C for 4 hours. Finally, 500 `l of a resultant
culture was inoculated in 5 L flask containing 2 L of M9mod/D2O media supple-
mented with carbenicillin, and incubated at 180 rpm and 37 ◦C until OD600 reached
1. Cultures were chilled on ice for 20-30 min and expression was induced by the
addition of IPTG to a final concentration of 1 mM. Cells continued to grow in a
shaker-incubator at 180 rpm and 20 ◦C for another 20 h. Cells were harvested by
centrifugation at 4 ◦C and 4,000g for 20 min; the pellets were frozen at -80◦C until
further use.

Frozen cell pellets were thawed at room temperature and resuspended in buffer
L supplemented with 200 `M PLP, 1 mM PMSF, 1 mM TCEP, 1 mg/mL hen egg
white lysozyme, and 0.02 mg/mL DNAse I. After vortexing, cells were lysed with
Emulsiflex C3 (three runs for each culture). Lysates were aliquoted into 45 ml tubes
and centrifuged at 100,000 g and 4◦C for 20 min, then incubated at 75◦C for 10
min and centrifuged again as described above. The cleared, heat-treated lysate was
applied to a 5 ml Ni-NTA column via gravity filtration. PfTrpBwt and PfTrpB2B9

were eluted with buffer E. Purified enzyme was exchanged into buffer N using
PD10 column, frozen in liquid nitrogen, and stored at -80◦C until further use.

For solution NMR measurements, PfTrpB protein was centrifuged at 20,000 g
for 5 min at 4◦C, concentrated to 0.8-1 mM, and mixed with 10% (V/V) D2O
and 50 `M DSS. For sedimentation in 0.7 mm rotor, PfTrpB protein was produced
in 1H/15N/13C-labeling fashion (using perdeuterated and 13C-labeled glucose, 15N-
labeled NH4Cl, and H2O as a solvent) and sedimented for 46 h in a Beckmann
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SW 40 Ti rotor at 20,000 rpm (71,100 g) and 20◦C. For sedimentation into 1.3
mm rotor, protein was produced in triple-labeled fashion as 2H/15N/13C protein
(perdeuterated and 13C-labeled glucose, 15N-labeled NH4Cl, and D2O as a solvent),
and sedimented for 44 h in a Beckmann SW 40 Ti rotor at 20,000 rpm (71,100 g)
and 20◦C. For MAS NMR, PfTrpBwt protein was exchanged into H-buffer and
concentrated to 8-12 mg/ml. Protein was crystallized by vapor diffusion in sitting
drop fashion by mixing 1:1 protein solution with C2 buffer. Crystals grow after 1
week of incubation at 20◦C. For batch crystallization, PfTrpBwt was concentrated
to 10 mg/ml in 50 mM potassium phosphate buffer buffer with pH = 8.0, and mixed
with the ratio 1:1 with C3-buffer in the Eppendorf tube to a final volume of 400
`l. Crystals formed immediately.

3.4.2 Crystals cross-linking
Crystals cross-linking was tested as (a) a gentle vapor diffusion (200 `l 25%

Glutaraldehyde (GA) in the crystallization plate mother liquor well for 30 min), and
(b) harsh cross-linking via mixing 1:1 (V:V) protein crystals in mother liquor with
25% GA, incubation for 1 min followed by crystals wash with mother liquor. To test
crystals stability upon cross-linking, they were mixed with 5 `l of 350 mM Cu-EDTA
pH=6.47 to a final concentration of Cu-EDTA c=175 `M. Crystals morphology was
assessed via light microscope after 30 min, 60 min, and 3 days of incubation with
Cu-EDTA.

3.4.3 NMR data acquisition
For the comparison of microcrystalline, sedimented, and solution PfTrpB sam-

ples, perdeuterated and uniformly 15N/13C-labeled PfTrpB was obtained in three
physical states: microcrystalline, centrifugal sediment, and dilute solution. All
solid-state samples were packed in corresponding MAS rotors and hNH and hCONH
spectra were recorded at 55.5 kHz MAS and 700 MHz 1H frequency with the num-
ber of scans for microcrystalline sample NS = 8, and for sedimented sample NS=16.
The solution reference was recorded at 800 MHz with a TROSY-HMQC module
with number of scans NS=8. Peak amplitudes in hCONH spectrum recorded for a
sedimented sample were divided by 2 to account for the double number of scans.
Matched data sets were retained for quantitative analysis: a 2D hNH (solid sam-
ples) or HMQC-TROSY (solution sample) series for visual assessment of peak count
and dispersion, and a 3D hCONH / HNCO series for numerical linewidth and peak-
height statistics. Processing parameters for MAS samples were kept identical within
each dimension (EM with LB=50 Hz in 1H dimension, QSINE with SSB=4 in 15N
and 13C dimensions).

For solution NMR PfTrpB2B9 assignment all NMR spectra were recorded at 45◦C
on a Bruker Avance NEO 800 MHz 1H Larmor frequency spectrometer equipped with
a CP TCI proton-optimized triple-resonance cryoprobe. The recorded experimen-
tal dataset consists of the following experiments: 2D TROSY-HSQC, 3D TROSY-
HNCA, 3D TROSY-HNCO, 3D TROSY-HNcaCO, 3D TROSY-HNcoCA, 3D HN-
CACB. For MAS NMR assignment experiments of crystalline PfTrpBwt 3D exper-
iments were recorded at 55.5 kHz MAS and 700 MHz 1H frequency. Experiments
4D shCACONH and 4D shCOCANH were recorded as described earlier [85] with
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TROP-pulses for sensitivity enhancements as described in [59][54], and 4D hCACB-
caNH was recorded in a standard fashion. The full list of experiments recorded for
this chapter can be found in Supplementary Table A.6. Sensitivity-enhanced 4D
MAS experiments were recorded in NUS fashion with 1.04373% points of sparse
sampling and 4000 of hypercomplex points in indirect dimension. 4D hCACBcaNH
experiment was recorded in NUS fashion with 2.07679% points of sparse sampling
and 10532 of hypercomplex points in indirect dimension. NUS reconstruction was
performed with SSA algorithm [132] implemented within the in-home developed
python script.

3.4.4 Estimation of water content from 1D 1H spectra
The relative water content in microcrystalline and sedimented PfTrpB MAS

samples was estimated from integrated 1D 1H MAS NMR spectra (Fig. 3.4, A).
Spectra were baseline-corrected and integrated in three regions: the water resonance
(4.7-5.8 ppm) and two protein-dominated regions on either side of the water peak
(upfield and downfield). The sum of the two protein-region integrals was taken as
the total protein 1H signal, �prot, while the 4.7-5.8 ppm integral was taken as the
water signal, �water. To convert integral ratios into a water/protein mass ratio, the
protein signal was referenced to the expected number of non-exchangeable protons
per PfTrpB molecule, #H,prot = 4862. Assuming two protons per water molecule,
the water-to-protein mass ratio (w/w) was calculated as

<water
<protein

=

(
�water/2

�prot/#H,prot

) (
"water
"protein

)
, (3.1)

, where "water = 18 g mol−1 and "protein = 66843 g mol−1. Water-to-protein
ratios were determined for freshly prepared samples and after storage in the spec-
trometer for the indicated durations.

3.4.5 Data processing, analysis, and plotting
NMR data were processed using TopSpin 4.5.0 (Bruker) and analyzed using

CCPNMR Analysis v. 3.2.4 (https://ccpn.ac.uk/)[110]. For processing and plot-
ting, custom in-home Python scripts were used.

To quantitatively compare hCONH spectra recorded for PfTrpB samples crys-
tallized in sitting-drop- and batch-manner, only peaks present in both samples were
considered significant. A manual threshold was chosen to distinguish between peaks
and noise. Linewidth distributions were analyzed using Kernel Density Estimate
(KDE) to generate probability density functions. The distribution of linewidths in
sedimented, crystalline, and solution sample preparations were compared across all
three dimensions using 1D KDE plots with curves normalized to equal area. Peak
height distributions were analysed using KDE plot with curves normalized to equal
area. Peak heights from the sedimented sample were scaled down by a factor of 2 to
account for the doubled number of scans used during acquisition, ensuring compa-
rable signal intensities across datasets. Peak displacement between sedimented and
solution, and microcrystalline and solution samples was calculated using residue-
matched peaks present in all three samples. Chemical shift displacements were
calculated as the scalar sum of absolute differences in each dimension relative to the
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solution reference: Δ = |ΔX1H| + |ΔX15N| + |ΔX13C|, where ΔX represents the chemical
shift difference (MAS minus solution) for each nucleus type. Height-weighted kernel
density estimation was performed as usual. To quantify peak overlap between sam-
ple preparations, a three-way Venn diagram was constructed with matplotlib-wenn
package.

For backbone resonance assignment, solution-derived chemical shifts enriched
with MAS-derived chemical shifts along with chemical shift predictions from ShiftX2
[133] and an X-ray structure of a ligand-free PfTrpB2B9 (PDB ID: 6AM7) were used
for automated assignment in FLYA [134] followed by manual inspection. Assign-
ments were classified as strongly supported when they were reproduced in more
than 80% of independent algorithm runs. A list of partial assignments can be found
in Supplementary Table A.7.
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3.5 Results

3.5.1 Crystallization in batch and in slow vapor diffusion
manner

We attempted to crystallize both PfTrpBwt and PfTrpB2B9. Crystallization con-
ditions for both are known (8-12 mg/ml PfTrpBwt in 20 mM HEPES pH=7.85 mixed
with crystallization buffer C2 (100 mM Na-HEPES pH=7.85, 15-20% PEG3350),
with the only difference being that PfTrpB2B9 crystallization requires cross-seeding
with seeds of PfTrpBwt [130]. In our laboratory setup, PfTrpB2B9 did not crystal-
lize likely due to the inherent flexibility, and the standalone mutant was therefore
later studied in solution. PfTrpBwt was routinely crystallized both in batch manner
(mixing 1:1 V/V protein with crystallization buffer C3 in large volumes in the
Eppendorf tube followed by immediate formation of homogenous microcrystals) and
in slow vapor diffusion manner (sitting drop and hanging drop) (Fig.3.2, D).
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Figure 3.2: PfuTrpB sample preparation and testing. (A) Graphical representation
of the purification of PfTrpB using gravity filtration Ni-NTA column followed by
buffer exchange with PD10 column. Natural hyperthermostability of Pyrococcus
proteins allows for the highly efficient heat precipitation of all contaminant proteins
from E.coli BL21 (DE3). (B) 2D planes at different 15N coordinates obtained from
hCONH spectra recorded on batch crystallized PfTrpBwt in buffer C3 (pink) and
sitting-drop crystallized PfTrpBwt in buffer C2 (blue). Broader linewidths and more
noise in batch crystallized sample show that batch crystallization for PfTrpBwt does
not provide backbone assignment-quality spectra. (C) KDE plot of 1H linewidths
of batch-crystallized PfTrpBwt (pink) and sitting-drop-crystallized PfTrpBwt (blue).
Median values are 189.5 Hz and 82.6 Hz, respectively. (D) Microcrystals of batch-
crystallized PfTrpBwt. (E) Microcrystals of sitting-drop-crystallized PfTrpBwt.
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For MAS NMR purposes, batch protein crystallization poses a big advantage
of a relatively fast and easy sample preparation and is a more common way to
prepare microcrystalline samples than slow vapor diffusion in crystallization plates
[42][85][86]. However, in case of PfTrpBwt batch-crystallized protein resulted in
severely broadened linewidths compared to the slowly growing in vapor diffusion
plates crystalline protein (Fig. 3.2 B, C) – 189.5 Hz and 82.6 Hz, respectively. We
suggest that fast crystallization in batch manner results in heterogenous mixture
of crystals, which, in turn, causes severe line-broadening. We therefore continued
working with slowly growing crystals.

3.5.2 Cross-link series
To address the dissolution of crystals during paramagnetic doping, glutaralde-

hyde (GA) was evaluated as a cross-linking agent. The initial sample was prepared
using a stringent protocol by mixing crystals and 25% GA in a 1:1 (V/V) ratio
for 1 min, followed by washing with mother liquor. After treatment, the crystals
demonstrated increased adhesion to plastic surfaces, which complicated handling.
The cross-linked crystals remained intact in the presence of Cu-EDTA for at least 3
days. However, the 2D hNH spectrum exhibited pronounced line-broadening, with
only a limited number of peaks detectable (Fig. 3.3, C), indicating a significant loss
of spectral resolution.

We therefore tested a milder protocol in which the batch solution was replaced
with 25% GA and the plate was incubated for 30 minutes to allow GA vapor to
diffuse into the crystals within the well (Fig. 3.3, A) [135]. Crystals treated using
this approach demonstrated comparable long-term stability and resisted dissolution
during a 3-day Cu–EDTA exposure (Fig. 3.3, B), as well as resuspension in pure
deionized water and concentrated 37% HCl acid. Nevertheless,the corresponding
hNH spectrum, while somewhat improved compared to the initial protocol, still
exhibited severely broadened linewidths in both dimensions.

Taken together, these findings indicate that GA cross-linking under the tested
conditions stabilizes crystals against dopant-induced dissolution but reduces spectral
quality, likely as a result of chemical heterogeneity or structural perturbations caused
by extensive cross-link formation. Subsequent optimization efforts should prioritize
the evaluation of alternative cross-linking agents and the implementation of more
controlled reaction conditions.
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Figure 3.3: Protocol for and results of GA-mediated PfTrpBwt protein crystals cross-
linking. (A) Experimental design of a ’gentle’ vapor diffusion cross-linking followed
by the crystals wash and mixing with Cu-EDTA. Presence or absence of dissolving
crystals was assessed with the microscope. A typical sign of dissolution is blurring of
crystals’ edges right after addition of Cu-EDTA, with no crystals present in the well
after 5 min of incubation. (B) Crystal morphology without GA (control sample,
left), and with GA after 30 min of incubation with Cu-EDTA (center) and after
3 days of incubation with Cu-EDTA (right). (C) 2D hNH spectra recorded on
a control sample with no GA (left), with the gentle vapor diffusion cross-linking
(center) and Cu-EDTA doping, and with harsh cross-linking and Cu-EDTA doping
(right).
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Although stabilized protein crystals were not obtained in this study, the po-
tential applications of such samples are extensive. Once developed, these crystals
would enable the investigation of protein interactions with organic solvents, acids,
and bases, and facilitate the introduction of beneficial yet frequently destabilizing
compounds such as Cu-EDTA.

3.5.3 Sediment vs. microcrystals
The strengths and limitations of various MAS sample-preparation methods were

evaluated by comparing solution, sedimented, and microcrystalline preparations of
perdeuterated PfTrpB using a standardized set of 2D- and 3D-experiments. The
2D hNH /HMQC-TROSY spectrafacilitated visual assessment of resolution and
chemical shift dispersion among samples, with the solution spectrum providing a
reference for chemical shift consistency. The 3D hCONH/HNCO data sets enabled
a quantitative comparison of peak counts, linewidths in all three dimensions, and
the distribution of peak amplitudes across the different samples.

Microcrystalline and sedimented PfTrpB samples displayed distinct time-dependent
changes in water content. The microcrystalline sample showed a water-to-protein
mass ratio of 9.34 (w/w) at the beginning of the measurements, which decreased to
9.05 after 10 days in the spectrometer. In contrast, the sedimented sample began at
9.85 (w/w) and declined markedly to 6.45 after 8 days. Therefore, the sedimented
preparation displays a substantially greater change in hydration over time. This
variability in the water content may compromise long-term sample stability of the
sample and may contribute to the reduced peak detectability in the 3D hCONH
spectrum.

A comparison of the 1D 1H spectra with water suppression demonstrated that
the sedimented PfTrpB sample exhibits 6.6-fold higher signal intensity than the
microcrystalline PfTrpB (Fig. 3.4, A). To determine whether this difference results
from polarization transfer efficiency, the first FID of the hCONH experimnet was ex-
amined under identical conditions, revealing comparable transfer efficiency between
the two preparations (Fig. 3.4, B). Bulk )1 relaxation times differed by nearly two-
fold, with faster relaxation observed in the microcrystalline sample (Fig. 3.4, C).
These findings indicate that the higher 1D signal intensity of the sedimented sample
cannot be attributed to more favorable )1 recovery. Therefore, a higher effective
amount of protein likely contributes to the detected signal in the sedimented sam-
ple, potentially due to differences in filling factor. However, the longer )1 in the
sedimented sample imposes an additional time penalty for extended experiments.

The sedimented sample yielded a well-resolved 1H-15N correlation spectrum with
a CP-based hNH pulse sequence. Relative to the microcrystalline sample, the sed-
iment shows higher degree of line broadening (Fig. 3.4, D). Comparison of peak
counts between three samples from hCONH and HNCO spectra showed 286 peaks
for sedimented, 326 peaks for microcrystalline, and 309 peaks for solution PfTrpB
samples. Since the S/N threshold for peak detection was chosen manually, it is
possible that the factual number of peaks in samples is different.
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Figure 3.4: Comparison of sedimented, crystalline, and solution spectra of PfTrpB.
(A) Bulk 1H signal of sedimented and crystalline PfTrpBwt samples, insert spectrum
- scaled up region containing protein signals. (B) First FID of hCONH experiment
for sedimented and crystalline PfTrpBwt scaled to the number of scans. (C) bulk )1
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The KDE plots of linewidths show that 1H linewidths cluster at around 34 Hz
in solution, and shift to a median of 90 Hz in the sediment and 83 Hz in the crys-
tal, with the latter two exhibiting pronounced tail toward larger linewidths reaching
≈150 Hz (Fig. 3.5, A). Nitrogen 15N linewidths remain narrowest in solution, in-
crease modestly in the sediment, and further expand in the crystalline sample (32,
43, and 56 Hz, respectively) (Fig. 3.5, B). This difference may reflect a less rigid
environment in the sediment, for example increased local motions and/or reduced
static disorder compared to microcrystals [119]. Carbonyl 13CO linewidths show
the smallest inter-sample spread, rising from 47 Hz (solution) to 50 Hz (sediment)
and 59 Hz (crystalline), suggesting that the dominant broadening contributions for
13CO are less sensitive to the change in sample state under these conditions (Fig.
3.5, C).

Peak height KDEs share a common intensity mode at 9 × 108 a.u. with the
crystalline distribution decaying fastest, whereas the solution spectrum extends to
the highest amplitudes (Fig. 3.5, D). Using the solution coordinates as reference, the
median height-weighted displacement Δ = |Δ1H|+ |Δ15N|+ |Δ13C′| is 0.23 ppm for the
sediment and 0.39 ppm for the crystal, underscoring the more solution-like chemical
environment in the sediment (Fig. 3.5, E). Finally, a scaled Venn diagram shows
that 184 peaks are common to all three preparations (48% of the total number of
expected peaks), while a further 224, 210 and 209 peaks are shared pair-wise between
solution–sediment, solution–crystal and sediment–crystal, respectively; 59, 37 and
40 peaks are unique to the individual spectra (Fig. 3.5, F). These unique peaks
may reflect genuine chemical shift perturbations or differences in peak detectability
near the threshold. These factors complicate direct peak-to-peak matching across
samples.
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Figure 3.5: Statistical comparison of sedimented, crystalline, and solution spectra
of PfTrpB. (A, B, C) Kernel density estimates of 1H, 15N, and 13C linewidths in
crystalline, sedimented, and solution NMR samples. (D) 1D KDE of peak height
distribution in crystalline, sedimented, and solution NMR samples. (E) Height-
weighted 1D KDE of the chemical-shift displacement Δ = |ΔX1H| + |ΔX15N| + |ΔX13C|
of the two solid preparations relative to the solution reference. (F) Scaled Venn
diagram of peak-set membership. 184 peaks in hCONH spectrum are common for
all three samples, 220 peaks are shared by solution and sedimented samples, 209
peaks are shared between sedimented and crystalline samples, 209 peaks are shared
between solution and crystalline samples.
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Overall, sedimented samples offer a more solution-like chemical environment and
higher bulk signal intensity; however, they exhibit greater time-dependent hydration
changes and broader 1H linewidths, which may restrict the duration of multidimen-
sional acquisitions. In contrast, microcrystals yield higher peak counts and enhanced
hydration stability, although they introduce larger chemical shift perturbations rel-
ative to sediments.

3.5.4 NMR assignments: combining solution- and solid-state
NMR

To gain access to site-specific information about the protein, the first (and rate-
limiting) step is to assign each resonance to an amino acid residue. This chapter
combines solution- and MAS NMR approaches to obtain backbone assignments of
PfTrpB. For solution NMR assignments of PfTrpB2B9, the high thermal stability
of the protein was leveraged by recording all assignment experiments at 45◦C to
improve spectral resolution. For MAS NMR assignments, PfTrpBwt crystals were
used, as the wild-type protein crystallizes more easily and reproducibly than the
PfTrpB2B9 mutant. Because even minor mutations and changes in sample state can
cause chemical shift perturbations, solution assignments served as an anchor, and
MAS correlations were accepted only when supported by consistent H/N coordinates
and the expected 13CO/13CU connectivities across multiple experiments.

Backbone nuclei resonances (i.e., 1H, 15N, 13CO, 13CU, 13CV) were partially as-
signed using the 2D- and 3D triple-resonance experiments in solution, as well as 3D-
and 4D-experiments in solid-state. The initial round of automated assignments with
this approach yielded strongly supported assignments of only 17 residues out of 369
non-proline residues expected. Incorporating these initial assignments with manual
backbone assignments performed from both ends of assigned stretches as an addi-
tional input, backbone assignments of 147/369 residues (39.8% of all non-proline
residues) were obtained. The final round of assignments utilized solution NMR
spectra HNCO (314 peaks visible out of 380 expected, or 314/380, which comprises
82.6%), HNCA (511/761, 67.1%), HNcoCA (336/380, 88.4%), HNcaCO (329/761,
43.2%), and HNCACB (176/1437, 12.2%) (Supplementary Fig. B.2). For experi-
ments with low sensitivity and low peak count (3D HNcaCO and 3D HNCACB),
analogous 4D MAS NMR spectra (shCOCANH and hCACBcaNH, respectively)
were used to enrich the spin system library and facilitate backbone walk. MAS-only
assignments based on 3D hCONH, 3D hCANH, 4D shCOCANH, 4D shCACONH,
and 4D hCACBcaNH experiments remained limited due to peak overlap and am-
biguous sequential connectivities. Incorporation of solution-derived H/N resonances
substantially reduced ambiguity and enabled longer backbone walks.
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Figure 3.6: Hybrid assignment strategy applied to PfTrpB chemical shifts. Solution
3D HNCA/HNcoCA and 3D HNCO/HNcaCO spectra serve as starting points in the
procedure. In the 3D HNCA spectrum, the H/N pair of Ala174 is correlated with
its intraresidual 13CU resonance. Same H/N coordinates in 3D HNCO/HNcaCO
experiments give the 13CO resonance of Ala174. Navigating to the determined H/N
coordinates in 4D sehCOCANH experiment confirms 13CU and 13CO chemical shifts
(and helps identify 13CO chemical shifts in cases where peaks in solution HNcaCO
experiment are absent), and in 4D hCACBcaNH experiment provides 13CV chemi-
cal shift. Navigating to the 13CU, 13CO plane of 4D sehCACONH experiment one
can see one (or more) peaks corresponding to Thr175. This peak will have identical
13CU and 13CO, but different 1H and 15N coordinates compared to Ala174. Navigat-
ing back to 3D HNCA/HNcoCA and 3D HNCO/HNcaCO experiments, backbone
assignment continues until interresidual connectivity cannot be established unam-
biguously.
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Assigned regions partially cover the COMM domain (Arg100–His190) and, more
importantly, activation loop Val154-Thr160. In addition, catalytic residue Lys82
covalently bound to PLP is also within the assigned stretch of residues (Fig. 3.7).
These assignments provide a foundation for residue-specific comparisons of activation-
loop and active-site behavior between PfTrpBwt and PfTrpB2B9, and for future
ligand-dependent perturbation and dynamics measurements.
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Figure 3.7: Partial assignments of PfTrpB represented in standard FLYA output
format (A) and mapped onto the TrpB-TrpB dimer structure (B). Dark blue rect-
angles in (A) stand for assignments with strong support. The row labeled 1H#/1HU

shows for each residue 1H of the left and 1HU on the right (here 1HU chemical shifts
are absent). The 15N/13CU/13CO row shows for each residue the 15N, 13CU, and
13CO assignments from left to right. The row below the 15N/13CU/13CO shows the
side-chain assignments for residues. In (B), color scheme is the same as in (A): light
blue residues comprise unassigned parts of the protein, dark-blue residues comprise
assigned stretches. In (B) below only COMM domain is colored.
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3.5.5 Data quality and consistency assessment framework
Assignment procedures require determining the most reliable experiments and

understanding how they complement each other. The framework proposed here con-
sists of (a) analysis of peak overlap, which quantifies the number of peaks visible
within the chemical shift tolerance range assigned to each dimension; (b) analysis
of assignment ambiguity, which calculates how many residues can be matched as
8 − 1 → 8; and (c) evaluation of deviations between solution and MAS peak co-
ordinates for the same residue, quantifying how chemical shifts of identical atoms
from identical spin systems may differ between solution and MAS experiments. This
pipeline establishes a hierarchy of experimental reliability and distinguishes coordi-
nate differences that fall within experimental error from those representing genuine
chemical shift perturbations or incorrect spin system assignments (Fig. 3.8).
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Figure 3.8: Statistical description of spectral quality and reliability. (A) Peak over-
lap analysis in 4D MAS NMR experiments. Overlap analysis of H/N correlated
regions showing normalized frequency of spectral crowding. Peaks within tolerance
ranges (0.075 ppm 1H, 0.36 ppm 15N) were grouped, and overlaps counted as addi-
tional peaks with distinct carbon coordinates. Numbers indicate overlaps per H/N
region; 4+ represents four or more overlapping peaks. (B) Sequential assignment
connectivity ambiguity analysis. Distribution of possible 8 − 1 → 8 linkages for each
spin system based on matching 13CU and 13CO chemical shifts between shCACONH
and shCOCANH experiments. Spin systems were matched by H/N coordinates
(tolerance: 0.075 ppm 1H, 0.36 ppm 15N), then potential sequential connections
identified by 13CU/13CO coordinate matching (tolerance: 0.29 ppm) with different
H/N values. Values represent number of possible combinations per spin system. (C)
Chemical shift deviations between solution- and MAS NMR spectra. These KDEs
reflect only residues that could be matched between solution and MAS spectra; large
CSP cases may be missing due to assignment/matching constraints. Solution NMR
data were combined from HNCO, HNCA, HNcaCO, and HNcoCA experiments,
MAS data used shCACONH and shCOCANH spectra. Red dashed lines indicate
90% confidence intervals, dark red solid lines show median values.
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Since the combined dataset provides only 13CU/13CO connectivities, assignment
success depends on spectral dispersion in these dimensions. A comprehensive list of
chemical shifts of 1H, 15N, 13CU, 13CO, and 13CV atoms for each peak was generated
from a set of MAS NMR spectra shCOCANH, shCACONH, and hCACBcaNH. This
list was then subjected to overlap analysis for H/N combination of nuclei using a
custom Python script. The radius of overlap for 1H and 15N atoms was set according
to previously established values: 0.075 ppm and 0.36 ppm for 1H and 15N, respec-
tively [136]. Peak overlap analysis demonstrated favorable spectral dispersion across
the three 4D experiments (Fig. 3.8, A). Most H/N correlated regions in each exper-
iment contained single, non-overlapping peaks (shCACONH: ≈65%, shCOCANH:
≈55%, hCACBcaNH: ≈70%), indicating strong spectral resolution despite the in-
herent crowding challenges of large protein systems. Higher-order overlaps, defined
as three or more peaks per region, were minimal in all experiments, facilitating
reliable peak assignment and reducing ambiguity in sequential connectivity deter-
mination. These results indicate that the 4D experiments employed here provide
sufficient resolution to ameliorate the overlap in three dimensions that is frequently
observed in 3D hCONH and 3D hCANH experiments.

While peak overlap quantifies local spectral crowding, connectivity ambiguity
quantifies how uniquely sequential links can be inferred even when peaks are re-
solved. The degree of ambiguity present in our MAS NMR dataset was assessed
based on chemical shift lists assembled earlier for the overlap problem assessment
(Fig. 3.8, B). Sequential assignment ambiguity was quantified by treating each
spin system as a multidimensional vector defined by 1H(8), 15N(8), 13CU (8), and
13CO(8) chemical shift coordinates derived from complementary shCACONH and
shCOCANH experiments. For each reference spin system 8, potential sequential
connectivities were identified by locating target spin systems whose 13CU (8 − 1) and
13CO(8 − 1) values matched the reference 13CU (8) and 13CO(8) coordinates within
specified tolerance thresholds (0.29 ppm), while requiring divergent H/N chemical
shifts to ensure distinct residue identity. The resulting ambiguity distribution, ex-
pressed as the normalized frequency of possible 8 − 1 → 8 combinations per spin
system, enabled a quantitative evaluation of backbone assignment confidence and
the determinability of sequential connectivity within the experimental dataset. As
a result, 35% of spin systems showed zero possible connections, consistent with (a)
chemical exchange broadening, (b) immediate connection of the residue of interest to
a proline residue, or (c) missing 13CU/13CO resonances due to tight tolerance thresh-
olds. Approximately 30% of spin systems showed exactly one possible (8 − 1) → 8

connection, representing ideal unambiguous sequential assignments. Altogether, 0
and 1 possible combination groups account for more than 60% of peak connections,
which is in line with previously published ambiguity analysis data for hCAII pro-
tein [136]. Both sensitivity-enhanced hCOCANH and hCACONH experiments give
rise to only one or two possibilities for linking for about 50% of the resonances,
and this value can likely be increased by adding 4D hCACBcaCONH or 4D HNco-
caNH experiments to pair with hCACBcaNH and connect 13CV (8) and 13CV (8 − 1)
residues in addition to already existing matching couples of 13CU (8)-13CU (8 − 1) and
13CO(8)-13CO(8 − 1).

Chemical shift perturbations between solution- and MAS conditions were as-
sessed by constructing comprehensive spin system lists from complementary triple-
resonance experiments, with solution-state data consolidated from HNCO, HNCA,
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HNcaCO, and HNcoCA spectra and MAS parameters derived from shCACONH
and shCOCANH datasets. Residue-specific chemical shift tensors were matched
across experimental conditions based on assignment identity, and delta displace-
ment scalar Δ = |ΔX1H| + |ΔX15N| + |ΔX13C| were calculated for each nucleus, with
statistical distributions visualized through 1D KDE plots to quantify the magni-
tude and directionality of chemical shift variations (Fig. 3.8, C). All nuclei display
a normally distributed probability density with respect to their average chemical
shift deviation between solution and solid-state spectra. Proton shifts 1H showed
minimal deviation of 0.01 ppm, nitrogen shifts 15N displayed broader distributions
with slight systematic differences. Carbon nuclei exhibited the largest dispersions,
with 13CU shifts spanning several ppm and 13CO shifts showing both positive and
negative deviations. These distributions define acceptable tolerances and identify
outliers that need to be taken into consideration for the resonance assignment of
PfTrpB.

3.6 Discussion
This study investigates and compares the structural and dynamic properties

of protein samples prepared using various methodologies and experimental condi-
tions. The objective was to determine how sample form (sedimented, crystalline,
or solution), preparation methodology (batch crystallization and vapor diffusion
crystallization), and the presence of certain stabilizers, such as glutaraldehyde at
different concentrations influence spectral quality and stability. These factors ulti-
mately determine the feasibility of samples for multidimensional 3D- and 4D NMR
experiments in both solid-state and solution NMR settings.

Batch crystallization yielded significantly broader 1H lines (median 189.5 Hz)
than slowly grown vapor-diffusion microcrystals (≈82.6 Hz), indicating that micro-
crystalline slowly growing crystals provide the best trade-off of spectral resolution
and SNR suitable for advanced NMR experiments. Additional stabilization of such
crystals with various concentrations of glutaraldehyde results in significantly im-
proved sample stability towards paramagnetic dopant Cu-EDTA in high concen-
trations, but induces severe line broadening in MAS spectra. Future work should
explore milder and more selective cross-linking agents, and more tightly controlled
reaction conditions to improve crystal stability without compromising spectral res-
olution.

The sedimented preparation displayed substantially larger time-dependent change
in hydration than the microcrystalline sample, which may compromise long-term
sample stability and contribute to the reduced sensitivity. At the same time, 1D
1H spectra indicated 85% higher bulk signal intensity for the sediment relative to
microcrystals which does not stem from different CP transfer efficiency or more fa-
vorable )1 time for sediment. Instead, the intensity increase is most consistent with
higher effective amount of protein due to higher rotor filling factor. Comparison of
peak counts between three samples from hCONH and HNCO spectra yielded 286
peaks for the sedimented, 326 peaks for microcrystals, and 309 peaks for solution
PfTrpB samples, although absolute counts depend on the manually chosen SNR
threshold. Linewidth statistics further highlight nucleus-specific trade-offs: proton
1H linewidths are comparable between the sediment and microcrystalline samples,
whereas nitrogen 15N and carbonyl 13CO linewidths are narrower for the sediment.
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Overall, sediments retain a more solution-like chemical environment but exhibit
more pronounced time-dependent hydration drift and may suffer from lower sensi-
tivity and sample instability during long experiments. Microcrystals are more stable
in hydration and provide better sensitivity, but show larger perturbations relative
to solution.

An optimized microcrystalline PfTrpBwt sample enabled acquisition of the 4D
MAS experiments shCACONH, shCOCANH, and hCACBcaNH. These spectra were
used in combination with solution-derived 3D spectra for PfTrpB2B9 HNCO, HNCA,
HNcoCA, HNcaCO, and HNCACB to obtain 39.8% of backbone resonance assign-
ments, including parts of communication (COMM) domain, activation loop, and
catalytic Lys82 residue. To evaluate the internal consistency and assignment util-
ity of this combined dataset, we implemented a Python-based reliability framework
comprising (a) analysis of 13CU-13CO peak overlaps in H/N planes, (b) ambiguity
of (8 − 1) → 8 connections, and (c) solution–MAS chemical-shift displacements for
matched assignments. Overlap analysis showed that 65–70% of H/N regions con-
tain a single peak and fewer than 20% contain two peaks, indicating that most local
overlaps are limited and can often be resolved using solution-derived H/N anchors.
Of all spin systems, 35% show zero possible (8 − 1) → 8 connections, whereas 30%
yield a single unambiguous connection, representing the most assignment-favorable
cases. Chemical shift dispersion was observed predominantly for 13CU and 13CO
dimensions, consistent with increased sensitivity of carbon shifts to changes in sam-
ple state. These distributions provide an empirical basis for defining tolerances in
FLYA and for flagging outliers that may reflect genuine perturbations or potential
mis-assignments.

3.7 Limitations and future research
Several limitations should be noted. First, the current backbone resonance as-

signment coverage (39.8%) leaves substantial gaps that may include functionally
important regions. Extending and validating the assignments will require addi-
tional complementary experiments that improve sequential connectivity and side-
chain discrimination, for example a set of 4D HNcocaNH and 4D hCACBcacoNH
experiments in solid-state and a 3D HNcoCACB experiment in solution NMR. Sec-
ond, future comparisons between solution and MAS datasets should explicitly ac-
count for sample-dependent chemical shift displacements, particularly when using
optimized slowly grown microcrystals that can deviate more strongly from solution
reference conditions. Finally, while glutaraldehyde cross-linking increased crystal
robustness against dopant exposure, it compromised spectral quality under the con-
ditions tested. Exploring more mild and selective cross-linking agents may provide
improved stabilization without introducing the line broadening observed here.
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Chapter 4

cGAS N-terminal domain
structure and dynamics

This chapter is based on work published in [137] and is reproduced here with
modifications.

All MD simulations were done by Dr. Dmitrii Blokhin.

4.1 Introduction
To survive, organisms need the ability to recognize and fight invading pathogens.

Two complementary types of immune response evolved in animals: innate immu-
nity that relies on pattern recognition receptors, and adaptive immunity mediated
by clonal expansion of antigen-specific lymphocytes. Different classes of pattern
recognition receptors have evolved to recognize distinct pathogen-associated molec-
ular patterns, one of which is cyclic GMP-AMP synthase (cGAS) [138]. cGAS is
a Mg2+- and Zn2+-binding enzyme that belongs to the Mab21-like superfamily of
nucleotidyltransferases (NTases) and is a major DNA sensor in humans and other an-
imals. It is comprised of a hypervariable disordered N-terminal domain (NTD) and
structured Mab21 domain, and recognizes both exogenous and endogenous double-
stranded DNA (dsDNA), such as pathogenic DNA [139] and mitochondrial DNA
[140] (Fig. 4.1).

cGAS exists as inactive monomers in the cytosol, which are activated by direct
binding to dsDNA followed by dimerization and conformational rearrangements.
Upon binding to dsDNA, cGAS undergoes conformational rearrangement and cat-
alyzes the synthesis of the secondary messenger 2′,3′-cyclic guanosine monophos-
phate adenosine monophosphate (2′,3′-cGAMP) using ATP and GTP as substrates.
This ligand 2′,3′-cGAMP then binds to the stimulator of interferon genes (STING)
located on endoplasmic reticulum membrane to activate the expression of type I
interferon (IFN-I) immune response [141].
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Figure 4.1: cGAS signaling cascade can be activated by dsDNA of various origin.
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However, recent works challenge the generalized model of cGAS structure, func-
tion, and activity regulation. cGAS exists not only as a cytoplasmic but also as
a nuclear protein [142][143] that is largely inactivated by interaction with nucle-
osomes [144][145] and chromatin DNA [146]. This prevents cGAS from constant
up-regulation and limits autoimmunity. In the nucleus, cGAS has additional non-
canonical functions: DNA damage repair [147][148], regulation of DNA replication
[149], and control of chromosome fusion [150].

cGAS activation is predominantly sequence-independent, but cGAS is particu-
larly enriched in satellite III repeats of centromeres and LINE1 elements on chro-
matin [151]. It requires DNA of at least 20 bp long for activation in cellular culture,
yet in the presence of G-overhangs this length requirement can be lowered to 12
bp, and generally the presence of G-overhangs activates cGAS in a sequence-specific
manner [152]. Human and murine variants of cGAS have different length speci-
ficity, where human cGAS requires DNA of at least 45 bp length for productive
2′,3′-cGAMP synthesis [153], while mouse cGAS is activated with 20 bp long DNA
[152].

Despite being a dsDNA sensor, cGAS has been shown to interact with a small cir-
cular DNA cia-cGAS which prevents activation of IFN-I signaling in hematopoietic
stem cells and thus protects them from IFN-I-induced exhaustion [154]. Typically,
cGAS relies on DNA-mediated liquid-liquid phase separation (LLPS) to facilitate
efficient cGAMP synthesis [155]. However, recent findings indicate that sequence-
specific single-strand RNA (ssRNA) binding to cGAS serves as a driving force for
condensate assembly, which subsequently enables the exchange of RNA for DNA to
activate 2′,3′-cGAMP synthesis [156]. These findings demonstrate that cGAS acti-
vation is regulated by context-dependent biophysical factors, such as localization,
nucleosome state, nucleic acid architecture, and condensate dynamics.

The main obstacle to obtaining a residue-resolved view of cGAS regulation is the
presence of an intrinsically disordered NTD in cGAS. Usually, this domain is cleaved
off for structural biology studies, and its functions and affinities were identified
from biochemical assays [157][158] and mutation screenings [159]. Combined efforts
of multiple groups resulted in a more comprehensive understanding of the role of
NTD in cGAS function. Mechanically, NTD has been shown to play major role in
LLPS and non-specific DNA-binding, helping cGAS to distinguish between self- and
non-self DNA [159][160]. Tao et al. reported that nonspecific dsDNA binding by
NTD induces conformational rearrangements, favoring the formation of transient
U-helices. This refines the current model, which holds that the core alone, with
its three DNA-binding sites (A, B, and C), is enough to trigger the STING/IFN-I
pathway. Single-molecule imaging experiments revealed that NTD not only expands
the range of motion of cGAS and helps the full-length protein to slide more readily
along the _DNA, but also makes LLPS aggregates more fluid, allowing for substrate
exchange [159].

Zn2+ ions have been shown to bind to human NTD in sites that overlap with
DNA-binding regions and enhance the LLPS of cGAS NTD [161]. Because of the
high net charge of NTD, it was suggested to interact with negatively charged phos-
phate backbone of DNA via a non-specific electrostatic interaction. This interaction
can be further modulated by post-translational hyperphosphorylation/dephosphory-
lation cycles mediated by Aurora kinase B and cyclin-dependent kinase CDK1-cyclin
B complex [145, 157, 138].
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Kranzusch et al. proposed an additional role for NTD, observing that its pres-
ence significantly enhances the stability of cGAS proteins during purification. They
linked this effect to stabilization or autoinhibition observed in other innate immune
receptors [162][163]. Mechanisms of this particular stabilization effect are, however,
unknown.

Despite numerous studies aimed at elucidating the role of NTD in cGAS catal-
ysis, only two works have examined cGAS NTD at residue-specific level. Lee et al.
explored how NTD enhances cGAS activity both in vivo and in vitro using analytical
ultracentrifugation, circular dichroism (CD) spectroscopy, and NMR [160]. Jiang et
al. investigated the role of NTD in LLPS of human cGAS employing various meth-
ods, including NMR [161]. In both studies authors showed that NTD displays sec-
ondary structure formation upon DNA binding, and identified the residues involved
in this binding. Both studies provided backbone resonance assignments, which is
a bottleneck for the majority of protein NMR studies, however, to our knowledge,
these assignments were not deposited in the Biological Magnetic Resonance Data
Bank (BMRB).

4.2 Aim of the project
This project investigates the structure and dynamics of the cGAS N-terminal

domain using a combination of solution NMR and MD simulations to elucidate
NTD’s role in regulating cGAS activity. Initially, we sought to verify the assignments
reported by Lee et al. [160] and subsequently use these assignments to characterize
the structure and dynamics of cGAS NTD in both apo- and DNA-bound states.
Based on existing literature, we hypothesized that cGAS exhibits a certain degree of
sequence specificity, which we aimed to test using NMR titrations and experiments
probing fast- and intermediate-timescale dynamics. These investigations provide
insight into the fundamental mechanisms underlying cGAS activation and, more
broadly, into how the internal dynamics of intrinsically disordered regions (IDRs)
influences ligand binding.

4.3 Materials and Methods

4.3.1 Bioinformatics analysis of cGAS
DNA and protein sequences of cGAS orthologs were obtained from NCBI (https:

//www.ncbi.nlm.nih.gov/) and UniProt (https://www.uniprot.org/) databases
using BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) [164][165].
Protein sequences of cGAS orthologs were identified by blastp search of the mouse
cGAS full-length protein sequence against the Reference Proteins (refseq protein)
database using the BLOSUM62 algorithm [166]. To retrieve more distant orthologs
of cGAS from reptiles and amphibians, the chicken cGAS sequence was used. A
list of 36 organisms was assembled to cover all clades of vertebrates with at least 3
species per family. Protein sequences were then uploaded to the Batch CD-Search
engine (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) against the
default CDD-62456 PSSMs database with an expect value cutoff of 0.0001 to ob-
tain protein domain annotations and domain boundaries. Multiple sequence align-
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ment (MSA) of NTD, Mab-21, and Mab-21 C domain sequences was prepared using
the MUSCLE algorithm implemented in MEGA12 (https://www.megasoftware.
net/) [167]. MSA of Mab-21 C domain sequences from all vertebrate species
was further trimmed using Gblocks 0.91b (https://kbase.us/applist/apps/kb_
gblocks/run_Gblocks/release) on relaxed settings to extract conserved sequence
blocks [168]. The best-fit substitution model was selected using the Model Se-
lection module in MEGA12 and used for further phylogenetic tree reconstruction.
Phylogenetic trees of cGAS paralogs and orthologs spanning vertebrates, as well
as an exemplary tree of cGAS paralogs in Mammalia, were reconstructed using
Bayesian Evolutionary Analysis Sampling Trees (BEAST) (BEAST X) software
(https://beast.community/) [169]. In each case, simulations were run under a
strict clock model with a coalescent constant size tree prior in four parallel chains
for 10,000,000 iterations, sampling every 5,000 iterations. A maximum clade credi-
bility tree with nodes as median heights was generated using TreeAnnotator v10.5.0
with 100,000 burn-in states. To interpret inferred phylogenetic trees, the poste-
rior probability calculated as the proportion of trees of a particular topology sam-
pled during the MCMC run was used. Posterior probability values were consid-
ered to have strong support if within 0.95-1 interval, moderate-to-strong if within
0.9-0.95, and weak-to-moderate if within 0.7-0.9. The phylogenetic tree of selected
species was obtained from NCBI Taxonomy Browser (https://www.ncbi.nlm.nih.
gov/Taxonomy/Browser/wwwtax.cgi) [170] and optimized for better visualization
in FigTree 1.4.4 (https://tree.bio.ed.ac.uk/software/figtree/). CD-Search-
retrieved domain boundaries were mapped onto phylogenetic tree using a custom
python script. Protein repeats were identified using RADAR tool (https://www.
ebi.ac.uk/jdispatcher/pfa/radar) [171], and 3D structure of cGAS homologs
was reconstructed using AlphaFold3 webserver (https://alphafoldserver.com/)
[172]. Visualization of all 3D structures was performed in Chimera X19 (https:
//www.cgl.ucsf.edu/chimera/) [173].

4.3.2 Protein expression and purification
For cloning of NTD portion of cGAS we used a source plasmid vector pET28M-

SUMO-mcGAS(full-length) kindly provided by Prof. Dr. Karl-Peter Hopfner labo-
ratory in Genezentrum LMUMunich. Ligase-independent cloning, DNA sequencing,
E.coli RIPL (DE3) pLysS transformation, test protein expression at 20◦C, 25◦C in
autoinduction conditions, and 37◦C followed by microcapillary SDS-PAGE to assess
the protein amount were kindly performed by Tina Gazdag in the Protein Chemistry
Facility of the Max Planck Institute of Molecular Physiology. The pOPIN-8xHis-
eGFP plasmid was identified as the most effective vector for producing cGAS NTD
(residues 1-146) from M. musculus (Supplementary Fig. B.4). The target protein
was overexpressed in E. coli (DE3) RIPL cells as an eGFP fusion protein containing
a PreScission (3C) protease cleavage site. For uniform 15N and 13C protein labeling,
a single colony of transformed cells was inoculated into 1 L of standard M9 minimal
medium supplemented with 100 `g/ml ampicillin, 1 g/L mathrm, 2 g/L 13C-D-
glucose, and 2 g/L 15N/13C-labeled ISOGRO® algal extract. Cells were cultivated
at 37 ◦C and 110 rpm until an OD600 of 0.8 was reached. The culture was then
chilled on ice for 20 min, and protein expression was induced by adding isopropyl
V-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. Cells were
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further incubated with shaking at 120 rpm, and 20 ◦C for another 20 h, followed
by harvesting via centrifugation at 4 ◦C and 4,000 g for 20 min. Cell pellets were
separated from media, and frozen at −80 ◦C until further use.

For purification, frozen cell pellets were thawed at room temperature and resus-
pended in Q buffer (See Supplementary Table A.4). After vortexing, cells were
lysed using an Avestin Emulsiflex C3 French press. Lysates were aliquoted into
45 ml tubes and centrifuged at 100,000 g and 4 ◦C for 20 min, then incubated at
100 ◦C for 10 min to precipitate cellular proteases and centrifuged again as described
above. The cleared lysate was applied onto a 5 ml HisTrap HP column (GE Health-
care) using an ÄKTA Pure chromatography system (GE Healthcare) in Q buffer.
The eGFP-mNTD fusion protein was washed with 1 M NaCl and 1 M guanidine
hydrochloride (Gu-HCl) to remove DNA, and eluted with a gradient of U buffer
at 150 – 200 mM imidazole concentration. Elution fractions were then pooled to-
gether and concentrated to 1 - 2 ml using Amicon Ultra centrifugal filters with a
molecular weight cut-off (MWCO) of 30 kDa (Sigma-Aldrich). The protein was
buffer-exchanged into 3C buffer using a PD10 desalting column (Cytiva). The
protein was then mixed with 12 mg of 3C protease (prepared in-house) and cleavage
was performed overnight at 4 ◦C on a rocking shaker. After cleavage, the protein
mixture was applied onto a manually packed Ni-NTA gravity flow column (5 ml)
equilibrated with Q buffer. A total volume of 70 ml of the flow-through fraction
containing the protein was collected. The protein was then concentrated to a 2
ml volume and exchanged in M buffer. For NMR sample preparation, 270 `l of
protein solution was mixed with 37 ◦C to a final concentration of 10% (v/v) and
0.1 M DSS to a final concentration of 1 – 3 mM. To analyze the quality of samples
prepared, a standard SDS-PAGE with no modifications was used (see Chapter 2.
Materials and Methods). Because the protein lacks aromatic amino acids, determin-
ing the exact concentration of the final sample is challenging. Other methods, such
as the Bradford assay, also perform poorly with highly charged IDPs/IDRs [174].
We therefore reverse-calculated the concentration of the protein from the ratio of
DSS and protein peaks in the 1D water-suppressed spectrum.

4.3.3 NMR data acquisition and processing
For the backbone NMR resonance assignment, the 1H/15N/13C-labeled sample

with the concentration of c ≈1 mM in 5 mm Shigemi NMR tube was used. 1H/15N-
HSQC, 15N/13C-HSQC, 3D HNCO, 3D HNCA, 3D HNcoCA, 3D HNcaCO, 3D CB-
CANH, 4D HNcocaNH experiments were recorded. All NMR spectra were recorded
at 25◦C (unless specified otherwise) on a Bruker Avance NEO 800 MHz (1H Larmor
frequency) spectrometer equipped with a CP TCI proton-optimized triple resonance
cryoprobe. The 4D HNcocaNH experiment [175] was recorded using non-uniform
sampling (NUS) with 0.1% sampling density and reconstructed using the SSA al-
gorithm [132]. Backbone resonance assignments of murine cGAS NTD have been
deposited in BMRB (BMRB Entry 52649).

For the NMR relaxation measurements, fast timescale dynamics experiments
(15N hetNOE, longitudinal ()1) and transverse ()2) relaxation), as well as (15N
CPMG relaxation dispersion (RD) were recorded using standard pulse sequences
[176]. 15N CPMG-RD experiments on apo NTD and NTD bound to random42
DNA were carried out at 25◦C and at 1H frequency of 800 MHz, with the protein
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concentration in apo NTD c = 1 mM, and in NTD + random42 DNA complex c =
66 `M. These experiments were measured in the same buffer as mentioned for the
titration experiment. The constant time relaxation delay was set to )relax = 0.066 s
for apo NTD sample, and )relax = 0.045 s for NTD + random42 DNA sample, and
14 CPMG frequencies were employed ranging from 100 to 2000 Hz.

For NMR titration experiments, nine DNA molecules were purchased from Eu-
rofins Genomics, and added to the 1H,15N-labeled protein with c = 100 `M in a
standard 5 mm NMR tube, together with 10 mM DSS (e.g., 10 `l of 0.1 M DSS
stock solution) and 10% (v/v) D2O. DNA sequences can be found in Supplementary
Table A.9. CSP values were calculated for all residues by subtracting the chemical
shifts of the proteins in the mixtures with DNA from the chemical shifts of the
protein alone, using the following equation:

CSP =

√ (
ΔX 1HN )2 + (

0.1ΔX 15N)2
2 . (4.1)

All molecular dynamics (MD) simulations were performed by Dr. Dmitrii Blokhin.
Simulations were carried out in GROMACS [177] using the CHARMM36 force field
for the protein [178] and the TIP3P water model [179]. The system was solvated in
a cubic box (initial volume 10,648 nm3; 407,532 water molecules) and neutralized
by addition of 12 Cl− ions. After steepest-descent energy minimization (maximum
force threshold 1000 kJ mol−1 nm−1) and short NVT equilibration (100 ps at 300 K
using the Berendsen thermostat [180]), an additional water-vacuum slab setup was
generated by removing half of the solvent to create a hydrophilic-hydrophobic inter-
face, and simulated for 15 ns. The resulting structure was then used as the starting
conformation for production simulations in a fully solvated periodic box, with equili-
bration under NPT conditions using the Parrinello-Rahman barostat [181], followed
by a 1 ms production trajectory.

4.3.4 Data processing and plotting
NMR data were processed using TopSpin 4.5.0 (Bruker) (https://www.bruker.

com/en/products-and-solutions/mr/nmr-software/topspin.html) and nmrPipe
(NIST IBBR) (https://spin.niddk.nih.gov/bax/software/NMRPipe/NMRPipe.
html) and analyzed using CCPNMRAnalysis v. 3.2.4 (https://ccpn.ac.uk/)[110].
For processing and plotting, custom in-home Python scripts were used. Automated
sequence assignment was performed in FLYA [134], and prediction of chemical shifts
was performed in POTENCI [182]. Secondary structure propensity (SSP) was calcu-
lated using IDP-optimized algorithm CheSPI [183]. '2,eff and 'exrates from CPMG
experiments were obtained using customized Python script (courtesy of Dr. Dmitrii
Blokhin) from peak intensities recorded at a series of CPMG refocusing frequencies
(aCPMG). For each residue, intensity profiles � (aCPMG) were converted to effective
transverse relaxation rates '2,eff according to

'eff
2 (a) = − 1

)relax
ln
[
� (a)
�0

]
, (4.2)

,where �0 was defined as the maximum valid intensity across all measured aCPMG
values for that residue. Dispersion curves 'eff

2 (aCPMG) were fitted (excluding the
aCPMG = 0 point) either to a constant model (no exchange; 'eff

2 = '0
2) or to a
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two-state fast-exchange Carver-Richards model (Supplementary Fig. B.5). DSS
was used for direct 1H chemical shift referencing, 13C and 15N chemical shifts were
referenced indirectly.

4.4 Results

4.4.1 Bioinformatic and Evolutionary Analysis of cGAS NTD
Comparative phylogenetic analysis of Mab21-domain–containing proteins indi-

cates that this family diversified early in animal evolution into several distinct clades
corresponding to the Mab21-like family (Mab21L1, Mab21L2, Mab21L3, Mab21L4),
Transmembrane protein 102 (TMEM102), MB21D2, Inositol 1,4,5-trisphosphate
receptor-interacting protein family (IPTRIP, IPTRIPL1, IPTRIPL2), cGAS, and
a group of transmembrane mitochondrial dynamics proteins (MID49 and MID51)
(Fig. 4.2, A). Mab21-like proteins constitute a well-supported monophyletic group
of Mab21L1, Mab21L2, Mab21L3, and Mab21L4 families (Fig. 4.2, B) which
share a common evolutionary origin and, to some extent, developmental functions:
Mab21L1 and Mab21L2 regulate embryonic eye development [184, 185, 186, 187],
Mab21L3 establishes the dorsoventral axis in the developing epidermis [188][189],
and Mab21L4 mediates transforming growth factor‐V (TGF‐V) signaling in differen-
tiated epidermal keratinocytes [190]. However, the activating ligands of Mab21-like
proteins and their potential secondary messengers remain largely uncharacterized.
MB21D2 and TMEM102 proteins form a distinct clade, yet their known functions
differ significantly: MB21D2 modulates cGAS-STING signaling in myeloid cells
[191], whereas TMEM102 regulates mitochondrial outer membrane permeabiliza-
tion [192][193][194]. TMEM102 is not the only mitochondria-associated member
of Mab21 superfamily: an unusual example of functional divergence is provided by
MID49 and MID51. Both proteins are located in the outer mitochondrial membrane
and form a complex with Dynamin-related protein 1 (Drp1) to promote mitochon-
drial fission, a process integral to the normal life cycle of mitochondria. [195][196].
Notably, cGAS has been shown to recapitulate certain aspects of MID proteins’ func-
tionality, e.g. localize in mitochondrial outer membrane of cancerous cells due to
the presence of two cryptic mitochondria localization signals, and interact with Drp1
to protect cells from ferroptosis and mitochondrial ROS accumulation [197]. The
observed functional convergence of MID proteins and cGAS, mediated by NTase do-
main, suggests a potential mitochondrial function of other Mab21-domain containing
proteins.

The NTD of various cGAS orthologs shares an evolutionary origin with a num-
ber of herpesviral proteins, primarily tegument proteins (Fig. 4.2, C). In mammals,
NTD is homologous to DNA polymerase subunits gamma and tau family, a fragment
of UL36 large tegument protein, VP22 tegument protein, ICP4 transcriptional regu-
lator protein, Epstein-Barr early antigen 3B (EBNA-3B), g150 protein from Epstein-
Barr virus (BDLF3), FhaB hemagglutinin protein from toxin-antitoxin system of
Bortedella pertussis. A more detailed look at reptilian, amphibian, and piscine cGAS
NTD annotations reveals additional, less common fusions with low confidence, such
as Merozoite erythrocyte binding protein 2 from Plasmodium (MAEBL), 60S ri-
bosomal L19-like protein, transcription termination factor Rho, and pneumococcal
surface protein PspC (Supplementary Table A.8). As an outgroup for all vertebrates,
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a cGAS-like protein from Branchiostoma floridae was used, which possesses a provi-
sional, low-probability adenylate kinase domain at its N-terminus. In many species,
no identifiable NTD can be detected; however, this region consistently demonstrates
a high predicted disorder propensity. Notably, vertebrate species with highly active
innate immune systems, such as the naked mole rat (Heterocephalus glaber), sev-
eral reptiles (Alligator mississippiensis, Crocodylus porosus, Pantherophis guttatus,
Crotalus tigris), and amphibians (Phyllobates terribilis, Xenopus laevis, Xenopus
tropicalis, Ambystoma mexicanum), lack any annotated NTD in their cGAS ho-
mologs.

These patterns suggest that (a) NTDs may have independently originated mul-
tiple times from an annotated domain that subsequently lost its characteristic se-
quence motifs through extensive diversification, and (b) N-terminal viral-like in-
sertions are not essential for efficient innate immune activation and may instead
represent an adaptation associated with immune modulation.

74



CHAPTER 4. CGAS N-TERMINAL DOMAIN STRUCTURE AND DYNAMICS

Mab21L2

Mab21L1
IPTRIPL2

IPTRIP

IPTRIPL1

MID49

MID51

cGAS
Mab21L4

Mab21L3

TMEM102

MB21D2

Mab21L3

cGAS

Mab21L1

IPTRIP

TMEM102

Mab21L4

IPTRIPL1

IPTRIPL2

MB21D2

Mab21L2

MID51

MID49

0.87

1

1

1

1

1

0.6

1

0.99

0.7

0.94

Heterocephalus glaber

Salminus brasiliensis

Pteropus vampyris

Chelonia mydas

Marmota marmota

Branchiostoma floridae

Pantherophis guttatus

Tursiops truncatus
Physeter macrocephalus

Felis catus

Crotalus tigris

Colius striatus

Homo sapiens

Mustela putorius

Alligator mississippiensis

Loxodonta africana

Tachyglossus aculeatus

Xenopus tropicalis

Ornithorhynchus anatinus

Pan troglodytes

Pelodiscus sinensis

Mus musculus
Rattus norvegicus

Balaenoptera musculus

Desmodus rotundus

Monodelphis domestica

Rhinatrema bivittatum
Ambystoma mexicanum

Gekko japonicus

Phyllobates terribilis

Sus scrofa

Phyllostomus discolor

Eptesicus fuscus

Crocodylus porosus

Anolis carolinensis
Rhineura floridana

Chordata

Amniota

Euteleostomi

Theria

Eutheria

Boreoeutheria

Tetrapoda

Mammalia

Euarchontoglires

Radial spoke 3

Mab21
Mab21 C-terminal 
DNA polymerase gamma/tau 
UL36 tegument protein
VP22 tegument protein
ICP4 early transcription regulator
BDLF3 immune evasion protein
EBNA-3B

MAEBL protein
60S ribosomal L19-like 
Adenylate kinase

FhaB hemagglutinin

A B

C

Figure 4.2: Evolutionary history of Mab21-domain containing protein family. (A).
Large unrooted tree of all Mab21 proteins. Branch lengths correspond to the num-
ber of amino acid substitutions. (B) Reconstructed evolutionary relations between
various paralogous clades reconstructed from proteins from the following primate
species: Homo sapiens, Pan paniscus, Pan troglodytes, Gorilla gorilla gorilla, Pongo
abelii, Macaca mulatta. Colors of individual families are identical to colors assigned
to families in (A). Domain organization of an exemplary member of each protein
family is mapped onto the domain evolution tree. Human orthologs were used as ex-
emplary members. Mab21-domain is divided into N-terminal portion (dark purple)
and C-terminal portion (light purple) according to CD-Search annotation. (C) Tree
of species of selected vertebrates with domain boundaries and annotations retrieved
using CD-search.
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Analysis of the genetic diversity of NTDs from various animal species revealed
multiple instances of tandem duplications averaging 13 to 20 amino acid residues
in length. In monotremes, the NTD adopts a V-helical structure characteristic of
FhaB V-prism domain, and shares a proportion of identical protein motifs. Each
motif consists of a repeat unit and exhibits high mutability, which complicates the
identification of identical consensus motifs between cGAS orthologs in platypus and
echidna. Additional segmental duplications were identified in (a) a legless lizard
Rhineura, where repeats also fold into a V-helix but display a distinct primary
structure compared to monotremes, and (b) a legless amphibian Rhinatrema, where
repeats instead form disordered loops. Furthermore, the NTD of cGAS of Rhina-
trema folds into a helical domain of unknown annotation and function (Fig. 4.3).
These findings indicate that tandem repeat expansion of cGAS NTD represents a
characteristic feature of cGAS evolution across vertebrate species.

76



CHAPTER 4. CGAS N-TERMINAL DOMAIN STRUCTURE AND DYNAMICS

Ornithorhynchus anatinus Tachyglossus aculeatus

Rhineura floridana Rhinatrema bivittatum

Theria

Ornithorhynchus

Tachyglossus

Rhineura

Rhinatrema

Figure 4.3: Examples of segmental duplication expansion events in NTDs of cGAS
of platypus (Ornithorhynchus anatinus), echidna (Tachyglossus aculeatus), Florida
worm lizard (Rhineura floridiana), and two-lined caecilian (Rhinatrema bivittatum)
identified using RADAR and PRIGSA and visualized using AlphaFold3 and Chimera
X19.
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Although NTDs from different organisms are sometimes annotated as belonging
to various domain families, a BLAST-derived set of NTD sequences from Chiroptera,
Rodentia, Primates, Carnivora, Lagomorpha, Artiodactyla, and Perissodactyla orders
share several conserved or semi-conserved residues, enabling MSA and quantitative
assessment of trends in NTD evolution. Comparative analysis of cGAS sequences
from rodents and primates reveals that the most prevalent conserved motifs are pos-
itively charged R/K-rich regions and hydrophobic P/A/L-rich repeats (Supplemen-
tary Fig. B.3). These features suggest that a combination of electrostatic attraction
and hydrophobic forces drives the multivalent protein-protein and protein-ligand
interactions. However, further experimental validation is required to confirm this
hypothesis.

4.4.2 Protein production
For experimental studies of the cGAS NTD, the mouse ortholog was selected

over the human variant due to its previously reported higher stability and activity
[198]. The vector pOPINE-6xHis-eGFP-3C-mNTD demonstrated the highest pro-
tein yield (�250 ng/`l) in test expression (see Supplementary Fig. B.4) and was
therefore employed for large-scale protein production. Codon-optimized cell lines
that compensate for rare proline codons, such as E.coli RIPL (DE3) pLysS, are
essential for efficient cGAS protein expression because of the high proline content in
NTD (23 Pro/146 total residues). During purification, all fractions from the cell pel-
let to the eGFP-mNTD fusion sample exhibited an intense green color attributable
to eGFP tag. The presence of green coloration in the cell debris pellet after the
initial sonication and ultracentrifugation suggests that a portion of the protein is
insoluble or membrane-associated, thereby reducing the effective yield in the final
preparation. Partial recovery of the protein from the pellet can be achieved using
CHAPS- or Triton-X100-containing lysis buffers; however, this approach did not
result in a significant increase in the final NTD sample amount.

Following separation of the supernatant containing eGFP-mNTD from insoluble
cell debris, the supernatant is incubated at 100◦C for 5-10 minutes to denature most
cellular proteases and protein contaminants; this method is commonly employed in
the purification of thermophilic proteins [130]. A subsequent ultracentrifugation
step yields a white pellet of denatured proteins, and a green supernatant containing
eGFP-mNTD fusion. eGFP is not adversely affected by high temperatures, as it is an
engineered protein with high temperature stability up to 75◦C for extended periods
and can tolerate even higher temperatures for shorter durations while maintaining
its native fold [199]. Since NTD is a disordered protein, it is similarly unaffected by
elevated temperatures and does not require refolding after heat treatment.

For Immobilized Metal Affinity Chromatography (IMAC), either Ni-NTA or
cobalt-containing TALON resins can be used with a varying degree of efficiency:
Ni-NTA resin typically yields higher quantities of protein, whereas TALON resin
results in greater protein purity. In both protocols, inclusion of a reducing agent
(V-mercaptoethanol or TCEP) in essential. Without a reducing agent, the protein
irreversibly adheres to the resin beads and cannot be eluted even with high concen-
trations of imidazole or low pH buffers. The origin of the disulfide bonds responsible
for this strong binding to the resin, whether from the eGFP or NTD regions of the
fusion protein, remains unclear.
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The presence of even little amounts (20-30 mM) of imidazole in binding or wash-
ing buffers consistently causes protein smearing and elution from resin. Incorpo-
rating high salt (300-500 mM NaCl) in the buffer is more effective for minimizing
non-specific binding.

An additional critical step in NTD purification occurs during protein immobi-
lization on the resin, where bound plasmid DNA is removed from the sample using
1 M NaCl and 1 M Gu-HCl. Eluting the eGFP-mNTD fusion directly from resin
without this step can complicate protein concentration measurements, as the 260
nm absorbance from residual DNA can obscure the 280 nm protein signal. Further-
more, DNA that remains associated with the protein after proteolysis can obstruct
the Amicon® membrane during subsequent protein concentration steps.
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Figure 4.4: Production of mouse cGAS NTD. (A) Schematic of NTD purifica-
tion from 1 L of 1H/15N/13C-labeled M9 media supplemented with 2 g/L culture
1H/15N/13C-labeled ISOGRO® growth media supplement. Details of expression and
purification procedures are described in 4.3 Materials and Methods. High electro-
static attraction between eGFP and mNTD, as well as between mNTD and bacterial
plasmid DNA required that the IMAC column with bound 6xHis-eGFP-mNTD is
washed with 1 M NaCl and 1 M Gu-HCl prior to elution with imidazole-containing
buffer. Resultant protein sample concentration is usually within 1.5-1.9 mM/ L of
expression range. (B) SDS-PAGE gel to assess the procedure and purity of a final
sample. M – Marker, S – Supernatant, W – Wash, E – combined Elution fraction,
t0/t1/t2 samples correspond to the procedure of 3C cleavage of 6xHis-eGFP from
mNTD using 3C Protease, P – Pellet (insoluble fraction after overnight proteolytic
cleavage), S – Supernatant fraction after overnight proteolytic cleavage, NTD – final
NTD sample concentrated in NMR buffer.
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Following Ni-NTA purification, the protein sample should be desalted using ei-
ther a PD10 column or dialysis. The PD10 desalting column is preferred for trans-
ferring the protein into a 3C protease buffer due to its robustness and efficiency (Fig.
4.4, A). Protein concentration at the eGFP-mNTD fusion stage can be performed
using Amicon® devices with a molecular weight cut-off (MWCO) of 30K or 50K.
For eGFP tag cleavage, in-house-produced 6xHis-HRV3C protease (3C protease) at a
concentration of 1–2 mg/ml was used at a 1:1 molar ratio. This protease specifically
recognizes the short peptide L-E-V-L-F-N-G-P at 4◦C and cleaves between the N and
G amino acid residues. After overnight cleavage, the protein sample typically sepa-
rates into two fractions. The insoluble fraction consists of uncleaved eGFP-mNTD
fusion, denatured 3C protease, and cleaved eGFP tag. The soluble fraction contains
the majority of mNTD, soluble 3C protease, and trace impurities (see Fig. 4.4, B).
To remove 3C protease, reverse Ni-NTA chromatography is performed so that the
soluble eGFP tag, uncleaved eGFP-mNTD fusion, and 3C protease remain bound
to the resin, while mNTD is collected in the flow-through fraction. To minimize the
risk of mNTD co-eluting with the eGFP tag due to electrostatic interactions, it is
recommended to include 1 M guanidine hydrochloride (Gu-HCl) in the buffer used
for reverse Ni-NTA. This denaturant is subsequently removed during PD10 desalting
or during protein concentration if the sample is diluted two or three times with the
final NMR buffer. For final mNTD sample concentration, the MWCO of Amicon®
devices should not exceed 10 kDa. In cases where eGFP contaminates the mNTD
sample, a two-step concentration protocol can be employed. The protein is first con-
centrated with a 50 kDa MWCO device to separate uncleaved eGFP-mNTD fusion
and eGFP dimers, followed by concentration of the flow-through fraction with a 10
kDa MWCO device. However, this two-stage separation is highly inefficient and re-
sults in a substantial portion of mNTD remaining in the concentrated heterogenous
mixture of proteins during the first concentration step, likely due to electrostatic at-
traction between the highly positively charged mNTD (pI = 11) and the negatively
charged eGFP (pI = 5.6).

Assessing the concentration of the final mNTD sample is challenging because
the protein lacks aromatic amino acids and does not have absorption at 280 nm.
Alternative protein quantification methods, such as the Bradford assay, also yield
unreliable results, as this assay is unsuitable for precise concentration measurements
in IDPs or IDRs due to their unique and variable amino acid compositions [174].
Hence, the mNTD concentration is routinely determined using a 1D 1H-NMR ex-
periment with water suppression, which enables calculation of the concentration of
any 1H-containing compound in a sample, provided a reference chemical such as
DSS is present at a known concentration.

4.4.3 Backbone assignment and structural propensity
The mNTD 1H/15N-HSQC spectrum displays limited peak dispersion, with 1H

chemical shifts clustered between 7.7 and 8.7 ppm, which is indicative of a predom-
inantly disordered structure (Fig. 4.5 A, B). Initial 1H-detected 3D experiments
suffered from signal overlap in the carbon dimension, making unambiguous assign-
ments challenging. We therefore recorded a 4D HNcocaNH experiment [175] which
benefits from the long )2 time of IDPs and allows to obtain unambiguous sequen-
tial assignments in a reasonably short time. Automated sequence assignment using
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FLYA achieved 77% assignments of non-proline residues, which was subsequently
improved to 92% through manual assignment in conjunction with chemical shift pre-
diction from POTENCI. Backbone amide resonances were assigned for all residues
except Met1, Glu2, Asp3, Gln111, His127, Arg128, and Arg138. The protein pri-
mary sequence contains two repeats with the amino acid motif RGARS at positions
39–43 and 129–133. These repeats produce overlapping signals for Ala41 and Ala131
as well as for Arg42 and Arg132, which complicates unambiguous assignment. The
number of assignments for individual types of nuclei is as follows: 1H: 113, 15N: 113,
13CU: 131, 13CV: 120, and 13CO: 134. The protein sequence comprises 146 amino
acids, including 10 Gly residues (lacking 13CV) and 23 Pro residues (lacking 1H and
yielding no 15N assignments in triple-resonance experiments). As a result, 92% of
backbone 15N and 1H resonances were assigned and. Excluding proline residues,
89% of 13CU, 96% of 13CV, and 91% of 13CO resonances were assigned.

13CU and 13CV NMR chemical shifts were used to assess deviations from random-
coil values, facilitating the identification of potential U-helices, V-sheets, and disor-
dered loops. CheSPI analysis indicated similar structural propensities, suggesting
that the protein primarily adopts a random-coil conformation with short, transient
U-helices near residues 115 and 120 (Fig. 4.5, C).
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Figure 4.5: Backbone resonance assignment of a mNTD. (A) Assignment proce-
dure using the 2D HSQC, 3D HNCO, 3D HNcaCO, 3D HNCA, 3D HNcoCA, 3D
CBCANH, and 4D HNcocaNH experiments. The process starts with choosing a
well-separated peak in the 2D HSQC followed by navigating to the 3D HNCA/CB-
CANH window to identify the amino acid types of residues 8 and (8 + 1) based on
13CV and 13CU chemical shifts. Navigating from the 2D HSQC to the 4D HNcocaNH
window will usually result in seeing exactly one peak corresponding to amino acid
(i+1). The connectivity can then be confirmed by comparison of 13CU, 13CV, and
13CO chemical shifts between complementary 3D experiments. (B) Assigned 2D
1H,15N-HSQC of mouse cGAS NTD, recorded at 800 MHz 1H Larmor frequency at
25 ◦C. (C) Secondary structural propensity (SSP) of mouse cGAS NTD.
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Proline cis/trans isomerization is a significant contributor to the conformational
heterogeneity of IDPs. Determining the cis/trans proline ratio is essential, as distinct
conformational states may underlie different biological functions. 1H-detected NMR
experiments do not detect proline residues, resulting in gaps in sequential backbone
resonance assignments and requiring additional 15N- or 13C-detected experiments.
To address the challenge of proline assignment, a dedicated 13C-detected experiment
(1H/13C-HSQC) was recorded. In combination with a 2D 15N-13CO projection of
a 3D HNcaCO experiment, this approach enabled the assignment of 15N chemical
shifts of 13 proline residues (Fig. 4.6, A, B).

Analysis of 13CV (8−1) chemical shifts from 3D CBCANH experiment and 13CO(8−
1) chemical shifts from the 3D HNCO experiment indicated that no additional peaks
suggestive of cis-proline conformations were present. Based on the obtained S/N ra-
tio, major secondary cis-proline populations can therefore be excluded. The assigned
proline shifts all exhibit a 13CV chemical shift of approximately 32 ppm (Fig. 4.6,
C) which is characteristic of trans-proline and is consistent with chemical shifts
predicted by ncIDP [200]. However, minor cis-proline populations remain possible.
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Figure 4.6: Proline content, partial backbone resonance assignment, and 13CV chem-
ical shifts of selected proline residues of murine cGAS NTD. (A) 1H/13C-HSQC
spectrum (pink) and 15N-13CO projection of 3D HNcaCO experiment (purple) used
for 15N resonance assignment of proline residues. (B) Partial 15N resonance assign-
ment of 13 proline residues out of 21 peaks present and 23 peaks expected. (C)
1H-13CV slices at different 15N coordinates obtained from a 3D CBCANH experi-
ment to visualize 13CV (8 − 1) resonances grouping around 32 ppm corresponding to
trans-proline conformation.
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4.4.4 Fast timescale dynamics of apo NTD
The fast timescale dynamics of the apo NTD was characterized via 15N '1 and

'2 relaxation rates measured at 15◦C and 25◦C (Fig. 4.7, B). The relaxation profiles
display features typical of IDPs, such as elevated '1, moderate and heterogenous '2
values, and residue-specific variability throughout the sequence. Analysis of individ-
ual relaxation rates, together with the pseudo-correlation time (pseudo-g2 = '2/'1),
reveals a clear modular organization of NTD, with three regions displaying distinct
relaxation signatures: an N-terminal segment (residues 1–45), an intermediate region
(46–99), and a C-terminal segment (100–146) (Fig. 4.7, C). The N-terminal segment
exhibits consistently elevated '2 values and correspondingly higher pseudo-g2 val-
ues, indicating locally slower motions and increased rigidity relative to the rest of
the chain. These patterns suggest the presence of transiently ordered elements or
restricted conformational backbone sampling in this region. In contrast, the inter-
mediate region displays uniformly reduced '2 and pseudo-g2 values, consistent with
enhanced ps–ns mobility characteristic of a highly flexible linker-like region. The
C-terminal segment, again, shows higher '2 and pseudo-g2 values, comparable to
those of the N-terminus, indicating that both termini sample more restricted dy-
namical states than the central portion of the protein. Collectively, the combined
'1/'2/pseudo-g2 profiles delineate three dynamically distinct subdomains within the
apo NTD, each characterized by a unique balance of local flexibility and rigidity.

Mapping the pseudo-g2 values onto the most populated conformational cluster
obtained from the 1-`s MD simulation (Fig. 4.7, D) provides additional struc-
tural context for the modular organization of the NTD. Residues exhibiting elevated
pseudo-g2 values, indicative of reduced local mobility, are primarily clustered in the
central region of the folded globule, particularly within the short helix spanning
residues 30–35 and in a small rigid patch near residues 99–101. Additional isolated
rigid sites are observed at the periphery (e.g., Gly60, His64, Ala90, Gly136), sug-
gesting that local ordering is not uniformly distributed but is instead confined to
discrete structural elements. The RMSF values from the same MD cluster (Fig. 4.7,
E) support these conclusions: the central helix demonstrates significantly reduced
fluctuations, while the C-terminal tail (residues 120–125 and 142–146) is identified
as the most flexible region of the protein, showing the highest atomic mobility within
the dominant MD conformational cluster (42.1% of sampled frames).
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Figure 4.7: Fast timescale dynamics of the apo NTD. (A) Helical propensity of apo
NTD derived from the most populated conformational cluster (42.1% of frames)
from a 1-`s MD simulation. (B) Residue-specific '1 and '2 relaxation rates of apo
NTD measured at 15◦C and 25◦C, and the corresponding pseudo-g2 calculated as
'2/'1 ratio that serves as a measure of a local rigidity. (C) Subdomain organization
of NTD residues 1–45, 46–99, and 100–146) inferred from '1, '2, and pseudo-g2
profiles mapped onto the MD-derived structure. (D) pseudo-g2 values calculated for
the 25◦C dataset mapped onto the MD-derived structure. Higher pseudo-g2 values
indicate locally restricted backbone motion and frequently coincide with transient
secondary-structure elements. (E) Root-mean-square fluctuation (RMSF) values
of the same MD cluster, reporting on positional flexibility. Red regions are highly
flexible; blue regions indicate restricted motion. Note that in D, red and blue refer
to less and more motion, respectively, whereas in D, more motion is red, and less
motion is blue.
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This alignment between NMR-derived rigidity and MD-derived structural propen-
sities (a) supports the division of the NTD into three dynamically distinct subdo-
mains, and (b) demonstrates that the NTD samples a conformational landscape
characterized by relatively rigid N- and C-terminal regions, interspersed with patches
of temperature-sensitive residues, and connected by a flexible intermediate segment.

4.4.5 DNA-binding properties
NTD was shown to have an important role in the DNA-binding capacity of the

full-length cGAS [160], but the region of interaction was not previously identified. To
assess NTD interaction with dsDNA, and determine whether the NTD interaction
pattern depends on DNA length, we compared binding to DNA duplexes ranging
from 15 to 57 bp. The presence of equimolar amounts of dsDNA induced notable
CSPs in the 1H/15N-HSQC spectra of NTD (Fig. 4.8, A, B), with no sequence-
dependent differences detectable under these conditions. The largest perturbations
were observed for residues RRRT (residues 5-8) in the N-terminal segment and
RKV (residues 119-121) plus Gly135 in the C-terminal segment. These residues are
spatially proximal as follows from MD simulation, and serve as DNA interaction
hotspots for all tested DNA molecules (Fig. 4.8, C, E). Together, the positively
charged regions RRRT (residues 5-8) and RKV (residues 119-121) comprise the
charged core of the DNA-binding motif. This motif bears certain resemblance to AT-
hook motifs that are widely distributed in chromatin remodeling proteins and bind
to the minor groove of AT-rich DNA, thus facilitating DNA bending and binding
of other chromatin modulators [201]. Whether the NTD also induces DNA bending
requires further corroboration.

The stacked �/�0 profile for NTD–DNA interactions serves as a binding reactivity
map across the sequence. All tested DNA produce reproducible intensity loss in the
N-terminal (1–45) and C-terminal (100–146) regions, indicating DNA-induced line
broadening and confirming these segments as the primary interaction regions (Fig.
4.8, D, F). In contrast, residues 66–99 show minimal changes in intensity, demon-
strating that the intermediate region remains dynamically decoupled and does not
participate in binding. This architecture (two binding-competent terminal modules
separated by a flexible linker) is characteristic of IDRs with short linear motifs, en-
abling independent motion of terminal segments and supporting multiple binding
modes [202][203].
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Figure 4.8: Multivalent interactions of cGAS NTD with various DNA molecules.
(A) Overlay of 1H/15N-HSQC spectra of NTD during the process of titration with
AT-rich 24 bp DNA, telomeric 24 bp DNA, and random 42 bp DNA. (B) Residues of
NTD that experienced notable CSPs upon titration with ISM DNA. (C) Cumulative
CSPs of NTD upon titration with seven different DNAs. (D) Cumulative peak
intensity ratios from titration spectra of NTD alone (�0) and after adding various
DNA to the 1:1 molar ratio (�). (E) Cumulative CSPs mapped onto the structure
of the most populated cluster from 1 `s MD simulation of NTD bound to HSV
DNA (57 bp). (F) Cumulative �/�0 values mapped onto the structure of the most
populated cluster.
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In the past, Tao et al. utilized CD spectroscopy to show that NTD displays
signs of transient secondary structures formation upon DNA binding [159]. We
therefore aimed to test this by making use of high sensitivity of chemical shifts
to secondary structures. As a test DNA we chose herpesvirus-specific DNA (HSV
DNA, 57 bp) and recorded 3D HNCO, 3D HNCA, and 3D CBCANH experiments
to obtain 1H, 15N, 13CO, 13CU, and 13CV chemical shifts. Following SSP analysis
using CheSPI showed that NTD-DNA complex has high probability of U3 helix
(64-73 aa) formation, while U5-helix (118-122 aa) likely disappears (Fig. 4.9, E, F).
Interestingly, U3-helix is located in intermediate region of NTD that does not interact
with DNA according to CSPs and �/�0 intensity analyses. This helix therefore may
be fortified to serve different purpose.

Our MD simulations of NTD, NTD bound to DNA, and full-length cGAS re-
vealed that NTD in a full-length protein is tethered to the cGAS NTase core via a
stable U-helix, which we further identified as U3-helix (Fig. 4.9, A-C). The role of
this helix therefore seems to be rather complex: on one hand, it does not interact di-
rectly with DNA, yet binding to DNA induces its formation; on another, it serves as
a tethering anchor in full-length cGAS that realigns all three regions of NTD (and,
therefore, alters the mutual arrangement of DNA-binding regions within NTD). To
clarify the role of the U3-helix helix, we devised two alternative protocols: (a) titra-
tion of NTD with cGAS core followed by assessment of CSPs, SSP, as well as fast
timescale dynamics, and (b) purification of a full-length cGAS followed by resonance
assignment tranfer between NTD-only and NTD within cGAS proteins. Unfortu-
nately, initial attempts to titrate NTD with core resulted in cGAS core precipitation
due to buffer incompatibility, and purification of a full-length cGAS did not yield
quantities enough for recording backbone resonance assignment experiments. Fur-
ther work in optimization of buffer composition for cGAS NTD and core, as well as
expression and purification protocols for a full-length cGAS would be needed.
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Figure 4.9: Hypothetical tethering of NTD to cGAS core via U3 helix (residues
64-73) detected via MD simulation. (A) Average structure of the most populated
cluster (%) of apo NTD conformations with structural subdomains mapped. (B) Av-
erage structure of the most populated cluster (%) of NTD bound to HSV DNA with
structural domains mapped. (C) Average structure of the most populated cluster
(%) of full length cGAS with structural domains of NTD mapped. (D) Secondary
structure elements in NTD bound to HSV DNA detected with MD simulation. (E)
Secondary structure probability (SSP) in apo NTD calculated from NMR chemical
shifts using CheSPI. (F) SSP in NTD bound to 1x HSV DNA calculated from NMR
chemical shifts.
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Comparison of HSQC titrations with dsDNA of similar length (20–24 bp) re-
vealed two regimes: in some cases, resonances exhibited primarily chemical shift
perturbations with minimal line broadening, while in others most peaks broadened
beyond detection (Fig. 4.10, A). This observation suggests intermediate exchange
dynamics (i.e., most probably association/dissociation exchange) driven by a DNA-
dependent parameter other than length, in particular GC content. Using the number
of broadened peaks as a primary measure of the amount of intermediate exchange,
an approximately linear dependence on GC content was observed with moderate
statistical support: DNAs with high GC content (e.g., rigid DNA) show significant
line broadening compared to flexible DNAs with low GC content (Fig. 4.10, B).
Because all duplexes were matched in length (20–24 bp), the observed differences in
line broadening cannot be attributed to the duplex length (as can be seen from Fig.
4.10, C). This dependence indicates that DNA composition modulates the kinetics
of the interaction, with higher GC DNA driving slower exchange (e.g., slower on
and/or off rates) and more extensive broadening.

To quantify intermediate-exchange contributions more rigorously, 15N CPMG
relaxation-dispersion experiments were conducted on apo NTD and NTD bound to
random42 DNA which represents a DNA that induced the most line broadening in
entire set (42 bp, 72%GC) (Fig. 4.10, D). Reliable spectra and fits were obtained
only for apo NTD, whereas CPMG data for DNA complex displayed inadequate
fitting (Supplementary Fig. B.5) is likely due to (a) oversaturation of protein with
DNA (2:1 ratio of protein to DNA), and (b) low protein concentration in protein-
DNA complex. Future CPMG measurements will focus on DNA of similar length,
and employ lower DNA concentration and higher protein concentration to extract
'ex values and enable comparison to apo NTD.
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4.5 Discussion
This study addressed an important element in understanding cGAS regulation:

its intrinsically disordered hypervariable N-terminal domain (NTD). For decades,
NTD has been excluded from structural analyses, resulting in limited residue-level
characterization despite its established roles in DNA binding and liquid–liquid phase
separation. Here, a combination of solution NMR, molecular dynamics (MD) sim-
ulations, and evolutionary reconstructions was employed to analyze structure, dy-
namics, and DNA-binding properties of murine cGAS NTD as a first step towards
comprehensive characterization of the role of NTD in cGAS.

Bayesian phylogenetic reconstruction of an evolutionary history of cGAS NTD
unexpectedly revealed that NTD likely shares evolutionary origin with tegument and
regulatory proteins from Herpesviridae, a large and evolutionary successful family of
double-stranded DNA viruses that have been coevolving with vertebrates for up to
400 million years [204]. Among these homologous viral proteins were: fragments of
UL36 large tegument protein, VP22 tegument protein, ICP4 transcriptional regula-
tor, Epstein-Barr early antigen 3B (EBNA-3B), and Epstein-Barr BDLF3 protein.

Possible viral origin of NTD may put cGAS under the partial physiological con-
trol of herpesviruses, which could have a profound effect on cGAS functionality,
ranging from activation to attenuation of its antiviral properties. This hypothesis is
indirectly supported by multiple reports on cGAS inhibition upon interaction with
herpesviral proteins, such as direct inhibition of cGAS and cGAS-driven LLPS by
VP22 tegument protein [205][206], and deamidation and following deactivation of
cGAS by UL37 in UL36/UL37 complex [207].

The HSQC dispersion and relaxation behavior of the NTD exhibits the charac-
teristic hallmarks of an IDP, with narrow 1H chemical shift dispersion consistent
with an overall random-coil ensemble interrupted by short transient helices. Upon
combining a 4D HNcocaNH experiment with standard backbone resonance assign-
ment experiments, we obtained a near-complete backbone coverage (92% of amide
1H/15N). Addressing proline cis-trans isomerization, we assigned 13 of 23 expected
proline peaks, and observed no evidence for cis-proline conformers presence consis-
tent with predominantly trans-proline chemical shifts predicted for IDPs, although
minor cis-populations cannot be excluded.

The relaxation data discovered the modular organization of NTD, where the
backbone can be divided into three regions with distinct relaxation signatures: N-
terminal region, intermediate region, and C-terminal region. Titration of NTD
with double-stranded DNA induced notable chemical shift perturbations in N- and
C-termini, in particular in positively charged segments RRRT (5-8 aa) and RKV
(119-121 aa). At the same time, a significant amount of line-broadening in these sub-
domains was also observed as the DNA concentration increased. We concluded that
N- and C-termini of the NTD comprise the DNA-binding surface and are separated
by a dynamically decoupled intermediate region that serves as a flexible linker. MD
simulations further confirmed the folding of N- and C-termini into a DNA-binding
surface and also revealed the formation of a stable U3-helix (64-73 aa) in the inter-
mediate linker. This helix formed upon the DNA titration of NTD in NMR data,
and is also involved in the tethering of the NTD to the C-terminus of the cGAS
core domain according to MD simulations. We hypothesize that this tethering is
functionally important for realignment of DNA-binding regions of NTD for their
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better positioning with core DNA-binding sites, but this statement needs further
confirmation. The attempt to decipher the role of U3-helix by titration of NTD
with core was unsuccessful, as well as purification of a full-length cGAS protein.

Importantly, while we originally hypothesized sequence specificity that would
manifest as distinct chemical shift signatures for different DNA sequences, we ob-
served no sequence-dependent response, but different kinetic regime instead: DNA
of comparable length induced fast dynamics, intermediate dynamics, or mixture
of both regimes depending on their GC content, with the linear dependency of the
amount of exchange broadening from GC content. This argues that NTD can ’sense’
physical properties of nuclei acids (such as stiffness, groove geometry, or local struc-
tural heterogeneity) rather than sequence itself. This is in line with a recent work by
Wang et al. who showed that the activation of cGAS depends on DNA mechanical
flexibility, which is controlled by sequence, damage, and length [208]. One plausible
interpretation is that increasing GC content increases duplex rigidity, thereby push-
ing residues into intermediate exchange and broadening peaks without producing
qualitatively new chemical environments. A functional role of such an effect is un-
clear, though increased dwelling time of cGAS on highly rigid DNA molecules might
be an additional mechanism of how cGAS distinguished between self- and non-self
DNA.

More detailed assessment of the amount and role of intermediate timescale dy-
namics via CPMG experiments failed due to the suboptimal sample preparation
protocol. It is expected that residue-specific 'ex values will follow the same linear
dependency as observed in primary analysis based on number of exchange-broadened
peaks. Further evaluation of residue-specific values :ex in complexes with various
GC content will elucidate whether the increase in DNA rigidity correlates with the
longer :on/:off time and therefore results in longer dwelling of NTD on rigid DNA.

4.6 Limitations and future research
Several limitations must be mentioned here: first of all, all NMR experiments

were performed on isolated murine NTD, which limits interpretation of results. The
formation of the U3-helix was shown only in the SSP plot and in MD simulations,
while attempts to assess its role in NTD tethering to cGAS core using full-length
cGAS construct and NTD titration with cGAS core have not been successful. In
addition, quantitative characterization of intermediate-timescale exchange was im-
peded by sample preparation issues. Future work should therefore prioritize robust
CPMG measurements across DNA panels with controlled GC content and mechan-
ical properties, alongside targeted assessment of U3 helix role in NTD-only and
full-length cGAS proteins.
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Conclusions

The primary objective of this thesis is to expand the methodological and concep-
tual approaches available for investigating protein structure and dynamics through
solution- and solid-state NMR. Particular emphasis is placed on challenging systems
characterized by large molecular weight, limited solubility, conformational hetero-
geneity, and intrinsically disordered regions. Through three distinct yet conceptu-
ally related projects, this research examines how isotopic labeling strategies, sample
preparation methods, and integrated analytical frameworks can be optimized to
enhance spectral information content and facilitate biologically meaningful inter-
pretation of NMR results.

The first project (Chapter 2) investigated whether cell-extract-based selective
deuteration could recover resonances that are inaccessible with standard perdeuter-
ated labeling schemes. The results showed that deuterated algal lysate media facili-
tate near-complete amide protonation in H2O and maintain favorable linewidths un-
der fast MAS conditions. In microcrystalline tryptophan synthase from Salmonella,
this method restored a significant proportion of previously undetectable resonances
without loss of signal intensity or spectral resolution, thus achieving the primary goal
of enhancing backbone observability in solvent-shielded regions of large oligomeric
enzymes.

The second project (Chapter 3) sought to establish a robust and quantitative
workflow for preparing TrpB samples suitable for multidimensional MAS NMR and
for generating reliable backbone resonance assignments by integrating solution and
solid-state datasets. Systematic comparisons of sedimented, microcrystalline, and
solution samples, as well as benchmarking batch and vapor-diffusion crystallization
methods, identified slowly grown microcrystals as the optimal preparation with re-
spect to resolution, stability, and sensitivity. The acquisition of multiple 4D MAS
datasets and the development of a reliability framework directly addressed the objec-
tive of evaluating assignment feasibility and internal consistency, resulting in partial
backbone assignments for catalytically and allosterically relevant regions. Beyond
individual methodological advances, this work contributes a unifying perspective
on how sample state—solution, sedimented, or crystalline—modulates both spec-
tral quality and chemical shift behavior. The quantitative comparison of linewidths,
peak counts, and solution–MAS chemical shift deviations provides an empirical basis
for defining tolerances in automated assignment algorithms and for distinguishing
genuine structural perturbations from preparation-induced effects.

The third project (Chapter 4) aimed to elucidate the structure and dynamics of
the intrinsically disordered N-terminal domain (NTD) of cGAS. The central research
question examined how NTD dynamics, DNA binding, and evolutionary origin con-
tribute to cGAS regulation. Through near-complete backbone assignments, relax-
ation measurements, titration experiments, and molecular dynamics simulations,
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the study demonstrated that the NTD is modular, dynamically heterogeneous, and
capable of sensing the physical properties of DNA rather than its sequence. Con-
ceptually, the cGAS NTD study extends the role of NMR beyond static structural
description into the realm of evolutionary and dynamic interpretation. The identifi-
cation of a potential viral origin of NTD and the demonstration that DNA-induced
responses depend on mechanical properties rather than sequence challenge exist-
ing models of innate immune sensing and suggest new avenues for understanding
host–pathogen coevolution.

Future research could further optimize the algal extract-based labeling approach,
incorporating controlled concentration series across diverse protein targets. For
TrpB, expanding backbone assignments through additional high-dimensional ex-
periments will facilitate a more comprehensive analysis of allosteric networks and
catalytic mechanisms. Refining cross-linking strategies by employing milder agents
may produce crystals that maintain stability while minimizing spectral perturba-
tion. Regarding cGAS, subsequent studies will leverage quantitative CPMG-based
characterization of intermediate-timescale dynamics across DNA panels with defined
mechanical properties. Determining how NTD dynamics are coupled to core-domain
function remains a critical unresolved question with significant implications for in-
nate immune signaling and viral immune evasion.
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Conferences, workshops, and
meetings

Conferences
1. ICBS Symposium 2020, 11–13 November 2020, online.

2. 42nd FGMR Annual Discussion Meeting, 27–30 September 2021, online.

3. IMPRS Student Retreat 2022, International Max Planck Research School for
Living Matter, 30 March – 2 April 2022, Jugendburg Gemen, Germany.

4. XIIth International conference NMR: a tool for biology, 2–4 May 2022, Paris,
France.
Poster presentation: “Allosteric communication in tryptophan synthase stud-
ied by ssNMR”, H. Kavaleuskaya, S.K. Vasa, R. Linser.

5. European Conference on Magnetic Resonance, 10–14 July 2022, Utrecht, the
Netherlands.
Poster presentation: “Allosteric communication in tryptophan synthase stud-
ied by ssNMR”, H. Kavaleuskaya, S.K. Vasa, R. Linser.

6. 16th Tag der Chemie 2023, 31 March 2023, TU Dortmund.
Promoted talk: “NMR study of archaeal protein TrpB”, H. Kavaleuskaya,
S.K. Vasa, R. Linser.

7. The 2023 Alpine Conference on Magnetic Resonance in Solids, 10–14 Septem-
ber 2023, Chamonix-Mont-Blanc, France.

8. 44th FGMR Annual Discussion Meeting 2023, 18–21 September 2023, Kon-
stanz, Germany.
Poster presentation: “Chemical shift assignment of 2x43 kDa TrpB from Py-
rococcus furiosus”, H. Kavaleuskaya, S.K. Vasa, R. Linser.

9. IMPRS Student Retreat 2024, International Max Planck Research School for
Living Matter, 17–19 April 2024, Meinerzhagen, Germany.
Promoted talk: “Viral origin of immunity: exploring the disordered domain
of cGAS”, H. Kavaleuskaya, D. Blokhin, R. Linser.
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10. 20th European Conference on Magnetic Resonance, 30 June–4 July 2024, Bil-
bao, Spain.
Poster presentation: “Viral origin of immunity: exploring the disordered do-
main of cGAS”, H. Kavaleuskaya, D. Blokhin, S.K. Vasa, R. Linser.

11. Annual bio-NMR Network Meeting 2024, 27th September 2024, Essen, Ger-
many. Promoted talk: ”Viral origin of immunity: exploring the disordered
domain of cGAS”, H. Kavaleuskaya, D. Blokhin, S.K. Vasa, R. Linser.

Workshops
1. Advanced Protein Labeling, 19–22 October 2020, MPI for Molecular Physiol-

ogy, Dortmund, Germany.

2. 3D Structure Determination and Interpretation: EM/x-ray Crystallography,
8–12 March 2021, MPI for Molecular Physiology, Dortmund, Germany.

3. Good Scientific Practice – Avoid Scientific Misconduct, GSP | ARM!d, M. Mende,
21–23 January 2021, MPI for Molecular Physiology, Dortmund, Germany.

4. Vector Graphics for Scientists (Adobe Illustrator), 7–9 June 2021, MPI for
Molecular Physiology, Dortmund, Germany.

Thesis Advisory Committee (TAC) meetings
1. First TAC meeting, 8 June 2021, “Characterization of structure and dynamics

in high-molecular-weight drug targets via NMR spectroscopy”.

2. Second TAC meeting, 27 July 2022, “Characterization of structure and dy-
namics in high-molecular-weight drug targets via NMR spectroscopy”.

3. Third TAC meeting, 9 November 2023, “Backbone resonance assignments and
dynamics of thermophilic tryptophan synthase V subunit studied via NMR
spectroscopy”.
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Table A.1: Summary of quantum mechanical parameters describing spin system.

Quantum num-
ber

Sym-
bol

Description Values Physical interpretation

Mass number � Total nucleons (protons
+ neutrons)

Any positive inte-
ger

Atomic number / Number of protons Any positive inte-
ger ≥ 1

Defines the net charge of the nucleus

Neutron number # Number of neutrons Any non-negative
integer

Magnetic quan-
tum number

<; Projection of ; along the
Z-axis

−;,−;+1, . . . , ;−1, ; Describes how much angular momentum is aligned with the exter-
nal magnetic field; determines how many sublevels exist for each
orbital.

Orbital quantum
number

! Orbital angular mo-
mentum of a nucleon

0, 1, 2, 3, . . . If ! = 0 → the nucleon moves in a spherical orbital. If ! > 0 → the
nucleon has rotational motion around the centre of the nucleus.

magnitude → L Magnitude of orbital
quantum number

|L| = ℏ
√
! (! + 1) Represents the total nuclear spin angular momentum due to the

orbital motion of a nucleon around the nucleus. Influences energy
level splittings and spin–orbit coupling, impacting relaxation dy-
namics in NMR.

Nuclear spin
number

� Total angular momen-
tum of the entire nu-
cleus

0, 1
2 , 1,

3
2 , 2,

5
2 , 3, . . .

(depends on nucle-
ons and pairing)

The total angular momentum of the entire nucleus, considering all
nucleons. Nuclear spin arises from the coupling of all individual
nucleons’ angular momenta.

magnitude → I Magnitude of total an-
gular momentum

|I| = ℏ
√
� (� + 1) Represents the absolute value of the total angular momentum vec-

tor. Affects the energy level splitting in a magnetic field and influ-
ences the transition probabilities.

Spin ( Intrinsic spin of a nu-
cleon

Always ( = 1
2 for

fermions (protons,
neutrons)

Intrinsic property of elementary particles, fundamental source of
angular momentum; determines how particles behave under mag-
netic fields.

Total angular mo-
mentum

� � = ! + ( � = ! − (, (! − () +
1, . . . , ! + (

Combination of orbital angular momentum (!) and intrinsic spin
((); describes how an individual proton or neutron moves inside
the nucleus.
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Table A.2: Properties of Hamiltonians of different NMR interactions.

Interaction Description Mathematical form Motion dependence Effect on NMR
Zeeman inter-
action

Describes nuclear spin
interaction with an ex-
ternal magnetic field.

Ĥ/ = -WB0 �̂I No (Zeeman interaction
is static).

Always present in all NMR ex-
periments.

(c/2)G pulse Describes spin evolution
under a radiofrequency
(RF) pulse along the x-
axis.

ĤG = -WB1 �̂G No (pulse-driven evolu-
tion).

Used in pulse sequences to ma-
nipulate magnetization.

�-coupling Describes indirect
through-bond spin–spin
interaction.

Ĥ/ = 2cJ I (̂I No (through-bond in-
teraction is rigid).

Common in solution NMR
(HSQC, COSY, TOCSY).

Dipolar inter-
action

Describes through-
space dipolar inter-
actions between two
spins.

Ĥ�
secular = − `0

4c
ℏW1W2
A3

[
3 cos2 \ − 1

2

]
�̂I (̂I Yes (depends on molec-

ular tumbling).
Important in solid-state NMR
and relaxation studies.

RDC Describes dipolar cou-
plings that are par-
tially averaged in par-
tially aligned media.

ĤRDC = � (3 cos2 \ − 1) �̂I (̂I Yes (affected by molec-
ular alignment).

Used in alignment media for
structural studies.

NOE Describes cross-
relaxation and spin
polarization transfer in
NOE experiments.

ĤNOE = l� �̂I + l( (̂I + f( �̂I (̂I) Yes (strongly depends
on molecular motion).

Used in NOESY, ROESY,
and biomolecular NMR exper-
iments.

xiii



A
PPEN

D
IX

A
.
SU

PPLEM
EN

TA
RY

TA
B
LES

Table A.3: Comparison of size of interactions having effect on solution- and solid-state NMR spectra.

Parameter Solution NMR (@ 800 MHz,
5 mm NMR tube, 2H,13C,15N-
sample)

ssNMR (@ 800 MHz, 55.5 kHz spinning, 1.3 mm rotor, 2H,13C,15N-
sample)

Chemical shift
anisotropy (CSA)

Averaged out by global tumbling (<
5 Hz residual)

1H: 4–7 kHz
13CO: 20–23 kHz
13CU/13CV: 4–6 kHz
15N: 11–13 kHz
NB: fully present in microcrystalline samples, partially averaged out in sedi-
mented samples

�-coupling 1H–1H: 5–15 Hz
1H–15N: 90 Hz

1H–1H: 5–15 Hz
1H–15N: 90 Hz

Dipolar interaction – 1H–1H: 10–30 kHz
1H–15N: 10–12 kHz
13C–15N: ∼ 2 kHz
15N–15N: < 1 kHz
13C–13C: ∼ 2 kHz
NB: dipolar constants scale with the product of the gyromagnetic ratios W and
with A−3.

RDC 1H–1H: 1–10 Hz
1H–15N: 5–20 Hz

–

Mechanism of NOE Modulation of dipolar couplings by
molecular tumbling

Spin diffusion

Linewidths 1–5 Hz 50–150 Hz
1H 90° pulse length 10–15 `s 1 `s

xiv
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Table A.4: Buffers for protein purification.

Buffer Code Composition
SH3

AEC A A 20 mM Tris, pH 8.8 (adjusted with 30% HCl(aq)).
AEC B B 20 mM Tris, 1 M NaCl, pH 8.5 (adjusted with 30% HCl(aq)).
SEC buffer S 20 mM citric acid, 150 mM NaCl, pH 3.5 (adjusted with 4 M NaOH(aq)).
Dialysis D H2O, pH 3.5 (adjusted with 30% HCl(aq)).

TS
T-buffer T 50 mM Tris–HCl, pH 7.8, 0.1 M NaCl, 1 mM DTT, 5 mM EDTA, 1 mM PMSF, 0.01 mM PLP.
B-buffer B 50 mM Bicine, pH 9 (using CsOH), 1 mM EDTA, 0.01 mM PLP, 1 mM DTT.
P-buffer P 0.1 M K2HPO4, 0.1 M KH2PO4, 5 mM EDTA, 0.01 mM PLP, 170 g L−1 (NH4)2SO4, 1 mM DTT.
Bicine buffer I 50 mM Bicine, pH 7.8 (adjusted with CsOH).
Crystallization buffer 1 C1 50 mM Cs–bicine buffer, pH 7.8, 14% PEG8000, 3.0 mM spermine.

PfTrpB
Lysis L 50 mM KPB, pH 8.0, 20 mM imidazole, 100 mM NaCl, 200 `M PLP, 1 mM PMSF, 1 mM TCEP, 0.02

mg mL−1 DNase.
Elution E 50 mM KPB, pH 8.0, 500 mM imidazole, 100 mM NaCl.
NMR buffer N 50 mM KPB, pH 8.0, 1 mM TCEP.
HEPES buffer H 20 mM HEPES, pH 7.85.
Crystallization buffer 2 C2 20 mM Na HEPES, pH 7.85, 15–25% PEG3350.
Crystallization buffer 3 C3 0.2 M sodium acetate, 0.1 M Tris, pH 8.5, 30% (w/v) PEG4000.
Crystallization buffer 4 C4 0.2 M CaCl2, 0.1 M sodium acetate, pH 4.3, 15% isopropanol.

mNTD
Equilibration buffer Q 50 mM HEPES, pH 8.0, 0.3 M NaCl, 1 mM TCEP, 1 mM PMSF, 10% (w/v) glycerol, 20 mM imidazole.
Elution buffer U 50 mM HEPES, pH 8.0, 0.3 M NaCl, 1 mM TCEP, 1 mM PMSF, 10% (w/v) glycerol, 0.5 M imidazole.
3C buffer 3C 50 mM HEPES, pH 8.0, 0.3 M NaCl, 1 mM TCEP.
Denaturing buffer DN 50 mM HEPES, pH 8.0, 0.3 M NaCl, 6 M Gu–HCl, 1 mM TCEP, 1 mM PMSF.
Renaturing buffer RN 50 mM HEPES, pH 8.0, 0.5 M NaCl, 10% glycerol, 5 mM TCEP, 1 mM PMSF.
NMR buffer M 20 mM MES, pH 6.0, 0.1 M NaCl, 5 mM TCEP.
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Table A.5: Comparison of three cell extract brands used for tackling the H/D exchange problem (Part 1) (Chapter 2).

LB/H2O M9/D2O 10X BioExpress
Bacterial Cell
Media®/H2O

ISOGRO®

(Sigma)/H2O
SILEX®

(SILANTES)/H2O

Supplements
source

– – Algal cell hydrolysate Micro-algal lysate Chemolithoau-
totrophic V-
proteobacterium
Cupriavidus necator
(syn. Ralstonia eu-
tropha)

Features Fast growth, no iso-
topic labeling possible

Slow growth due to the
presence of D2O, prob-
lem of H/D exchange

Supplied as a liquid
concentrate, provides
a broad mix of labeled
amino acids and cofac-
tors

Supplied as a powder,
needs pH adjustment.
Provides a broad mix
of labeled amino acids
and cofactors

Supplied as a powder;
ratio and content
of amino-acid mix-
ture may differ from
ISOGRO and Bio-
Express due to the
bacterial origin of the
extract

Labeling – U-13C, 98%; U-15N,
98%; U-D, 98% (in ex-
changeable sites)

U-13C, 98%; U-15N,
98%; U-D, 98%

U-13C, 99%; U-15N,
98%; U-D, 97–99%

U-13C, >98%; U-15N,
>98%; U-D, >97%

Supplements
per 1 L (as sole
source of carbon
and nitrogen)

– – 100 mL 10 g 10 g

Price per 1 L
(EUR)

– – 4150 EUR 1598 EUR 2490 EUR

Amount of glu-
cose per 1 L

– 2 g – – –

Amount of
NH4Cl per 1 L

– 1 g – – –
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Table A.5 Comparison of three cell extract brands used for tackling the H/D exchange problem (Part 2)

LB/H2O M9/D2O 10X BioExpress
Bacterial Cell
Media®/H2O

ISOGRO®

(Sigma)/H2O
SILEX®

(SILANTES)/H2O

Price of glucose
per 1 L (EUR)

– 440 EUR – – –

Price of NH4Cl
per 1 L (EUR)

– 112 EUR – – –

D2O amount – Up to 1 L – – –
D2O price
(EUR)

– 925 EUR – – –

Contents – ND 30% salts, 3% water,
2% glucose and 65%
amino acids/peptides

ND –

Total price per
1 L 2H/13C/15N-
labelled culture
(EUR)

57.4 EUR 2029 EUR 4206 EUR 1654 EUR 2555 EUR
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Table A.6: Spectra recorded for PfTrpB samples. Red - DCN labeling, blue – HCN labeling (Chapter 3).

Sedimented PfTrpB Crystalline PfTrpB Solution PfTrpB
HCN – 0.7 mm, 100 kHz
DCN – 1.3 mm, 55.5 kHz

DCN – 1.3 mm, 55.5 kHz Shigemi tube, 45◦C

2D hNH
2D hNH
3D hCONH
3D hCONH
3D hCANH

2D hNH
3D hCONH
3D hCANH
4D shCOCANH
4D shCACONH
4D hCACBcaNH

2D HMQC-TROSY
2D HMQC-TROSY
3D HNCO
3D HNcaCO
3D HNcoCA
3D HNCA
3D HNCACB
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Table A.7: Assigned chemical shifts (ppm) of PfTrpB (Chapter 3).

Residue number Residue H N CA CB CO
1 MET 57.131 35.551 176.830
2 TRP 9.876 121.087 55.192 31.551
3 PHE 10.503 124.381 58.336 40.591 174.259
4 GLY 9.041 110.208 50.181 173.129
5 GLU 11.187 127.516 59.025 31.489 173.604
6 PHE 8.978 116.441 60.479 43.481 174.344
7 GLY 9.010 115.047 47.179 174.369
8 GLY 10.225 108.470 48.701 171.556
9 GLN 7.954 116.461 53.586 175.711
10 TYR 9.498 115.550 61.364 169.191
12 PRO 64.639 33.491 176.115
13 GLU 9.337 116.056 60.455 45.040 176.729
14 THR 8.950 112.597 67.463 176.143
15 LEU 7.853 113.392 58.839 176.017
16 VAL 9.266 117.828 63.116 35.145 174.067
17 GLY 9.931 113.541 46.027 171.127
33 GLU 63.011 30.983 177.685
34 GLU 9.238 120.296 61.798 178.376
35 PHE 9.943 121.077 64.902 41.887 175.820
36 ASN 9.015 113.474 60.414 41.970 176.306
37 ARG 9.443 121.013 62.753 31.929 178.903
38 GLN 9.101 118.245 61.980 176.439
39 LEU 9.411 119.722 61.213 177.695
40 ASN 9.321 114.584 59.361 40.702 176.621
41 TYR 8.937 120.905 64.552 178.033
42 TYR 9.445 119.485 61.968 178.668
43 LEU 8.881 121.105 60.612 176.359
52 PRO 62.380 177.136
53 LEU 9.469 121.639 60.170 180.735
54 TYR 9.501 118.736 62.010 177.534
55 TYR 8.250 116.990 60.670 31.924 176.228
59 LEU 60.984 177.461
60 THR 9.190 113.362 70.255 71.723 177.617
61 GLU 9.256 120.839 61.713 31.300 177.142
62 LYS 9.017 119.482 61.709 34.462 177.511
63 ILE 8.646 118.080 66.395 39.307 177.342
64 GLY 8.668 103.598 48.793 173.236
65 GLY 9.632 111.883 46.792 172.367
66 ALA 8.074 126.822 54.987 22.553 175.518
67 LYS 9.084 115.849 61.948 174.960
68 VAL 8.545 118.168 65.183 174.859
69 TYR 9.217 130.130 59.116 173.388
70 LEU 8.845 123.375 56.009 174.038

Continued on next page
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Residue number Residue H N CA CB CO
71 LYS 8.726 122.133 35.024 176.678
72 ARG 9.327 119.290 61.835
76 VAL 64.447
77 HIS 8.129 117.199 60.577
78 GLY 11.012 110.115 47.838 172.499
79 GLY 8.389 109.326 46.362 172.460
80 ALA 9.296 123.532 57.338 172.592
81 HIS 9.252
82 LYS 6.596 117.787 62.243 177.013
83 THR 8.405 114.779 173.077
84 ASN 8.569 116.488 59.825 176.202
85 ASN 63.622 175.367
86 ALA 8.861 128.786 56.108 172.481
87 ILE 7.597 114.838 65.167 170.441
88 GLY 8.664 103.589 49.853 171.971
89 GLN 9.268 114.316 56.418 178.210
95 LEU 60.456
96 MET 60.024 175.317
97 GLY 8.850 105.866 47.917 174.191
98 LYS 9.139 116.617 57.440 175.423
99 THR 9.540 107.704 63.940 172.886

100 ARG 8.975 124.374 56.848 35.819 172.287
120 LEU 56.671 40.132 174.382
121 LEU 8.467 110.091 56.427 175.634
122 GLY 8.723 105.096 49.401 174.050
123 MET 9.461 117.558 56.861 37.727 174.181
125 VAL 9.038 117.169 62.362
126 ASP 8.368 124.585 61.029 42.950 179.610
127 ILE 8.557 118.381 61.888 32.080 176.761
128 TYR 8.790 118.283 57.451 178.646
129 MET 9.326 110.854 57.991 176.678
130 GLY 8.700 107.516
131 ALA 9.593 126.564 58.544 178.716
132 GLU 9.919 115.334 62.098 177.823
133 ASP 8.286 118.852 61.827 32.637 178.599
134 VAL 9.112 121.903 57.784 21.902 179.225
135 GLU 57.147
143 ARG 174.603
144 MET 8.812 114.813 59.822 34.483 173.122
145 LYS 8.632 116.991 61.138 176.944
146 LEU 57.872 43.337 175.261
147 LEU 8.733 122.982 57.521 43.350 178.215
148 GLY 8.733 105.292 47.231 173.350
149 ALA 8.864 122.204 54.260 175.311
150 ASN 9.269 117.902 54.584 172.870

Continued on next page
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Residue number Residue H N CA CB CO
151 VAL 8.890 123.615 64.280 34.322 173.829
152 ILE 10.425 132.314 61.346 40.531 171.903
153 PRO 63.498 176.891
154 VAL 9.826 123.485 65.265 34.309 175.126
155 ASN 9.999 126.955 61.243 179.124
156 SER 8.059 112.900 59.591 67.306 172.685
157 GLY 9.379 106.070 49.755 173.941
158 SER 9.747 121.648 60.660 66.368 172.866
159 ARG 9.465 115.548 59.939 174.204
160 THR 9.798 108.594 62.798 174.461
161 LEU 9.377 123.832 61.284 43.968 177.958
162 LYS 8.630 117.040 63.224 174.722
163 ASP 10.232 125.231 57.344 174.461
164 ALA 8.089 119.804 52.305 25.817 173.162
165 ILE 9.114 119.720 56.936 172.608
166 ASN 9.340 120.590 60.039 174.888
167 GLU 8.551 118.115
172 TRP 62.050 176.784
173 VAL 8.736 111.481 68.857 175.057
174 ALA 8.288 117.029 55.853 179.827
175 THR 9.102 107.419 176.632
176 PHE 8.743 120.821 62.536 174.713
177 GLU 9.016 122.195 62.607 31.452 175.431
184 GLY 46.991 172.833
185 SER 7.736 110.738 58.479 65.790 174.182
186 VAL 8.545 113.472 61.832 174.183
187 VAL 8.685 111.321 60.975 171.141
188 GLY 8.293 101.557 45.449 170.827
193 PRO 176.979
194 THR 68.952 172.839
195 ILE 9.591 124.832 64.922 176.383
196 VAL 8.876 115.118 62.301
221 VAL 66.356 176.158
222 ILE 10.146 121.632 62.791 178.174
223 VAL 7.608 113.522 61.892 33.655 175.795
224 ALA 7.648 119.778 58.071 178.271
225 CYS 8.831 117.677 63.408 35.518 178.577
227 GLY 43.806 176.205
228 GLY 9.323 111.973 46.909 172.032
229 GLY 8.732 102.034 49.209 172.026
230 SER 7.983 112.087 56.117 71.386 171.436
231 ASN 8.811 114.814 55.362 42.104 173.171
232 ALA 56.149
233 MET 8.899 112.053 58.265 31.536 178.231
234 GLY 9.118 103.622 50.753 173.107

Continued on next page

xxi



APPENDIX A. SUPPLEMENTARY TABLES

Residue number Residue H N CA CB CO
235 ILE 8.296 115.162 65.370 41.737 173.820
236 PHE 9.824 116.382 59.554 179.203
237 TYR 9.608 115.092 67.678 174.117
247 LEU 56.993 175.759
248 VAL 8.212 120.168 70.276 33.495
249 GLY 8.198 105.229 50.802 174.045
250 VAL 122.016 63.032 176.143
252 ALA 55.309 176.254
253 GLY 10.457 112.668 47.268 173.131
254 GLY 9.881 107.436 49.106 175.810
255 LYS 9.788 125.455 58.394 175.226
256 GLY 9.841 109.360 46.787 176.151
257 LEU 9.989 127.047 55.898 172.842
268 ALA 54.412 176.251
269 GLY 8.371 107.978 47.456 171.552
270 GLN 9.557 115.442 56.627 173.189
271 VAL 9.296 122.426 65.697 176.308
272 GLY 10.118 113.695 47.632 169.187
273 VAL 8.834 117.861 62.880 175.976
274 SER 9.267 117.761
275 HIS 58.059 173.890
276 GLY 9.388 99.000 48.618 172.619
277 MET 56.218 170.437
278 LEU 10.582 123.307 57.253 177.261
279 SER 9.911 118.368 58.281 172.376
280 TYR 8.734 116.558 60.996 42.438
284 ASP 40.494
285 GLU 61.491 32.280 176.275
286 GLU 9.082 117.359 32.188
287 GLY 8.936 107.702 48.186 173.395
288 GLN 9.244 118.968 56.788 31.154 172.713
289 ILE 9.377 119.003 59.500 42.590 174.912
290 LYS 9.490 116.832 61.403 172.738
294 SER 67.162
318 GLU 64.680
319 TYR 10.378 117.913 60.251 177.132
320 VAL 9.014 114.815 62.272 31.773 178.355
321 ALA 9.258 121.563 57.475 20.307 178.279
322 VAL 9.820 117.838 64.960 40.173 175.781
323 THR 8.892 115.132 62.116 176.531
377 ASP 56.381 40.725 173.277
378 LEU 8.557 121.261 56.884 43.820 174.377
379 ASP 8.741 122.153 59.082 35.145 174.649
380 ILE 9.449 123.712 64.340 36.359 173.192
381 VAL 8.057 120.048 67.323 174.752

Continued on next page
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Residue number Residue H N CA CB CO
382 LEU 9.144 113.179 59.422 177.243
383 LYS 8.926 123.100 58.545 177.295
384 ALA 58.544
385 SER 63.790 176.375
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Table A.8: N-terminal domain annotations of vertebrate cGAS proteins retrieved using CD-Search.

Protein domain annotation Domain family acces-
sion number

Lowest E-value in
the orthologous
group

Species

DNA polymerase subunits gamma
and tau

PRK07764, PRK07003,
PRK12323

6.43E-11 Pan troglodytes, Pan paniscus, Homo sapiens, Gorilla gorilla,
Pongo abelii, Macaca mulatta, Physeter macrocephalus, Capra
hircus, Bos taurus, Camelus dromedarius, Sus scrofa, My-
otis yumanensis, Canis lupus familiaris, Felis catus, Loxodonta
africana, Ornithorhynchus anatinus, Crocodylus porosus

Fragment of UL36 large tegument
protein

PHA03247 1.44E-08 Rattus norvegicus, Mus musculus, Cricetulus griseus, Tursiops
truncatus, Orcinus orca

VP22 tegument protein PHA03381 9.59E-10 Marmota marmota marmota, Salminus brasiliensis
ICP4 transcriptional regulator
protein

PHA03307 1.1E-14 Cricetulus griseus, Balaenoptera musculus, Eptesicus fuscus,
Hipposideros armiger, Pteropus vampyrus, Dermochelys cori-
acea, Gekko japonicus, Microcaecilia unicolor, Rhinatrema bivit-
tatum

Epstein–Barr early nuclear anti-
gen 3B (EBNA-3B)

PHA03378 6.23E-11 Desmodus rotundus, Mustela putorius furo, Monodelphis domes-
tica

g150 protein from Epstein–Barr
virus (BDLF3)

PHA03255 5.61E-05 Phyllostomus discolor

FhaB hemagglutinin protein from
toxin–antitoxin system of Borde-
tella pertussis

COG3210 4.53E-17 Tachyglossus aculeatus

Merozoite erythrocyte binding
protein 2 from Plasmodium
(MAEBL)

PTZ00121 4.91E-14 Anolis carolinensis, Rhineura floridana, Xenopus laevis

60S ribosomal L19-like protein PTZ00436 3.48E-06 Eretmochelys imbricata, Pelodiscus sinensis
Transcription termination factor
Rho

PRK12678 5.94E-07 Nannorana parkeri, Microcaecilia unicolor

Pneumococcal surface protein
PspC

cl41463 3.11E-06 Pemptheris kluzingeri, Sebastes umbrosus

Provisional adenylate kinase PRK13808 4.23E-06 Branchiostoma floridae
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Table A.9: DNA oligonucleotides used in cGAS NTD study (Chapter 4).

Sample DNA length DNA sequence GC content, %
Apo – – –
Random15 15 CGA CGC TAG CGT CGA 66.67
Satellite 20 AAT GGA ATG GAA TGG AAT GG 40
Telomeric 24 TTA GGG TTA GGG TTA GGG TTA GGG 50
AT-rich 24 ATT TTT ACA TTT TTA CAT TTT TAC 12.5
G3-YSD 26 GGG TAT ATA TAT ATA TAT ATA TAG GG 23.08
Random42 42 CGA CGC TAG CGT CGC GAC CGT AGC GTC GCG ACG CTA GCG TCG 71.43
ISM 50 GGA GGC GGA GCT TGC AGT GAG CGA AAA TCG CAC CAC TGC ACT CCA GCC TG 62
HSV 57 GAC ACG ATG CGA TAA AAT CTG TTT GTA AAA TTT ATT AAG GGT ACA AAT TGC

CCT AGC
35.09

P-ODN 23 TCG TCG ACG ATC GGC GCG CGC CG 78.26
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Project
Number

Project
Templatename

Project
Targetvector

Project
Targetname

Amplification
Expected 
Size(bp)

Project
PCR 

Status

AmplificationPCR Comment (public)Screen-PCR
Expected 
Size(bp)

Screen-PCRCloning Comment (public) Sequencing
Sequencing Comment (public)

Expressionte
st

Module 2

Expressionte
st

Expected 
Size(Da)

Expressiontest
37°C

Expressiontest
20°C

Expressiontest
AI25°C

Expressiontest
Expressiontest Comment (public)

155_46 hcGAScore pOPIN(c)Cherry pOPIN(c)Cherry_homo_cGACcore_4 1140 X ok 1425 ok ok Yes 73062 0 0 0
155_58 hcGAScore pOPIN(n)Cherry pOPIN(n)Cherry_homo_cGACcore_6 1140 X ok 1506 ok ok, silent mutation D289D Yes 72845 0 0 0
155_64 hcGAScore pOPIN(n)EGFP pOPIN(n)EGFP_homo_cGACcore_7 1140 X ok 1473 ok ok Yes 73064 0 0 1 additional band at 33kDa

hcGAScore pOPIN(c)EGFP pOPIN(c)EGFP_homo_cGACcore_5 1140 X ok 1511 ok deletion in rev primer, frame shift Yes 73362 N/A N/A N/A N/A
hcGAScore pOPIN-His-GST pOPIN-His-GST_homo_cGACcore_1 1140 X ok 1381 ok ok Yes 72011 0 0 0
hcGAScore pOPIN-His-MBP pOPIN-His-MBP_homo_cGACcore_2 1140 X ok 1461 ok no fwd sequencing result Yes 86825 0 0 0
hcGAScore pOPIN-His-SUMO pOPIN-His-SUMO_homo_cGACcore_3 1140 X ok 1482 ok ok Yes 56486 0 1 0 MW deviation! 63kDa

155_47 hcGASfl.opti pOPIN(c)Cherry pOPIN(c)Cherry_homo_cGASfl.opti_4 1563 X ok 1848 ok ok Yes 87613 0 0 0
155_59 hcGASfl.opti pOPIN(n)Cherry pOPIN(n)Cherry_homo_cGASfl.opti_6 1563 X ok 1929 ok mutation R328C Yes 87396 0 0 0 total lysate 37°C: unspez. band (air bubbel)
155_65 hcGASfl.opti pOPIN(n)EGFP pOPIN(n)EGFP_homo_cGASfl.opti_7 1563 X ok 1896 no visible bandok Yes 87615 0 0 0

hcGASfl.opti pOPIN(c)EGFP pOPIN(c)EGFP_homo_cGASfl.opti_5 1563 X ok 1934 ok mutation P100L Yes 87913 0 0 2 MW deviation! 67kDa
hcGASfl.opti pOPIN-His-GST pOPIN-His-GST_homo_cGASfl.opti_1 1563 X ok 1804 no visible bandsilent mutation L404L Yes 86562 0 0 0 total lysate 20°C: unspez. band (air bubbel)
hcGASfl.opti pOPIN-His-MBP pOPIN-His-MBP_homo_cGASfl.opti_2 1563 X ok 1884 no visible bandambiguous sequencing result (fwd) - overlap, rev ok +MUTATIONS Yes 101376 0 0 0
hcGASfl.opti pOPIN-His-SUMO pOPIN-His-SUMO_homo_cGASfl.opti_3 1563 X ok 1905 no visible bandok Yes 71037 0 0 0

155_48 hcGASntd pOPIN(c)Cherry pOPIN(c)Cherry_homo_cGASntd_4 423 X ok 708 ok ok, complete sequence coverage (rev result), fwd bad seq result Yes 43500 0 0 0

155_60 hcGASntd pOPIN(n)Cherry pOPIN(n)Cherry_homo_cGASntd_6 423 X ok 789 ok ok, complete sequence coverage Yes 43282 0 0 0
155_66 hcGASntd pOPIN(n)EGFP pOPIN(n)EGFP_homo_cGASntd_7 423 X ok 756 ok ok, complete sequence coverage Yes 43502 0 0 0

hcGASntd pOPIN(c)EGFP pOPIN(c)EGFP_homo_cGASntd_5 423 X ok 794 ok ok, complete sequence coverage Yes 43799 0 0 0
hcGASntd pOPIN-His-GST pOPIN-His-GST_homo_cGASntd_1 423 X ok 664 no visible bandgap - AA348 - AA376 missing Yes 42448 1 1 0 MW deviation! 49kDa,  additional band at 28+37kDa
hcGASntd pOPIN-His-MBP pOPIN-His-MBP_homo_cGASntd_2 423 ? weak PCR product and additional bands744 no visible bandok, complete sequence coverage Yes 57262 0 1 1 MW deviation! 67kDa, additional band at 44kDa (MBP)
hcGASntd pOPIN-His-SUMO pOPIN-His-SUMO_homo_cGASntd_3 423 X ok 765 ok mutation: R162H Yes 26924 0 0 0 eluate Ai: (49kDa): unspez. band (air bubbel)

155_49 mcGAScore pOPIN(c)Cherry pOPIN(c)Cherry_mus_cGAScore_4 1083 X ok, unspec. band (analysis artifact)1368 ok deletion in rev primer, frame shift Yes 71285 N/A N/A N/A N/A
155_61 mcGAScore pOPIN(n)Cherry pOPIN(n)Cherry_mus_cGAScore_6 1083 X ok 1449 ok insertion in fwd primer, frame shift Yes 71068 N/A N/A N/A N/A
155_67 mcGAScore pOPIN(n)EGFP pOPIN(n)EGFP_mus_cGAScore_7 1083 X ok 1416 ok mutation L618F Yes 71287 0 0 0

mcGAScore pOPIN(c)EGFP pOPIN(c)EGFP_mus_cGAScore_5 1083 X ok 1454 ok ok, silent mutation: see 155_18 Yes 71585 0 0 0
mcGAScore pOPIN-His-GST pOPIN-His-GST_mus_cGAScore_1 1083 X ok 1324 ok ok, silent mutation, see 155_18 Yes 70234 0 0 0 total lysate 20°C: unspez. band (air bubbel)
mcGAScore pOPIN-His-MBP pOPIN-His-MBP_mus_cGAScore_2 1083 X ok 1404 ok silent mutations: L421L, F477F and ambiguous sequencing result - overlap Yes 85048 0 0 0
mcGAScore pOPIN-His-SUMO pOPIN-His-SUMO_mus_cGAScore_3 1083 X ok 1425 ok mutation: R299M and silent mutation (see 155_18) Yes 54709 0 0 1 MW deviation! 62kDa

155_50 mcGASfl pOPIN(c)Cherry pOPIN(c)Cherry_mus_cGASfl_4 1518 X ok 1803 ok ok, silent mutation: see 155_35 Yes 86993 3 3 3 MW deviation! 65kDa
155_62 mcGASfl pOPIN(n)Cherry pOPIN(n)Cherry_mus_cGASfl_6 1518 X ok 1884 ok deletion in fwd primer, frame shift Yes 86775 N/A N/A N/A N/A
155_68 mcGASfl pOPIN(n)EGFP pOPIN(n)EGFP_mus_cGASfl_7 1518 X ok 1851 ok deletion in fwd primer, frame shift Yes 86995 N/A N/A N/A N/A

mcGASfl pOPIN(c)EGFP pOPIN(c)EGFP_mus_cGASfl_5 1518 X ok 1889 ok ok, silent mutation: see 155_35 Yes 87292 0 0 0
mcGASfl pOPIN-His-GST pOPIN-His-GST_mus_cGASfl_1 1518 X ok 1759 ok ok Yes 85941 0 0 0

mcGASfl pOPIN-His-MBP pOPIN-His-MBP_mus_cGASfl_2 1518 X ok 1839 ok deletion in fwd primer, frame shift Yes 100755 N/A N/A N/A N/A
mcGASfl pOPIN-His-SUMO pOPIN-His-SUMO_mus_cGASfl_3 1518 X ok 1860 additional band (1657bp) in colony PCRdeletion in fwd primer, frame shift Yes 70417 N/A N/A N/A N/A

155_51 mcGASntd pOPIN(c)Cherry pOPIN(c)Cherry_mus_cGASntd_4 435 X ok 720 ok deletion in rev primer, frame shift Yes 44656 N/A N/A N/A N/A
155_63 mcGASntd pOPIN(n)Cherry pOPIN(n)Cherry_mus_cGASntd_6 435 X ok 801 ok ok, silent mutation see 155_20 and G388G Yes 44439 0 0 0
155_69 mcGASntd pOPIN(n)EGFP pOPIN(n)EGFP_mus_cGASntd_7 435 X ok 768 ok ok, silent mutation (see155_20), complete sequence coverage Yes 44658 0 3 1 MW deviation!59kDa, additional band at 31kDa

mcGASntd pOPIN(c)EGFP pOPIN(c)EGFP_mus_cGASntd_5 435 X ok 806 ok ok, silent mutation: see 155_20, complete sequence coverage Yes 44955 0 0 3 MW deviation!60kDa
mcGASntd pOPIN-His-GST pOPIN-His-GST_mus_cGASntd_1 435 X ok 676 ok ok, silent mutation, see 155_20 Yes 43605 0 0 0
mcGASntd pOPIN-His-MBP pOPIN-His-MBP_mus_cGASntd_2 435 X ok 756 ok ok, silent mutation R517R Yes 58419 3 3 3 MW deviation! 68kDa, additional band at 54kDa
mcGASntd pOPIN-His-SUMO pOPIN-His-SUMO_mus_cGASntd_3 435 X ok 777 ok mutation: A153V and silent mutation, see 155_20 Yes 28080 0 0 1

Figure B.4: Results of human and murine cGAS NTD, cGAS core, and cGAS full-length gene cloning into pOPINE vectors encoding
various fusion partners. Columns ‘Expressiontest’ at various temperatures show relative amount of protein produced from transforming
E.coli RIPL (DE3) pLysS cells with designated pOPINE vectors, with N/A standing for no information due to the errors in cloning,
0 standing for ≺5 ng/`l expression yield, 1 – 5-50 ng/`l, 2 – 50-250 ng/`l, and 3 - �250 ng/`l. All vectors with serious errors during
cloning such as frameshift mutations, indels, or lacking sequencing results were discarded; vectors carrying silent mutations were considered
suitable for the study.

xxix



500 1000 1500 2000
ν_CPMG (Hz)

20

30

R2
,e

ff 
(s

−1
)

5ARG
apo
random42

500 1000 1500 2000
ν_CPMG (Hz)

10

20

R2
,e

ff 
(s

−1
)

6ARG

500 1000 1500 2000
ν_CPMG (Hz)

14

15

R2
,e

ff 
(s

−1
)

7ARG

500 1000 1500 2000
ν_CPMG (Hz)

20

25

30

R2
,e

ff 
(s

−1
)

8THR

500 1000 1500 2000
ν_CPMG (Hz)

20

25

30

R2
,e

ff 
(s

−1
)

9THR

500 1000 1500 2000
ν_CPMG (Hz)

10

20

30

R2
,e

ff 
(s

−1
)

10ALA

500 1000 1500 2000
ν_CPMG (Hz)

10

15

20

R2
,e

ff 
(s

−1
)

12ARG

500 1000 1500 2000
ν_CPMG (Hz)

11

12

13

14

R2
,e

ff 
(s

−1
)

13ALA

500 1000 1500 2000
ν_CPMG (Hz)

15

20

25

R2
,e

ff 
(s

−1
)

14LYS

500 1000 1500 2000
ν_CPMG (Hz)

20

22

24

26

R2
,e

ff 
(s

−1
)

17SER

500 1000 1500
ν_CPMG (Hz)

20

25

R2
,e

ff 
(s

−1
)

18ALA

500 1000 1500 2000
ν_CPMG (Hz)

9

10

11

R2
,e

ff 
(s

−1
)

21ALA

500 1000 1500 2000
ν_CPMG (Hz)

15

20

25

R2
,e

ff 
(s

−1
)

23THR

500 1000 1500 2000
ν_CPMG (Hz)

15

16

17

R2
,e

ff 
(s

−1
)

28THR

500 1000 1500 2000
ν_CPMG (Hz)

9

10

R2
,e

ff 
(s

−1
)

33GLU

500 1000 1500 2000
ν_CPMG (Hz)

16

18

R2
,e

ff 
(s

−1
)

34SER

500 1000 1500 2000
ν_CPMG (Hz)

0

10

20

R2
,e

ff 
(s

−1
)

35CYS

500 1000 1500 2000
ν_CPMG (Hz)

11

12

13

R2
,e

ff 
(s

−1
)

36GLY

500 1000 1500 2000
ν_CPMG (Hz)

10

15

20
R2

,e
ff 

(s
−1

)

38GLN

500 1000 1500 2000
ν_CPMG (Hz)

15

20

25

R2
,e

ff 
(s

−1
)

39ARG

Figure B.5: CPMG profiles of cGAS NTD in apo form (blue) and with an excess of random42 DNA (green).
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