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1. Introduction

1.1. Autophagy – A Short Historical Overview

The orchestration of a cell’s complex environment is a most astounding characteristic
of biological life. The foundation of this interplay is a continuous supply and a prompt
availability of elementary molecular building blocks or precursor molecules necessary
for cellular homeostasis. Precursor molecules, such as amino acids, are needed for
the synthesis of vastly diverse macromolecular cellular components.

A discontinuity in this supply will result in severe cellular stress, and a prolonged
absence may endanger cellular survival altogether. Most eukaryotes therefore pos-
sess an evolutionarily conserved mechanism which is able to bypass a temporary
state of nutrient depletion. When activated, in times of nutrient scarcity and stress,
cells resort to partial self-consumption–or autophagy–of non-essential cytoplasmic
macromolecules.

Autophagy itself is a most interesting cellular phenomenon, for its versatility is un-
matched. It allows the degradation of comparably small monomeric proteins as well
as larger protein aggregates. Even entire organelles, like mitochondria, and invad-
ing pathogens may be decomposited as part of an innate immune response. The
first detailed description of the then unnamed autophagic process was published in
the late 1950’s based on detailed morphological analyses of rodent renal cells and
hepatocytes (Novikoff et al., 1956; Clark, 1957).

Soon after these initial observations, ex vivo rat hepatocytes have been investigated
by glucagon perfusion experiments and lead Ashford and Porter to the conclusion
“(...) Possibly some condition it establishes in the cell leads to the development of
foci of physiologic autolysis (...) and such areas are automatically surrounded by a
membrane (...)” (Ashford and Porter, 1962).

While the relationship between degradation of mitochondria and the involvement of

1



1. Introduction

Figure 1.1.: Illustration of cellular macroautophagy. (a) Sequestration of cytosolic targets at
the phagophore assembly site (PAS), (b) phagophore extension and (c) formation of a closed,
double-membrane vesicle, termed autophagosome. A mature autophagosome fuses with
lysosomal organelles (d) to create an autolysosome, resulting in the degradation of cargo
molecules by hydrolases (e) and release of the building blocks into the cytosol. Adapted from
Xie and Klionsky (2007).

lysosomal compartments in hepatic cells has been further traced (Novikoff and Ess-
ner, 1962), Novikoff suggested “cytolysosomes” as designation for the newly discov-
ered organelles. In the end it was Christian de Duve who coined the term autophagy
for this phenomenon in the early 1960’s (Klionsky, 2008a).

1.2. Autophagy – The Molecular Era

Optical and electron microscopic observations have been the driving force of ad-
vancements in autophagy research. Owing to the physical principles of these meth-
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1. Introduction

ods and state of the art at the time, research has been restricted to the phenomeno-
logical description of microscopic fate and interplay of comparably large organelles
involved in autophagy. The way into the molecular and genomic era has been paved
when studies of autophagy-deficient Saccharomyces cerevisiae yeast mutants re-
sulted in the description of the first autophagy-related (Atg) genes (Takeshige et al.,
1992; Tsukada and Ohsumi, 1993; Thumm et al., 1994). With the first Atg gene,
coding for a protein later termed autophagy-related 1 (Atg1), the foundation has been
laid to decipher a plethora of molecular mechanisms underlying autophagy (Matsuura
et al., 1997).

Through genetic analyses of S. cerevisiae, until today more than 30 autophagy-
related proteins have been identified (Nakatogawa et al., 2009; Weiergräber et al.,
2013). Most of these are conserved in higher eukaryotes as well and are often
complemented by additional paralogues, possibly due to cell type differentiation in
higher eukaryotes and a subsequent necessity to procure additional regulatory op-
tions (Feng et al., 2014).

The majority of Atg proteins can be assorted to the autophagic core machinery,
which comprises a group of autophagic proteins essential for formation of autophago-
somes (Xie and Klionsky, 2007). Autophagosomes are double-membrane vesicles
engulfing and sequestering cellular components destined for degradation. Upon initi-
ation of autophagy, e.g. under nutrient deprivation, several Atg proteins are localised
at the pre-autophagosomal structure also known as phagophore assembly site (PAS)
(Suzuki et al., 2001). Concomitantly, cytosolic targets of autophagy are sequestered
and engulfed by a newly emerging cup-shaped structure, a phagophore, which sub-
sequently closes to form a fully developed, double-membrane vesicle termed au-
tophagosome (see also Figure 1.1). The autophagsome matures further by fusion
with endosomes containing endocytic markers (Mizushima et al., 2002). And in a fi-
nal step, through fusion with a lysosome, the autophagosomal inner membrane and
autophagic cargo are enzymatically degraded (Nakatogawa et al., 2009). Thereby au-
tophagy provides new building blocks under stress conditions to ensure continuous
operation of a cell’s biochemical machinery.

The above described intracellular sequestration of cytosolic targets by autophago-
some formation is termed non-selective or bulk autophagy and used synonymously
with “autophagy” throughout this work. Specific autophagic pathways are named by
their primary target organelle including pexophagy–the degradation of peroxisomes–

3



1. Introduction

which has been extensively described for the yeasts P. pastoris and H. polymorpha
(Dunn et al., 2005), and mitophagy, the autophagic degradation route for mitochondria
which has been focused by the very first studies of autophagy (Novikoff and Essner,
1962).

Closely related but mechanistically different autophagy processes have been named
microautophagy and chaperone mediated autophagy. Whereas the former engulfs
part of the cytoplasm by invagination of a lysosome, the latter directly targets single
proteins with the help of chaperones (Li et al., 2012).

During autophagosome formation, the autophagic core machinery orchestrates
the assembly of essential autophagic proteins. This core machinery can be subdi-
vided into four functional units: (1) the Atg9 cycling system–important for phagophore
nucleation–, (2) the Atg1 / Unc-51-like kinase complex–regulating induction of au-
tophagosome formation–, (3) the phosphatidylinositol 3-kinase complex–synthesising
phosphatidylinositol 3-phosphate which in turn is essential for recruitment of proteins
during autophagosome formation–, and, finally, (4) the Atg12 and Atg8 protein conju-
gation systems (Mizushima et al., 2011).

1.2.1. Autophagic Protein Conjugation Systems

In 1998, with Atg12, the first protein involved in an autophagic conjugation system has
been described. Shortly thereafter, a second protein involved in a different autophagic
protein conjugation system, Atg8 (also known as Aut7 or Apg8), has been discovered
and since then investigated in depth (Mizushima et al., 1998; Kirisako et al., 2000;
Ichimura et al., 2000). The importance of these conjugation systems has become ev-
ident by their conservation from simpler unicellular eukaryotic organisms, like yeasts,
to highly specialised mammalian cells (Mizushima et al., 1998).

The molecular mechanisms of the autophagic protein conjugation systems are re-
lated to the–at the time of discovery–already widely known ubiquitination phenomenon
(Pickart, 2001). Similarities are so prevalent that Atg12, Atg8 and their homologues
have been labelled ubiquitin-like modifiers (Hochstrasser, 2000). Furthermore, the
autophagic machinery utilises enzymes functionally equivalent to ubiquitin activat-
ing (E1) and conjugating enzymes (E2), and to ubiquitin-protein ligases (E3) (Pickart,
2001). While Atg12, much like ubiquitin, is covalently coupled to a target protein, Atg8
and its homologues target a phospholipid. The conjugation mechanism is described

4



1. Introduction

Figure 1.2.: Comparison of Atg8 / LC3 and ATG12 autophagic protein conjugation mecha-
nisms, and the role of lipid-conjugated LC3 in autophagic fusion events. (a) Atg8 / LC3 con-
jugation mechanism. Atg8 / LC3 are processed by cleaving the carboxy-terminus to expose a
conserved glycine residue by the cystein protease HsATG4B–the prevalent human ATG4 ho-
mologue. Cleaved Atg8 / LC3 is subsequently transfered from E1-like ATG7 to E2-like ATG3,
and, finally, to phosphatidylethanolamine (PE) by the E3-like ATG12-ATG5-ATG16L complex.
Conjugation of Atg8 / LC3 to PE is reversible by HsATG4B. (b) Conjugation of ATG12 to
ATG5 is catalysed by E1-like ATG7 and the E2-like ATG10 to form the ATG12-ATG5-ATG16L
complex which is essential for Atg8 / LC3-PE formation. (c) Atg8 / LC3-PE mediates in vitro
membrane-tethering and hemifusion of liposomal membranes; in vivo Atg8 / LC3-PE expan-
sion of autophagosomal membranes. Adapted from Nakatogawa et al. (2009).

in more detail below (see also Figure 1.2 a and 1.2 b).
In analogy to other ubiquitin-like modifiers, Atg8-like proteins are synthesised as

precursor proteins, containing additional carboxy-terminal residue(s), which are then
cleaved by an ATG4 protease (see also Figure 1.2 a) (He et al., 2003; Tanida et al.,
2004). The action of this enzyme exposes the conserved carboxy-terminal glycine
and generates the form-I of an Atg8-like protein (Kabeya et al., 2000; Kirisako et al.,
2000; Tanida et al., 2003, 2004). Subsequently, the form-I protein is modified by the
concerted action of the E1-like activating enzyme Atg7 and the E2-like conjugating en-
zyme Atg3 (Ichimura et al., 2000), to be linked, in a final step, via the exposed glycine

5



1. Introduction

to the phospholipid phosphatidylethanolamine (PE) by the E3-like Atg5-Atg12-Atg16
complex (Fujita et al., 2008). This yields, now in contrast to ubiquitination, where the
target is a polypeptide, conjugation of an Atg8-like protein to a phospholipid. The
lipidated Atg8-like protein is commonly referred to by the suffix II, or PE (e.g. Atg8-
II or Atg8-PE). Notably, the deconjugation reaction is again catalysed by ATG4. In
vitro studies have suggested the possibility of an additional phospholipid target (phos-
phatidylserine) for mammalian Atg8 homologues, but could not be confirmed in vivo,
yet (Sou et al., 2006).

Atg12’s role as autophagic conjugation system remains–in contrast to Atg8-like
proteins–more limited and elusive. It has been established that the Atg5-Atg12 pro-
tein complex is a key factor for autophagosom formation and, as illustrated in Figure
1.2 b, essential for Atg8-PE formation (Kim et al., 2001; Fujita et al., 2008). Inter-
estingly, the E1-like activating enzyme Atg7 does not distinguish between Atg12 and
Atg8-like proteins and is employed by both conjugation systems.

Although already described in the late 1980s as a protein associating with micro-
tubules and later additionally ascribed a role as regulator of microtubule binding ac-
tivity (Kuznetsov and Gelfand, 1987; Mann and Hammarback, 1994), it has been in
the early 2000s when microtubule-associated protein 1 light chain 3B (MAP1LC3B
or LC3B) has been identified as first mammalian Atg8 homologue (Kabeya et al.,
2000). Today, at least eight homologous human ATG8 genes have been described
(Weiergräber et al., 2013). Through sequence identity they can be subdivided into the
GABARAP (γ-aminobutyric acid type A receptor-associated protein)-like and LC3-like
protein subfamilies (see also Figure 1.3) (Shpilka et al., 2011). The GABARAP-like
protein subfamily consists of eponymous GABARAP, GABARAPL1 (also kown as
GEC1), and GABARAPL2 (GATE-16) (Xin et al., 2001). The LC3-like protein sub-
family, on the other hand, includes LC3A, LC3B, most extensively studied by cellular
biological experiments, and LC3C (He et al., 2003). Expression patterns for each pro-
tein vary depending on cell type and tissue. For example, while LC3A is prevalently
expressed in cardiomyocytes, the overall less abundant LC3C shows highest concen-
trations in the lung (He et al., 2003). A consensus on distinct roles of homologous
proteins has still to be reached, although it has been speculated that LC3-like pro-
teins are involved in early elongation steps during autophagosome formation, while
GABARAP-like proteins are essential for autophagosome maturation (Weidberg et al.,
2010).

6



1. Introduction

Figure 1.3.: Sequence alignment of S. cerevisiae’s Atg8 and the canonical human homo-
logues GABARAP, GABARAPL1 (GEC1), GABARAPL2 (GATE-16), and LC3A, LC3B, and
LC3C. Highly conserved residues are highlighted in shades of blue; darker shading indicates
a higher conservation. Post-translational phosphorylation sites in LC3-like proteins have been
described for LC3A (protein kinase A (PKA), S12), and LC3B (protein kinase C, T6 and
T29). A possible PKA phosphorylation site in LC3C can be found with serine 18 (S18). In
GABARAP-like proteins, however, no phosphorylation sites have been reported. Conserved
residues important for structural stabilisation of amino-terminal helix α2 via salt-bridges can
be found in the 110–112 region of all Atg8-like proteins.

The conjugation of an LC3-like protein to an emerging phagophore is essential for
autophagosome genesis and membrane tethering (see also Figure 1.2 c) (Nakato-
gawa et al., 2007). LC3 is attached to prospective inner and outer autophagosomal
membranes. While LC3-PE found on the inner membrane is degraded after autolyso-
some formation (Kirisako et al., 1999; Huang et al., 2000; Kabeya et al., 2000), LC3-
PE on the outer autophagosomal membrane may be released back into the cytosol
and recycled. Deconjugation of lipidated LC3 is also catalysed by ATG4 enzyme.
Interestingly, the amount of Atg8-PE / LC3-PE adhering to an autophagosomal mem-
brane influences the expansion of a phagophore and can control the size of a resulting
autophagosome organelle (Ichimura et al., 2000; Nakatogawa et al., 2007; Xie et al.,
2008). Following initiation of autophagy, LC3 expression is often upregulated in mam-
malian cells (Klionsky et al., 2007), and as LC3 is a vital component of the autopha-
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1. Introduction

gic pathway it consequently serves as bona fide marker for autophagy from initiation
to degradation of cargo, a process known as autophagic flux (Kabeya et al., 2000;
Mizushima et al., 2004; Bampton et al., 2005; Klionsky, 2008b; Mizushima et al.,
2010).

Next to autophagosome genesis, LC3-like proteins are involved in membrane teth-
ering in vitro (see also Figure 1.2 c), while mutational analyses have demonstrated
LC3-like proteins are required for autophagosome formation in vivo (Nakatogawa
et al., 2007). Additionally, LC3-like proteins are involved in axonal transport of au-
tophagosomes in neurons through interaction of LC3 with the neuronal scaffolding
protein JIP1 (Fu et al., 2014).

1.2.2. Structural Characteristics of LC3 Proteins

A decisive step forward in the effort to understand the molecular basis of autophagic
conjugation mechanisms has been achieved by determination of the first three-di-
mensional structure of the mammalian Atg8-homologue GAPARAPL2, also known as
GATE-16 or Golgi-associated ATPase enhancer of 16 kDa (Paz et al., 2000). Struc-
tural similarities between GABARAPL2 and ubiquitin were striking and underpinned
the notion of Atg8-like proteins’ mode of action being based on a conserved structural
motif and not a catalytic phenomenon (Paz et al., 2000). Similar conclusions have
later been made for other Atg8-like proteins: Arabidopsis thaliana’s Atg12 (Suzuki
et al., 2005), S. cerevisiae’s Atg8 (Kumeta et al., 2010; Schwarten et al., 2010), and
its mammalian homologues, namely GABARAP (Knight et al., 2002; Bavro et al.,
2002; Stangler et al., 2002), GABARAPL1 (GEC1) (Rozenknop et al., 2011), and the
LC3-family members LC3A (Suzuki et al., 2014), LC3B (Kouno et al., 2005; Ichimura
et al., 2008; Noda et al., 2008), and LC3C (von Muhlinen et al., 2012; Suzuki et al.,
2014).

Structurally, Atg8 and homologous proteins share a common ubiquitin-like fold. This
fold is composed of two inner, parallel β-strands, each neighboured by one outer, anti-
parallel β-strand, thereby completing a central β-sheet, which in turn is flanked by two
α-helices (see also Figure 1.4). This fold belongs to the α + β class and has been
termed β-grasp due to an apparent grasp of a helix by a central β-sheet (Overington,
1992; Orengo et al., 1994; Murzin et al., 1995).

The β-grasp fold defines a versatile superfamily, found in a vast variety of func-
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1. Introduction

Figure 1.4.: Comparison of the conserved β-grasp fold (dark blue) found in a variety of protein
families represented by respective crystal structures (Weiergräber et al., 2013). GATE-16
(PDB ID 1EO6) as a representative of the Atg8 family proteins, ubiquitin (PDB ID 1UBQ),
ubiquitin-like ISG15 showing a β-grasp tandem (PDB ID 1Z2M), and β-grasp motif-containing
FERM domain of the FAK1 protein (PDB ID 2AEH). Compared to ubiquitin, Atg8 homologues,
like GATE-16, contain a specific N-terminal extension (light blue).

tionally different protein domains: for example in iron-sulfur binding-clusters, soluble
ligand and Ras-binding domains, in the active site of phosphatidylinositol 3-kinase
γ and as subdomain in other kinases (Paz et al., 2000; Burroughs et al., 2007a,b;
Ceccarelli et al., 2006). The β-grasp is an apparently highly conserved protein fold,
while amino acid composition and sequence in these examples are not. Therefore
the β-grasp can be regarded as an illustration of conservation of protein structure in
biological evolution (Shakhnovich et al., 2003; Goldstein, 2008; Ingles-Prieto et al.,
2013; Weiergräber et al., 2013).

In proteins of the Atg8-family, the central β-grasp is usually referred to as carboxy-
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1. Introduction

terminal or ubiquitin-like domain and is sufficient for protein maturation and carboxy-
terminal conjugation to the phospholipid PE (Shvets et al., 2008). However, a hallmark
of Atg8 / LC3-like proteins are two additional amino-terminal α-helices complement-
ing the β-grasp motif, addressed as amino-terminal extension, amino-terminal helical
domain, or amino-terminal subdomain (see also Figure 1.4).

The amino-terminal domain is a defining feature of individual GABARAP- and LC3-
family members. It is comprised of a long α-helix α2, and, often, a shorter helix α1
formed by anterior residues. Residues preceding α1 are then labelled amino-terminal
region (ATR) and ordinarily show no regular secondary structure. Especially the short
α1-helix and ATR are subject to an apparent structural heterogeneity in Atg8-like pro-
teins. This is manifested in elevated B-factors in crystal structures, and / or broadened
resonance signals found in NMR studies of Atg8-like proteins in solution.

For human GABARAP, for instance, two stable, distinct conformations of helix α1
and ATR relative to the remainder of the protein are reported. In the closed confor-
mation, helix α1 and the ATR are in close contact with the carboxy-terminal domain,
while in the open conformation the respective residues point towards the surround-
ing medium (Coyle et al., 2002). Initially, these conformations have been described
for protein crystals obtained from different crystallisation conditions (Stangler et al.,
2002). In solution, on the other hand, NMR line-broadening of several α1 and ATR
residues have indicated an overall intrinsic conformational heterogeneity or dynamics
on the slow micro- to millisecond timescale (Knight et al., 2002; Stangler et al., 2002).
Analogous observations have been made for S. cerevisiae Atg8, where both amino-
terminal helices are subject to conformational heterogeneity relative to the carboxy-
terminal domain (Schwarten et al., 2010).

In contrast to Atg8, the longer amino-terminal α2-helix in mammalian LC3-like pro-
teins remains in a restricted, stable conformation in immediate vicinity to the carboxy-
terminal domain. This phenomenon is mediated by salt bridges between conserved
residues of helix α2 and corresponding spatially close residues in the carboxy-terminal
domain (see also Figures 1.3 and 1.4). Especially conserved residues of α2 (e.g. R22
or E25 in LC3C) are involved and interact with conserved residues of the carboxy-
terminal domain (e.g. D110 to D112 in LC3C).

The exact role of the amino-terminal domain of Atg8-like proteins is still controver-
sial and under debate. Amino-acid composition and sequence vary among Atg8-like
proteins (see also Figure 1.3) and result in differing electrostatic surface potentials.
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Furthermore, the amino-terminal domain may be involved in tubulin-binding activity.
With GABARAP, for instance, residues influencing tubulin binding are found in the first
35 amino acids–encompassing helices α1 and α2 (Wang et al., 1999). Further stud-
ies pinpoint tubulin-binding activity to the first 22, mostly basic residues (Wang and
Olsen, 2000). Otherwise, NMR titration experiments have not confirmed a specific
interation between GABARAP and tubulin, yet (Knight et al., 2002).

The carboxy-terminal residues of most Atg8-like proteins are subject to conforma-
tional heterogeneity, as well. Whereas for GABARAP, as the exception to the rule, a
direct contact of carboxy-terminus and amino-terminal residues and therefore com-
pact fold has been reported (Stangler et al., 2002; Knight et al., 2002), GABARAPL1’s
carboxy-terminus, on the other hand, is not arranged in close vicinity to the amino-
terminus (Rozenknop et al., 2011). The carboxy-terminus of GABARAPL2 adopts two
conformations–one extended, one curved–, as observed in the two molecules in the
asymmetric unit of GABARAPL2 crystals (Paz et al., 2000). This carboxy-terminal
structural mobility has also been suggested by NMR data and molecular dynamics
simulations and may assist in ATG4-binding during maturation of Atg8-like precursor
proteins (Ma et al., 2015). Overall, the discussed conformational heterogeneity may
as well be a result of a carboxy-terminal dynamics present in all Atg8-like proteins.

A defining structural hallmark of all Atg8-like proteins are two highly conserved hy-
drophobic binding pockets. These are essential for target interactions and are lined
by residues of both subdomains. Here, the convex side of the central β-sheet and α2
(and to some extent α1) form the hydrophobic binding pocket one (also described as
hp1 or W-site), while the concave face of the central β-sheet together with helix α3
shape the second hydrophobic binding pocket (hp2 or L-site). Other ubiquitin-like pro-
teins lack equivalent hydrophobic binding pockets, thus rendering these a distinctive
feature of Atg8-family proteins (Noda et al., 2008; Weiergräber et al., 2013).

1.2.3. The LC3-Interacting Region

In the last decades, the focus in autophagy research lay on components and mecha-
nisms of bulk and thereby unspecific degradation of cytosolic targets. In recent times,
however, it has become increasingly clear that autophagic pathways involve several
selective routes, as well. This notion was sparked by the identification and charac-
terisation of mammalian autophagy receptor proteins like the polyubiquitin binding
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protein p62 (also known as sequestosome 1 or SQSTM1), NBR1 (neighbour of Brca1
(breast cancer 1, early onset) gene), or, lately, optineurin (Vadlamudi et al., 1996;
Pankiv et al., 2007; Kirkin et al., 2009; Wild et al., 2011).

Autophagy receptors bind (poly-)ubiquitinated protein inclusions, organelles or pa-
thogens via their ubiquitin-binding domain. Concurrently, these receptors and, in-
deed, all known LC3-binding proteins, bind LC3-like proteins through a short con-
served, hydrophobic sequence termed LIR (LC3-interacting region), or AIM (Atg8-
interacting motif) (Pankiv et al., 2007; Klionsky and Schulman, 2014). Initially identi-
fied as a 22-residue amino acid sequence in human p62/SQSTM1, subsequent stud-
ies have pinpointed the LIR motif to the four residue core sequence (W/Y/F)xx(L/I/V),
often preceded by acidic residues (Pankiv et al., 2007; Ichimura et al., 2008; Noda
et al., 2008; Alemu et al., 2012). Tryptophan is energetically favoured over tyro-
sine or phenylalanine in a LIR-sequence, although a lowered binding affinity–when
tryptophan is replaced by tyrosine or phenylalanine–can be compensated for by pre-
ceding acidic residues (Alemu et al., 2012; Rogov et al., 2013). It is postulated that
these acidic LIR residues are involved in electrostatic interactions with residues of
the LC3-like protein. Here, two conserved lysine residues of the ubiquitin-like domain
(K48/K50 in LC3A/B or K55/K57 in LC3C) have to be highlighted (Pankiv et al., 2007;
Shvets et al., 2008; Rogov et al., 2013). Still, the aromatic amino acid of the LIR
core motif has emerged as a clear necessity for LIR function (Alemu et al., 2012).
The aromatic side-chain directly interacts with LC3-like protein’s hydrophobic binding
pocket one (hp1). The fourth (aliphatic) amino acid of the LIR core motif, on the other
hand, associates with hydrophobic binding pocket two (hp2) (Ichimura et al., 2008;
Noda et al., 2008). Interestingly, several proteins of the autophagic core machinery
contain LIR motifs as well, and therefore are potentially able to recruit or associate
with LC3-like proteins at different stages of autophagosome formation (Alemu et al.,
2012).

The physical binding event to a LIR-sequence involves residues of the LC3-like
protein’s β2-strand. Here, the central β-sheet is augmented by an additional, parallel
β-strand attaching to β2 through backbone hydrogen bonds.

Recently, a non-canonical three residue LIR motif (LVV), termed CLIR, has been
identified with the xenophagy receptor NDP52 (nuclear domain 10 protein of 52 kDa),
which specifically binds human LC3-like homologue LC3C (von Muhlinen et al., 2012).
The CLIR motif lacks the aromatic residue typical of canoncial LIRs and binds LC3C’s
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hydrophobic pockets solely via its aliphatic LVV sequence. Furthermore, binding of
the CLIR motif to LC3C results in the formation of an anti-parallel β-strand, which is
reversed in comparison to canonical LIR binding. This study has described for the
first time a distinctive and non-overlapping role for a mammalian LC3 homologue.

1.3. Regulation of Autophagy Through

Post-Translational Modifications

A tight regulation of biochemical pathways is of prime importance for cellular home-
ostasis. On the one hand regulation can act on a transcriptional or translational
level, directly affecting gene expression. On the other hand, post-synthetic or post-
translational modifications allow to control activity of already expressed and available
protein reserves. Hereby cells have the possibility of an immediate, fast response to
cellular events. In most cases, post-translational modifications of proteins result in
covalent attachment of a single or multiple chemical functional groups to side-chains.

Autophagic proteins of the Atg8 / LC3-family are known to be subject to four major
post-translational modifications: proteolysis, lipidation, acetylation and phosphory-
lation (Xie et al., 2015). While proteolysis of Atg8 / LC3-like proteins occurs during
maturation of their precursors, the lipidation by covalently attaching PE to carboxy-
terminal glycine is the most crucial and essential function of Atg8 / LC3-like proteins.
In recent years, however, post-translational control of autophagy through acetylation
and phosphorylation came into focus.

Proteins are phosphorylated by transferring the γ-phosphate group of ATP to the
hydroxyl oxygen of either serine, threonine, or tyrosine, and is catalysed by protein
kinases. Most protein kinases can be assigned to one out of two major classes, which
preferentially modify serine / threonine residues and tyrosine side-chains, respectively
(Ubersax and Ferrell, 2007). Protein acetylation, on the other hand, is catalysed
by acetyltransferases using acetyl coenzyme A as a cofactor. Here, acetyl-CoA’s
thioester bonded acetyl-group is transferred to a lysine ε-amino group (Verdin et al.,
2015).

Interestingly, protein acetylation can be linked to cellular nutrient levels. As nu-
trients are depleted, the NAD+ concentration is increased, which in turn activates
sirtuin deacetylases decreasing acetylation levels of target proteins (Verdin et al.,
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2015). Furthermore, through studies of mammalian cells, the influence of acetyla-
tion on starvation-induced autophagy has been investigated (Lee et al., 2008; Lee
and Finkel, 2009). On a cellular level, artificially increasing expression levels of the
deacetylase Sirt1 (sirtuin1), increases autophagic activity even in the presence of
sufficent nutrients (Lee et al., 2008). On the other hand, knockdown of the acetyl-
transferase p300 reduces acetylation of several Atg proteins. Then again, increased
expression of p300 results in inhibition of starvation-induced autophagy (Lee and
Finkel, 2009). Recently, studies have been conducted on the translocation of nuclear
LC3B into the cytoplasm of mammalian cells. Here, two lysine residues of LC3B (K49
and K51)–conserved among LC3-like proteins and key residues for LIR binding–are
deacetylated under starvation conditions by Sirt1, followed by the translocation of
LC3B into the cytoplasm during starvation induced autophagy. Furthermore, acetyla-
tion is predominantly found for LC3B-I and conjugation of LC3B to PE is influenced
by acetylation (Huang et al., 2015). Since the aforementioned lysine residues are
key residues of LIR binding, acetylation of these lysines (K49 and K51) may influence
LC3B’s ability to mediate protein-protein interactions.

Besides influencing autophagy by acetylation, the function of LC3-like proteins can
be modulated by phosphorylation, as well. Through studies of mammalian LC3A, a
conserved protein kinase A (PKA) phosphorylation site has been identified (Cherra
et al., 2010). This phosphorylation site is not present in GABARAP-like proteins and
may be a key difference between the GABARAP-like and LC3-like protein families.
The presumed target of PKA phosphorylation in LC3-like proteins is a conserved
serine or threonine residue–found with LC3A at position 12 and with LC3C at position
18 (see also Figure 1.3).

Through phosphorylation of LC3A, induction of autophagy by effector substances
is down-regulated (Cherra et al., 2010). Conversely, phosphorylated LC3A (phospho-
LC3A) is dephosphorylated during autophagy induction and subsequently increas-
ingly recruited into autophagosomes (Cherra et al., 2010). Membrane fusion events,
mediated by LC3-like proteins, are dependent on their amino-terminal residues. The
addition of a bulky, negatively charged phosphate group may thus influence subse-
quent interactions depending on electrostatic interactions (Sugawara et al., 2004). It
is therefore speculated that phosphorylated LC3-like proteins may provide an inactive
pool, ready to be mobilised in response to autophagic stimuli (Cherra et al., 2010).
In addition, and especially with regard to LC3-like proteins, a phosphorylation of tar-
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get residues within amino-terminal α-helix 2 may introduce a dramatic change in the
helix’ polarity and thereby decisively influence the protein’s function.

Nearly simultaneously to PKA studies by Cherra et al. (2010), phosphorylation of
LC3B by protein kinase C (PKC) has been reported (Jiang et al., 2010). Here, two
threonine residues (T6 and T29), both found in the amino-terminal domain, as well,
have been identified as in vitro PKC phosphorylation sites (see also Figure 1.3). Fur-
thermore, it has been postulated that PKC inhibitors induce lipidation of LC3B and
increase autophagosome formation, while the effect of PKC activators is the contrary.
Although in vivo studies with phospho-mimicking point mutations of LC3B have been
conducted (T6D/Q and / or T29D/Q), a clear role of LC3B phosphorylation by PKC
could not be confirmed and overlapping functionality of LC3- and GABARAP-like pro-
teins may have obscured this study (Jiang et al., 2010).

In addition to the influence of post-translational modifications on LC3-like protein’s
amino-terminal domain, consequences of post-translational LIR sequence modifica-
tion has also been investigated. Especially optineurin, an autophagy receptor involved
in Salmonella enterica clearance, came into focus (Wild et al., 2011). Here, the core
LIR sequence is neighboured upstream by a modifiable serine residue, whose phos-
phorylation directly influences cargo-selective autophagy.

By these examples, it seems likely that LC3-like lipidation systems are modulated
by post-translational modifications. Further structural studies would allow to decipher
key atomic details of the action of these modifications and in turn create the possibility
to selectively target LC3-like proteins in a cellular environment.

15



2. Aims

Autophagy depends on at least two distinct protein conjugation systems. One of these
systems attaches ubiquitin-like modifiers to expanding autophagosomal membranes,
which sequester cargo destined for autophagic degradation. These autophagoso-
mal ubiquitin-like modifiers are members of the Atg8 (autophagy-related 8) protein
family, the function of which has been first described for the yeast Saccharomyces
cerevisiae. In human cells, however, Atg8 has diversified into the GABARAP-like and
LC3-like protein subfamilies. The lastly discovered member of the LC3-like subfam-
ily, LC3C, is the least well characterised and unique in regard to overall number of
amino acids, length of the carboxy-terminal propeptide removed during maturation,
and length of the functionally uncharacterised amino-terminal region of the mature,
cytosolic protein.

The foremost aim of this thesis is therefore to determine a high-quality structural
model of LC3C by liquid-state nuclear magnetic resonance (NMR) spectroscopy.
Commonly, biomolecular NMR studies require high amounts of pure and stable pro-
tein. For this reason, LC3C’s gene has to be cloned, and protein expression and pu-
rification schemes have to be developed. Furthermore, purified LC3C samples have
to be concentrated and NMR buffer and data acquisition conditions optimised. As-
signment of LC3C’s backbone and side-chain resonances from heteronuclear, triple
resonance experiments form the foundation to generate a high-quality NMR struc-
tural model and is therefore an essential part of this work. Distance information for
structure calculations will be deduced from NOESY (nuclear Overhauser effect spec-
troscopy) data. And finally, LC3C’s structural dynamics will be analysed on multiple
time scales.

Post-translational modification by phosphorylation of LC3-like proteins LC3A and
LC3B by protein kinases is discussed as a potential determinant of their cell biological
activity. In this thesis, the structural biology of LC3C phosphorylation by protein kinase
A (PKA) should be investigated. For this purpose, an in-vitro phosphorylation scheme
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for LC3C has to be developed. Additionally, the progress of LC3C phosphorylation by
PKA and its effects on backbone resonance signals should be traced and interpreted
using NMR spectroscopy.
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The following peer-reviewed scientific articles have emerged from this work.

• Sequence-specific 1H, 15N, and 13C resonance assignments of the auto-
phagy-related protein LC3C
Carsten Krichel, Oliver H. Weiergräber, Marina Pavlidou, Jeannine Mohrlüder,
Melanie Schwarten, Dieter Willbold, Philipp Neudecker
Biomol NMR Assign. 2016 Apr;10(1):41-3. doi: 10.1007/s12104-015-9633-z.
Impact factor 0.76 (2015)

Own contribution: Design and execution of cloning, expression and purification
experiments. Realisation of NMR experiments, data evaluation and interpreta-
tion. Wrote manuscript (95%).

• Solution Structure of the Autophagy-related Protein LC3C Reveals a Poly-
proline II Motif on a Mobile Tether with Phosphorylation Site
Carsten Krichel, Christina Möller, Oliver Schillinger, Pitter F. Huesgen, Hein-
rich Sticht, Birgit Strodel, Oliver H. Weiergräber, Dieter Willbold, and Philipp
Neudecker

Own contribution: Conceived and designed experiments, produced samples,
performed NMR and phosphorylation experiments. Analysed and interpreted
data resulting in protein structure determination, observation and interpretation
of phosphorylation reaction by NMR. Wrote manuscript draft.
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Schwarten, Dieter Willbold, Philipp Neudecker
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Abstract Autophagy is a versatile catabolic pathway for

lysosomal degradation of cytoplasmic material. While

the phenomenological and molecular characteristics of

autophagic non-selective (bulk) decomposition have been

investigated for decades, the focus of interest is increasingly

shifting towards the selectivemechanisms of autophagy.Both,

selective as well as bulk autophagy critically depend on

ubiquitin-like modifiers belonging to the Atg8 (autophagy-

related 8) protein family. During evolution, Atg8 has diver-

sified into eight different human genes. While all human

homologues participate in the formation of autophagosomal

membrane compartments, microtubule-associated protein

light chain 3C (LC3C) additionally plays a unique role in

selective autophagic clearance of intracellular pathogens

(xenophagy), which relies on specific protein–protein recog-

nition events mediated by conserved motifs. The sequence-

specific 1H, 15N, and 13C resonance assignments presented

here form the stepping stone to investigate the high-resolu-

tion structure and dynamics of LC3C and to delineate

LC3C’s complex network of molecular interactions with

the autophagic machinery by NMR spectroscopy.

Keywords Heteronuclear NMR � Sequence-specific
resonance assignments � Microtubule-associated protein

light chain 3C � MAP1LC3C � LC3C � Autophagy

Biological context

Microtubule-associated protein light chain 3C (MAP1LC3C

or simply LC3C) is a member of the Atg8 protein family

involved inmacroautophagy (Shpilka et al. 2011). In humans,

the Atg8-family includes eight genes (Weiergräber et al.

2013), coding for proteins divided into two subfamilies: the

GABARAP-like and the MAP1LC3-like proteins. LC3C

shares significant sequence identity with MAP1LC3-sub-

family (LC3A 59 %, LC3B 55 %) and GABARAP-subfam-

ily proteins (GABARAP 40 %, GABARAPL1 39 %,

GABARAPL2 43 %) alike, with the largest sequence dif-

ferences found in the amino-terminal region. The functional

role of this diversification is still poorly understood and could

not be related to structural properties to date. Interestingly,

only minor variations in the hydrophobic leucine recognition

pocket of LC3C in comparison to LC3A and LC3B are a key

determinant of LC3C’s unique role in xenophagy (Noda et al.

2010; von Muhlinen et al. 2012). Chemical shift assignments

and solution structures of Atg8-like proteins are known for

mammalian GABARAP (Stangler et al. 2002), GABARAPL1

(Rozenknop et al. 2011), for LC3-like proteins LC3A (Kouno

et al. 2005), LC3B (Rogov et al. 2013), and for yeast Atg8

(Schwarten et al. 2010; Kumeta et al. 2010).

As a crucial first step in the investigation of the struc-

ture, dynamics, and molecular interactions of LC3C by

NMR spectroscopy, we report the sequence-specific 1H,
15N, and 13C resonance assignments.

Methods and experiments

Protein expression and purification

In vivo, LC3C is expressed as a 147-residue protein, which

is subsequently cleaved by ATG4B to yield the mature
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cytosolic LC3C protein of 126 amino acids (He et al.

2003). For in vitro studies, an E. coli codon optimised

LC3C gene coding for the full-length human protein was

synthesised (GeneArt, Regensburg, Germany; now Thermo

Scientific) according to Uniprot accession number

Q9BXW4 with additional BamH1 and NotI restriction

sites. The gene was cloned into a pGEX-4T-2 bacterial

expression vector resulting in an amino-terminal GST-

LC3C fusion protein. Two stop codons were introduced

with the QuikChange XL II kit (Stratagene, Waldbronn,

Germany) to obtain the coding sequence for the mature

LC3C of 126 amino acids, and expression was optimised in

E. coli Rosetta2 (DE3) cells. The cells were grown in

selective LB medium containing ampicillin and chloram-

phenicol (100 and 34 lg/ml, respectively) at 37 �C to an

OD600 of 0.6, harvested by centrifugation (40009g,

20 min) and resuspended in isotopically labelled, selective

M9 medium (0.5 g/l 15NH4Cl and/or 2 g/l glucose-13C6).

The culture was then grown in M9 medium at 37 �C until it

reached an OD600 of 1.0, then equilibrated at 25 �C and

200 rpm for 0.5 h. Protein expression was induced by

adding IPTG to a final concentration of 1.0 mM and con-

tinued at 25 �C for 5 h. Cells were harvested by centrifu-

gation as before, resuspended in cell lysis buffer (tris-

buffered saline (TBS: 137 mM NaCl, 2.7 mM KCl,

19.0 mM Tris-HCl), 5 % (v/v) glycerol, 5 mM 2-mercap-

toethanol, 20 lg/ml DNAse1, 0.1 % (v/v) Triton X-100,

complete EDTA-free protease inhibitor cocktail (Roche,

Mannheim, Germany), pH 9.0) and lysed by cell disruption

(1.7 kbar, 10 �C). Cell lysate containing soluble GST-

LC3C fusion protein was cleared by centrifugation

(500009g at 12 �C for 45 min) and loaded onto equili-

brated (TBS, 5 % (v/v) glycerol, 1 mM 2-mercaptoethanol,

5 mM EDTA, 0.01 % (v/v) Triton X-100, pH 8.0) GSH-

Sepharose and the slurry incubated over night at 6 �C
under mild agitation. GSH-Sepharose bound GST-LC3C

fusion protein was washed (TBS, 5 % (v/v) glycerol,

0.01 % (v/v) Triton X-100, pH 8.0) and 40 lg bovine

thrombin (Merck, Darmstadt, Germany) per ml slurry

added. The thrombin hydrolysis reaction was completed at

room temperature within 1 h and leads to GST-free LC3C

with a two amino acid amino-terminal cloning artefact

(Gly-1 and Ser0). Buffer containing free LC3C was eluted

by gravity flow, and dialysed overnight (Spectra Por,

1000 Da, Spectrumlabs, Frankfurt, Germany) in 6 �C pre-

chilled buffer (20 mM PIPES, 50 mM NaCl, 0.5 % (v/v)

glycerol, pH 6.0). Further purification steps included cation

exchange chromatography (Resource S 1 ml, GE Health-

care, Freiburg, Germany) and a final purification and buffer

exchange step in NMR buffer (20 mM PIPES, 150 mM

NaCl, 0.1 mM EDTA, pH 6.0) by size exclusion chro-

matography (Superdex 75, 16/60, GE Healthcare, Freiburg,

Germany). Fractions containing LC3C were pooled and

concentrated at 6 �C with an Amicon stirred cell (1000 Da

nominal molecular weight limit (NMWL), regenerated

cellulose membrane, Millipore, Schwalbach, Germany)

and Amicon Ultra 0.5 ml spin columns (3000 Da NMWL,

Millipore, Schwalbach, Germany) at 80009g and 10 �C in

a refrigerated benchtop centrifuge. Concentrated samples

were supplemented with 2 % (v/v) glycerol-d8 (Euriso-top,

Gif-sur-Yvette, France) and 10 % (v/v) D2O. NMR sam-

ples contained between 370 and 570 lM LC3C protein.

NMR spectroscopy

NMR experiments were recorded at 20.0 �C on Varian

INOVA or Bruker AVANCE III spectrometers with cryo-

genically cooled triple or quadruple resonance probes with

pulse-field gradient capabilities operating at a 1H frequency

of 600 MHz. 1H chemical shifts were referenced to an

external DSS sample, 13C and 15N chemical shifts were

referenced indirectly using frequency ratios (Cavanagh

et al. 2007). The sequence-specific assignment of backbone

resonances was accomplished by using [1H-15N] HSQC,

HNCA, HNCACB, CBCA(CO)NH, and C(CO)NH exper-

iments (Sattler et al. 1999; Cavanagh et al. 2007). Carbonyl

chemical shifts were derived from an HNCO experiment.

Side-chain resonances were assigned using [1H–13C] ct-

HSQC, HNHA, [1H–15N] TOCSY–HSQC, HBHA(CO)NH,

H(CCO)NH, (H)CCH–COSY, H(C)CH–COSY, HC(C)H–

TOCSY (Kovacs and Gossert 2014), 2D [1H–1H] TOCSY,

[1H–15N] NOESY–HSQC (120 ms mixing time), [1H–13C]

NOESY–HSQC (120 ms mixing time), 3D [1H–15N]

[1H–15N] HSQC–NOESY–HSQC (150 ms mixing time),

and 3D [1H–13C] [1H–15N] HSQC–NOESY–HSQC

(150 ms mixing time) spectra (Sattler et al. 1999; Cava-

nagh et al. 2007). Resonance assignments of the aromatic

side-chains were obtained from the HC(C)H–TOCSY

(Kovacs and Gossert 2014), [1H–15N] NOESY–HSQC, and

[1H–13C] NOESY-HSQC experiments. NMR data were

processed using NMRPipe and NMRDraw (Delaglio et al.

1995). Assignment was accomplished with NMRView

(One Moon Scientific, Inc.) and CcpNmr Analysis (Vran-

ken et al. 2005). 3JHNHa scalar coupling constants were

calculated in CcpNmr Analysis from a quantitative HNHA

experiment with a coherence transfer time of 12.3 ms,

using a relaxation correction factor of 1.10 (Cavanagh et al.

2007).

Assignments and data deposition

Analysis of the backbone assignment experiments allowed

sequence-specific resonance assignments of 115 of the 117

backbone amide groups (98 %), as shown in Fig. 1.

Inspection of the NMR spectra and preliminary analysis of
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15N relaxation and relaxation dispersion experiments reveal

the presence of exchange line broadening due to confor-

mational heterogeneity, which seems to be a common

feature of the Atg8 protein family (Schwarten et al. 2010;

Weiergräber et al. 2013) and hampered resonance assign-

ment in some regions of LC3C. Accordingly, the backbone

amide resonances of Arg16 and Lys17 could not be

assigned. Note that the backbone amide proton of Arg46

exhibits a strong upfield shift (5.50 ppm), most likely due

to ring current effects from the aromatic side-chain of

Tyr44 in the vicinity. In total, side-chain assignments were

obtained for 96 % of the protons, 90 % of the carbons, and

89 % of the nitrogens. 99 % of the 13Ca and 1Ha reso-

nances could be assigned. The chemical shifts of the Pro2
1Hd, Pro3 1Hc, 1Hd, and Pro45 1Hd methylene groups

could not be assigned due to spectral overlap. Assigned

chemical shifts and 3JHNHa coupling constants have been

deposited with the Biological Magnetic Resonance Data

Bank under accession code 26603.
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4. Summary

Autophagy is a major lysosomal catabolic pathway essential for cellular homeosta-
sis in eukaryotes. Cytoplasmatic cargo destined for autophagic degradation may
comprise single proteins or protein aggregates, invading pathogens, and even en-
tire organelles. In macroautophagy, the most intensely studied autophagic path-
way, cargo is engulfed by a cup-shaped, growing double-membrane structure termed
phagophore. Elongation of this autophagosomal membrane and sequestering of au-
tophagic cargo is assisted by Atg8-like proteins. The lastly discovered and least well
characterised member of the human LC3-like protein subfamily, LC3C, was the focus
of this work.

Integral to a comprehensive understanding of a protein’s function is knowledge of
its three-dimensional structure. Therefore, the solution structure of LC3C was deter-
mined by liquid-state NMR spectroscopy. To this end, a cloning procedure, expression
and purification schemes were established to procure pure and isotopically 15N- and /
or 13C-labelled LC3C. Additionally, protein buffer, and NMR measurement conditions
had to be established and optimised to generate highly concentrated (up to 760 μM),
stable LC3C protein samples for data acquisition in multidimensional, heteronuclear
NMR experiments. Subsequently, backbone and side-chain resonance assignments
were determined and deposited in the BMRB (Krichel et al., 2016; BMRB accession
ID: 26603).

The determination of LC3C’s three-dimensional structure followed acquisition of
NOESY data, which was translated into distance restraints in conjunction with residue-
specific chemical shift assignments. The overall fold of LC3C is in accordance with
other LC3-like paralogues, consisting of an ubiquitin-like core structure and an ad-
ditional amino-terminal α-helix. Of special interest were the residues preceding this
α-helix, which are–compared to other LC3-like proteins–in a state of higher structural
dynamics or disorder as was shown through relaxation and heteronuclear NOE exper-
iments. Similiar results in regard to its dynamic behaviour were obtained for LC3C’s
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carboxy-terminus.
While LC3C is structurally closely related to other LC3 paralogues, its cellular ac-

tivity may be decisively modulated by post-translational modifications. Therefore, the
phosphorylation of LC3C by PKA was studied. To this end, in-vitro phosphorylation
experiments were optimised and phosphorylation of LC3C’s PKA target residue (S18)
observed by [1H-15N] HSQC NMR spectroscopy. This residue is also involved in the
N-capping motif of the amino-terminal helix α2. Upon phosphorylation of S18, S18
to Q23, residues A31 to F33 (connecting the α2-helix to the ubiquitin-like core), and
residues D110 to D112 (establishing electrostatic interactions to said α2-helix) experi-
enced significant chemical shift changes. This might indicate an increased structural
mobility of LC3C’s amino-terminal helix α2 upon phosphorylation of S18. Overall,
these findings provide the first indication of a post-translational phosphorylation mod-
ulating the structure of an LC3-like protein.
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Die Autophagie stellt einen katabolischen Stoffwechselweg eukaryotischer Zellen dar,
der zum Erhalt zellulärer Homöostase beiträgt. Abbauziele der Autophagie umfassen
sowohl zytosolische Proteine und Proteinaggregate, als auch vollständige Zellorga-
nellen und Pathogene. Die Prozesse der sogenannten Makroautophagie gehören zu
den umfänglichst untersuchten autophagischen Stoffwechselwegen. Wird die Makro-
autophagie aktiviert, formt sich eine schalenartige Doppelmembran aus (Phagopho-
re), die die autophagischen Abbauziele umfasst und letztendlich einschließt. An dem
Wachstum der Phagophore sowie der Rekrutierung von Abbauzielen sind Atg8-artige
Proteine entscheidend beteiligt. In menschlichen Zellen sind Atg8-artige Proteine in
die GABARAP- und LC3-Subfamilien gegliedert. Das nur wenig erforschte und zuletzt
entdeckte humane LC3-artige Protein LC3C stellt den Mittelpunkt dieser Arbeit dar.

Für das vollständige Verständnis der Funktion eines Proteins ist die Kenntnis des-
sen dreidimensionaler Struktur unerlässlich. Als strukturaufkärende Methode wurde
NMR-Spektroskopie herangezogen, die es ermöglichte den räumlichen Aufbau des
LC3C-Proteins in Lösung zu ermitteln. Dies erforderte sowohl die Etablierung und
Optimierung eines Klonierungs-, als auch von heterologen Expressions- und bioche-
mischen Reinigungsprotokollen. Als Resultat dieser Arbeiten konnte 15N- und / oder
13C-Isotopen-markiertes LC3C gewonnen werden. Weiterhin wurden Proteinpuffer-
und NMR-Messbedingungen entwickelt und verfeinert, welche die Aufnahme von mul-
tidimensionalen, heteronuklearen NMR-Datensätzen erlaubten. In der Folge konnten
die Resonanzen von Rückgrat- und Seitenkettenatomen zugeordnet und publiziert
werden (Krichel et al., 2016; Identifikationsnummer des BMRB-Eintrags: 26603).

Die Errechnung der dreidimensionalen LC3C-Struktur erfolgte aufgrund atomarer
Abstandsinformationen aus NOESY-Experimenten, die unter Einbeziehung der Rest-
spezifischen Resonanzzuordnung interpretiert werden konnten. Es zeigte sich, dass
die Faltung von LC3C derjenigen anderer LC3-artiger Paraloge entspricht, beste-
hend aus einer Ubiquitin-ähnlichen Kernstruktur und einer Atg8-typischen, amino-
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terminalen α-Helix. In dieser Arbeit wurde besonderes Augenmerk auf die Amino-
säurereste gelegt, die der amino-terminalen α-Helix vorgelagert sind. Diese zeigen
im Falle von LC3C, im Gegensatz zu anderen paralogen LC3-artigen Proteinen, ei-
ne erhöhte Dynamik, was durch Relaxations- und heteronukleare NOE-Experimente
gezeigt werden konnte. Vergleichbar dynamische Eigenschaften wurden auch für die
carboxy-terminalen Reste festgestellt.

Während die dreidimensionale Struktur von LC3C derjenigen anderer paraloger
Proteine nahe verwandt ist, ist die zelluläre Aktivität vermutlich Paralog-spezifisch
durch posttranslationale Phosphorylierung moduliert. Unter dieser Annahme wur-
de die In-vitro Phosphorylierung des LC3C-Zielrestes S18 mittels der Proteinkinase
PKA durch [1H-15N] HSQC-NMR-Spektroskopie verfolgt. Von besonderem Interes-
se ist S18 zusätzlich, da dessen Seitenketten-Hydroxylgruppe das Sekundärstruktur-
stabilisierende N-capping-Motiv der amino-terminalen α-Helix ausbildet. Es konnte
anhand von [1H-15N] HSQC-Experimenten gezeigt werden, dass mit der Phosphory-
lierung von S18 signifikante Änderungen in der chemischen Verschiebung der Reso-
nanzsignale des eigenen Amid-Protons von S18 und der sequentiell direkt benach-
barten Reste der amino-terminalen α-Helix erfolgten. Außerdem wurde eine signifi-
kante Beeinflussung der Resonanzsignale der Reste A31 bis F33, die eine Verknüp-
fung zwischen amino-terminaler α-Helix und Ubiquitin-Kernstruktur bilden, und der
Reste D110 bis D112 beobachtet. Die zuletzt genannten Aminosäuren sind vermut-
lich eingebunden in Tertiärstruktur-stabilisierende elektrostatische Wechselwirkungen
mit Seitenketten der zu S18 direkt benachbarten Reste R22 und Q23. Die Beeinflus-
sung der Wechselwirkung könnte auf eine erhöhte Dynamik der amino-terminalen α-
Helix hindeuten. Damit implizieren die Ergebnisse dieser Arbeit zudem erstmalig eine
mögliche Modulation der räumlichen Struktur eines LC3-artigen Proteins als Folge ei-
ner posttranslationalen Phosphorylierung.
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6. Experimental

6.1. Materials

6.1.1. Chemicals

All chemicals were of pro analysi (p.a.) quality or a higher purity grade. Chemi-
cals not listed in Table 6.1 were purchased from AppliChem (Darmstadt, Germany),
Merck KGaA (Darmstadt, Germany), Roth (Karlsruhe, Germany), and Sigma-Aldrich
(Taufkirchen, Germany).

6.1.2. Enzymes

Enzymes (see Table 6.2) were stored at -20 ◦C and exposed to room temperature
(RT) only for brief periods. Lyophilised bovine thrombin (Merck KgaA, Darmstadt,
Germany) was stored at 6 ◦C.

6.1.3. Biochemical Kits

Biochemical kits used to purify DNA and site-directed mutagenesis are listed in Table
6.3 and were used in accordance with manufacturer’s guidelines.

6.1.4. Crystallisation Kits

Commercially available kits used for sparse matrix or grid screening of protein crys-
tallisation conditions are listed in Table 6.4. Kits were delivered as 10 ml stock so-
lutions and were transferred by a pipetting robot (Freedom EVO, Tecan, Männedorf,
Switzerland) into 1 ml deep well plates, sealed, and stored in accordance with manu-
facturer’s guidelines.
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Table 6.1.: Research chemicals.

Agarose MP AppliChem, Darmstadt, Germany

Ammonium chloride [U-15N, 99%] Cambridge Isotope Laboritories, Tewks-
bury, USA

Ampicillin AppliChem, Darmstadt, Germany

Antifoam A Sigma-Aldrich, Taufkirchen, Germany

Benzamidine sepharose GE Healthcare, Freiburg, Germany

Chloramphenicol Roth, Karlsruhe, Germany

Complete EDTA-free protease inhibitor Roche, Mannheim, Germany

Dideuterium oxide 2H2O Sigma-Aldrich, Taufkirchen, Germany

dNTP mix Merck KGaA,Darmstadt, Germany

Ethylenediaminetetraacetic acid (EDTA) AppliChem, Darmstadt, Germany

D-Glucose [U-13C, 99%] Cambridge Isotope Laboritories, Tewks-
bury, USA

Glutathione, reduced Merck KGaA,Darmstadt, Germany

Glutathione-sepharose 4B GE Healthcare, Freiburg, Germany

Glycerol [U-D8, 99%] Euriso-top, Gif-sur-Yvette, France

M9 trace elements Merck KGaA,Darmstadt, Germany

2-Mercaptoethanol Sigma-Aldrich, Taufkirchen, Germany

Phenylmethanesulfonyl fluoride (PMSF) Sigma-Aldrich, Taufkirchen, Germany

Pierce Unstained Protein Molecular
Weight Marker 26610

Thermo Scientific, Schwerte, Germany

1,4-Piperazinediethanesulfonic acid
(PIPES)

AppliChem, Darmstadt, Germany

Triton X-100 Sigma-Aldrich, Taufkirchen, Germany

Tryptone AppliChem, Darmstadt, Germany

Vitamins for vitamin solution Merck KGaA,Darmstadt, Germany

Yeast extract AppliChem, Damrstadt, Germany
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Table 6.2.: Commercially obtained enzymes.

AccuPrime Pfx Life Technologies, Thermo Fisher Scien-
tific, Schwerte, Germany

BamHI Fermentas, St. Leon-Rot, Germany

cAMP-dependent Protein Kinase (PKA),
murine, catalytic subunit

NEB, Frankfurt a. M., Germany

DNAse1 Merck KGaA,Darmstadt, Germany

Not I Fermentas, St. Leon-Rot, Germany

Pfu polymerase Strategene, Waldbronn, Germany

Shrimp alkaline phosphatase (SAP) Fermentas, St. Leon-Rot, Germany

T4 DNA ligase Fermentas, St. Leon-Rot, Germany

Taq DNA polymerase Fermentas, St. Leon-Rot, Germany

Taq DNA polymerase NEB, Frankfurt a.M., Germany

Thermosensitive alkaline phosphatase
(FastAP)

Fermentas, St. Leon-Rot, Germany

Thrombin, bovine Merck KGaA,Darmstadt, Germany

6.1.5. Buffers & Solutions

All solutions and buffers were prepared with Milli-Q-Biocell water (Millipore, Schwal-
bach, Germany) and prepared at RT unless stated otherwise. Non-autoclavable solu-
tions were sterilised by filtration with sterile 0.2 μm cellulose nitrate filters (Sartorius,
Göttingen, Germany) in sterile Nalgene filter devices (Thermo Scientific, Schwerte,
Germany). The pH of buffers was adjusted by calibrated FE20 pH-meters (Mettler-
Toledo, Gießen, Germany) at RT. Chromatography buffers were degassed under con-
stant stirring (1 h, circa 50 mbar, RT).

6.1.6. Growth Media & Antibiotics

Lysogeny broth (LB) growth media, SOB (super optimal broth), SOC (super optimal
broth with catabolite repression), MgSO4, CaCl2, glucose and M9 salt stock solutions
were sterilised by autoclaving (120 ◦C, 20 min, 1.5 bar) and stored at RT. Trace ele-
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Table 6.3.: Biochemical kits for DNA purification and site-directed mutagenesis.

NucleoBond PC 100 Macherey-Nagel, Düren, Germany

NucleoSpin Gel and PCR Clean-up Macherey-Nagel, Düren. Germany

Qiagen Plasmid Plus midi kit Qiagen, Hilden, Germany

QuikChange II XL site-directed mutage-
nesis kit

Stratagene, Waldbronn, Germany

Table 6.4.: Crystallisation screens.

Additive Screen HT Hampton Research, Aliso Viejo, USA

AmSO4 Suite Qiagen, Hilden, Germany

Crystal Screen I, II Hampton Research, Aliso Viejo, USA

JCSG Core I-IV Qiagen, Hilden, Germany

Low Ionic Strength Sigma-Aldrich, Munich, Germany

MPD Suite Qiagen, Hilden, Germany

PEG I, II Suite Qiagen, Hilden, Germany

PEG Grid Screening Sigma-Aldrich, Munich, Germany

Wizard I, II Emerald BioSystems; now Rigaku,
Seattle, USA

ment solution (TS), vitamin solution, and a Fe2Cl3 and thiamine hydrochloride solution
used to supplement M9 minimal medium (Sambrook and Russell, 2001) were ster-
ilised by filtration (sterile 0.2 μm syringe filters, Sartorius, Göttingen, Germany) and
stored at -80 ◦C, with the exception of TS, which was stored at 6 ◦C.

The most limiting factor concerning achievable cell density of bacterial shaking cul-
tures is often insufficient concentrations of magnesium ions preent in commercially
available tryptone mixtures used for LB growth media (Studier, 2005). Therefore, LB
medium for protein expression experiments was supplemented with 2 mM MgSO4. All
selective media contained either ampicillin (Amp, 100 μg/ml) and / or chloramphenicol
(Cam, 34 μg/ml).
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Table 6.5.: Protein buffers used for protein purification and NMR spectroscopy.

Lysis buffer TBS pH 9.0, 5% (v/v) glycerol, 5 mM 2-
mercaptoethanol, 20 μg/ml DNAse1, 0.1% (v/v)
Triton-X100, complete EDTA-free protease inhibitor
(one tablet per 100 ml buffer)

Wash buffer TBS pH 8.0, 5% (v/v) glycerol, 1 mM 2-
mercaptoethanol, 5 mM EDTA, 0.01% (v/v) Triton-X100

Thrombin reaction buffer TBS pH 8.0, 5% (v/v) glycerol, 0.01% (v/v) Triton-X100

Glutathione elution buffer 200 mM Glutathione, 100 mM NaCl, pH 8.0

Dialysis buffer 20 mM PIPES, 50 mM NaCl, 0.5% (v/v) glycerol, pH 6.0

Ion exchange buffer A 20 mM PIPES, pH 6.0

Ion exchange buffer B 20 mM PIPES, 1 M NaCl, pH 6.0

SEC buffer 20 mM PIPES, 150 mM NaCl, 0.1 mM EDTA, pH 6.0

NMR buffer 20 mM PIPES, 150 mM NaCl, 0.1 mM EDTA, 2% (v/v)
glycerol-D8, pH 6.0

Table 6.6.: Biochemical buffers and staining solutions.

Coomassie-blue staining solution 25% (v/v) isopropanol, 10% (v/v) acetic
acid, 0.5 g/l Coomassie Brilliant Blue
R250

Laemmli buffer (4 x) 200 mM Tris-HCl, 40% (v/v) glycerol, 8%
(w/v) SDS, 8% (v/v) 2-mercaptoethanol,
0.05% (w/v) bromophenol blue

Phosphate-buffered saline (PBS, 10 x) 80 g/l Nacl, 2 g/l KCl, 2.4 g/l KH2PO4,
18.05 g/l Na2HPO4 x 2 H2O

Tris-buffered saline (TBS, 10 x) 80 g/l NaCl, 2 g/l KCl, 30 g/l Tris-HCl, ad-
justed to pH 9.0 or 8.0 at RT

SDS running buffer 50 mM Tris-HCl, 385 mM glycine,
0.1% SDS (w/v), pH 8.3

TAE buffer 40 mM Tris, 20 mM acetic acid, 1 mM
EDTA
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Table 6.7.: Growth media and additives.

Ampicillin (1000 x) 100 mg/ml ampicillin sodium salt in 20 mM Na2PO4,
pH 8.0

Chloramphenicol (1000 x) 34 mg/ml Chloramphenicol in ethanol (100%)

LB 10 g/l Tryptone, 5 g/l yeast extract, 5 g/l NaCl

LB agar plates LB supplemented with 0.02 g/l Agar

LB + Mg 10 g/l Tryptone, 5 g/l yeast extract, 5 g/l NaCl, 2 mM
MgSO4

SOB 20 g/l Tryptone, 5 g/l yeast extract, 0.58 g/l NaCl, 0.19
g/l KCl

SOC 962 ml/l SOB, 10 ml/l 1 M MgCl2, 10 ml/l 1 M MgSO4,
10 ml/l 20% Glucose

M9 salts (5 x) 21.5 g/l Na2HPO4 x 2 H2O, 15 g/l KH2PO4, 2.5 g/l
NaCl

Trace element solution (TS) 100 mg/l ZnSO4 x 7H2O, 30 mg/l MnCl2 x 4H2O,
300 mg/l H3BO3, 200 mg/l CoCl2 x 6H2O, 20
mg/l NiCl2 x 6H2O, 10 mg/l CuCl2 x 2H2O, 900 mg/l
Na2MoO4 x 2H2O, 20 mg/l Na2SeO3

Vitamin solution (1000 x) 1 mg/ml D-biotin, 1 mg/ml choline chloride, 1 mg/ml
folic acid, 1 mg/ml nicotinamide, 1 mg/ml Na-
D-pantothenate, 1 mg/ml pyridoxine hydrochloride,
0.1 mg/ml riboflavin

M9 minimal medium 1 x M9 salts, 1 x TS solution, 1 x vitamin solution,
0.5 g/l NH4Cl, 2 g/l 13C- or 4 g/l 12C-glucose, 10 μM
FeCl3 x 6 H2O, 5 mg/ml thiamine hydrochloride
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Table 6.8.: Bacterial strains for gene cloning and protein expression.

Name (Supplier / Reference) Genotype

OmniMax T1 (Invitrogen, Carlsbad,
USA)

F’{proAB+ laclq lacZΔM15 Tn10(TetR)}
mcrA Δ(mrr-hsdRMS-mcrBC)
Φ80(lacZ)ΔM15 Δ(lacZYA-argF) U169
endA1 supE44 thi-1 gyrA96 relA1 deoR
tonA panD

Mach T1 (Invitrogen, Carlsbad, USA) F- φ80(lacZ) ΔM1 ΔlacX74 hsdR(rK-

mK+) ΔrecA1398, endA1, tonA

Rosetta 2(DE3) (Millipore, Schwalbach,
Germany)

F- ompT hsdSB(rB- mB-) gal dcm(DE3)
pRARE2 (CamR)

6.1.7. Bacterial Strains

In this work, Escherichia coli (E. coli) cells were used for DNA multiplication and
cloning experiments (OmniMax T1, Mach1), as well as heterologous protein expres-
sion (Rosetta2 (DE3)).

6.1.8. Primer Pairs & Expression Vectors

DNA oligomers used as PCR primers were ordered HPLC-purified at BioTez (Berlin,
Germany), dissolved in sterile H2O, and stored at -20 ◦C. The vector pGEX-4T-2 (GE
Healthcare, Freiburg, Germany) served as the expression vector for proteins. Re-
sulting proteins contained a carboxy-terminal glutathione-S-transerfase domain that
is linked to the expressed protein by a thrombin recognition sequence. Addition-
ally, pGEX-4T-2 transfected bacteria are ampicillin-resistant due to a beta-lactamase
gene.

6.1.9. Hardware & Consumables

Reusable equipment and laboratory hardware are summarised in Table 6.10, and
consumable goods in Table 6.11. Unattributed hardware was of standard laboratory
quality.
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Table 6.9.: Primer sequences for DNA sequencing (T7, pGEX), site-directed mutagenesis
(LC3C(147)), and LC3CΔ2−9 deletion mutant.

Notation 5’ – 3’

T7 forward primer (promotor) TAA TAC GAC TCA CTA TAG GG

T7 reverse primer (terminator) GCT AGT TAT TGC TCA GCG G

pGEX forward primer GGG CTG GCA AGC CAC GTT TGG TG

pGEX reverse primer CCG GGA GCT GCA TGT GTC AGA GG

LC3C(147) primer ’sense’ GCG AGC CAG GAA ACC TTT GGC TAG TAA
GAG AGC GCT GCA

LC3C(147) primer ’anti-sense’ TGC AGC GCT CTC TTA CTA GCC AAA GGT
TTC CTG GCT CGC

LC3CΔ2−9 ’sense’ TTT GGA TCC ATG CGT CCG TTT AAA CAG

LC3CΔ2−9 ’anti-sense’ AA GCG GCC GCT TAC TAG CCA AAG

6.2. Molecular Biology Methods

In this work, the enteric bacteria Escherichia coli (E. coli) was used for molecular
biology experiments. Competent E. coli cells were created as described in Section
6.2.1. DNA transformation, cloning and DNA preparation experiments are depicted
in Sections 6.2.2 to 6.2.6. Typically, E. coli cells for purification of plasmid DNA (see
Section 6.2.7) were freshly transformed, while protein expression cultures were culti-
vated from frozen glycerol stock cultures (as depicted in Section 6.2.9).

6.2.1. Competent Cells

Competent E. coli cells were created by the CaCl2 method (Cohen et al., 1972). To
this end, 5 ml overnight culture was prepared from a glycerol stock culture and on the
following day used to inoculate 100 ml of LB growth medium to a UV / Vis absorption
at 600 nm (OD600) of 0.1 units. This culture was grown at 37 ◦C and 160 rpm until
its OD600) reached 0.5 units and centrifuged at 4 ◦C and 7000 x g for 10 min. The
bacterial pellet was resuspended in 10 ml of an ice-cooled 50 mM CaCl2 solution,
and centrifuged at 7000 x g for 10 min. Cell pellet was again resuspended in an ice-
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Table 6.10.: Reusable equipment and laboratory hardware.

ÄKTApurifier GE Healthcare, Freiburg, Germany

Äkta Superloop 50 ml GE Healthcare, Freiburg, Germany

Amicon stirred cell (10 ml, 150 ml) Millipore, Schwalbach, Germany

Cell disruptor, TS series Constant Systems, Daventry, United
Kingdom

Centrifuge Avanti J-20 XP Beckman Coulter, Krefeld, Germany

Centrifuge Eppendorf 5415 R Eppendorf, Hamburg, Germany

Centrifuge Eppendorf 5804 R Eppendorf, Hamburg, Germany

DynaPro DLS Wyatt Technology, Santa Barbara, USA

Freedom EVO pipetting robot Tecan, Männedorf, Switzerland

GelDoc 2000, ChemiDoc MP BioRad, München, Germany

Hoefer SE260 Hoefer, Holliston, USA

Incubator shaker Multitron Pro /
InforsHT

Infors, Einsbach, Germany

Lambda 25 UV / Vis spectrophotometer Perkin Elmer, Waltham, USA

Lyophiliser Alpha 1-4 Loc-1m Christ GmbH, Osterode, Germany

Milli-Q-Biocell pure water system Millipore, Schwalbach, Germany

Nalgene filter devices Thermo Scientific, Schwerte, Germany

Nanophotometer P300 Implen, München, Deutschland

PCR iCycler BioRad, München, Germany

pH-meter F20 Mettler-Toledo, Gießen, Germany

Pharmacia FPLC Pharmacia Biotech, Uppsala, Sweden

Pipettes ’Research plus’ Eppendorf, Hamburg, Germany

Resource-S, 1 ml GE Healthcare, Freiburg, Germany

Superdex 75 16/60 and 26/60 GE Healthcare, Freiburg, Germany

Thermomixer, Thermomixer compact Eppendorf, Hamburg, Germany
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Table 6.11.: Consumable goods.

Crystallisation plates CrystalQuick Greiner BioOne, Frickenhausen,
Germany

Dialysis membrane Spectra Por
(1000 Da MWCO)

Spectrumlabs, Frankfurt a.M., Germany

Filter membrane (cellulose acetate,
0.2 μ)

Sartorius, Göttingen, Germany

Spin Column Amicon Ultra (0.5 ml,
3000 Da NMWL)

Millipore, Schwalbach, Germany

Syringe filter (PVDF, sterile) Sartorius, Göttingen, Germany

Ultrafiltration membrane for Amicon
stirred cell (1000 Da, and 3000 Da
NMWL)

Millipore, Schwalbach, Germany

cooled CaCl2 solution (20 ml, 50 mM CaCl2), incubated on ice for 30 min, and then
centrifuged at 7000 x g for 10 min. The cell pellet was resuspended in 5 ml ice-cooled
CaCl2 solution (50 mM) and incubated for 15 min on ice. 2.5 ml of this cold cell
suspension was gently mixed with 469 μl of a pre-chilled 80% glycerol solution on
ice. Finally, bacterial cells were aliquoted (200 μl) in pre-chilled 1.5 ml reaction tubes,
flash-frozen in liquid nitrogen, and stored at -80 ◦C.

6.2.2. Transformation of E. coli

Frozen stock cultures of competent cells were thawed on ice for 20 min before trans-
formation experiments. Then ~100 ng DNA in a volume of less than 1.0 μl was added
to competent cells, the suspension gently mixed, and incubated on ice for 20 min.
Transformation of competent cells was conducted by heat-shock at 42 ◦C for 45 s,
immediately followed by addition of 500 μl SOB medium (Table 6.7), and 2 min incu-
bation on ice. Bacterial cells were then cultivated at 37 ◦C and 800 rpm for 60 min in
a benchtop incubator (Thermomixer, Eppendorf, Hamburg, Germany). Subsequently,
100 μl of this cell suspension was used to inoculate a selective LB agar plate while
the remainder was centrifuged at RT, and 4000 x g for 5 min. The supernatant was
removed for the most part and the cell pellet resuspended in the remaining volume.
This concentrated cell suspension was used to inoculate another selective LB agar
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plate, and both selective LB agar plates were incubated overnight at 37 ◦C.

6.2.3. Cloning of LC3C

In this work, an E. coli codon optimised, full-length human MAP1LC3C (microtubule-
associated protein light chain 3C) coding sequence of 147 amino acids (LC3C(147))
according to Uniprot accession number Q9BXW4 (http://www.uniprot.org/uniprot/)
was ordered from GeneArt (Regensburg, Germany; now Thermo Scientific). The
synthesised gene contained restriction sites for KpnI and BamHI restriction enzymes
at the 5’ end, as well as, Not I and XhoI restriction sites at the 3’ end of the LC3C(147)
gene. Subsequent cloning experiments made use of only BamHI and Not I restriction
sites. The synthesised LC3C(147) gene was provided as an insert cloned into the
GeneArt’s pMKT-2 vector (pMKT-2-LC3C(147)). For all cloning experiments, E. coli
OmniMax T1 cells were used.

Initially, 10 μg of pMKT-2-LC3C(147), and 10 μg of pGEX-4T-2 expression vector
were individually incubated for 3 h at 37 ◦C in BamHI-buffer and 10 U BamHI (Fe-
mentas, St. Leon-Rot, Germany). Subsequently, this reaction was incubated with
10 U Not I (Fermentas, St. Leon-Rot, Germany) for 3 h at 37 ◦C. Next, target vec-
tor pGEX-4T-2 was dephosphorylated by shrimp alkaline phosphatase (SAP) or fast
thermosensitive alkaline phosphatase (FastAP) for 1.5 h at 37 ◦C to prevent recir-
cularisation. Afterwards, solutions were incubated for 20 min at 80 ◦C to deactivate
enzymes, and linearised vector DNA was purified by agarose gel electrophoresis (see
Section 6.4.3).

Vector and LC3C(147) insert-DNA was mixed in molar ratios from 1:5 to 1:15 in
T4 DNA ligase buffer (Fermentas, St. Leon-Rot, Germany) and ligated by addition
of 2 μl T4 DNA ligase. The manufacturer’s reaction buffer was supplemented with a
high molecular weight PEG (5% (w/v) PEG 4000) to increase ligation efficiency and
the ligation reaction was incubated overnight at 16 ◦C.

E. coli cells were transformed with the ligation product (see Section 6.2.2 for the
transformation procedure), cultivated on LB-agar plates containing 100 μg/ml ampi-
cillin overnight, and colonies were tested by colony PCR (see also Section 6.2.6). In
a final step, E. coli with an insert of the expected molecular weight were cultivated in
10 ml LB-Amp medium containing 100 μg/ml ampicillin overnight, and plasmid DNA
was extracted, and sequenced, as described in Section 6.4.1.
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6.2.4. Site-Directed Mutagenesis

Table 6.12.: QuikChange site-directed mutagenesis reaction.

Volume Component

5.0 μl Reaction buffer*

0.6 μl (50 ng) pGEX-4T-2-LC3C(147)
2.1 μl (1.25 μg) Primer ’sense’
2.1 μl (1.25 μg) Primer ’anti-sense’
1.0 μl dNTP mix*

3.0 μl Quik solution*

36.2 μl H2O
1.0 μl PfuTurbo polymerase*

* Provided by QuikChange kit.

Site-directed mutagensis of gene sequences was accomplished using the Quik-
Change XL II kit (see Table 6.3), which is based on the method of Kunkel (1985).
Primer sequences (LC3C(147), see Table 6.9), and reaction conditions were ad-
justed according to information provided by Stratagene’s webservice (http://www.
stratagene.com/qcprimerdesign, now: www.agilent.com/genomics/qcpd), and are listed
in Tables 6.12 and 6.13.

Here, the expression vector pGEX-4T-2 containing a full-length human LC3C gene
of 147 amino acids (pGEX-4T-2-LC3C(147)), circa 5,400 base pairs) was used as the
template. The elongation time step in a PCR cycle (see Table 6.13) was adjusted
under the assumption that the kit’s PfuTurbo polymerase is able to extend DNA tem-
plates at a rate of ~500 base pairs per minute. In the final step of the QuikChange
reaction, parental and therefore methylated DNA was hydrolysed by addition of DpnI.

Two stop codons were introduced in the full-length LC3C gene sequence to create
a gene coding for cytosolic, mature LC3C of 126 amino acids (pGEX-4T-2-LC3C).
The QuikChange reaction product (pGEX-4T-2-LC3C) was purified via agarose gel
electrophoresis (see Section 6.4.3) and sequenced (see also Section 6.4.1).
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Table 6.13.: QuikChange site-directed mutagenesis PCR cycling.

Step Cycles Temperature Time

1 1 95 ◦C 0.5 min

2 18 95 ◦C 0.5 min

55 ◦C 1 min

68 ◦C 10 min*

3 ∞ 4 ◦C

* Elongation step.

6.2.5. PCR Mutagenesis

PCR mutagenesis was used to create a deletion mutant of mature, cytosolic LC3C
(LC3CΔ2−9), where amino acids 2 to 9 are removed from the protein sequence. PCR
conditions and cycling are summarised in Tables 6.14 and 6.15, respectively. Primer
pairs (LC3CΔ2−9, listed in Table 6.9) containing 5’ and 3’ recognition sites for BamHI
and Not I restriction enzymes, respectively, were designed to match respective an-
nealing temperatures, and overhangs necessary for optimal restriction enzyme effi-
cency. Generally, BamHI shows optimal activity with three or more additional (over-
hanging) nucleotides neighbouring the recognition sequence, whereas Not I shows
optimal activity with one or more overhanging nucleotide (NEB guidelines).

PCR reaction products were purified via agarose gel electrophoresis (see also Sec-

Table 6.14.: PCR reaction buffer for deletion mutant LC3CΔ2−9.

Volume Component

5.0 μl AccuPrime-Mix*

0.14 μl (100 ng) pGEX-4T-2-LC3C
0.5 μl (50 μM) Primer LC3CΔ2−9 ’sense’
0.5 μl (50 μM) Primer LC3CΔ2−9 ’anti-sense’
42.86 μl H2O
1.0 μl AccuPrime Pfx polymerase*

* Provided by AccuPrime manufacturer.
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Table 6.15.: PCR cycling to create deletion mutant LC3CΔ2−9.

Step Cycles Temperature Time

1 1 95 ◦C 0.5 min

2 35 95 ◦C 0.5 min

56 ◦C 1 min

68 ◦C 1 min*

3 ∞ 4 ◦C

* Elongation step.

tion 6.4.3) and ligated into expression vector pGEX-4T-2 according to the description
in Section 6.2.3. Transformants were tested via colony PCR and sequenced, as de-
scribed in Section 6.2.6 and Section 6.4.1, respectively.

6.2.6. Colony PCR

Colony PCR is a valuable high-throughput method to simultaneously screen multiple
bacterial colonies for a DNA insert. For this, bacterial cells of selected colonies are
lysed by a combination of SDS and a prolonged heating step in the first cycle of an
otherwise regular PCR reaction.

To conduct a colony PCR experiment, a bacterial colony on an LB agar plate was
touched by a sterile, disposable pipette tip. The tip was then rubbed against the inside
of a thin-walled PCR test tube and subsequently streaked across a marked Section
of a new selective LB agar plate. Then, the thin-walled test tubes were pre-chilled
on ice, and 0.2 μl Taq polymerase and 50 μl colony PCR reaction buffer (see Table
6.16) added. Negative control reactions contained neither bacterial cells nor DNA.
Positive control reactions contained the pGEX-4T-2 vector without an insert, and the
pGEX-4T-2 vector with a confirmed and sequenced insert. The colony PCR cycle is
summarised in Table 6.17.

Colony PCR experiments were analysed by separating PCR reaction products by
agarose gel electrophoresis (Section 6.4.3). If an amplified DNA fragment could be
attributed by its apparent size to to the expected insert size, the PCR reaction was
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traced back to the originating bacterial colony and its plasmid DNA amplified and
isolated (see also Section 6.2.7). Subsequently, DNA was sequenced as described
in Section 6.4.1.

Table 6.16.: Colony PCR reaction buffer.

Volume Component

5.0 μl ThermoPol buffer*

3.0 μl 25 mM MgCl2

0.5 μl Forward primer

0.5 μl Reverse primer

1.0 μl dNTP mix*

0.2 μl Taq polymerase*

39.8 μl H2O

* Provided by NEB.

Table 6.17.: Colony PCR cycling.

Step Cycles Temp. Time

1 1 95 ◦C 5 min

2 30 95 ◦C 1 min

60 ◦C 1 min

68 ◦C 1 min*

3 ∞ 4 ◦C

* Elongation step.

6.2.7. Purification of Plasmid DNA

Plasmid-DNA was extracted from E. coli cells with commercially available DNA-extraction
and -purification kits (Table 6.3) in accordance with manufacturer’s guidelines. Gen-
erally, plasmid-DNA was dried by a gaseous nitrogen stream after elution, dissolved
in sterile H2O, and stored at -20 ◦C.

6.2.8. DNA Library

Entries for pGEX-4T-2-LC3C1−147, pGEX-4T-2-LC3C, pGEX-4T-2-GABARAP1−117,
pGEX-4T-2-GABARAP1−116, pET-22b-LC3C, and pGEX-4T-2-LC3CΔ2−9 have been
placed in the institute’s DNA library.

6.2.9. Stock Cultures

A convenient method to consistently grow bacterial cell cultures for protein expression
is the use of a frozen bacterial glycerol stock-culture. The glycerol stock-culture was
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generated from a single, uniform colony of a fresh E. coli tranformation experiment.
This colony was used to inoculate 50 ml of selective LB medium to grow an overnight
culture. On the next day, 10 ml fresh selective LB-medium was inoculated with the
overnight culture to an OD600 of 0.1 units and grown to OD600 0.5 units at 37 ◦C and
160 rpm. This bacterial culture was then cooled on ice for 15 min, 875 μl collected and
slowly mixed with 100 μl ice-cooled 80% (v/v) glycerol and 25 μl of a sterile, 20% (w/v)
glucose solution. Finally, the bacterial culture was aliquoted (250 μl), shock frozen in
liquid nitrogen, and stored at -80 ◦C.

Typically, overnight starter cultures for expression cultures were inoculated by scrap-
ing a sterile pipette tip across the frozen surface of a glycerol stock-culture. The tip
was then transferred into fresh selective LB medium for overnight incubation at 30 ◦C
and 160 to 200 rpm.
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6.3. Preparative Methods

The following Sections describe in detail the laboratory scale preparative methods
used for protein expression (see Section 6.3.1, and protein purification (described in
Sections 6.3.2 and 6.3.3). Additionally, Sections 6.3.4, and 6.3.5 portray the proce-
dure applied to concentrate and lyophilise protein samples, respectively.

6.3.1. Heterologous Expression of LC3C

Human LC3C was heterologously expressed in E. coli Rosetta (DE3) and Rosetta 2
(DE3) cells by a pGEX-4T-2 vector construct (pGEX-4T-2-LC3C) requiring ampicillin
and chloramphenicol selection markers. This construct lead to an amino-terminal glu-
tathione S-transferase-LC3C (GST-LC3C) fusion protein. The protein linker sequence
between GST and LC3C domain contains a recognition sequence for the serine pro-
tease thrombin. After proteolysis, two amino acid residues (glycine and serine) of
the thrombin recognition sequence remained with the primary sequence of cleaved
LC3C.

To express the fusion protein, an overnight culture was induced by inoculating
100 ml LB medium containing 100 μg/ml ampicillin, 34 μg/ml chloramphenicol, and
2 mM MgSO4 (LB-Amp-Cam-Mg, composition see Table 6.7) with a glycerol stock
culture (see also Section 6.2.9). Additionally, one drop of Antifoam A (Sigma-Aldrich,
Taufkirchen, Germany) from a 50 μl sterile pipette tip was added to the medium and
the culture was incubated overnight at 30 ◦C and 160 rpm. The overnight culture was
then centrifuged for 20 min at 4000 x g and the supernatant discarded. The bacte-
rial cell pellet was resuspended in LB-Amp-Cam-Mg medium and added to fresh 1 l
LB-Amp-Cam-Mg medium in a 2 l, indented flask until the medium’s OD600 reached
0.1 units. Again, a drop of Antifoam A was added, and the expression culture was
cultivated at 37 ◦C and 200 rpm until its OD600 reached 0.6 units.

If isotopically unlabelled LC3C was to be expressed the temperature was reduced
to 25 ◦C, and the culture incubated for 30 min while continuously shaken as before.
Protein expression was induced by adding IPTG (isopropyl β-D-1-thiogalactopyrano-
side) to a final concentration of 200 μM and expressed for 4 h at 200 rpm and 25 ◦C.

To express [U-15N]-, or [U-15N, 13C]-labelled LC3C protein, an expression culture
in LB-Amp-Cam medium was centrifuged upon reaching OD600 0.6. The bacterial
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cell pellet was resuspended in labelled M9 minimal medium containing 100 μg/ml
ampicillin (M9-Amp) and incubated at 37 ◦C and 200 rpm in indented 2 l flasks until
OD600 of 1.0 units was reached. Then, the incubator shaker temperature was reduced
to 25 ◦C, the expression culture shaken for 30 min, and, finally, protein expression
induced by adding IPTG to a final concentration of 1 mM. The protein expression was
continued for 5 to 6 h at 25 ◦C and 200 rpm.

Finally, the expression culture was centrifuged for 30 min at 8 ◦C and 4000 x g in an
Avanti J-20 XP centrifuge (Beckman Coulter, Krefeld, Germany). The cell pellet re-
suspended in 10 ml of cold PBS buffer and transferred to a 50 ml sterile polypropylene
tube. Resuspended bacteria were then centrifuged for 20 min at 6 ◦C and 4000 x g,
the supernatant discarded, and the bacterial pellet was stored at -20 ◦C.

6.3.2. Purification of LC3C by Affinity Chromatography

Affinity chromatography commonly exploits a carboxy- or amino-terminally inserted
protein domain into the protein of interest’s primary sequence and a solid-phase ma-
terial with a high affinity towards the inserted protein domain. Thereby, the protein of
interest can be enriched relatively easy in a crude cell lysate. In this work, the first
chromatographic step in the purification protocol took advantage of the affinity of GST-
LC3C fusion protein towards glutathione (GSH). Glutathione is covalently attached to
the solid-phase column material sepharose (GSH-sepharose). After washing steps,
the peptide bond between GSH-bound GST and LC3C was enzymatically hydrolysed
by thrombin. While the GST-domain remains attached to the solid phase material,
LC3C is released into the surrounding aqueous buffer and further purified by addi-
tional chromatographic steps.

Commonly, a frozen bacterial pellet of an expression culture was thawed and re-
suspended in 5 ml cold lysis buffer per gram of the wet cell pellet (buffer composition
summarised in Table 6.5). The cell suspension was homogenised in a Dounce ho-
mogeniser by a glass pestle. Cells were then disrupted twice in a TS cell disruptor
(Constant Systems, Daventry, United Kingdom) at 1.7 kBar and 10 ◦C. Resulting bac-
terial lysate was centrifuged for 45 min at 50000 x g and 12 ◦C to remove insoluble
impurities. Next, the cleared lysate was filtered by a syringe filter (0.45 μm, PVDF)
and incubated with 5 ml GSH-sepharose, which had been washed and equilibrated
with five column volumes (CV) of washing buffer (buffer composition listed in Table
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6.5). The cell lysate / GSH-suspension was then incubated overnight in a cold room
while being gently agitated on a roller shaker at 6 ◦C.

In the next step, a GSH-sepharose suspension was filled in a glass chromatography
column and the buffer eluted by gravity flow. GSH-sepharose was washed with 10 CV
washing buffer and consecutively 5 CV thrombin buffer (buffer composition see Table
6.5). The column was again drained by gravity flow. Afterwards, one column volume
of thrombin buffer was added, containing 100 μl of a 2 mg/ml bovine thrombin stock
solution, and the suspension gently homogenised. Beforehand, a thrombin stock so-
lution was created by purifying the manufacturer’s lyophilised bovine thrombin (Merck
KGaA, Darmstadt, Germany). For this purpose, thrombin was dissolved in PBS and
purified by size exclusion chromatography (Superdex 75, 26/60), equilibrated in PBS
and using PBS as the mobile phase at 6 ◦C.

After circa 1 h, thrombin buffer was eluted and GSH-sepharose was washed three
times with 1 CV thrombin buffer. To remove thrombin in the eluted fractions and re-
duce the probability of an unspecific interaction of thrombin with the protein of interest,
1 ml benzamidine sepharose (equilibrated with 5 CV thrombin buffer) was added to
the eluted fractions. This suspension was incubated for 2 h on a roller shaker at 6 ◦C,
then pipetted into a new glass chromatography column and the crude LC3C solution
eluted by gravity flow. Afterwards, benzamidine sepharose was washed with 5 CV
thrombin buffer and eluates were combined with the crude LC3C solution.

In a final step, the crude LC3C solution was transferred into a dialysis tube (Spec-
tra Por, 1000 Da, Spectrumlabs, Frankfurt, Germany) and dialysed in 5 l pre-chilled
dialysis buffer (see also Table 6.5) for 3 h at 6 ◦C. Then, the dialysis buffer was ex-
changed for fresh, pre-chilled dialysis buffer and dialysis completed overnight at 6 ◦C.
The resulting dialysed, crude LC3C solution was syringe filtered (45 mm, 0.2 μm,
PVDF) and loaded into a 50 ml Äkta superloop (GE Healthcare, Freiburg, Germany)
to continue the purification scheme by ion exchange chromatography.

6.3.3. Purification of LC3C by Ion Exchange and Size Exclusion
Chromatography

Ion exchange and size exclusion chromatography steps were executed using an ÄK-
TApurifier system (GE Healthcare, Freiburg, Germany) controlled by Unicorn 5.0 soft-
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ware. UV absorption of the mobile phase was recorded at 280 and 320 nm to observe
protein absorption and possible coagulation of protein molecules, respectively. Addi-
tionally, the conductance of the eluted mobile phase was recorded. Chromatographic
gradients are noted below (composition of buffer B see Table 6.5).

The ion exchange chromatography step was accomplished using a Resource-S
1 ml cation exchange column (GE Healthcare, Freiburg, Germany) at a flow rate of
2 ml/min at RT. The Resource-S column was equilibrated with 5 CV 5% buffer B. The
crude LC3C solution was loaded onto the column via an ÄKTA superloop at a flow-rate
of 1.5 ml/min. After loading, the Resource-S column was washed with at least 5 CV
5% buffer B until the UV absorption and system pressure settled to constant values.
Then, an ion exchange program (as specified below) was started and 500 μl fractions
collected. Fractions indicating a homogeneous protein composition by UV absorption
and peak shape symmetry were combined and the serine protease inhibitor phenyl-
methanesulfonyl fluoride (PMSF) added to a final concentration of 0.2 μM. PMSF
was added from a concentrated, 100% ethanolic stock solution (1000 x) and there-
fore prediluted with eluted buffer from a neighbouring fraction containing no protein
to avoid protein precipitation. Fractions from separate ion exchange chromatography
runs were combined and concentrated (V < 3.5 ml) in an Amicon stirred-cell before
size exclusion purification steps.

Final purification of LC3C was performed via size exclusion chromatography (SEC)
with Superdex 75 16/60 or 26/60 columns (GE Healthcare, Freiburg, Germany) at a
flow rate of 1.5 ml/min and at 8 ◦C. Superdex columns were equilibrated with 1.5 CV
SEC buffer (buffer composition see Table 6.5). Fractions containing purified LC3C
were pooled and stored at 6 ◦C.

• Gradient 1: Ion exchange chromatography of crude LC3C
Buffer A: 20 mM PIPES, pH 6.0
Buffer B: 20 mM PIPES, 1 M NaCl, pH 6.0
Linear gradients: 0 – 1 min 5% B; 1 – 2 min 10% B; 2 – 7 min 10% B; 7 – 27 min
25% B; 27 – 29 min 25% B, 29 – 30 min 50% B, 30 – 31 min 50% B, 31 – 32 min
100% B; 32 – 34 min 100% B; 34 – 35 min 5% B, 35 –40 min 5% B

• Gradient 2: Ion exchange chromatography of GST / LC3C mixture
Buffer A: 20 mM PIPES, pH 6.0
Buffer B: 20 mM PIPES, 1 M NaCl, pH 6.0
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Linear gradients: 0 – 1 min 5% B; 1 – 2 min 10% B; 2 – 7 min 10% B; 7 – 27 min
25% B; 27 – 29 min 25% B, 29 – 30 min 50% B, 30 – 31 min 50% B, 31 – 32 min
100% B; 32 – 34 min 100% B; 34 – 35 min 5% B, 35 –40 min 5% B

• Isocratic: Size exclusion chromatography of LC3C
Buffer: SEC buffer
Flow-rate: 1.5 ml/min

6.3.4. Concentrating Protein Samples

Protein solutions purified by SEC were concentrated in a two step procedure. First, by
ultra filtration in a stirred Amicon cell (Millipore, Schwalbach, Germany), and secondly,
by spin-columns in a refrigerated, bench-top centrifuge. Through stirred Amicon cells,
high protein concentration gradients at the boundary layer of the ultrafiltration mem-
brane are avoided. In addition, a concentration progress can be easily observed and
controlled for larger volumes, while spin spin-columns are ideal for smaller volumes
(≤ 3 ml).

To concentrate a protein solution by ultra-filtration membranes (1,000 Da nominal
molecular weight limit (NMWL), regenerated cellulose membrane, Millipore, Schwal-
bach, Germany), a stirred 10 ml Amicon cell, pressurised by gaseous nitrogen, was
used in a cold room at 6 ◦C. The concentration process was interrupted, when the
volume dropped below ~3 ml and the concentration progress was continued using
spin-columns. In addition, a UV-Vis spectrum of the protein solution was recorded
to determine the concentration of the protein solution as well as possible protein ag-
gregation. Aggregation would be recognised by an increased base line absorption
around 300 to 320 nm in a UV-Vis spectrum as a result of light-scattering effects of
higher molecular-weight aggregates (Serdyuk et al., 2007).

Further concentration of the protein sample was achieved by using 500 μl spin-
columns (Amicon Ultra, 3000 Da NMWL, Millipore, Schwalbach, Germany) in a pre-
cooled, refrigerated bench-top centrifuge at 10 ◦C and 8000 x g. In 10 min intervals,
a protein solution was carefully homogenised. The final concentration of a protein
sample was determined by UV-Vis spectroscopy.
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6.3.5. Lyophilisation of LC3C

A refrigerated, concentrated LC3C protein solution was supplemented by naturally
abundant or uniformly 2H-labelled 2% glycerol (v/v) in a 2 ml test-tube. The solution
was carefully homogenised and subsequently flash-frozen in liquid nitrogen. There-
after, the test tube’s lid was exchanged for a manually perforated substitute and the
sample placed in an Alpha1-lyophiliser overnight (Alpha1-4 Loc-1m, Martin Christ,
Osterode am Harz, Germany).
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6.4. Analytical Methods

All routinely utilised analytical methods are described in detail below. Sections 6.4.1
and 6.4.2 describe methods used to determine DNA sequences and concentrations,
and the Section 6.4.3 specifies electrophoretic separation procedures for protein and
DNA samples. The operation of UV / vis spectrophotometer with protein and DNA
samples is depicted in Section 6.4.4.

6.4.1. DNA Sequencing

All DNA sequencing experiments were performed at Seqlab (Göttingen, Germany).
Typically, 700 ng plasmid DNA was supplemented with 20 pmol forward and re-
verse primer DNA (summarised in Table 6.9), and the resulting volume was adjusted
with H2O to 7 μl. Sequencing chromatograms were analysed with Chromas 2.33
(Technelysium Pty Ltd., Australia), while Clustal (http://www.ebi.ac.uk/Tools/msa/
clustalo/) was used for sequence alignments.

6.4.2. DNA Concentration

Absorption of DNA solutions were measured in a UV-Vis Nanophotometer P300 (Im-
plen, München, Germany). A concentration was calculated based on the assumption
that 50 μg double-stranded DNA leads to an absorption value of 1.0 at a 1 cm path-
length and wavelength of 260 nm. The ratio of UV absorption at 260 nm and 280 nm
was also calculated to aid evaluation of the purity of DNA preparations. A ratio of ~1.8
is considered optimal for high quality DNA preparations. Ratios smaller than 1.6 are
indicative of protein contaminations, while values larger than 1.8 may indicate a con-
tamination with RNA molecules. Differing absorption ratios are a result of differences
in absorption maxima between the constituting aromatic moieties of DNA, RNA, and
amino acids.

6.4.3. Gel Electrophoresis

All gel electrophoretic methods use crosslinked polymers to separate macromolecules
based on their hydrodynamic radii and charges, while macromolecules migrate along
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an electric field. DNA can be easily separated based on its poly-anionic phosphate
backbone and constant charge per monomer ratio. Here, a DNA molecule’s charge
is directly proportional to the number of DNA bases in a given DNA strand. In native
proteins, the net-surface-charge depends on amino acid composition and pH of the
surrounding solution, thus the net-charge of a protein is not coercively proportional
to a protein’s molecular size or number of residues. Therefore, electrophoretic sepa-
rations commonly use amphiphilic sodium dodecyl sulphate (SDS), which denatures
proteins and creates an overall negative net-charge as SDS binds proteins in a near
constant binding ratio of circa 1.4 mg SDS per 1 mg protein (Pitt-Rivers and Impiom-
bato, 1968). Subsequently, proteins will be separated by the number of residues and
a mechanism dominated by mechanical resistance of the (crosslinked) polymer.

Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate and analyse DNA molecules. For
this purpose, 0.8 to 1.5% (w/v) agarose was added to 50 ml TAE buffer (buffer com-
position see Table 6.6) and dissolved by heating the solution to the boil. A higher
agarose percentage was used if small DNA-fragments (< 1000 base pairs) were in-
vestigated. The agarose solution was allowed to cool to circa 50 ◦C, then supple-
mented with 1 μg/ml ethidium bromide, and poured into a casting chamber. After
polymerisation was completed, DNA samples were mixed with 6 x loading dye (Fer-
mentas, St. Leon-Rot, Germany) and loaded into the casted gel lanes. Typically,
electrophoretic separation was conducted in 30 min at 80 V and 300 mA. Migrated
DNA was visualised by irradiation with UV light using a GelDoc 2000 system (BioRad,
München, Germany). Gel extraction of DNA fragments was accomplished by Nucle-
oSpin Gel and / or PCR Clean-up kit (Macherey-Nagel, Düren, Germany). Purified
DNA was eluted with H2O and stored at -80 ◦C.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Protein solutions were qualitatively analysed by denaturing electrophoresis accord-
ing to Laemmli (1970). A non-continuous gel, consisting of an upper low pH, low
crosslinked stacking gel, and an high pH, high crosslinked running gel below, act
jointly with a glycine containing running buffer. Disparity of pH values in stacking and
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Table 6.18.: Stacking gel (5%).

4.85% acrylamide (w/v)

0.15% bis-acrylamide (w/v)

125 mM Tris-HCl, pH 6.8

0.1% SDS (w/v)

0.1% APS (w/v)

0.1% TEMED (v/v)

Table 6.19.: Running gel (15%).

14.55% acrylamide (w/v)

0.45% bisacrylamide (w/v)

375 mM Tris-HCl, pH 8.8

0.1% SDS (w/v)

0.1% APS (w/v)

0.1% TEMED (v/v)

running gel make use of glycine’s zwitterionic nature. While glycine is protonated
in the stacking gel (composition see Table 6.18), it is uncharged in the running gel
(composition see Table 6.19). The change in glycine’s charge ultimately leads to a
narrow, concentrated running front of analytes in a protein sample, and an increase
in resolution.

All protein samples analysed by this method were heated to 95 ◦C for 5 min prior
electrophoresis and 4 x Laemmli buffer added (composition see Table 6.6). Appar-
ent molecular weights were estimated based on migration distance and compared
to ’Pierce Unstained Protein Molecular Weight Marker’ (26610, Thermo Scientific,
Schwerte, Germany) for qualitative and semi-quantitative analyses (see also figure
6.1).

SDS-PAGE gel slabs were mounted in a vertical electrophoresis unit (Hoefer SE260,
Hoefer Scientific Instruments, Holliston, USA), and submerged in SDS running buffer
(buffer composition see Table 6.6). The design of electrophoresis units often lead to
formation of foam inside a unit’s lid, thereby possibly influencing electric flow by short
circuiting electrodes. Hence, a triple folded, dry cellulose sheet was placed under the
lid, in between electrodes to prevent an otherwise pronounced, sideward migration of
analytes towards the end of an electrophoretic run.

Protein analytes were made visible by staining SDS-PAGE gel slabs in a heated
Coomassie staining solution (see also Table 6.6) in a glass beaker and incubated
for 5 to 10 min under mild agitation. The staining solution was then discarded and
stained SDS-PAGE gel slabs were rinsed with deionized water. A glass beaker was
filled to one third with deionized water, a stained SDS-PAGE gel slab and boiling peb-
bles added. The water was brought to the boil in a microwave and maintained boiling
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Figure 6.1.: SDS-PAGE band profile of “Pierce Unstained Molecular Weight Marker” 26610
provided by Thermo Scientific (Thermo Scientific, Schwerte, Germany), stained with
Coomassie blue. Protein concentrations vary from 0.1 to 0.2 g/ml (http://www.piercenet.
com/product/pierce-unstained-protein-mw-marker).

for at least 10 min. Stained deionized water was discarded and this process was re-
peated until destaining of SDS-PAGE gel slabs was sufficient. Destained SDS-PAGE
gel slabs were photographically documented using a Geldoc 2000 system (BioRad,
München, Germany).

6.4.4. UV / Vis Spectroscopy

Spectrophotometric measurements of protein samples in the ultra-violet and visible
range (UV / Vis) were recorded by a Lambda 25 UV / Vis spectrophotometer (Perkin
Elmer, Waltham, USA). Concentrations resulting from absorption measurements were
calculated from Lambert-Beer-proportionality which predicts a linear dependence be-
tween an analyte’s concentration and absorption between 0.1 and 1.0 absorption
units. Bacterial cell densities were measured at 600 nm (OD600) in disposable cu-
vettes, while protein concentrations were calculated from their UV-absorption at
280 nm in 200 μl quartz micro cuvettes (Hellma, Müllheim, Germany) and the ex-
tinction coefficient calculated by ExPASy’s ProtParam tool (http://web.expasy.org/
protparam/) in protein buffer. The extinction coefficient of LC3C was determined to be
8940 M-1 cm-1. All UV / Vis spectroscopic measurements were repeated three times
and the arithmetic mean calculated.
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6.5. Protein Crystallography

6.5.1. Crystallisation

The crystallisation of a protein is regarded as a multi-parameter problem depending
on–but not limited to–temperature, chemical potential, and changes of protein hydra-
tion in the phase transition from a soluble to an ordered insoluble or crystallised state
(Rupp, 2009). Although algorithms can predict crystallisation probability (e.g. Xtal-
Pred (Slabinski et al., 2007)), whether, and how, a protein adopts an ordered, solid
state still needs to be determined empirically.

In this work, protein solutions were dispensed by a pipetting robot (Freedom EVO,
Tecan, Männedorf, Switzerland) into multi-well, sitting-drop crystallisation plates (96-
well, Greiner BioOne, Frickenhausen, Germany) to coarse screen crystallisation con-
ditions. Commonly, 70 μl of a crystallisation screening solution was transferred to a
plate’s reservoir, then 0.4 μl protein solution was placed in the sitting-drop well, and
0.4 μl reservoir solution was added to the sitting drop. Evaporation of solvents during
pipetting steps was decreased by a mobile lid placed over the crystallisation plate.
96-well crystallisation plates were sealed by an adhesive, transparent foil (Greiner
BioOne, Frickenhausen, Germany) and incubated under controlled temperature con-
ditions in the dark.

Screening kits are listed in Table 6.4. Every screening-kit condition was tested with
at least three protein concentrations (most notably 4, 8, and 12 mg/ml) and three
incubation temperatures (RT, 16 ◦C, and 6 ◦C). If applicable, higher protein concen-
trations were tested. LC3C was concentrated in SEC buffer (buffer composition see
Table 6.5) as described in Section 6.3.4 and protein concentrations were determined
via UV / Vis spectroscopy as described in Section 6.4.4.

The outcome of crystallisation experiments was examined by a stereo microscope
at RT, after three days incubation at the earliest. Experiments were then re-evaluated
in regular intervals up to several months after the initial set-up. Successful crys-
tallisation conditions were further investigated by manual hanging-drop crystallisation
experiments. Here, reservoir solutions were dispensed into cell culture plate wells (24
well, Cellstar, Greiner BioOne, Frickenhausen, Germany). The raised rim of each well
was prepared by polydimethylsiloxane grease (Baysilone mittelviskos, VWR, Darm-
stadt, Germany). Protein (1 μl) and reservoir solutions (1 μl) were mixed in the center
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Figure 6.2.: Idealised phase diagram for protein crystallisation.

of a circular, hydrophobic glass cover-slip and positioned as a hanging-drop above a
reservoir. Sealing of the cover-slip with the greased well rim was inspected visually.

6.5.2. Crystal Seeding

By using crystallisation seeds, crystallisation conditions that might be thermodynam-
ically unfavourable towards nucleation, but ideally suited for crystal growth, can still
be exploited. To generate a crystal seed stock, protein crystals were collected in
50 μl mother-liquor in a 1.5 ml reaction tube. A small plastic-bead was added and the
closed reaction tube was vortexed. Cross-micro-seeding experiments were set up by
adding 0.25 μl of the seed suspension to sitting-drops of a 96-well crystallisation ex-
periment by a pipetting robot, analogous to the coarse screening protocol described
in Section 6.5.1. Manual seeding of crystallisation drops was accomplished by streak-
seeding with a seeding hair, using vortexed or crushed protein crystals as seed stock.
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6.5.3. Controlled Dehydration

Controlled dehydration of protein crystals has been reported to improve obtainable
resolution of protein crystals, possibly as a result of an increased order in the crystal
lattice due to improved crystal packing when a solvent is evaporated (Heras et al.,
2003; Heras and Martin, 2005; Wheeler et al., 2012). In controlled dehydration ex-
periments, 24-well plates were used (Cellstar, Greiner BioOne, Frickenhausen, Ger-
many). A cover-slip with a crystallisation drop containing protein crystals was de-
tached from the original reservoir and placed above fresh reservoir solution contain-
ing an increased precipitant concentration (e.g., 2.0 to 2.5 M NaCl, 2.5 to 3.0 M NaCl).
Then the crystallisation drop was equilibrated for at least 72 h at RT and the experi-
ment repeated with a higher precipitant concentration. During equilibration, the water
content of a crystallisation drop is slowly reduced, and thereby, possibly, the crystal’s
water content decreased.

6.5.4. Cryo-Crystallography

Modern protein crystallography is mainly performed at reduced temperature instru-
mental in decreasing radiation damage of sensitive protein crystals. For this, protein
crystals are commonly equilibrated in a cryo-solution before flash cooling to a cryo-
temperature of 100 K, thereby protecting protein crystals from ice formation which
would normally occur during this temperature shift.

Protein crystals were prepared from crystallisation drops using nylon loops (Cry-
oLoop, Hampton Research, Aliso Viejo, USA) and then flash-cooled in a stream of
dried nitrogen gas at 100 K (Cryostream, Oxford Cryosystems, Oxford, United King-
dom). If a crystallisation solution remained clear when flash-cooled, respective crys-
tals were isolated and tested in diffraction experiments. Otherwise, cryo-additives
(e.g., 5-25% glycerol, PEG 800, PEG 3350, MPD, sucrose) were tested with a pro-
tein’s crystallisation solution and crystals evaluated after a short incubation in the
modified buffer. A compatible cryo-additive leads to a glass-like mother-liquor in the
loop at 100 K and, ideally, to an improved diffraction experiment with low susceptibility
of a protein crystal to radiation damage.
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6.6. Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy relies on NMR active, 15N and 13C
spin-½ nuclei. While the natural abundance of these nuclei is very low, proteins used
for NMR experiments were expressed by E. coli in growth media containing exclu-
sively 15N- and / or 13C-labelled nitrogen and / or carbon sources. Adapted protocols
for 15N- and / or 13C-labelled protein expression are described in Section 6.3.1. Fur-
thermore, NMR protein sample preparation is illustrated in Section 6.6.1 whereas data
acquisition parameters and processing procedures are depicted in Section 6.6.2. Ad-
ditionally, structural restraints used to calculate LC3C’s NMR ensemble structures are
specified in Section 6.6.4.

6.6.1. Sample Preparation

Protein samples to be examined by NMR spectroscopy were transferred to an op-
timised NMR buffer by size-exclusion chromatography in the last step of the LC3C
purification scheme and NMR buffer composition is given in Table 6.5. Then, pro-
tein samples were concentrated as described in Section 6.3.4 and resulting concen-
trations were determined as described in Section 6.4.4. Generally, NMR samples
contained between 370 and 760 μM LC3C protein.

The NMR protein buffer was supplemented with 2% (v/v) glycerol-D8 (Euriso-top,
Gif-sur-Yvette, France) which was added to a concentrated protein solution and sub-
sequently carefully homogenised. NMR protein samples were then adjusted with
10% (v/v) 2H2O for the NMR deuterium-lock signal and were centrifuged for 20 min at
8 ◦C at maximum centripetal force in a pre-chilled benchtop centrifuge. Finally, 360
to 400 μl of the NMR protein sample was carefully transferred into a 5 mm 2H2O-
matched Shigemi tube (BMS-005, VWR, Darmstadt, Germany).

As residual water resonance signal can overlap with important NMR resonance
signals, H2O was exchanged with 2H2O by ultrafiltration or lyophilisation of an NMR
protein sample when appropriate. Exchange by ultrafiltration was achieved in 500 μl
spin-columns (Amicon Ultra, 3,000 Da NMWL, Millipore, Schwalbach, Germany), as
described in Section 6.3.4. To this end, the volume of an NMR protein sample was
halved and subsequently carefully readjusted to the initial volume with a 2H2O-based
buffer (2H2O > 99.9%). This process was repeated at least ten times, thereby reducing
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H2O concentration to less than 0.1%-within the range of H2O impurities of the 2H2O
solvent.

Exchange by lyophilisation was accomplished by supplementing an NMR protein
sample with 2% (v/v) glycerol-D8 and then lyophilising the NMR protein sample over-
night (as summarised in Section 6.3.5). The resulting gel-like protein concentrate or
protein powder was (re-)solved in 2H2O (> 99.9%), centrifuged for 10 min at 8 ◦C and
maximum centripetal force to immobilise and remove unsoluble protein aggregates.
In a final step, the 2H2O NMR protein sample was transferred into a matched Shigemi
tube.

6.6.2. Acquisition & Processing of NMR Data

All NMR experiments were recorded at 20.0 ◦C on Varian INOVA or Bruker AVANCE III
spectrometers operating at 1H frequencies of 600 or 800 MHz. Probes were cryo-
genically cooled and possessed triple or quadruple resonance and pulse-field gradi-
ent capabilities. Chemical shifts of 1H-protons were referenced to an external DSS
(4,4-dimethyl-4-silapentane-1-sulfonic acid) sample. 13C and 15N chemical shifts were
referenced indirectly using magnetogyric ratios (Markley et al., 1998).

Acquisition parameters are summarised in Table 6.20. NMR data was processed
by using a sine-bell apodization function and zero-filling. If applicable, an automatic
baseline correcting function was enabled. All NMR data was processed using NMR-
Pipe and NMRDraw (Delaglio et al., 1995). Processed spectra were initially assessed
by NMRDraw and evaluated in detail with NMRView 9.0.0.b114 (One Moon Scientific,
Inc.), and CcpNmr Analysis 2.4.1 (Vranken et al., 2005).
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6.6.3. Resonance Assignments

Sequence-specific assignment of backbone resonances followed [1H-15N] HSQC,
HNCA (Bax and Ikura, 1991), HNCACB (Wittekind and Muller, 1993), CBCA(CO)NH
(Grzesiek et al., 1993), and C(CO)NH (Grzesiek et al., 1993) experiments. Chemical
shifts of backbone carbonyl groups were extracted from an HNCO experiment (Ikura
et al., 1990).

Side-chain resonances were assigned by analysis of [1H-13C] ct-HSQC, HNHA
(Vuister and Bax, 1993), HBHA(CO)NH (Grzesiek and Bax, 1993), HC(CO)NH, [1H-
15N] TOCSY-HSQC, (H)CCH-COSY, H(C)CH-COSY, HC(C)H-TOCSY (Kovacs and
Gossert, 2014), and 2D [1H-1H] TOCSY experiments. Assignments of aromatic side-
chains were obtained from HC(C)H-TOCSY (Kovacs and Gossert, 2014), [1H-15N]
NOESY-HSQC, and [1H-13C] NOESY-HSQC experiments. Assignments have been
deposited with the Biological Magnetic Resonance Data Bank and can be accessed
by the accession number 26603.

6.6.4. Structural Restraints

Determination of biomolecular structures by solution-state NMR is commonly based
on data derived from nuclear Overhauser effect (NOE). In NOE spectroscopy (NOE-
SY), nuclear magnetic spin polarisation is transferred through space to spatially close,
NMR-sensitive nuclei. The intensity of the magnetisation transfer between nuclei is
inversely proportional to the sixth power of their distance. Thus making it possible
to derive distance information by measuring cross peak intensities. Ideally, NOESY
leads to a concise collection of distance information for the majority of 1H-nuclei of a
biomolecule. Still, ambiguity in NOESY assignments due to spectral overlap, confor-
mational heterogeneity, protein dynamics or line broadening, may still result in uncer-
tainty of derived distance informations and higher local displacement values.

Apart from distance restraints, restraints based on backbone dihedral angles Φ and
Ψ, residual dipolar couplings, or hydrogen-bond donor/acceptor pairs may correct for
inaccuracy in NOESY data. In this work, backbone dihedral angles and hydrogen-
bond pairs were used.
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NOE Assignments and Distance Restraints

Assignments and interpretation of NOE spectra remain the most time consuming
step in the structural characterisation of a biomolecule by NMR spectroscopy. Com-
monly, assignments are hindered by NMR line-broadening, overlapping signals, or
poor signal-to-noise-ratios that lead to decreased spectral quality.

For LC3C, proton-proton distance information was derived from [1H-13C] NOESY-
HSQC (120 ms mixing time), 3D [1H-15N] [1H-15N] HSQC-NOESY-HSQC (150 ms
mixing time), and 3D [1H-13C] [1H-15N] HSQC-NOESY-HSQC (150 ms mixing time)
experiments (Sattler et al., 1999; Cavanagh et al., 2007).

Assignments of NOESY data were semi-automatically accomplished with ARIA
2 and analysed with CcpNmr Analysis 2.4.1 (Vranken et al., 2005; Nilges, 1995;
Nilges et al., 1997; Linge et al., 2001). Frequency windows used in ARIA’s routines
were optimised (Fossi et al., 2005). For the 3D [1H-15N] [1H-15N] HSQC-NOESY-
HSQC spectrum and aliphatic resonances of the 3D [1H-13C] [1H-15N] HSQC-NOESY-
HSQC spectrum, cutoff frequency windows for automated assignments were set
to 0.02 ppm, and 0.04 ppm for direct, and indirect dimension, respectively, and to
0.2 ppm for 15N or 13C nuclei. NOESY peaks belonging to aromatic side-chains, were
assigned by frequency windows of 0.05 ppm for the direct, 0.02 ppm the indirect 1H
dimension, and 0.5 ppm for 13C nuclei, due to a lowered signal-to-noise ratio in the
aromatic parts of the [1H-13C] [1H-15N] HSQC-NOESY-HSQC spectrum. Additionally,
a 2D [1H-13C] NOESY-HSQC experiment was recorded and used in later stages of the
structure calculation process. Due to spectral overlap, a NOE peak in the 2D [1H-13C]
NOESY-HSQC spectrum< was only assigned if a symmetry-related peak existed and
the chemical shift was well defined. After semi-automatical assignments, all ARIA
suggestions were vigorously reevaluated at all stages of the model building process.

J-Coupling And Dihedral Restraints

Dihedral restraints resulting from LC3C’s residues backbone conformation were de-
rived experimentally from the three bond scalar coupling constant 3JHNHα. This con-
stant represents the magnitude of scalar coupling between a residue’s backbone
amide and α-proton. 3JHNHα depends on conformational arrangement of amide and
α-proton and varies most between a staggered and eclipsed conformation (Jacobsen,
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Figure 6.3.: Coupling constant 3JHNHα plotted as function of the dihedral angle Φ according
to the Karplus relation (Karplus and Anderson, 1959).

2007). With knowledge of 3JHNHα, backbone dihedral angle Φ can be calculated by
the Karplus relation (Karplus and Anderson, 1959; see also Figure 6.3):

J = Acos2(Φ− 60) +B cos(Φ− 60) + C (6.1)

where parameters A = 6.51, B = −1.76, and C = 1.60 depend upon the involved
nuclei (Vuister and Bax, 1993; Cavanagh et al., 2007). Coupling constant 3JHNHα

was calculated in CcpNMR Analysis 2.4.1 from intensity ratios of cross and diagonal
peaks of a quantitative HNHA experiment (Vuister and Bax, 1994; Zhang et al., 1997):

3JHNHα = C
1

2π δ
arctan

√
− Ic
Id

(6.2)

where δ = 12.3 ms is the coherence transfer time and C = 1.10 represents a scaling
factor correcting for the molecular weight of LC3C (Cavanagh et al., 2007).

3JHNHα is influenced by motional averaging (Hyberts et al., 1987). Typical for
unstructured peptides are 3JHNHα values of circa 7.0 Hz (Cavanagh et al., 2007).
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Therefore, 3JHNHα values between 6 Hz and 8 Hz were excluded for Φ calcula-
tions. Whereas 3JHNHα< 4.0 Hz is characteristic in an α-helical environment and
3JHNHα> 8.0 Hz is typical for residues involved in β-strand formation.

Additionally, the TALOS-N (torsion angle likeliness obtained from shift and se-
quence similarity) algorithm was used to predict Φ and Ψ backbone dihedral angles
(Shen and Bax, 2013). TALOS-N uses an artificial neural network in combination with
a database search containing information about 7-mer peptide sequences sequen-
tially matching the protein of interest’s sequence and its chemical shift assignments
as input data.

Hydrogen Bond Restraints

Hydrogen bonds are essential for formation of biomoleculur structures. Therefore,
identifying hydrogen bond donor-acceptor pairs may provide essential structural in-
formation. Particularly hydrogen bonds formed by backbone amide protons are im-
portant in formation of secondary and tertiary structures of proteins. Amide protons
exchange over time with protons of the surrounding protogenic solvent, provided the
particular proton is not involved in a hydrogen bond; in which case, the amide proton’s
exchange rate will be significantly quenched.

In NMR spectroscopy this behaviour is escpecially interesting as an exchange of a
NMR-sensitive 1H amide proton for an NMR-inactive 2H is easily achieved by chang-
ing the solvent from 1H2O to 2H2O (H/D-exchange). Subsequently, amide hydrogens
likely involved in hydrogen bonds can be identified as their signal intensity persists
over time in a time-dependent series of 2D [1H-15N] HSQC correlation spectra.

In secondary structure elements like α-helices and β-sheets respective hydrogen
bond acceptors are well documented and incorporated as structural restraints (Wü-
thrich, 1986). Other hydrogen bond acceptors were identified by spatial proximitiy in
comparison with an ensemble structure obtained without applying any hydrogen bond
restraints. H/D-exchange rates were semiquantitatively analysed by using CcpNMR
Analysis’ internal routines (menu ’Data Analysis’ - ’Follow Intensity Changes’).

Hydrogens bonds present in LC3C were identified by lyophilising the protein as de-
scribed in Section 6.3.5 and dissolved in 2H2O resulting in an NMR sample with a
final concentration of 760 μM. A series of 2D [1H-15N] HSQC spectra were recorded
over the course of eighteen hours while data acquisition was finished after 0.3, 1.6,
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2.8, 5.4, 7.9, 12.9, and 17.9 h, respectively. An amide proton was classified as hy-
drogen bond donor if the signal existed beyond 2.8 h due to its slow exchange rate.
A hydrogen bond’s structural restraint’s lower and upper distance limit was set to 1.5
and 2.3 Å, respectively, in CcpnNMR Analysis.

6.6.5. Structure Calculation with ARIA / CNS

Ensemble structures of LC3C based on NOESY distance information, dihedral an-
gle restraints, and hydrogen bond restraints were computed by ARIA 2 / CNS 1.21
(Nilges, 1995; Nilges et al., 1997; Linge et al., 2001; Habeck et al., 2004; Rieping
et al., 2007; Brünger et al., 1998). ARIA (Ambiguous Restraints for Iterative As-
signment) was instructed to import NOE peak lists, dihedral angle restraints, and
hydrogen bond restraints from a CcpNMR Analysis project. ARIA / CNS structural
ensembles were then exported back to CcpNmr Analysis for inspection.

Beginning from a stretched protein conformation and without prior knowledge of a
protein’s structure, ARIA / CNS performs an iterative approach for NOE cross peaks
assignments and resulting distance restraints. In each new iteration, a predefined
number of lowest total energy structures are used as the starting data set to reeva-
lute NOE cross peak assignments and distance restraints. The distance violation
tolerance parameter is lowered in succeeding iterations, which ideally resolves am-
bigous NOE assignments.

Overall, ARIA / CNS uses eight iterations of model calculations in vacuo, followed
by a water refinement step of the ten lowest energy structures, which improves struc-
ture quality (Rieping et al., 2007). In this work, ARIA / CNS was instructed to use a
’flat-bottom harmonic potential’ with an automated restraint weighting in the second
cooling phase (Nilges et al., 2008). Molecular dynamics (MD) calculation param-
eters are listed in Table 6.22. ARIA’s standard parameters have been adjusted to
decelerate cooling rates (Cool1, Cool2). All user adjustable ARIA parameters have
been described in-depth elsewhere (Lecher, 2011). The ARIA configuration file in
xml-format containing all ARIA / CNS variables and parameters is listed in the ap-
pendix.Ensemble structures were analysed and inspected with CcpNMR Analysis
(Vranken et al., 2005), iCing (Doreleijers et al., 2012), PyMOL 1.7.2.1 (Schrödinger,
LLC, 2014), PROCHECK-NMR (Laskowski et al., 1993) and MolProbity (Chen et al.,
2010).
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Table 6.22.: Molecular dynamics parameters used by CNS.

Parameter Value

TAD high temperature 10000.0

TAD time-step factor 9.0

Cartesian high temperature 2000.0

Cartesian 1st iteration 0

Time-step 0.003

Cool1 final temperature 1000.0

Cool2 final temperature 50.0

High-temp steps 10000

Refine steps 4000

Cool1 steps 20000

Cool2 steps 20000

6.6.6. Structural Dynamics

A decisive advantage of NMR spectroscopy in comparison to other biophysical tech-
niqiues is the possibility to determine not only information on the fixed, three dimen-
sional structure of a biomolecule but also on structural dynamics. In this work, the
structural dynamics of LC3C’s backbone amide groups were investigated on the fast
picosecond to nanosecond (ps-ns) time scale and in slower time regimes from mil-
liseconds to hours.

Fast dynamics was analysed by computating longitudinal relaxation rates (R1) in
dependence of delay times between 80 ms and 1200 ms and transversal relaxation
rates (R2) following T1ρ experiments with delay times between 10 ms and 100 ms
and a 2.0 kHz spin-lock field (Lakomek et al., 2012), recorded at 600 and 800 MHz
and 20 ◦C. Heteronuclear NOE (hetNOE) experiments were recorded at 600 MHz in
presence and absence of a 3.6 s pre-saturation pulse (Kay et al., 1989).

Subsequently, a generalised squared order parameter S2 was calculated by the
model-free approach with Tensor 2.0 on the basis of R1 and R2 relaxation rates, and
hetNOE values for backbone amide protons (Lipari and Szabo, 1982a,b; Dosset et al.,
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2000). In this work, each S2 value (0 ≤ S2 ≤ 1) characterises an intramolecular
motional amplitude of an amide group, while a backbone’s amide S2 = 1.0 indicates
absolute rigidity on the fast ps-ns time scale (Cavanagh et al., 2007).

Structural dynamics of LC3C on the microsecond to millisecond time scale were
researched by 15N CPMG (Carr-Purcell-Meiboom-Gill) relaxation dispersion (RD) ex-
periments (Loria et al., 1999; Tollinger et al., 2001). This intermediate time scale
allows observation of dynamical processes such as chain rotations, loop motions or
secondary structure changes. CPMG RD experiments rely on a series of of spin-
echo pulse elements (τ–180–τ) that refocus exchange broadening occuring during
the spin-echo delay τ. If a spin experiences a different chemical shift during the spin-
echo delay, e.g. due to dynamical processes, refocusing will be incomplete and line
broadening will occur. Thus allowing allowing the determination of exchange rates
between two states A and B, population occupancy of these states, or chemical shift
differences between A and B (Kleckner and Foster, 2011).

Finally, the slow time scale (seconds to hours) was assessed by identifying H/D-ex-
change rates. These exchange experiments were analysed with CcpnNMR Analysis
(experiments recorded as described in Section 6.6.4), while relaxation experiments
were interpretated using NMRView and MUNIN (Orekhov et al., 2001).

6.6.7. In-vitro Phosphorylation of LC3C

In this work, in vitro phosphorylation of LC3C was studied as a model for the post-
translational modification of autophagic proteins. Particular interest was focused
on the observation of phosphorylation by NMR spectroscopy. LC3C’s phosphory-
lation site was identified by sequence homology to a conserved LC3A site (Cherra
et al., 2010) and by prediction algorithms based on LC3C’s protein sequence (Net-
Phos http://www.cbs.dtu.dk/services/NetPhos/, and NetPhosK http://www.cbs.dtu.
dk/services/NetPhosK/).

In vitro phosphorylation of LC3C was initiated by adding catalytical amounts of
murine protein kinase A (PKA; NEB, Frankfurt a. M., Germany) to a concentrated
and isotopically labelled LC3C sample in NMR buffer. Additionally, phosphoryla-
tion of LC3C by PKA required ATP, and Mg2+-ions as co-factors. The influence on
the [U-15N,13C]-labelled LC3C fingerprint 2D [1H-15N] HSQC spectrum was tested for
each co-factor separately and in combination. The in vitro phosphorylation reaction
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of LC3C was initiated by adding 0.5 μl PKA solution (circa 1000 u) to a cold, con-
centrated LC3C sample (600 to 700 μM, 6 ◦C) in NMR buffer containing 1 mM ATP
and 5 mM MgCl2–each co-factor was added to the NMR buffer from a concentrated
(1000 x), sterile filtered stock solution. The NMR sample was carefully homgenised,
centrifuged for 5 min at RT in a bench-top centrifuge, and transferred into a 5 mm
Shigemi tube for NMR experiments. All 2D [1H-15N] HSQC spectra were recorded at
a 1H frequency of 600 MHz and at 20 ◦C.

The reaction progress was then observed and followed by twelve consecutive 2D
[1H-15N] HSQC spectra (acquisition completed after 3.5, 7.0, ..., 21.0, 25.4, 28.9, ...,
44.9 h). Additionally, 2D 1H-13C ct-HSQC and 3D HNCA experiments were recorded.
As modification of a protein’s target side-chain by phosphorylation introduces a strong
point charge, spatially close local magnetic fields will most likely be influenced. Thus
the impact on the chemical shifts of backbone amide resonances was analysed.

After 72 h, 5 μl of [U-15N,13C]-labelled LC3C was isolated and analysed by pro-
teolytic hydrolysis (trypsin, Glu-C) followed by MALDI-LTQ-Orbitrap MS/MS (LTQ-
Orbitrap XL, Thermo Scientific, Schwerte, Germany) in cooperation with ZEA-3 (For-
schungszentrum Jülich, Germany).
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2D Two-dimensional
3D Three-dimensional
Atg Autophagy-related
Amp Ampicillin
ATP Adenosine triphosphate
ARIA Ambigous restraints for iterative assignment
BMRB Biological Magnetic Resonance Data Bank
Cam Chloramphenicol
CD Circular dichroism
CNS Crystallographic and NMR system
CPMG Carr-Purcell-Meiboom-Gill
ct Constant time
CV Column volume
Da Dalton
DLS Dynamic light scattering
DNA Deoxyribonucleic acid
ε Molar extinction coefficient
EDTA Ethylenediaminetetraacetic acid
E. coli Escherichia coli
FPLC Fast protein liquid chromatography
g Gravitational acceleration
GABARAP γ-aminobutyric acid type A receptor-associated protein
GSH Glutathione
GST Glutathione S-transferase
HetNOE Heteronuclear (nuclear) Overhauser effect
HSQC Heteronuclear single quantum coherence
IPTG Isopropyl β-D-1-thiogalactopyranoside
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LB Lysogeny broth
LC3C Microtubulus-associated protein 1 light chain 3C
M9 Minimal medium 9
min Minute, minutes
MPD 2-Methyl-2,4-pentanediol
MWCO Molecular weight cut off
NOE(SY) Nuclear Overhauser effect / enhancement (spectroscopy)
NMWL Nominal molecular weight limit
OD Optical density
p.a. pro analysi
PAGE Polyacrylamide gel electrophoresis
PBS Phosphate buffered saline
PCR Polymerase chain reaction
PDB Protein data bank
PE Phosphatidylethanolamine
PEG Polyethylene glycol
PIPES 1,4-Piperazinediethanesulfonic acid
PMSF Phenylmethanesulfonyl fluoride
PPM Parts per million
pt Points
RD Relaxation dispersion
RT Room temperature
SAP Shrimp alkaline phosphatase
SDS Sodium dodecyl sulphate
SEC Size exclusion chromatography
SOB Super optimal broth
SOC Super optimal broth, with catabolite repression
TALOS Torsion angle likelihood obtained from shift and sequence similarity
TBS Tris buffered saline
TEMED N,N,N’,N’-Tetramethylethane-1,2-diamine
Tris 2-Amino-2-hydroxymethyl-propane-1,3-diol
TS Trace element solution
UV Ultraviolet
V Volume

104



7. Abbreviations

(v/v) Volume to volume ratio
(w/v) Weight to volume ratio
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1 < !DOCTYPE p r o j e c t SYSTEM " p ro j ec t1 . 0 . dtd ">
2 < p r o j e c t name="ARIA_LC3C" version=" 1.0 " author= " cars ten " date=" 2016 " d e s c r i p t i o n =" " comment= " " re ferences=" "

work ing_d i rec to ry =" / home / cars ten / NMR_lc3c / ana l ys i s / a r i a " temp_root= " / home / cars ten / NMR_lc3c / ana lys i s / a r i a / tmp " run=" 1 "
f i l e _ r o o t = "LC3C" cache=" yes " cleanup=" yes ">

3 <data>
4 <ccpn_model f i lename="LC3C" / >
5 <molecule f i l e = " " format= " ccpn " ccpn_id="LC3C_293K |A">
6 < l i n k a g e _ d e f i n i t i o n name=" automat ic " f i lename=" " / >
7 < pa rame te r_de f i n i t i on name=" automat ic " f i lename=" " / >
8 < t o p o l o g y _ d e f i n i t i o n name=" automat ic " f i lename=" " / >
9 < / molecule>

10 <spectrum enabled=" yes " use_assignments=" yes " t rust_assigned_peaks=" no " s t r u c t u r a l _ r u l e s =" no " f i l t e r _ d i a g o n a l _ p e a k s =" yes
" f i l t e r_unass igned_peaks=" yes ">

11 < s h i f t s f i l e = " " format= " ccpn " ccpn_id="LC3C|2 " d e f a u l t _ s h i f t _ e r r o r = " 0.0 " u s e _ s h i f t _ e r r o r = " yes " / >
12 <peaks f i l e = " " format= " ccpn " ccpn_id="LC3C| 1 | 1 | 5 7 " peak_size=" volume " freq_window_proton1=" 0.02 " freq_window_hetero1="

0.2 " freq_window_proton2=" 0.04 " freq_window_hetero2=" 0.0 ">
13 <lower_bound_correct ion value=" 0.0 " enabled=" no " / >
14 <upper_bound_correct ion value=" 6.0 " enabled=" yes " / >
15 < / peaks>
16 <experiment_data mo lecu le_cor re la t i on_ t ime=" 0.0 " spectrum_mixing_t ime=" 0.0 " spectrometer_frequency=" 0.0 "

ambigu i ty_type=" i n t r a " / >
17 < / spectrum>
18 <spectrum enabled=" yes " use_assignments=" yes " t rust_assigned_peaks=" yes " s t r u c t u r a l _ r u l e s =" no " f i l t e r _ d i a g o n a l _ p e a k s ="

yes " f i l t e r_unass igned_peaks=" yes ">
19 < s h i f t s f i l e = " " format= " ccpn " ccpn_id="LC3C|2 " d e f a u l t _ s h i f t _ e r r o r = " 0.0 " u s e _ s h i f t _ e r r o r = " yes " / >
20 <peaks f i l e = " " format= " ccpn " ccpn_id="LC3C|3 |1 |108 " peak_size=" volume " freq_window_proton1=" 0.02 " freq_window_hetero1=

" 0.2 " freq_window_proton2=" 0.05 " freq_window_hetero2=" 0.2 ">
21 <lower_bound_correct ion value=" 0.0 " enabled=" no " / >
22 <upper_bound_correct ion value=" 6.0 " enabled=" yes " / >
23 < / peaks>
24 <experiment_data mo lecu le_cor re la t i on_ t ime=" 0.0 " spectrum_mixing_t ime=" 0.0 " spectrometer_frequency=" 0.0 "

ambigu i ty_type=" i n t r a " / >
25 < / spectrum>
26 <spectrum enabled=" yes " use_assignments=" yes " t rust_assigned_peaks=" yes " s t r u c t u r a l _ r u l e s =" no " f i l t e r _ d i a g o n a l _ p e a k s ="

yes " f i l t e r_unass igned_peaks=" yes ">
27 < s h i f t s f i l e = " " format= " ccpn " ccpn_id="LC3C|2 " d e f a u l t _ s h i f t _ e r r o r = " 0.0 " u s e _ s h i f t _ e r r o r = " yes " / >
28 <peaks f i l e = " " format= " ccpn " ccpn_id="LC3C|17 |1 |26 " peak_size=" volume " freq_window_proton1=" 0.01 " freq_window_hetero1=

" 0.0 " freq_window_proton2=" 0.03 " freq_window_hetero2=" 0.0 ">
29 <lower_bound_correct ion value=" 0.0 " enabled=" no " / >
30 <upper_bound_correct ion value=" 6.0 " enabled=" yes " / >
31 < / peaks>
32 <experiment_data mo lecu le_cor re la t i on_ t ime=" 0.0 " spectrum_mixing_t ime=" 0.0 " spectrometer_frequency=" 0.0 "

ambigu i ty_type=" i n t r a " / >
33 < / spectrum>
34 <spectrum enabled=" yes " use_assignments=" yes " t rust_assigned_peaks=" yes " s t r u c t u r a l _ r u l e s =" no " f i l t e r _ d i a g o n a l _ p e a k s ="

yes " f i l t e r_unass igned_peaks=" yes ">
35 < s h i f t s f i l e = " " format= " ccpn " ccpn_id="LC3C|2 " d e f a u l t _ s h i f t _ e r r o r = " 0.0 " u s e _ s h i f t _ e r r o r = " yes " / >
36 <peaks f i l e = " " format= " ccpn " ccpn_id="LC3C|3 |1 |127 " peak_size=" volume " freq_window_proton1=" 0.05 " freq_window_hetero1=

" 0.5 " freq_window_proton2=" 0.02 " freq_window_hetero2=" 0.5 ">
37 <lower_bound_correct ion value=" 0.0 " enabled=" no " / >
38 <upper_bound_correct ion value=" 5.5 " enabled=" yes " / >
39 < / peaks>
40 <experiment_data mo lecu le_cor re la t i on_ t ime=" 0.0 " spectrum_mixing_t ime=" 0.0 " spectrometer_frequency=" 0.0 "

ambigu i ty_type=" i n t r a " / >
41 < / spectrum>
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42 < j c o u p l i n g s f i l e = " " format= " ccpn " ccpn_id=" 52|1 " enabled=" no " parameter_class=" 1 " / >
43 <hbonds f i l e = " " format= " ccpn " ccpn_id=" 39|20 " enabled=" yes " data_type=" standard " / >
44 < d ihed ra l s f i l e = " " format= " ccpn " ccpn_id=" 39|16 " enabled=" yes " data_type=" standard " / >
45 < d ihed ra l s f i l e = " " format= " ccpn " ccpn_id=" 37|33 " enabled=" yes " data_type=" t a l o s " / >
46 <symmetry enabled=" no " method=" standard " n_monomers=" 1 " symmetry_type="None" ncs_enabled=" no " packing_enabled=" no " / >
47 < i n i t i a l _ s t r u c t u r e f i l e = " " format= " iupac " ccpn_id=" " enabled=" no " / >
48 < / data>
49 <s t ruc tu re_gene ra t i on engine=" cns ">
50 <cns loca l_execu tab le=" / opt / s c i s o f t / usr / b in / cns−remote " keep_output= " yes " k e e p _ r e s t r a i n t _ f i l e s =" yes " c r e a t e _ p s f _ f i l e = "

yes " generate_template=" yes " nonbonded_parameters="PARALLHDG">
51 <anneal ing_parameters>
52 <unambiguous_rest ra in ts f i r s t _ i t e r a t i o n =" 0 " k_hot= " 10.0 " k _ c o o l 1 _ i n i t i a l = " 10.0 " k _ c o o l 1 _ f i n a l = " 50.0 " k_cool2=" 50.0 " /

>
53 <ambiguous_rest ra in ts f i r s t _ i t e r a t i o n =" 0 " k_hot= " 10.0 " k _ c o o l 1 _ i n i t i a l = " 10.0 " k _ c o o l 1 _ f i n a l = " 50.0 " k_cool2=" 50.0 " / >
54 <hbond_res t ra in ts f i r s t _ i t e r a t i o n =" 0 " k_hot= " 10.0 " k _ c o o l 1 _ i n i t i a l = " 10.0 " k _ c o o l 1 _ f i n a l = " 50.0 " k_cool2=" 50.0 " / >
55 < d i h e d r a l _ r e s t r a i n t s k_hot= " 5.0 " k_cool1=" 25.0 " k_cool2=" 200.0 " / >
56 < k a r p l u s _ r e s t r a i n t s parameter_class=" 1 " a=" 6.98 " b="−1.38 " c=" 1.72 " d="−60.0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0

" / >
57 < k a r p l u s _ r e s t r a i n t s parameter_class=" 2 " a=" 6.98 " b="−1.38 " c=" 1.72 " d="−60.0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0

" / >
58 < k a r p l u s _ r e s t r a i n t s parameter_class=" 3 " a=" 6.98 " b="−1.38 " c=" 1.72 " d="−60.0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0

" / >
59 < k a r p l u s _ r e s t r a i n t s parameter_class=" 4 " a=" 6.98 " b="−1.38 " c=" 1.72 " d="−60.0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0

" / >
60 < k a r p l u s _ r e s t r a i n t s parameter_class=" 5 " a=" 6.98 " b="−1.38 " c=" 1.72 " d="−60.0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0

" / >
61 < r d c _ r e s t r a i n t s parameter_class=" 1 " method="SANI " f i r s t _ i t e r a t i o n =" 0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0 " r = " 0.4

" d=" 8.0 " b o r d e r _ h o t _ i n i t i a l = " 0.1 " b o rd e r_ h o t _ f i na l = " 40.0 " b o r d e r _ c o o l 1 _ i n i t i a l = " 40.0 " bo rde r_coo l1_ f i na l = "
40.0 " b o r d e r _ c o o l 2 _ i n i t i a l = " 40.0 " bo rde r_coo l2_ f i na l = " 40.0 " c e n t e r _ h o t _ i n i t i a l = " 0.1 " c e n t e r _ h o t _ f i n a l = " 0.1 "
c e n t e r _ c o o l 1 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 1 _ f i n a l = " 10.0 " c e n t e r _ c o o l 2 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 2 _ f i n a l = " 10.0 " / >

62 < r d c _ r e s t r a i n t s parameter_class=" 2 " method="SANI " f i r s t _ i t e r a t i o n =" 0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0 " r = " 0.4
" d=" 8.0 " b o r d e r _ h o t _ i n i t i a l = " 0.1 " b o rd e r_ h o t _ f i na l = " 40.0 " b o r d e r _ c o o l 1 _ i n i t i a l = " 40.0 " bo rde r_coo l1_ f i na l = "
40.0 " b o r d e r _ c o o l 2 _ i n i t i a l = " 40.0 " bo rde r_coo l2_ f i na l = " 40.0 " c e n t e r _ h o t _ i n i t i a l = " 0.1 " c e n t e r _ h o t _ f i n a l = " 0.1 "
c e n t e r _ c o o l 1 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 1 _ f i n a l = " 10.0 " c e n t e r _ c o o l 2 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 2 _ f i n a l = " 10.0 " / >

63 < r d c _ r e s t r a i n t s parameter_class=" 3 " method="SANI " f i r s t _ i t e r a t i o n =" 0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0 " r = " 0.4
" d=" 8.0 " b o r d e r _ h o t _ i n i t i a l = " 0.1 " b o rd e r_ h o t _ f i na l = " 40.0 " b o r d e r _ c o o l 1 _ i n i t i a l = " 40.0 " bo rde r_coo l1_ f i na l = "
40.0 " b o r d e r _ c o o l 2 _ i n i t i a l = " 40.0 " bo rde r_coo l2_ f i na l = " 40.0 " c e n t e r _ h o t _ i n i t i a l = " 0.1 " c e n t e r _ h o t _ f i n a l = " 0.1 "
c e n t e r _ c o o l 1 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 1 _ f i n a l = " 10.0 " c e n t e r _ c o o l 2 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 2 _ f i n a l = " 10.0 " / >

64 < r d c _ r e s t r a i n t s parameter_class=" 4 " method="SANI " f i r s t _ i t e r a t i o n =" 0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0 " r = " 0.4
" d=" 8.0 " b o r d e r _ h o t _ i n i t i a l = " 0.1 " b o rd e r_ h o t _ f i na l = " 40.0 " b o r d e r _ c o o l 1 _ i n i t i a l = " 40.0 " bo rde r_coo l1_ f i na l = "
40.0 " b o r d e r _ c o o l 2 _ i n i t i a l = " 40.0 " bo rde r_coo l2_ f i na l = " 40.0 " c e n t e r _ h o t _ i n i t i a l = " 0.1 " c e n t e r _ h o t _ f i n a l = " 0.1 "
c e n t e r _ c o o l 1 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 1 _ f i n a l = " 10.0 " c e n t e r _ c o o l 2 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 2 _ f i n a l = " 10.0 " / >

65 < r d c _ r e s t r a i n t s parameter_class=" 5 " method="SANI " f i r s t _ i t e r a t i o n =" 0 " k_hot= " 0.0 " k_cool1=" 0.2 " k_cool2=" 1.0 " r = " 0.4
" d=" 8.0 " b o r d e r _ h o t _ i n i t i a l = " 0.1 " b o rd e r_ h o t _ f i na l = " 40.0 " b o r d e r _ c o o l 1 _ i n i t i a l = " 40.0 " bo rde r_coo l1_ f i na l = "
40.0 " b o r d e r _ c o o l 2 _ i n i t i a l = " 40.0 " bo rde r_coo l2_ f i na l = " 40.0 " c e n t e r _ h o t _ i n i t i a l = " 0.1 " c e n t e r _ h o t _ f i n a l = " 0.1 "
c e n t e r _ c o o l 1 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 1 _ f i n a l = " 10.0 " c e n t e r _ c o o l 2 _ i n i t i a l = " 10.0 " c e n t e r _ c o o l 2 _ f i n a l = " 10.0 " / >

66 <f la t_bot tom_harmon ic_wal l m_rswitch_hot= " 0.5 " m_rswitch_cool1=" 0.5 " m_rswitch_cool2=" 0.5 " rsw i t ch_ho t= " 0.5 "
rsw i tch_coo l1=" 0.5 " rsw i tch_coo l2=" 0.5 " m_asymptote_hot= "−1.0 " m_asymptote_cool1="−1.0 " m_asymptote_cool2="
−0.1 " asymptote_hot= " 1.0 " asymptote_cool1=" 1.0 " asymptote_cool2=" 0.1 " / >

67 <symmet ry_res t ra in ts k_packing_hot= " 15.0 " k_packing_cool1=" 10.0 " k_packing_cool2=" 5.0 " l a s t _ i t e r a t i o n _ p a c k i n g =" 8 "
k_ncs=" 50.0 " / >

68 < logharmon ic_po ten t ia l enabled=" no " use_auto_weight= " yes " weight_unambig=" 25.0 " weight_ambig=" 25.0 " weight_hbond="
25.0 " / >

69 < / anneal ing_parameters>
70 <md_parameters dynamics=" t o r s i o n " random_seed=" 89764443 " tad_temp_high=" 10000.0 " tad_ t imes tep_ fac to r= " 9.0 "

car tes ian_temp_high=" 2000.0 " c a r t e s i a n _ f i r s t _ i t e r a t i o n =" 0 " t imestep=" 0.003 " temp_coo l1_ f ina l= " 1000.0 "
temp_coo l2_ f ina l= " 50.0 " steps_high=" 10000 " s teps_ re f i ne =" 4000 " steps_cool1= " 20000 " steps_cool2= " 20000 " / >

71 < / cns>
72 <job_manager default_command=" csh −f ">
73 <host enabled=" yes " command=" qsub −S / opt / s c i s o f t / b in / csh " executable=" / opt / s c i s o f t / usr / b in / cns−remote " n_cpu=" 100 "

use_absolute_path=" yes " / >
74 < / job_manager>
75 < / s t ruc tu re_gene ra t i on >
76 <p ro toco l f l oa t ing_ass ignment= " yes ">
77 < i t e r a t i o n number=" 0 " n_s t ruc tu res=" 30 " s o r t _ c r i t e r i o n =" to ta l_energy " n_bes t_s t ruc tu res=" 10 " n_kep t_s t ruc tu res=" 0 ">
78 <assignment / >
79 <merging method=" standard " / >
80 < c a l i b r a t i o n r e l a x a t i o n _ m a t r i x = " no " d i s t a n c e _ c u t o f f = " 6.0 " es t ima to r= " ra t io_o f_averages " e r ro r_es t ima to r = " d is tance " / >
81 < v i o l a t i o n _ a n a l y s i s v i o l a t i o n _ t o l e r a n c e =" 1000.0 " v i o l a t i o n _ t h r e s h o l d =" 0.5 " / >
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82 <par t ia l_ass ignment we igh t_ th resho ld=" 1.0 " max_cont r ibu t ions=" 20 " / >
83 <network_anchoring h igh_res idue_thresho ld=" 4.0 " enabled=" yes " min_res idue_threshold=" 1.0 " min_atom_threshold=" 0.25 " / >
84 < / i t e r a t i o n >
85 < i t e r a t i o n number=" 1 " n_s t ruc tu res=" 30 " s o r t _ c r i t e r i o n =" to ta l_energy " n_bes t_s t ruc tu res=" 10 " n_kep t_s t ruc tu res=" 0 ">
86 <assignment / >
87 <merging method=" standard " / >
88 < c a l i b r a t i o n r e l a x a t i o n _ m a t r i x = " no " d i s t a n c e _ c u t o f f = " 6.0 " es t ima to r= " ra t io_o f_averages " e r ro r_es t ima to r = " d is tance " / >
89 < v i o l a t i o n _ a n a l y s i s v i o l a t i o n _ t o l e r a n c e =" 5.0 " v i o l a t i o n _ t h r e s h o l d =" 0.5 " / >
90 <par t ia l_ass ignment we igh t_ th resho ld=" 0.9999 " max_cont r ibu t ions=" 20 " / >
91 <network_anchoring h igh_res idue_thresho ld=" 4.0 " enabled=" yes " min_res idue_threshold=" 1.0 " min_atom_threshold=" 0.25 " / >
92 < / i t e r a t i o n >
93 < i t e r a t i o n number=" 2 " n_s t ruc tu res=" 30 " s o r t _ c r i t e r i o n =" to ta l_energy " n_bes t_s t ruc tu res=" 10 " n_kep t_s t ruc tu res=" 0 ">
94 <assignment / >
95 <merging method=" standard " / >
96 < c a l i b r a t i o n r e l a x a t i o n _ m a t r i x = " no " d i s t a n c e _ c u t o f f = " 6.0 " es t ima to r= " ra t io_o f_averages " e r ro r_es t ima to r = " d is tance " / >
97 < v i o l a t i o n _ a n a l y s i s v i o l a t i o n _ t o l e r a n c e =" 3.0 " v i o l a t i o n _ t h r e s h o l d =" 0.5 " / >
98 <par t ia l_ass ignment we igh t_ th resho ld=" 0.999 " max_cont r ibu t ions=" 20 " / >
99 <network_anchoring h igh_res idue_thresho ld=" 4.0 " enabled=" yes " min_res idue_threshold=" 1.0 " min_atom_threshold=" 0.25 " / >

100 < / i t e r a t i o n >
101 < i t e r a t i o n number=" 3 " n_s t ruc tu res=" 30 " s o r t _ c r i t e r i o n =" to ta l_energy " n_bes t_s t ruc tu res=" 10 " n_kep t_s t ruc tu res=" 0 ">
102 <assignment / >
103 <merging method=" standard " / >
104 < c a l i b r a t i o n r e l a x a t i o n _ m a t r i x = " no " d i s t a n c e _ c u t o f f = " 6.0 " es t ima to r= " ra t io_o f_averages " e r ro r_es t ima to r = " d is tance " / >
105 < v i o l a t i o n _ a n a l y s i s v i o l a t i o n _ t o l e r a n c e =" 1.0 " v i o l a t i o n _ t h r e s h o l d =" 0.5 " / >
106 <par t ia l_ass ignment we igh t_ th resho ld=" 0.99 " max_cont r ibu t ions=" 20 " / >
107 <network_anchoring h igh_res idue_thresho ld=" 4.0 " enabled=" yes " min_res idue_threshold=" 1.0 " min_atom_threshold=" 0.25 " / >
108 < / i t e r a t i o n >
109 < i t e r a t i o n number=" 4 " n_s t ruc tu res=" 30 " s o r t _ c r i t e r i o n =" to ta l_energy " n_bes t_s t ruc tu res=" 10 " n_kep t_s t ruc tu res=" 0 ">
110 <assignment / >
111 <merging method=" standard " / >
112 < c a l i b r a t i o n r e l a x a t i o n _ m a t r i x = " no " d i s t a n c e _ c u t o f f = " 6.0 " es t ima to r= " ra t io_o f_averages " e r ro r_es t ima to r = " d is tance " / >
113 < v i o l a t i o n _ a n a l y s i s v i o l a t i o n _ t o l e r a n c e =" 1.0 " v i o l a t i o n _ t h r e s h o l d =" 0.5 " / >
114 <par t ia l_ass ignment we igh t_ th resho ld=" 0.98 " max_cont r ibu t ions=" 20 " / >
115 <network_anchoring h igh_res idue_thresho ld=" 4.0 " enabled=" yes " min_res idue_threshold=" 1.0 " min_atom_threshold=" 0.25 " / >
116 < / i t e r a t i o n >
117 < i t e r a t i o n number=" 5 " n_s t ruc tu res=" 30 " s o r t _ c r i t e r i o n =" to ta l_energy " n_bes t_s t ruc tu res=" 10 " n_kep t_s t ruc tu res=" 0 ">
118 <assignment / >
119 <merging method=" standard " / >
120 < c a l i b r a t i o n r e l a x a t i o n _ m a t r i x = " no " d i s t a n c e _ c u t o f f = " 6.0 " es t ima to r= " ra t io_o f_averages " e r ro r_es t ima to r = " d is tance " / >
121 < v i o l a t i o n _ a n a l y s i s v i o l a t i o n _ t o l e r a n c e =" 1.0 " v i o l a t i o n _ t h r e s h o l d =" 0.5 " / >
122 <par t ia l_ass ignment we igh t_ th resho ld=" 0.96 " max_cont r ibu t ions=" 20 " / >
123 <network_anchoring h igh_res idue_thresho ld=" 4.0 " enabled=" yes " min_res idue_threshold=" 1.0 " min_atom_threshold=" 0.25 " / >
124 < / i t e r a t i o n >
125 < i t e r a t i o n number=" 6 " n_s t ruc tu res=" 30 " s o r t _ c r i t e r i o n =" to ta l_energy " n_bes t_s t ruc tu res=" 10 " n_kep t_s t ruc tu res=" 0 ">
126 <assignment / >
127 <merging method=" standard " / >
128 < c a l i b r a t i o n r e l a x a t i o n _ m a t r i x = " no " d i s t a n c e _ c u t o f f = " 6.0 " es t ima to r= " ra t io_o f_averages " e r ro r_es t ima to r = " d is tance " / >
129 < v i o l a t i o n _ a n a l y s i s v i o l a t i o n _ t o l e r a n c e =" 0.1 " v i o l a t i o n _ t h r e s h o l d =" 0.5 " / >
130 <par t ia l_ass ignment we igh t_ th resho ld=" 0.93 " max_cont r ibu t ions=" 20 " / >
131 <network_anchoring h igh_res idue_thresho ld=" 4.0 " enabled=" yes " min_res idue_threshold=" 1.0 " min_atom_threshold=" 0.25 " / >
132 < / i t e r a t i o n >
133 < i t e r a t i o n number=" 7 " n_s t ruc tu res=" 30 " s o r t _ c r i t e r i o n =" to ta l_energy " n_bes t_s t ruc tu res=" 10 " n_kep t_s t ruc tu res=" 0 ">
134 <assignment / >
135 <merging method=" standard " / >
136 < c a l i b r a t i o n r e l a x a t i o n _ m a t r i x = " no " d i s t a n c e _ c u t o f f = " 6.0 " es t ima to r= " ra t io_o f_averages " e r ro r_es t ima to r = " d is tance " / >
137 < v i o l a t i o n _ a n a l y s i s v i o l a t i o n _ t o l e r a n c e =" 0.1 " v i o l a t i o n _ t h r e s h o l d =" 0.5 " / >
138 <par t ia l_ass ignment we igh t_ th resho ld=" 0.9 " max_cont r ibu t ions=" 20 " / >
139 <network_anchoring h igh_res idue_thresho ld=" 4.0 " enabled=" yes " min_res idue_threshold=" 1.0 " min_atom_threshold=" 0.25 " / >
140 < / i t e r a t i o n >
141 < i t e r a t i o n number=" 8 " n_s t ruc tu res=" 100 " s o r t _ c r i t e r i o n =" to ta l_energy " n_bes t_s t ruc tu res=" 10 " n_kep t_s t ruc tu res=" 0 ">
142 <assignment / >
143 <merging method=" standard " / >
144 < c a l i b r a t i o n r e l a x a t i o n _ m a t r i x = " no " d i s t a n c e _ c u t o f f = " 6.0 " es t ima to r= " ra t io_o f_averages " e r ro r_es t ima to r = " d is tance " / >
145 < v i o l a t i o n _ a n a l y s i s v i o l a t i o n _ t o l e r a n c e =" 0.1 " v i o l a t i o n _ t h r e s h o l d =" 0.5 " / >
146 <par t ia l_ass ignment we igh t_ th resho ld=" 0.8 " max_cont r ibu t ions=" 20 " / >
147 <network_anchoring h igh_res idue_thresho ld=" 4.0 " enabled=" yes " min_res idue_threshold=" 1.0 " min_atom_threshold=" 0.25 " / >
148 < / i t e r a t i o n >
149 <water_ref inement so l ven t= " water " n_s t ruc tu res=" 10 " enabled=" yes " wr i te_so lven t_molecu les=" no " / >
150 < / p ro toco l >
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151 <ana lys i s >
152 < s t r u c t u r e s _ a n a l y s i s enabled=" yes " / >
153 <procheck executable=" / opt / s c i s o f t 6 4 / usr / b in / procheck " enabled=" yes " / >
154 <prosa executable=" / usr / b in / prosa " enabled=" no " / >
155 < w h a t i f executable=" / opt / s c i s o f t 6 4 / usr / l o c a l / nmr loca l / l i b / w h a t i f / s rc / w h a t i f " enabled=" yes " / >
156 < c l a s h l i s t executable=" / opt / s c i s o f t 6 4 / usr / b in / c l a s h l i s t " enabled=" yes " / >
157 < / ana lys i s >
158 < r e p o r t >
159 <ccpn export_assignments=" yes " e x p o r t _ n o e _ r e s t r a i n t _ l i s t = " l a s t " expo r t _s t r uc tu res =" yes " / >
160 <molmol enabled=" yes " / >
161 < n o e _ r e s t r a i n t _ l i s t p i ck l e_ou tpu t = " yes " t ex t_ou tpu t = " yes " xml_output= " yes " / >
162 <spect ra wr i te_ass igned=" no " wr i te_ass igned_force=" no " i t e r a t i o n =" l a s t " wri te_unambiguous_only=" no " / >
163 < / r e p o r t >
164 < / p r o j e c t >
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