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Abstract

Abstract

Membrane proteins account roughly for a third of all proteins expressed by the genomes of most
organisms and carry out some of the most important cellular functions. Unfortunately, due to
experimental difficulties that arise during work with these proteins, only 10% of the solved structures
in the protein data-based (PDB) are membrane proteins. Nuclear magnetic resonance spectroscopy
(NMR) is a unique technique for determining structures, elucidating the dynamics, and studying the
binding of lipids, ligands and drugs to membrane proteins. The current work shows two different
applications of solution NMR for studying membrane proteins.

The first application is an elucidation of the dynamics of the autophagosomal membrane-associated
protein GABARAP. The 117-residue GABAa receptor-associated protein (GABARAP) interacts with
various molecules to perform critical regulatory functions in vesicle transport and fusion events in
autophagy [1]. Enzymatic lipidation of the C-terminus of GABARAP allows anchoring to autophagic
membranes, which was reported to facilitate membrane hemifusion upon oligomerization. Structure
determination of GABARAP using NMR and X-ray crystallography suggests significant conformational
heterogeneity and dynamics. Some previous research shows that at high salt concentrations in crystal
structure, the N-terminal domain can interact with the hydrophobic binding pockets of a neighbouring
protein molecule [2]. Oligomerization of GABARAP in vivo might be induced and stabilized via
interactions with the other proteins, such as tubulin, or with membranes. In this work, GABARAP was
studied together with phospholipids nanodiscs in order to mimic a membrane-associated
environment.

Understanding the molecular mechanisms of a multifunctional protein, such as GABARAP, requires
knowledge not only its tertiary structure but also of its conformational dynamics. NMR spectroscopy is
a powerful tool to study structure and dynamics on virtually all time scales at atomic resolution. In
particular, the fast protein dynamics describes the movement of loops, side-chain rotations, and local
atomic vibrations in the time range from a picosecond to a few nanoseconds. To determine the
dynamics of GABARAP anchored to a nanodisc, we have measured N relaxation rates Ry, R, and the
{*H}-**N heteronuclear Nuclear Overhauser Effects (NOEs), which quantify the dynamics of the protein
and reveal conformational dynamics of various regions of the tertiary structure. Residues in the
termini and loop regions are highly mobile on the nanosecond time-scale as indicated by low order
parameters for free GABARP. GABARAP anchored to nanodisc shows decreased internal mobility. The
conformation changes of the N-terminal in the presence of a nanodisc were quantified by calculating
differences of chemical shifts in three dimensions.

Studying the dynamics of the membrane protein GABARAP anchored to nanodiscs is essential for the
characterization of conformational changes on different time scales to achieve a complete picture of
GABARAP interacting with a membrane and finally determine the role of this protein in autophagy.
Another membrane protein, the 178-residue lipoprotein CD 1348, was found in the resistance
machinery of gram-positive anaerobe bacterium Clostridium difficile. This bacterium has a strong line
of defence against the innate immune system of the human host, such as cationic antimicrobial
peptides (CAMPs), and against different antibiotics and lantibiotics. An operon encoding a three-
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component ABC-transporter in C.difficile is characterized as a resistance system. Also, a two-
component system, which includes histidine kinase (HK) and a response regulator (RR), located on the
same gene cluster might play an essential role in sensing to lantibiotics. Interestingly, lipoprotein CD
1348 is encoded directly in front of the CprABC transporter and can play an essential role in the
resistance. Lipoprotein structure and its function are unknown.

The second application is the determination of 3D structure of lipoprotein by solution NMR. Also,
Small-angle X-ray scattering (SAXS) and theoretical calculations using the computation method
“TopModel” were used independently to generate the lipoprotein structure. The assignment of the
protein backbone side chains was made by the sequential backbone assignment using 3D *°N, 3C
Transverse relaxation optimized spectroscopy (TROSY) NMR experiments.

The calculation of the tertiary structure of proteins is one of the most important applications of NMR
in structural biology. For this reason, the 3D structure calculation methods by solution NMR were
performed here. The experimental 3D structure of the lipoprotein CD1348 was obtained from
calculating interproton distances of NOE data from 3D >N NOESY-TROSY experiments and one 4D 3C,
13C Nuclear Overhauser Effect Spectroscopy (NOESY) HSQC experiment.

Protein structure determines function, given that the specificity of active sites and binding sites
depends on the precise three-dimensional conformation. Thus, resolving the protein structure is a
considerable step forward for future analysis for each protein. In the current work, the possibility of
binding lantibiotics with lipoprotein was analysed via titration experiments by measuring the chemical
shifts of lipoprotein with different concentrations of lantibiotic gallidermin. The chemical shifts of
some amino acids were observed in the presence of lantibiotic. The calculated structure of the
lipoprotein is important for a better understanding of its role in the resistance machinery of the

bacterium C. difficile against CAMP, antibiotics and lantibiotics.
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Membranproteine machen ungefdhr ein Drittel aller endogenen Proteine aus, die von dem Grof3teil
aller Organismen exprimiert werden und flhren einige der wichtigsten zelluldren Funktionen aus.
Aufgrund experimenteller Hiurden, die wahrend der Arbeit mit diesen Proteinen auftreten kdnnen,
wird sind lediglich ungefahr 10 % der in Membranproteine. Die Kernspinresonanzspektroskopie (NMR-
Spektroskopie) von Membranproteinen ist eine einzigartige Messtechnik, um Strukturen zu l6sen,
Proteindynamik zu beobachten und die Bindung von Lipiden, Liganden und Wirkstoffen an den
Proteinen zu validieren. Die vorliegende Arbeit beschreibt zwei Anwendungen Methoden der Losungs-

NMR Spektroskopie, auf Membran-assoziierte Proteine.

Die erste Anwendung dient der Charakterisierung der Dynamik des autophagosomal Membran-
assoziierten Proteins GABARAP. Das aus 117 Aminosdure bestehende GABAas-Rezeptor-assoziierte
Protein (GABARAP) interagiert mit verschiedenen Molekilen, um entscheidende regulatorische
Funktionen im Vesikeltransport sowie bei Fusionsereignissen in der Autophagie auszufihren [1].
Enzymatische Lipidierung des C-Terminus von GABARAP erlaubt die Verankerung an Autophagie-
assoziierten Membranen, was zur Stabilisierung der Membran-Hemifusion nach Oligomerisierung
beitragt. Strukturauflésungen von GABARAP durch NMR und Rontgenkristallographie weisen auf eine
signifikante strukturelle Heterogenitat und Dynamik hin. Zuvor verdéffentlichte Forschungsergebnisse
zeigen, dass eine in hohen Salzkonzentrationen vorliegende Alternativstruktur des N-Terminus mit der
hydrophoben Bindungsstasche eines benachbarten Molekills interagieren kann [2]. In vivo
Oligomerisierung von GAPARAP wird wahrscheinlich durch Interaktionen mit anderen Proteinen wie
Tubulin oder mit Membranen induziert und stabilisiert. In der vorliegenden Arbeit wurde GABARAP an

Phospholipid-Nanodisks untersucht, um eine Membran-assoziierte Umgebung zu simulieren.

Um die molekularen Mechanismen von solchen multifunktionalen Proteinen zu verstehen, wird nicht
nur ein Verstandnis der Tertadrstruktur benétigt, sondern auch der konformationellen Dynamik. Die
NMR-Spektroskope ist ein leistungsstarkes Werkzeug um sowohl die Struktur als auch die Dynamik auf
praktisch jeder Zeitskalierung auf atomarer Ebene zu untersuchen. Im Speziellen beschreibt schnelle
Proteindynamik die Bewegung von Loop-Regionen, Seitenketten-Rotationen und lokalen atomaren
Schwingungen in Auflésungsbereichen von Pico- bis Nanosekunden. Um die Dynamik von GABARAP zu
bestimmen haben wir die '°N-Relaxationsraten R;, R, und die {*H}-**N heteronuklearer Kern
Overhauser Effekt (NOEs) gemessen, welche die Dynamik quantifizieren und die Konformations
dynamik verschiedener Regionen der Tertidrstruktur offenbaren. Die Aminosdurereste, die in den
Termini- und Loop-Bereichen zu finden sind, sind hochst mobil auf der Nanosekunden Skala. An
Nanodisks verankertes GABARAP eine geringere interne Dynamik. Die Konformationsanderungen des
N-Terminus in Gegenwart der Nanodisks wurde durch die Berechnung der chemischen

Verschiebungen in drei Dimensionen charakterisiert.

Die Untersuchung der Dynamik des Membranproteins GABARAP zusammen mit Nanodisks ist

essenziell fir die Charakterisierung konformationeller ~Anderungen auf verschiedenen



Zusammenfassung

Zeitskalierungen, um ein vollstandiges Bild von GABARAP und seiner Rolle bei der Autophagie zu

erhalten.

Ein weiteres Membranprotein, das aus 178 Aminosduren bestehende Lipoprotein CD 1348, wurde in
der Resistenzmachinerie des Gram-positiven anaeroben Bakteriums Clostridium difficile entdeckt.
Dieser Bakterienstamm hat eine starke Abwehr gegenlber der angeborenen Immunitdt des
menschlichen Wirtes, wie kationische antimikrobielle Peptide (CAMPs) und verschiedene Antibiotika.
Ein Operon welches fir einen drei Komponenten ABC Transporter in C. difficile codiert, ist durch ein
Resistenzsystem charakterisiert. Zudem ist ein Zwei-Komponenten-System, welches eine Histidin
Kinase (HK) und einen Response Regulator (RR) beinhaltet, auf demselben Gencluster lokalisiert und
spielt wahrscheinlich eine entscheidende Rolle in der Sensorik. Interessanterweise ist das Lipoprotein
CD 1384 direkt vor dem CprABC Transporter codiert und kénnte daher eine entscheidende Rolle in

der Resistenz spielen. Weder die Struktur des Lipoproteins noch seine Funktion sind bisher bekannt.

Die zweite Anwendung ist die Berechnung der 3D-Struktur des Lipoproteins. Andere Methoden wie
Kleinwinkel-Rontgenstreuung (SAXS) sowie die theoretische Berechnung mit Hilfe der Computer-
gestltzten Methode “TopModel” wurden unabhadngig benutzt, um die Lipoproteinstruktur zu
generieren. Die Zuweisung der Seitenketten des Proteinrlickrates wurde durch die sequenzielle

Zuweisung Uber 3D 15N, 13C TROSY-NMR-Experimente erreicht

Die Berechnung der Tertidarstruktur von Proteinen ist eine der wichtigsten Anwendungen von NMR
innerhalb der Strukturbiologie. Die experimentelle 3D Struktur des Lipoproteins CD1348 wurde durch
die Berechnung von Interproton-Distanzen aus NOE Daten von 3D 15N NOESY-TROSY Experimenten
sowie mittels 4D 13C, 13C, NOESY HSQC Experimente erstellt.

Die Proteinstruktur bestimmt die Funktion, da die die Spezifitat aktiver Bereiche und Bindungsstellen
von der prazisen dreidimensionalen Struktur abhangig ist. Folglich ist die Auflésung unbekannter
Proteinstrukturen ein bedeutender Schritt fir zukinftige Analysen von Proteinen. In der vorliegenden
Arbeit wurde die Moglichkeit der Bindung von Lantibiotika mit Lipoproteinen Uber
Titrationsexperimente mittels der Messung der chemischen Verschiebung bei verschiedenen
Konzentrationen des Lantibiotikums Gallidermin analysiert. Hier wurde die chemische Verschiebung
einiger Aminosauren in der Anwesenheit des Lantibiotikums beobachtet. Die berechnete Struktur des
Lipoproteins ist wichtig fir ein besseres Verstdandnis seiner Rolle in der Resistenzmachinerie des

Bakteriums C. difficile gegenliber CAMP, Antibiotika und Lantibiotika.
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Chapter I Introduction

Chapter | Introduction

In this chapter, the basic information about two membrane-associated proteins GABARAP and
lipoprotein, are presented. The GABARAP protein plays a crucial role in Autophagy and especially in
autophagosome formation. After the enzymatic lipidation, GABARAP can anchor to the membrane.
Lipids nanodiscs were used as a model system of biological membranes. Another protein, lipoprotein,
is involved in the resistance machinery of bacteria C. difficile against antibiotics and antibiotics.
Because of the strong antibiotic-resistant strains in C. difficile, a new treatment must be found. Some
promising lantibiotics like subtilin, nisin and gallidermin might be good candidates. In this chapter, the
dynamics of proteins and structure calculation investigated with the help of solution NMR is

described, the same as fundamental principles and extending size limitation problems.
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1. Membrane Proteins

Membrane proteins play an essential role in living organisms. They are involved in many cell processes
such as ion transport, metabolites, sending and receiving signals, anchoring enzymes and other
proteins to specific locations in the cell, to regulate intracellular vesicular transport, form the shape of
organelles and others [3]. Approximately 20% and 30% of all genes encode a-helical membrane
proteins [4], but this number is more significant because of the presence of B-barrels in some
membrane proteins [5]. Membrane proteins can be separated into different groups based on how
they are associated with the lipid bilayer. Some are thought to extend across the membrane; others
are located in the cytosol and associated with the membrane by one or more covalently attached lipid

chains [6].

1.1. GABARAP
1.1.1. Autophagy

Autophagy (“self-eating”) is a natural cellular degradation and recycling process. This is one of the
main catabolic mechanisms that helps cells to survive in different stress situations such as heat,
starvation, infection, oxidative stress, and others. The process of Autophagy is involved in preventing
some types of human diseases, including cancer, muscular dystrophies, and neurodegenerative
disorders such as Huntington, Alzheimer, and Parkinson [7-13]. There are three types of autophagy
processes in mammalian cells: microautophagy, macroautophagy, and chaperone-mediated
autophagy (CMA). During microautophagy, the cytoplasmic cargo is directly engulfed by the lysosome
during a random process of membrane invagination. Another type of Autophagy is the CMA, where
proteins are specifically targeted to lysosomes via signal peptides and coordinated by chaperones
located on both sides of the targeted membrane [14]. Macroautophagy is based on the sequestration
of cytoplasmic contents in a de novo formed double-membrane vesicle “autophagosome” followed by
the fusion with the lysosomes where the lysosomal enzymes facilitate the degradation of the
sequestered products. In 2016 the Nobel Prize for Physiology or Medicine was awarded to Yoshinori
Ohsumi for discoveries of the mechanisms of Autophagy in yeast organisms. The essential roles of
ubiquitin-like proteins in forming the double-membrane sequestering vesicle autophagosome were
shown, which plays a central role in the macroautophagy process. The process of autophagosome
formation is shown in Figure 1. In yeast, autophagosome formation starts at a single perivacuolar site
called the phagophore assembly site (PAS) [15, 16]. In mammalian cells, an isolated membrane is
known as phagophore appears from vesicles from the endoplasmic reticulum (ER) [17, 18] and other
cytosolic membrane structures such as trans-Golgi network and late endosomes [18-20]. The
structure of vesicles from ER was forming an Q-like shape “omegasomes” and was very dynamic and
colocalized with autophagy-specific proteins [18]. The formation of omegasomes leads to phagophore
formation and correspond to the early stage in the autophagic process [17, 18, 21]. Multiple Atg
(Autophagy) proteins are involved in autophagosome formation [22]. Especially Atg 8 proteins family

plays a crucial role in intracellular transport and fusing vesicles into autophagosome [23]. Human
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analogies of Atg8 such as microtubule-associated protein 1 light chain 3 (LC3) and the gamma-
aminobutyric acid receptor-associated protein (GABARAP) family proteins have been identified as a

required system for elongation and maturation of the autophagosome [24-26].

Phagophore Autophagosome
PAS/ 3 o —* s —2
(J ® °
Omegasome ° @ ° ®
S>> oy —_ o..: —_ .o.:
™ %o % o
° . O~ p .% .5.
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® Atg8/LC3,GABARAP

Figure 1. Schematic depiction of autophagosome formation. Phagophore surrounds the content that should be removed from
the cells by forming the double membrane. Then vesicles with anchored Autophagy relate proteins on it (blue dots) elongate
and close the phagophore. Sequestering vesicle autophagosome is formed.

1.1.2. Autophagy Related Protein GABARAP

The y-aminobutyric acid type A receptor-associated protein (GABARAP) is a mammalian cells Atg8
homolog, which was found in plants to mammals and can be expressed in a wide variety of organisms
and tissues. Mammalian forms of GABARAP have identical amino acid levels, suggesting that the
function of GABARAP is essential or beneficial in mammals [1]. GABARAP is a 117 amino acids protein
with a molecular weight of around 14 kDa. It belongs to small ubiquitin (Ub)-like proteins (UBLs)
covalently anchored to lipid membranes and play an essential role in growing and closing the
autophagosome. GABARAP is implicated in various membrane trafficking and fusion of
autophagosome formation during the autophagy process [1, 26]. Figure 2 shows the structure of
GABARAP. It contains a C-terminal domain (residues 27-117) and a small N-terminal subdomain
(residues 1-26). The C-terminal domain shows structural similarity to ubiquitin. N-terminal is not
present in ubiquitin and is located on the opposite side of the C-terminal. It has two hydrophobic
pockets (hp) where hpl is formed by Gly 17, lle 21, Pro 30, Lys 48, Leu 50 and Phe 104, whereas hp2 is
formed by Tyr 49, Val 51, Pro 52, Leu 55, Phe 60, Leu 63 and Ile 64.

15



Chapter I Introduction

MKFVYKEEHPFEKRRSEGEK | RKKYPDRVPY | VEKAPKAR | GDLDKKKYL VPSDLTVGQFYFL | RKR | HLRAEDAL FFFVNNY | PPTSATMGQLYQEHHE EDFFLY | AYSDESVYGL

[Cal ] a2 | B1 £20 I B3 Cod ] pa

m T T T T T
] 10 20 30 40 50 60 70 80 90 100 110

C-terminal

Figure 2. Structure of GABARAP. The picture shows the sequence, secondary and tertiary structure of
GABARAP, where pink is the a-helix, yellow is the B-sheet.

A monomeric form mainly represents GABARAP structure at low protein concentration and in solution
with salt concentration up to 100 uM [2]. The oligomeric conformation was detected in the crystal
structure at the high salt concentration (2.4 M ammonium sulphate). This enhances the hydrophobic
interactions dominating the multimerization interface. Oligomerization of GABARAP in vivo might be
induced and stabilized via interactions with other proteins, such as tubulin, or with membranes [2].
GABARAP protein can exist in two distinct conformations called “open” and “close”. In “close”
conformation, the first ten amino acids from the N-terminal have some of van der Waal’s interactions
with residues from the central B sheets (1 and B2). When the N-terminal is flipped almost 180° relate
to the start position, this is “open” conformation. Figure 3 represents the open conformation of
GABARAP. The first six amino acids from N-terminal binds a f2 strand of neighbouring molecule in the

crystal structure. The N-terminal is flipped almost 180° relate to the start position [2].

Figure 3. Open conformation of GABARAP. Intermolecular contacts between neighbouring molecules of
GABARAP. The N-terminal (N(2)) of one GABARAP molecule binds with the B2-strand of neighbouring GABARAP
in the crystal structure. The first six amino acids from N-terminal are coloured violet. B-strands are coloured
green, and a-helixes are coloured red. Picture from the ref. [2].

GABARAP protein plays an essential role in vesicle transport and membrane fusion during
autophagosome formation [1, 27]. For the association with the membrane, GABARAP is reversibly

coupled to membranes in a Ubg-like manner [28]. Enzymatically lipidated C-terminal allows to anchor
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to the membrane. GABARAP protein is covalently attached to the membrane via four steps
mechanisms (Figure 4). First, Leu 117 in C-terminal was cleaved off by cysteine protease Atg4B, which
leads to a truncated form GABARAP-I with Gly 116 in the end. Then it is subsequentially activated by
Atg7 and transferred to the E2-like enzyme Atg3. After it, GABARAP-I| is enabled to covalently bind to
phospholipids (PE, PS) subsequentially transformed into GABARAP-PE. The process of lipidation can be
reversed by the cysteine protease Atg 4B back to GABARAP-I.

@rP)-aL 1 4

)& 2 R 79
L @ ATP  AMP+PP, G; G; @ o

" @
Figure 4. Schematic representation of the liquidation process of GABARAP. (1) The Leu 117 is cleaved off by
Atg4B. (2) With the help of ATP, GABARAP-I is activated by Atg7 and transferred (3) to the E2-like enzyme

Atg3. (4) The Atg3-GABARAP complex enables the binding of GABARAP with the phospholipids (PS, PE). Atg4B
facilitates delipidation to GABARAP-I. The picture from [1].

[0}

This modification of GABARAP into GABARAP-PE is proposed to be crucial for its intracellular

distribution during the autophagy process [25].

1.1.3. Nanodiscs

Nanodiscs are suitable membrane mimicking systems for membrane proteins, which allow the study
of these types of proteins in a native-like environment. Due to low molecular mass, nanodiscs have
some advantages for nuclear magnetic resonance (NMR) spectroscopy compared to liposomes. Figure
5 shows the schematic representation of the nanodisc structure [29]. They usually consist of an
assembly of phospholipids held together by two copies of amphipathic apolipoproteins, known as
membrane scaffold proteins (MSPs), arranged in a disc-shaped lipid bilayer [30, 31]. MSP is an
ampbhipathic helical protein designed to self-assemble into a small lipid bilayer upon detergent
removal [32, 33]. A detergent-free environment provides a near native-like lipid membrane system.
With MSP's help, the nanodiscs' size might be controlled from 9.5 to 12.8 nm by deleting one or more
of the a-helixes [34]. One of the shorted constructs is MSP1D1A5 does not have a fifth a-helix and
consist of 167 amino acids. It forms nanodiscs with a diameter of 9.2 nm and has a molecular weight
of around 95 kDa [35]. Smaller nanodiscs have advantages in solution NMR to reduce the rotational
correlation time and thus increase spectral resolution and sensitivity of the spectrum. MSP1D1A5
construct shows an efficient application in NMR [31, 35]. The lipid compositions of biological
membranes have many variations, and it might be challenging to define the exact lipid composition
for a studied membrane protein. Standard phospholipids such as DMPC, DPPC or POPC are most used
for nanodiscs preparation [31]. Nanodiscs have some advantages over liposomes due to their smaller

size, homogeneity and higher stability [36].
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LIPIDS

Figure 5. Structure of nanodiscs. Top and side view of the nanodisc. The lipid bilayer is surrounded by two
copies of amphipathic helices of belt protein (MSP). The picture was reproduced from [29].

1.2. Lipoprotein CD1348
1.2.1. The Importance of Antibiotics in our Life

Antibiotics (“against life”) is a type of medicine against infections caused by bacteria. The first
antibiotic, penicillin, was discovered a few decades ago by Sir Alexander Fleming. Nowadays,
antibiotics are widely used to treat different bacterial infections and significantly increased the human
standard of living. Antibiotics can be separated into antibiotics to induce cell death (bactericidal) or
inhibit cell growth (bacteriostatic). Most bactericidal antibiotics are divided by their mode of action, in
other words, how they kill the bacteria. Antibiotics inhibit one of four targets in the cell: DNA
synthesis, RNA synthesis, cell wall synthesis, or protein synthesis [37]. The cell wall synthesis of
bacteria is the most effective target for antibiotic intervention [38]. The bacterial cell wall is critical to
the ability of bacteria to survive in an unfavourable environment because successful treatment with
cell wall synthesis inhibitor can course cell lysis. The defensive mechanisms of bacteria are developing,
leading to antibiotic resistance [39]. The developed mechanisms are various and can defy the activity
of many different types of antibiotics. Thus, there is a need for new antimicrobial medicines against

human pathogens.

1.2.2. Lantibiotics

Lantibiotics (“/anthionine-containing antibiotic”) are a group of small ribosomally synthesised peptides
produced by gram-positive bacteria. Lantibiotics have high antimicrobial activity against gram-positive
bacteria. Most lantibiotics bind to Lipid Il or other peptidoglycan precursors, causing inhibition of
bacterial cell wall synthesis. Lipid Il is a membrane-anchored cell-wall peptidoglycan precursor that is
important for bacterial cell-wall biosynthesis [40]. Some lantibiotics can form pores in the cell wall,
leading to membrane leakage and cell death [41]. The typical lantibiotics contain dehydrated amino
acids (didehydroalanine (Dha) and didehydrobutyrine (Dhb)) and other unusual amino acid

modifications [42]. They are complex polycyclic molecules formed by the dehydration of selected
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residues of Ser and Thr, and the addition of Cys thiols leads to unsaturated amino acids to form
methyllanthionine bridges and lanthionine rings [43]. Different names of lantibiotics related to these
rings. Based on the pathway by which maturation of the peptide occurs and the presence or absence
of antibiotic activity, all lantibiotics can be separated into four classes [43, 44]. Only lantibiotics from
two classes were reported as active against microbes [45]. Rings play a crucial role in the antimicrobial
activity against a lot of gram-positive bacteria. The most know lantibiotics, nisin, gallidermin, and

subtilin, are members of the same class and are shown in Figure 6.
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Figure 6. Schematic presentation of lantibiotics nisin, gallidermin and subtilin. Based on [46].

One of the most studied and best-characterized lantibiotics is nisin. Nisin is widely used in the food
industry as a food preservative. It is a 34-amino-acid polypeptide with five internal ring structures
(Figure 6). Nisin can be divided into three parts: N-terminal is three first lanthionine rings, C-terminal
is two intertwined rings and six last amino acids. The flexible hinge region (Asn, Met, Lys) is located
between the N-terminal and C-terminal. Nisin has two inhibition mechanisms that bind to
peptidoglycan precursor lipid Il and initiate pore formation in the cell wall [47]. The mode of action of
nisin is shown in Figure 7; the picture was reproduced and simplified from Ref. [40]. Firstly, nisin
reaches the bacterial plasma membrane; then, it binds to Lipid Il with the help of two rings in the N-
terminal; after that, the pore can be formed with an involved stable transmembrane orientation nisin:
Lipid Il complex. Nisin can binds to all available Lipid Il molecules in the membrane to form pores. The
pore complexes have a similar structure, including eight nisin molecules and four Lipid Il molecules;
these complexes are stable. The size of the pore is around 2-2.5 mm [48]. Another two lantibiotics,

gallidermin and subtilin, have a similar mode of action [49, 50].
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i

=

Figure 7. Mode of action of nisin. 1. Two nisin rings bind with lipid Il. With the flexible hinge region, nisin can insert its C-
terminal inside of the cytoplasmic membrane. 2. During or after assembly, four nisin-lipid Il complexes and four additional nisin
molecules can form pores.

These types of lantibiotics belong to the large class of cationic antimicrobial peptides (CAMPs). CAMP
is an essential natural defence of most living organisms against bacteria. Bacteria that colonize
mammalians and cause infections have a huge resistance mechanism to our immune system or, in
other words, to CAMP. Much information about antibiotics resistance might be received by studying
the bacterial resistance mechanisms against human defensins. One of the examples is the bacteria

Clostridium difficile that has substantial resistance machinery against CAMP.

1.2.3. Resistance Machinery Clostridium difficile to CAMPs

Clostridium difficile (C. difficile) is a gram-positive anaerobe bacterium that enters the host as a
dormant spore and germinates in the intestine. It produces different toxins and course diarrheal
disease [51]. C. difficile infection primarily affects older people, hospitalised patients, and people
after antibiotic therapy. People with typical flora and a robust immune system have a high chance to
prevent C. difficile colonization in the body, but the resistance is lower after antimicrobial therapies
[52]. Also, young and previously healthy people had C. difficile infection after close contact with
infected patients [53]. Inside the body, the bacterium should defend itself against the host's innate
immune system, such as cationic antimicrobial peptides (CAMPs) [54, 55]. CAMP production was
found almost in all organisms, including bacteria, fungi, plants, and animals. The C. difficile has a huge
line of defence; it can adapt to the presence of CAMP [56, 57]. The operon of the Cationic
antimicrobial peptide resistance (Cpr) system from C. difficile consists of an ABC transporter (CprABC)

and a two-component system (TCS).

1.2.3.1. ABC Transporter

ATP-binding cassette (ABC) transporters play a unigue role in many biological processes. Especially
proteins of ABC transporter located across the biological membranes and involved in the transport of
substrates. Bacteria C. difficile contain an ABC transporter that helps transport or effluxes multiple
antibiotics outside of the cell. It consists of four functional domains, two nucleotide-binding domains
(NBDs) and two hydrophobic transmembrane domains (TMDs). The NBD is localised in the
cytoplasmic face of the cellular membrane and is responsible for ATP binding and hydrolysing to
generate the energy for transport [58]. TMD is crossing through the membrane. Figure 8 from Ref.
[46] shows CprABC type resistance operon from C. difficile. TMD includes two transmembrane
proteins (CprB and CprC) with equal stoichiometry, including six a-helices in each. NBD is presented

by protein (CprA) that might be responsible for limiting antibiotic susceptibility [59].
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TCS includes histidine kinase (HK), and a response regulator (RR) is located on the same gene cluster.
The HK of the Cpr system (CprK) contains an extracellular loop that might play an essential role in
sensing. As described earlier, the first two rings of lantibiotics such as nisin, gallidermin, and subtilin
bind with the lipid Il complex. Thus, these two rings might be recognised by CprK, resulting in the
signalling of the TCS RR (CprR) [56]. After adding nisin, CprR can initiate the expression of CprABC [56,
57]. TCS and ABC transporter contribute the resistance of C. difficile to many lantibiotics, which is a

big problem in treating this infection.

Extracellular
Loop ‘ 7,
® CprB CprC ol

ATP/ Y ADP + P,

Figure 8. Schematic representation of the CprABC resistance system of C.difficile. CprABC type resistance operon is shown here
with ABC transporter CprABC (blue colour) and two two-component systems (green colour). The picture shows the ABD
transporter, two-component system, extracellular loop, lipoprotein (grey colour), lantibiotic nisin and lipid-protein II.

Also, close to cprABC transporter, a membrane-associated resistance protein (lipoprotein CD1348) is
present. It is known that lipoprotein is not upregulated by the presence or absence of lantibiotics or

CAMP and has a basal expression level [56].

1.2.3.2. lipoprotein

Lipoprotein is a resistance protein identified directly in front of the CprABC transporter from the
bacteria Clostridium difficile. 1t was produced by the gene CD630_13480 [60]. Lipoprotein contains
178 amino acids and has a molecular weight of 20.2 kDa (calculated via EXPASY ProtParam). The

original sequence (black) and his-tag version (red) are shown:

20 40 60
1 MNKIAVSFLITIATTLLSTAC MDYSISAVELVDSKESAVVK KDEDAKEETTSKMINSKKTT
1 HHHHHHHHHHSSGA MDYSISAVELVDSKESAVVK KDEDAKEETTSKMINSKKTT
80 100 120

61 KIPIEIISKDEKIVKYLQID EESSLKDKLRLILDTLSNEY FNGLDMEVEVKEKDNLVKIN
61 KIPIEIISKDEKIVKYLQID EESSLKDKLRLILDTLSNEY FNGLDMEVEVKEKDNLVKIN

140 160
121 LIEPDKKSRVSWKDDYLNEQ NIIYTINNITIKNVIQEEDNS IWIEEVEIYYNGKLIELR
121 LIEPDKKSRVSWKDDYLNEQ NIIYTINNITIKNVIQEEDNS IWIEEVEIYYNGKLIELR
A crystallography test was performed for characterisation of the structure of the CD1348 lipoprotein.
The yield and the quality were enough for crystallization, but the optimised plates do not show any
crystals. Therefore, the overall shape of the protein was measured by Small-angle X-ray scattering

(SAXS). The ab initio model is shown in Figure 9A from Ref. [60]. The model has a long flexible N-

terminal domain and a compact C-terminal domain [60]. The theoretical model from computation
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methods “TopModel” is shown in Figure 9B [61]. The model contains a long flexible N-terminal loop
domain, five R-sheets and two a-helices. The model will be observed in more detail in the discussion

part of Chapter IIl.

A

Figure 9. The 3D model of lipoprotein from the theoretical data. A is ab initio model from SAXS with fitted the
theoretical calculation model inside. B is the theoretical model from TopModel.

Previously in these independent calculations of the lipoprotein CD1348 structure, both models are
showing high similarity. The experimental data of the lipoprotein structure were not found in the

literature.
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2. Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique for characterising
biomolecules at atomic resolution. Nowadays, NMR is widely used for studying the structure,
properties, and dynamics of biological macromolecules. One of the significant advantages of solution
NMR spectroscopy is data on molecular dynamics over timescales ranging from picoseconds to

seconds.

NMR methods are based on the interaction of an external magnetic field with nuclei that have a
magnetic moment. Nuclei are exposed to a certain radio frequency pulse, move to another energy
level; after the pulse is turned off, they return to their original state while emitting electromagnetic
radiation. As a result, an image of damped resonance oscillations is obtained from all nuclei. This free
induction decay (FID) depends on the chemical composition and physical state of the analyte and the

number of resonating nuclei.

2.1. Basic Principles of NMR

NMR is based on the fact that nuclei of atoms have magnetic properties that can be used to receive
the information about the quantum mechanical property of a nucleus, their moving etc. NMR active
nuclei are characterised by nuclear spin quantum number (/) is different from zero. Nuclei with
nonzero spin angular momentum (*H, 3C, 3'P, N, °F etc.) have nuclear magnetic moments. For
protein NMR spectroscopy, 'H, 13C, and *N elements are most interesting because these isotopes
have spin-% (i.e., | = %) and are visible in NMR. The natural abundance of *3C (1.07 %) and **N (0.4 %)
active isotopes is low. Thus, isotope labelling is necessary to maximize the sensitivity of these types of

atoms.

The nucleus of spin quantum number / is allowed to accept only a fixed number of quantized energy
levels. The spin can have 2/+1 angular momentum states from -/ to /. Thus, spin % have only two
possible energy levels -% and +%. It is known as Zeeman levels. The quantum probability of a given
nuclear spin adopting one of these two energy levels creates a nuclear magnetic moment (u)

proportional to the gyromagnetic ratio y. Energies are presented by:

Where u is the nuclear magnetic moment, By is a presented magnetic field.

For a single nucleus with /=) and positive y, the magnetic energy is minimal when the spin angular
momentum is parallel to By, and it has maximum energy when the spin angular momentum is
antiparallel to the magnetic field. As spins normally have some initial orientation in respect to By, this
creates a spin angular momentum that forces the spin precess around the magnetic field at the

Larmor frequency wo:

wo =Y* B, (2)
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The Larmor frequency depends on the type of nucleus (gyromagnetic ratio) and the external static

magnetic field By value.

For the most used nuclei in biomolecular NMR the gyromagnetic ratios have the following values:

Gyromagnetic ratio for the most used nuclei in biomolecular NMR.

Nuclei Gyromagnetic ratio (C* kg™) or (Hz/T)
H 2.68 * 108
N -2.71 * 107
3¢ 6.73 * 107

The observed resonance depends not only on the gyromagnetic ratio y and external static magnetic
field Bp but also on the molecule's surroundings. Each proton is in a unique chemical environment;

each will be exposed to a different magnetic field depending on the electron density distribution.

During an NMR experiment, the equilibrium of nuclear spin processes around By can be disturbed by a
radio frequency (RF) pulse. Changes of the spin orientation and relaxation back to equilibrium is
detected as a signal in an NMR experiment. The signal is called the free induction decay (FID) and has
the form of a damped sine wave. The observed FID is the sum of all FID for each nucleus. The FID is a
function of time and might be transformed into a function of frequency with the help of Fourier
transformation, which has individual peaks for each nucleus at the Larmor frequency. The scale used
in NMR is chemical shift & which can be defined as:
v —

V.
§= —7 x1076 (3)
V‘ref

Where v is the resonance frequency of the nucleus in the protein, v is the absolute resonance
frequency of a reference substance. The chemical shift 6 is defined in parts per million (ppm). The

advantage of using & is the fact that chemical shifts don’t depend on Bo.

After applying an RF pulse, the spins return to equilibrium state through two different relaxation
processes describing by FID. Longitudinal relaxation time T; corresponds to the process when the
magnetisation returns to thermal equilibrium, after being perturbed by the RF pulse, along the
direction of the static magnetic field B. Transversal relaxation time T, corresponds to the loss of
coherence of the transverse nuclear spin magnetization. Relaxation times T1 and T, are usually several
seconds for small molecules, while for proteins, T, is measured in the order of milliseconds. Thus, the
FID has a rapid decay, leading to broadening the linewidths in the NMR spectrum because T2 is
inversely proportional to the linewidth. Large proteins have broader linewidth because their
transverse relaxation rate R, (1/T2) is proportional to the rotational correlation time t.. For more giant
molecules, the correlation time is large and thus broader linewidth. Structures of proteins above 30
kDa are challenging to solve by solution NMR [62]. That is why some additional methods must be

applied to increase the quality of spectra (section 2.5).
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2.2. Chemical Shift Assignments

The assignment of resonances in the NMR spectra is one of the first steps in obtaining the protein
structure and dynamic information. It is possible to do with multidimensional NMR [63]. The signals
observed for correlated nuclei in an N-dimensional spectrum looks like cross-peaks. One of the most
useful NMR experiments in protein NMR spectroscopy is the Heteronuclear Single Quantum
Correlation (HSQC) [64], which provides a fingerprint’ of the protein structure on a 2D plane. All
amino acids, except Pro, give rise to a peak in the spectrum, including two additional peaks for GIn
and Asn side chain NH, and one additional peak for each Trp indole group. 2D *H-*>N HSQC spectrum
can provide a good way to assess the quality of the protein sample, folded or unfolded, to permit
optimisation of some sample conditions (pH, temperature, ionic strength) and optimised acquisition
parameters. It is important to identify which amino acid is represented by the given HSQC cross-peaks
for further analysis. In application to proteins, multiple protons can absorb energy at the same
frequency, and the signals are overlapping. For this purpose, multidimensional NMR experiments such
as three-dimensional (3D) heteronuclear experiments, 4D [65] and even 5D [66] have been
established because the chemical shift ranges of >N and *3C are much broader. Multiple-resonance
experiments have been developed to obtain sequence-specific chemical shift assignments, using
interactions between spins of active nuclei. The interactions between spin-spin can be through bonds
or space. Spin-spin interactions that occur via bonding electrons are called spin coupling, or J-
coupling. It provides information on the chemical connectivity between atoms and dihedral angles

according to the Karplus low [67]:
J(¢) = Acos?¢ + Bcos¢p + C @)

Where J(¢) is the coupling constant of the J-coupling, and ¢ is the dihedral angle. The parameters A, B
and C are dependent on the atoms and substituents attached to the bond of interest and are semi-
empirically derived by correlating observed */-coupling constants with corresponding dihedral angles

measured in high-resolution structures. Typical coupling constant values in the proteins are shown in

Figure 10.
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Figure 10. 1- and 2J-coupling constants in peptides and proteins. Picture from [68].

J-coupling is widely used for correlation NMR signals of atoms that are chemically bound to each
other, and this is a base principle for many multidimensional NMR experiments. Manipulation with
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magnetisation by exploiting specific coupling constants allows measuring the signal from specific

resonance. It is extremely useful for protein NMR assignment. Set of standard 2D or triple-resonance

experiments (Figure 11), based on J-couplings over one or two bonds (/%)) of 3C and *°N isotopically

labelled protein samples, are used to obtain backbone chemical shift assignments.
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Figure 11. Schematic depiction of standard 2D and 3D NMR experiments for protein assignment. The diagrams show which
nuclei are involved in each NMR experiment. Black arrows indicate the magnetisation transfer in each experiment. Nuclei
coloured in pink are observed chemical shifts in the resulting spectra, whereas the blue colour of nuclei is only used for
magnetisation transfer. Figure adapted from https://www.protein-nmr.org.uk.

Combining the triple-resonance experiment allows a sequential backbone assignment (Figure 12),

where amino acids are connected by the exact positions of *C chemical shift on different >N planes

and different proton chemical shifts.
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Figure 12. A general example of a sequential backbone assignment. Four 15N-strips from a combination of two

triple resonance experiments, HNCA (red) and

HN(CO)CA (blue), showing the '3Cq of residue (i) and receding

residue (i-1). The resonance for the HN(CO)CA experiment represents only one peak for a previous amino acid.
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Another common spin-spin interaction is through space and is called the nuclear Overhauser effect
(NOE). NOE allows estimate distances between not directly covalently attached nuclei (usually at to 5
A). The obtained information about distance restraints has a wide usage for structure determination

of proteins.

2.3. Structure Calculation of Proteins Using NMR

The structure and dynamics of proteins are essential for understanding their function. Knowing the
structure is a central aspect of structural biology. One of the most popular methods for determining
protein structures is X-ray crystallography, solution and solid-state NMR spectroscopy, and cryo-
electron microscopy. With the help of solution NMR spectroscopy has been solved of more than
13000 proteins three-dimensional (3D) structures in the Protein Data Bank (www.rcsb.org). The
solution NMR has a limit to the size of the proteins; that is why structures above 30 kDa are
challenging to solve by NMR. X-ray crystallography can be used for larger proteins or complexes, but
the NMR method is more useful when the protein of interest has resisted attempts at crystallization,

which is a common problem for many membrane proteins.

The NMR structure determination of a protein is a lengthy process because it involves some steps of
preparation as uniformly 3C/*>N-labeling of the protein, the acquisition of a set of 2D, 3D or 4D NMR
experiments, the data processing, all chemical shift assignment (see section 2.2), NOE assignment and

collection of conformational restraints, structure calculation, refinement, and validation [69].

After the assignment of all individual nuclei, backbone torsion angles (¢,¢) and the x1 torsion angle
(Figure 13) of side chains can be easily predicted based on HN, N, *Ca, *Ha and 3C" chemical shifts,
using a program such as TALOS-N [70]. Also, based on the Karplus low (equation 4), the *Junna, InHp2/3
and the 3Juanpz/3 couplings can be used to determine the ¢-angle of the protein backbone and the

certain side-chain x1 torsion angle [71].

X3

Figure 13. Backbone torsion angles (¢,9) and the x1,2,3 torsion angles of the amino acids.
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The primary source for collecting conformational restraints from NMR data is derived from the
nuclear Overhauser effect (NOE). NOE is a cross-relaxation mechanism between two spins through
space interaction, generally less than 5A. This interaction is completely independent of the nature of
the covalent binding between the two interacting spins [72]. NOE data are obtained from Nuclear
Overhauser Enhancement SpectroscopY (NOESY) experiments. In multidimensional NOESY
experiments, the resulting NOEs of cross-relaxation between two nuclei are observed as cross-peaks
correlating the chemical shifts of the two involved nuclei. The intensity of the cross-peaks connecting
protons depends mainly on the distance between them, and it is proportional to the inverse sixth
power of the internuclear distance r®. Figure 14 shows the example of using NOE for structure

calculation.

Figure 14. lllustration of structural restraints with hydrogen bond and NOE. The figure shows the H-bond (blue
dotted lines) between H-O and NOE (grey dotted lines).

The intensity of cross-peaks depends on the distance between and can be used to measure the
internuclear distance between nuclei in a protein. The recorded NOE intensities can be converted to
NOE distance restraints, which are the most helpful information for calculating protein structure. NOE
derived interproton distance restraints together with hydrogen bond information, and torsion angle

restraints are used for studying globular proteins.

2.4. Using NMR to Study Dynamics in Proteins

2.4.1. Integrated NMR for studying dynamics in proteins
If the structure of proteins is well known, the next step is understanding proteins function. The
motion of each protein is induvial and can bring much information about its conformational dynamics.
Some physical methods such as NMR, polarization-resolved fluorescence spectroscopy, and molecular
dynamics (MD) simulations are widely used to study the protein dynamics on multiple time scales.
NMR is a perfect technique for studying protein dynamics on the different time scales from pico- to

seconds. Figure 15 shows the timescale of different protein dynamical processes and NMR
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experiments used for characterization of them. Fast protein dynamic describes the movement of
loops, side-chain rotations and local atomic vibration on the picosecond to low nanosecond range.
NMR experiments for studying fast protein dynamics are longitudinal spin relaxation Rj, transverse
spin relaxation R,, and the heteronuclear Overhauser enhancement (NOE) experiments. By contrast,
the conformational changes such as protein folding, chemical exchange, ligand interaction, enzyme
catalysis and allosteric regulation process on the microseconds to seconds range. It is covered by
rotating frame relaxation experiments Ri,, Carr-Purcell-Meiboom-Gill (CPMG), Paramagnetic

Relaxation Enhancement (PRE), and chemical exchange saturation transfer [73-75].

Ligand interaction

Catalysis

Movement of loops

Chemical exchange, Folding

Allosteric regulation

Side chain rotation

| | | | [
1012 10° 10% 10 10

Ry, Ry, hetNOE Rip Real-time NMR

| PRE | CPMG |

Vibration

| Lineshape analysis |

| Residual dipolar coupling (RDC) | | ZZ exchandge |

| H/D exchandge |

Figure 15. The timescale of different dynamic processes in proteins and NMR experiments corresponding to
them. Protein dynamics range from pico- to seconds. The picture is adapted from Ref. [76, 77]

The NNR data helps to represent the parameters that can describe the dynamic with the help of
global rotational diffusion and local flexibility (order parameters) that are sensitive to inter-and

intramolecular interactions, respectively [78].

2.4.2. Protein dynamic on the pico- to nanosecond time scale.

The backbone dynamics can be described with the help of longitudinal spin relaxation rate R,
transverse spin relaxation rate Ry, and the hetNOE data measured for each available residue in the

protein.

Applying radiofrequency pulses generate perturbs nuclear spins from their equilibrium state. The
process by which the spins return to their equilibrium is called relaxation. The relaxation mechanisms
are based on the dipolar coupling between two nuclei and the chemical shift anisotropy (CSA), which
depends on the orientation of the spin to the external magnetic field. Collisions with solvent
molecules lead to translational and rotational diffusion of the protein. Internal and global motion are
independent processes; the behaviour of the random fluctuation can be described by the
autocorrelation function, which mathematical interpretation function that connects both internal and

overall motion is the time autocorrelation function as
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Cotar (1) = C; (T).Cg @) (5)
Here, Ci(t) is an internal autocorrelation function, and Cq(t) is a global autocorrelation function.

Two model-independent quantities can describe the fast internal motion: order parameter (S?), which
measures the amplitude of the motion, and an effective correlation time .. The simplest isotropic
formalism might be applied for small molecules, simple polymers, and data obtained from one-
dimensional NMR measurements of proteins. Since the measurable relaxation parameters are more
easily understood regarding the probabilities of motions at specific frequencies rather than times, the
autocorrelation function C(t) can be Fourier transformed. Thus, C(t) can be described as the spectral

density function J(w):
J@) = 2 (5 et (1= $) ) ©)
W= T w?t,? 1+ w?7?
Which corresponds to an internal correlation function of

C()=5*+(1- Sz)e_fr_e (7)

Where S? is generalized order parameter, T is the overall isotropic rotational correlation time of the

molecule, T=T.Te/(Tc+Te) Where Teis a single effective correlation time describing the internal motion.

And correspond the global correlation time:

1 _©
C)=ze ™ (8)

For studying backbone protein dynamics, usually, the N relaxation rate (Ri), the N relaxation rate
(Rz), and the heteronuclear nuclear Overhauser effect ({*H}-°N NOE) are used. All these parameters
are typically measured using 2D H,®N HSQC experiments in which the intensities of peaks are
modulated as a function of a time delay placed at a point in the sequence when the relevant

relaxation process is active [79].

The relaxation rates of *®N Ry and R, and hetNOE depend on the spectral density function J(w) in the

following manner [80]:

Ry = 7 = 221wy — wy) + 3/ () + 6]y + )] + ¢ w) ©)

2

1 1
Ry = = g 14(0) + (o — ) + 3/ (wy) + 6]y — ) + 6] )] + 5 [4 (O] +3/(@y)

+ R,y (10)
Yu 6J(wy + wy) — J(wy — wy)

14 [ Ry

1
hetNOE =1+ 7 d? ] (11)

where wy and wy are angular Larmor frequencies for 'H and N spins, respectively, Re is the
relaxation rate due to chemical exchange, c is the Chemical shift anisotropy (CSA), and d is dipole-

dipole (DD) constants are defined as:
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1 2 2
¢ =30y (o —0ay) (12)
1 rkoy? 2., 2 h\? 3\2
d= Z(4n) Yu" VN (Zn) (rvy ) (13)

Here, h is Planck's constant, yx4 and yy are the gyromagnetic ratios of *H and *N nuclei, uo is the
permeability of free space, and r is the internuclear distance between N-H bonds = 1.02 A. oy and o2
are the parallel and perpendicular components of the axially symmetric N chemical shift tensor CSA

=-172 ppm which is assumed to be coaxial in a first approximation concerning the dipolar interaction.

|u

In the “original” model-free formalism (equation 6), the overall motions are unrestricted with the
correlation function that decays exponentially to zero with a single characteristic time scale Tn.
Internal motions are assumed to be restricted because the correlation function for internal motion
decays faster. Then the resulting total correlation function (equation 5) in this model has a double
exponent with the fast and slow phases representing internal and global motion. The amplitude of the
global (slow) phase, that is, the plateau value divided by the initial value C(0), is characterized as the
square of the order parameter (S?) and represents the degree of spatial restriction of the backbone H-
N internal motions. The values of S? have some limited cases - completely restricted motions
described only by the global movement have S?=1, and completely unrestricted motions, which are

described only by the internal movement, have S?=0. Thus, this parameter helps to explain the

dynamic in values.

In the case of only isotropic tumbling, “simplified” model-free formalism from equation 6 might be
applied. Here is the internal motion of a bond vector is extremely fast in comparison to the overall

tumbling; thus, equation 6 reduces to the form:

T

C
1+ wz‘tcz) a4

2
J@) = (s

With the help of this model, relaxation data still can be fit to find S? and the overall isotropic rotational

correlation time of the molecule.

2.5. Extending the Size limitation of NMR

Because of the rotational tumbling of the protein, the application of solution NMR spectroscopy is
limited by the size of the studied molecules or complexes (<~30 kDa) [62]. The signal-to-noise ratio is
low for high molecular weight specimens due to fast transverse nuclear spin relaxation during the
evolution and recording periods. Labelling with deuterium 2H, meaning the replacement of side-chain
protons by deuterium, reduces dipolar coupling interactions (because of the lower gyromagnetic ratio

of 2H vs *H) and allows to study also larger molecules.

Relaxation T, is a dephasing mechanism of the same type of spins over time. The number of spins and
couplings in bigger molecules is large, and they evolve in different ways. The bigger system has a
broader line width. To increase the resolution and sensitivity of NMR spectra of big molecules,

Transverse Relaxation-Optimized SpectroscopY—(TROSY) was used. TROSY takes advantage of the
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interference between DD coupling and the CSA in the relaxation of coupled heteronuclear spins to
produce narrow resonance lines at high magnetic field strengths. This technique can be applied to
two- three-dimensional HSQC, triple resonances, and relaxation experiments. In a non-decoupled
IH,N HSQC spectrum, each correlation for both dimensions appears as four peaks because the
average signal is split into both dimensions due to *xx coupling. The four components of this multiplet
are not submitted to the same relaxation rates and have different intensities. When DD and CSA
contributions to the relaxation cancel each other out through destructive interferences of their
oscillations, only the slowest relaxation can be seeing. This signal has the smallest line width and
highest intensity. Figure 16 shows the line with difference between of coupled [*H,>N] HSQC
spectrum (A), decoupled [*H,**N] HSQC spectrum (B) and [*H,>N] TROSY-HSQC spectrum (C). The

picture was reproduced from Ref [81].

A 90 Hz ] B 1 [c ]
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Coupled HSQC Decouples HSQC TROSY-HSQC
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Figure 16. lllustrates the increased resolution in a two-dimensional nitrogen-proton HSQC coupled experiment
using the TROSY technique. Panel A shows a region of coupled HSQC spectrum that contains four peaks
associated with a single NH group. Every peak is a distinct pair of single-quantum nitrogen and proton
transitions. The intensities and line widths vary due to the different relaxation rates of each transition. If
decoupling occurs during proton and nitrogen evolution periods, only a single peak will be observed (panel B).
The line widths in both directions are the average of the relaxation rates for each transition. Panel C shows
the TROSY-HSQC spectrum of the same NH group, where only the most slowly relaxing peak is shown. The
remaining three components of the quartet been removed by phase cycling in the pulse sequence. For large
proteins or complexes, TROSY spectra have a higher signal-to-noise ratio than in a standard HSQC spectrum
because only the most slowly decaying transition is used in the polarization transfer step.

In triple-resonance experiments, the TROSY principle can efficiently reduce relaxation during different
coherence transfer steps, e.g. from H to °N, from N to 3Ca or **CO, which have long transfer

periods due to the small YJ(**N, *3Ca)- and 1J(**N, *3CO)-coupling constants.
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3. Aims

The membrane GABARAP protein plays an essential role in the autophagy process. It is involved in
autophagosome formation during oligomerization. To this end, it can be anchored to the
autophagosomal membrane system. Availability of membrane can help to understand the function of
“open” conformation of GABARAP structure. This alternate conformation of the N-terminal region can
be important for oligomerization and hemifusion. The aim of this work was a characterization of the
dynamics of GABARAP anchored to a lipid membrane by NMR spectroscopy. As a suitable membrane
mimic, phospholipids nanodiscs were used. For the better quality of the studied spectra, deuterated
GABARAP should be produced. The production of this type of sample is costly; thus, the ratio between
protein yield and the price of the sample should be optimized. The dynamics of membrane-anchored
GABARAP should be studied by *°N relaxation NMR experiments. These experimental results were
supposed to be compared with free GABARAP in solution. The goal was to produce deuterated
GABARAP anchored to lipid nanodiscs in a suitable concentration, then study structural details,

dynamics, and functional relevance with a membrane by solution NMR methods.

Lipoprotein CD1348, unlike GABARAP, is the new uncharacterized protein founded in the resistance
machinery bacteria C.difficile. This system has resistance against different lantibiotics. Knowing the
structure helps to understand the function and role of the presence of the lipoprotein in the
resistance system. The first aim of this work was the assignment of all amino acid resonances and
determination of their chemical shifts on the 2D, 3D and 4D NMR spectra. Then the calculation of the
tertiary structure of lipoprotein with the help of all chemical shift assignments, NOE assignment and
collection of conformational restraints. The second aim was the checking interaction between
lipoprotein and lantibiotics by titration NMR experiments. If there is an interaction, which parts of the

lipoprotein are involved in it.
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Chapter Il GABARAP

Elucidation of the Dynamics of the Autophagosomal
Membrane-Associated Protein GABARAP by Solution
NMR

This chapter is devoted to the GABARAP protein project. GABARAP is a membrane-associated protein
that plays an essential role in the elongation and maturation of autophagosomes during their
formation. Studying the membrane protein together with the membrane is one of the aims of this
work. Laboratory methods like transformation DNA, expression and purification of proteins, isotope
labelling, and NMR sample preparation are presented. The extension of the existing methods for full
deuteration of protein and then anchoring to nanodiscs are described. Also, analytical methods and
NMR techniques used for the sample characterization are discussed. The results part includes
expression and purification of TEV protease and belt protein MSP1D1A5 for nanodisc production.
Also, the expression and purification of fully deuterated GABARAP and GABARAP mutant data. Due to
the high price of producing a deuterated sample, two expression methods of fully deuterated
GABARAP with high yield are compared. The difference in chemical shifts on NMR spectra of free
GABARAP and GABARAP anchored to nanodisc is presented. Also, some preliminary data of the
model-free analysis of the N relaxation data of GABARAP-nanodisc samples are described and

discussed here.
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1. Materials

1.1. Chemicals, enzymes, and media components

Chemicals, enzymes, and components for the cell’'s growth media used in this work correspond to
purity grade pro analysis (p.a.). All components were dependent on the requirement experiments
and listed in Table 1 and Table 2. Standard chemicals were usually purchased from AppliChem GmbH
(Darmstadt, Germany), Carl Roth (Karlsruhe, Germany), Merck KGaA (Darmstadt, Germany), Serva
(Heidelberg, Germany) and Sigma-Aldrich (St. Louis, MI, USA).

Table 1: Chemicals used in this work.

Chemical Manufacturer/Distributor
Agarose Serva (Heidelberg, Germany)
complete protease inhibitor cocktail Roche (Basel, Switzerland)

D,0 Cambridge Isotope (Andover, USA)
Dithiothreitol (DTT) AppliChem (Darmstadt, Germany)
EDTA-disodium salt AppliChem (Darmstadt, Germany)

IPTG UBPbio (Aurora, USA)

TCEP Sigma-Aldrich (St. Louis, MI, USA)
DMPC Avanti Polar Lipids (Alabaster, USA)
MPB-PE Avanti Polar Lipids (Alabaster, USA)
BN-Ammonium chloride Cambridge Isotope (Andover, USA)
D-Glucose-*3Cg Sigma-Aldrich (Steinheim, Germany)
Unstained protein marker Thermo Fisher Scientific (Waltham, USA)

Table 2: Enzymes used in this work.

Enzyme Manufacturer/Distributor

DNAse | AppliChem (Darmstadt, Germany)
DNAse A AppliChem (Darmstadt, Germany)
Lysozyme AppliChem (Darmstadt, Germany)
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1.2. Bacteria cultures and plasmids

The bacterial strain E. coli BL21 (DE3) T1 was used for DNA amplification and recombinant protein
expression of GABARAP and MSP1D1A5. Another type of strain, E. coli BL21 DE3 pRARE2 was used for

His-TEV protease expression. Strains and plasmids are listed in Table 3 and Table 4.

Table 3: Bacterial strains used for recombinant protein expression.

Strain Genotype Reference/Source

BL21 (DE3) F~ ompT hsdSB(rB"mB~) gal dcm (DE3) Novagen, Darmstadt

Table 4: Plasmids used for recombinant gene expression.

Plasmids Resistance Property Reference/Source

pET11la_GABARAP Ampicillin Expression of GABARAP Life Technologies,
Carlsbad, USA

AG Wagner, Harvard

pET28a_MSP1D1A5 Kanamycin Expression of MSP1D1A5 Medical School
AG Wagner, Harvard
PRK792_TEV_S219P Ampicillin/ Expression of His-TEV Medical School
Chloramphenicol protease

1.3. Laboratory equipment

All necessary devices for producing the NMR sample at the biological S2 laboratory are described

here.

Table 5: Laboratory equipment used in this work.

Equipment Manufacturer/Distributor
AKTA purifier GE Healthcare (Chicago, USA)
Branson Sonifier 250 Branson Ultrasonics (Danbury, USA)
Centrifuges 5417R, 5702R, 5804R Eppendorf (Hamburg, Germany)
Centrifuge Avanti J-20 XP and Rotors Beckman Coulter (Brea, USA)
Gel Doc XR and gel documentation system Biorad (Hercules, USA)
Spectrophotometer UV 1800 Shimadzu (Kyoto, Japan)
Lambda 25 UV/Vis spectrophotometer PerkinElmer (Waltham, USA)
Spectrophotometer (measure OD) Schott Instruments (Mainz, Germany)
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1.4. Column chromatography
There is a list of prepacked columns for high-resolution purification of large biomolecules and protein
complexes used with AKTA protein purification systems. Also, nickel-charged affinity resin Ni-NTA

Agarose was used to purify recombinant proteins containing a polyhistidine (6xHis) sequence.

Table 6: Columns and resins used for column chromatography.

Column/resin Manufacturer
Ni(2+)-NTA-Agarose Qiagen (Hilden, Germany)
HiLoad 16/10 SP Sepharose HP GE Healthcare (Freiburg, Germany)
HiLoad 16/600 Superdex 75 pg GE Healthcare (Freiburg, Germany)
HiLoad 16/600 Superdex 200 pg GE Healthcare (Freiburg, Germany)

1.5. NMR spectrometers
Liquid state NMR spectrometers operating at different magnetic fields were used for studying

dynamics and chemical shifts changes.

Table 7: NMR spectrometers used for the GABARAP project.

Spectrometers Manufacturer
Bruker Avance Il HD NMR (600 MHz) Bruker, Billerrica, USA
Bruker Avance Il HD NMR (600 MHz) Bruker, Billerrica, USA
Bruker Avance Il HD NMR (700 MHz) Bruker, Billerrica, USA
Variant (800 MHz) Agilent (Varian), Santa Clara, USA
Bruker Avance Il HD NMR (900 MHz) Bruker, Billerrica, USA
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1.6. Software and databases

The following software and databases were used to evaluate, analyse, and visualise GABARAP protein

data.

Table 8: Software and databases used for the GABARAP project.

Software/database

Usage

Reference/distribution

BMRB Databank

Expasy-ProtParam

NMRPipe
NMRDraw
NMRView] 8.0.3

MUNIN

Matlab
PDB Database
PyMOL
RasMol 2.7.5
TENSOR2
TopSpin
Vnmrl

Adobe lllustrator
CS5

Origin 2017

Open databank of chemical shifts of
biomolecules

Analysis of proteins based on their primary
sequence

Processing of NMR spectra
Visualisation of processed MNR spectra
Visualisation and analysis of NMR spectra

Determination of peak intensities from multi-
dimensional spectra

Evaluation and analysis of relaxation data
Structures of biological macromolecules
Visualisation of protein structures
Visualisation of protein structures
Fast protein dynamics from relaxation data
Basic software of Bruker NMR spectrometers
Basic software of Bruker NMR spectrometers
Generation of figures

Chemical shifts calculation and visualisation
of relaxation data

http://www.bmrb.wisc.edu
(82]

http://web.expasy.org/pro
tparam [83]

(84]
(84]
(85]

(86, 87]

http://rcsb.org

(88]

(89]
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2. Methods

2.1. Microbiological methods
2.1.1. Bacterial growth media

The solid bacterial growth media allows bacteria to grow as colonies on a Petri dish. It is based on the
jelly-like substance agar. Required antibiotics for different plasmids were added to the medium-agar

mixture when the agar was in a liquid state at a temperature below 60°C.

Liquid growth media were used for protein expression. In this work, there are two different liquid
bacterial growth media: LB-medium and M9-mediums (Table 9). M9 medium was used for uniform
5N, 13C-Labeling and deuteration of the protein. The amount of glucose and ammonium chloride for
M9+ medium was calculated for growing cells until OD~4. Both mediums were prepared using
ultrapure normal or deuterated water. For the M9 medium, in addition, TS2 trace element solution
and a vitamin cocktail for proper growth of bacteria were prepared (Table 10). Both media were
sterilised in an autoclave at 121°C and then stored at room temperature. To avoid adding non-sterile
components to the growth media, vitamin cocktail, antibiotics and TS2 solution were filtered with the
help of 0.22 um pore diameter membrane filters. Before usage, the media were heated to 37°C for

the best cell’s adaptation.

Table 9: Composition of bacterial growth media for recombinant gene expression.

Regular M9-medium H,0 or D,0 M9+-medium H,0 or D,0
NaH,P0O4 9.1 g/L K,HPO, 19 g/L
KH,PO4 3 g/L KH,PO45 g/L
NaCl 0.5 g/L Na,HPO49 g/L
NH.Cl 1 g/L K:S042.4 g/L
CaCl, 100 uM D-Glucose-3Cs 14 g/L
MgSQO42mM NH4Cl 4 g/L
Fe(Il1)-Cl 10 uM Trace element solution 2 ml/L
D-Glucose-3C¢ 2.5 g/L Vitamines cocktail 1 ml/L
Trace element solution 2 ml/L MgCl, 0.95 g/L
Thiaminhydrochlorid 5 mg/ml Ampicillin 200 pg/ml
Vitamines cocktail 1 ml/L pH=6.5
MgCl, 0.95 g/L
Ampicillin 200 pg/ml
LB-medium H,0 or D,O
Tryptone 10 g/L
NaCl 10 g/L, Yeast extract 5 g/L
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Table 10: Composition of TS2 solution and vitamin cocktail solution used in M9 medium.

TS2 trace element solution Vitamin cocktail solution
MnCl, * 4 H,0 30 mg/L D-biotin 1 g/L
ZnSO4 * 7 H,0 100 mg/L Choline chloride 1 g/L
H3BO3; 300 mg/L Folic acid 1 g/L
CoCl, * 6 H,0 200 mg/L Nicotinamide 1 g/L
NiCl, - 6 H,0 20 mg/L Sodium-D-pantothenate 1 g/L
CuCl, * 2 H,0 10 mg/L Pyridoxal hydrochloride 1 g/L
Na>MoO, * 2 H,0 900 mg/L Riboflavin 0.1 g/L
Na,Se0s3 20 mg/L dissolved in 20 mM phosphate buffer, pH 7
dissolved in H,0

2.1.2. Transformation in E.coli with plasmid DNA

Bacterium transformation of MSP1D1A5

1 pl PET28a_MSP1D1A5 plasmid vector with kanamycin resistance was transformed into E.coli
BL21(DE3)T1 cells. The plasmid was added to competent cells and gently mixed. Then cells with
plasmid were incubated in ice for 30 minutes. The cells were heat-shocked for 45 sec at 42°C to create
a pressure difference between the outside and the inside parts of the cell, which induces the
formation of pores through which plasmid DNA can enter. Then the Eppendorf was placed on ice for 5
min for maximum transformation efficiency after heat shock. 600 pul LB medium was added to cells
and incubated for 1 hour at 37°C. Cells were spread on an agar plate with Kanamycin (25 pg/ml) to

grow cells that contain the antibiotic resistance vector. The plate was incubated overnight at 37°C.

Bacterium transformation of His-TEV-Protease

1 pl pRK792 (TEVS219P) plasmid were resuspended in 100 ul E.coli BL21DE3pRARE2. The cells were
incubated on ice for 30 minutes, exposed to a heat shock at 42°C for 45 seconds, and then placed on
ice for 2 minutes. 900 ul LB was added, and the cells were incubated for 1 hour at 37°C. The cells were
spread on an agar plate with 100 pug/ml Ampicillin and 34 ug/ml Chloramphenicol. The plate was

incubated overnight at 37°C.

Bacterium transformation of GABARAP and GABARAP-G116CA117

GABARAP or GABARAP-G116CA117 mutant pET1la vectors with Ampicillin resistance were
transformed into BL21(DE3)T1 E.coli cells. 0.2 ul of the plasmid with concentration 0.1 pg/ul was
added to 50 ul competent cells and gently mixed. The aliquots with plasmid were incubated in ice for
15-30 minutes. The cells were exposed to a heat shock for 45 seconds at 42°C; then, the Eppendorf
was placed immediately on ice for at least 5 min. 600 pl LB medium based on ultrapure water was

added, and the cells were incubated for 1 hour at 37°C. Cells were spread on an agar-agar plate with
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ampicillin (200 pg/ml) to grow only cells that contain the antibiotic resistance vector. The plate was

incubated overnight at 37°C.

2.1.3. Expression of proteins

Expression of MSP1D1A5 and His-TEV-Protease

His-TEV-Protease was made for future uses of another protein purification (MSP1D1A5 in this work).
For the expression of His-TEV-Protease, the protocol [90] was used. For the initial trial expression, the
separate colonies of His-TEV-Protease from the agar plate were picked and placed into a 200 ml LB
medium with 1% Glucose, 100 pg/ml Ampicillin and 34 ug/ml Chloramphenicol. The picked cells were
grown at 37°C with shaking at 130 rpm. After 14 hours, the cell culture was diluted and grown in 1
litre LB medium containing antibiotics (100 ug/ml Ampicillin and 34 ug/ml Chloramphenicol) at 37°C,
with shaking at 130 rpm. When the optical density at 600 nm (ODgoo) reached ~0.6, 1 mM of IPTG was
added to induce the protein expression. The cell culture was incubated at 30°C for 4 hours. During
induction, the cells use most of their resources to produce the target protein and afterwards do not
grow anymore. After induction, cells were harvested by centrifugation at 5,000 g for 20 minutes. The

resulting pellets were stored at -20°C.

For the expression of His-MSP1D1A5, a well-established protocol was used [91]. First, freshly
transformed BL21(DE3)T1 cells with the plasmid were grown overnight in 60 ml LB medium
supplemented with 30 mg/ml Kanamycin at 37°C with constant shaking at 130 rpm. The overnight
culture was diluted in 3 litres fresh LB medium containing antibiotic Kanamycin (30 mg/ml) and then
incubated at 37°C for 2 hours. When ODgno reached ~0.7, protein expression was induced by the
addition of 1 mM IPTG. After 4 hours at 37°C, E.coli were harvested by centrifugation at 5,000 g for

20 minutes. The pellets were stored at -20°C until further use.

High-yield expression of deuterated and labelled GABARAP and GABARAP-G116CA117

The big molecules have large linewidths on the NMR spectrum due to slow tumbling and the spectral
overlap from a large number of unique signals. As the final system of GABARAP anchored to nanodisc
is quite big for solution NMR experiments, fully deuterated GABARAP protein was used in this work.
Replacement of non-exchangeable protons by deuterons is a common technique to overcome
problems arising from fast *H and '3C transverse relaxation. Deuteration has significantly improved
spectral resolution and sensitivity compared with experiments performed on fully protonated

molecules [92-96].

However, protein expression in E.coli is usually employed to produce large quantities of protein for
structural and functional studies. Because of the high price of deuterium oxide (D,0) and D-Glucose-
13Cs, the protocol described in Ref. [97] was used and optimised to reduce the cost of the final NMR
sample. The advantage of this method is using essentially less amount of D,0, but the same amount

of glucose and ammonium chloride as for 1 L by optimization of growth conditions where cells can
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grow in linear log phase until ODggo of up to 10. The main steps of the protocol will be explained

below.

Growing E.coli cells in a D,O medium usually have few sub-culturing steps with gradually increasing
the deuterium content of the medium to allow cells to adapt to D,0. Here, two sub-culturing steps
force cells to use deuterium water by changing the medium based on H,0 to an identical medium
with D,0. In the first step, few colonies of freshly transformed cells from section 2.1.2 were picked
and grown in 1 ml LB/H,0 medium (see Table 9) at 37°C for 3 hours. In the second step, 0.3 ml of cells
from LB/H,O were resuspended in a fresh 5 ml LB/D,O medium and incubated at 37°C for 5 hours.
Growing cells in LB medium based on D,0 requires that E.coli cells be adapted to atypical D,O medium

and increase their chance to be adapted in M9/D,0 medium.

For isotope labelling in M9 minimal medium, D-Glucose-'3Cs and NH,C| were used as the sole carbon
and nitrogen sources. In the current work, a modified M9 minimal medium was used to maintain an
optimal pH for E.coli growth over a wide range of cell densities [97]. It might be reached by extremely
high cell density (ODsoo), Where the pH of the medium, oxygen level, and other factors can be

regulated and stay optimal [97]. The compounds for this M9+ medium are shown in Table 9.

After growing in LB/D,O medium, cells were centrifuged at 2,000 g for 10 minutes; the supernatant
was discarded. The remaining cells were resuspended in 25 ml of unlabelled M9/D,0 and incubated
for 14 hours at 37°C. Grown cells in unlabelled M9 medium were centrifuged and diluted in 250 ml
5N, 13C labelled M9 medium. The start ODsggo is ~0.7. After 11 hours of incubation at 37°C, the cells
reached ODgoo ~4.0. The maximum cell density depends on the availability of nutrients and, therefore,
on the amount of glucose. For the expression of GABARAP or GABARAP-G116CA117, 1 mM IPTG was
added to the cells. The flask with the cell culture was incubated for 16 hours at 25°C. After overnight
incubation, E.coli were harvested by centrifugation at 5,000 g for 20 minutes. The pellets were stored

at -20°C until further use.

2.2. Preparation of protein samples
2.2.1. Purification of His-TEV-Protease

The buffers and solutions used for purification of His-TEV-Protease were based on ultrapure water

and sterilised using filters with 0.2 um pore diameter (Table 11).
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Table 11: Buffers used for the purification of His-TEV-Protease.

Lysis buffer Wash buffer |
Tris-HCI 20 mM, pH 8 Tris-HCI 20 mM, pH 8
NaCl 500 mM NaCl 500 mM

Imidazole 10mM Imidazole 10 mM
Protease inhibitor 1 tablet/50 mL Gu-HCl 1M
DNAse | ~300 pl in 50 ml buffer (Cstock = 2 Glycerine 10% (v/v)
mg/ml)

Wash buffer II Wash buffer Il
Tris-HCI 20 mM, pH 8 Tris-HCI 20 mM, pH 8
NaCl 500 mM NaCl 500 mM
Imidazole 10 mM Imidazole 20 mM
Glycerine 10% (v/v) Glycerine 10% (v/v)
Elution buffer | Elution buffer Il

Tris-HCI 20 mM, pH 8 Gu-HCl6 M
NaCl 500 mM NaPi 100 mM, pH8
Imidazole 500 mM Tris 10 mM
Glycerine 10% (v/v) NaCl 500 mM
Imidazole 500mM
Storages buffer
Tris 50 mM, pH 8
NaCl 25 mM
EDTA 0.5 mM
Glycerine 10% (v/v)

Cell pellets that had been obtained from 1 litre of cell culture his-TEV-protease expression (section
2.1.3) were lysed by resuspension in 30 ml lysis buffer. Subsequently, the suspension was sonicated 4
times for 1 minute and 1-minute intervals in ice with a Branson sonicator (50% duty cycle, output
control 6). The soluble his-TEV-protease was separated from cell debris by centrifugation with 50,000
g for 30 minutes at 4°C. The supernatant was added to 6 ml of Ni-NTA resin (Qiagen) equilibrated in
lysis buffer. The resin was washed by 9 column volumes (CV) with ~54 ml of wash buffer I, 9 CV of
wash buffer Il, and 2 CV of wash buffer Ill. After washing, his-TEV-protease was eluted from the resin
by 2 CV of elution buffer I, 5 times in different tubes. All tubes with the collected sample were stored
in ice during elution. Also, 1 mM EDTA and 1 mM DTT were added to every tube with the sample to
avoid disulfate bond formation. The samples were checked for the presence of the his-TEV-protease
by SDS-PAGE gel. All tubes that contained protease were pooled and then dialyzed to remove
imidazole for 14 hours at 4°C. During dialyse, the buffer was exchanged with the storage buffer (Table
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11). The sample was concentrated using the Vivaspin 20 ml concentrator (MWCO 3,500 Da) at 4°C,
3,000 g for 15 minutes. The final concentration of TEV protease was 0.87 mg/ml. The protease was

stored in 1 ml aliquots with 20% Glycerine at -80°C for future uses (His tag cleaved MSP1D1A5 protein

expression in the current work).

2.2.2. Purification of His tag cleaved MSP1D1A5 protein

His tag cleaved MSP1D1A5 protein purification was based on buffers and solutions prepared using

ultrapure water and sterilised using filters with pore diameters of 0.2 um (Table 12).

Table 12: Buffers used for the purification of MSP1D1A5.

Lysis buffer

Wash buffer |

NaPi 20 mM, pH 7.4
Protease inhibitor 1 tablet/50 mL
Triton X-100 1%

Lysozyme ~ 500 pl in 50 ml buffer (Cstock = 25
mg/ml)

DNAse | ~250 pl in 50 ml buffer (cstock = 2 mg/ml)

Tris-HCI 40 mM, pH 8.0
NaCl 300 mM

Triton X-100 1%

Wash buffer Il

Wash buffer Il

Tris-HCI 40 mM, pH 8.0
NaCl 300 mM

Sodium cholate 50 mM

Tris-HCI 40 mM, pH 8.0

NaCl 300 mM

Wash buffer IV

Elution buffer |

Tris-HCI 40 mM, pH 8.0
NaCl 300 mM

Imidazole 10 mM

Tris-HCI 40 mM, pH 8.0
NaCl 300 mM

Imidazole 300 mM

Elution buffer Il

Ni-NTA batch buffer

Tris-HCI 40 mM, pH 8.0
NaCl 300 mM

Imidazole 750 mM

Tris-HCI 20 mM, pH 8.0
NaCl 150 mM

Sodium cholate 50 mM

Dialyse buffer

Assemble buffer

Tris-HCI 50 mM, pH 8.0
EDTA 0.5 mM

DTT1mM

Tris-HCI 20 mM, pH 7.4
NaCl 100 mM

EDTA 0.5 mM

Ni-NTA wash batch buffer

Tris-HCI 20 mM, pH 8.0
NaCl 150 mM

Sodium cholate 50 mM, Imidazole 750 mM
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A well-established protocol was used with minor changes for the purification of MSP1D1A5 protein
[98]. The pellet from section 2.1.3. was resuspended in 50 ml lysis buffer and incubated for 30
minutes at room temperature with continuous rolling. The cell suspension was placed on ice, and the
cells were lysed by sonication eight times 30 seconds with 30 seconds intervals (50 % duty cycle,
output control 5). The lysate was separated by centrifugation at 45,000 g for 30 minutes at 4°C. Then
the supernatant was added to 6 ml of the Ni-NTA resin equilibrated by wash buffer I. After adding the
protein, the column was washed with 4 CV of the following buffers: wash buffer I, ll, lll, IV. The protein
with His-tag was eluted with 4 CV of elution buffer | and 4 CV of elution buffer Il. Afterwards, all
fractions were collected and checked for the presence of the protein. Then fractions that contained
protein were pooled together with His-TEV-Protease (from section 2.2.2), the sample was dialyzed in
dialyse buffer at room temperature. After overnight dialysis, the efficiency of TEV protease was tested
using SDS-PAGE. Then again, the sample was dialyzed twice in 2 litres Ni-NTA wash batch buffer
without Sodium Cholate for 2 hours. 50 mM Sodium Cholate was added to the MSP1D1A5 protein,
and the sample was loaded to 6 ml Ni-NTA resin equilibrated by Ni-NTA batch buffer. The flowthrough
was collected because it contains the highest concentration of protein without his tag. Afterwards,
the column was washed twice with 2 CV Ni-NTA wash batch buffer. After washing, the flowthrough
was collected in two tubes and checked for the presence of the protein by SDS gel. Then, tubes that
contained protein were pooled and dialyzed overnight in 5 litres assemble buffer at room
temperature. The final concentration (2.7 mg/ml) was reached using the concentrator Vivaspin
(MWCO 3,000 Da) at 3,000 g for 1 hour. The protein was separated in 1 ml aliquots, frozen in liquid

nitrogen, lyophilized, and stored at -20°C.

2.2.3. Purification of wild type GABARAP and mutant GABARAP-G116CA117

The mutation of GABARAP with Cys at the 116™ position and deleted the last 117" Leu (GABARAP-
G116CA117) was used in this work as artificially created GABARAP-I (Chapter |, 1.1.2). This mutant will
be used further for membrane anchoring. For purification of GABARAP and GABARAP mutant, a lysis
buffer, two ion-exchange buffers, an elution buffer and an NMR buffer have been used; see Table 13.
All buffers and solutions used for purifying GABARAP and GABARAP-G116CA117 were based on
ultrapure water, sterilised using 0.2 um pore diameter filters and degassed in a vacuum for at least 1

hour.

For GABARAP-G116CA117, which has Cys amino acid at the end of the sequence, 5 mM f-
mercaptoethanol was added to the lysis buffer to avoid the formation of disulphide bonds of cysteine
residues. All buffers for ion exchange contained 2 mM TCEP, which was used as a reducing agent to
break disulphide bonds within and between proteins. The elution buffer for SEC contained 0.25 mM
TCEP. The buffers containing TCEP were stored at -4°C because TCEP is very unstable at room

temperature.
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Table 13: Buffers used for the purification of GABARAP and GABARAP-G116CA117.

Lysis buffer lon exchange buffer A
Sodium phosphate buffer 25 mM, pH 6.5 Sodium phosphate buffer 25 mM, pH 6.5
EDTA 100 uM KCI 50 mM
DNaseA ~100 pl in 50 ml buffer (Cstock = 5 EDTA 100 uM
mg/ml)

TCEP 2 mM (for mutant)
Protease inhibitor 1 tablet/50 ml

KCI 50 mM
lon exchange buffer B Elution buffer
Sodium phosphate buffer 25 mM, pH 6.5 HEPES/KOH 25 mM, pH 7.4
KCI'1 M KCI 100 mM
EDTA 100 uM TCEP 0.25 mM

TCEP 2 mM (for mutant)

NMR buffer

NaPi 25 mM, pH 6.9
KCI 100 mM
NaCl 100 mM

EDTA 100 uM

The human’s wild type GABARAP purification has been performed following a well-established
protocol with minor changes [2]. First, the pellet obtained from the high-yield expression was
resuspended in 50 ml lysis buffer for 10 g pellets. Then the cells were incubated on ice for 30 minutes.
To lyse the cells, they were sonicated using the Branson Sonifier eight times for 30 seconds each (50 %
duty cycle, output control 5); in-between the sonification cycles, the lysate was placed back on the ice
for 30 seconds. The soluble protein in the lysate was separated from cell debris by centrifugation with
50,000 g for 45 minutes at 4°C. The supernatant was added to the Akta System and purified using
cation-exchange chromatography. Purification was made by a HiLoad 16/10 SP Sepharose column
with 20 ml column volume. The flow rate of the column was 1.6 ml/min. The salt concentration of KCl
was set as 40% (400 mM) so that most of the proteins can be eluted in a reasonable time. After
running through the Akta, the sample was collected in different fractions with 2 ml of the sample in
each. The fractions were checked for the presence of the protein and pulled together. For the best
purification efficiency, the sample was again loaded to the Akta System. NMR buffer was used for SEC
of GABARAP. Gel filtration was made by HiLoad 16/600 Superdex 75 pg column with 120 ml column
volume. The flow rate of the column was 1 ml/min. After gel filtration, the sample was collected in
different fractions. All fractions were checked by SDS-PAGE gel for the presence of the protein and
then pulled together. The final concentration of GABARAP was reached using concentrator Vivaspin

(MW(CO 3,000 Da) at 3,500 g for 2 hours at 10°C.
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For purification of GABARAP-G116CA117, elution buffer was used for SEC instead of NMR buffer. The
necessary concentration of GABARAP-G116CA117 for future lipidation was reached by concentrator

Vivaspin (MWCO 3,000 Da) at 4,500 g for 2 hours.

2.2.4. Lipidation of GABARAP-G116CA117

Lipidation of GABARAP-G116CA117 has been performed using a lipid resuspension buffer and
assemble buffer (Table 14). Both buffers were based on ultrapure water and sterilised by 0.2 um pore
diameter filters. The lipid resuspend buffer was stored at -4°C because of the presence of TCEP in it.

The assemble buffer was degassed in a vacuum for at least 1 hour.

Table 14: Buffers used for the lipidation of GABARAP.

Lipid’s resuspend buffer Assemble buffer
HEPES/KOH 25 mM, pH 7.6 Sodium phosphate buffer 10mM, pH 7.4
KCl 100 mM NaCl 150 mM
TCEP 0.25 mM
Sodium cholate 100 mM

The lipidation of GABARAP-G116CA117 was achieved chemically through a maleimide reaction
between 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide]
(MPB-PE) and the C-terminus of the protein. MPB-PE reacts with the thiol group of Cys with forming a

covalent bond (Figure 17).

P (= ﬁi«(

Maleimide Cysteine Covalent bond

Figure 17. Maleimide reaction of MPB-PE with 116 Cys of GABARAP-G116CA117.

For lipidation, six molecules of MPB-PE (1.8 M) per one molecule of GABARAP-G116CA117 (300 puM)
were used. Before maleimide reaction with the protein, the MPB-PE should be dissolved in lipid
resuspend buffer. First, MPB-PE powder was resuspended in chloroform. Subsequently, the
chloroform was removed entirely upon incubation of the sample under a constant stream of N, for 45
minutes. After the evaporation of chloroform, the film of MPB-PE was formed. The lipid resuspends
buffer without TCEP was added to the MPB-PE film and mixed thoroughly. Then the tube with MPB-PE

was placed in an ultra-sonic bath for better resuspension for 30 minutes.

For the maleimide reaction: MPB-PE and GABARAP-G116CA117 were mixed in equal volumes. The

mixture was incubated for 60 minutes at room temperature with constant shaking using Thermomixer
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(Eppendorf). The coupling was tested for the presence of lipidated GABARAP-G116CA117 (GABARAP-
PE) using an SDS-PAGE gel.

2.2.5. Anchoring GABARAP-PE | to nanodiscs

Anchoring GABARAP-PE to NDs was made using the protocol [99] with some changes. Membrane
scaffold protein MSP1D1A5 and DMPC lipids were used for producing lipid nanodiscs (Chapter |,
1.1.3). First, DMPC lipids suspended in chloroform were placed in a glass tube. The chloroform was
evaporated under a constant stream of N, for 45 minutes. Then, the tube with a film was placed in the
vacuum for 1 hour. The film of DMPC was resuspended in the lipid resuspend buffer (Table 14). The
mixture in the glass tube was placed in an ultrasonic bath for 30 minutes. GABARAP-PE |, MSP1D1A5
and DMPC have been used at molar ratios 1:1:53, such that every nanodisc contains only one
molecule of GABARAP on each side. All necessary compounds were mixed and incubated in a
sequence ice-37°C-ice-37°C-ice for 20 minutes each round. The detergent then was dialyzed (MWCO
3,500 Da) by 2.5 litres assemble buffer (Table 14) for 20 hours at 4°C; the buffer was changed twice to
keep it fresh. The precipitation of proteins and lipids after dialyzing was removed using a membrane
filter (0.22 um). The clear solubilised protein sample was loaded to the Akta system and purified using
a 16/600 Superdex 200 pg column for the size exclusion chromatography. The assemble buffer was
running with a 0.5 ml/min flow rate through the column for the best separation. After gel filtration,
the sample was collected in different fractions. All fractions were checked by SDS-PAGE gel for the
presents of the protein with nanodisc and then mixed. The changing from the assemble buffer to the
NMR buffer was done during concentration. The concentrator Vivaspin (MWCO 10,000 Da) was filled
with the sample up to maximal volume. The sample was centrifuged at 600 g for 2 hours at 10°C. The
buffer in the filtrate container was checked for the absence of the protein; then, the container was
emptied. Afterwards, the concentrator was filled with NMR buffer up to the maximal volume. The
final concentration of GABARAP-nanodiscs (390 uM) in the NMR buffer was reached at 600 g for 2
hours at 10°C. This amount of protein was enough for three identical NMR samples using Slot Shigemi

tubes [100].

2.3. Analytical methods
2.3.1. SDS-polyacrylamide gel electrophoresis

Sodium dodecyl! sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) was developed by Lammli
and is commonly used to separate proteins with different molecular masses [101]. SDS-PAGE was
used for controlling the protein size distribution after expression and purification using SEC. Also, the
difference between the thickness of lines of GABARAP-PE | and MSP1D1A5 may give the approximate
calculation of ratio estimation between GABARAP and nanodiscs. The polyacrylamide gels consisted of
a 5% (w/v) acrylamide stacking gel and a 15% (w/v) acrylamide separation gel. To separate lipidated
and free GABARAP, Lammli buffer without B-ME was used to prevent the disruption of maleimide
coupling between protein and lipid. The compositions used for SDS-PAGE were based on ultrapure

water (Table 15).
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Table 15: Compositions used for SDS-PAGE gel.

Lammli buffer (dye 4x) Coomassie staining solution
Tris-HCI 200 mM, pH 6.8 Isopropanol 25% (v/v)
B-ME 8% (v/v) Acetic acid 10% (v/v)
SDS 8% (w/v) Coomassie Brilliant Blue R250 0.05% (w/v)

Glycerin 40% (v/v)

Bromophenol blue 0.05 (w/v)

SDS-PAGE running buffer

Tris-HCI 50 mM, pH 8.3
Glycine 385 mM

SDS 0.1% (w/v)

The Lammli buffer (4 ul) was added to the protein sample (20 ul), and then each sample was boiled
for at least 5 minutes at 95°C. First, 5 pl of the unstained protein marker was loaded onto the gel,
then 7 pl of each sample were loaded in separate rows on the gel. SDS-PAGE gels were run in SDS-
PAGE running buffer with the following conditions: 45 mA, 100 W per gel for 45 min or until the dye

front reached the end of the gel.

2.3.2.  Quantification and concentration of protein by UV/Vis

spectrophotometry
UV/Vis spectrophotometry measures the absorption of UV-visible light of proteins. A typical
absorption wavelength for amino acids with aromatic rings is 280 nm, so that the UV/Vis spectrum
was measured between 220 nm and 320 nm. The protein concentration was then estimated from the

absorbance at the characteristic wavelength A = 280 nm using the Lambert-Beer-Law:

19 (%) = 4, =
g E = A; = gcl (15)

Here, lp is the radiant flux received by the sample, /; is the radiant flux transmitted by the sample, Ay is
the absorbance at a given wavelength, / is the path-length in the sample solution used to measure the
absorbance, €, is the molar extinction coefficient, and c is the concentration of protein in moles. The
extinction coefficient of the used in this work proteins was calculated using the Expasy ProtParam
program based on the amino acid sequences. The molar extinction coefficient of GABARAP is 11,920
M™tecm™, TEV protease is 31,970 M~icm™, and MSP1D1A5 is 18,450 M™cm™. The extinction
coefficient ey=2en+2ex, = 60,740 M~lcm™ for the GABARAP-G116CA117-nanodisc complex was
calculated assuming two belt proteins MSP1D1A5 and two GABARAP-G116CA117 molecules per

nanodisc.
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2.4. Nuclear magnetic resonance (NMR) spectroscopy
The NMR measurements were carried out with NMR spectrometers from Varian (Palo Alto, USA) and

Bruker (Karlsruhe, Germany), see Table 16.

Table 16: NMR spectrometers used in this work.

Spectrometer Frequency NMR CRYO Probe
Bruker (Magnex) 600 MHz 5 mm cryo-QCl H-P/C/N-D
Bruker (Oxford) 600 MHz 5 mm cryo-TCI H-/C/N-D

Bruker 700 MHz 5 mm cryo-TCI H-/C/N-D
Bruker 900 MHz 5 mm cryo-TCI H-/C/N-D
Varian 800 MHz 5 mm H-/C/N-D

2.4.1. NMR samples

All NMR experiments were recorded in the NMR buffer (Table 13) with 10% (v/v) D,0. The presence
of D,0 is necessary for field-locking as well as for shimming purposes. Due to the high salt
concentration and a small amount of deuterated sample, special-shaped 5 mm Slot Shigemi tubes
[100] are used. The tube has a susceptibility-matched glass cavity with the slot for the sample, which

helps keep the pulse lengths shorter due to a smaller sample volume.
NMR experiments were conducted for the following samples:

1. 900 uM [U-2H,%>N,13C] - GABARAP

2. 570 uM [U-2H,™N,*3C] - GABARAP-G116CA117

3. =390 uM [U-2H,*>N,*3C] — GABARAP-G116CA117 — DMPC nanodiscs

2.4.2. NMR experiments

All NMR experiments discussed in this chapter are listed in Table 17.

Dynamic NMR studies are sensitive to temperature changes; therefore, the temperature calibration of
each NMR spectrometer was regularly tested with a perdeuterated methanol sample as *HN NMR
spectrum [102]. The important recording parameters of the measured NMR spectra can be found in

Table 17.

51



Chapter Il GABARAP

Table 17: NMR experiments. The first column is the sample number according to section 2.4.1., the second column is the name of the experiment, then the selected acquisition parameters and references for used
pulse programs.

N Experiment | Spectrometer | SW1 t1 SW2 t2 BN SW3 t3 e NS Relaxation | Temp | Pulse
delays
(ppm) | (complex) (ppm) (complex) offset | (ppm) | (complex) offset Y (K)
(ms)
1 SN-TROSY- 600 Oxford 16 1536 29 256 117.0 - - - 48 - 313
HSQC
1 3D N, Bc- 600 Oxford 16 1024 29 44 117.0 12 32 176.0 16 - 313
TROSY-HNCO
1 3D BN, Bc- 600 Oxford 16 1024 29 44 117.0 26 48 56.0 16 - 313 [103],
TROSY-HNCA [104]
1 3D BN, Bc- 600 Oxford 16 1024 29 44 117.0 52 64 43.0 24 - 313
TROSY-
HNCACB
2 SN-TROSY- 700 Bruker 16 1024 29 256 116.5 - - - 32 - 313
HSQC
2 3D BN, Bc- 700 Bruker 16 1024 29 48 116.5 12 32 176.0 16 - 313
TROSY-HNCO
3 SN-TROSY- 600 Oxford 16 1536 29 256 117.0 - - - 48 - 313
HSQC
3 SN-TROSY- 900 Bruker 16 2048 29 256 117.0 - - - 32 - 313
HSQC
3 3D BN, Bc- 600 Oxford 16 1024 29 44 117.0 12 32 176.0 24 - 313
TROSY-HNCO
3 3D BN, Bc- 600 Oxford 16 1024 29 44 117.0 26 48 56.0 32 - 313
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TROSY-HNCA
3D BN,3¢- 600 Oxford 16 1024 29 44 117.0 52 64 43.0 24 - 313
TROSY-
HNCACB
SN-TROSY-T, 600 Oxford 16 1024 29 96 117.0 - - - 16 0,1280, 80, 313
1120, 160, 960,
240, 800, 320, [105],
640, 400, 480,
0, 480, 1280 [106]
SN-TROSY-T, 900 Bruker 16 1536 29 96 117.0 - - - 16 0, 1280, 80, 313
1120, 160, 960,
240, 800, 320,
640, 400, 480,
0, 480, 1280
SN-TROSY-Ty, 600 Oxford 16 1024 29 96 117.0 - - - 16 10, 100, 20, 90, 313 [105],
30, 80, 40, 70, (106]
50, 60, 10, 60, !
100 [107]
SN-TROSY-Ty, 900 Bruker 16 1536 29 96 117.0 - - - 24 10, 100, 20, 90, 313
30, 80, 40, 70,
50, 60, 10, 60,
100
{*H}-N- 600 Oxford 16 1024 29 96 117.0 - - - 24 - 313 [105],
TROSY-NOE [106]
{*H}-N- 900 Bruker 16 1536 29 96 117.0 - - - 32 - 313

TROSY-NOE
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2.4.3. Processing the NMR spectra
All NMR experiments measure the response of a nuclear spin excitation by applying a radiofrequency
magnetic field, usually in the form of a short pulse or pulse sequence. It generates a rotating nuclear
magnetic moment, which induces a small oscillating voltage in the probe coil: a ‘free induction decay’
(FID). The raw experimental data must be converted into a frequency domain to generate the visible
spectrum. The data processing methods include manipulating the NMR FID to improve the signal-to-
noise ratio and increase the spectral resolution. For this purpose, the NMRPipe software package was
used (Table 8). It consists of a series of different programs, but in this work, only two of them were
used for processing the NMR data: NMRPipe and NMRDraw. Processing NMR spectroscopic data

involves the steps shown in Figure 18.

spectrometer raw data conversion (NMRPipe)

U

time domain data inspection (NMRDraw)

U

low-resolution trial processing

&

inspecting the processed result (NMRDraw)

Figure 18. Overview of data processing with the NMRPipe package.

NMRPipe is a UNIX C-shell script pipe command-based program, where a list of commands is
presented as a text file. The created conversion script contains one to four dimensions, where all data
have a standard format with the same organization of real and imaginary points. For some types of
experiments, the script supports special options for complex acquisition schemes, including sensitivity
or gradient-enhanced data. Once the time-domain data has been converted, the frequency spectra
can be open and inspected using the graphical interface NMRDraw with initial phasing and
suppression of the solvent signal. After opening a spectrum in NMRDraw, the first trial processing can
be saved and executed as UNIX shell scripts for future use, such that the parameters in the script can
be optimised in further processing steps. The optimisation of the spectra in NMRDraw increases the
quality of the spectra. The spectral processing parameters include first-point scaling, phase correction,
baseline correction, reversed spectra, and left/right swapped spectra. The processed results will be
inspected to decide if additional processing is required; if not, the spectrum is saved in a format

needed for future analysis. Spectra were saved in an NMRView) program format (Table 8).

2.4.4. Sequential resonance assignment

Fully deuterated samples of GABARAP, GABARAP-G116CA117 and GABARAP-NDs were recorded using

600, 700 and 900 MHz spectrometers. Assignment of resonances was obtained from J-correlated 3D
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triple resonance experiments: 3D TROSY-HNCO, TROSY-HNCA, TROSY-HNCACB. Also, 2D >N TROSY-
HSQC spectra were recorded for Hy, °N assignment. The assignment of °N, Hy, 13C,, 13Cg, and CO
was updated from the well-known chemical shifts of the non-deuterated GABARAP sample. In a 2H,
5N, 13C labelled protein, there are shifts of the backbone (*°N, Hy, 3Cq and 3C0O) and 3Cp side-chain
nuclei [108]. Nevertheless, no significant changes between deuterated and non-deuterated samples

were observed in chemical shifts.

2.4.5. Chemical shift perturbation analysis

Chemical shifts are one of the most useful indicators of the chemical environment of each molecule.
Chemical shift perturbation (CSP) is a common technique for demonstrating changes in chemical
shifts. The average weighted chemical shift perturbation between tree different nuclei resonances in

the recorded 3D **N,**C-TROSY-HNCO spectra was calculated using [20]:

ASN\® (A8:\°
A6 e = A5HN2+(1—(;V) +(TC) (16)

Where AS is the chemical shift perturbation for the proton, nitrogen, and carbon dimensions.

2.4.6. Fast protein dynamics from pico- to nanoseconds
Applied radiofrequency pulses cause perturbation of nuclear spins from their equilibrium state. The
process by which the spins return to their equilibrium is called relaxation and was described in
Chapter I, 2.1. NMR relaxation is one of the methods for studying fast protein dynamics on the

different time scales from pico- to nanoseconds (Chapter |, 2.4).

Experimental determination of Ry

The relaxation rates R; for each possible amino acid were determined with the help of a >N TROSY-
based inversion-recovery experiment. In this experiment, the pulse sequence described in Refs. [105,
106] was used with minor changes. The relaxation decay was sampled for 15 different delays (see
Table 17) for each relaxation time measurement. The FIDs for these delay times were recorded before
increasing the t; evolution period. The order of the relaxation delay durations was pseudo-
randomized for each value of t; [105]. The parameter of relaxation R; was received by fitting
exponentials to the relaxation curves. The decay of longitudinal relaxation follows an exponential

decay
I, = Iye Rt 17)
Itis the amplitude after an inter-pulse delay t, and Iy is the amplitude at time O.

The ®N-TROSY-T; experiment was recorded at two different magnetic field strengths, 600 and 900
MHz. The parameters of these experiments are summarized in Table 17. In the NMRViewJ program
(Table 8), the peak intensities for each available amino acid at different time delays were estimated by

MUNIN [86, 87]. Then the data were fitted by equation 17 in MATLAB to determine R;.
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Experimental determination of R, with the help of Ri,

T, transversal spin-spin relaxation is a parameter characterizing refocusing the chemical shift due to
phase coherence in the XY plane after the RF pulse was applied. Ty, is spin-lattice relaxation time in
the rotating frame. In measuring *N T, with Ty, the transverse magnetization relaxes in the rotating
frame while aligned along the applied B or “spin-lock” magnetic field. The relaxation rate R, was

determined with the help of Ry and Ri, according to:

R, (22 +¥?B,*)Ry, — 0°R, ) (18)

1 (
B VZB12
Here, R; is the longitudinal relaxation rate from the ®N-TROSY-T; experiment (see above) and Ry, is

the transverse relaxation rate in the rotating frame, y is the gyromagnetic rate, Q is resonance offset.

The relaxation rate Ry, is an analogy to the longitudinal relaxation R; and was received by the °N-
TROSY-T1, experiment. The experiment is based on the pulse sequence from the following Ref. [105,
107]. In this work, the ®N-TROSY-T;, experiment was recorded at two different magnetic fields, 600
MHz and 900 MHz. The parameters of these experiments are summarized in Table 17. The Ty, is
determined by analysing the intensity of the NMR signal for each amino acid in the NMRView)
program (Table 8) using the MUNIN program [86, 87]. Then the data were fitted by equation 17 in
MATLAB to determine Ri,. MUNIN determined the error by the intensity peaks analysis. The

resonance offset was calculated from the GABARAP peak list by using the NMRViewJ program.

Experimental determination of heteronuclear NOE

The steady-state hetNOE was determined with the help of {*H}-®N NOE experiment, which
corresponds to cross-relaxation between two dipolar-coupled spins 'H and *°N and provides the
information about N-H bond dynamics on the fast ps timescale. {*H}-*>°N NOE is unique among the
mentioned relaxation parameters Ry, R, and {*H}-*°>N NOE because it is regarded as essential for the
accurate estimation of the spectral density function (see Chapter I, 2.4.2) at high frequencies (wH *
wN), and it is essential for the identification of fast backbone motions [109-111]. For the
determination of {*H} -®*N NOE values, the steady-state approach was used. It measures the
longitudinal polarization at the thermal equilibrium of '*N spin /o and then the steady-state
longitudinal **N polarization under *H irradiation /s,: [112]. The pulse sequence described in Refs. [105,
106] was used in the {*H}-*>N NOE experiment. The NOE of the N-H bond is calculated from the ratio
of cross-peak intensities of each amino acid in two experiments - with and without proton saturation

such as:

I
NOE = ;;‘“ (19)

o

Where [ is the peak intensity with proton saturation and Iy is the references peak intensity without

proton saturation.
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{*H}->*N NOE experiments were performed for two different *H frequencies of 600 and 900 MHz. The
parameters are summarized in Table 17. {*H}-*>N NOE of a folded protein has a maximum value ~ 1.0,
and it only occurs when the internal dynamic (Chapter |, 2.4.2) is absent. NOE values less than 0.65 is
considered to be flexible. The volume of the peaks for each amino acid was calculated with the help

of NMRviewlJ, and the error was determined using the noise level of the spectrum.

Backbone and sidechain dynamics

NMR relaxation experiments are widely used for characterising protein backbone and sidechain
dynamics. If the measured °N relaxation data Ry, Ry and NOE; are available for each residue i, the
model-free Lipari-Szabo approach can be used for the determination of the protein backbone
dynamics [25, 26]. The spectral density function (Chapter I, equation 6) describes the internal motion
and overall motion. In the model-free approach, the internal mobility is characterized by two
parameters describing the amplitude order parameter S? and a characteristic correlation time of the
internal motion Ti. The overall motion is described by global t.. Data analysis is based on statistical
analysis by first applying the simplest model sphere, dynamical parameters (S?, T. global, diffusion
tensor, Tc internal, Rex) are then added until the fit is statistically significant. In this work, the program
TENSOR2 was used to determine the rotational diffusion tensor from the three-dimensional structure
coordinates and °N relaxation data for one magnetic field. TENSOR2 uses Monte-Carlo sampling
methods with appropriate x2 and F-tests to determine which models are suitable for describing the
rotational diffusion tensor. For calculating the global rotation correlation time 1., only one magnetic
field strength is sufficient because the correlation time is determined by the ratio R,/R; of the
relaxation rates. To exclude flexible amino-acid residues, values of the ratio R,/R; that deviate from
the average value by more than 20% were removed. The determination of the internal correlation
time depends on the field strength. In this work, two different magnetic fields were used (600 MHz
and 900 MHz) for the identical 390 uM [U-2H,*>N,*3C] — GABARAP-G116CA117 — DMPC nanodisc

sample at 40°C.

2.4.7. Hydrodynamical radius

If GABARAP protein has isotropic symmetry, the hydrodynamic radius can be determined with the

help of global rotation correlation time t. (Chapter 1, 2.4.2) and Stokes-Einstein equation:

153

3k, T

T, = 4mn (20)

Where n is the viscosity of the solution, ry is the hydrodynamical radius, kg is the Boltzmann constant,
and T is the temperature in Kelvin. The viscosity of the NMR sample, which contains 10% D,0, was

calculated as

n=0.9-n(H,0) +0.1-n(D,0) (21)
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3. Results

3.1. Expression and purification of MSP1D1A5 belt protein and TEV
protease

The expressions and purifications of MSP1D1A5 protein and TEV protease are described below in
sections 2.1.3, 2.2.1 and 2.2.2. Figure 19 (left) shows the SDS-GEL picture of the elution of His-Tev-
protease. After cell pellets were lysed and soluble TEV-protease was separated from cell debris by
centrifugation, the supernatant was added to Ni-NTA resin and washed by washing buffers (Table 11).
After washing, the Tev-protease was eluted five times in different tubes. The elution one (2) contains
the biggest concentration of the TEV-protease based on the line intensities, while the last fifth elution
(6) contains the smallest concentration. The size of the TEV-protease is 27kDa, while the sample run
through the gel has a molecular weight of 30 kDa. The gel picture indicates the successful production
of Tev-protease from the described above protocol. Figure 19 (right) shows the SDS-GEL slice picture
of the purification of His-tag cleaved MSP1D1A5. After cells were lysed and the lysate was separated
from cell debris, the supernatant was added to the Ni-NTA resin column. The eluted MSPD1A5 (2) was
containing His-tag. To remove the His-tag, the TEV-protease were added to the sample, and the
sample was dialysed. The efficiency of TEV-protease after dialysing is shown (4,5). Then the sample
was loaded again to Ni-NTA resin to remove the rest of TEV-protease. The sample was run through,
flow-through was collected (7), also the washed sample was collected (8). The size of the His-tag
version of MSP1D1A5 is 22.1 kDa, while the protein run through the gel has a molecular weight of ~22
kDa. After His-tag cleavage, the size of MSP1D1A5 is 19.5 kDa, and it is shown on the gel around 18.4
kDa. The protein purity of more than 95%.

116.0

66.2
116.0

45.0
66.2

35.0
45.0

35.0
25.0

25.0 [ S

18.4

184 14.4

14.4

Figure 19. SDS-PAGE (15%) gel slices containing MSP1D1A5 protein (right) and TEV protease (left) were taken
after purification. The left picture contains the marker line (1) and five different fractions of Tev-protease
after elution. The right picture shows the SDS-PAGE of MSP1D1AS5 before and after His-tag cleavage. (1,6) is a
marker, (2) is a His-tag version of MSP1D1A5 after elution. (3) is an empty fraction. (4,5) MSP1D1A5 after his-
tag cleavage. (7) is collected flow through the Ni-NTA, which contains the biggest concentration of MSP1D1A5
without His-tag. (8) is the washing of MSP1D1A5 without His-tag from the Ni-NTA resin.
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3.2. Expression of fully deuterated GABARAP-G116CA117 in two different
M9 mediums.

The expression of GABARAP-G116CA117 was described in sections 2.1.3 using the updated expression
protocol from Ref. [97]. The success of using the new protocol for GABARAP protein expression was
monitored by SDS-PAGE analysis. Figure 20 shows the two SDS-PAGE gel slices of the GABARAP-
G117CA117 expression in E.coli using the standard recipe (left) and the new recipe of M9+ medium

(right).
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Figure 20. SDS-PAGE (15%) gel slices containing deuterated protein samples before and after expression in two
different M9 mediums. There is the expression in the standard M9/D20 medium on the left picture where the
first line is a marker, the second and fourth are the sample before adding IPTG in two different flasks, the
third and the fifth are the sample shortly before the harvest for both flasks. The right picture shows the
expression of GABARAP-G116CA117 in the new M9+/D,0 medium where the first line is the marker, and the
second line is the sample after 20 hours of expression with 1 mM IPTG.

The SDS-PAGE analysis of both samples showed the strong appearance band in the gel (3 and 5, left)
after adding 1 mM IPTG and 20 hours of expression. The same strong band at the same position (2,
right) was observed after adding 1 mM IPTG to express the protein in the new M9+ medium. The
samples run through the gel have a molecular weight of 18.4 kDa, while the actual molecular weight
of GABARAP is 14 kDa. The gel pictures indicate the successful production of GABARAP-G116CA117 in

standard and modified M9 mediums.

3.3.  Purification of fully deuterated GABARAP-G116CA117 after
expression in new M9 medium.

After cell pellets were lysed and soluble GABARAP protein was separated from cell debris by
centrifugation, the supernatant was loaded to the Akta system using a superloop. For removing many
containments from cells, purification of fully deuterated GABARAP-G116CA117 was performed in two
steps. The first step is ion-exchange chromatography using an HiLoad SP Sepharose column 16/10.
Figure 21 shows an anion exchange chromatogram for GABARAP-G116CA117, grown in 125 ml of new
M9+ mediums. The absorption at 280 nm and % of salt concentration of buffer B (Table 13) are

plotted as a function of the volume passed through the column. GABARAP-G116CA117 protein was
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eluted at a buffer B concentration of approximately 25-26%, corresponding to a salt concentration of

300 mM KCI.
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Figure 21. Anion Exchange Chromatography of deuterated GABARAP-G116CA117 from M9+ medium. Black
absorption line: elution profile of GABARAP-G116CA117 protein from 125 ml of deuterated new M9+ medium
eluted from HiLoad SP Sepharose 16/10 column with 0-1 M KCI gradient over 9 CV. Green line: Concentration
gradient of buffer B in %.

The presence of protein in the eluted fractions was checked by SDS gel. Figure 22 shows
SDS-PAGE slices of GABARAP-G116CA117 for different fractions after elution. The figure
clearly shows that the protein has good purity and a strong band around 18.4 kDa, which

corresponds to the size of the protein 14 kDa.

Figure 22. SDS-PAGE (15 %) of fractions after
Anion Exchange Chromatography. SDS-PAGE of
the protein elution from 125 ml of deuterated
new M9+ medium. The first line is the marker;
lines 2-8 correspond to the different fractions
in the range of 26% of buffer B (around 150 ml,
Figure 21).

The second step of protein purification is a Size Exclusion Chromatography made using HiLoad 16/600
Superdex 75 pg column. Figure 23 shows the Size Exclusion chromatogram of GABARAP-G116CA117
absorption at 280 nm for M9+ medium. The maximum volume of elution was set as 120 ml. The
protein was eluted in the range of 70 ml to 90 ml. The main peak has good separation and high

absorption (~1100 mAU), while the impurities are significantly lower.

60



Chapter Il GABARAP

2000 T T
—— M9+ (125 mI D,0)

1500 -

1000 -

Absorption,,, (mAU)

500 -

T T
0 50  Volume (m]) 100 150

Figure 23. Size Exclusion Chromatography of deuterated GABARAP-G116CA117 from M9+ medium. Black
absorption line: elution profile of GABARAP-G116CA117 protein from 125 ml new M9+ medium using Hiload
16/600 Superdex 75 pg column.

The purity of the eluted protein was checked by SDS-PAGE. Figure 24 shows the SDS-PAGE slice for
the elution of GABARAP-G116CA117 protein from 125 ml of deuterated M9+ medium where five
fractions (2 ml of the sample in each) from the range 74 ml to 84 ml were checked for presents of the
protein. The elution peak of the new M9+ medium has a protein purity of more than 95%. The
fractions were collected, and the final concentration of GABARAP-G116CA117 in 10 ml buffer was
0.58 mg/ml for 125 ml M9+/D,0. Fractions were collected, and the volume was reduced using
Vivaspin concentrator (MWCO 3,500 Da) until the concentration reached the amount of 0.3 mM.

Thus 1.155 mg of deuterated GABARAP-G116CA117 was purified from 125 ml expression in a new

M9+ medium. This amount of protein was enough for three identical NMR samples.

Figure 24. SDS-PAGE (15%) of fractions after
Size Exclusion Chromatography. Five elution
fractions of GABARAP-G116CA117 which was
eluted from 125 ml of the M9+ medium.
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3.4. Purification of fully deuterated wt GABARAP

Since it was shown that deuteration could change the chemical shift on the spectrum [108]. The new
fully deuterated wt protein sample was prepared to compare the chemical shifts of the mutant

GABARAP-G116CA117 with the wild type of GABARAP.

Expression of fully deuterated GABARAP was made in the M9+ medium using the same protocol as for
GABARAP-G116CA117 (section 2.1.3). Figure 25A shows the SDS-PAGE of the sample after adding 1
mM IPTG and 19 hours incubation. The protein has a size of around 18.4 kDa based on the marker.
Purification of the GABARAP was made using the same methods and devices as before for the mutant
(section 2.2.3). Figure 25B shows the slice of SDS-PAGE that corresponds to the main peak (26% buffer
B) of GABARAP after ion-exchange chromatography. The eluted peak of GABARAP from the new
M9+/D,0 medium has a purity of more than 95%.

Figure 25. SDS-PAGE (15%) gel slices containing protein samples of GABARAP protein. Figure A shows the
expression of GABARAP in the new M9+ medium where the first line is the marker, and the second line is the
sample after 19 hours of expression with 1 mM IPTG. Figure B shows the protein purity after anion exchange
chromatogram, where line 1 is the marker, lines 2-8 correspond to the different fractions in the range of 26%
of buffer B.

These seven fractions were mixed and loaded for SEC. The maximum elution volume was 150 ml, but
the protein was eluted in the range of 70 ml to 85 ml. The main peak has good separation from other
impurities. The sample volume was reduced using Vivaspin concentrator (MWCO 3,5 kDa) until the

concentration is equal to 0.9 mM.

3.5. NMR chemical shifts of GABARAP wt and GABARAP mutant

Making the mutation of the protein can lead to changes in the structure of the protein. In the current
work, the artificially created GABARAP | protein was purified. The variant of fully deuterated
GABARAP-G116CA117 was produced and compared with the fully deuterated wild type of GABARAP
to rule out the C-terminal deletion and mutation of the Gly will not change the structure of GABARAP.

Figure 26 shows two overlapped NMR spectra of GABARAP and GABARAP-G116CA117 samples (see
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section 2.4.1). [*H, *N] -TROSY HSQC spectrum for wt GABARAP and [*H, '*N] HSQC spectrum for
GABARAP-G116CA117. Due to specific TROSY experiments (see Chapter |, 2.4.3), the TROSY spectrum
was shifted in *H and *N dimensions to compare with the HSQC spectrum. Some changes in chemical
shifts were observed. These resonances are labelled by the respective sequence position. The peak of
117 Leu is absent for the mutant, and 116 Cys has a new chemical shift. The most significant chemical-
shift changes can be seen for 115 Tyr 114 Val, 113 Ser, 82 Asn, 40 Arg and 38 Lys, labelled by different

colours for both spectra. Nevertheless, no significant changes were observed for the whole protein

structure.
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Figure 26. 2D [*H - 15N] TROSY-HSQC spectrum of GABARAP and ['H - !>N] HSQC GABARAP-G116CA117. 2D
corrected ['H !>N] TROSY HSQC spectra of GABARAP (black) was recorded at 40°C at 600 MHz in NMR buffer
(Table 13), which contains 117 amino acids. The overlapped 2D [*H *°N] HSQC spectra of GABARAP-G116CA117
(red) was recorded at 40°C at 700 MHz in NMR buffer (Table 13), which contains 116 amino acids and replaced
116 Gly to Cys.

3.6. GABARAP-G116CA117 anchored to nanodiscs

In section 2.2.3. the purification of GABARAP-G116CA117 was described. First, the 117 Leu was
cleaved off, and Gly 116 was replaced with Cys for maleimide coupling. The protocol of lipidation of
GABARAP-G116CA117 was described in section 2.2.4. MPB-PE molecule was coupled to the mutant to
produce GABARAP-PE. The success of the coupling was checked using SDS-PAGE (Figure 27). The
lipidated GABARAP-G116CA117 (GABARAP-PE) runs faster in the gel than the normal one, and the
new line is located slightly lower in the picture. The ration 1:6 was enough for the lipidation of more

than 90% of GABARAP- G116CA117.
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116.0
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Figure 27. SDS-PAGE (15%) of lipidated GABARAP-PE. Line 1 is
45.0 the marker, line 2 is GABARAP-G116CA117 before MPB-PE
coupling and line 3 is the reaction of lipidation of GABARAP-

350+ G116CA117 in 1:6 ratio after 30 minutes incubation with
MPB-PE (GABARAP-PE).
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The assembly of GABARAP-PE anchored to ND is described in section 2.2.5. DMPC lipids were mixed
with lipidated GABARAP and MSP1D1A5 in the ratio 53:1:1 that corresponds to two molecules of
GABARAP per ND (one for each side). The size of the nanodisc was determined by the length of belt
protein MSP1D1A5 and relates about 8.2 - 9.2 nm in diameter [35]. The molecular weight of the
MSP1D1A5 nanodisc is approximately 95 kDa; thus, nanodisc with two molecules of GABARAP (14 kDa
each) has around 123 kDa. To separate free GABARAP and GABARAP anchored to nanodisc, SEC using
a HiLoad 16/600 Superdex 200 pg column was made. Figure 28 shows the SEC chromatogram of the
absorption at 280 nm from the elution volume. The expected main peak was observed from 50 to 80
ml with a maximum of 70 ml. The approximate elution volume for complex GABARAP-ND was
calculated by Christina Mdckel [113]. The shape of the peak has a shoulder at 65 ml, around 15% of

the main peak. The shoulder was not collected to the final sample after elution.
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Figure 28. Size Exclusion Chromatography of lipidated GABARAP-G116CA117 anchored to DMPC nanodiscs. The

absorption line at 280 nm of the elution profile of complex GABARAP-ND using HiLoad 16/600 Superdex 200 pg
column.
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GABARAP-PE and MSP1D1A5 have a good separation on the SDS-PAGE, which allows suggesting the
ratio between them based on the line intensities. The upper line corresponds to the belt protein
MSP1D1A5, while the lower one corresponds to the lipidated GAPARAP. Figure 29 shows the SDS-
PAGE of different fractions of GABARAP-PE anchored to NDs after elution. All collected fractions
contain both proteins, and the ratio of GABARAP-PE and MSP1D1A5 is 1:1, as was expected.
Regarding the elution volume and SDS-PAGE, it can be assumed that the DMPC nanodiscs contain two

molecules of GABARAP-PE.

1 2 3 4 & B ¥

116.0 “ Figure 29. SDS-PAGE (15%) gel slice
containing protein sample of
66.2 - GABARAP-PE anchored to nanodiscs.

Line 1 is the marker; lines 2 to 7
correspond the six elution fractions

450 ™= from 68 to 80 ml of the size exclusion
chromatography of GABARAP-PE
35,0 == anchored to nanodiscs.
25.0 ==
18.4 .. B S - MSP1D1AS
’ — GABARAP-PE
14.4

3.7. Differences between free GABARAP-G116CA117 and GABARAP-
G116CA117 anchored to ND by NMR spectroscopy

One of the main aims of this work is to see the changes in the structural conformation after anchoring
GABARAP to nanodisc. The differences between protein in solution and protein anchored to ND can
help understand how GABARAP might interact with the membrane. To compare free protein
GABARAP-G116CA117 and GABARAP- G116CA117 protein anchored to ND, [*H, **N] — TROSY HSQC
spectrum and [*H, °N] HSQC spectrum were recorded at 40°C. Figure 30 shows the overlay of the
corrected TROSY and HSQC spectra of a free mutant of GABARAP and mutant of GABARAP with

nanodiscs at 40°C.

Significant changes in chemical shifts can be found in the area of the C-terminus and spatially near
amino acid residues. The most prominent shifts are observed for residues: Lys 38, Arg 40, Asn 82, Asp
111, Glu 112, Ser 113, Val 114, Tyr 115 and Gly 116. There are no significant differences in the N-

terminal domain (1-26 amino acids) between free and membrane-anchored GABARAP.
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Figure 30. 2D [*H - 15N] HSQC spectrum of GABARAP-G116CA117 and 2D ['H - !°N] TROSY-HSQC spectrum of
GABARAP-G116CA117 anchored to nanodisc. 2D [*H °>N] HSQC spectrum of free GABARAP-G116CA117 (blue)
recorded 40°C at 700 MHz in NMR buffer (Table 13). The overlapped corrected 2D ['H !>N] TROSY-HSQC
spectrum of GABARAP-G116CA117 (black) was recorded at 40°C at 600 MHz in NMR buffer (Table 13). The
chemical shifts were observed for few amino acids in the C-terminal domain.

No significant changes were observed for the whole structure of GABARAP after anchoring to ND.

3.8. Differences between free wt GABARAP and GABARAP-G116CA117
anchored to ND by NMR spectroscopy

To see better the differences between free wild-type GABARAP and GABARAP-G116CA117 anchored
to ND, 3D N 3C TROSY HNCO experiments were recorded (Table 17). The chemical shifts in three
dimensions for each amino acid were calculated using equation 16 as described in section 2.4.5.
Figure 31 shows the differences in chemical shifts of free GABARAP and GABARAP-G116CA117
anchored to ND in three dimensions (*H, °N, *3C0O). As observed in the column graph, the residues
with the biggest chemical shifts are close to C-terminal Ser 113, Val 114, Tyr 115, Gly 116 and two
amino acids Lys 38, Arg 40 and Asn 82 in loop regions. No significant differences in the chemical shifts
were observed for the N-terminal domain (1-26 amino acids) between free GABARAP and GABARAP

anchored to ND. The average chemical shift for all amino acids is 0.035 ppm.
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Figure 31. Weighted chemical shift (A8) perturbation analysis between free molecule GABARAP and GABARAP-
PE anchored to ND. The A6 values per residue between wt GABARAP and mutant GABARAP anchored to ND
shows no significant changes, except for the following residues 38, 40, 82, 113, 114, 115, that are significantly
above the mean value of 0.035 ppm.

All amino acids with significant chemical shifts in Figure 31 are localized on the loop region close to C-

terminal, as shown in Figure 32.

N-terminal

C-terminal

Figure 32. 3D model of GABARAP molecule. Amino acids that have the most significant chemical shifts are
labelled.
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3.9. Stability of GABARAP anchored to nanodisc

Relaxation experiments take a few weeks of measurements time. The stability of GABARAP-
G116CA117 anchored to nanodiscs was checked after one month at 40°C in the spectrometer. Figure
33 shows the expanded overlapped *H->N TROSY-HSQC and 'H-*N HSQC spectra of the last 116 Cys
amino acid anchored to DMPC nanodisc. After one month, the peak is detected at the same position,

and no new peak has appeared on the position corresponding to the free GABARAP-G116CA117.

116 (free GABARAP)
125.5
free GABARAP
GABARAP-ND
GABARAP-ND 1 month old
126.0
5
o
&
z 116 (GABARAP-ND)
126.5
127.0
40°C
7.35 7.3 7.25 7.2 7.15 7.1 7.05 7.0 6.95

'H (ppm)

Figure 33. Expanded corrected 2D [*H - '>N] TROSY-HSQC and 2D [!H - 15N] HSQC spectra of GABARAP mutant
and GABARAP mutant-ND. Resonance of Cys 116 in the overlapped NMR spectra of free GABARAP-G116CA117
(blue), GABARAP-G116CA117 anchored to ND (black) and GABARAP-G116CA117 anchored to ND after one
month at 40°C (red) are shown here. TROSY spectra were recorded at 40°C at 600 MHz, and the HSQC
spectrum was recorded at 40°C at 700 MHz.

In conclusion, GABARAP is stable on the DMPC nanodisc for one month at 40°C.

3.10. Pico- to nanosecond dynamics

Analysis of °N relaxation data recorded as described in 2.4.6 is the first step for understanding the
dynamics of N-H bonds on the pico- to nanosecond time scale. The N relaxation experiments were
recorded at 40°C for two different magnetic fields. The relaxation data set contains longitudinal
relaxation rates Rj, transverse relaxation rates R, and {*H} -**N NOE values at proton Larmor
frequencies of 600 and 900 MHz. The data were evaluated for all amino acids in the sequence that are
not overlapped or had a low signal-to-noise ratio. The determined relaxation rates R; and R, provide
the information about the global rotation correlation time, while the heteronuclear {*H} -**N NOE

data reflect the very fast internal dynamics of individual amino acid residues.

Figure 34 shows the longitudinal and transverse relaxation rates R; and R; at different magnetic field

strengths. Relaxation rates were received for all available amino acids, except for overlapped or low
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signal-to-noise ratio resonances and Prolines at the following positions 10, 26, 30, 37, 52, 85 and 86.
Relaxation data for both magnetic fields show similar behaviour for the C-terminal part (114, 115,
116) in R; relaxation rates. R, relaxation rates show a similar trend for all amino acids. For both
relaxation rates, the data of Tyr 5 and Lys 6 at 900 MHz field were absent due to a low signal-to-noise
ratio. The average relaxation rate Ry is 1.19 + 0.01 s for 600 MHz and 0.77 + 0.01 s for 900 MHz.
The overall values for the R2 relaxation rate were 21.21 + 0.35 s for 600 MHz and 28.41 + 0.57 s for

900 MHz.
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Figure 34. 15N relaxation rates R1 and R, of GABARAP-ND complex. Both experiments were done at 40°C for two
different magnetic fields of 600 MHz (black) and 900 MHz (red). The blue spirals are related to the a-helical,
and the red arrows are related B-strands of the secondary structure of the GABARAP protein.

Figure 35 shows {*H}->N NOE for two different magnetic fields. The heteronuclear {*H} =N NOE
values less than 0.65 is considered flexible [114]. The maximum value of NOE is 1.0, and all amino
acids close to this value show the significant restrictions of the movement. C-terminal and one amino
acid in a loop region around lle 41 have the lowest NOE values, which indicates increased internal

dynamics in these regions. The average NOE value is 0.72 + 0.01 for 600 MHz and 0.80 + 0.01 for 900
MHz.
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Figure 35. {tH} -1°N NOE values of GABARAP-ND complex. The experiments were done at 40°C for two different
magnetic fields, 600 MHz (black) and 900 MHz (red). The blue spirals are related to the a-helical, and the red
arrows are related to B-strands of the secondary structure of GABARAP protein. The horizontal black line and
the number corresponding to the value 0.65.

These relaxation data were optimized before the evaluation of backbone and sidechain dynamics.
First, the {*H} =N NOE values less than 0.65 were removed, also R; and R; relaxation rates deviated
more than 20% from the average number were cut off. Then, the relaxation data were used for
model-free analysis in the Tensor2 (Table 8). The rotation correlation time was determined for both
magnetic fields and had values 12.9 - 10° + 1.86 - 10'**s for 600 MHz and 12.7 - 10° + 1.88 - 10" s for
900 MHz. The values for both magnetic fields are in good agreement. With the help of equation 20
from section 2.4.7, the hydrodynamical radius of GABARAP anchored to nanodisc was calculated.
Assuming a viscosity of 90% H,0/10% D,O mixture equal to n=0.665 mPa [115] corresponds to a
hydrodynamical radius of ry= 27.2 + 1.1 A.

The average order parameter S? = 0.89 + 0.02 (Chapter |, 2.4.2) for 600 MHz indicates a high motion
restriction of the amide bond of all amino acids in the ordered secondary structure of the protein.
Figure 36 shows the order parameters for all available residue in the complex GABARAP anchored to
ND. Due to the complexity of the studied GABARAP-ND complex, the case of isotropic tumbling was

observed.
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Figure 36. Order parameter S2 was determined from 15N relaxation data for 600 MHz at 40 ° C. The blue spirals
are related to the a-helical, and the red arrows are related to B-strands of the secondary structure of
GABARAP protein. The horizontal grey line and the number corresponding to the average value of 0.89.
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4. Discussion

4.1. High yield expression of GABARAP

To demonstrate the efficiency of the new high yield protocol expression in the M9+ medium [97], we
compared the yields of two different expressions using different M9 mediums. Figure 37 shows the
comparison of two anion exchange chromatograms for GABARAP-G116CA117, which was expressed

in 125 ml of new M9+ medium and 500 ml of regular M9/D,0 medium.
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Figure 37. Anion Exchange Chromatography of deuterated GABARAP-G116CA117 from 125 ml of M9+ and 500
ml of M9 mediums. Black absorption line: elution profile of GABARAP-G116CA117 protein from 125 ml of new
M9+ medium eluted from HiLoad SP Sepharose 16/10 column with 0-1 M KCI gradient over 9 CV. Red
absorption line: elution profile of GABARAP-G116CA117 protein from 500 ml of regular M9 medium. Green
line: Concentration gradient of Buffer B in %.

Figure 38 shows the Size Exclusion Chromatogram of GABARAP-G116CA117 absorption at 280 nm for
both M9 mediums. The maximum absorption was 1700 mAU and 1100 mAU for the new M9+

medium. The amount of protein in the new M9+ medium was less by 35%.
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Figure 38. Size Exclusion Chromatography of deuterated GABARAP-G116CA117 from M9 and M9+ mediums. Red
absorption line: elution profile of GABARAP-G116CA117 protein from 500 ml of M9 medium using HiLoad
16/600 Superdex 75 pg column. Black absorption line: elution profile of GABARAP-G116CA117 protein from
125 ml of deuterated new M9+ medium using HiLoad 16/600 Superdex 75 pg column.

After SEC in 10 ml buffer was purified 0.83 mg/ml for 500 ml D,O M9 and 0.58 mg/ml for 125 ml new
M9+ D,0. M9+ medium needs four times less expensive compounds as D,0 and the same amount of
D-Glucose-'3Cg then the standard M9/D,0 medium. Based on the price calculation and quality and
amount of the final deuterated protein sample, this protein expression method makes the production

of fully deuterated GABARAP protein roughly five times cheaper.

Thus, the deuterated GABARAP-G116CA117 was purified after expression in 250 ml of the M9+
medium. This amount of protein was enough for three identical NMR samples of GABARAP anchored

to ND with a protein concentration ~390 uM.

4.2. Structural comparison of GABARAP, GABARAP mutant and GABARAP
mutant anchored to nanodisc

GABARAP protein has two domains: a C-terminal domain (residues 27-117) and a small N-terminal
subdomain (residues 1-26) that contains two a-helixes [2]. C-terminal shows structural similarity to
ubiquitin and includes a central four-stranded B sheet with two helices and loops that connects them.

N-terminal is located on the opposite side from C-terminal.

Changes in chemical shifts of GABARAP and GABARAP-G116CA117 was described in [27], and the
following chemical shift changes were observed: Lys 38, Arg 40, Val 114, Tyr 115. In the deuterated
proteins, GABARAP and GABARAP-G116CA117 chemical shifts were observed for the same amino

acids and additionally for Asn 82. These amino acids were affected upon C-terminal mutation.

To identify the nanodisc interaction site of lipidated GABARAP-G116CA117, chemical shifts between
free GABARAP-G116CA117 and GABARAP-G116CA117 anchored to ND were compared. Some
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previous results for the non-deuterated sample were described in [27]. The residues Lys 2, Lys 35, Lys
38, Val 80, Asn 82, Ser 113, Val 114 and Tyr 115 were affected upon lipidation and the following
anchoring to nanodisc. In current work, chemical shifts differences of deuterated proteins were
observed only for Lys 38, Asn 82, Ser 113, Val 114 and Tyr 115. Lys 2 was absent in the spectra due to
low signal-to-noise. Lys 35 shows no chemical shift; the same was observed for Val 80. Additionally,
chemical shifts differences were observed for Arg 40, Asp 111, Glu 112 and Gly 116. Seemingly these
amino acids were affected by the presence of lipid nanodisc. The presence of chemical shift of C-
terminal and loop regions around Lys 38 and Asn 82 indicates that the C-terminal and these loop
regions are close to the membrane. Since GABARAP was anchored to nanodisc by lipidated C-
terminus, the absence of significant chemical shift differences (apart from those mentioned above)
suggests that GABARAP does not show strong interactions with the lipid nanodisc. Also, the N-

terminal region was not affected by the presence of nanodisc.

GABARAP protein can exist in two distinct conformations [2]. The monomeric confirmation of free
GABARAP was observed for low protein concentrations up to 100 uM when not associated with other
proteins or membranes. In contrast, the oligomeric conformation of GABARAP was found in the
crystal structure at high salt conditions (2.4 M ammonium sulphate). In the crystallography data [2],
the first six amino acids from N-terminal bind a B2 strand of neighbouring GABARAP molecule in the
crystal structure, which can explain how GABARAP participate in the autophagosome formation. In
the current work, based on the chemical shifts differences of N-terminal domain between free protein
and anchored to ND, GABARAP oligomerisation was not induced and stabilized by interactions with

the membrane (ND) in the liquid state.

Also, note that the monomeric size of free GABARAP is equal to 21.5 - 21.8 A at 5°C - 35°C [113]. In
this work, the hydrodynamic radius of the GABARAP anchored to ND at 40°C was bigger than
monomeric: 27.2 A. This effect of increasing ry was not discussed in the current work and needed

more additional information for understanding.

4.3. Changes in pico- to nanosecond dynamics of GABARAP anchored to
ND

The analysis of the °N relaxation rates R; and R, and the {*H}-**N heteronuclear NOE values were
used for determining the dynamics of GABARAP anchored to ND from pico- to nanosecond time scale.

The measurements were done at two magnetic fields and showed similar results between them.

Backbone *°N spin relaxation rates Ry, R, and the {*H}-*>N hetNOE of 1 mM free GABARAP at 600 and

900 MHz measured at 25.0 °C were published in [78] and are used in this work as a reference.

The overall values of {*H}->N hetNOE values of free GABARAP protein were found around 0.70 + 0.06
at 600 MHz and 0.80 + 0.06 at 900 MHz that reveals a stable tertiary fold at 25°C. The average {*H}-**N
hetNOE values of GABARAP anchored to ND is 0.72 + 0.01 for 600 MHz and 0.80 + 0.01 for 900 MHz
are close to the values found for the free GABARAP. C-terminal of free GABARAP shows decreasing

values for both magnetic fields suggesting that the backbone of the C-terminal region is more flexible.
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The current work shows that NOE in the C-terminal region has the same values (in error range) at
higher temperatures as free GABARAP. Thus, no significant internal mobility changes were observed
after anchoring GABARAP to ND. Similar to free GBARAP, Ile 41 in a loop region of GABARAP-ND

shows high internal mobility.
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Figure 39. {1H}-15N heteronuclear NOE values of GABARAP (black) and GABARAP anchored to ND (red) for 600
MHz (top) and 900 MHz (bottom).

{*H}->N HetNOE data of GABARAP anchored to nanodisc shows the same behaviour as free GABARAP.

Changes in the temperature don’t influence the very fast internal mobility of NOE values.

The average relaxation rates for different temperatures were compared between free GABARAP
studied earlier [113] and GABARAP anchored to ND. The measured average relaxation rate was lower
than expected for 40°C due to the presence of nanodiscs. Table 18 shows the average relaxation rated

for four different temperatures of free GABARAP and one temperature of GABARAP anchored to ND.
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Table 18: Dependence of the average Relaxation rates R: from different temperatures for free GABARAP and
GABARAP anchored to ND at 600 MHz.

R1 of free GABARAP at 600 MHz R1 of GABARAP anchored to ND at 600 MHz

5°C 0.7s*
15°C 117
25°C 13s?
35°C 16s?
40°C 1.2t

The flexible C-terminal region also displays significantly elevated longitudinal °N relaxation rates, R;

the same as it was detected for free GABARAP [78].

Table 19 shows the average relaxation rate R,. With increasing the temperature, the relaxation rate R,
decreases, but for the GABARAP anchored to ND, R; is faster than expected due to the presence of

the nanodisc.

Table 19: Dependence of the average relaxation rates Rz from different temperatures for free GABARAP and
GABARAP anchored to ND at 600 MHz.

R, of free GABARAP at 600 MHz R, of GABARAP anchored to ND at 600 MHz

5°C 25¢7
15°C 195t
25°C 15s?
35°C 115t
40°C 21

Relaxation rates for different amino acids are shown in Figures 40 for 600 MHz data and 41 for 900
MHz data. Both relaxation rates show similar behaviour for almost all amino acids. R; relaxation rate
didn’t show any changes in C-terminal, while the R, which is more related to the protein's global
motion, shows the significant changes for 113, 114, 115 amino acids in the C-terminal. Especially Val
114, which has a much less R; relaxation rate (slowly T, relaxation time) in free GABARAP. The same

effect was observed for the 900 MHz magnetic field.
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Figure 40. R1 and Rz relaxation rates of GABARAP (black) and GABARAP anchored to ND (red) at 600 MHz.
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Figure 41. R1 and Rz relaxation rates of GABARAP (black) and GABARAP anchored to ND (red) at 900 MHz.

|u

In the “original” model-free formalism (Chapter |, 2.4.6, equation 6), the overall motions are
unrestricted with the correlation function that decays exponentially to zero with a single characteristic
time scale tm. Internal motions are assumed to be restricted because the correlation function for
internal motion decays faster. Then the resulting total correlation function (Chapter I, 2.4.6, equation
5) in this model has a double exponent with the fast and slow phases representing internal and global
motion. The amplitude of the global (slow) phase is characterized as the square of the order
parameter (S?) and represents the degree of spatial restriction of the backbone H-N internal motions.
Reviewed in this work, order parameter was calculated with the help of only isotropic tumbling
“simplified” model-free formalism from Chapter |, 2.4.6 equation 14. Nevertheless, the order

parameter was compared with previously published data for free GABARAP [78] received from the

anisotropic model.

In the current work, the dynamics of GABARAP anchored to ND were studied together with the
research group of Prof. Dr B. Strodel (IBI-7). The NMR data were compared with MD simulation data
performed by Xue Wang. Figure 42 shows the S?for previously published free GABARAP and new NMR
and MD order parameters of the GABARAP-ND complex. The backbone order parameters S? from
NMR spectroscopy and MD simulations primarily reveal internal motions in loop regions of lle 41 and

at the N and C-terminal, but the regular secondary structure of GABARAP show high rigidity (higher
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than 0.7). GABARAP anchored to ND shows less mobility for lle 41 and C-terminal amino acids in both

experiments NMR and MD simulation.
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Figure 42. Backbone flexibility of free GABARAP and GABARAP anchored to ND. Comparison of S? free GABARAP
from 15N relaxation data (blue), free GABARAP from MD simulation (violet), GABARAP-ND from 15N relaxation
data in this thesis (red) and GABARAP-ND from MD simulation (green).

One more parameter from relaxation data is correlation time t., which was received from the
TENSOR2 program (Table 8) was compared with a correlation time of free GABARAP at different

temperatures [113]. Table 20 shows the dependence of correlation time on the temperature.

Table 20: Dependence of the correlation time tc from different temperatures for free GABARAP and GABARAP
anchored to ND at 600 MHz.

T of free GABARAP at 600 MHz T. of GABARAP anchored to ND at 600 MHz
5°C 16.9+0.1ns
15°C 12.3+0.1ns
25°C 9.5+0.1ns
35°C 75+0.1ns
40°C 129+ 0.1ns

The correlation time t. of free GABARAP decreased with increasing the temperature due to faster
rotation at high temperature, but 1. of GABARAP anchored to ND has a slow value because it is

tumbling together with the ND.

The general conclusion for the GABARAP project are observed in Chapter IV.
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Chapter lll Lipoprotein

Structure Calculation of Lipoprotein CD1348 from
Clostridium difficile by Solution NMR

Lipoprotein is a membrane protein encoded directly in front of the CprABC operon of the resistance
system in bacteria Clostridium difficile. The structure of this protein is scarcely known and will be
considered in this chapter. NMR is one of the main techniques that can provide a complete
description of the protein structure at the atomic level. This chapter describes methods for NMR
spectra assignments of fully labelled *°N,3C lipoprotein, and structure calculation algorithms.
Sequence-specific assignments for backbone resonance is obtained from TROSY 2D and 3D triple-
resonance experiments (HNCA, HN(CO)CA, HNCACB, HN(CO)CACB, H(CCO)NH, C(CO)NH). NMR
structure determination was based on distances between H-'H and dihedral angles. The distances
were determined from NOE intensities of peaks from 3D N or *C NOESY spectra. The additional
geometrical information about distance restraints was derived from the 4D *3C,'3C NOESY experiment,
avoiding several chemical shifts overlap. Also, titration experiments with lantibiotic gallidermin show
chemical shifts differences in the loop region of lipoprotein. This loop region of lipoprotein might play
a role of a binding site and thereby lowers the concentration of the lantibiotic reaching the
membrane. The observed interaction with lantibiotics can help understand the function of the

lipoprotein in the resistance machinery of Clostridium difficile.
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1. Materials

1.1. NMR spectrometers

Liquid state NMR spectrometers operating at different magnetic fields were used for obtained NMR

data for assignment, structure calculation and titration experiments.

Table 21: NMR spectrometers were used for the Lipoprotein project.

Spectrometers Manufacturer

Bruker Avance Il HD NMR (600 MHz) Bruker, Billerica, USA

Bruker Avance Il HD NMR (600 MHz) Bruker, Billerica, USA
Bruker Avance Il HD NMR (700 MHz) Bruker, Billerica, USA
Variant (800 MHz) Agilent (Varian), Santa Clara, USA

VNMRS (900 MHz) Agilent (Varian), Santa Clara, USA

1.2. Software and databases

Table 22 lists all software and databases used for assignment, structure calculation, and visualization

of the lipoprotein structure.

Table 22: Software and databases used for the Lipoprotein project.

Software/database Usage Reference/distribution
BMRB Databank Open databank of chemical shifts of http://www.bmrb.wisc.edu
biomolecules [82]
Expasy-ProtParam Analysis of proteins based on their primary | http://web.expasy.org/pro
sequence tparam [83]
NMRPipe Processing of NMR spectra [84]
NMRDraw Visualisation of processed MNR spectra [84]
NMRViewJ 8.0.3 Visualisation and analysis of NMR spectra [85]
PDB Database Structures of biological macromolecules http://rcsb.or;
PyMOL Visualisation of protein structures
RasMol 2.7.5 Visualisation of protein structures [88]
TALOS-N Prediction of torsion angles based on [70, 116]
chemical shifts of the protein
AssignNOE Assign and determination the distance [117]
between NOE
Xplor-NIH Determination of molecular structure [118]
based on NMR data and crystallography
PROCHECK-NMR Checking the quality of predicted NMR [119]
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TopSpin

Vnmr)

Adobe lllustrator CS5

Origin 2017

structures

Basic software of Bruker NMR
spectrometers

Basic software of Bruker NMR
spectrometers

Generation of figures

Chemical shifts calculation and
visualisation of relaxation data
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2. Methods

2.1. Nuclear magnetic resonance spectroscopy
All NMR measurements were carried out using NMR spectrometers from Varian and Bruker. Detailed

specifications of the spectrometers can be found in Table 23.

Table 23: NMR spectrometers are used in this work.

Spectrometer Frequency NMR CRYO Probe
Bruker (Magnex) 600 MHz 5 mm H-P/C/N-D
Bruker (Oxford) 600 MHz 5 mm H-/C/N-D

Bruker 700 MHz 5 mm H-/C/N-D
Varian 900 MHz 5 mm H-/C/N-D
Varian 800 MHz 5 mm H-/C/N-D

2.1.1. NMR sample
The studied NMR samples were prepared at the University of Disseldorf by Dr Rebecca Clemens, Dr
Lothar Gremer and Dr Sander Smits. The samples contained 630 uM [U-**N] or 630 uM [U-13C,**N]
(His)10-lipoprotein in NMR buffer (100 mM NaCl, 5 mM NaNs, 25 mM MES (pH 6.5)). The sample is

contained 10% (v/v) D,0 to lock the magnetic field/frequency. The samples were used as received.

For studying the binding of the lantibiotic gallidermin with lipoprotein, the 630 uM [U-*N] (His)10-
lipoprotein in NMR buffer and 10% of D,O was titrated with five different rations of concentration
gallidermin to lipoprotein: 0.125:1, 0.25:1, 0.5:1, 0.75:1, 1:1. The stock solution of gallidermin was

provided by Dr Jens Reiners.

2.1.2. NMR spectra

NMR experiments were performed at 30°C on the spectrometers operating at 'H frequencies of 600,
700, 800 and 900 MHz (Table 23). The sample temperature was calibrated using a deuterated
methanol sample methanol-ds as describes in [102]. Sequence-specific assignments for the backbone
resonances were obtained from TROSY [103, 104, 120] versions of the following 2D, 3D and 4D triple
resonance experiments [68, 121]. Dr Philipp Neudecker did the optimization of pulse sequences and
the measurements. The resolution of the recorded data was increased by the processing of the
spectra with the program NMRPipe (Table 22). The data were visualised and analysed in NMRDraw
and converted to NMRView) format by Dr Philipp Neudecker. All spectra were analysed with the
NMRView] program (Table 22).

Some selected acquisition parameters such as the spectral width (SW) for all dimensions, number of
points T (complex), which is twice the value of the corresponding time-domain size, offset is a proper

chemical shift referencing in all dimensions and number of scans (NS) are listed in Table 24.
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Table 24: NMR experiments. The first column is the number of the experiment; the second is the name of the experiment, then the selected acquisition parameters and references for used pulse programs.

N Experiment Spectrometer SW1 T1 offset 'H SW> T offset, SW3 Ts offsets NS References
(ppm) (complex) (ppm) (ppm) (complex) (ppm) (ppm) (complex) (ppm)

1 2D 5N-TROSY-HSQC 700 Bruker 16 1536 4.7 30 256 117.0 (5N) - - - 24

2 2D 5N-HSQC 700 Bruker 16 1024 4.7 30 256 117.0 (5N) - - - 24

3 2D B3C CT-HSQC 600 Bruker 16 1024 4.7 40 82 128 (5¢) - - - 160

4 3D 15N, 53C-TROSY-HNCO 700 Bruker 16 1024 4.7 30 48 117.0 (5N) 12 32 176.0 (3C) | 12

5 3D 15N, 53C-TROSY-HN(CO)CA 700 Bruker 16 1024 4.7 30 48 117.0 (5N) 26 46 56.0 (B2C) | 16

6 3D 15N, 53C-TROSY-HN(CO)CACB 700 Bruker 16 1024 4.7 30 48 117.0 (5N) 52 65 43.0(2C) | 16

7 3D 15N,3C-TROSY-HNCA 700 Bruker 16 1024 4.7 30 48 117.0 (N) 26 46 56.0(3C) | 16 [103], [104]

3 3D 5N, BC-TROSY-HN(CA)CO 700 Bruker 16 1024 47 30 48 117.0 (®N) 12 32 176.0 (°C) | 16 (122], [123],

9 3D 15N, 33C-TROSY-HNCACB 900 Varian 16 1024 4.7 30 64 43 48 117.0 (5N) | 16 (124], [125],

10 3D 15N, 53C-H(CCO)NH-TROSY 600 Bruker 16 1024 4.7 30 44 117.0 (5N) 154 128 82.0(2C) | 16 (126]

11 3D 15N, 53C-C(CO)NH-TROSY 600 Bruker 16 1024 4.7 30 44 117.0 (5N) 154 128 82.0(2C) | 16

12 3D 15N 3C — H(C)CHTOCSY 600 Bruker 16 512 4.7 30 96 4.7 12 32 770(3C) | 8

13 3D ISN-TOCSY-HSQC 700 Bruker 16 1024 4.7 30 48 117.0 (5N) 14 128 4.7 (*H) 16

14 3D 15N-NOESY-TROSY 800 Varian 16 1024 4.7 30 128 4.7 (*H) 48 117.0 (5N) | 16

15 3D SSN-NOESY-H5QC 600 Bruker 16 1024 4.7 30 48 117.0 13 128 4.7 (*H) 16

16 3D 15N, 3C-NOESY-HSQC 700 Bruker 16 1024 4.7 30 48 117.0 (5N) 70 64 43.0(2C) | 16

17 3D ©C-NOESY-HSQC 700 Bruker 16 1024 4.7 30 46 77.0 (2C) 14 128 4.7 (*H) 16

18 4D 3C 3C NOESY HSQC 600 Bruker 16 1536 4.7 30 36 77.0 (2C) 12 128 4.7 (*H)* 4
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2.1.3. Assignment of resonances

One of the most useful functions of solution NMR in structural biology is its ability to determine the
three-dimensional structures of proteins, especially which one is hard to crystallize, as in the case of
lipoprotein CD1348. The assignment of resonances in the NMR spectra is one of the first steps in
obtaining the protein structure. This step involves few methods of sequential assignment of systems
of spin-spin coupled resonances. The sequence-specific assignment was obtained from J-correlated
3D/4D resonance experiments (Table 24). This process involves the assignment of one amino acid
with its sequential neighbours by linking backbone nuclei. Experiments 4-9 from the Table 24 were
used to measure HNCO, HN(CO)CA, HNCA, HN(CA)CO, CACB(CO)NH and HNCACB spectra to assign the
peaks in (*HN, N, Hq, BCq 3Cp 3C') in the backbone. The C(CO)NH and H(CCO)NH spectra
(experiments 10-11 in Table 24) were used to assign the nuclei in the aliphatic side chains (*H, 3C),
which Bettina Wagner did during her bachelor work [127]. The 3D HCCH-TOCSY spectrum (experiment
12, Table 24) was used to assign the chemical shifts of the aromatic rings (*Hy, *3Cy). The 2D **N HSQC
spectrum (experiment 2, Table 24) was used to assign the peaks for the sidechain HN, groups of Asn

and GIn.

The resonances in the [U-13C,*>N] (His)10-lipoprotein spectrum were assigned manually using the

program NMRView] (Table 22).

The 2D '*N-TROSY-HSQC spectrum generally represents a “fingerprint” of the protein. It contains
information about all backbone amides of each residue, except for Pro. Each amino acid's 1H and 15N
chemical shifts were assigned using triple resonance multidimensional NMR experiments and then
labelled on the 2D spectrum. Another 2D spectrum, the *H-3C-CT-HSQC spectrum, is a “fingerprint” of
the carbon groups of the protein. It shows the peaks for the 3C,, *Cg backbone and the directly
bound protons 'H, and *Hg. Spectral assignments for this spectrum were also obtained by analysing

the 3D experiments, as described in the following.

The graphical representation of all triple-resonance experiments is shown in Chapter I, 2.2, Figure 11.
The experiments such as HNCA and HN(CO)CA correlate a backbone *HN and >N chemical shifts with
one or more 3C, chemical shifts. The HNCA experiment correlates proton and nitrogen chemical
shifts with two '3Cy chemical shifts of its residue i and the previous one i-1. The HN(CO)CA experiment
transfers magnetisation between the HN group to the 3C, (i-1) residue with coherence transfer via
the preceding 3CO. Combing these two experiments, therefore, allows identifying the 3C, (i) and 3Cq

(i-1) peaks.

Additionally, HNCACB and CACB(CO)NH were used to identify *C, and *Cg chemical shifts of the intra
(i) and inter (i-1) nuclei in the backbone. The HNCACB experiment correlates the *HN and **N chemical
shifts of its residue (i) with 3C, and 3Cg chemical shifts of i and /-1 residues. In contrast, the
CACB(CO)NH experiment provides correlations only between amino group chemical shifts of a residue
i with 13C, and '3Cg shifts of the previous residue (i-1). The resonances received from 3C, and 3Cg

nuclei have a 180° phase difference on the spectrum where 3C, resonances have positive peak
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intensity, and the other (*3Cg) is negative at the same spectrum. Since the '3Cg is recorded alongside
the 13Cq nucleus, it reduces the ambiguities in the assignment of 3C, in the HNCA spectrum. The
intensity of peaks depends on the 3 coupling constant (Chapter |, 2.2, Figure 10); therefore, the signal
obtained from the inter-residue correlations between the amide group and the carbons of the

previous amino acid (i-1) has a weaker intensity than the signal from the intramolecular correlation (/).

The HNCO and HN(CA)CO spectra were used to assign the backbone carbonyl *CO group. The 3D
HNCO experiment correlates *HN and *N chemical shifts of residue i with the carbonyl group of
residue i-1. The HN(CA)CO experiment was used to detect the 3CO chemical shift of both residues i

and /-1 via transfer magnetization through *3C, of i and i-1 residues.

The 3D C(CO)NH and H(CCO)NH experiments are used to assign the carbon and proton nuclei in the
side chains. In the 3D triple resonance C(CO)NH experiment, all aliphatic carbons correlate with the
amide group of the preceding residue i—1 via transferred magnetisation of the **CO group. In the
H(CCO)NH experiment, magnetisation is transferred from the side-chain hydrogen to their attached

carbon group and then via the carbonyl group to the amide group of the previous residue i-1.

The 3D HCCH-TOCSY NMR experiment was used to complete *Hy and *3C, assignments of the aromatic
rings. The magnetisation is transferred from the side chains protons to the nuclei of the *3C, atoms
they are attached to. In the 3D HCCH-TOCSY spectrum, H,-‘Hy cross-peaks are spread out in the third
dimension according to their 3C, chemical shifts. For assignment of side chains on this spectrum,
assignments of 3C,/**Cg and Hq/*Hp obtained from backbone assignment experiments were used as

the starting point.

The 2D HSQC spectrum has been used to assign the Trp side chain He-Ne groups, Asn Hsa-Ns, and Gin
Hea-Nea side-chain groups. The Asn and GIn side chain NH; groups correspond to double peaks in the N
dimension but for two different proton shifts. The Trp side chain He-Ne peaks usually have specific

proton (around 10 ppm) chemical shifts and are located separately on the spectrum.

Statistically calculated chemical shifts from atoms in all amino acids were used as a reference for
assigned lipoprotein. These chemical shifts are available from the biological magnetic resonance data

bank (BMRB) (Table 22).

2.1.4. Determination of torsion angle restraints

The NMR spectra contain all necessary information about interatomic distances and angular
geometries used for the structure determination of the protein [128]. The dependence of the
isotropic chemical shifts on the local backbone geometry determines protein torsion (dihedral) angle
restraints [129]. Backbone and sidechain torsion angle restraints used for the structure calculation
were determined using TALOS-N (Torsion Angle Likelihood Obtained from Shifts) program (Table 22).
This program predicts protein backbone torsion angles ¢ and y and sidechain torsion angle x1
(Chapter 1, 2.3, Figure 13) from NMR chemical shifts of HN, N, 3C’, *Ca, *Cg and Hq nuclei [116].
TALOS-N is an artificial neural network trained with curated data on chemical shifts for specific amino

acids and PDB coordinates from high-resolution X-ray structures with torsion angle information. The
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program classifies chemical shifts and amino acid sequence data of a particular secondary structure

unit (helix, sheet, and coil).

For the backbone torsion angle prediction, TALOS-N uses prediction of 324-state ¢/ distribution of
each residue based on the chemical shift, which amino acid and place in a sequence. This 324-state
&/ distribution corresponds to the residue on the Ramachandran map [130]. Then the program
searches for 1000 heptapeptide fragments from the database with ¢/ angles that best match the
324-state ¢/ distribution. The 25 best-matched database heptapeptides and the averages of ¢/
angles of their centre residues are assigned as the backbone torsion angles of the centre residue of

the query heptapeptide [116]. The prediction is shown in the program directly.

Besides prediction of ¢/ angles, TALOS-N also was used for prediction of the sidechain x1 torsion
angles. First, TALOS-N searches the database for the 1000 best-matched heptapeptides from ¢/
torsion angles and residue types [70]. There are three possible x1 rotameric states of all sidechain

types (except Pro): gauche (+), trans or gauche (-).

2.1.5. NOE resonance assignment and extraction of distance restraints from

NOE chemical shifts

The interproton distance obtained from NOE data is based on a comparison of NOE peak intensities
for pairs of spins in NOESY experiments [131]. The through-space interactions were observed using 3D
NOESY experiments which were made for both [U->N] or [U-3C,*>N] (His)10-lipoprotein samples and
listed in Table 24, No 14-18. The 3D N and *3C NOESY-TROSY spectra were recorded to assign side-
chain protons of intra and intermolecular residues. The mixing time used for the >N NOESY-TROSY
experiment was 120 ms. Additionally, 3D-13C,> N HSQC-NOESY-HSQC experiment to obtain the

intermolecular distance information was used. The mixing time was set to 150 ms.

Verena Kienapfel did the automatic assignment of NOEs and NOE-derived distances from these
experiments during her bachelor work [132]. AssignNOE program was used for chemical shifts

assignment and determination of the distances between possible coupling partners [117].

The 4D NOESY experiment was used to solve the problem of overlapping some cross-peaks and less
resolution. The 4D *3C, 13C HSQC-NOESY-HSQC experiment includes one additional *3C dimension
(Table 24, number 18). NOEs between side-chain protons were spread out by the chemical shifts of

the directly bounded *3C atoms. Peaks were assigned manually using NMRView) (Table 22).

2.2. Protein structure determination

Protein structure determination is based on energy minimization methods. Native protein structures
correspond to a system at thermodynamic equilibrium with minimum free energy. The 3D structure
determination from assigned NOE data was performed in the structure generation software program
X-PLOR-NIH (Table 2). X-PLOR-NIH program uses the NOE statement sets for determination and
refines solution NMR structures based on throw space distance estimates, coupling constant

measurements and others. The following information about molecular structure, NOE-derived
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distance bounds, and coupling-constant-derived dihedral angle restraints was used for the NMR

structure determination. The program was run with a target radius of gyration of 13.8 A [133].

The input files with the experimental data such as NOE-derived distances, torsion angles and residual
dipolar couplings (RDCs) were run 22 times. Every next run was updated with some new data in input

files. Distance restraint files were added separately from 4 different sources:

Table 25: Assigned spectra that were used for 3D structure calculation

3D **N NOESY- 3D **N NOESY-TROSY 3D 3C NOESY-HSQC 4D 3C 3C HSQC NOESY

TROSY HSQC
Automatic + Manual assighnment Manual assighment Manual assignment
manual (NMRView)) (NMRView)) (NMRView))

assignment

(AssignNOE +
NMRView]) by
Verena

Since the NOE assignment and structure calculation require around 90% completeness of the
chemical shift assignment, which is not straightforward to achieve by automated peak picking and

automated resonance assignments [134], a manual assignment was added for completing these data.

The quality of the calculated 3D structure of the lipoprotein was validated using dedicated software as
PROCHECK_NMR (Table 22). Backbone and sidechain torsion angles were analyzed using the
program PROCHECK _NMR for calculating the "stereochemical quality" of a given protein structure.
This program was used for ten models with the lowest energy structures. The RMSD of atomic
positions measured the average distance of superimposed ten models with the lowest energy

structures.

2.3. Chemical shift perturbation analysis

After the resonances are assigned and the lipoprotein structure is identified, the interaction strength
between the nuclei can be studied. NMR spectroscopy provides a powerful tool to study interactions
between proteins or protein and ligand at atomic resolution. In particular, the localisation of the
binding sites on the protein surface can be determined based on the chemical shift perturbation (CSP)
analysis. It is performed analogously to the case of GABARAP as described in Chapter 2, 2.4.5. In the
current research, the CSP was used to calculate chemical shifts difference in the lipoprotein in the
presence of lantibiotic gallidermin at five different concentrations. The processed spectra were
superposed to identify the *H—>N correlation peaks subjected to the most significant frequency shifts
upon increasing the concentration of lantibiotic. A peak-picking on each spectrum was done by using
the program NMRView] (Table 22). The chemical shifts differences for each amino acid were

calculated using:

(22)
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Where Aduny and ASN are the difference between the proton and nitrogen chemical shifts, which were

measured with a given amount of gallidermin and without it respectively.

3. Results

3.1. Assignment of backbone resonances of lipoprotein

The sequential assignment of the following nuclei *HN, °N, 3C’, 13C,, Hy and 3Cg of lipoprotein was
performed in a sequence-specific manner using the resonance experiments described in section 2.1.3.
and Chapter |, 2.2. Two- and three-dimensional NMR data sets were recorded for two NMR samples
630 uM [U-15N] and 630 puM [U-13C,15N] (His)10-lipoprotein. Figure 43 represents a part of the
sequential assignment of lipoprotein (Met 21 - Leu 30) using the 3D HNCACB spectrum. The
observable peaks are 3C, and '3Cs of intra- and inter-residual resonances. The preceding and
succeeding resonances are connected by matching chemical shifts at the same positions at *H-*>N

correlations.
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Figure 43. Sequential assignment of backbone nuclei resonances of lipoprotein residues M21-L30 from the 3D
HNCACB spectrum. Strip plots from the 3D !°N,'3C-TROSY-HNCACB spectrum, recorded on the sample
described in 3.1.1. are shown for ten connected residues. Each strip is extracted from the '°N plane and
contains two different resonances from *3Ca (black) and *3CB (blue) nuclei. For each 'H the strip contains four
cross-peaks (*3Cai, *Cai.1 and '3CB;,*3CBi-1). The dotted lines indicate the intra- and inter-residue connections
of cross-peaks of the preceding and succeeding residues: red for Ca and blue for CB.

The chemical shifts of the amide group were assigned entirely in the 2D *H, N TROSY-HSQC spectrum
[61]. Figure 44 shows the complete assignment of all available amino acids in the protein (162 amino
acids). The lipoprotein contains two Pro residues at positions 63 and 124, excluded from the analysis

because they do not have amino group NH,. Also, *H-°N correlations of Gln 155 and Glu 156 amino
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acids were not found and assigned on the spectrum. The expected number of peaks in the spectrum
was 160 (without Pro), which corresponds to all lipoprotein amino acids. The area around 115-108
ppm of N-dimensional and 6.5-7.8 ppm of H dimension contains additional resonances from the
specific TROSY experiment. Also, the side chain guanidino group NHe of Arg and NHe; of Trp rings
were picked and assigned on the spectrum. 98.75% of the visible peaks were assigned on the

spectrum.

105.0

110.0 A

115.0

5N (ppm)

120.0 A

125.0 A

130.0

Figure 44. Fully assigned 2D ['H, 15N]-TROSY-HSQC spectrum of lipoprotein. 2D [*H, **N]-TROSY-HSQC spectrum
of lipoprotein were recorded at 30°C at 700 MHz. The numbers in the label correspond to the position of the
respective amino acid in the sequence. The spectrum contains peaks from backbone amides (orange numbers).
Trp indole 'Hei1-'>Ne; peaks show with blue atom numbers. The side chain guanidino group, NHe of Arg, have
the green colour of labels.

The Asn and GIn side chain amide groups assignment was completed for 13 amino acids out of 14.
Figure 45 represents the part of the fully assigned *H, N HSQC spectrum. Pairs of peaks correlating
an NH; group of Asn or Gin shifts with single chemical shifts for N and double chemical shifts for two
H. The side-chain amide groups assignment information for Asn and GIn was obtained by comparing
the chemical shifts of the side chain correlated carbon resonances *Ca and *3CB using 3D TROSY-
HN(CO)CACB or 3D TROSY-HNCACB experiments. Also, 3D N NOESY HSQC and 3D TROSY HNCO
experiments were used to obtain the final assignment of the backbone NH, group. Only one NH;

group of Asn 152 was not found and assigned.
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Figure 45. Part of the ['H, 15N] HSQC spectrum of lipoprotein. The expanded region of the 'H, >N HSQC
spectrum at 30°C at 700 MHz represents peaks from backbone amides and side-chain NH, of Asn and Gin.
Horizontal dashed lines connect pairs of peaks. The numbers in the label correspond to the position of the
respective Asn or GIn in the sequence.

The rest of the side-chain assignment of *3C, carbons and connected to them *H, protons were done
using 3D C(CO)NH and 3D H(CCO)NH experiments. Additionally, TOCSY-HSQC and NOESY-TROSY
experiments were used to determine all possible proton resonances of the spin system. Figure 46
shows the expanded region's *H, 3C CT-HSQC NMR spectrum of aromatic rings assignment for the
residues of nine amino acids. The assignment was made using 3D 3C NOESY HSQC, 3D '*N NOESY-
HSQC and 4D *3C,*3C NOESY HSQC spectra.
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Figure 46. Part of [tH, 13C] CT-HSQC spectrum of lipoprotein. Red peaks are negative, while black is positive.
The expanded region of the [*H, '3C] CT-HSQC spectrum at 30°C at 700 MHz represents peaks from aromatic
side-chains of Phe, Trp and Tyr. The numbers in the label correspond to the position of the respective Phe, Trp
and Tyr in the sequence.

All chemical shifts of completely assigned lipoprotein might be found in the table in the
Appendix part.

3.2. Determination of structural restraints from NMR data for lipoprotein
secondary structure calculation

The secondary structure, torsion angles ¢ and  of the lipoprotein were predicted using chemical
shifts assignment in the TALOS-N program (Section 2.1.5). The program calculated the predicted
backbone rigidity for each predictable residue with input chemical shifts as RCI-S? order parameter
(see Chapter |, 2.4.2). An input file with chemical shifts data was generated automatically from

NMRView] software.

Reliable torsion angle prediction was made for amino acids from Thr 59 to Leu 178, where GIn 155
and Glu 156 had no data prediction due to the absence of chemical shifts. The N terminal amino acids
from Gly 19 to Lys 58 were dynamic because the residues were below the threshold RCI-S? < 0.6.

Figure 47 shows the predicted structure conformation for lipoprotein using the TALOS-N program.
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Figure 47. Secondary structure restraints were obtained from TALOS-N torsion angle prediction. The upper
picture is the probability of a helix (red) and B strands (blue) formation calculated from NMR chemical shifts.
The bottom picture is the predicted backbone rigidity RCI-S? for each residue.

Based on the TALOS-N prediction, the final secondary structure of the lipoprotein is shown in Figure

48, which contains the loop region in the N-terminal, six B strands and three a helixes.
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Figure 48. Lipoprotein secondary structure prediction from TALOS-N with the help of backbone chemical
shifts. The black line corresponds to the chemical shifts of the random coil structure (loop), the blue arrow is
the B strand, and the red spiral is the a helix.

3.3. Tertiary structure calculation

The tertiary structure of the lipoprotein was determined from NMR chemical shifts assignment, and
NOE derived distance restraints data using XPLOR-NIH NMR software (section 2.1.6). Backbone and
side-chain torsion angles were received from the TALOS-N program. The quality of the ensemble of
the ten lowest energy structures was evaluated regarding the number and quality of the violations of
the experimentally derived restraints. Based on the secondary structure prediction, the loop in the N-
terminal region has random coordinates for all ten models. The main structural parts (C-terminal
domain) of the ten models of lipoprotein have a good agreement in structure ensemble. The program
was run with a target radius of gyration of 13.8 A [133]. Figure 49 shows ten models with the lowest
energies after structure calculation in XPLOR-NIH. Most of the calculations in XPLOR-NIH were done
together with Dr Neudecker. The figure was plotted in PyMOL (Table 22). Except for the dynamic N-
terminal residues from 1-58 and the loop of 155-160, lipoprotein shows a well-defined structure in
solution with an average atomic RMSD from the average structure of 0.65 A for the backbone and

1.03 A for all heavy atoms.

94



Chapter Il Lipoprotein

Figure 49. Superposition of the ten lowest energy structures calculated from NMR data from two points of
view. The superposition of the ten lowest energy models in the structural ensemble. The N-terminal loops are
disordered, while the ordered parts of the protein are in good agreement for all models. Different colours
correspond to the different ten models.

The covalent geometry of the 3D structure was assessed using the program PROCHECK_NMR (Table
22). This program sorts the backbone torsion angles in energetically favoured, allowed, and
disallowed regions in the Ramachandran plot [135]. PROCHECK_NMR allows seeing the
Ramachandran plot for all selected models. The Ramachandran plot (Figure 50) shows & and { torsion
angles for all residues in the lipoprotein structure for the ten lowest energy models. Gly residues are
separately identified by triangles A as these are not restricted to the plot regions appropriate to the
other sidechain types. 93,2% of the backbone torsion angles of the lipoprotein is located in the most
favoured regions of the Ramachandran plot, 6% in the additionally allowed regions and 0.8% in both,

the generously allowed and disallowed regions. Only two amino acids that were not assigned (GIn 155

and Glu 156) are located in the generously allowed and disallowed regions of the Ramachandran plot.
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Figure 50. Ramachandran plot of the backbone torsion angles of the lipoprotein ten lowest energy models. The
plot shows the correlation of ¢ and  torsion angles for all residues of the ten lowest energy structures after
lipoprotein structure calculation. All models with their numbers are depicted as white squares, except for Gly
residues, shown here as triangles. The colouring on the plot represents the different regions described in
[135]: the red areas represent the most favourable combinations of phi-psi values, the yellow colour is
additionally allowed regions, the light yellow areas are the generously allowed regions, and the white regions
are disallowed regions. Two amino acids GIn 155 and Glu 156, were found in the disallowed region because
they both were not the assignment. The letter b is the B strand region, a is the a helix, and | is the loop region

in each model structure.
The plotted statistic based on an analysis of 118 structures of resolution of at least 2.0 Angstroms and

R-factor no greater than 20%, a good quality model would be expected to have over 90% in the most

favoured regions.
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Table 26: Plot statistics of Ramachandran plot of the backbone torsion angles of the lipoprotein ten lowest
energy models. A-a helix, B-8 strand, L-loop.

Residues in most favoured regions [A,B,L] 1444 93.2%
Residues in additional allowed regions [a,b,l,p] 93 6.0%
Residues in  generously allowed regions 11 0.7%
[va,~b,~,~p]

Residues in disallowed regions 2 0.1%
Number of non-glycine and non-proline residues 1550 100%
Number of end-residues (excl. Gly and Pro) 20

Number of glycine residues (shown as triangles) 30

Number of proline residues 20

Total number of residues 1620

Figure 51 represents the one picked lipoprotein structure from Figure 49 with the lowest energy 37.5
kcal/mol. It contains the loop region in N-terminal, and compact C-terminal with antiparallel B1 and

B2 strands, antiparallel B3 and B4 strands, parallel 4 and B5 strands, and three a helixes.

N-terminal

\

C-terminal

Figure 51. The final 3D model of lipoprotein from NMR data. The final model was calculated using XPLOR-NIH NMR software.
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3.4. Titration experiments of lipoprotein and lantibiotic gallidermin

The titration experiments were done for a 630 uM [U-15N] (His)10-lipoprotein sample (see section
2.1.1). The protein concentration was the same for all NMR experiments. For the titration
experiments, a stock solution of gallidermin was prepared. Gallidermin was added to lipoprotein
sample in 5 different concentrations with ration between gallidermin : lipoprotein as 0.125:1, 0.25:1,
0.5:1, 0.75:1, 1:1. Chemical shift differences (in ppm) for each amino acid were calculated by equation
1. The chemical shift was calculated between samples without gallidermin. The biggest chemical shifts
were observed for Ser 160, Ille 161 and lle 163. The average chemical shift for all amino acids for a 1:1
ratio is 0.01047 ppm. Figure 52 shows the average chemical shifts for each assignment amino acid of

lipoprotein and lipoprotein with different concentrations of gallidermin.
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Figure 52. Weighted chemical shift (AGave) perturbation analysis between 630 uM lipoprotein and lipoprotein with gallidermin. The A8ave values per residue between lipoprotein sample and
different rations lipoprotein. The most significant chemical shifts are observed for Ser 160, Ile 161 and Ile 163.
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4. Discussion

4.1. Comparison of the theoretically predicted lipoprotein model with
secondary structure from NMR data.

Lipoprotein is the membrane resistance protein that is encoded in the CprABC system of Clostridium
difficile. This protein is likely involved in lantibiotic resistance, but its exact function is still not
completely understood. Knowledge of protein tertiary structure (3D) is an essential criterium for
understanding its function. The most popular techniques used to determine 3D structures of small
proteins are X-ray crystallography and nuclear magnetic resonance. The advantage of solution NMR
over X-ray crystallography is that the protein structure can be determined in a solution that is more
closely to its actual physiological state. Some proteins, including the lipoprotein, are hard to
crystallize; solution NMR was used as the main experimental method for structure calculation. One
more additional method to solve the 3D structure is computational structure prediction. The first
visualized model of lipoprotein was achieved by H. Gohlke’s research group using the fully automated
meta-method “TopModel” for protein structure prediction. The description of the method might be
found in [61]. From NMR experiments, the secondary structure and b-strand pairing together with
SAXS experiments were performed to estimate the shape and radius of gyration (RG). The secondary
structure experimental data were superimposed on the theoretical model. The 3D lipoprotein model
from TopModel has a good agreement with NMR secondary structure assignment, but there are still
some discrepancies. Figure 54 shows the initial 3D prospective model of lipoprotein (the disordered
tail was removed from the structure) with superimposed NMR secondary structure data (Figure 48).
The predicted model has a good agreement with the experimental data. The expected model has a
local TopScore where 0.1 indicating about 10% error in the model, 0.3 is 30%, etc. The highest

number shows that the model may not be highly confident.

Four discrepancies between theoretical and experimental models can be found in Figure 53. The first
(1) shows that the first a-helix of TopModel is eight residues shorter than in NMR predicted structure,
which also indicates low TopScore. The second (2) difference is the third B-strand shifted by two
residues and the loop on TopModel was identified as B-strand in NMR, the loop indicated by TopScore
to contain high errors. The third (3) is the difference in the C-terminus, on the NMR structure
prediction is folded into a B6-strand. The fourth (4) difference is a different length of second a-helix 2,

which also scores poorly according to TopScore.
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Figure 53. Prospective modelling of lipoprotein from C. difficile (without disordered N-terminal tail). (A) The
initial TopModel with superimposed NMR secondary structure data. The dark blue colour corresponds to the
good agreement of B-sheets. Orange colour: residues identified as a B-strand in NMR but not found so in the
theoretical model. Cyan colour is a-helixes in good agreement. Red: residues identified as a-helical in NMR but
not found so in the theoretical model. Violet lines: experimental B-sheet NOE restraints are showing
agreement with the model. Red dotted lines: experimental B-sheet NOE restraints show a shift of two residue
positions of the third B-strand. (B) The initial TopModel is coloured according to Local TopScore. Blue regions
indicated the best residue-wise error (¥30%). Yellow/red regions indicate regions with a high residue-wise
error (>50%). The numbers correspond to four differences between TopModel and NMR data. The picture was
published in the joint article with H. Gohlke’s research group [61].

4.2. Comparison of the theoretically predicted lipoprotein model with
tertiary structure from NMR data.

The tertiary structure of the lipoprotein was determined from NMR chemical shifts assignment, and
NOE derived distance restraints data using XPLOR-NIH NMR software with a target radius of gyration
of 13.8 A. Figure 54 A-D shows the overlapped 3D structure of lipoprotein from NMR data with the
theoretical model from [61]. Both models are shown from different angles of vision. The 3D
lipoprotein model from experimental NMR data has a good agreement with the theoretical model,
but there are still some discrepancies. There are five differences: (1) the turn from B1 to B2 is shifted
for few residues; (2) a3 from the NMR structure is closer to B3, B4, B5 strands; (3) shifts for three B3,
B4, B5 strands which were also detected with the secondary structure comparison; (4) shift of 1 and
B2 which is a consequence of the first difference; (5) shift for one turn in al. N-terminal was not

compared because it has random coordinates due to its fast dynamic.

101



Chapter Il Lipoprotein

A N-terminal

C-terminal

B C-terminal

102



Chapter Il Lipoprotein

C

~/

N-terminal

C-terminal

N-terminal

103



Chapter Il Lipoprotein

Figure 54. Overlapped two 3D models of lipoprotein from C. difficile from NMR experimental data and
theoretical prediction. Comparison of two models of lipoprotein from 3D NMR data (green) and computational
model (orange). The models represent from four different angles of view. The number corresponds to the
differences described here. (A) shows all B strands (blue) and all a helixes (red). (B) shows the labelled B

strands that are involved in the third difference. (C,D) is B strands and a helixes are involved in the differences
between models.

Searching the database characterized lipoproteins from bacteria showed the similarity in the structure
with some bacterial protein involved in cell-cell adhesion. The structure similarity with other proteins
which might be involved in lantibiotic resistance was not found so far. The determined structure of

lipoprotein CD1348 is rare and poorly characterized in the literature.

4.3. Titration experiments with lantibiotic gallidermin

The role of lipoprotein in the resistance machinery of C.difficile is still not completely understood. The
solved 3D structure of the lipoprotein can help to understand if this protein is involved or not in
lantibiotic resistance. Some previous work was performed for lipoprotein CD1348 and lantibiotics
nisin and gallidermin [60]. The interaction between lipoprotein and lantibiotics was tested in vivo and
in vitro experiments. To see the interactions, in vitro analytical co-elution and tryptophan fluorescence
experiments were provided. After co-elution studies, the chromatogram of the lipoprotein with nisin
does not show any differences, which means there is no interaction between them. Another method
is tryptophan fluorescence spectroscopy is more sensitive to detect interactions. The 1 uM of purified
lipoprotein was measured with different concentrations of the lantibiotics nisin or gallidermin. If the
lantibiotic binds to the lipoprotein, a tryptophan quenching should be observed. The decreasing
fluorescence signal of tryptophan quenching was observed for lantibiotic gallidermin. With increasing
gallidermin concentration (0-47.85 uM), the calculated Kp value of 2.4 uM gallidermin shows an
interaction. The sequence of lipoprotein contains two Trp at 132 and 162 positions. Trp 132 is located
in the a2 helix, and Trp 162 is located in the loop region between a3-helix and B5-strand. The
additional fluorescence experiments were performed to see which Trp is more affected by interaction
with gallidermin. Figure 56 showed the recent unpublished fluorescence data from Dr Smits research
group for lipoprotein wildtype mutant when Trp 132 was replaced with Ala 132 and mutant with Ala
162 instead of Trp 162. The wildtype data shows the increasing fluorescence signal of tryptophan
guenching with increasing the concentration of gallidermin. For the mutant Trp 132 to Ala, the
increase of tryptophan quenching was also observed, which means that Trp 162 has interactions with
gallidermin. The Kp values were measure for fluorescent experiments. Kp of wildtype is 4.3 uM,

mutant Trp132Ala is 4.9 uM and mutant Trp162Ala is 21.3 uM.
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Figure 55. Fluorescence of samples in the presence of different concentrations of gallidermin. Fluorescence
data were measured for three different samples of lipoprotein wildtype (green circles), lipoprotein mutant Ala
132 instead of Trp (orange triangles) and lipoprotein mutant Ala 162 instead of Trp (blue squares). The picture
is published here with the allowance of Dr Smits.

From the fluorescence data, Trp 162 is more affected by interaction with gallidermin. With the help of
titration experiments, the most significant chemical shift changes were observed for Ser 160, lle 161
and lle 163, which is a dynamic loop close to where the disordered N-terminal is attached to the
globular structure. The NMR data is similar to fluorescence data and might indicate possible

interactions between lipoprotein and lantibiotic gallidermin. Figure 57 shows the location of the

amino acids in which chemical shifts were observed.
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Figure 56. 3D model of lipoprotein molecule. Amino acids that have the most significant chemical shifts are
labelled black. The Tryptophan quenching of 162 Trp residue, which was observed by fluorescence
spectroscopy, is labelled pink.

The general conclusion for the lipoprotein project is observed in Chapter IV.
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Chapter IV Conclusion and Outlook

Nuclear Magnetic Resonance Spectroscopy was used for structure calculation and dynamic
determination of two membrane proteins: GABARAP and lipoprotein CD1348. Molecular dynamics

simulation, SAXS and fluorescence spectroscopy were used to complement the NMR data analysis.

The characterization of the structural conformation changes of GABARAP anchored to nanodiscs was
performed using solution NMR. Based on the chemical shift differences for the N-terminal domains
between free protein and protein anchored to nanodiscs (ND), GABARAP oligomerization was not
induced and stabilized by interactions with the ND membrane in the solution. Anchoring to NDs leads
to significant chemical shift changes of the backbone amide groups of Lys 38, Asn 82, Ser 113, Val 114
and Tyr 115. Free GABARAP protein was predominantly monomeric in the temperature range from
5°C to 35°C, as indicated by the hydrodynamic radius between 21.5 - 21.8 A. In this work, the
hydrodynamic radius of the GABARAP anchored to ND at 40°C was bigger than monomeric: 27.2 A.
The increased hydrodynamic radius was not discussed in the current work and needs additional
information for understanding. Further studies using MD simulation, small-angle scattering, or

fluorescence spectroscopy for the GABARAP-ND complex can provide the necessary information.

In this thesis, a combination of NMR spectroscopy and MD simulations were used to characterize the
internal dynamics of GABARAP anchored to nanodiscs at various time scales. In particular, the order
parameter S? of free GABARAP obtained by MD simulations is in good agreement with the
experimental data presented in this work. Also, S? values for the GABARAP-ND complex were
compared with MD simulation data. The data shows that the backbone order parameters S? from
NMR spectroscopy and MD simulations primarily reveal internal motions in the loop regions of lle 41
and at the N and C-terminal. At the same time, the regular secondary structure of GABARAP shows
high rigidity (higher than 0.7). GABARAP anchored to a ND shows less mobility for the lle 41 and C-
terminal amino acids in NMR experiments and MD simulation. The correlation time t. of GABARAP in
the ND complex is much slower than for the free GABARAP protein. It has been explained by the
tumbling of GABARAP together with the ND. This data is a good starting point for the next steps in
studying the protein-nanodisc dynamics. A full model-free analysis can be done if the data are

available for two or more magnetic fields.

The second part of the thesis was dedicated to the structure determination of another membrane
protein. Lipoprotein from C. difficile is encoded directly before a known lantibiotic resistance ABC-
transporter CprABC. This resistance operon consists of the ABC-transporter and a two-component
system, including histidine kinase (HK) and a response regulator (RR). The lipoprotein function is still
not completely understood, but it has been hypothesised that this membrane-associated protein also
performs resistance against lantibiotics. Therefore, determining the 3D structure of the lipoprotein

should provide insight into its role in the context of lantibiotic resistance of C.difficile.

The structure of the lipoprotein was solved by solution NMR, SAXS and computer simulations using

the “TopModel” model. Standard 2D and 3D NMR experiments were successfully recorded to gain
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assignment and structural information of the lipoprotein. The assignment of the amino acids in the
178-residue lipoprotein was done manually with the help of sequential backbone assignment. The
tertiary structure of lipoprotein CD1348 was received using multidimensional 3D and 4D NOESY
experiments and represented a so far undescribed model. In particular, the N-terminal of the final
model is disordered, while the C-terminal is well ordered with antiparallel 1 and B2 strands,
antiparallel B3 and B4 strands, parallel B4 and B5 strands, and three a helixes. The simulated
TopModel structure showed good agreement with the experimental structure of the lipoprotein. The

structural shift of the 3™ B-strand is registered in the NMR structure.

Titration experiments of lipoprotein with lantibiotic gallidermin show chemical shifts in a loop region
of Ser 160, lle 161 and lle 163 residues. The data is in good agreement with fluorescence experiments.
The presence of gallidermin and changing chemical shifts can indicate possible interactions between
lipoprotein and the lantibiotic gallidermin. This exciting result is key for future investigation of

lipoprotein function.
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Abbreviations
1D One-dimensional
2D Two-dimensional
3D Three-dimensional
4D Four-dimensional
ABC transporter The ATP-Binding Cassette transporter
Atg Autophagy-related
BMRB Biological magnetic resonance data bank
CAMP Cationic antimicrobial peptides
CMA Chaperone-mediated autophagy
Cpr Cationic antimicrobial peptide resistance
CSA Chemical shift anisotropy
cv Column volume
C-terminus Carboxy-terminus
DD Dipole-dipole
Dha Didehydroalanine
Dhb Didehydrobutyrine
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DNA Deoxyribonucleic acid
DNAse Deoxyribonuclease
DTT Dithiothreitol
£ Molar extinction coefficient
E. coli Escherichia coli
EDTA Ethylenediaminetetraacetic acid
ER Endoplasmic reticulum
FID Free Induction Decay
GABARAP Gamma-aminobutyric acid receptor-associated protein
HSQC Heteronuclear Single Quantum Correlation
IPTG Isopropyl-B-D-thiogalaktopyranosid
LB Lysogeny broth
MD Molekulardynamik
MPB-PE 11,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[4-
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MSP Membrane Scaffold Protein

MSP1D1A5 Membrane Scaffold Protein delta 5 a-helix
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N-Terminus
NMR
NOE
NOESY
PAS
PDB
PE

RF
RMSD
SDS
SEC
TALOS
TROSY
v/v

uv

wt

Amino-Terminus

Nuclear Magnetic Resonance

Nuclear Overhauser Effect

Nuclear Overhauser Effect Spectroscopy
Phagophore assembly site

Protein Data Bank

Phosphatidylethanolamine

Radio Frequency

Root Mean Square Deviation

Sodium dodecyl sulfate

Size exclusion chromatography

Torsion angle likelihood obtained from shift and sequence similarity
Transverse relaxation optimized spectroscopy
Volume per volume

Ultraviolet

Wildtype

The one- and three-letter code was used for amino acids:

Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamic acid
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine

Valine

Ala A
Arg R
Asn N
Asp D
CysC
GluE
GInQ
Gly G
His H
lle |
Leu L
Lys K
Met M
Phe F
Pro P
Ser S
Thr T
Trp W
TyrY
Val Vv
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Chemical shifts in ppm of the lipoprotein CD1348 assignment:

0 17 SER CA 58.41 1086 101 PHE N 11553
1 17 SER HA 4.485 1087 101 PHE HN 7.567
2 17 SER CB 63.9 1088 101 PHE CA 57.77
3 17 SER HB2 3.856 1089 101 PHE HA 4.196
4 17 SER HB1 3.856 1090 101 PHE cB 38.55
5 17 SER C 174.61 1091 101 PHE HB2 2629
6 18 SER N 117.99 1092 101 PHE HB1 2.956
7 18 SER HN 8.486 1093 101 PHE CD1 1328
8 18 SER CA 58.7 1094 101 PHE HD1 6.118
9 18 SER HA 4.461 1095 101 PHE CE1 130876
10 18 SER CB 63.89 1096 101 PHE HE1 7376
11 18 SER HB2 3.897 1097 101 PHE cz 1287
12 18 SER HB1 3.897 1098 101 PHE HZ 7.665
13 18 SER C 175.01 1099 101 PHE CE2 130876
14 19 GLY N 1109 1100 101 PHE HE2 7.376
15 19 GLY HN 8.411 1101 101 PHE CD2 1328
16 19 GLY CA 45.34 1102 101 PHE HD2 6.118
17 19 GLY HA2 3.961 1103 101 PHE C 173.85
18 19 GLY HA1 3.961 1104 102 ASN N 114.634
19 19 GLY C 173.84 1105 102 ASN HN 8.458
20 20 ALA N 12355 1106 102 ASN CA 54.95
21 20 ALA HN 8.099 1107 102 ASN HA 4.215
22 20 ALA CA 52.61 1108 102 ASN CB 39.1
23 20 ALA HA 4.29 1109 102 ASN HB2 2.583
24 20 ALA CB 19.32 1110 102 ASN HB1 3.075
25 20 ALA HB1 1.353 1111 102 ASN cG 179.447
26 20 ALA HB2 1.353 1112 102 ASN ND2 113611
27 20 ALA HB3 1.353 1113 102 ASN HD21 6.952
28 20 ALA C 177.74 1114 102 ASN HD22 6.876
29 21 MET N 118.87 1115 102 ASN C 174.88
30 21 MET HN 8.25 1116 103 GLY N 103.077
31 21 MET CA 55.34 1117 103 GLY HN 8.651
32 21 MET HA 4.394 1118 103 GLY CA 45.45
33 21 MET CB 32.87 1119 103 GLY HA2 3.458
34 21 MET HB2 1.925 1120 103 GLY HA1 3.987
35 21 MET HB1 1.925 1121 103 GLY C 175.15
36 21 MET cG 31.85 1122 104 LEU N 12192
37 21 MET HG2 2442 1123 104 LEU HN 7.187
38 21 MET HG1 2442 1124 104 LEU CA 55.63
39 21 MET C 17557 1125 104 LEU HA 4.079
40 22 ASP N 121.16 1126 104 LEU CB 41.42
41 22 ASP HN 8.143 1127 104 LEU HB2 0.937
42 22 ASP CA 54.14 1128 104 LEU HB1 0.969
43 22 ASP HA 4.569 1129 104 LEU cG 25.69
44 22 ASP CB 41.2 1130 104 LEU HG 1.424
45 22 ASP HB2 2603 1131 104 LEU CD1 2535
46 22 ASP HB1 2.706 1132 104 LEU HD11 -0.375
47 22 ASP C 17592 1133 104 LEU HD12 -0.375
48 23 TYR N 120.83 1134 104 LEU HD13 -0.375
49 23 TYR HN 8.072 1135 104 LEU CD2 228
50 23 TYR CA 58.01 1136 104 LEU HD21 0.652
51 23 TYR HA 4.563 1137 104 LEU HD22 0.652
52 23 TYR CB 38.6 1138 104 LEU HD23 0.652
53 23 TYR HB2 2904 1139 104 LEU C 1774
54 23 TYR HB1 3.083 1140 105 ASP N 1212
55 23 TYR CcD1 133212 1141 105 ASP HN 9.159
56 23 TYR HD1 7.084 1142 105 ASP CA 55.23
57 23 TYR CE1 118329 1143 105 ASP HA 4.861
58 23 TYR HE1 6.829 1144 105 ASP CB 4339
59 23 TYR CE2 118329 1145 105 ASP HB2 268
60 23 TYR HE2 6.829 1146 105 ASP HB1 2.741
61 23 TYR CD2 133212 1147 105 ASP C 17567
62 23 TYR HD2 7.084 1148 106 MET N 117.065
63 23 TYR C 175.79 1149 106 MET HN 8.496
64 24 SER N 117.08 1150 106 MET CA 54.62
65 24 SER HN 8.251 1151 106 MET HA 5.115
66 24 SER CA 58.62 1152 106 MET CB 38.54
67 24 SER HA 4.405 1153 106 MET HB2 1.778
68 24 SER CB 63.92 1154 106 MET HB1 1.844
69 24 SER HB2 3.838 1155 106 MET cG 33.63
70 24 SER HB1 3.838 1156 106 MET HG2 2377
71 24 SER C 17441 1157 106 MET HG1 2.404
72 25 ILE N 121.865 1158 106 MET CE 19.2
73 25 ILE HN 7.983 1159 106 MET HE1 2.093
74 25 ILE CA 61.32 1160 106 MET HE2 2.093
75 25 ILE HA 4.208 1161 106 MET HE3 2.093
76 25 ILE CB 38.89 1162 106 MET C 17517
77 25 ILE HB 1.869 1163 107 GLU N 12268
78 25 ILE CG1 2731 1164 107 GLU HN 9.029
79 25 ILE HG12 1177 1165 107 GLU CA 54.73
80 25 ILE HG11 1.456 1166 107 GLU HA 4.626
81 25 ILE CcD1 13.06 1167 107 GLU CB 33.09
82 25 ILE HD11 0.846 1168 107 GLU HB2 1.889
83 25 ILE HD12 0.846 1169 107 GLU HB1 2074
84 25 ILE HD13 0.846 1170 107 GLU cG 36.07
85 25 ILE CG2 17.54 1171 107 GLU HG2 2.252
86 25 ILE HG21 0.897 1172 107 GLU HG1 2.252
87 25 ILE HG22 0.897 1173 107 GLU C 174.83
88 25 ILE HG23 0.897 1174 108 VAL N 12067
89 25 ILE C 176.19 1175 108 VAL HN 8.653
90 26 SER N 119.13 1176 108 VAL CA 59.15
91 26 SER HN 8.254 1177 108 VAL HA 5223
92 26 SER CA 58.4 1178 108 VAL CB 35.24
93 26 SER HA 4.452 1179 108 VAL HB 1.785
94 26 SER CB 63.89 1180 108 VAL CG2 19.18
95 26 SER HB2 3.848 1181 108 VAL HG21 0.834
96 26 SER HB1 3.848 1182 108 VAL HG22 0.834
97 26 SER C 17444 1183 108 VAL HG23 0.834
98 27 ALA N 126.09 1184 108 VAL CG1 23.09
99 27 ALA HN 8.246 1185 108 VAL HG11 0.797
100 27 ALA CA 52.72 1186 108 VAL HG12 0.797
101 27 ALA HA 4.346 1187 108 VAL HG13 0.797
102 27 ALA CB 19.33 1188 108 VAL C 172.815
103 27 ALA HB1 1.38 1189 109 GLU N 12793
104 27 ALA HB2 1.38 1190 109 GLU HN 9.027
105 27 ALA HB3 1.38 1191 109 GLU CA 54.87
106 27 ALA C 177.67 1192 109 GLU HA 4.629
107 28 VAL N 11832 1193 109 GLU CB 33.16
108 28 VAL HN 7.938 1194 109 GLU HB2 1.838
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109
110
111
112
113
114
115
116
117
118
119

121

126

139

150

169

171

173
174
175
176

178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226

CA
HA
CB
HB
CG2
HG21
HG22
HG23
CG1
HG11
HG12
HG13

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CcB
HB2
HB1
cG
HG
CcD1
HD11
HD12
HD13
CD2
HD21
HD22
HD23

HN
CA
HA
CB
HB
CG2
HG21
HG22
HG23
CG1
HG11
HG12
HG13

HN
CA
HA
CcB
HB2
HB1

HN
CA
HA
CcB
HB2
HB1

HN
CA
HA
CcB
HB2
HB1
cG
HG2
HG1
co
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB1
HB2
HB3

62.48
4.079
32.73
2.037
20.76
0917
0917
0917
21.16
0.901
0.901
0.901
176.07
12387
8.333
56.53
4.291
3034
194
2.059
36.24
2.258
2.258
176.17
12367
8.211
55.05
4.387
423
158
1.641
27.01
1.597
25.1
0.894
0.894
0.894
24.57
0.833
0.833
0.833
177.225
12087
8.048
62.34
4.104
33.02
2.058
20.61
0.975
0.975
0.975
21.16
0.901
0.901
0.901
1758
124
8.393
54.34
4.628
4131
2.607
2.709
176.35
116.86
8.245
58.58
4.408
63.84
3.863
3.909
17499
12297
8.385
56.84
4.294
3273
1.748
1.844
24.74
1435
1435
29.07
1678
1678
42.15
2997
2997
176.96
12089
8.313
56.82
4.284
302
1.942
2.058
36.24
2.261
2.261
176.72
1164
8.204
58.49
4412
63.84
3.859
3.859
17427
125.89
8.22
52.56
4.354
19.31
1383
1383
1383
177.56

109
109
109
109
109
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
112
112
112
112
112
112
112
112
112
112
112
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
114
114
114
114
114
114
114
114
115
115
115
115
115
115
115
115
115
115
115
115
116
116
116
116
116
116
116
116
116
116
116
116
116
116
116
116
116
116
117
117
117
117
117
117
117
117
117
117
117
117
117
117
117

HB1

HG2
HG1

HN
CA
HA
CB
HB

HG21
HG22
HG23
CG1

HG11
HG12
HG13

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1
co
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CcB
HB2
HB1
cG
ND2
HD21
HD22

HN
CA
HA
CB
HB2
HB1
cG
HG
CD1
HD11
HD12
HD13
CD2
HD21
HD22
HD23

HN
CA
HA
CcB
HB
CG2
HG21
HG22
HG23

HG11
HG12
HG13

1.945
36.122
2182
2182
17311
1254
8.973
61.79
4.356
3321
2.089
21.59
0.855
0.855
0.855
21.62
0.855
0.855
0.855
17523
129.15
8.963
54.09
4.727
30.84
1.898
197
24.09
1.401
1.303
28.66
1638
1638
41.92
2912
2912
176.73
12429
8.886
60.52
3.849
29.61
2.049
2.049
36.84
2.256
2.299
179.18
11821
8.732
58.42
4.119
31.72
1.801
1.844
248
1.451
1.451
29.06
168
168
42.16
2.995
2.995
176.51
115.56
7.156
53.75
4.761
427
2.306
2.881
174.59
116.01
7.966
54.4
4.279
37.84
2.887
2.939
177429
111.966
7.564
6.552
173.28
118.71
7.337
54.27
5.22
46.85
1.409
1.475
27.46
1.29%
26.18
0.76
0.76
0.76
24.47
0.763
0.763
0.763
174.62
123.08
8.33
60.44
4.724
34.86
1.874
22.095
0.874
0.874
0.874
22.936

0.9
0.9
173.11
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227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344

38
38
38
38
38
38
38
38
38
38
38
38
38
38
38
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
42
42
42
42
42
42
42
42
43
43
43
43
43
43
43
43
43
43
43
44
44
44
44
44
44
44
44
45
45
45
45
45
45
45
45
45
46
46
46
46
46
46
46
46
46
46
46
46
46
46
46
46
46
47

ASP

HN
CA
HA
CB
HB
CG2
HG21
HG22
HG23
CG1
HG11
HG12
HG13

HN
CA
HA
CcB
HB
CG2
HG21
HG22
HG23
CG1
HG11
HG12
HG13

HN
CA
HA
CcB
HB2
HB1
cG
HG2
HG1
co
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB1
HB2
HB3

HN
CA
HA
CcB
HB2
HB1
cG
HG2
HG1

HD2
HD1
CE

HE2
HE1

119.42
7.99
62.49
4.076
32.72
2.03
20.76
0.933
0.933
0.933
21.16
0.901
0.901
0.901
176.1
12479
8.14
62.36
4.08
32.77
2.028
20.61
0.915
0.915
0.915
21.16
0.901
0.901
0.901
175.85
126.39
8.389
56.15
4.33
33.19
1.746
1.835
247
1.415
1.415
29.07
1679
1679
42.13
2.985
2.985
176.164
12386
8.429
56.24
4329
33.24
1.746
1.835
247
1423
1423
29.08
1678
1678
42.11
2.993
2.993
176.27
122.09
8.415
54.63
4571
41.16
2.605
2.705
17647
121.07
8.45
56.97
4.235
30.28
1.932
2.069
36.24
2.258
2.258
176.435
12096
8.301
54.59
4.572
41.18
2.602
2.706
176.13
124.26
8.08
52.61
4.298
19.15
1.387
1.387
1.387
177.75
12056
8.228
56.45
4.293
33.06
1.751
1.839
247
1.428
1.428
29.05
1.674
1.674
42.15
2.996
2.996
176.77
121.82

1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343

1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376

118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
120
120
120
120
120
120
120
120
120
120
120
120
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121

125

LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
LYS
LYS
LYS
LYS
LYS

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB
CG1
HG12
HG11
CD1
HD11
HD12
HD13

HG21
HG22
HG23

HN
CA
HA
CB
HB2
HB1
cG

HD21
HD22

HN
CA
HA
CB
HB2
HB1
cG
HG
CD1
HD11
HD12
HD13
CD2
HD21
HD22
HD23

HN
CA
HA
CB
HB
CG1
HG12
HG11
CD1
HD11
HD12
HD13

HG21
HG22
HG23

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HA
CB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1

HN
CA
HA
CcB
HB2
HB1

HN
CA
HA
CB

12543
8.854
54.64
5371
351
1.677
1.677
25.28
1.342
1.426
29.76
1.449
1.546
41.79
2.588
2.687
17528
126.02
9.423
59.12
4.953
40.52
1.712
28.18
0.995
1436
14.24
0.702
0.702
0.702
17.44
0.724
0.724
0.724
17378
1252
8.882
51.35
5.363
41.17
2512
2512
175.596
111,693
7.391
6.516
174.01
126.16
8.536
54.72
3.85
38.62
-0.897
1423
25.44
1.134
24.98
0.024
0.024
0.024
21.86
-0.393
-0.393
-0.393
175.02
12399
7.703
59.39
4.404
3931
1.839
27.33
1.167
138
11.71
0.652
0.652
0.652
17.52
0.935
0.935
0.935
176.74
127.28
8.834
54.01
5.806
29.176
1.949
2.368
342
2.724
2.819
62.71
4.638
32,69
2192
2444
2736
2.156
2.184
50.99
4.105
4.247
176.74
120.82
8.491
55.11
4.498
41.19
2.699
2.785
176.25
117.96
7.697
55.24
4.422
3331
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345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401

403
404
405
406
407
408
409
410
411
412
413

415
416
417
418
419
420
421
422
423
424
425
426

428
429
430
431
432
433

435
436
437
438
439
440
441

443
444
445
446

448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
SER
SER
SER
SER
SER
SER
SER
SER
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
MET
MET
MET
MET
MET
MET
MET
MET
MET
MET
MET
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE

ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
SER
SER
SER
SER
SER
SER
SER
SER
LYS

HN

HA
CB
HB2
HB1
cG
HG2

HG21
HG22
HG23

HN
CA
HA
CB
HB

HG21
HG22
HG23

HN
CA
HA
CcB
HB2
HB1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB
CG1
HG12
HG11
CD1
HD11
HD12
HD13
CG2
HG21
HG22
HG23

HN
CA
HA
CB
HB2
HB1
cG

HD21
HD22

HN
CA
HA
CB
HB2
HB1

8.376
56.69
4.285
303
1.942
2.056
36.25
2.258
2.258
176.66
122.32
8.503
56.82
4358
303
1.952
2.069
36.25
2.266
2.266
176.94
115.05
8.259
62.37
4377
69.7
4271
2171
1.226
1.226
1.226
175.15
115.965
8.13
62.43
4.348
69.7
4271
21.72
1.229
1.229
1.229
175
117.89
8.301
58.83
4.415
63.68
3.861
3.916
17476
122.73
8.203
56.52
4.309
33.06
1.746
1.835
247
1436
1928
29.05
1.674
1.674
42.16
2.989
2.989
176.58
12088
8214
55.68
4.46
32.77
2011
2.083
32.09
2517
2.592
176.28
12174
8.086
61.33
4.145
38.82
1.863
2732
1.182
1.459
12.95
0.848
0.848
0.848
17.52
0.894
0.894
0.894
176.02
12242
8.48
53.27
4.762
3897
276
2.866
177112
112.664
7.585
6.895
17511
116.46
8.206
58.53
4.42
63.85
3.863
3.916
17432
12297

1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548

130
130
130
130
130
130
130
130
130
130
131
131
131
131
131
131
131
131
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
134
134
134
134
134
134
134

HB2
HB1
cG

HG2
HG1
cb

HD2
HD1
CE

HE2
HE1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HD2
HD1
CE

HE2
HE1

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HD2
HD1

HN
CA
HA
CB
HB

HG21
HG22
HG23
CG1

HG11
HG12
HG13

HN
CA
HA
CcB
HB2
HB1

HN
CA
HA
CcB
HB2
HB1
CD1
HD1

HE1

HH2

HB2
HB1
cG

HG2
HG1
cb

HD2
HD1
CE

HE2
HE1

HN
CA
HA
CcB
HB2
HB1

1.745
1.835
2431
1.407
1.407
29.08
168
168
42.13
3.002
3.002
17578
121.71
8.301
57.66
4.115
32.09
1.797
1.797
24.74
1.428
1.428
29.07
168
168
42.16
2.993
2.993
176.75
119.53
8.498
57.12
4.66
64.28
3.877
3.935
174.66
123.02
8.642
57.99
4.244
30.8
1.886
1.886
274
1.667
1.667
43.25
3.205
3.205
17588
111.82
7.466
59.16
4.829
3591
1935
19.44
0.825
0.825
0.825
21.69
0.818
0.818
0.818
174.73
117.24
9.492
56.8
4.761
66.8
3.883
4.492
175.04
126.25
10.955
61.62
4.445
29.18
2.79
3.351
126,691
6.951
12963
9.537
115923
6.772
124.299
5.695
122.256
5.865
118552
7.068
180.07
1176
8.795
60.11
3.62
3223
1.753
2.148
23.96
1376
1.404
29.15
1.757
1.757
42.16
3.073
3.073
177.03
112.36
7.796
56.02
4.647
41.45
2477
2.588

122
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463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580

LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HD2
HD1
CE

HE2
HE1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB
CG2
HG21
HG22
HG23

HN
CA
HA
CB
HB
CG2
HG21
HG22
HG23

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HD2
HD1
CE

HE2
HE1

HN
CA
HA
CB
HB
CG1
HG12
HG11
CcD1
HD11
HD12
HD13
CG2
HG21
HG22
HG23
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HD2
HD1

HN
CA
HA
CB
HB
CG1
HG12
HG11
CD1
HD11
HD12
HD13
CG2
HG21
HG22
HG23

8.248
56.26
4.355
33.11
1.747
1.834
24.72
143
143
29.05
1676
1676
42.1
2987
2987
176.36
12371
8.591
56.26
4.456
33.13
1.758
1.84
24.72
1.426
1.426
29.06
1.681
1.681
42.16
2.998
2.998
176.34
115.12
8.203
60.73
4.888
71.41
4.076
21.63
1.118
1.118
1.118
1741
11843
8.915
60.96
4.574
70.674
4.057
21.223
1.159
1.159
1.159
172.55
124.03
8.246
55
5.242
346
1.637
1.674
2524
1.193
1376
29.42
1.409
1.409
41.77
2.663
2.663
176.03
12381
9.148
57.44
4.855
40.29
1.872
26.36
1177
1.514
13.5
0.795
0.795
0.795
17.47
0.861
0.861
0.861
619
4.461
31.92
1.737
1.883
26.98
2.091
2.333
50.84
3.892
4.093
17586
12324
8.786
58.06
4.428
38.02
1733
26.63
1.219
1.299
12.12
0.727
0.727
0.727
16.86
0.563
0.563
0.563

1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666

134
135
135
135
135
135
135
135
135
136
136
136
136
136
136
136
136
136
136
136
136
136
136
136
136
137
137
137
137
137
137
137
137
137
137
137
137
137
137
137
137
137
137
138
138
138
138
138
138
138
138
138
138
138
138
139
139
139
139
139
139
139
139
139
139
139
140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
141
141
141
141

141

ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

o

CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB2
HB1
CcD1
HD1
CE1
HE1
CE2
HE2
CD2
HD2

HN
CA
HA
CcB
HB2
HB1
cG
HG
CcD1
HD11
HD12
HD13
CD2
HD21
HD22
HD23

HN
CA
HA
CB
HB2
HB1
cG
ND2
HD21
HD22

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

NE2
HE21
HE22

HN
CA
HA
CB
HB2
HB1
cG
ND2
HD21
HD22

HN
CA
HA
CB
HB
CG1
HG12
HG11
CD1
HD11
HD12
HD13
CG2
HG21
HG22
HG23

HN
CA
HA
CB
HB
CG1

17749
115.58
7.567
56.29
4661
42.89
1.797
2734
176.125
113.95
7374
60.68
4.888
41.12
2,994
3.951
133438
7.076
119.094
6.304
119.094
6.304
133438
7.076
176.86
11841
8.332
53.54
4.67
41
1.659
1.721
26.57
1.553
2551
0.191
0.191
0.191
21.79
0.707
0.707
0.707
175.7
116.01
7.253
52.48
4.667
38.14
2.806
3.248
176.105
113.052
7.492
6.611
1749
11931
8.876
60.11
3.975
29.66
2.083
2.083
36.41
2.376
2.376
178.16
11523
8.223
58.33
4.259
289
2.088
2.088
34.46
2451
2451
180.69
112482
7.601
6.892
1773
1155
7.739
53.96
5.379
415
2611
3.048
176.725
113675
7611
6.915
17744
122.325
8.369
66.07
4.403
37.19
193
29.75
1.177
1.501
14.27
0.918
0.918
0.918
16.08
0.976
0.976
0.976
17534
120.25
7.925
64.27
3.751
37
1.557
28.68
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581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698

ILE
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
SER
SER
SER
SER
SER
SER
SER
SER
Lys
LYs
LYs
LYs
LYs
LYs
LYs
Lys
Lys
Lys
Lys
Lys
Lys
Lys
Lys
Lys
LYs
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
Lys
LYs
LYs
LYs
LYs
LYs
LYs
LYs
LYs
LYs
LYs
Lys
Lys
Lys
Lys
Lys
Lys
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE

o

CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB
CG1
HG12
HG11
CcD1
HD11
HD12
HD13
CG2
HG21
HG22
HG23

HN
CA
HA
CB
HB
CG1
HG12
HG11
CcD1
HD11
HD12
HD13
CG2
HG21
HG22
HG23

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CcB
HB2
HB1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HD2
HD1
CE

HE2
HE1

HN
CA
HA
CcB
HB
CG1
HG12
HG11

174.265
126.49
8.807
54.65
4.986
322
1.819
1.819
36.9
1.835
2024
175.365
12883
9.28
59.49
4.071
39.16
1.567
26.94
0.454
1.035
12.91
0.46
0.46
0.46
17.93
0.357
0.357
0.357
175.05
12829
9.215
60.35
4.684
39.78
1.874
27.8
1.097
1.527
134
0.888
0.888
0.888
17.84
0.966
0.966
0.966
175
12157
8.581
55.91
4.349
65.96
3.832
4.079
1735
119.22
8.007
59.16
391
32.06
1673
1.778
24.29
1336
1336
29.08
168
168
42.15
3.02
3.02
176.71
115.01
7.983
54.68
4.746
42,93
2521
2.741
17538
117.99
7.59
55.77
4621
33
1.847
1.949
35.58
2.089
2.089
17374
12249
8.357
55.68
4.988
34.61
1.632
1.674
24.97
1.113
1.228
29.443
1.577
1.577
41.94
2.806
2.806
175.04
127.06
8912
59.96
4.397
41.67
1.687
27.47
1.075
1.39%

1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784

143
143
143
143
143
143
143
143
143
143
143
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
145
145
145
145
145
145
145
145
145
145
145
146
146
146

150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
151
151

ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
THR
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ASN
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
LYS
LYS

HG12
HG11
CcD1

HD11
HD12
HD13
CG2

HG21
HG22
HG23

HN
CA
HA
CB
HB2
HB1
CD1
HD1
CE1
HE1
CE2
HE2
CD2
HD2

HN
CA
HA
CB
HB
CG2
HG21
HG22
HG23

HN
CA
HA
CB
HB
CG1
HG12
HG11
CcD1
HD11
HD12
HD13

HG21
HG22
HG23

HN
CA
HA
CcB
HB2
HB1
cG
ND2
HD21
HD22

HN
CA
HA
CB
HB2
HB1
cG
ND2
HD21
HD22

HN
CA
HA
CB
HB
CG1
HG12
HG11
CD1
HD11
HD12
HD13

HG21
HG22
HG23

HN
CA
HA
CcB
HB
CG1
HG12
HG11
CcD1
HD11
HD12
HD13
CG2
HG21
HG22
HG23

HN

1.075
1.297
1271
0.742
0.742
0.742
1731
0.529
0.529
0.529
177.86
119.72
7.009
60.9
4.28
37.49
334
3.303
13279
7.215
118543
6.83
118543
6.83
13279
7.215
17875
119.16
8.633
67.35
4.242
69.42
4.728
22.22
1.402
1.402
1.402
17496
11741
8.388
64.03
3.612
36.81
1933
28.06
1425
1.49
11.67
0.677
0.677
0.677
17.58
0.891
0.891
0.891
1783
1174
8.133
57.13
4.445
38.57
2.663
2.865
176.024
111811
7.393
6.983
17713
11494
8.336
55.75
4.619
38
2.161
2.881
17517
110543
7.288
5.482
177.24
11834
7.569
65.98
3.844
38.83
1.873
29.64
0.763
2322
14.21
0.654
0.654
0.654
18.15
0.699
0.699
0.699
176.58
116
8.594
66.72
3.441
37.82
1.872
29.06
1.063
1763
13.45
0.805
0.805
0.805
17.51
0.872
0.872
0.872
178.1
11538
8.457
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699
700
701
702
703
704
705
706
707
708
709
710
711

713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741

743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761

763
764
765
766
767
768
769

771
772
773
774
775
776

778
779
780
781
782
783
784
785
786
787
788
789
790
791

793
794
795
796
797
798
799
800
801

803
804
805
806
807
808
809
810
811
812
813
814
815
816

73
73
73
73
73
73
73
73
73
74
74
74
74
74
74
74
74
74
74
74
74
74
74
74
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
77
77
77
77
77
77
77
77
77
77
77
77
77
77
77
77
77
77
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
79
80
80
80
80
80
80
80
80
81
81

ILE

ILE

LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ILE

ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
GLU
GLU

CcD1

HD11
HD12
HD13
CG2

HG21
HG22
HG23

HN
CA
HA
CB
HB

HG21
HG22
HG23
CG1

HG11
HG12
HG13

HN
CA
HA
CcB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB2
HB1
CD1
HD1
CE1
HE1
CE2
HE2
CD2
HD2

HN
CA
HA
CB
HB2
HB1
cG
HG
CD1
HD11
HD12
HD13
CD2
HD21
HD22
HD23

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

NE2
HE21
HE22

HN
CA
HA
CB
HB
CG1
HG12
HG11
CD1
HD11
HD12
HD13

HG21
HG22
HG23

HN
CA
HA
CB
HB2
HB1

HN

13.67
0.812
0.812
0.812
17.54
0.812
0.812
0.812
17417
12513
8.305
60.95
4.899
33.95
1.804
20.71
0.536
0.536
0.536
21.27
0.793
0.793
0.793
17545
126.75
8.744
53.71
4.547
3537
1.473
1.75
24.63
122
122
29.11
1.524
1575
41.94
2.838
2.838
1737
118.08
8.52
57.48
5.186
40.72
2.589
2.75
132.737
6.856
118.076
6.732
118.076
6.732
132.737
6.856
17565
125
9.144
53.25
4.687
45.07
1519
1.604
26.997
1.552
24.999
0.872
0.872
0.872
24.665
0.842
0.842
0.842
17561
12314
8.556
55.32
5.047
30.27
1.947
1.947
343
2213
2.287
180.135
111526
7.555
6.783
174.85
12198
8.652
59.27
4.552
41.71
1763
27.29
1.209
1.475
13.25
0.838
0.838
0.838
17.11
0.819
0.819
0.819
174125
124.56
8.507
54.47
4.668
4132
2.598
2.804
177.75
126.34
8.8

1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883

1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902

151
151
151
151
151
151
151
151
151
151
151
151
151
151
151
152
152
152
152
152
152
152
152
153
153
153
153
153
153
153
153
153
153
153
153
153
153
154
154
154
154
154
154
154
154
154
154
154
154
154
154
154
154
154
154
155
155
155
155
155
155
155
157
157
157
157
157
157
157
157
157
158
158
158
158
158
158
158
158
159
159
159
159
159
159
159
159
159
159
159
159
160
160
160
160
160
160
160
160
161
161
161
161
161
161
161
161
161
161
161
161
161
161
161
161
161
161
162

ASN

ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
TRP.

CA
HA
CB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB
CG2
HG21
HG22
HG23
CG1
HG11
HG12
HG13

HN
CA
HA
CB
HB
CG1
HG12
HG11
CcD1
HD11
HD12
HD13
CG2
HG21
HG22
HG23

cG
HG2
HG1
cb
NE2
HE21
HE22
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB2
HB1
cG

HD21
HD22

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB
CG1
HG12
HG11
CD1
HD11
HD12
HD13

HG21
HG22
HG23

59.1
3.991
32.05
1.793
2,012
253
1.459
1.459
28.68
1.637
1.637
42.1
2922
2922
178.15
1104
6.696
55.1
4.805
40.74
2.453
2.608
174.95
116.13
7.677
64.36
4.056
32.16
2.138
22.09
0.865
0.865
0.865
2239
0.947
0.947
0.947
11542
7.579
62.79
3.879
37.43
1.875
27.47
1.16
1.467
13.14
0.698
0.698
0.698
17.56
0.859
0.859
0.859
174.88
32.461
213
213
179.688
111.265
7.707
6.951
56.7
4371
30.53
1.951
2.065
36.22
226
226
175836
1213
8.404
54.42
4.642
41.53
2.606
2712
176.18
1189
8.558
5433
4636
38.57
2.891
2916
177.409
112.664
7.593
6.901
17544
11493
8.527
59.31
4519
64.12
3.864
3912
17377
121.86
7.92
61.05
4.235
39.43
1.784
27.26
1.186
1.452
13.54
0.792
0.792
0.792
17.56
0.816
0.816
0.816
17474
12531
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817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934

GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
SER
SER
SER
SER
SER
SER
SER
SER
SER
SER
SER
SER
SER
SER
SER
SER
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LYS

LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
ARG
ARG
ARG
ARG

CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CB
HB2
HB1

HN
CA
HA
CcB
HB2
HB1
cG
HG
CD1
HD11
HD12
HD13

HD21
HD22
HD23

HN
CA
HA
CcB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1
CE
HE2
HE1

HN
CA
HA
CcB
HB2
HB1

HN
CA
HA
CB
HB2
HB1
cG
HG2
HG1
cb
HD2
HD1

HE2
HE1

HN
CA
HA
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